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This thesis will tell you something more about the different co-evolved 
and interacting musculoskeletal elements of the bird’s skull. What they 
look like and how they differ in different species. In addition, the 
histological structure of the rhamphotheca and the underlying bony 
beak will be unraveled. The emphasis herein will be on seed cracking 
birds, the Darwin’s finches in particular. 

Enjoy! 

*http://myhome.iolfree.ie/~lightbulb/Famous.html 



 
 

  



CHAPTER 1: GENERAL INTRODUCTION 

5 
 

1  General context 

Although all vertebrate skulls are derived from the same basic Bauplan, a great diversity of form 
can be observed among vertebrate skulls (Gould (1989) in Carter and Beaupré, 2001; Hanken and 
Hall, 1993). This diversity is thought to be linked to the diverse functions of the skull, including 
feeding, protection of the brain and sensory organs, social behavior and display, communication, 
respiration, etc. (Smith KK, 1993). The role of the skull in acquiring, manipulating and reduction of 
food is arguably one of the most important sources of variation, as the skull is subject to a number 
of specific mechanical requirements (e.g. generating bite forces, withstanding reaction forces, fine 
motor control for jaw positioning, etc…). Consequently, the shape of the surfaces involved in the 
mechanical reduction of food must evolve to meet the mechanical demands imposed by food 
properties. In many vertebrates the influence of food properties is reflected in the dental 
morphology, cranial and jaw shape, and the size and architecture of the muscles involved in 
mastication (Smith KK, 1993). The consumption of hard food in vertebrates is often characterized 
by massive, robust skulls, with large and heavy muscles and specialized teeth (Herrel et al., 2002; 
Kaizer, 2007; Herrel and Holanova, 2008). Birds, however, are limited in the development of these 
characteristics as they are highly constrained by their flying life-style. Flight requires a light 
skeleton (Dumont, 2010), with lighter skulls and toothless jaws, as any additional mass will 
increase the cost of transport considerably (Prange et al., 1979; Kaizer, 2007; Davit-Béal et al., 
2009). Although the ancestors of birds had teeth on their maxillary and pre-maxillary bones, a 
newly developed keratinous outer beak replaced the function of the teeth in early birds thus 
reducing the overall weight of the cranial skeleton. The keratinization of the jaws was probably at 
first restricted to the pre-maxilla, as observed in fossils of Hesperornis regalis (Fig. 1.1), but later 
during development of birds the entire ‘snout’ region became covered with a thick keratinous 
outer beak used as a tool in food manipulation and reduction, as such relaxing the functional 
constraints and the need for teeth in early birds (Davit-Béal et al., 2009).  

 

Figure 1.1: Head skeleton of Hesperornis (Plate 5-A in U.S. Geological Survey, Bulletin 612 (1915)). 
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The spectacular radiation of birds in terms of species diversity and morphological disparity 
(especially in the passerine birds, comprising over 5700 species (Barker et al., 2004; Jønsson and 
Fjeldså, 2006)) is often linked to their adaptation to a great diversity of food resources (Storer, 
1971; McLelland, 1979; Mayaud, 1950; Raikow and Bledsoe, 2000; Badyaev et al., 2008). Birds have 
been observed feeding on all plant parts (fruits, seeds, buds, leaves, nectar) (e.g. Fringilidae, 
Emberizidae, Estrildidae, and many others), on small mammals and birds (e.g. kestrel, hawks, 
falcons, owls), on eggs from other birds (e.g. crows), on reptiles (e.g. secretary bird) or on 
amphibians and fish (e.g. storks, herons, pinguins, ) (Thomson, 1923; Grassé, 1950; McLelland, 
1979). Although insectivory is thought to be the ancestral feeding mode of Passeriformes, many 
groups have evolved feeding strategies involving seed-eating (Ericson et al 2003; Ericson, 2008). 
Moreover, the switch to a granivorous diet may have spurred some of the most successful 
radiations in birds (Ericson, 2008). Most insect eaters have elongated beaks, the amount of upper 
beak mobility and velocity during food manipulation and singing is high, and the angle between the 
beak and the skull base is large (Smith KK, 1993). The size of the jaw adductor muscles is, however, 
rather small. Seed eaters, in contrast, possess skulls with short beaks, a smaller angle between the 
beak and the skull base, relatively limited kinetic ability and large, highly pinnate muscles (Smith 
KK, 1993). Among seed-eaters, some of the most specialised groups are members of the families 
Fringilidae (true finches), Emberizidae (buntings and allies) and Estrildidae (weaver-finch). Similar 
beak shapes have been identified in different clades of seed eating birds with species with deep 
and wide beaks being specialized in the cracking of hard seeds (e.g. Smith TB, 1987, 1990, 1993, 
1997; van der Meij and Bout, 2000, 2004, 2006).  

Some of the best known examples of adaptive radiation in relation to food resources are the 
hummingbirds, the Darwin’s finches and the Hawaiian honeycreepers (Barker et al., 2001). The 
latter two form good case studies for adaptive radiation as they are relatively young island 
populations (Raikow, 1986; Storer, 1971). As the interest of this thesis goes to seed cracking birds, 
the Darwin’s finches (Emberizidae), with the seed cracking ground finches, the Java finch 
(Estrildidae), the African seedcracker (Estrildidae), the bullfinch (Emberizidae), the yellow-faced 
grassquit (Emberizidae) and the zebra finch (Estrildidae) have been chosen as research objects (Fig. 
1.2).  
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Figure 1.2: Relationships of species used in this thesis of the families Emberizidae and Estrildidae.  
Illustration based on (Jønsson and Fjeldså, 2006; Mallarino et al., unpub.).  
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1.1  Case study: Darwin’s finches 

“Of land-birds I obtained twenty-six kinds, all… and found nowhere else, … . The remaining land 
birds form a most singular group of finches, related to each other in the structure of their beaks, 
short tails, form of body, and plumage: there are thirteen species, which Mr Gould has divided into 
four sub-groups. All these species are peculiar to this archipelago; and so is the whole group, with 
the exception of one species of the sub-group Cactornis, lately brought from Bow Island, in the Low 
Archipelago. Of Cactornis, the two species may often seen climbing about flowers of the great 
cactus trees; but all the other species of this group of finches, mingled together in flocks, feed on 
the dry and sterile ground of the lower districts. The males of all, or certainly of the greater number, 
are jet black; and the females (with perhaps one or two exceptions) are brown. The most curious 
fact is the perfect graduation in the size of the beaks in the different species of Geospiza, from one 
as large as that of a hawfinch to that of a chaffinch, and (if Mr Gould is right in including this sub-
group, Certhidea, in the main group), even that of a warbler. The largest beak in the genus 
Geospiza is shown in Figure 1, and the smallest in Figure 3; but instead of there being only one 
intermediate species, with a beak of the size shown in Figure 2, there are no less than six species 
with insensibly graduated beaks. The beak of the sub-group Certhidea, is shown in Figure 4. The 
beak of Cactornis is somewhat like that of a starling; and that of the fourth subgroup, 
Camarhynchus, is slightly parrot-shaped. Seeing this graduation and diversity of structure in one 
small, intimately related group of birds, one might really fancy that from an original paucity of birds 
in this archipelago, one species had been taken and modified for different ends.” 

 

Darwin CR (1860) 
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The Darwin’s finches are probably one of the best known examples of adaptive radiation by natural 
selection. These birds are endemic to the Galápagos and Cocos Island and several of them are 
listed vulnerable (Pinaroloxias inornata) or even critically endangered (Camarhynchus pauper and 
Camarhynchus heliobates) on the IUCN Red List of Threatened Species (IUCN, 2010). They comprise 
14 species, which all have a similar appearance except for their beaks. Each species has a different 
beak shape and size, which allows them to exploit different food resources (Bowman, 1961; Grant, 
1986). As Charles Darwin (1860) already suggested, these 14 different species are thought to have 
descended from a single common ancestor with species of the genus Tiaris having been proposed 
as resembling the most common recent ancestor (Grant, 1999; Sato et al., 2001 a,b; Grant, 2003). 
Moreover, this radiation is relatively very young (probably within the last five million years ago) 
(Grant, 1999). Phylogenetic relationships (Fig. 1.3) between the species have been estimated 
through mitochondrial (Sato et al., 1999; Freeland and Boag, 1999 (a, b); Burns et al., 2002) and 
nuclear DNA (Petren et al., 1999). The studies agree in the fact that the 14 Darwin’s finches form a 
monophyletic group as they are more related to each other than to any other bird species, and 
that the warbler finch (Certhidea) would be the most basal in the radiation. 

 

 

Figure 1.3: One of the first suggested evolutionary trees, by Lack (1947). 

Traditionally, Darwin’s finches are divided into three groups based on their beak morphology 
(Bowman, 1961; Grant 1986) (Fig. 1.4): (1) long and pointed beaks for probing flowers, foliage, 
fruits and woody tissues (Certhidea olivacea, Pinaroloxias inornata, Cactospiza pallida, Cactospiza 
heliobates, Geospiza scandens), (2) beaks with a convex curvature of upper (culmen) and lower 
beak (gonys)  for tip-biting and practical when using tools such as small twigs or spines (tree 
finches: Camarhynchus parvulus, Camarhynchus pauper, Camarhynchus psittacula), and (3) short, 
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deep and broad beaks that are suitable for crushing hard foods (ground finches: Geospiza 
magnirostris, Geospiza fortis, Geospiza fuliginosa, Geospiza conirostris). Geospiza difficilis and 
Platyspiza crassirostris are placed between two groups. Geospiza difficilis has a beak which is deep 
at its base but is also straighter, and it can be placed between groups (1) and (2). Platyspiza 
crassirostris combines the characteristics from groups (2) and (3) and uses the entire length of its 
beak.  

 

Figure 1.4: Darwin’s finches portrayed to emphasize the radiation and feeding habits. Adapted from Grant and Grant 
(2008). 
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A recent study of Campàs et al. (2010) provides a similar division of these finches. By 
mathematically comparing the profiles of the upper beaks, they found that the profiles could be 
divided in three main groups: one containing the Geospiza species accompanied by Tiaris bicolor (a 
member of the currently considered sister group to the Darwin’s finches); one with the 
Camarhynchus species, Certhidea olivacea and Pinaroloxias inornata; and a third group containing 
Platyspiza crassirostris (Fig. 1.5). The profiles within each group can be transformed to one another 
by performing simple scaling transformations. Moreover, the profiles of the different groups can 
also be transformed to one another by adding a shear transformation. To complete their study 
they compared these results with the expression levels of genes (Bone morphogenetic Protein, 
BMP4) involved in shaping the early beak development and found that the shape of the beak in the 
ground finches, as defined by its scaling factor, appears to be correlated with expression levels of 
BMP4. 

 

Figure 1.5: Left: Darwin’s finches with their digitized beak shape profiles, centre: collapsed profiles after scaling 
transformations, right: collapsed profiles after shear transformation (Campàs et al., 2010). 
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The expression and regulation of the genes involved in shaping the beak has provided important 
insights into the evolution of beak shape in Darwin’s finches. Abzhanov and co-workers (2004, 
2006) discovered two developmental pathways in Darwin’s finches that play an important role in 
determining beak shape. The first one involves the expression of BMP4 (Abzhanov et al. 2004) in 
the mesenchyme of the upper beak (pre-nasal cartilage) during early development. Within the 
genus Geospiza a correlation exists between this expression of BMP4 and the depth and width of 
the beak, with greater BMP4 expression being associated with deeper and wider beaks. Calmodulin 
(CaM) is also expressed in the mesenchyme of the upper beak (pre-nasal cartilage) during early 
development and is expressed at higher levels in Darwin’s finches with long pointed beaks than in 
species with shorter beaks. Interestingly, the two pathways act independently from one another, 
suggesting that the separation of the regulation of the growth in length from that in depth and 
width may facilitate natural selection of different components of beak shape (Abzhanov et al., 
2006). Three additional developmental pathways have been discovered by Mallarino et al. (2011). 

The expression of TGFβIIr, β-catenin and Dickkopf-3 controls the development of the praemaxillary 
bone. The expression of these three genes mainly regulates the depth and the length of the 
praemaxillary bone, without a change in width. Moreover, these developmental pathways work 
independently from those previously discovered for BMP4 and CaM, which shows that the 
regulation of beak depth and width may be genetically uncoupled. 

Apart from these studies of early development, only a few studies have been devoted to the 
growth and ontogeny of Darwin’s finches. Darwin’s finch species are of the same age when they 
hatch, fledge and reach adult age (Price and Grant, 1985). Moreover, there is a different relative 
growth rate among different Darwin’s finch species (Grant, 1981; Price and Grant, 1985) (Fig. 1.6) 
during all periods of development (in the egg, as nestlings, as post-fledglings). The differential 
growth in nestlings is most obvious in the relative growth of beak dimensions, especially those that 
are most pronounced in adults, e.g. beak depth and width. In post-fledglings, the differential 
growth of beak length is most prominent (Grant, 1981). Boag (1984) further mentions that beak 
growth takes two to three times longer than the growth of the tarsus and wings or the increase of 
body mass and relates this to the fact that adult-sized feeding structures are only essential for the 
survival of the bird when it actively starts to eat by itself.  
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Figure 1.6: Nestling growth for G. difficilis (left), G. conirostris (centre) and G. magnirostris (right) (Grant, 1981). 

The beak of the Darwin’s finches has been the main subject of many studies that cover a wide 
variety of  research domains ranging from ecology and behavior to the biomechanics of jaw 
function (Bowman, 1961; Smith et al., 1978; Grant, 1999; Grant and Grant, 2008; Hendry et al., 
2006, 2008; Tebbich et al., 2010; Galligan and Kleindorfer, 2009; Foster et al., 2008; Podos, 2001, 
2007, 2010; Podos et al., 2004; Podos and Nowicki, 2004; Christensen et al., 2006; Goodale and 
Podos, 2010; Herrel  et al., 2005 (a, b), 2009, 2010; Soons et al., 2010). Although Darwin was the 
first to draw attention to the diversity in beak shape among Darwin’s finches, Bowman (1961) was 
the first to investigate and compare them in more detail. He made a detailed and extensive study 
of the birds’ environment and feeding habits, digestive tract, heart weights, jaw musculature, skull 
morphology and function. Bock (1963) mentioned some shortcomings in his review of Bowmans’ 
work, including the lack of a description of the ligaments, the angle of insertion of the muscles, the 
length of the lever arms and the degree of pennation of the muscles.  
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One of the biggest contributions to our understanding of the evolution of Darwin’s finches has 
been the work of Peter and Rosemary Grant who have been studying Darwin’s finches for 40 years. 
In a recent publication Grant and Grant (2002) describe the results of a 30-year study of the same 
population of Darwin’s finches on the small island of Daphne. During this study, oscillations in the 
size and shape of the beak of Geospiza fortis were noticed. Moreover, these oscillations were 
related to changes in the environment and driven by variation in food supply. During periods of 
drought, birds were subjected to strong directional selection as small and soft seeds became scarce 
and birds were forced to eat the relatively more abundant larger and harder Tribulus seeds. Only 
birds with the wide and deep beaks were able to crack these seeds, whereas birds with smaller 
beaks died from starvation. Birds that did survive the drought were able to reproduce and pass on 
their genes, thus reinforcing the preceding selection event, as the heritability of morphological 
traits has been shown to be high (Boag and Grant, 1978). These periods of drought were followed 
by periods of ample rain, bringing ecological change and an abundance of soft and small seeds for 
the finches. The relative abundance of large seeds including Tribulus decreased. The abundance of 
small seeds in the environment provided a fitness advantage to birds with smaller beaks, as small 
seeds are difficult to handle with a large beak (Abbott et al., 1975; Schluter, 1982) thus reversing 
the directionality of evolutionary change. 

However, food resources our not the only element that may constrain beak size and shape. Indeed, 
song production is another element that has to be taken in consideration. Previous research has 
shown that both beak morphology and song production are elements playing an important role in 
mate selection, with females preferring males with beak dimensions and songs resembling those of 
a female’s father (Grant and Grant, 1997 a,b). Boag and Grant (1978) concluded that for G. fortis 
beak morphology was the most important factor driving assortative mating and showed that birds 
showed greater interest in other birds with similar beak morphology. Birds with a different 
morphology were frequented less or, if contact was made, it was mostly aggressive (Grant, 1986; 
Grant and Grant, 1997 a, b). In addition to morphology, Darwin’s finches also discriminate between 
conspecific and sympatric heterospecific songs. Moreover, mate chose is largely determined by 
song type (Lack, 1947; Ratcliff and Grant, 1985; Grant, 1999; Christensen et al., 2006). Both factors 
(song type and beak morphology), however, are closely linked as small beaks are better suited for 
very rapid and precise beak movements, while birds with larger beaks, used to crush seeds, are 
slower and constrain song complexity, suggesting the presence of a force-velocity trade-off in jaw 
function (Podos, 2001, 2004; Herrel et al., 2009). Podos (2001, 2004) even suggested that the 
evolutionary changes in vocal signal structure, associated with the extensive morphological 
adaptation of the beak of Darwin’s finches, have facilitated rapid speciation. Adaptations of the 
beak to changing ecological conditions cause a change in the vocal structure through the force-
velocity trade-off in jaw function and thereby facilitate reproductive isolation. 
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It is well known that a strong correlation exists between beak size and the size and hardness of 
seeds that can be cracked by birds (Bowman, 1961; Abbott et al., 1975; Schluter, 1982; Grant, 
1999; Grant and Grant, 2002). However, the ability to crack a seed is only indirectly influenced by 
the beak; it only is the instrument that transmits the forces produced by the jaw muscles. The bite 
force generated by the large jaw muscles was measured for different Darwin’s finches by Herrel et 
al. (2005 a, b) and compared with head dimensions. Bite force was shown to be correlated with 
beak width and depth, in that way that the harder the birds bite, the wider and deeper their beaks 
seem to be. This confirmed the hypothesis made by previous researchers (Bowman, 1961; Abbott 
et al., 1975; Schluter, 1982; Grant, 1999; Grant and Grant, 2002). However, size-independent 
variation in beak length was not correlated with size-independent variation in bite force (Herrel et 
al., 2005 a, b), but would be related with the ability of birds to manipulate food items (Grant, 
1999). Differences in beak width and depth or bite force were also not different between sexes. 
Only beak length was greater in females (Herrel et al., 2010). Yet, differences in bite force were 
significant when comparing birds belonging to different feeding types, with base crushers having 
the greatest bite force for a given body size (Herrel et al., 2010). The results of Herrel et al. (2005 a, 
b) also demonstrated that head width is the best predictor of bite force in Darwin’s finches. This is 
not surprising as the major closing muscles (m. adductor mandibulae externus complex) are 
situated at the sides of the skull, and a wider head presumably reflects larger jaw muscles and 
correspondingly greater bite forces. Although, head width explained a considerable part of the 
interspecific variation in bite force, much remains to be explained (Herrel el al., 2005 a, b) and 
further studies on muscle geometry and physiology are needed.  

As the beak transfers the forces produced by the jaw muscles to the food, the beak needs to be 
strong enough to withstand the reaction forces exerted by the food, and thus to avoid fracture. 
Although Bowman (1961) attempted to address this issue by studying the function of the beak, no 
explicit test of the assumption that the beaks of the different feeding types are functionally 
adapted to the different food resources have been performed. Herrel et al. (2010) were the first to 
address this problem by using finite element models of the beak to compare tip- and base-loadings 
simulations of finches belonging to different feeding types. These analyses showed that beaks are 
mechanically optimized for their typical use, with tip biters showing the lowest peak stress 
magnitudes during tip-loading and base crushers during unilateral base-loading. During natural 
maximal loading, peak stresses remained well within the range of bone strength for all three 
feeding types (Herrel et al., 2010). A recent interspecific study quantifying force dissipation in 
beaks of ground finches observed noticeable differences in stress distribution (Fig. 1.7). Species 
with longer and narrower beaks (like G. scandens and G. difficilis) seemed to display higher peak 
stress values and a larger surface area subjected to these stresses when scaled to the same size 
and loading conditions as observed in vivo for G. fortis, while the peak stress values were lower 
and more localized for species with broader and deeper beaks (G. fortis, G. magnirostris and G. 
fuliginosa). These results thus demonstrated that beaks are indeed optimized to cope with their 
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natural loadings regime during the feeding. Both studies (Herrel et al., 2010; Soons et al., 2010) 
explicitly note, however, that these results are only a first step as the keratinous rhamphotheca 
and cellular interface, together with their material properties need to be included in future studies.  

 

Figure 1.7: Output of a finite-element simulation, in which beak surface area of the five species of ground finch was 
scaled to a common surface area (that of G. fortis) prior to calculations, and in which the input force calculated for G. 
fortis was applied to all species. (a) G. fortis, (b) G. fuliginosa, (c) G. scandens, (d) G. magnirostris, and (e) G. difficilis 
(from Soons et al., 2010). 
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1.2  Case study: Java Finch (Padda oryzivora) 

 

“There were also small birds, … resembling the Java sparrow, in shape and size, but of a black 
plumage; ...” 

Colnett J (1798)  

 

 

 

 

As the Darwin’s finches are endemic for the Galapagos Islands and several of them are vulnerable 
or even critically endangered, these species are protected. Obtaining fresh specimens for 
dissections, CT-scanning, histological sectioning, electromyographic or kinematic studies is almost 
impossible. Thus an appropriate model system allowing for more invasive work needed to test 
hypothesis developed for Darwin’s finches is needed. 

 

Figure 1.8: Comparison of the external morphology of Geospiza fortis (A.) and Padda oryzivora (B.). Illustrated is a lateral 
view of the head of both species; note the similarity in beak size and shape. 

 

 

A. B. 
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As Colnett (1798) already mentioned in his book about his voyage to the South Atlantic (and the 
Galápagos), the Darwin’s finches resemble the Java sparrow (or Java finch, Padda oryzivora 
(Linnaeus, 1758)) quite strikingly in its external appearance (Fig. 1.8). Unlike the black plumage of 
the Darwin’s finches, the Java finch is an eye-catching bird characterized by grayish upperparts and 
breast, a pink belly and feet, a black tail, a typical black head with white cheeks and the most 
striking, a large, bright red beak. However, many color variants exist, as this bird is a beloved cage-
bird and is bred all over the world. It is a passerine (Aves, Passeriformes), and member of the 
estrildid family (Estrildidae), which is not closely related to the Darwin’s finches (Jønsson and 
Fjeldså, 2006). Its country of origin is Indonesia, where it is endemic on the Islands of Java, Bali and 
Bawean. It has been widely introduced elsewhere and now wild populations exist on Christmas 
Island, Fiji, the Philippines and the United States. However, due to intense trapping activity and 
ongoing habitat loss, this bird (at least the wild-type) is now listed as vulnerable in its native 
habitat on the IUCN Red List (IUCN, 2010). The Java finch’s species epitheton ‘oryzivora’, meaning 
rice-eater, is derived from its diet, as rice is its preferred food. In addition to rice, this birds feeds 
also on small seeds of grasses and flowering plants, and occasionally on insects (BirdLife 
International, 2001; Burnie, 2001). However, as cage bird it is fed with a seed mix, mostly 
containing oats, yellow, red and white millet seeds, plain canary seeds, paddy rice and hemp seeds. 

As this species is a rather large bird (14-17 cm) and easily bred, it is not surprising that the Java 
finch has been subject of several studies, including behavioral (Watanabe and Nemoto, 1998; 
Watanabe, 2002; Watanabe and Sato, 1999; Watanabe et al., 2006), molecular-biological (Duncker, 
1998), physiological (Seller, 1979; Ebihara and Kawamura, 1981; Saito et al., 1992), pathological 
(Maeda et al., 1994), and morphological studies (van der Meij and Bout, 2000, 2006; Hrabar and 
Perrin, 2002). Of interest in the context of the present thesis are the studies of van der Meij and 
Bout (2000, 2006) on the mechanics of seed crushing and that of  Hrabar and Perrin (2002) dealing 
with seed selection in granivorous birds, including the Java finch. According to the results of these 
studies, seed selection by the Java finch was not influenced by seed size as both the large and small 
seeds were preferred. Van der Meij and Bout (2000) moreover showed that seeds were selected 
based on their hardness, but that this preference was influenced by the size of the seed as 
hardness cannot be visibly detected. They also estimated the maximum hardness of the seeds that 
could be cracked by the Java finches in this study, to be around 60 N (whereas the maximum 
hardness of some of the seeds that are cracked by the medium ground finch reaching up to 100 N 
(AH, pers.obs.)). In conclusion, these studies suggest that seed hardness and maximal bite force are 
the two factors that determine which part of the available food resources a bird is able to use (van 
der Meij and Bout, 2006). 
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The way of cracking a seed by the Java finch is described as follows (Hrabar and Perrin, 2002; van 
der Meij and Bout, 2006): the Java finch uses the sharp edges of the lower mandible for husk 
removal, instead of its anterior tip. The edges of the lower mandible are curved inwards and thus, 
fit between the internal ridges of the horny palate of the upper beak. Seeds were held between 
the ridges and cracked by the lower mandible. The seed is cracked by opening and closing 
movements of the jaws, in a vertical plane. To do so, the tip of the lower beak is brought 
somewhat to the opposite side from where the seed is cracked, such that the force of the lower 
beak is directed more perpendicular to the surface of the seed (van der Meij and Bout, 2006) (Fig. 
1.9). 

 

Figure 1.9: Schematic representation of a cross section through the upper and lower beak of the Java sparrow. (A) In the 
resting position, (B) in cracking position: the lower jaw moved in a direction opposite to the side where the seed is 
cracked (large arrow in A) (van der Meij and Bout, 2006). 
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2  Outline of the thesis 

This thesis addresses several topics related to the evolution of seed cracking in birds, including (1) 
the variation in shape of the beak in different seed cracking birds using 3D-morphometrics, (2) the 
ontogeny of the head skeleton in a well known seed cracker, the medium ground finch (Geospiza 
fortis), (3) the detailed head morphology of the latter species, compared to the head morphology 
of a possible model species for seed cracking birds, the Java finch (Padda oryzivora), and finally (4) 
the histological structure and organization of the rhamphotheca, bony beak and the cellular 
interface between these two in the Java finch and the thrabecular organization of the bony beak in 
the Java finch as well as in the Darwin’s finches. Each chapter of this thesis comprises one of the 
above mentioned topics, and is described in the form of manuscripts. Three manuscripts (Chapter 
4, 5, 6) are submitted of which two have been revised and resubmitted. Chapter 3 represents the 
first part of a larger study, which will be completed and submitted after the completion of this 
thesis. In the following paragraphs the outline of this thesis and a brief description of each chapter 
are given. 

 

Chapter 3: The evolution of beak shape in granivorous birds: the third dimension. 

GENBRUGGE Annelies, CORNETTE Raphaël, BOONE Matthieu, SMITH Thomas B., PODOS Jeffrey, VAN 

HOOREBEKE Luc, DIRCKX Joris, ADRIAENS Dominique, HERREL Anthony 

In progress 

The switch from a predominantly insectivorous to a granivorous diet has been suggested to be one 
of the principal factors driving some of the most successful radiations in birds. As the cracking of 
seeds requires adaptations of the cranial skeleton to resist high forces, and as beak size and shape 
have been suggested to evolve in response to fracture avoidance, convergence in beak shape can 
be expected in clades having independently evolved a granivorous diet. Previous studies that tried 
to quantify beak shape variation have uniformly used two dimensional analysis of shape. Yet, 
selection on beak shape in natural populations involves changes in all three dimensions. Here, we 
explore convergence in three-dimensional beak shape in taxa that have independently evolved 
dietary specialisations towards eating large and hard seeds. The first shape axis retained in our 
analysis explained more than 50 % of the shape variation and represents an increase in beak width 
and depth at the level of the nares. The other two axes principally discriminate between the 
African seed crackers and other species. A morphological distance tree suggest the existence of 
three shape groups, with species clustering together in accordance to the functional demands 
imposed upon beak shape rather than phylogeny. Seed cracking birds group together and have 
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deep and wide beaks, while the second group comprises species with narrow and long beaks suited 
for eating softer food. The third group contains only one species (Tiaris olivaceus) characterized by 
a unique beak shape. These results suggest that beak shape has adaptively evolved to match the 
mechanical requirements imposed by the use of the beak during feeding. 

 

Chapter 4: Ontogeny of the cranial skeleton of a Darwin’s finch (Geospiza fortis) 

GENBRUGGE Annelies, HEYDE 

Accepted for publication by the Journal of Anatomy 

Anne-Sophie, ADRIAENS Dominique, BOONE Matthieu, VAN HOOREBEKE Luc, 
DIRCKX Joris, AERTS Peter, PODOS Jeffrey, HERREL Anthony 

Darwin’s finches are a model system in ecological and evolutionary research, but surprisingly little 
is known about their skull morphology and development. Indeed, only the early beak development 
and external variation in adult beak shape has been studied. However, understanding the 
development of the skull from embryo up to the adult is important to gain insights into how 
selection acts upon, and drives variation in beak shape. Here, we provide a detailed description of 
the skeletal development of the skull in the medium ground finch (Geospiza fortis). Although the 
ossification sequence of the cranial elements is broadly similar to that observed for other birds, 
some differences can be observed. Unexpectedly, our data show that large changes in skull shape 
take place between the nestling and the juvenile phases. The reorientation of the beak, the orbit 
and the formation of well developed processes and cristae suggest that these changes are likely 
related to the use of the beak after leaving the nest. This suggests that the active use of the jaw 
muscles during seed cracking plays an important role in shaping the adult skull morphology and 
may be driving some of the intra-specific variation observed in species such as G. fortis. 
Investigating the development of the jaw muscles and their interaction with the observed 
ossification and formation of the skull and lower jaw would allow further insights into the ecology 
and evolution of beak morphology in Darwin’s finches. 
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Chapter 5: The head of the finch: the anatomy of the feeding system in two species of 
finches (Geospiza fortis and Padda oryzivora) 

GENBRUGGE Annelies, HERREL Anthony, BOONE Matthieu, VAN HOOREBEKE Luc, PODOS Jeffrey, DIRCKX 
Joris, AERTS Peter, ADRIAENS Dominique 

Reviewed by and resubmitted to the Journal of Anatomy 

Despite the large number of studies devoted to the evolution of beak shape in Darwin’s finches, 
surprisingly little is known about the morphology of the skull and jaw musculature in these 
animals. Moreover, it remains currently unclear whether Darwin’s finches are unusual in their 
cranial morphology compared to other seed cracking birds. Here, we provide a detailed description 
of the morphology of the cranial system in the medium ground finch (Geospiza fortis) and compare 
it to that of another seed cracking bird of similar overall size and appearance, the Java finch (Padda 
oryzivora). Our data show an overall similar beak size and cranial morphology. Yet, differences in 
the jaw adductor size and corresponding attachments to the cranium and mandible are prominent, 
with the medium ground finch having much more robust jaw closing muscles. This is reflected in 
differences in bite forces, with the medium ground finch biting much harder than the Java finch. 
These data suggest similarities in the evolution of the feeding system in birds specializing on 
cracking hard seeds, but also show the uniqueness of the cranial morphology and bite force of the 
medium ground finch compared to other seed cracking birds. 

 

Chapter 6: Structural tissue organization in the beak of Java and Darwin’s finches: Built 
to crack seeds? 

GENBRUGGE Annelies, HERREL Anthony, DE KEGEL Barbara, BRABANT Loes, PODOS Jeffrey, VAN 

HOOREBEKE Luc, DIRCKX Joris, AERTS Peter, ADRIAENS Dominique 

Submitted to the Journal of Anatomy 

Birds are well known for occupying diverse feeding niches, and for having evolved diverse beak 
morphologies associated with dietary specialization. Birds that feed on hard seeds typically possess 
beaks that are both deep and wide, presumably because of selection for fracture avoidance. It 
follows then that birds that eat seeds of different size and hardness should vary in one or more 
aspects of beak morphology, including the histological organization of the rhamphotheca, the 
cellular interface that binds the rhamphotheca to the bone, and the organization of trabeculae in 
the beak. To explore this expectation we here investigate tissue organization in the rhamphotheca 



CHAPTER 1: GENERAL INTRODUCTION 

23 
 

of the Java finch, a large granivorous bird, and assess interspecific differences in the trabecular 
organization of the beak across eleven species of Darwin’s finches. We identify specializations in 
multiple layers of the horny beak, with the dermis anchored to the bone by Sharpey’s fibers in 
those regions that are subjected to high stresses during biting. Moreover, the rhamphotheca is 
characterized by a tight dermo-epidermal junction through interdigitations of these two tissues. 
Herbst corpuscles are observed in high density in the dermis of the lateral aspect of the beak, 
allowing for sensory feedback and thus presumably helping birds to avoid structural damage while 
feeding. Finally, the trabecular organization of the beak in Darwin’s finches appears most variable 
in regions involved most in food manipulation, with the density of trabuculae in the beak mirroring 
loading regimes imposed by different feeding habits and beak use in this clade. These results 
support the hypothesis that beak size, shape, and structure have evolved together to avoid 
feeding-induced fracture.  
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3  Aims and hypotheses 

This thesis aims to gain insight into the co-evolution between structure and function in complex 
musculoskeletal systems. The feeding apparatus of birds is a good subject for studying this complex 
link as it shows an extraordinary diversity, which has been related to variation in ecological niches 
and feeding habits. Seed cracking birds are probably the most successful with granivory having 
evolved convergently in different lineages. Although birds are constrained by their flying lifestyle, 
granivorous birds need to generate high bite forces and withstand high food reaction forces. 
However, how the feeding apparatus in granivorous birds is organized on musculoskeletal and 
histological level and how it has evolved in different lineages of seed cracking birds, is poorly 
understood. Darwin’s finches make an excellent study-object to investigate this issue as the 
members of this group show a radiation in beak shapes and feeding habits, despite being recently 
diverged from a common ancestor. In this thesis my aim is to address the following four major 
hypotheses: 

H1. As granivory has evolved independently in different lineages, but the mechanical requirements 

to crack hard seeds (generation of high bite forces, withstand high reaction forces) are similar, 
convergence in beak shape is expected. However, different solutions to the same problem may 
appear as beak shape is thought to be constraint by phylogeny. 

Using three-dimensional geometric morphometric analysis of the upper beak in a wide array of 
species we test this hypothesis. 

H2. The ontogenetic pattern of musculoskeletal transformations is expected to reflect the 

temporal pattern of function and mechanical resilience of the feeding apparatus in relation to food 
manipulation and reduction.  

- Two episodes of rapid development of the cranial skeleton of young birds are expected. The first 
period should occur when birds hatch and start to use their feeding apparatus. When fledglings 
start to manipulate food on their own, a second accelerated development is expected. 

- Furthermore, we expect to find indications that a concerted development between the two 
components of the musculoskeletal system (i.e. bone and muscle) takes place, especially when 
birds start to actively use their feeding apparatus. 

These hypotheses have been tested using three-dimensional reconstructions based on CT-scans of 
the head skeleton of specimens of different age of the medium ground finch (Geospiza fortis). 
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H3. The protected status of the Darwin’s finches and the inability to obtain fresh specimens makes 

it impossible to perform functional tests needed to understand and quantify their feeding 
performance in relation to seed selection. A model species for granivorous birds is thus needed. 
Here we test whether the Java finch (Padda oryzivora) is a suitable model for granivorous birds.  

We do this by comparing the trophic musculoskeletal system of the Java finch with that of the 
medium ground finch (Geospiza fortis) using 3D-reconstructions of the skull based on CT-data. The 
descriptions of the musculature are based on dissections of both species. 

H4. As only specific regions of the beak are thought to encounter peak stresses during feeding, 

regional adaptations at the cellular and connective tissue and trabecular level are expected. 
Moreover, these adaptations are expected to be related to species-specific patterns in stress 
distribution in the beaks during feeding.  

- More specifically, it is expected that bird species that crush hard seeds show an organized 
network of collagen fibers in the dermis layer that reflects tensile and shear forces acting between 
the rhamphotheca and the bone, as well as a cellular organization in the epidermis to deal with 
stress dissipation.  

- We also expect differences in the trabecular organization of the bony beak between the different 
species of Darwin’s finches that matches the way they use their beaks.  

Histological sections of the upper beak of the Java finch and three-dimensional reconstructions of 
the upper beaks of this species, as well as of the Darwin’s finches have been used to test these 
hypotheses. 
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1  Material 

1.1 Darwin’s finches 

For this study we had the privilege to examine a unique collection of Darwin’s finch specimens. 
This  collection encompasses 21 adult specimens of six species (Camarhynchus parvulus, Certhidea 
olivacea, Geospiza fortis, G. fuliginosa, G. scandens and Platyspiza crassirostris), four embryos of 
one species (G. fortis) and eight nestlings of two species (G. fortis and G. fuliginosa) (Table 2.1). 

All specimens were collected on Santa Cruz Island of the Galápagos Archipelago under the salvage 
permit of the Galápagos National Park Service. The adult specimens were road-killed finches that 
were still intact. They were collected during February-March of 2005 and 2006. A stretch of road of 
approximately 5 km was walked continuously every day between sunrise and 1 pm, and all road 
killed birds that showed no obvious external damage to the head were collected. Damage to 
specimens was verified afterwards using CT-scans. Specimens were preserved in a 10 % aqueous 
formaldehyde solution for 24 hours, rinsed and transferred to a 70 % aqueous ethanol solution. 
The embryos and nestlings were collected from abandoned nests in 2006. Nests were surveyed on 
a daily base; eggs were collected from nests that were confirmed as abandoned, and nestlings 
were collected as soon as they were observed to be dead. Thus all specimens were collected within 
maximally 18 hours after death and preserved overnight in a 5 % aqueous formaldehyde solution, 
rinsed and transferred to a 70 % aqueous ethanol solution.  

With the permission of the Museum of Comparative Zoology (Harvard), preserved dry specimens 
of six species of Darwin’s finches (Cactospiza pallida (MCZ65744), Camarhynchus psittacula 
(MCZ65738), Geospiza difficilis (MCZ39828), Geospiza magnirostris (MCZ112397), Pinaroloxias 
inornata (MCZ157930) and Platyspiza crassirostris (MCZ134639)) were scanned at the CT scanning 
facility at Harvard University (for more details, see Methods – CT-scanning) (Table 2.1). 
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Table 2.1: Overview of the Darwin’s finches used during this research. 

Code Age Storage Locality Elevation Date 

Camarhynchus parvulus 

DV03A01 adult eth 70% S00°34'48.7"/W090°23'23.2" 598 m 18/02/2005 

DV03A02 adult eth 70%       

DV03A03 adult eth 70% S00°37'49.5"/W090°23'26.8" 590 m 12/02/2005 

DV03A04 adult eth 70%       

DV03A05 adult eth 70% S00°35'45.2"/W090°24'13.8" 470 m 6/02/2005 

Certhidea olivacea 

DV06A01 adult eth 70% S00°37'16.2"/W090°22'45.5" 595 m   

DV06A02 adult eth 70%       

DV06A03 adult eth 70%       

Geospiza fortis 

DV09A01 adult eth 70% S00°37'30.8"/W090°23'06.0" 612 m 13/02/2005 

DV09A02 adult eth 70%       

DV09A03 adult eth 70%       

DV09A04 adult eth 70%       

DV09J01 juvenile eth 70% El Garrapatero   12/02/2006 

DV09J02 juvenile eth 70% El Garrapatero   24/02/2006 

DV09E01 embryo eth 70% El Garrapatero   15/03/2006 

DV09E02 embryo eth 70% El Garrapatero   14/04/2005 

DV09E04-
05 

embryo eth 70% El Garrapatero   22/04/2005 

DV09E06 embryo eth 70% El Garrapatero   20/03/2006 

DV09E07 embryo eth 70%     13/05/2005 

DV09E08 embryo eth 70%      
DV09E09 embryo eth 70%       

DV09E10 embryo eth 70%       

DV09E11 embryo eth 70%     13/05/2005 
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Geospiza fuliginosa 

DV10A01 adult eth 70% El Garrapatero   15/02/2006 

DV10A02 adult eth 70% S00°37'21,1" / W090°22'52,6" 611 m   

DV10A03 adult eth 70%     3/03/2006 

DV10A04 adult eth 70%       

DV10E01 embryo eth 70%       

Geospiza scandens 

DV12A01 adult eth 70% S00°43'39,2" / W090°19'39,2" 113 m 18/06/2005 

DV12A02 adult eth 70%       

Platysipza crassirostris 

DV14A01 adult eth 70% El Garrapatero   17/02/2006 

MCZ_134639 adult stuffed Museum of Comparative 
Zoology, Harvard 

  

Cactospiza pallida 

MCZ_65744 adult stuffed Museum of Comparative 
Zoology, Harvard 

  

Camarhynchus psittacula 

MCZ_65738 adult stuffed Museum of Comparative 
Zoology, Harvard 

  

Geospiza difficilis 

MCZ_39828 adult stuffed Museum of Comparative 
Zoology, Harvard 

  

Geospiza magnirostris 

MCZ_112397 adult stuffed Museum of Comparative 
Zoology, Harvard 

  

Pinaroloxias inornata 

MCZ_157930 adult stuffed Museum of Comparative 
Zoology, Harvard 
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1.2 Java finches 

Thirteen Java finches (Padda oryzivora) were obtained from commercial suppliers (Table 2.2, Fig. 
2.1). Of five specimens the bite force was measured (see below). All specimens were euthanized by 
a veterinarian of the Faculty of Veterinary Medicine at Ghent University, except for one specimen, 
which died from natural causes. Eleven specimens were preserved in a 10% aqueous formaldehyde 
solution for four weeks. One specimen (Padda 5) was preserved in bouin fixative for four weeks. 
The beak of another specimen (Padda 13) was brought in Karnovsky medium (2 % 
paraformaldehyde, 2.5 % glutaraldehyde and 0.5 % CaCl2

 

 in 0.134 M sodium cacodylate buffer) 
immediately after sacrificing the specimen, which itself was preserved in a 10 % aqueous 
formaldehyde solution for four weeks.  

Figure 2.1: External morphology of Padda 9. A. lateral view of the total specimen, B. dorsal view of the head, C. lateral 
view of the head. 
 

Table 2.2: Specimens of Padda oryzivora and were they were used for. 

Specimen                       Purpose 
Padda 1 • CT-scan at UGCT (head) 

• clearing and staining total 
Padda 2 • CT-scan at UGCT (head) 

• dissection + muscle mass 
• Synchrotron-scan at ESRF of part of the upper and lower beak 
• CT-scan at UGCT of halve upper and lower beak impregnated with OsO4 

Padda 3 • CT-scan at UGCT (head) 
• Technovit 7100: head without beak and skin 
• part of beak in Technovit 7100, Paraffin 

Padda 4 • CT-scan at UGCT (head) 
• Dissection + muscle mass + muscle fibers length 

Padda 5 • CT-scan at UGCT (head) 
• bouin -> Technovit 7100: head with beak 

Padda 6 • CT-scan at UGCT (head) 
• Dissection + muscle mass 

Padda 7 • CT-scan at UGCT (head) 
• Dissection 

Padda 8 • CT-scan at UGCT (head) 
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• Rontgen 
Padda 9 • CT-scan at UGCT (head) 

• Rontgen 
• Bite force 
• Part of upper beak in Epon, Spurr 
• Piece of skin in Technovit 7100, Epon 

Padda 10 • CT-scan at UGCT (head) 
• Rontgen 
• Bite force 
• Dissection 

Padda 11 • CT-scan at UGCT (head) 
• Rontgen 
• Bite force 
• Dissection 

Padda 12 • Synchrotron-scan at ESRF (head) 
• Rontgen 
• Bite force 

Padda 13 • Karnovsky -> Spurr: small parts of the upper and lower beak 
 

1.3 Chickens 

Several chicks were used to test different protocols (See Methods). These chicks were obtained 
from the pet trade (Rodentia, Dordrecht, Netherlands) as frozen pet food. At the Ghent University 
they were stored in a freezer. 

1.4 Lovebirds 

Nineteen lovebirds of two species (Agapornis roseicolis (n= 13) and Agapornis fischeri (n= 6)) were 
obtained from a hobbyist. They were euthanized by a veterinarian of the Faculty of Veterinary 
Medicine at Ghent University. 

1.5 Others 

The African seedcrackers (Pyrenestes ostrinus large morph (PoLW5137) and Pyrenestes ostrinus 
small morph (PoSW5115)) were obtained from the private collection of Thomas Smith (UCLA), and 
the zebra finch (Taeniopygia guttata) was obtained from a commercial supplier. Three bullfinches 
of three species (Loxigilla noctis (MCZ112680), L. violacea (MCZ78549) and L. portoricensis 
(MCZ28775)) and a yellow-faced grassquit (Tiaris olivaceus (MCZ70228)) were obtained from the 
Museum of Comparative Zoology (Harvard University). 
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2  Methods 

2.1 Histological sectioning: chickens 

Because histological sectioning of bird beaks had never been performed at the research group of 
Evolutionary Morphology of Vertebrates, several protocols had to be tested. First, a softening 
agent was applied to soften the hard keratin of the rhamphotheca.  

Calcium thioglycolate:  

After decalcification with Decalc 25 %, a calcium thioglycolate solution (4 %) was used as softening 
agent. The samples remained in the calcium thioglycolate solution for two weeks before they were 
transferred to the embedding media Technovit 7100 (Heraeus Kulzer GmbH, Germany) (Fig. 2.2) as 
well as Paraffin (Merck, 9025). The samples, however, were still too hard to section and it was 
concluded that calcium thioglycolate did not soften the keratin enough to make slices and 
therefore was not an adequate softening agent. 

 

Figure 2.2: Slice of the beak of a chick, embedded in Technovit 7100 and stained with toluidin-blue (scale= 1 mm). 
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Osteomoll:  

Osteomoll (Merck, 1.01736) is a medium that is normally used to decalcify bone and soften 
keratinized structures. To test this decalcifying and softening agent, the beak with a small part of 
the head of a chick was divided in four parts. Each part was brought in the Osteomoll until it was 
possible to penetrate the keratin with a needle. When softened, each sample was transferred to a 
different embedding medium (Technovit 7100, Epon, Paraffin and Osteo-Bed) and sectioned. The 
samples embedded in Technovit 7100 (Fig. 2.3 A) and Epon (Sigma-Aldrich Chemie GmbH, 
Switzerland: Fluka, 45359) (Fig. 2.3 B) gave a more or less good result as the samples were well 
impregnated, but the keratin was torn from the embedding medium. Moreover, six to ten weeks 
are needed to transfer fresh samples to these media. The impregnation with Osteo-Bed 
(Polysciences Inc.) and sectioning succeeded, but this medium is normally used to make thick slices 
that need to be polished with sand paper. Serial sectioning was thus impossible.  The sectioning of 
the Paraffin sample failed again. Upon evaluation of these results it was decided Osteomoll is likely 
the best softening agent and it was decided to use this for the sectioning of hard keratinized 
samples. 

 

Figure 2.3: A. Slice of a piece of a chick’s upper beak embedded in Epon and stained with toluidin-blue (scale = 1 mm), B. 
Slice of a piece of a chick’s lower beak embedded in Technovit 7100 and stained with toluidin-blue (scale = 1 mm). 

2.2 Histological sectioning: Java finches 

From eight Padda oryzivora specimens, histological cross sections were made of parts of the beak, 
of the whole beak or of the head. Several embedding media were tested, such as Technovit 7100, 
Paraffin, Epon, Spurr and Osteo-Bed. Tables 2.3 – 2.7 show the detailed protocols used for each 
embedding medium.  

 

A. B. 
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Technovit 7100: 

- A whole head (Padda 5) was transferred to Technovit 7100 and sectioned horizontally. However, 
during sectioning it became apparent that the tissue was not completely impregnated with the 
embedding medium, that the medium was not completely hardened, that the musculature was too 
dehydrated, or that the slice was torn during sectioning. Luckily, a histological series could be made 
of the upper beak. After staining with toluidin-blue, the slices were, unfortunately, covered with a 
turbid purple layer which made them useless (Fig. 2.4). Based on information from literature, it 
was found that the purple layer was a result of a reaction of the picric acid in the Bouin with the 
toluidin-blue (Carson and Hladik, 2009). After removing the cover glass and abundant rinsing of the 
slices in tap water, the purple layer was removed and the slices ready to use. 

 

Figure 2.4: Slice of the upper beak of a Padda oryzivora specimen embedded in Technovit 7100 and stained with toluidin-
blue (scale = 1 mm) with the over dehydration of the muscle tissue indicated by an arrow. Note the purple haze covering 
the slice. 

- A second head (Padda 3) was transferred to Technovit 7100. The skin of this head was first 
removed, as well as the biggest part of the beak. The latter was done carefully so that the muscles, 
attached to the pars caudalis of the lower beak and to the processus praemaxillaris palatini and 
palatinus praemaxillae of the upper beak (see chapter 5 for more details on these structures), were 
not damaged. The keratin of the remaining small part of the beak was scraped off. In that way, all 
the hard structures, except for the bone, which was decalcified, were removed. The last step, i.e. 
the dehydration of the sample by transferring it to ethanol 90%, was shortened to prevent 
excessive dehydration of the soft tissues. The sample was sectioned successfully (Fig. 2.5). 
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Figure 2.5: Slice through the upper and lower beak of a Padda oryzivora at the level of the nares. Embedding in Technovit 
7100 and staining with toluidin-blue (scale = 2 mm). lb, lower beak bone; mi, intermandibulaire muscles; mp, pterygoid 
muscles; mt, tong muscles; n, nares; tb, tong bone; ub, upper beak bone. 

- A piece of skin (Padda 9), taken from the neck of a Java finch, was transferred to Technovit 7100 
and sectioned (Fig. 2.6).  

 

Figure 2.6: Slice of a piece of skin from the neck of a Padda oryzivora specimen, embedded in Technovit 7100 and stained 
with toluidin-blue (scale = 0.01 mm). ed, epidermis; d, dermis. 
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Paraffin: 

- Pieces of an upper beak were transferred to Paraffin. These pieces were each embedded with a 
different orientation to the direction of cutting to test whether this factor affects the result (Fig. 
2.7). However, the slices and the tissue within them were torn and pulverized, which made them 
unusable. 

 

Figure 2.7: Digital sketch showing the orientation and slicing direction of two pieces of the upper beak of a Padda 
oryzivora specimen for the embedding in Paraffin. Blue, beak bone; brown, keratin; grey, embedding medium; arrow, 
slicing direction. 

Epon: 

- A piece of skin, taken from the neck of a Java finch (Padda 9), was transferred to Epon and 
sectioned. This was done prior to the embedding of the other piece of skin in Technovit 7100, as 
mentioned above. 

- A beak (Padda 9) was sagittally divided in three parts. The central part was transferred to Spurr 
(see below). Upon failure of this embedding method, one of the lateral pieces was transferred to 
Epon and sectioned. However, this method was also unsuccessful as the tissue kept tearing. 

Spurr: 

- From the beak that was fixed in Karnovsky medium (Padda 13), eight small parts were cut out: 
four from the upper beak of which two at its base (one left, one right) and two at its tip (one left, 
one right), and four from the lower beak at the same places. These parts were transferred to the 
embedding medium Spurr, which is normally used for Transmission Electron Microscopy (TEM). 
The sectioning of ultra-thin slices (70 nm), which is necessary for TEM, failed as the pieces were 
still too hard, but the sectioning of semi-thin slices (2 µm) succeeded. Although sections of 2 µm 
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could not be used for TEM, the pieces were sectioned further at 2 µm and used for light 
microscopy (Fig. 2.8).  

 

 

Figure 2.8: Slice of a piece of the upper beak of a Padda oryzivora specimen embedded in Spurr and stained with toluidin-
blue (scale = 1 mm). b, bone; bl, blood vessel; bm, bone marrow; d, dermis; ed, epidermis; H, herbst corpuscle; k, keratin; 
n, nerve bundle. 

 

- As the embedding medium Spurr is normally used for very small samples for TEM, it was not clear 
if this medium would also be useful for the embedding and sectioning of larger samples. The 
remaining parts of the beak fixed in Karnovsky medium (Padda 13) were further divided so that a 
sample was available of every part through the beak. Each piece was transferred to Spurr and 
sectioned at 2 µm (Fig. 2.9). The samples could be sectioned but serial use of the slices was 
impossible as several slices were broken or folded.    
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Figure 2.9: Slice of a piece of the upper beak of a Padda oryzivora specimen embedded in Spurr and stained with toluidin-
blue (scale = 0.5 mm). b, bone; d, dermis; ed, epidermis; h, horny palate; k, keratin; t, tomial edge. 

- The central part of the beak that was sagittally divided in three parts (as mentioned above) 
(Padda 9), was transferred to Spurr and was sectioned lengthwise (Fig. 2.10). This, however, did 
not give adequate results as the tissue was not fully impregnated with the medium or came loose 
from the embedding medium. 

 

Figure 2.10: Central part of the upper beak of a Padda oryzivora specimen. A. lateral view, B. ventral view (scale = 1 cm) 
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Osteo-Bed:  

- Osteo-Bed is an embedding medium that is generally used for the embedding of hard tissues and 
for cutting the sample in a small number of very thick sections, which subsequently have to be 
polished. A test was performed to use this medium for embedding the beak. Initially, staining 
methods were tested on the sections of the chick beak embedded in Osteo-Bed (see above). It 
seemed, however, that the stain did not chemically bind with the tissue and was washed away 
when rinsed in tap water. A stain method was thus needed with which it was able to stain the 
whole sample before embedding it in Osteo-Bed.  Several pieces of a beak were stained following 
the improved trichrome staining (Table 2.8). When cutting the sample in two, it seemed that the 
tissue was not fully colored. Therefore, the staining method was performed again but now using a 
microwave (Table 2.9) (based on Carson and Hladik, 2009). With this method the entire tissue 
sample was stained, embedded in Osteo-Bed and sectioned. After polishing the sections, the 
sections were viewed under a light microscope but although the tissue was fully stained, 
distinguishing cells and even the different types of tissue had become impossible (Fig. 2.11). 

 

Figure 2.11: Piece of the upper beak of a Padda oryzivora specimen, embedded in Osteo-Bed and stained with the 
improved trichrome staining (with microwave) (scale = 1 mm). 
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Table 2.3: Protocol followed for embedding in Technovit 7100 (adapted from Heraeus Kulzer GmbH, Germany). 

Technovit 7100 Duration 
1. Fixation in neutralised formalin 3 weeks 
2. Wash with tap water 8 h 
3. Decalficiation with Osteomoll  
4. Wash with tap water 8 h 
5. Ethanol 30 %  24 h – change 2 x 
6. Ethanol 50 %  24 h – change 2 x 
7.  Ethanol 75 % 24 h – change 2 x 
8.  Ethanol 96 %  24 h – change 3 x 
9. Technovit 7100 solution A – bath 1 min. 24 h 
10. Technovit 7100 solution A – bath 2 min. 48 h 
11. Add Technovit 7100 Harder II in freezer 1 night 
12. olymerisation at room temp. 2 h 
13. Polymerisation in oven at ± 40°C 1 h 
14. Mounting with HISTORESIN  
15. Sectioning  
16. Stretch section in aqua dest.  
17. Mount on slides and remove excess water  
18. Dry on heating plate at 70°C  

 

Table 2.4: Protocol followed for embedding in Paraffin. 

Paraffin Duration 
1. Fixation in Bouin or neutralised formalin 3 weeks 
2. Wash with tap water 8 h 
3. Decalcification with osteomoll  
4. Wash with tap water 8 h 
5. Ethanol 30 % 24 h – change 2 x 
6. Ethanol 50 % 24 h – change 2 x 
7. Ethanol 70 % 24 h – change 2 x 
8. Ethanol 96 % 24 h – change 2 x 
9. Parasolve bath 1 24 h – change 2 x 
10. Parasolve bath 2 24 h – change 2 x 
11. Parasolve bath 3 24 h – change 2 x 
12. Paraffin bath 1 at 60° 8 h 
13. Paraffin bath 2 at 60° 8 h 
14. Paraffin bath 3 at 60° 8 h 
15. Embedding and coagulation  
16. Sectioning  
17. Stretch sections on a 50 % ethanol solution  
18. Transferring to gelatine bath (0,25% at 50°) and mounting  
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on slides 
19. Dry on hot plate of 70°C  

 

Table 2.5: Protocol followed for embedding in Epon (adapted from Fluka, Sigma-Alrich Chemie GmbH, Switzerland). 

Epon Duration 
1. Fixation in neutralised formalin 3 weeks 
3 15% paraformaldehyde-Gluteraldehyde 1 week 
3. Buffer (cacodylate – saccharose) 5 min 
4. Postfixation (OsO4 2 h ) 
5. Buffer 5 min. 
6. Buffer / ethanol 50% (1/1) 5 min. 
7. Ethanol 50 % 5 min. 
8. Ethanol 50 % / ethanol 70 % (1/1) 5 min. 
9. Ethanol 70 % 5 min. 
10. Ethanol 70 % / ethanol 80 % (1/1) 5 min. 
11. Ethanol 80 % 5 min. 
12. Ethanol 80 % / ethanol 96 % (1/1) 10 min. 
13. Ethanol 96 % 30 min. 
14. Ethanol 96 % 30 min. 
15. Ethanol 96 % / propyleenoxide (1/1) 10 min. 
16. Propyleenoxide 15 min. 
17. Propyleenoxide 15 min. 
18. Propyleenoxide / epon + DMP 30 (1/1) Min. 48 h 
19. Evaporate propyleenoxide overnight 
20. Fresh epon + DMP 30 vacuum (400 mmHg) at 37°C 4 h 
21. Polymerize at 60°C 2 days 
22. Sectioning  
23. Stretch in water  
24. Dry on hot plate of 70°C  

 

Table 2.6: Protocol followed for embedding in Spurr. 

Spurr Duration 
1. Fixation in ice-cooled Karnovsky’s fixative at 4°C  

+ rotating 
± 12 h 

2. Rinsed in 0.134 M sodium cacodylate buffer  overnight 
3. Decalcification wih Osteomoll  
4. Rinsed in 0.134 M sodium cacodylate buffer  overnight 
5. Post-fixation in reduced osmium at 4°C + rotating 

(1 ml OsO4 (4 %) + 3 ml Na cacodylate (0.134 M) + 66 mg 
K3Fe(CN)6) 

 

6. Rinsed with double destilled water  
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7. Ethanol 50 % 20 min. – change 3 x 
8. Ethanol 70 % 20 min. – change 3 x 
9. Ethanol 90 % 20 min. – change 3 x 
10. Ethanol 100 % 20 min. – change 3 x 
11. Ethanol 100 % with CuSO4 bars  
12. Ethanol 100 % / liquid spurr (2/1) 

at 4°C + rotating 
overnight 

13. Ethanol 100 % / liquid spurr (1/1) 
at 4°C + rotating 

overday 

14. Ethanol 100 % / liquid spurr (1/2) 
at 4°C + rotating 

overnight 

15. Liquid spur at 4°C + rotating overday 
16. Liquid spur at 4°C + rotating overnight 
17. Polymerize op 70°C 8 h 
18.  Sectioning 
19. Stretch in aqua dest.  
20.  Dry on hot plate of 70°C 

 

Table 2.7: Protocol followed for embedding in Osteo-Bed (adapted from Polysciences Inc.). 

Osteo-Bed Duration 
1. Fixation in neutralised formalin 3 weeks 
2. Wash with tap water 8 h 
3. Decalcification with osteomoll  
4. Wash with tap water 8 h 
5. Ethanol 30 % 24 h  
6. Ethanol 50 % 24 h  
7. Ethanol 70 % 24 h  
8. Ethanol 80 % 4 h 
9. Ethanol 96 % 4 h – change 2 x  
10. Degreasing with xylene 4 h 
11. Osteo-Bed Plus Resin / Ethanol 96% (1/1) 4 h 
12. Osteo-Bed Plus 24-36 h 
13. Infiltration of catalyzed Osteo-Bed Plus  24 h 
14. Embedding in catalyzed Osteo-Bed Plus  
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Table 2.8: Protocol followed for staining with the improved trichrome method. 

Improved trichrome staining Duration 
1. Sample kept in ethanol 70 %  
2. Aqua dest. 10 min. – 3 x 
3. Haematoxyline 15 min. 
4. Wash with tap water 10 min. 
5. Fuchsine acid – Ponceau de xylidine – Orange G and stir 30 sec. 
6. Aqua dest. 5 min. – 3 x 
7. Phospho wolfram acid 10 sec. – 2 x 
8. Aqua dest. 5 min. – 2 x 
9. Aniline-blue – Orange G - glacial acetic acid 5 min. 
10. Aqua dest. 5 min. – 2 x 
11. glacial acetic acid 10 min. 
12. Ethanol 70 %  

 

Table 2.9: Protocol followed for staining with the improved trichrome method, using a microwave (Carson and Hladik, 
2009).  

Improved trichrome staining + microwave Duration 
1. Sample kept in ethanol 70 %  
2. Postfixation in Bouin (room temperature) 3 h 
3. Postfixation in Bouin (microwave – 70 % - 1500  W) 30-45 sec. 
4. Aqua dest. 10 min. 
5. Haematoxyline (microwave – 100 % - 1500  W) 15 min. 
6. Wash with tap water 10 min. 
7. Fuchsine acid – Ponceau de xylidine – Orange G 

(microwave – 70 % - 1500  W) 
30 sec. 

8. Aqua dest. 5 min. – change 3 x 
9. Phospho wolfram acid (microwave – 100 % - 1500  W) 20 sec. 
10. Aqua dest. 5 min. – change 2 x 
11. Aniline-blue – Orange G - glacial acetic acid 

(microwave – 70 % - 1500  W) 
5 min. 

12. Aqua dest. 5 min. – change 2 x 
13. glacial acetic acid 10 min. 
14. Ethanol 70 %  
15. Transferred to Osteo-Bed  
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Histological sections of the specimens embedded in Technovit 7100 were made on a POLYCUT 
Leica SM2500 microtome equipped with a wolfram carbide knife. The paraffin, Epon and Spurr 
embedded specimens were cut with a MICROM HM360 microtome equipped with disposable 
microtome blades (Superlab) (Paraffin) and diamond knives (Epon and Spurr). All sections were cut 
at a thickness of 2 µm, stained with a toluidin blue, mounted with a xylene based mounting 
medium and covered. 

The histological sections were examined using an Olympus SZX9 stereomicroscope, on which a 
ColorView 8 digital camera was mounted. Pictures were taken using the software program 
Analysis. 

Conclusion histological sectioning 

In summarize, Spurr seemed to be the best method for sectioning heavy keratinized structures, 
such as the rhamphotheca of the birds beak. The embedding method was relatively fast and 
sectioning of relatively small blocs gave a good result. However, for larger samples, it seemed that 
the tissue was not fully impregnated and keeping the sectioned slice intact was difficult. For larger 
samples, Technovit 7100 was the best method, although softening the keratin remains a problem. 

 

2.3 Clearing and staining 
One Padda oryzivora specimen (Padda 1) was cleared and stained in toto following an adapted 
version of the Taylor and Van Dyke (1985) protocol (Fig. 2.12). The time of each step of this 
protocol was adjusted due to the size of the sample (Table 2.10). 

 

Figure 2.12: The head of a Padda oryzivora after clearing and staining. A. dorsal view, B. lateral view, C. ventral view. 
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Table 2.10: Protocol followed for clearing and staining (adapted from Taylor and Van Dyke (1985)) 

Clearing and staining Duration 
1. Fixed in neutralized formalin  
2. Kept in ethanol 70 %  
3. Ethanol 96 % 48 h 
4. Ethanol 96 % 24 h 
5. Cartilage staining 24 h 
6. Saturated borax solution 48 h 
7. Trypsine 30°C 55 h 
8. Trypsine fridge 65 h 
9. Trypsine 30°C 24 h 
10. Bone staining 24 h 
11. Rinse 2 h 
12. Trypsine 30°C 4 h 
13. Trypsine fridge 42 h 
14. KOH 5 % 2 h 
15. KOH 3 % 5 h 
16. Bone staining 19 h 
17. Rinse 2 h 
18. KOH 25.5 d 
19. Xylene 5 h 
20. KOH 23.5 h 
21. Xylene 24.5 h 
22. KOH 48 h 
23. Trypsine 12 d 
24. KOH 11.5 d 
25. H2O2 10 % 5 h 
26. KOH 17 h 
27. KOH 0.5 % 60°C 4 h 
28. Glycerin 75 % in KOH 0.5% 21 h 
29. Glycerin 100 %  

 

2.4 Measurements 

All fresh specimens were measured (head length, head width, head depth, beak length, beak 
width, beak depth, tarsus length and wing chord) with a digital calliper (Mauser digital, accuracy of 
0.01 mm) following Grant (1986) and Herrel et al. (2005 a).  
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2.5 Bite forces 

Bite force data of five Padda oryzivora specimens (Padda 8-12) were measured using a Kistler 
piezoelectric force transducer (type 9203, Kistler Inc., Switzerland; ± 500 N) mounted in a custom-
built holder (Fig. 2.13), and connected to a portable Kistler charge amplifier (type 5059A). A 
detailed description of this setup is available in Herrel et al. (2005 a, b). Bite force data from the 
Darwin’s finches was available from Herrel et al. (2005 a, b). 

 

Figure 2.13: Procedure for measuring bite force with a Kistler piezoelectric force transducer (picture taken by Anthony 
Herrel) 

2.6 Dissections 

Five Padda oryzivora (Padda 4, 6, 7, 10, 11), four Geospiza fortis (DV09A01, DV09A02, DV09A03, 
DV09A04) and one Geospiza scandens (DV12A02) specimens were dissected. Dissections were 
done under a binocular microscope (Olympus SZX7). Of these specimens, all jaw muscle bundles 
were removed individually during the dissections. Muscles were blotted dry and weighted on an 
OHAUS Adventurer microbalance (±0.1 mg).  

2.7 CT-scanning 

All freshly preserved specimens were scanned at the UGCT scanning facility at Ghent University 
(www.ugct.ugent.be) using a micro-focus transmission type X-ray tube. Depending on sample size, 
tube voltage was chosen between 80 kV and 100 kV and an open type dual head tube (Feinfocus 
FXE160.50 and FXE160.51) was used providing a sufficiently small spot size. Specimens were 
mounted on a controllable rotating table (MICOS, UPR160F-AIR). For each specimen a series of 
1000 projections of 1496x1880 pixels was recorded covering 360 degrees. Reconstruction of the 
tomographic projection data was done using the in-house developed Octopus-package 
(Vlassenbroeck et al., 2007). Additionally, eight Darwin’s finches (Cactospiza pallida, Camarhynchus 
psittacula, G. conirostris, G. difficilis, G. magnirostris, Platyspiza crassirostris and Pinaroloxias 
inornata), three bullfinches (Loxigilla violacea, L. portoricensis and L. noctis) and one Yellow-faced 
Grassquit (Tiaris olivaceus) obtained from the Museum of Comparative Zoology and one specimen 

http://www.ugct.ugent.be/�
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of each of the three morphs of the African seedcracker (Pyrenestes ostrinus) and a blue bill 
(Spermophaga haematina) provided by Thomas Smith and (UCLA) were scanned at the Harvard 
CNS facility using an X-Tek XRA-002 micro-CT imaging system set at 75 KV. Specimens were 
mounted on a rotating table and a series of 3142 projections of 2000x2000 pixels covering 360 
degrees was recorded. Reconstruction of the tomographic projections was done using CTPro 
(Metris).  

The zebra finch (Taeniopygia guttata) and one Padda oryzivora specimen was scanned at the ESRF 
synchrotron scanning facility (Grenoble) by Renaud Boistel (Université de Poitiers) on the ID19 
beam line at 52 keV and with a propagation distance of 5 m between the object and camera. The 
1500 projections taken over 180 degrees were captured using a high resolution FreLon camera 
(2000x2000 pixels) yielding a resolution of 45 µm. The reconstruction was performed using the 
filtered back-projection algorithm (PYHST software, European Synchrotron Research Facility). 
Three-dimensional processing and rendering was obtained after semi-automatic segmentation of 
the head skeleton. 

Two pieces of the beak (upper and lower beak at the level of the base) of a Padda oryzivora 
specimen were scanned at the European Synchrotron Radiation Facility (ESRF) at Grenoble (France) 
by Renaud Boistel (Université de Poitiers) on the ID19 beam line at 17 keV. The projections were 
captured using a high resolution FreLon camera (2000x2000 pixels) yielding a resolution of 1.4 µm.  

Half an upper and lower beak, impregnated with osmiumtetroxide (OsO4), were scanned at the 
UGCT scanning facility. With this counterstaining method it is possible to visualize soft tissues by 
CT-scanning. An upper beak and a lower beak of a Padda oryzivora (Padda 2) were cut lengthwise 
in half and one part of each was transferred to an OsO4 solution (1 %). The samples remained 
overnight in the OsO4 solution, after which they were transferred to ethanol 70 %. Each part was 
embedded in an ependorf (one for the upper beak and one for the lower beak) filled with agar (4 
%) and scanned. When examining the scans it seemed that the OsO4 was not fully impregnated 
into the tissue. Therefore, the samples were taken out of the agar, each cut in three parts and 
again transferred to the OsO4 solution (overnight). The parts were again embedded in agar with 
the three parts of the upper beak in one ependorf and the three parts of the lower beak in another 
ependorf, and scanned. These scans were better than the first ones but again the tissue was not 
impregnated in the whole sample. The CT-data was imported in Amira 5.2.2 where the different 
parts were reassembled (Fig. 2.15). 
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Figure 2.15: 3D-reconstruction of a half upper beak and lower beak counter stained with OsO4

As a test, the complete head of a lovebird (Agapornis roseicolis) was transferred to a 
phosphomolybdic acid solution (2.5 %), in which it stayed for 48 hours. The sample was scanned at 
the UGCT scanning facility. As with OsO

. A. upper beak lateral 
view, B. upper beak medial view, C. lower beak lateral view, D. lower beak medial view. 

4, this counterstaining method is also used to visualize soft 
tissues by CT-scanning. The sample was not fully impregnated but the data already gave a good 
image of the soft tissues (Fig. 2.16).  Slightly higher concentrations and longer impregnation are 
needed to correctly stain soft tissues. 
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Figure 2.16: CT-slice, showing a longitudinal section through the head of an Agapornis roseicolis specimen, just ventral to 
the eyes. 

2.8 3D-reconstructions 

Of almost every scanned specimen, a three-dimensional model was reconstructed of the head 
skeleton or the beak. These reconstructions were made using Amira 5.2.2 (64-bit version, 
Computer Systems Mercury). The CT-data were loaded into Amira where the data was first 
reoriented along the x-, y- and z-axes using the ‘Transform Editor’ and the option 
‘ApplyTransform’, so that all specimens are oriented along the same axes. This is necessary for 
making images of a lateral view for morphometric analysis (see below). With the option ‘Labelling’, 
bony structures were identified semi-automatically based on grey scale values of the voxels. Noise 
was removed with manual corrections. Volume (‘Volren’) and surface (‘SurfaceGen’ and 
‘SurfaceView’) rendering were also performed in Amira (Fig. 2.17). 
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Figure 2.17: Segmentation in Amira based on CT-data. (1) micro-CT-scans, (2) labeling, (3) 3D-reconstruction. 

2.9 Morphometrics 

Comparison Padda ozyzivora – Geospiza fortis:  

A morphometric analysis of the head dimensions of Padda oryzivora and Geospiza fortis was 
performed, for which the data from Geospiza fortis were taken from Herrel et al. (2005 a). All 
morphometric data were Log10-transformed before analysis to meet assumptions of normality and 
homoscedascity for parametric statistics. Next, differences in body size (wing chord & tarsus 
length) between species were tested using a manova. Since species differed in some aspects of 
body size we combined our two measures of body size into a single principal component, further 
referred to as ‘size’. Next we tested whether species differed in beak size, head size and bite force 
using (m)ancovas with size as a covariate. As our covariate was non-significant in all cases, it was 
removed from the analysis. All statistical analyses were performed using SPSS V.15 (Statsoft Inc.). 

2D-morphometrics:  

Five Geospiza fortis specimens (DV09E06, DV09E04, DV09E01, DV09J02, DV09A01) were used in a 
morphometric analysis. The three smallest specimens were not included in the analysis due to 
fractures or distortions of the skull. Two series of snapshots of the 3D-reconstructions were taken 
in Amira 5.2.2. The first set comprises the left lateral view of the upper jaw and braincase 
(including the os pterygoideum and the os quadratum) of all five specimens (embryo 3, nestling 1-
2, juvenile 1 and adult 1); a second set of images was taken of the left lateral view of the lower jaw. 
Using TpsDig2 2.16 (Rohlf, 2010 a), two series of 18 homologous landmarks were digitized to 
describe the ‘upper jaw + braincase’ and seven homologous landmarks for the lower jaw (Table 
2.11, Fig. 2.18). TpsSmall 1.2 (Rohlf, 2003) was used to perform a generalized least squares 
Procrustes analysis where size, orientation and position are removed from the data set (Rohlf, 
1995; Zelditch et al., 2004). TpsRelw 1.49 (Rohlf, 2010 b) was then used to perform a PCA allowing 
us to explore the ontogenetic shape variation in G. fortis. 
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Shape changes in the lower jaw could not be fully captured by using landmarks. Thus, an elliptical 
Fourier analysis was performed on the outline of the lower jaws of the five specimens using 
‘Shape’ (ChainCoder, CHC2NEF and PrinComp) (Iwata and Ukai, 2002). 

 

Table 2.11: Description of the landmarks 

Number Upper jaw + braincase: 18 landmarks 

1 distal tip of the os praemaxillare 

2 most rostral point of the nostril 

3 rostral point of fusion between the os nasale and the os praemaxillare 

4 most dorsal point of the nostril 

5 point of maximal curvature at frontonasal hinge 

6 point of fusion of the processus frontalis nasalis with the braincase 

7 point of maximum dorsal curvature of the orbit 

8 most dorsal point of the quadrato-squamosal articulation facet of the os 
squamosum 

9 most caudal point of the processus quadraticus of the os quadratojugale 

10 most ventral point of the processus quadraticus of the os quadratojugale 

11 most caudal point of the os palatinum 

12 most dorsal point of the pes pterygoidei of the os pterygoideum 

13 most rostral point of the os vomer 

14 caudal point of fusion between the os nasale and the os praemaxillare 

15 most caudal point of the processus maxillaris of the os praemaxillare 

16 most caudal point of the processus palatinus of the os praemaxillare 

17 point where the os maxillare enters the os praemaxillare 

18 point where the os palatinum enters the os praemaxillare 

 Lower jaw: 7 landmarks 

1 rostral tip of the os dentale 

2 rostral point of maximal curvature of the foramen caudalis mandibulae 

3 caudal point of maximal curvature of the foramen caudalis mandibulae 

4 tip of condylus lateralis of the processus lateralis mandibulae 

5 tip of condylus caudalis of the processus lateralis mandibulae 

6 tip of processus retroarticularis 

7 most caudal point of the symphysis mandibulae 

 



CHAPTER 2: MATERIAL AND METHODS 

54 
 

 

Figure 2.18: Position of the landmarks in the embryo 3 (A., C.) and the adult (B., D.). An explanation of the landmarks is 
provided in Table 2.11. 

3D-morphometrics:  

The 3D-reconstruction of the beak was transferred to Geomagic Studio 10 (Geomagic GmbH, 
Stuttgart, Germany) were a ‘shell’ was created containing only the lateral and dorsal surface of the 
beak. This shell was imported in Landmark 3.0 (IDAV 2002-2005) were the landmarks and curves 
were placed (Table 2.12, Fig. 2.19). Semi-landmarks were allowed to slide on curves or surfaces 
minimizing the bending energy of the thin plate splines using Edgewarp software (see Gunz et al., 
2009 for details on the sliding routine). Next, warped landmarks were exported to the R software 
package and using the Rmorph library a general least squares Procrustes analysis was performed. 
Procrustes shape coordinates were subjected to a principal component analysis to explore patterns 
of variation between species. Finally, a neighbor-joining distance tree was established using the 10 
first axes of a principal component analysis. 

Table 2.12: Description of the landmarks and curves used for the 3D-morphometry. 

Landmarks  
1 tip of the beak 
2 tip of processus maxillaris praemaxillae (right) 
3 tip of processus maxillaris nasalis (right) 
4 most laterocaudal point of the frontonasal hinge (right) 
5 midpoint of the frontonasal hinge 
6 most laterocaudal point of the frontonasal hinge (left) 
7 tip of processus maxillaris nasalis (left) 
8 tip of processus maxillaris praemaxillae (left) 
9 dorsal edge of the foramina neurovascularis (left) 
10 dorsal edge of foramina neurovascularis (right) 
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Curves  

1 outer contour of the beak, starting and ending at the tip of the beak 
2 culmen of the beak, from the tip to the midpoint of the frontonasal hinge 
3 right nasal contour 
4 left nasal contour 
 

 

Figure 2.19: Shell of the upper beak of a Geospiza fortis specimen with curves (blue lines), semi-landmarks and landmarks 
(blue dots). A. dorsolateral view (only landmarks), B. lateral view, C. dorsal view. 
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ABSTRACT 

The switch from a predominantly insectivorous to a granivorous diet has been suggested to be one 
of the principal factors driving some of the most successful radiations in birds. As the cracking of 
seeds requires adaptations of the cranial skeleton to resist high forces, and as beak size and shape 
have been suggested to evolve in response to fracture avoidance, convergence in beak shape can 
be expected in clades having independently evolved a granivorous diet. Previous studies that tried 
to quantify beak shape variation have uniformly used two dimensional analysis of shape. Yet, 
selection on beak shape in natural populations involves changes in all three dimensions. Here, we 
explore convergence in three-dimensional beak shape in taxa that have independently evolved 
dietary specialisations towards eating large and hard seeds. The first shape axis retained in our 
analysis explained more than 50 % of the shape variation and represents an increase in beak width 
and depth at the level of the nares. The other two axes principally discriminate between the African 
seed crackers and other species. A morphological distance tree suggests the existence of three 
morphotypes, with species clustering together in accordance to the functional demands imposed 
upon the beak rather than phylogeny. Seed cracking birds group together and have deep and wide 
beaks, while the second group comprises species with narrow and long beaks suited for eating 
softer food. The third group contains only one species (Tiaris olivaceus) characterized by a unique 
beak shape. These results suggest that beak shape is adaptive matching the mechanical 
requirements imposed by the use of the beak during feeding. 
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1  Introduction 

Although insectivory is thought to be the ancestral feeding mode in Passeriformes, many groups 
have evolved feeding strategies involving seed-eating (Ericson et al 2003; Ericson, 2008). 
Moreover, the switch to a granivorous diet may have spurred some of the most successful 
radiations in birds (Ericson, 2008). Among seed-eaters, some of the most specialised groups are 
members of the families Fringilidae (true finches), Emberizidae (buntings and allies) and Estrildidae 
(weaver-finch). As the cracking of seeds requires adaptations of the cranial skeleton to resist large 
forces, convergence can be expected in clades having independently evolved a granivorous diet. 
Moreover, as beak size and shape have been suggested to evolve in response to fracture avoidance 
(Bowman, 1961; Herrel et al., 2010; Soons et al., 2010) convergence in beak shape of species 
feeding on seeds with similar size and hardness can be expected. 

A good model to study variation in beak shape in relation to food properties are the Darwin’s 
finches. The fourteen species of Darwin’s finches all have a similar external appearance but show a 
remarkable variation in beak shape. They form a well studied example of adaptive radiation with 
each member having a beak shape thought to be adapted to a specific diet. Three beak 
morphotypes are traditionally distinguished based on their morphology and feeding habits: (1) 
long, narrow beaks used to probe flowers, foliage, fruits and woody tissues (Certhidea olivacea, 
Pinaroloxias inornata, Cactospiza pallida, C. heliobates and Geospiza scandens), (2) beaks with 
curved upper and lower beak that are used for tip-biting and practical when using tools (tree 
finches: Camarhynchus parvulus, Cam. pauper, Cam. psittacula), and (3) short, deep and wide 
beaks that are used for crushing hard seeds (ground finches: G. magnirostris, G. fortis, G. 
fuliginosa, G. conirostris). Similar beak shapes have been identified in other groups of seed eating 
birds with species with deep and wide beaks being specialized in the cracking of hard seeds (e.g. 
Smith TB, 1987, 1990, 1993, 1997; van der Meij and Bout, 2000, 2004, 2006). However, the 
underlying hypothesis (but see Grant, 1999) that beak shapes mainly evolve in relation to the 
inclusion of hard or large seeds in the diet and that each beak shape offers a functional advantage 
for foraging on seeds of a specific size and shape, remain largely untested. Although recent studies 
have attempted to test these assumptions by developing quantitative mechanical models of beak 
shape and function in Darwin’s finches, the issue of convergence on a broader comparative level 
remains largely unexplored. Essential in exploring beak shape convergence is an appropriate 
quantification of beak shape in its three dimensional complexity. 

Previous studies have attempted to quantify the variation in beak shape in Darwin’s finches using 
geometric morphometric techniques (Foster et al., 2008). These methods showed additional shape 
differences compared to previous analyses where only linear beak dimensions were used (Grant, 
1999). Whereas this geometric morphometric approach captured most of the variation in beak 
shape on a single PC-axis, ranging from short, blunt and deep beaks to long, pointy and shallow 
beaks, additional variation was detected associated with beak curvature. Campàs et al. (2010) used 
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profiles of the upper beak of Darwin’s finches and found that the variation in beak profile can also 
be summarized in three groups, related to one another through simple mathematical 
transformations (scaling and shear). However, this clustering of taxa does not correspond 
completely to that based on the studies mentioned above. The first group here contains the 
Geospiza species and Tiaris bicolor (a member of the proposed ancestral clade to Darwin’s finches); 
the second group includes the Camarhynchus species, Certhidea olivacea and Pinaroloxias 
inornata; and the third group contains Platyspiza crassirostris. The profiles within each group can 
be transformed to one another through simple scaling transformations. The profiles of the 
different groups can be transformed to one another by adding a shear transformation.  

However, one shortcoming of these studies trying to quantify beak shape is that both studies 
reduce the complexity of the beak to its planar projection in a lateral view, thus ignoring variation 
in beak width. Yet selection on beak shape in natural populations (Grant, 1999; Grant and Grant, 
2002) involves changes in all three dimensions. Moreover, mechanical analyses (Herrel et al., 2010; 
Soons et al., 2010) have demonstrated the importance of shape complexity in three dimensions 
related to the ability of beaks to withstand fracture. Also developmentally, all three dimensions are 
independently controlled by genes (whether at the level of prenasal cartilage or premaxillary bone) 
(Abzhanov et al., 2004, 2006; Mallarino et al., 2011). Thus studies aiming to compare and quantify 
beak shape in the context of adaptations to deal with an increased mechanical load should 
incorporate three dimensional quantifications of shape.  

Here, we attempt to describe the three dimensional complexity of beak shape in a wide range of 
granivorous birds that use their beaks in different ways. By exploring convergence in three 
dimensional beak shape in taxa, which have independently evolved dietary specialisations towards 
eating large and hard seeds, we can test whether the evolution of beak shape is adaptive in 
granivorous birds and whether or not different evolutionary solutions exist for the same problem, 
i.e. the cracking of hard seeds. 

2 Material and methods 

2.1 Specimens 

The analyzed material comprises 19 specimens of 18 different seed cracking species, including 11 
species of Darwin’s finches (Cactospiza pallida, Camarhynchus parvulus, Cam.s psittacula, 
Certhidea olivacea, Geospiza difficilis, G. fortis, G. fuliginosa, G. magnirostris, G. scandens, 
Pinaroloxias inornata and Platyspiza crassirostris), two African seedcrackers (Pyrenestes ostrinus: 
Large and Small morph), three Antillean bullfinches (Loxigilla noctis, L. violacea and L. 
portoricensis), one yellow-faced grassquit (Tiaris olivaceus), one Java finch (Padda oryzivora) and 
one zebra finch (Taeniopygia guttata).  
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Six Darwin’s finch specimens (Camarhynchus parvulus, Certhidea olivacea, Geospiza fortis, G. 
fuliginosa, G. scandens and Platysiza crassirostris) were obtained as road-killed specimens 
collected during February-March of 2005 and 2006 on Santa Cruz Island, Galápagos. A stretch of 
road of approximately 5 km was walked continuously every day between sunrise and 1 pm and all 
road killed birds that showed no obvious external damage to the head were collected. Damage to 
specimens was verified afterwards using CT-scans. Only intact specimens were used. All specimens 
were collected under a salvage permit from the Galápagos National Park Service. The specimens 
were preserved in a 10 % aqueous formaldehyde solution for 24 hours, rinsed and transferred to a 
70 % aqueous ethanol solution.  

The other five Darwin’s finches (Cactospiza pallida (MCZ65744), Camarhynchus psittacula 
(MCZ65738), Geospiza difficilis (MCZ39828), G. magnirostris (MCZ112397) and Pinaroloxias 
inornata (MCZ157930)), the bullfinches (Loxigilla noctis (MCZ112680), L. violacea (MCZ78549) and 
L. portoricensis (MCZ28775)) and the yellow-faced grassquit (Tiaris olivaceus (MCZ70228)) were 
obtained from the Museum of Comparative Zoology (Harvard University). 

The Java finch (P. oryzivora) was obtained from commercial suppliers and euthanized by a 
veterinarian of the Faculty of Veterinary Medicine at Ghent University. The specimen was 
preserved in a 10 % aqueous formaldehyde solution for four weeks, rinsed with tap water and 
transferred to a 70 % ethanol solution. 

The African seedcrackers (P. ostrinus large morph (PoLW5137) and P. ostrinus small morph 
(PoSW5115)) were obtained from the private collection of Thomas Smith (UCLA), and the zebra 
finch (T. guttata) was obtained from a commercial supplier. 

2.2 CT-scanning 

All fresh specimens of Darwin’s finches and the Java finch were scanned at the UGCT scanning 
facility at Ghent University (www.ugct.ugent.be) using a micro-focus transmission type X-ray tube. 
Depending on sample size, tube voltage was chosen between 80 kV and 100 kV and an open type 
dual head tube (Feinfocus FXE160.50 and FXE160.51) was used providing sufficiently small spot 
size. Specimens were mounted on a controllable rotating table (MICOS, UPR160F-AIR). For each 
specimen a series of 1000 projections of 1496x1880 pixels was recorded covering 360 degrees. 
Reconstruction of the tomographic projection data was done using the in-house developed 
Octopus-package (Vlassenbroeck et al., 2007). The specimens obtained from the Museum of 
Comparative Zoology and the African seedcrackers were scanned at the Harvard CNS facility using 
an X-Tek XRA-002 micro-CT imaging system set at 75KV. Specimens were mounted on a rotating 
table and a series of 3142 projections of 2000x2000 pixels covering 360 degrees was recorded. 
Reconstruction of the tomographic projections was done using CTPro (Metris).  

http://www.ugct.ugent.be/�
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The zebra finch was scanned at the ESRF synchrotron scanning facility (Grenoble) on the ID19 
beamline at 52 keV and with a propagation distance of 5 m between the object and camera. Over 
180 degrees 1500 projections were taken and captured using a high resolution FreLon camera 
(2000x2000 pixels) yielding a resolution of 45 µm. The reconstruction was performed using the 
filtered back-projection algorithm (PYHST software, European Synchrotron Research Facility). 
Three-dimensional processing and rendering was obtained after semi-automatic segmentation of 
the head skeleton. 

2.3 3D-reconstruction and morphometrics 

The CT-data was loaded into Amira 5.2.2 (64-bit version, Computer Systems Mercury) where the 
data was first reoriented along the x-, y- and z-axes. The bony beak structures were segmented 
semi-automatically based on grey scale values of the voxels, with manual corrections to remove 
noise. Surface rendering and smoothing of the surface were also performed in Amira 5.2.2. The 3D-
reconstruction of the beak was then transferred to Geomagic Studio 10 (Geomagic GmbH, 
Stuttgart, Germany) were a ‘shell’ was created containing only the lateral and dorsal surface of the 
beak. This shell was imported in Landmark 3.0 (IDAV 2002-2005) were the landmarks and curves 
were placed (Fig. 3.1). Table 3.1 gives the position of the landmarks and curves. Semi-landmarks 
were allowed to slide on curves or surfaces minimizing the bending energy of the thin plate splines 
using Edgewarp software (see Gunz et al., 2009 for details on the sliding routine). Next, warped 
landmarks were exported to the R software package, and using the R morph library a general least 
squares Procrustes analysis (GPA) was performed to align and scale the landmark configurations. 
Procrustes shape coordinates were subjected to a principal component analysis (PCA) to explore 
patterns of variation between species. Finally, a neighbor-joining distance tree was established 
using the ten first axes of a principal component analysis. 

 

Table 3.1: Description of the landmarks and curves used for the 3D-morphometry. 

Landmarks  
1 tip of the beak 
2 tip of processus maxillaris praemaxillae (right) 
3 tip of processus maxillaris nasalis (right) 
4 most laterocaudal point of the frontonasal hinge (right) 
5 midpoint of the frontonasal hinge 
6 most laterocaudal point of the frontonasal hinge (left) 
7 tip of processus maxillaris nasalis (left) 
8 tip of processus maxillaris praemaxillae (left) 
9 dorsal edge of the foramen neurovascularis (left) 
10 dorsal edge of foramen neurovascularis (right) 
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Curves  
1 outer contour of the beak, starting and ending at the tip of the beak 
2 culmen of the beak, from the tip to the midpoint of the frontonasal hinge 
3 right nasal contour 
4 left nasal contour 
 

 

Figure 3.1: Position of the landmarks (black numbers) and curves (blue numbers) on the shell of the upper beak of 
Geospiza fortis (dorsolateral view; landmarks 2 and 3, part of curve 1 and curve 3 are hidden as they are situated on the 
right side of the shell). An explanation of the landmarks and curves is provided in Table 3.1. 

3 Results 

3.1 Principal component analysis 

Three axes were extracted from the PCA of our landmark set that jointly explain almost 85 % of the 
total variation in beak shape among the different species studied here. The first axis explains 52.75 
% of the total variation in beak shape and represents an increase in beak width and depth at the 
level of the nares, an enlargement of the processus maxilaris nasalis and praemaxillae and a shift of 
the orientation of the nares from rostrocaudal to laterocaudal (Fig. 3.2). Thus, both morphs of P. 
ostrinus, P. oryzivora and T. guttata are situated on the extreme positive side of the axis, while C. 
olivacea and P. inornata are positioned on the extreme negative side of the axis (Figs. 3.3, 3.4). The 
second axis explains 22.37 % of the total variation. It reflects a shift from a convex to a concave 
curvature of the rostral part of the culmen, an increase of the distance between the nares and the 
frontonasal hinge, a decrease in the width of the frontonasal hinge, a transition of the orientation 
of the nares from laterocaudal to rostrocaudal and an enlargement of the processus maxilaris 
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nasalis and praemaxillae (Fig. 3.2). Taeniopygia guttata, P. oryzivora and C. psittacula were 
positioned on the extreme negative side of the axis and the two morphs of P. ostrinus on the 
extreme positive side. The other species were all situated near the center of this axis (Figs. 3.3, 
3.5). The third axis explains 9.16 % of the total variation and can be interpreted as a transition from 
a concave to a convex curvature of the rostral part of the culmen, a transition of the orientation of 
the nares from laterocaudal to rostrocaudal, an increase in the width of the frontonasal hinge, 
together with an increase in the width of the os nasalis (Fig. 3.2). Here, P. oryzivora and L. violacea 
are each situated on either end of the axis, the first along the negative side, the latter on the 
positive side (Figs. 3.4, 3.5).  

 

 

Figure 3.2: Shape variation along the first tree PC-axes: blue, negative side of the PC-axis; black, consensus; red, positive 
side of the PC-axis.  
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3.2 Morphological similarity and convergence in beak shape 

A neighbor-joining distance tree (Fig. 3.6) using the first ten principal component axes (explaining 
99 % of the shape variation in the data set) was established. The tree based on distance in shape 
space divides the species included in our study in three main groups. In the first group, species 
with short, deep and broad beaks are clustered. Padda oryzivora and T. guttata are grouped 
together, as well as the two morphs of P. ostrinus. Also two similar shape groups can be found, 
with G. magnirostris, C. psittacula, P. oryzivora and T. guttata in one group and L. violacea, L. 
portoricensis and both morphs of P. ostrinus in the other. Geospiza fortis, P. crassirostris and C. 
parvulus are placed at the base of this shape group. The second group is characterized by species 
with long and narrow beaks and contains G. fuliginosa, L. noctis, G. difficilis, G. scandens, C. pallida, 
P. inornata and C. olivacea. The third group includes only T. olivaceus. 
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4 Discussion 

The results of this study show that the third dimension in our geometric morphometric analysis 
clearly gives extra information about shape variation showing a common pattern that can be linked 
with seed cracking, which could not be concluded from 2D-data. As the number of homologous 
anatomical landmarks is low, adding semi-landmarks on the surface makes it possible to explain 
even more variation because the actual three dimensional beak curvature is incorporated in the 
analysis and quantified. This method has already been shown to be successful in other three-
dimensional geometric morphometric studies in corvids (Kulemeyer et al., 2009), as well as in 
hominids (Gunz et al., 2009). 

Our analysis identified three shape groups (morphotypes), which is similar to what was observed in 
the analysis of Campàs et al. (2010). However, the clustering of the species within these groups 
differs markedly between the two studies. While the groups defined in Campàs et al. (2010) largely 
correspond to phylogenetically closely related species, our results show that the ground finches 
are dispersed across two shape groups, with species with long, pointed beaks (G. scandens, G. 
difficilis and G. fuliginosa) in one group and species with short, deep and wide beaks (G. fortis and 
G. magnirostris) in another. The same result is observed for the tree finches with species being 
dispersed across the same two groups. Additionally, birds that mainly feed on seeds (P. oryzivora, 
T. guttata, L. violacea, L. portoricensis and P. ostrinus) cluster in a single group characterized by 
deep and wide beaks independent of phylogenetic affinity. Loxigilla noctis, which feeds on softer 
food (fruits and nectar (Greenlaw, 1990)), appears to cluster with the group with long and pointy 
beaks. Although P. oryzivora and T. guttata, as well as both morphs of P. ostrinus seem to be 
clustered based on their close phylogenetic affinity (Fig. 3.6), the clustering of the different species 
into the two main morphotypes reflects similar functional demands (Bowman, 1961; Grant, 1999) 
imposed upon beak shape rather than phylogeny.  

That these results were not recovered by previous geometric morphometric studies is not 
surprising as variation in beak width was completely ignored, thus reducing the complexity of the 
beak to a planar projection. However, in addition to beak length and depth, beak width has been 
shown to vary between species in relation to their feeding habits (Abbott et al., 1977; Schluter, 
1984; Schluter and Grant, 1984; Grant, 1986) and to bite force (Herrel et al., 2005 a, b). Moreover, 
analysis of stress dissipation in the beak during seed cracking based on finite element models 
(FEM) showed that the peak stresses are situated at the dorsal and lateral side of the base of the 
beak (Herrel et al., 2010; Soons et al., 2010). As this suggests that the base of the beak will have to 
withstand the highest stress during seed cracking, it is assumed that this region will co-evolve with 
the maximal hardness of the food eaten. It is thus not surprising that the first shape axis, explaining 
52.75 % of the overall variation in shape in our sample, reflects the variation in beak width and 
depth at the level of the nares. The species positioned on the positive side of this axis are grouped 
in the first shape group in our neighbor-joining distance tree, representing species that eat hard 
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food items. Loxigilla violacea and L. portoricensis are omnivorous, but fruits and hard seeds make 
up the biggest part of their diet (Greenlaw, 1990; Pérez-Rivéra, 1994). The diet of G. magnirostris, 
G. fortis, P. ostrinus, P. oryzivora and T. guttata consists exclusively of seeds (Bowman, 1961; 
Smith, 1997; van der Meij and Bout, 2000, 2006). Both Camarhynchus species use their beaks to 
strip off the bark from trees to feed on the insects under it (Bowman, 1961) and P. crassirostris 
feeds on tough leaves, seeds and flowers (Bowman, 1961). The beaks of all these species have to 
transmit high bite forces to reduce the hard or tough food or to remove items covering the food. In 
contrast, species on the negative side of this axis cluster together (with the exception of T. 
olivaceus, which is characterized by a unique shape) and are characterized by feeding on softer 
foods (nectar, fruit, flowers, animal food or fleshy outer coat of seeds (Bowman, 1961; Greenlaw, 
1990). 

The other two axes mainly separate the species based on curvature of the culmen and shape of the 
dorsocaudal parts of the beak and frontonasal hinge, with the second axis clearly separating the 
two morphs of P. ostrinus from the rest. This likely indicates that these species have evolved in a 
slightly different way to cope with the high forces active during the cracking of hard seeds. This 
suggests that although these species cluster in the same morphotype in our distance tree, they 
have found a somewhat different solution to the same problem of the cracking of hard seeds. This 
solution may lie in the thickness of the keratinous outer beak, as striking variation in the size and 
shape of the keratinous outer beak relative to the underlying bone has been observed in different 
species of seed cracking birds (pers. obs.). 

One drawback, thus, of the current study is the lack of the keratinous outer beak in our 
quantification of beak shape. Given that the keratin is thought to play an important role in stress 
dissipation in addition to its role in resisting abrasion (Bonser and Witter, 1993; Seki et al., 2005), 
this will likely affect the mechanical and structural integrity of the beak. Adding the keratinous 
outer beak to our three-dimensional shape analysis should provide a more holistic view of the 
evolution of beak shape in granivorous birds.  
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ABSTRACT 

Darwin’s finches are a model system in ecological and evolutionary research, but surprisingly little 
is known about their skull morphology and development. Indeed, only the early beak development 
and external variation in adult beak shape has been studied. However, understanding the 
development of the skull from embryo up to the adult is important to gain insights into how 
selection acts upon, and drives variation in beak shape. Here, we provide a detailed description of 
the skeletal development of the skull in the medium ground finch (Geospiza fortis). Although the 
ossification sequence of the cranial elements is broadly similar to that observed for other birds, 
some differences can be observed. Unexpectedly, our data show that large changes in skull shape 
take place between the nestling and the juvenile phases. The reorientation of the beak, the orbit 
and the formation of well developed processes and cristae suggest that these changes are likely 
related to the use of the beak after leaving the nest. This suggests that the active use of the jaw 
muscles during seed cracking plays an important role in shaping the adult skull morphology and 
may be driving some of the intra-specific variation observed in species such as G. fortis. 
Investigating the development of the jaw muscles and their interaction with the observed 
ossification and formation of the skull and lower jaw would allow further insights into the ecology 
and evolution of beak morphology in Darwin’s finches.  
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1 Introduction 

From a single common ancestor, fourteen species of Darwin’s finches have radiated throughout 
the Galapágos and Cocos Islands (Darwin, 1841; Grant, 1986). The near-perfect match between 
beak size and shape and diet in species specializing on different food resources has turned these 
finches into a classic textbook example of an adaptive radiation (Schluter and Grant, 1984). Three 
major groups of beak shapes with different functional specializations are typically distinguished: 1) 
deep and wide beaks of species that crush hard seeds, 2) long and pointed beaks of species that 
probe flowers, and 3) strongly curved upper and lower beaks of species that manipulate and bite 
food items at the tip of the beak (Bowman, 1961; Grant, 1986). More recently, Campàs and co-
workers (2010) demonstrated that beak shape variation in Darwin’s finches could be captured by 
three forms: 1) one for the ground finches, 2) one for the tree finches and 3) one for the vegetarian 
finch. Within each class, beaks differ mainly through scaling and are thus highly similar in shape 
(see also Foster et al., 2008). Between shapes, shear transformations are, however, required to 
transform groups to a common shape (Campas et al., 2010). 

The adaptive nature of Darwin’s finch beak shape is considered critically important to the survival 
of these animals as during periods of food scarcity, animals with poorly suited beak shapes have 
lower survival (Boag and Grant, 1981). Moreover, recent modeling efforts have demonstrated that 
beak shapes likely evolve in response to fracture avoidance (Soons et al., 2010). As such, beak size 
and shape can be considered adaptive. Moreover, beak shape is highly heritable (Schluter, 1984; 
Gibbs, 1988; Grant and Grant, 2006). Interestingly, recent developmental studies have 
demonstrated that most interspecific variation in beak size and shape in the ground finch clade can 
be explained by variation in gene expression associated with two distinct developmental pathways, 
with calmodulin expression driving variation in beak length and BMP4 expression regulating 
variation in beak width and depth (Abzhanov et al., 2004, 2006). Consistent with these 
observations, the shape of the beak in the ground finches, as defined by its scaling factor, appears 
to be correlated with expression levels of BMP4 (Campas et al., 2010). 

Whereas most of these previous studies on beak development focus explicitly on growth and 
ossification of the pre-nasal cartilage, an element crucial in the later development of the beak, 
surprisingly little is known about the development, ossification and growth of the rest of the 
cranial skeleton in these finches. Yet, to fully understand how selection acts upon, and drives 
variation in beak shape, the growth and development of the cranial skeleton and its associated 
musculature must be understood in its entirety, as it is known that the interaction during 
development between muscles and bones are crucially important during development (Clabaut et 
al., 2009). Here we focus on the development of the cranial skeleton in the medium ground finch, 
Geospiza fortis, adding to the work of Grant (1981) and Abzhanov and co-workers (2004, 2006) on 
this species in providing a detailed description of development and ossification sequence of the 
cranium and hyobranchial apparatus from late embryo till adult. Considering that adults of this 
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species are adapted for crushing hard seeds, structural modifications that arise during ontogeny 
reflecting the shift in diet hardness are also considered. 

 

2 Material and methods 

2.1 Specimens 

The analyzed material comprised 17 specimens of the medium ground finch (Geospiza fortis) of 
different size. These 17 specimens were grouped into four ontogenetic periods: 1) embryos (four 
specimens), 2) nestlings (seven specimens), 3) juveniles (two specimens) and 4) adults (four 
specimens). 

The embryos and nestlings were collected from abandoned nests on Santa Cruz Island in 2006. 
Nests were surveyed on a daily base; eggs were collected from nests that were confirmed as 
abandoned, and nestlings were collected as soon as they were observed to be dead. Thus all 
specimens were collected within maximally 18 hours after death. The juvenile and adult specimens 
are road-killed specimens collected during February-March of 2005 and 2006 on Santa Cruz Island. 
A stretch of road of approximately 5 km was walked continuously every day between sunrise and 1 
pm, and all road killed birds that showed no obvious external damage to the head were collected. 
Damage to specimens was verified afterwards using CT-scans. Only intact specimens were used for 
our descriptions of cranial osteology. All embryos were collected at a single locality under a salvage 
permit from the Galápagos National Park Service. Embryos and nestlings were preserved overnight 
in a 5 % aqueous formaldehyde solution, rinsed and transferred to a 70 % aqueous ethanol 
solution. Juveniles and adults were preserved in a 10 % aqueous formaldehyde solution for 24 
hours, rinsed and transferred to a 70 % aqueous ethanol solution.  

Of all specimens the head, beak, tarsus and wing dimensions were measured using digital calipers 
(Mauser digital, accuracy 0.01 mm) following Grant (1981) and Herrel et al. (2005 a, b). 
Measurements included beak length, width and depth, head length, width and depth, tarsus length 
and wing chord. Of only three specimens the age is known, therefore, the specimens were ordered 
by their dimensions and ossification sequence (Tables 4.2, 4.3).  
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2.2 CT-scanning 

The detailed descriptions of the osteology of the head and mandible are based on three-
dimensional digital reconstructions. All specimens were scanned at the UGCT scanning facility at 
Ghent University (www.ugct.ugent.be). Reconstruction of the tomographic projection data was 
done using the in-house developed Octopus-package (Vlassenbroeck et al., 2007). CT-data were 
loaded into Amira 5.2.2 (64-bit version, Computer Systems Mercury) where the data was first 
reoriented along the x-, y- and z-axes so that all specimens are oriented along the same axes, 
which is necessary for constructing lateral images for morphometric analysis (see below). Bony 
structures were then identified semi-automatically based on grey scale values of the voxels, with 
manual corrections to remove noise. To test whether CT scans give a correct indication of the 
ossification of the cranial skeleton, scans were compared to cleared-and-stained specimens of 
similar size. Volume and surface rendering were also performed in Amira 5.2.2. The anatomical 
nomenclature used in the descriptions is based on the Nomina Anatomica Avium (Baumel et al., 
1979) and Genbrugge et al. (Chapter 5). A list of abbreviations can be found in Appendix 2. 

 

2.3 Morphometrics 

Five of the 17 specimens mentioned above were also used in a morphometric analysis. The three 
smallest specimens were not included in the analysis due to fractures or distortions of the skull. 
Two series of snapshots were taken in Amira 5.2.2. The first set comprises the left lateral view of 
the upper jaw and braincase (including the os pterygoideum and the os quadratum) of all five 
specimens (embryo 3, nestling 1 & 2, juvenile 1 and adult 1); a second set of images was taken of 
the left lateral view of the lower jaw. Using tpsDig2 2.16 (Rohlf, 2010 a), we digitized two series of 
18 homologous landmarks for the ‘upper jaw + braincase’ and seven homologous landmarks for 
the lower jaw (Table 4.1, Fig. 4.1). TpsSmall 1.2 (Rohlf, 2003) was used to perform a generalized 
least squares Procrustes analysis where size, orientation and position are removed from the data 
set. TpsRelw 1.49 (Rohlf, 2010 b) was then used to perform a PCA allowing us to explore the 
ontogenetic shape variation in G. fortis. 

  

http://www.ugct.ugent.be/�
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Table 4.1: Description of the landmarks 

number Upper jaw + braincase: 18 landmarks 

1 distal tip of the os praemaxillare 

2 most rostral point of the nostril 

3 rostral point of fusion between the os nasale and the os praemaxillare 

4 most dorsal point of the nostril 

5 point of maximal curvature at frontonasal hinge 

6 point of fusion of the processus frontalis nasalis with the braincase 

7 point of maximum dorsal curvature of the orbit 

8 most dorsal point of the quadrato-squamosal articulation facet of the os 
squamosum 

9 most caudal point of the processus quadraticus of the os quadratojugale 

10 most ventral point of the processus quadraticus of the os quadratojugale 

11 most caudal point of the os palatinum 

12 most dorsal point of the pes pterygoidei of the os pterygoideum 

13 most rostral point of the os vomer 

14 caudal point of fusion between the os nasale and the os praemaxillare 

15 most caudal point of the processus maxillaris of the os praemaxillare 

16 most caudal point of the processus palatinus of the os praemaxillare 

17 point where the os maxillare enters the os praemaxillare 

18 point where the os palatinum enters the os praemaxillare 

 Lower jaw: 7 landmarks 

1 rostral tip of the os dentale 

2 rostral point of maximal curvature of the foramen caudalis mandibulae 

3 caudal point of maximal curvature of the foramen caudalis mandibulae 

4 tip of condylus lateralis of the processus lateralis mandibulae 

5 tip of condylus caudalis of the processus lateralis mandibulae 

6 tip of processus retroarticularis 

7 most caudal point of the symphysis mandibulae 
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Figure 4.1: Position of the landmarks in the embryo 3 (A., C.) and the adult (B., D.). An explanation of the landmarks is 
provided in Table 4.1. 

Shape changes of the lower jaw could not be fully captured using landmarks. Thus, we also 
performed an elliptical Fourier analysis on the outline of the lower jaws of the five specimens using 
the program ‘Shape’ (ChainCoder, CHC2NEF and PrinComp) (Iwata and Ukai, 2002). 

 

3 Results 

The detailed cranial osteology and ossification sequence is described below and summarized in 
Table 4.2. Scans of specimens of similar size were examined and deviations from the patterns 
described below are noted. A summary of all measurements (head length, head width, head depth, 
beak length, beak width, beak depth, tarsus length and wing chord) is provided in Table 4.3. Note 
that even though specimens are described and ordered based on their cranial size, variation in size 
may not correlate fully to variation in age (especially in the highly variable species G. fortis), and 
thus care should be taken in the interpretation of the ossification sequence, especially for the 
smallest two embryos. 



 

 

 

Table 4.2: Overview of the development of the different parts of the skull of the seven specimens. 

 embr 1 
DV09E03 

embr 2 
DV09E07 

 
DV09E11 

embr 3 
DV09E06 

 
DV09E10 
4-5 days 

 
DV09E08 

5 days 

 
DV09E09 

7 days 

 
DV09E02 

 
DV09E05 

nestl 1 
DV09E04 

nestl 2 
DV09E01 

juvenile 
DV09J02 

 
DV09J01 

adult 
DV09A01 

 

os squamosum x x x x x x x x x x x x x x 

os parasphen. x x x x x x x x x x x x x x 

os basisphen.  x x x x x x x x x x x x x 

os orbitosphen.     x x x x x x x x x x 

os pro-oticum    x x x x x x x x x x x 

os opistoticum    x x x x x x x x x x x 

os epioticum           x x x x 

os basioccipitale    x x x x x x x x x x x 

os exoccipitale    x x x x x x x x x x x 

os supraoccip.     x x x x x x x x x x 

os parietale    x x x x x x x x x x x 

os frontale   x x x x x x x x x x x x 

os mesethmoid      x x x x x x x x x 

os nasale x x x x x x x x x x x x x x 

os praemaxillare x x x x x x x x x x x x x x 

os maxillare x x x x x x x x x x x x x x 

os palatinum x x x x x x x x x x x x x x 

os vomer  x x x x x x x x x x x x x 



 

 

  

os pterygoideum x x x x x x x x x x x x x x 

os quadratojug. x x x x x x x x x x x x x x 

os quadratum    x x x x x x x x x x x 

os dentale x x x x x x x x x x x x x x 

os supra-ang. x x x x x x x x x x x x x x 

os angulare x x x x x x x x x x x x x x 

os prae-art. x x x x x x x x x x x x x x 

os articulare      x x x x x x x x x 

os spleniale x x x x x x x x x x x x x x 

os entoglossum    x x x x x x x x x x x 

os basihyale         x  x x x x 

os urohyale        x   x x x x 

os ceratobranch.  x x x x x x x x x x x x x 

os epibranchiale            x x x 

‘x’ indicates the presence of a bone 



 

 

 

Table 4.3: Head and beak dimensions, tarsus length and wing chord of the specimens studied here. Specimens are ordered in accordance to their ossification sequence (see Table 
4.2).  

 
 

embr 1 
DV09E03 

embr 2 
DV09E07 

 
DV09E11 

embr 3 
DV09E06 

 
DV09E10 

 
DV09E08 

 
DV09E09 

 
DV09E02 

 
DV09E05 

nestl 1 
DV09E04 

nestl 2 
DV09E01 

juvenile 
DV09J02 

 
DV09J01 

tarsus length NA 4.37 3.74 6.12 9.39 11.70 NA 15.56 15.48 14.63 19.34 23.74 20.42 

wing chord 4.06 4.64 NA 5.79 6.47 11.62 NA 18.72 19.72 19.27 28.77 64.73 64.34 

head length 8.89 11.14 9.76 13.64 14.85 17.06 18.04 20.07 20.15 20.56 22.84 31.96 31.70 

head width 4.08* 4.98* 4.39 7.85 8.45 9.53 10.19 11.12 10.25 11.12 13.03 15.60 14.68 

head depth 5.27* 5.56* 4.22 6.94 8.95 9.65 10.78 10.63* 10.11 11.50 13.33 15.84 16.64 

beak length 3.61* 3.85 3.51 5.97 6.29 6.67 6.49 8.34 8.11 8.52 9.52 16.39 16.12 

beak width 2.06* 2.00 1.90 3.35 3.81 4.15 4.06 5.33 4.58 4.54 4.61 9.21 7.63 

beak depth 2.32* 3.19 2.57 3.74 3.71 3.78 3.86 5.01 4.24 4.70 5.59 11.06 11.39 

Table entries are dimensions in mm. * due to fractures and distortions of the beak and/or head, these measurements should be treated with caution; NA, not available or not 
measureable; For dimensions of adult specimens see Herrel et al. (2005 a). 
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3.1 Group 1: Embryo 

Embryo size 1 – HL 8.9 mm (Figs. 4.2, 4.9; Tables 4.2, 4.3) 

The first embryo is similar to the oldest embryo used by Abzhanov (Abzhanov et al., 2004, 2006), 
but unfortunately, this specimen is damaged. However, even though the beak is broken and bent 
ventrolaterally, it allows us to distinguish the bony elements present and thus provides a reference 
for our study of the ossification sequence. 

Two bones of the braincase are already present: the os squamosum and the os parasphenoidale. 
The os squamosum has a triangular shape with one corner oriented rostrodorsally, one 
rostroventrally and one dorsocaudally. Its ventral side shows a concavity that will later be involved 
in the articulation of the squamosum with the upper head of the os quadratum. From the os 
parasphenoidale, only the rostrum parasphenoidale is visible as a small splint of bone, of which the 
caudal base is broader than the distal tip. It lies at the midline of the skull, dorsal to the os 
palatinum and the os pterygoideum. 

The upper beak comprises three bones: the os praemaxillare, the os nasale and the os maxillare. 
The left and right ossa praemaxillaria are fused along the midline.  The dorsal processus frontalis is 
formed by the fusion of both praemaxillary bones, which remain separated only at their proximal 
tip. The formation of the processus palatinus has started together with the ossification of the 
processus maxillaris, which extends somewhat more caudally than the former. Lateral to the 
processus frontalis praemaxillae, the os nasalis has started to ossify. It is a small sheet of bone 
running lateroventrally. The long os maxillare lies between the processus maxillaris praemaxillae 
and the processus palatinus praemaxillae, running further caudally. Its distal and proximal third are 
narrow and round in cross section and form the processus praemaxillaris and processus jugalis, 
respectively. The broader medial part consists of the dorsoventrally flattened and slender 
processus maxillopalatinus, which runs mediocaudally. The proximal third forms the jugal arch, 
together with the more caudally situated os quadratojugale. The latter is a long and slender bone 
that at its proximal end already has a visible condylus quadraticus, which is turned slightly 
medially.  

The os palatinum is a wing-like structure, situated lateral, mediolateral and rostral to the slender 
rostrum parasphenoidale. A very well developed processus praemaxillaris runs rostrally towards 
the ventromedial side of the os praemaxillaris, medial to the processus palatinus praemaxillae and 
ventral to the processus maxillopalatinus. 
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Figure 4.2: Lateral view (A.), ventral view (without lower jaw) (B.), caudal view (C.) and dorsal view (D.) of the skull of 
embryo 1 and lateral view (E.), ventral view (F.), medial view (G.) and dorsal view (H.) of the left ramus of the lower jaw 
of embryo 1. Note that all the bones of the lower and upper jaw are present but only two bones of the braincase have 
started to ossify. The beak of this specimen is broken and bent ventrolaterally. (list of abbreviations, see Appendix 2) 

 

The os pterygoideum is a long slender bone which is round in cross section. Its distal end is situated 
lateral to the rostrum parasphenoidale and consists of two rostrodorsally pointing spines. The 
lateral and longest spine runs laterodorsally to the dorsocaudal edge of the os palatinum. The 
dorsal and smaller spine lies medial to the first one and runs dorsally to the caudal edges of the os 
palatinum. At the proximal end of the os pterygoideum the processus quadraticus is already 
distinguishable, and will form the articulation with the os quadratum. 
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The lower jaw comprises five bones, i.e. the os dentale, os angulare, os supra-angulare, os 
spleniale and os prae-articulare. Only the os articulare has not developed yet in this specimen. The 
rostral half of the lower jaw is formed by the os dentale. Left and right dental bones are partly 
fused at the midline to form the symphysis mandibulae. The processus dorsalis dentalis runs 
caudally towards the os supra-angulare, while the processus ventralis dentalis runs even more 
caudally towards the os angulare. The os supra-angulare is the largest bone of the caudal half of 
the lower jaw (pars caudalis). Its dorsal part is thick and forms the dorsal and dorsolateral part of 
the pars caudalis. The lateroventral part of this bone is slender and does not extend far rostrally. 
Both parts enclose the foramen caudalis mandibulae. At the caudal end of the os supra-angulare 
the formation of the quadrate-mandibular joint becomes apparent. Ventromedial to the os supra-
angulare lies the os angulare. It is a long bone that makes up the whole ventral side of the pars 
caudalis. Its distal tip lies medial to the processus ventralis dentalis. Dorsomedial to this distal tip 
and medial to the processus ventralis dentalis a very thin and small os spleniale is situated. At its 
caudal end, the os angulare is slightly fused with the dorsomedially situated and thin os prae-
articulare. Rostral to this fusion the os prae-articulare extends forward as a thin, long splint of bone 
that runs parallel to the os angulare positioned ventral to it. 

 

Embryo size class 2 – HL 9.8 & 11.1 mm (Figs. 4.3, 4.9; Tables 4.2, 4.3) 

The skull of these specimens is slightly distorted causing the ossa nasalis, os praemaxillare and ossa 
squamosa to be twisted relative to the other bony elements of the skull (Fig. 4.3). 

Apart from a continued uniform growth, the os squamosum has not changed qualitatively from the 
prior size class. The os parasphenoideale now has two additional centers of ossification, which 
form the left and right lamina basiparashenoidalis as two long plates oriented mediolaterally. The 
rostrum parasphenoidale, has extended caudally but has not qualitatively changed in shape. In 
between the rostrum parasphenoidale and the laminae basiparasphenoidalis, the ossification of 
the os basisphenoidale has started. Dorsocaudal to each lamina basiparasphenoidalis lies the 
horseshoe-like macula lagenae. Caudomedial to the caudal tip of the os squamosum a small and 
round macula utriculi can be observed with ventral to it a smaller, shell-like macula sacculi. The 
onset of ossification of the os frontale was visible in one specimen (DV09E11; Table 4.2).  

The processus maxillaris and palatinus of the os praemaxillare now extend more caudally with the 
former extending somewhat further caudad than the latter. The os nasalis has grown in a 
rostrolateral direction and its processus praemaxillaris nasalis can now be distinguished. This 
process runs rostrally, lateral to the processus frontalis praemaxillaris. The processus 
praemaxillaris maxillae has grown more rostrally and runs dorsal to the ventral side of the os 
praemaxillare, dorsorostral to the processus palatinus praemaxillae. The processus 
maxillopalatinus has extended caudally and has developed a flag-shaped caudal sheet. The 
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processus jugalis maxillae and the os quadratojugale have grown towards each other such that the 
caudal tip of the os maxillare runs lateroventral to the distal tip of the os quadratojugale.  

 

 

Figure 4.3: Lateral view (A.), ventral view (without lower jaw) (B.), caudal view (C.) and dorsal view (D.) of the skull of 
embryo 2 and lateral view (E.) and medial view (G.) of the left ramus of the lower jaw and dorsal view (F.) and ventral 
view (H.) of the right ramus of the lower jaw of embryo 2. Note the start of the ossification of the hyoid apparatus. Dorsal 
and ventral views of the lower jaw were taken from the right ramus due to the small distortion of the left ramus. The os 
spleniale is not visible in this figure. It was observed on the CT-data but was so thin that smoothing during the 
reconstruction made it disappear. (list of abbreviations, see Appendix 2) 
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The os palatinum has developed a processus choanalis rostralis, running rostrolateral to the 
rostrum parasphenoidale and laterodorsal to the newly formed os vomer. On its ventral side, the 
os palatinum has developed a rostral spine. The procesuss praemaxillaris palatini has grown 
rostrally in between the two ventral halves of the os praemaxillare. The os vomer consists of two 
small, bilateral splints, of which the rostral halves have fused at the midline. The gutter-shaped os 
vomer lies rostroventral to the processus choanalis rostralis palatini and dorsomedial to the 
processus maxillopalatinus. 

The medial rostrodorsal spine of the os pterygoideum has grown more rostrally and ventrally, 
giving it a more plate-like shape. This is the start of the formation of the pes pterygoidei. 

The processus ventralis of the os dentalis now extends more caudally and lies between the os 
angulare and the os supra-angulare. The os supra-angulare has grown rostrally, with its distal tip 
enclosed by the processus dorsalis and the lateral surface of the os dentalis. The lateroventral part 
of the os supra-angulare has grown more rostrally and ventrally towards the os angulare. The 
caudal tips of the os supra-angulare, os angulare and os prae-articulare now extend more caudally 
to form the processus retroarticularis. The rostral part of the os prae-articulare is more ossified. 

The ossi ceratobranchiale have started to ossify as two ossifying bars of perichondral origin.  

 

Embryo size 3 – HL 13.6 mm (Figs. 4.4, 4.9; Tables 4.2, 4.3) 

By this size class, the os squamosum has grown and makes contact rostrodorsally with the newly 
formed os frontale and caudally with the newly formed os parietale. The os frontale forms the 
dorsal roof of the orbit. Its rostral tip lies caudal to the newly formed processus frontalis nasalis; its 
ventrocaudal edge runs medial to the rostrodorsal tip of the os squamosum. At the base of the 
skull four new bones have started to form: the os basioccipitale, the os exoccipitale, the os 
opisthoticum and the os prooticum. The dorsal and ventral sides of the perichondral os 
basioccipitale have started to form and lie as two oblong plates along the midline on the ventral 
side of the skull. Laterocaudal to the os basioccipitale lies the perichondral os exoccipitale, which 
has an irregular shape. On its rostrodorsal side an only very slightly ossified os opisthoticum is 
visible. Ventromedial to the os squamosum and rostrodorsal to the maculae utriculi and sacculi, 
the os prooticum has started to form. The os basisphenoidale has grown and has fused with the os 
parasphenoidale. The latter has developed a paired wing at its base, running laterocaudally (the 
alaparasphenoid). 
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Figure 4.4: Lateral view (A.), ventral view (without lower jaw) (B.), caudal view (C.) and dorsal view (D.) of the skull of 
embryo 3 and lateral view (E.), ventral view (F.), medial view (G.) and dorsal view (H.) of the left ramus of the lower jaw 
of embryo 3. Note that several bones of the braincase have started to ossifiy and that a first ossification of the os 
quadratum can be observed. (list of abbreviations, see Appendix 2) 

The processus frontalis praemaxillae has thickened and extends further dorsocaudally. The 
processus praemaxillaris nasalis has grown more rostrally and somewhat ventral to the processus 
frontalis praemaxillae. The os nasalis has developed a caudally pointing processus frontalis on its 
dorsal side and a rostrally pointing processus maxillaris, running medially to the processus 
maxillaris praemaxillae and laterodorsal to the os maxillare on its ventral side. The processus 
praemaxillaris maxillae extends more rostrally compared to the previous stage examined. 
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The dorsocaudal edge of the os palatinum has started to form a platform in which the lateral 
rostrodorsal spine of the os pterygoideum rests. Ventrocaudal to the rostrodorsal spine the start of 
the formation of a processus pterygoideus can be observed. The rostral spines on the ventral side 
of the os palatinum and the processus choanalis rostralis are more developed. The lateral sides of 
the os vomer have grown out dorsally and its proximal ends now extend more caudally.  

The pes pterygoidei now extends more rostrally. The processus quadraticus pterygoidei has 
thickened and is more spherical. In this specimen, a first perichondral ossification of the os 
quadratum is visible, specifically the corpus quadrati. 

The os spleniale has grown into a thin plate. The rostral part of the os prae-articulare is now visible 
as a slender plate that runs rostrodorsally, laterodorsal to the os spleniale and ventromedial to the 
processus dorsalis dentalis. The caudal end of the os prae-articulare and the os angulare have 
fused and are now indistinguishable. 

The os ceratobranchiale has elongated and rostral to it the newly formed os entoglossum appears 
as two small ossifying bars of a perichondral origin. 

 

3.2 Group 2: Nestling 

Nestling size class 1 – HL 14.9 & 20.6 mm (Figs. 4.5, 4.9; Tables 4.2, 4.3) 

All the bones of the braincase are now present as the last three bones, the os orbitosphenoidale, 
the os supraoccipitale and the os mesethmoidale, have started to ossify. The os orbitosphenoidale 
is positioned ventrocaudally as a round plate lying in line with the os frontale, which has extended 
medially and caudally. Medioventral to the rostral tips of the os frontale, the os mesethmoidale 
has started to form. This bone is the last to develop, as it is not present in the 4-5 day old nestling 
(DV09E10). The bow-shaped os supraoccipitale is situated along the midline at the back of the 
braincase, mediodorsal to the os exoccipitale and medioventral to the now enlarged os parietale. 
The os basioccipitale has ossified more extensively and its dorsal and ventral sides are now 
connected. The os prooticum and the os opisthoticum have grown and are fused with each other 
(ossa otica in Fig. 4.5) and with the os exoccipitale. Laterally these bones surround the columella 
auris and the prooticum encloses the maculae utriculi and saculi. The ossa parasphenoidale and 
basisphenoidale have grown and enclose the clearly visible sella turcica. 

In the upper jaw, a ventral floor has formed at the rostroventral tip of the os praemaxillare. The 
dorsocaudal platform of the os palatinum is more distinct and a lateral and a medial crista have 
formed. The os quadratum has grown and the corpus quadrati is now fully formed. In the lower 
jaw, a newly formed perichondral os articulare can be observed, dorsomedial to the caudal end of 
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the os prae-articulare. Apart from a general increase in size, no major changes can be observed in 
the upper jaw, the os vomer, the os palatinum, the os pterygoideum or the lower jaw. 

 

Figure 4.5: Lateral view (A.), ventral view (without lower jaw) (B.), caudal view (C.) and dorsal view (D.) of the skull of 
nestling 1 and lateral view (E.), ventral view (F.), medial view (G.) and dorsal view (H.) of the left ramus of the lower jaw 
of nestling 1. Note that all the bones of the braincase have been formed and the os articulare has started to ossify. (list of 
abbreviations, see Appendix 2) 
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The os entoglossum has become elongated. In one specimen (DV09E02) the os urohyale has 
started to develop between the two ossa ceratobranchialia (Table 4.2). In another specimen 
(DV09E05), a first ossification of the os basihyale is observed between the ossa entoglossa, while 
no ossification of the os urohyale could be observed (Table 4.2). In the specimen illustrated in 
Figure 4.5, no signs of ossification of either of these bones can be observed. Hence, it seems that 
the os urohyale and os basihyale likely ossify nearly simultaneously. 

 

Nestling size 2 – HL 22.8 mm (Figs. 4.6, 4.9; Tables 4.2, 4.3) 

In this stage several fusions between the bones of the braincase can be observed. The os frontale is 
starting to fuse with the os orbitosphenoidale and with the os squamosum. The latter shows the 
onset of its fusion with the os parietale. These fusions are not complete and the sutures between 
the different bones are still clearly visible. The os parietale now also makes contact with the os 
supraoccipitale but no signs of fusion can be observed. All the bones that make up the base of the 
braincase, i.e. the os parasphenoidale, the os basisphenoidale, the os opistoticum, the os 
prooticum, the os basioccipitale and the os exoccipitale have fused and the elements can barely be 
distinguished from one another. The shape of the upper jaw, the os vomer, the os palatinum, the 
os pterygoideum and the os quadratum has remained unchanged. There is a strong contact 
between the bones of the upper jaw but no fusions have yet taken place. The os vomer and the os 
palatinum also make intimate contact but have not yet fused.  

The bones of the lower jaw have grown and are all in intimate contact with each other.  

The os basihyale and os urohyale are both present and have ossified further. The os basihyale lies 
now as a central unit between the two ossa entoglossa. The os urohyale is now a rod-like central 
unit situated between the distal ends of the ossa ceratobranchialia. 
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Figure 4.6: Lateral view (A.), ventral view (without lower jaw) (B.), caudal view (C.) and dorsal view (D.) of the skull of 
nestling 2 and lateral view (E.), ventral view (F.), medial view (G.) and dorsal view (H.) of the left ramus of the lower jaw 
of nestling 2. (list of abbreviations, see Appendix 2) 
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3.3 Group 3: Juvenile 

Juvenile size class 1 – HL 31.7-32.0 mm (Figs. 4.7, 4.9; Tables 4.2, 4.3) 

In the braincase, all the bones now have fused, with a newly formed septum interorbitale present 
between the os frontale, the os mesetmoidale and the os parasphenoidale. The rostral ends of the 
ossa frontalia have fused with the caudal ends of the processus frontalis praemaxillae et nasalis, 
forming a flexion zone between the upper beak and the braincase, also called the frontonasal 
hinge (i.e. zona flexoria arcus cranio facialis). Four processes have developed, i.e. from dorsal to 
ventral: the processus postorbitalis, the processus zygomaticus, the processus suprameaticus and 
the processus paroccipitalis. On the lateral side of the braincase a distinct crista temporalis can be 
seen. This crista borders the large, lateral fossa temporalis. On the caudal side of the braincase, 
another crista is present now, i.e. the crista nuchalis transversa. 

All the bones of the upper jaw now have fused completely. In addition to the frontonasal hinge, 
two other flexion zones can be observed: a zona flexoria arcus jugalis situated where the jugal bar 
meets the upper beak, and a zona flexoria palatina positioned between the upper beak and the 
processus praemaxillaris palatini. Ventral to the processus frontalis praemaxillae the septum 
nasalis is now visible. A processus transpalatinus has developed at the ventrocaudal end of the os 
palatinum. On the dorsal side of the processus quadraticus of the os pterygoideum a distinct 
processus dorsalis can now be observed.  

On the os quadratum three processes have developed: a dorsal processus oticus, which articulates 
with the processus suprameaticus of the braincase; a mediorostral processus orbitalis for muscle 
attachment of the musculi adductor mandibulae ossis quadrati and pseudotemporalis profundus; 
and a ventral procesuss mandibularis, which articulates with the processus quadraticus pterygoidei 
through a condylus pterygoideus, with the condylus quadraticus of the jugal bar through the cotyla 
quadratojugalis, and with the lower jaw through the condyli lateralis, medialis and caudalis. 

All bones of the lower jaw now are also fully fused, with two parts remaining visible: a pars dentalis 
and a pars caudalis. Both parts have become more robust and three processes can be distinguished 
in the pars caudalis: the processus coronoideus, which consist of two dorsal tubercles, the 
processus mandibulae medialis and the processus mandibulae lateralis with a condylus caudalis 
and a condylus lateralis. Also a tuberculum pseudotemporalis is clearly visible mediocaudal to the 
second tubercle of the processus coronoideus. 
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Some new, small bones have developed close to the quadratomandibular joint. They are sesamoid 
bones that are formed in the ligamentum jugomandibularis medialis. 

The os basihyale now is a laterally flattened plate, situated at the midline. At its distal end it 
articulates with the ossa entoglossa that lie lateral to it as two parallel splints of bone. Caudally, 
the os basihyale has fused with the os urohyale. At the place of fusion, the os basihyale articulates 
with the ossa ceratobranchialia. Caudal to the os ceratobranchiale lies the newly formed, bar-like 
os epibranchiale with which it articulates. All hyoid bones bear strongly developed cristae. 

 

Figure 4.7: Lateral view (A.), ventral view (without lower jaw) (B.), caudal view (C.) and dorsal view (D.) of the skull of 
juvenile 1 and lateral view (E.), ventral view (F.), medial view (G.) and dorsal view (H.) of the left ramus of the lower jaw 
of juvenile 1. Note the formation of cristae and processes especially on the lateral side of the braincase and on the lower 
jaw. (list of abbreviations, see Appendix 2) 
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3.4 Group 4: Adult 

Adult – HL 31.59-33.71 mm (Figs. 4.8, 4.9; Tables 4.2, 4.3) 

All the parts of the skull have grown further and have become more robust. The crista temporalis 
and the processus zygomaticus have become more developed and the fossa temporalis has 
extended further dorsocaudally. In the lower jaw, the processus coronoideus has grown taller and 
has become more robust, and several cristae are formed on the lateral and medial side of the pars 
caudalis. For a full description of the cranial osteology of an adult Geospiza fortis we refer to 
Chapter 5. 
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Figure 4.8: Lateral view (A.), ventral view (without lower jaw) (B.), caudal view (C.) and dorsal view (D.) of the skull of 
adult 1 and lateral view (E.), ventral view (F.), medial view (G.) and dorsal view (H.) of the left ramus of the lower jaw of 
adult 1. Note that the cristae and processes have become more developed. (list of abbreviations, see Appendix 2) 
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Figure 4.9 (left): Overview of the development of the different parts of the skull of the seven specimens described in this 
study. Parts are shown in lateral view, except the hyobranchial apparatus, which is shown in dorsal view. Note the cristae 
and processes present in the juvenile and the adult. 

 

3.5 Morphometry 

Upper jaw – braincase – pterygoid – palatine – quadrate complex (Fig. 4.10) 

This analysis shows that the first shape axis explains 82.73 % of the variation. Together with the 
second axis more than 90 % of the variation in shape is explained. The first axis reflects variation in 
the position of the upper beak, shifting from a horizontal position to a more vertical one as the 
finches grow older. Associated with this, the angle between the upper beak and the jugal bar and 
palatine increases. Additionally, a shift of the skull table to a more horizontal orientation can be 
observed, thereby pulling the orbit forwards and upwards. A division of the specimens along the 
second axis is clearly visible, with the embryo and nestlings on the left and the juvenile and adult 
on the right, illustrating that a remarkable shape change takes place during the transition of the 
nestling to the juvenile period. 

Lower jaw (Fig. 4.11) 

In the analysis of the lower jaw 74.92 % of the shape change is described by the first axis. This axis 
summarizes the heightening of the lower jaw, especially at the level of the processus coronoideus. 
Another 20.17 % is explained by the second axis, which mainly describes the shape changes in the 
os articulare and the processus mandibulae medialis, and the change in angle between the pars 
dentalis and the pars caudalis. This angle is greatest in the second nestling but then decreases 
again towards the final stages of development. 
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4 Discussion 

Although Darwin’s finches have been the subject of many studies in ecology and evolution, 
including eco-morphology (Bowman, 1961; Boag and Grant, 1981; Schluter, 1982; Grant, 1986; 
Herrel et al., 2005 a, b; Grant and Grant, 2008), song characteristics and evolution (Goodale and 
Podos, 2010; Podos, 2010),  phylogenetic affinity (Price and Grant, 1985; Petren et al., 1999; Sato 
et al., 1999; Price et al., 2009) and early development (Abzhanov et al., 2004, 2006), surprisingly 
little is known about the ontogeny and ossification of the cranium, mandible and hyobranchial 
apparatus. A comparison of the specimens included in this study, ranging from embryos up to 
adults, illustrates the often dramatic changes in shape and development of processes and cristae 
that occurs during the later stages of development. 

The first bones to develop are those that will comprise the upper and lower beak, the os 
pterygoideum and the os palatinum. Next, the braincase, the os quadratum and the small 
sesamoid bones start to form. The embryonic period is typically characterized by the initial 
ossification of the different bony elements of the skull. From the nestling period onwards, all the 
bones are present, followed by further growth and subsequent fusion between them. In the 
juvenile and adult periods fusion is complete, with the cristae and processes that serve as muscle 
attachment sites having been formed on the braincase. Unexpectedly, the greatest changes in 
head shape, as indicated by our geometric morphometric analysis, can be observed between the 
nestling and juvenile specimens. This transition corresponds to a significant change in diet and 
feeding behavior: Nestlings’ diet consists of soft food (caterpillars and small spiders; Boag and 
Grant, 1984) from their parents, whereas juvenile birds start to eat and crack harder food items 
such as seeds. The cristae and processes involved in cracking food items become even more robust 
in the adult, forming additional attachment sites for the large jaw adductor muscles (Bowman, 
1961; Genbrugge et al., Chapter 5). The processus zygomaticus and the crista temporalis are 
particularly prominent and serve as attachment sites for the musculus adductor mandibulae 
externus (Bowman, 1961; Genbrugge et al., Chapter 5). The formation of cristae and processes in 
the transition from juvenile to adult is also very visible in the lower jaw, where the prominent 
processus coronoideus and tuberculum pseudotemporalis are formed and serve as insertion sites 
for the adductor muscles (Bowman, 1961; Genbrugge et al., Chapter 5). 

The formation of cristae and processes between our nestling and juvenile stage can also be 
observed in the other skeletal elements of the head. The os palatinum develops a robust processus 
transpalatinus with a strong crista running around its ventrocaudal end associated with the 
insertion of the strong aponeurosis of the pterygoideus muscle complex (Bowman, 1961; 
Genbrugge et al., Chapter 5). The os pterygoideum has developed long cristae along its corpus, 
which serve as additional attachment sites for the muscles pterygoideus dorsalis medialis 
(Bowman, 1961; Genbrugge et al., Chapter 5). Moreover, a dorsal process develops on the 
processus quadratus of the os pterygoideum, upon which the musculus protractor pterygoidei et 
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quadrati attaches (Bowman, 1961; Genbrugge et al., Chapter 5). The important impact of muscle 
contraction on the formation of bone and the overall structure of the skull has been demonstrated 
in other birds such as African Seedcrackers (Clabaut et al., 2009), where the development of the 
jaw adductor muscles is hypothesized to drive differences in cranial size and shape. The observed 
shape changes in the growth of the skull in the medium ground finch between nestling and adult 
may partly explain the exceptional variability observed in adult morphology in this species, even 
within populations (Grant, 1986). 

In addition to the formation of these processes and cristae, some skeletal elements shift 
throughout ontogeny. In the braincase, the os frontale changes its orientation from a diagonal 
position in the late embryo stage to an almost horizontal position in the adult, thus raising the 
orbit. The eyes thus stay in line with the tomial ridges of the rotated upper jaw (discussed below) 
and more space is available ventral and caudal to the eye for muscle enlargement and attachment 
(Bowman, 1961). The caudal end of the upper jaw follows the upwards shift of the os frontale and 
changes its position from nearly horizontal to form an increasingly sharper angle between the 
upper beak and the jugal bar and palate. Consequently, the bony upper beak, the jugal bar and the 
palate become positioned more vertically. In that way, the position of the palate matches the line 
of action of the pterygoid muscles (Bowman, 1961) which is likely facilitates effective force 
transmission during the cracking of hard seeds. 

The lower jaw forms an angle caudally between its pars rostralis and pars caudalis which is greatest 
in the juvenile but attenuates in the adult as the lower jaw becomes more robust. The pars 
caudalis increases in thickness and depth, creating more attachment surface area for the pterygoid 
muscles and the musculus pseudotemporalis profundus on the medial side, and for the ventral part 
of the musculus adductor mandibulae externus complex (Bowman, 1961). The change in these 
angles in the upper and lower jaw changes their relative position, giving the impression that a 
space remains between upper and lower jaws. Strong rims of keratin on the tomial cristae fill this 
gap, however. 

The sesamoid bones are formed after the birds leave the nest. Although their function remains 
unclear, tendinous ossifications typically arise where tendons are in compression (Benjamin and 
Ralphs, 1998). Thus the posterior part of the quadratomandibular joint and the associated tendons 
may be loaded in compression when birds start to feed on harder food items.  
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Comparative analysis of the ossification sequence 

Compared to the cranial skeletal ontogeny of the chicken (Gallus gallus domesticus) and other 
neognathous birds, some differences can be observed in Geospiza fortis. For example, in the 
braincase of G. fortis, several bones such as the os prefrontale and os ectethmoidale 
(lateroethmoidale) were not observed to develop. However, it is possible that these bones develop 
between the nestling and juvenile stages studied, as Jollie (1957) states that these bones appear 
late in development, and that these are already fused and thus undistinguishable in the braincase 
of the juvenile. An os jugale is also lacking between the os maxillare and the os quadrato-jugale. 
This bone is, however, present in the chicken, already from an early stage of development, and is 
also observed in other birds such as bee-eaters (Merops sp.; Brusaferro and Simonetta, 1998). On 
the other hand, the os jugale is known to be absent in several other bird species, such as the 
magpie (Pica pica), the English sparrow (Passer domesticus), the robin (Turdus migratorius) and the 
kestrel (Falco tinnunculus) (Jollie, 1957).  

The os pterygoideum has two rostrodorsal spines but due to the lack of specimens representing a 
stage between the nestling and the juvenile stages, no clear description can yet be given about 
what happens with these two parts in G. fortis. According to the literature (Jollie, 1957; Zusi and 
Livezey, 2006; Baumel et al., 1979), the medial, rostrodorsal part is thought to develop as the pes 
pterygoidei and the lateral part is thought to fuse with the dorsal edge of the os palatinum, while 
an articulation would arise between the two parts. In the chicken, Jollie (1957) describes the 
formation of an os ‘pterygopalatinum’, being the rostral part of the os pterygoideum that 
immediately fuses with the os palatinum at an early stage of development. 

The os articulare develops late during development in Geospiza fortis as a perichondral bone. It 
does not immediately fuse with the os prae-articulare, which has been described for the chicken, 
but stays separate, as has been observed for the English sparrow (Jollie, 1957). Only later, during 
the transition of nestling to juvenile, does it fuse with the os prae-articulare. The long but slender 
os prae-articulare extends for almost along the half of the length of the lower jaw, as in most birds. 
The chicken, with its short prae-articulare, is unusual in that way (Jollie, 1957). 
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Conclusion 

Our data show that the greatest changes in skull shape appear between nestling and juvenile 
stages. The reorientation of the beak and the orbit, and the formation of well developed processes 
and cristae between our nestling and juvenile stages seem to support our hypothesis that these 
changes are related to the active feeding of the birds after leaving the nest. This suggests that, in 
addition to the well documented genetic determination of beak size, the active use of the jaw 
muscles during seed cracking may potentially play an important role in shaping adult skull 
morphology. Investigating the development of the jaw muscles and their interaction with the 
observed ossification and formation of the skull and lower jaw would make an important 
complement to this study. 
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ABSTRACT 

Despite the large number of studies devoted to the evolution of beak shape in Darwin’s finches, 
surprisingly little is known about the morphology of the skull and jaw musculature in these birds. 
Moreover, it remains currently unclear whether Darwin’s finches are unusual in their cranial 
morphology compared to other seed cracking birds. Here, we provide a detailed description of the 
morphology of the cranial system in the medium ground finch (Geospiza fortis) and compare it to 
that of another seed cracking bird of similar overall size and appearance, the Java finch (Padda 
oryzivora). Our data show an overall similar beak size and cranial morphology. Yet, differences in 
the jaw adductor size and corresponding attachments to the cranium and mandible are prominent 
with the medium ground finch having much more robust jaw closing muscles. This is reflected in 
differences in bite forces with the medium ground finch biting much harder than the Java finch. 
These data suggest similarities in the evolution of the feeding system in birds specializing on 
cracking hard seeds, but also show the uniqueness of the cranial morphology and bite force of the 
medium ground finch compared to other seed cracking birds.  
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1 Introduction 
 
Ever since Darwin first drew attention to the finches of the Galápagos Islands and their variation in 
beak shape (Darwin, 1841), these birds have become a model system in evolutionary biology. The 
remarkable variation in beak size and shape associated with a specialization of these birds on 
different food resources coupled with the rapid divergence from a common ancestor make this 
group of birds a textbook example of an adaptive radiation (Grant, 1986; Schluter, 2000). The 
prominent differences in beak morphology, ranging from long pointed beaks in the warbler finch 
(Certhidea olivacea) to the deep and wide beaks as observed in the ground finches of the genus 
Geospiza, have been shown to be related to differences in the size and hardness of the selected 
food items (Bowman, 1961; Grant, 1986). Moreover, habitat structure and food availability 
determine the species composition on the different islands of the Galápagos (Grant, 1986). 

Previous studies on Darwin’s finches have mainly focused on how variation in beak shape is related 
to variation in food preference (Bowman, 1961; Boag and Grant, 1981; Schluter, 1982; Grant, 1986; 
Grant and Grant, 2008), and the underlying genetic basis and control of beak development 
(Abzhanov et al., 2004, 2006). Despite the wealth of studies focusing on variation in external beak 
morphology (Schluter, 1984; Grant, 1986; Grant and Grant, 2002; Podos and Nowicki, 2004; 
Kleindorfer et al., 2006; Foster et al., 2008), only a single study has examined the musculoskeletal 
structure of the feeding apparatus in Darwin’s finches (Bowman, 1961). The study by Bowman 
(1961) focused on the variation in muscle mass, muscle origin, and the shape of the skull in 
Darwin’s finches in relation to differences in diet. However, already in 1963 did Bock point out 
some shortcomings in the paper published by Bowman (1961), including the lack of a description of 
the ligaments, the angle of insertion of the muscles, the length of the lever arms and the degree of 
pennation of the muscles. In addition, a detailed morphological description of the osteology, 
arthrology and myology of the head of Darwin’s finches is currently still lacking, despite its 
relevance for a thorough understanding of the evolutionary transformations in the cranial system 
that lie at the base of the adaptive radiation in these emblematic animals. 

A better understanding of the detailed anatomy of the feeding apparatus is indeed crucial in 
assessing the adaptive nature of the observed phenotypic variation through functional studies. 
Unfortunately, the protected status of the Darwin’s finches and the inability to obtain fresh 
specimens precludes the proper functional analysis in relation to seed crushing performance, 
needed to link morphology to function and ecology and to validate the output of finite element 
models that have recently been developed (Herrel et al., 2010; Soons et al., 2010). Finding a 
suitable model species that could serve as a proxy for Darwin’s finches, but that can be easily 
obtained and bred in captivity, could partially overcome this problem. Here, we explore whether 
the Java finch (Padda oryzivora), a distantly related seed cracking passeriform (Jønsson and Fjeldså, 
2006), can be considered a suitable model for one type of Darwin’s finch (i.e. the hard seed 
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crushers) by comparing the anatomy of its feeding apparatus. In particular this species was chosen, 
as it is a specialized seed crusher and has, apart from its color, a similar external appearance 
compared to the medium ground finch (Geospiza fortis; Fig. 5.1). Indeed, Colnett (1978) already 
compared the Darwin’s finches with the Java finches in his book about his voyage to the South 
Atlantic (and the Galápagos): “There were also small birds, … resembling the Java sparrow, in 
shape and size, but of a black plumage; ...” 

 

Figure 5.1: Comparison of the external morphology of Geospiza fortis (left) and Padda oryzivora (right). Illustrated is a 
lateral view of the head of both species; note the similarity in beak size and shape. 

The principal aim of our study thus is to provide a detailed description of the osteology, arthrology 
and myology of the jaw apparatus in the medium ground finch, Geospiza fortis. Secondly, we 
compare the anatomy of the cranial system in the medium ground finch to that of the Java finch 
(Padda oryzivora) to explore its suitability as an appropriate functional analogue that could be used 
for future functional and experimental analyses. 

2 Material and methods 

2.1 Specimens 

The analyzed material comprises four adult specimens of the medium ground finch (Geospiza 
fortis) and five adult specimens of the Java finch (Padda oryzivora). Road-killed ground finches 
were collected during February-March of 2005 and 2006 on Santa Cruz Island under a salvage 
permit from the Galápagos National Park Service. Intact specimens were preserved in a 10 % 
aqueous formaldehyde solution for 24 hours, rinsed and transferred to a 70 % aqueous ethanol 
solution. The Padda oryzivora were captive bred animals obtained from commercial suppliers in 
Belgium and euthanized by a veterinarian of the Faculty of Veterinary Medicine at Ghent 
University. The specimens were preserved in a 10 % aqueous formaldehyde solution for four 
weeks, rinsed and transferred to a 70 % aqueous ethanol solution.  
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The P. oryzivora were measured (head length, head width, head depth, beak length, beak width, 
beak depth, tarsus length and wing chord) with a digital calliper (Mauser digital, accuracy of 0.01 
mm) following Grant (1986) and Herrel et al. (2005 a). Data from the Geospiza fortis were taken 
from Herrel et al. (2005 a). In Table 5.1 head dimensions, tarsus length and the wing chord are 
shown for both species. 

Table 5.1: Table summarizing differences in head and body dimensions between the two species studied in this study. 

 Geospiza fortis 
(n=147)* 

Padda oryzivora 
(n=5) 

Beak length (mm) 11.5 ± 1.0 12.5 ± 0.3 
Beak depth (mm) 11.4 ± 1.2 11.8 ± 0.6 
Beak width (mm) 9.9 ± 1.0 9.8 ± 1.0 
Head length (mm) 32.5 ± 2.2 32.1 ± 0.6 
Head depth (mm) 15.5 ± 1.3 15.5 ± 0.7 
Head width (mm) 15.9 ± 1.1 15.8 ± 0.4 
Tarsus length (mm) 20.8 ± 1.7 20.3 ± 0.7 
Wing chord (mm) 69.6 ± 4.0 70.5 ± 1.2 

Table entries are means ± standard deviations. *data taken from Herrel et al. (2005 a). 

 

2.2 CT-Scanning and 3D-reconstruction 

All specimens were scanned at the UGCT scanning facility at Ghent University (www.ugct.ugent.be) 
using a micro-focus transmission type X-ray tube. Depending on sample size, tube voltage was 
chosen between 80 kV and 100 kV and an open type dual head tube (Feinfocus FXE160.50 and 
FXE160.51) was used providing sufficiently small spot size. Specimens were mounted on a 
controllable rotating table (MICOS, UPR160F-AIR). For each specimen a series of 1000 projections 
of 1496x1880 pixels was recorded covering 360 degrees. Reconstruction of the tomographic 
projection data was done using the in-house developed Octopus-package (Vlassenbroeck et al., 
2007). Volume and surface rendering was performed using Amira 5.2.2 (64-bit version, Computer 
Systems Mercury). 

2.3 Bite forces 

Bite force data of the five P. oryzivora were measured using a Kistler piezoelectric force transducer 
(type 9203, Kistler Inc., Switzerland; ±500 N) mounted in a custom-built holder, and connected to a 
portable Kistler charge amplifier (type 5059A). A detailed description of this setup is available in 
Herrel et al. (2005 a, b). The bite force data from G. fortis were taken from Herrel et al. (2005 a). 

 

http://www.ugct.ugent.be/�
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2.4 Muscle properties 

The description of the arthrology and myology are based on dissections of five P. oryzivora and 
four G. fortis. Dissections were done using a binocular microscope (Olympus SZX7). For four P. 
oryzivora and four G. fortis, all jaw muscle bundles were removed individually during the 
dissections. Muscles were blotted dry and weighted on an OHAUS Adventurer microbalance (±0.1 
mg) following Soons et al. (2010). The muscle mass data is listed in Table 5.2.  

Although the quantification of muscle architecture may have errors associated (e.g. weighing 
errors, fiber shrinkage after death; Cutts, 1988), our interspecific differences are large and our 
results should give a reasonable approximation of the ability of muscles to generate force.  

 

Table 5.2: Summary of muscle mass differences between the two species of finches included in our study. 

 Muscle mass (mg) 

 Geospiza fortis    
(n=4) 

Padda oryzivora 
(n=4) 

M. depressor mandibulae 24.74 ± 6.14 11.50 ± 2.38  
M. adductor mandibulae externus rostralis 69.90 ± 22.16 23.38 ± 3.40 
M. adductor mandibulae externus ventralis 16.74 ± 5.64 3.88 ± 1.03 
M. adductor mandibulae externus profundus 22.52 ± 5.04 8.88 ± 1.93 
M. adductor mandibulae ossis quadrati 3.48 ± 0.57 2.88 ± 1.44  
M. pseudotemporalis superficialis lateralis 10.30 ± 8.33 3.38 ± 1.89 
M. pseudotemporalis superficialis medialis 12.12 ± 3.63 4.38 ± 1.60 
M. pseudotemporalis profundus 31.44 ± 6.28 7.13 ± 1.31 
M. pterygoideus ventralis lateralis 24.15 ± 7.54 10.17 ± 2.57 
M. pterygoideus ventralis medialis 11.85 ± 2.56 4.67 ± 2.08 
M. pterygoideus dorsalis lateralis 31.08 ± 6.94 17.83 ± 2.75 
M. pterygoideus dorsalis medialis 32.86 ± 16.05 7.50 ± 1.80 
M. retractor palatini 4.50 ± 0.63 6.38 ± 1.60 
M. protractor pterygoidei et quadrati 6.12 ± 0.57 3.75 ± 0.96 

Table entries are means ± standard deviations. 
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2.5 Statistical Analyses 

All morphometric data were Log10

 

-transformed before analysis to meet assumptions of normality 
and homoscedascity for parametric statistics. Next, differences in body size (wing chord and tarsus 
length) between species were tested using a manova. Since species differed in some aspects of 
body size we combined our two measures of body size into a single principal component further 
referred to as ‘size’. Next we tested whether species differed in beak size, head size and bite force 
using (m)ancovas with size as a covariate. As our covariate was non-significant in all cases, it was 
removed from the analysis. All statistical analyses were performed using the software program 
SPSS V.15 (Statsoft Inc.). 

3 Results 

Our analyses show that the two species differ in tarsus length (F1,9 = 17.24; P = 0.002) but not in 
wing chord (F1,9 = 1.03; P = 0.34). A manova testing for differences in beak dimensions between 
species detected no differences (Wilks’ Lambda = 0.49; F3,7 = 2.46; P = 0.15). Differences in head 
dimensions were, however, significant (Wilks’ Lambda = 0.23; F3,7 = 7.69; P = 0.01). Univariate 
anova’s demonstrated that differences were significant in head width (F1,9 = 10.03; P = 0.01) and 
depth (F1,9 = 18.96; P = 0.002) but not head length (F1,9 = 0.74; P = 0.41). Although a manova 
testing for differences in muscle mass detected no overall differences (Wilks’ Lambda = 0.11; F4,2 = 
4.25; P = 0.20), subsequent univariate anovas demonstrated that differences in the mass of the jaw 
openers (F1,5 = 11.97; P = 0.02), the jaw closers (F1,5 = 25.27; P = 0.004), the upper beak retractors 
(F1,5 = 16.96; P = 0.009) but not the protractors (F1,5 = 0.38; P = 0.57) were significant. Differences 
between species in bite force were also significant (F1,9

3.1 Osteology and arthrology 

 = 485.74; P < 0.001).  

The following descriptions start with a detailed description of Geospiza fortis, followed by a short 
enumeration of the differences observed in Padda oryzivora. The anatomical nomenclature used is 
based on the Nomina Anatomica Avium (Baumel et al., 1979). Some additional terms are used and 
are based on Nuijens and Zweers (1997). A list of abbreviations can be found in Appendix 2. 

Braincase 

Only those parts that are associated to the attachment of the jaw muscles will be described here: 
the lateral side of the cranium, the septum interorbitale and the caudal wall of the orbits. 

Geospiza fortis. (Figs. 5.2-5.4, 5.6) The lateral side of the cranium is characterized by a large fossa 
and three processes. The processus postorbitalis forms the dorsocaudal edge of the orbit and 
extends ventrally. It has a crista (Cr1) on its medioventral side, which runs mediocaudally and turns 
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in a ventrolateral direction, and a crista (Cr2) on its laterocaudal edge, running dorsocaudally. The 
latter crista forms the rostral border of the large lateral fossa temporalis. Dorsally and caudally this 
fossa is bordered by the crista temporalis and ventrally by another crista (Cr3). The crista 
temporalis and the latter crista come together in a rostroventrally pointing spine (Sp1). In the 
centre of the fossa temporalis emerges a second process, the processus zygomaticus. This is a very 
large, dorsoventrally flattened, rostroventrally pointing process that carries three cristae: one 
laterally (Cr4), one ventrally (Cr5) and one rostromedially (Cr6). The third process, the processus 
suprameaticus, lies on the lateral side of the braincase, is smaller and points ventrally. 
Caudoventrally to the processus suprameaticus lies the processus paroccipitalis as a winglike, 
rostrally oriented process partially covering the cavum tympanicum. The caudal end of the latter 
process is marked by the lateral part of the arched crista nuchalis transversa, running further along 
the caudal side of the cranium. The ventrolateral side of the braincase is charachterized by two 
round articular sockets, rostromedial to the processus paroccipitalis, which articulate with the two 
articular heads of the processus oticus of the os quadratum. The lateralmost socket lies at the 
ventrolateral tip of the processus suprameaticus and articulates with the condylus squamosum of 
the processus oticus quadrati, while the other, which lies somewhat mediocaudal to the first, 
articulates with the condylus prooticus of the same process. 

The caudal wall of the orbit forms the large fossa parietalis caudalis orbitalis, which is divided by 
two prominent rostrocaudal cristae (Cr7 & Cr8) and dorsally bordered by a smaller crista (Cr1’). The 
lateral edge of this fossa is formed by the medioventral crista of the processus postorbitalis (Cr1). 
The rostral wall of the orbit is formed by a robust processus antorbitalis. Caudally, the interorbital 
septum bears a small and shallow fossa (F1) that is ventrocaudally oriented. The medioventral side 
of the braincase is characterized by a thin, triangular plate, the basis rostri parasphenoidalis, which 
projects rostrally and partially covering the caudal part of the rostrum parasphenoidale. Rostral to 
this plate, two small cristae (Cr9) can be found, starting caudolaterally and running mediorostrally 
to meet at the caudal base of the rostrum parasphenoidale. 

Padda oryzivora. (Figs. 5.2-5.4, 5.6) Some minor differences can be observed on the lateral side of 
the braincase. The processus postorbitalis is situated more ventrally and is longer. The processus 
zygomaticus has more or less the same shape but is not as strongly developed. Moreover, the 
crista temporalis, Cr3 and the crista nuchalis transversa are less prominent. The processus 
paroccipitalis is smaller and does not extend as far dorsally. Between the processus zygomaticus 
and the processus suprameaticus a small tubercle can be found, the tuberculum squamosum. The 
fossa parietalis caudalis orbitalis is much smaller and situated more ventrally. Also, the associated 
cristae (Cr7, Cr8 and Cr1’) are less developed. The processus antorbitalis is clearly less prominent. 
On the ventral side of the braincase, the two cristae (Cr9) are, however, larger, and the rostrum 
parasphenoidale is much narrower. The lateralmost socket on the ventrolateral side of the 
braincase is more oval. 
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Figure 5.2: Osteology. Lateral view of the left side of the skull of Geospiza fortis (A.) and Padda oryzivora (B.). Note that 
the crista temporalis and the processus antorbitalis are much more prominent in G. fortis. The beaks, however, have 
more or less the same shape. (list of abbreviations, see Appendix 2) 
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Figure 5.3: Osteology. Ventral view of the skull of Geospiza fortis (A.) and Padda oryzivora (B.). Note that the os 
palatinum is more robust and narrower in G. fortis and that the angle between the two rami of the lower jaw is greater. 
(list of abbreviations, see Appendix 2) 
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Figure 5.4: Osteology. Rostrolateral view of the left side of the skull of Geospiza fortis (A.) and Padda oryzivora (B.) with 
detail of the fossa parietalis caudalis orbitalis. Note that the cristae in the fossa parietalis caudalis orbitalis are much 
more developed in G. fortis. (list of abbreviations, see Appendix 2) 
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Upper beak 

Geospiza fortis. (Figs. 5.2-5.4) The upper beak is triangular and is comprised of three completely 
fused bones: the os nasale, the os praemaxillare and the rostral portion of the os maxillare. These 
three bones form the border of the nasal cavity in the caudal half of the upper beak. Dorsal in the 
nasal cavity, the laterally flattened and ventrocaudad facing nasal septum can be observed. The 
rostral portion of the os maxillare carries the caudomedially oriented flaglike processus palatinus 
maxillae, frequently referred to as the processus maxillopalatinus, a name which will be used here 
as well. 

Ventrolaterally, the edges of the upper beak are formed by the two cristae tomialis. These cristae 
start at the rostral tip of the upper beak and run caudad to the processus maxillaris praemaxillae. 
Caudal to it lies the processus maxillaris nasalis, which is oriented slightly ventrocaudally. 

The connections of the upper beak to the rest of the skull consist of flexion zones, characterized by 
a region of thin bone. A first flexion zone, the zona flexoria arcus jugalis, forms the connection 
between the upper beak and the jugal bar, ventrocaudal to the processus maxillaris praemaxillae 
and nasalis. Rostromedial to this connection, the upper beak connects to the os palatinum at the 
level of the zona flexoria palatina. This connection is bordered laterally by the long ventrocaudally 
pointing, slender processus palatinus praemaxillae. A third flexion zone, the zona flexoria arcus 
craniofacialis, also called the frontonasal hinge, is situated at the dorsocaudal side of the upper 
beak where it connects to the braincase. 

Padda oryzivora. (Figs. 5.2-5.4) The upper beak is relatively broader. A larger part of the os 
maxillare is fused with the os praemaxillare before it continues into the jugal bar. The base of the 
processus maxillopalatinus is stronger and articulates with the lateral wings of the os vomer. The 
mediocaudally orientated flag-like plate of this process is almost absent. The processus palatinus 
praemaxillae could not be distinguished from the processus praemaxillaris palatini, which suggests 
that they may be fused, resulting in a much broader connection between the palatinum and the 
upper beak. 

Palate 

Geospiza fortis. (Figs. 5.2-5.3, 5.5) The palate is composed of the os palatinum and the os vomer 
which are completely fused in the adult. The palate is connected to the upper beak, the os 
pterygoideum and the braincase and can be divided into two parts: a pars choanalis and a pars 
lateralis.  

The pars choanalis bears a paired lamella dorsalis, hence forming a U-shaped gutter surrounding 
the rostrum parasphenoidale. The facies articularis parasphenoidalis forms the contact zone 
between the lamella dorsalis and the rostrum parasphenoidale. Dorsally, the pars choanalis is 
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bordered by the crista dorsolateralis, forming the dorsal edge of the lamella dorsalis. The lamella 
dorsalis articulates dorsocaudally with the pes pterygoidei of the os pterygoideum, through the 
facies articularis pterygoidei. This articulation is ventrally bordered by the caudally pointing 
processus pterygoidei. At its rostral side the pars choanalis is fused to the os vomer. It forms a 
rostrally orientated plate of which the rostrolateral tips are folded upwards, forming small lateral 
wings.  

The pars choanalis has two ventral fossae: a fossa choanalis and a fossa ventralis. The fossa 
choanalis is positioned more medially and is bounded mediodorsally by the crista medialis, and 
ventrolaterally by the crista ventralis. This laterally orientated crista ventralis is well developed, 
bearing a sharp rostral tip. The second fossa, the fossa ventralis, lies at the ventromedial side of 
the pars lateralis and bridges the crista ventralis and the crista lateralis. The fossa is bordered 
rostrally by the angulus caudomedialis and caudally by the angulus caudolateralis. 

The pars lateralis is largely comprised of the processus praemaxillaris palatini, which is a long, 
slender and slightly dorsoventrally flattened process, oriented rostrodorsomedially. It connects 
with the upper beak medial to the processus palatinus praemaxillae, where it forms the zona 
flexoria palatina. Further caudally, in line with the processus praemaxillaris palatini, the 
caudoventrally pointing processus transpalatinus can be observed. Ventrolaterally, the pars 
lateralis is bordered with the crista lateralis. The caudoventral edge of the processus transpalatinus 
is formed by an almost circular crista (Cr10), leaving a small depression in the middle. 

Padda oryzivora. (Figs. 5.2-5.3, 5.5) Several differences can be observed in the structure of the 
palate. At the dorsal-most part of the facies articularis pterygoidei, the lamella dorsalis and the pes 
pterygoidei are fused. A crista medialis is absent because the left and right palatine bones are fully 
fused medially. The lateral wings of the os vomer are much more developed and articulate with the 
upper beak through the processus maxillopalatinus of the os maxillare. The pars lateralis is broader 
with a less prominent but more flattened processus transpalatinus. The processus praemaxillaris 
palatini is dorsoventrally flattened and oriented as if it has twisted 180° to the lateral. The 
connection of this process with the upper beak is much larger and takes up almost the entire width 
of the upper beak. The rostral tip of the crista ventralis is largely absent. 
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Os pterygoideum 

Geospiza fortis. (Figs. 5.2-5.3) The os pterygoideum is a slender, elongated bone that forms the 
connection between the os quadratum and the os palatinum. The os pterygoideum can be divided 
into three parts: the pes pterygoidei, the corpus pterygoidei and the processus quadraticus 
pterygoidei. The dorsomedially situated pes pterygoidei forms the rostral expanded and 
mediolaterally flattened end. The pes pterygoidei articulates with the os palatinum at the level of 
its ventrorostral side, i.e. the facies articularis palatina. The medial side of the pes pterygoidei can 
shift along the rostrum parasphenoidale at the level of the facies articularis parasphenoidalis. The 
ventral end of facies articularis parasphenoidalis is slightly curved mediad, surrounding the ventral 
side of the rostrum parasphenoidale. Caudal to the facies articularis parasphenoidalis lies a 
distinct, ventrocaudad tuberculum. 

The slender corpus pterygoidei is in cross section triangular, but rounded at its caudal end near the 
processus quadraticus pterygoidei. This process articulates with the condylus pterygoidei of the os 
quadratum by means of a ball and socket joint. A small tubercle is situated on the dorsocaudal side 
of the process quadraticus, which probably reduces the degrees of freedome of this joint. Rostral 
to this process, on the dorsal side, a processus dorsalis points dorsomediorostrally, in line with the 
corpus pterygoidei. 

Padda oryzivora. (Figs. 5.2-5.3) The pes pterygoidei is rostrodorsally fused with the os palatinum 
and the ventral end does not surround the rostrum parasphenoidale. The processus dorsalis is 
smaller but still prominent and the small tubercle at the dorsocaudal end of the processus 
quadraticus lies somewhat more laterally. In cross section, the corpus pterygoidei is triangular but 
with more rounded angles. 

Arcus jugale 

Geospiza fortis. (Figs. 5.2-5.3) The jugal bar consists of three bones, i.e. the caudal portion of the os 
maxillare, the os jugale and the os quadratojugale, together forming a single mechanical unit. It is 
long and slender and originates just dorsal to the processus palatinus praemaxillae and 
medioventral to the processus maxillaris praemaxillae and nasalis. It runs laterocaudad to end in 
the condylus quadrati jugalis, which has two articulation facets: a dorsal facet, of which the tip is 
slightly rotated medially, and a smaller facet, ventrorostrally to the first one and facing caudally. 
The dorsal facet fits into the cotyla quadratojugalis of the os quadratum while the ventral facet 
rests on the rostral edge of this cotyla. The caudal half of the jugal bar is flattened mediolaterally, 
apart from the condyle, whereas the rostral half is flattened dorsoventrally. A spine is situated at 
the dorsal side in the transition zone between the os maxillare and the os jugale, pointing rostrally, 
in line with the jugal bar. 
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Padda oryzivora. (Figs. 5.2-5.3) The condylus quadrati jugalis is somewhat smaller and the dorsal 
spine is absent. Instead, a small dorsomedial crista is present. 

Os quadratum 

Geospiza fortis. (Figs. 5.2-5.3, 5.6) The os quadratum forms the link between the jugal bar, the os 
pterygoideum, the lower jaw and the braincase. It roughly has the shape of a tetrahedron with the 
four tips represented rostromedially by the processus orbitalis quadrati, dorsocaudally by the 
processus oticus quadrati, ventrolaterally by the condylus lateralis and the cotyla quadratojugalis 
of the processus mandibularis quadrati, and ventromedially by the condylus medialis, the condylus 
pterygoideus and the condylus caudalis of the processus mandibularis quadrati.  

The rostralmost process of the os quadratum, the processus orbitalis quadrati, is a long, 
mediolaterally flattened process pointing mediorostrodorsally. The ventral end of its distal tip is 
turned slightly medially while the dorsal end is rotated slightly laterally. The process contains three 
small protrusions. A first small tubercle, the tuberculum adductor mandibulae, is situated laterally 
at the base of the process. A second spine, the spina pseudotemporalis, is positioned 
lateroventrally, just proximal to the distal end of the process. A third spine (Sp3) is situated dorsally 
at the distal tip of the process. The rostrolateral end of the process has a small fossa which is 
rostrally bordered by a prominent crista (Cr11), running from the spina pseudotemporalis over the 
distal tip of the process to the dorsal Sp3. Along the medial side of the process, another fossa is 
situated, dorsally bordered by a crista (Cr12).  

The processus oticus quadrati bears two articulations with the braincase. The medial facet, the 
condylus prooticus quadrati, is supported by a ventrorostrolateral pila, connecting the condyle to 
the corpus quadrati. The second facet, the condylus squamosus quadrati, is situated rostrolaterally 
of the condylus prooticus quadrati. The condylus squamosus quadrati is connected to the corpus 
quadrati by a ventrocaudomediad pila, running rostromedially from that of the condylus prooticus 
quadrati. The condylus prooticus quadrati has a round articulation facet while the articulation facet 
of the condylus squamosus quadrati is slightly oval. 

The third process of the os quadratum is the processus mandibularis quadrati and is comprised of 
four condyles. The condylus medialis is situated medioventrally and has the largest articulation 
surface. It articulates ventrally with the cotyla medialis of the lower jaw, in which it can glide or 
rotate. The smallest condylus pterygoideus of the processus mandibularis quadrati lies rostrally to 
the condylus medialis and medioventrally to the processus orbitalis quadrati. This condyle 
articulates with the processus quadraticus of the os pterygoideum. The most lateral condylus 
lateralis carries the cotyla quadratojugalis rostrolaterally, which articulates with the proximal end 
of the jugal bar. Its rostral edge forms a surface on which the jugal bar rests. The condylus lateralis 
itself articulates ventrally with the dorsal surface of the cotyla lateralis of the processus 
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mandibulae lateralis. It has an oval articulation head, which is slightly oriented caudally. Caudally 
to this articulation lies a small sesamoid bone (ses. 2). In between and dorsocaudally to the 
condylus lateralis and the condylus medialis lies the fourth condyle, i.e. the condylus caudalis 
which articulates with the cotyla caudalis of the processus mandibulae lateralis trough a second 
and larger sesamoid bone (ses. 1). In previous studies, these small particles are called menisci 
articularis. However, these parts are made up of bony tissue, instead of cartilage as is the case in a 
meniscus. Also, they are formed inside a ligament (see below), a feature characterising sesamoid 
bones. As such, we consider it more suitable to refer to these particles as sesamoid bones. Jollie 
(1957) also metioned these two additional bones (‘ossicula articularia’) lying in the posterior wall 
of the articular capsule of the quadrate-mandibular joint in several birds. Nuijens and Zweers 
(1997) only found one in the greenfinch and the spice finch. 
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Padda oryzivora. (Figs. 5.2-5.3, 5.6) At first sight the os quadratum of Padda oryzivora resembles 
that of Geospiza fortis, apart from some small differences. The lateral fossa and Cr11 of the 
processus orbitalis quadrati are markedly less prominent. The spina pseudotemporalis, the medial 
fossa and Cr12 of the processus orbitalis quadrati are largely absent. The condylus proöticus 
quadrati of the processus oticus quadrati and the condylus lateralis of the processus mandibulae 
lateralis are somewhat smaller. The condylus squamosus quadrati is slightly more stretched and 
the ventral head of the condylus lateralis quadrati is orientated more rostrally. 

Lower jaw 

Geospiza fortis. (Figs. 5.2-5.3, 5.7) All elements that make up the lower jaw are fully fused in an 
adult Geospiza fortis. The rostral part of each ramus is the pars dentalis which has a triangular 
shape. In the rostral two-thirds of this part, i.e. the rostrum mandibulae, the two mandibular rami 
are completely fused ventrally and form a strong symphysis mandibularis. The cristae tomialis form 
the dorsal edges of the rami and run from the rostral tip of the lower jaw to the end of the pars 
dentalis. 

The caudal part of the lower jaw is called the pars caudalis, which is characterized by four 
processes: the processus coronoideus, mandibulae medialis, mandibulae lateralis and 
retroarticularis. The two tubercles at the dorsal edge of the pars caudalis or situated on the 
processus coronoideus. The rostral tubercle points dorsally. The second tubercle points 
dorsocaudally with a curved crista (Cr13) running along its lateral side. A second process of the 
lower jaw, the processus mandibulae lateralis, is formed by two merged articulation facets: the 
cotyla lateralis and the cotyla caudalis. The two cotylae are part of the fossa articularis quadratica, 
where the lower jaw articulates with the os quadratum, articulating respectively with the condylus 
lateralis and the condylus caudalis of the processus mandibularis quadrati. This fossa comprises a 
third articulation facet, the cotyla medialis, which articulates with the condylus medialis of the os 
quadratum. It is separated from the cotyla lateralis by the sulcus intercotylaris. Lateral to the cotyla 
medialis, at the medial side of the sulcus intercotylaris, lies the dorsal tuberculum intercotylare. 
The long and slender processus mandibulae medialis points dorsomedially. Four cristae run along 
this process. The first crista (Cr14) forms the rostral margin of the process running along the rostral 
edge of cotyla medialis to end in the tuberculum pterygoidei (new term). A second, curved crista 
(Cr15) forms the caudal margin of the process and runs to the base of the condylus caudalis of the 
processus mandibulae lateralis. This crista runs ventrally over the poorly developed fourth 
processus retroarticularis. The third and curved crista transversa fossae runs from the medial side 
of the processus medialis to the lateral side of the condylus caudalis. These second and third 
cristae enclose the fossa caudalis. The fourth and last crista (Cr16) lies at the medioventral side of 
the process. 
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The fenestra mandibulae caudalis is situated centrally in the pars caudalis. At the lateral surface of 
the pars caudalis a crista (Cr17) borders the fenestra mandibulae caudalis ventrally. The fossa 
mandibulae lateralis is present on the lateral side of the pars caudalis as a large but shallow cavity. 
At the medial side, the pars caudalis has two cristae, two tubercles and a fossa. The tuberculum 
pseudotemporalis is a well developed mediodorsally orientated tubercle, which is situated caudally 
to the second tubercle of the processus coronideus. The tuberculum pterygoidei is small and 
situated ventromedially of the tuberculum pseudotemporalis. The ventral margin of the fenestra 
mandibulae caudalis is formed by a prominent crista (Cr19), running rostroventrally from the base 
of the tuberculum pterygoidei. The second crista (Cr20) runs from the rostral margin of the pars 
caudalis to the base of the processus mandibulae medialis and forms the ventral margin of the 
fossa aditus canalis neurovascularis. 

Padda oryzivora. (Figs. 5.2-5.3, 5.7) The caudal portion of the pars dentalis is relatively higher.  The 
processus coronoideus is positioned more caudally, is relatively less high and the second tubercle is 
divided into two small spines; one is positioned rostrodorsally and one laterodorsally. The 
tuberculum pseudotemporalis is much smaller and lies medially of the second tubercle of the 
processus coronoideus. Rostral to the fenestra mandibulae caudalis, a depression with a distinct 
rostral and rostroventral border can be observed. The shape of processus mandibulae medialis, 
lateralis and retroarticularis is similar to that of Geospiza fortis, although less robust and the 
processus mandibulae medialis is oriented somewhat more caudally. 

Ligaments 

Geospiza fortis. (Figs. 5.8-5.9) Two ligaments reinforce the quadratomandibular and quadrato-
quadratojugal joints. The first strong ligament, i.e. the ligamentum jugomandibulare mediale, 
bridges the lateral and caudal parts of the quadratomandibular and the quadrato-quadratojugal 
joints and consists of two parts. The lateral part originates on the ventrocaudal edge of the rostral 
articulation facet of the condylus quadrati jugalis and runs caudally to insert on the biggest 
sesamoid bone (ses. 1). The second, smaller sesamoid bone (ses. 2) can be found in the centre of 
this part of the ligament. The caudomedial part of the ligament is shorter and originates at the 
medial side of the big sesamoid, running medially to insert on the crista transversa fossae, on the 
lateral side of the processus mandibulae medialis. In addition to the ligamentum jugomandibulare 
mediale, the ligamentum jugomandibulare laterale also holds the quadrato-quadratojugal 
articulation in place. This short and small ligament connects the jugal bar to the lower jaw. It 
originates laterally on the tip of the condylus quadrati jugalis and inserts just in front of the 
quadratomandibular joint, rostral to the condylus lateralis of the processus mandibularis lateralis. 
The ligament covers the lateral part of the ligamentum jugomandibulare mediale. 
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The articulation between the os palatinum, os pterygoideum and the rostrum parasphenoidale is 
bridged by the large ligamentum mesethmopalatinum. It attaches on the crista dorsolateralis of 
the os palatinum and the dorsal edge of the os pterygoideum and forms a firm connection 
between the caudal edge of the lamella dorsalis of the os palatinum and the rostral edge of the pes 
pterygoidei. The ligament inserts on the septum interorbitale, just dorsal to the articulation of the 
os palatinum and os pterygoideum with the rostrum parasphenoidale. The cristae medialis of the 
left and right palatine bones are connected through the ligamentum interpalatinum (new term). 

The ligamentum occipitomandibulare connects the cranium with the lower jaw. It starts at the 
proximal and ventral border of the processus paroccipitalis, dorsal to the aponeurosis 1 of 
musculus depressor mandibulae and runs rostrally to insert on the processus medialis mandibulae. 
The insertion lies dorsomedial to the insertion of the ligamentum jugomandibularis medialis on the 
crista transversa fossae of the processus medialis mandibulae. 

Two ligaments hold the os quadratum in position to the cranium. The ligamentum 
quadratosphenoidale runs from the caudomedial side of the os quadratum to the os 
parasphenoidale whereas the ligamentum quadratotemporale runs from the dorsolateral side of 
the processus oticus quadrati to the processus suprameaticus. 

Padda oryzivora. (Figs. 5.8, 5.10) A ligamentum postorbitale is found. It is a strong and long 
ligament that connects the processus postorbitalis with the lower jaw and runs external to the 
quadrato-quadratojugal articulation. The ligament originates at the distal tip of the processus 
postorbitalis and inserts just before the quadratomandibular joint on the rostral edge of the 
condylus lateralis of the processus mandibularis lateralis. The ligamentum jugomandibulare 
laterale runs over this ligament at its place of insertion and inserts just ventral to it. 

As the pes pterygoidei and the os palatinum are dorsally fused, the ligamentum 
mesethmopalatinum does not need to reinforce this connection and only attaches on the crista 
dorsolateralis of the os palatinum and on the dorsal edge of the os pterygoideum and inserts on 
the septum interorbitale. 

The ligament interpalatinum is absent as the left and right palatine bones are fused. 
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Figure 5.8: Ligaments. Lateral view of the left side of the skull of Geospiza fortis (A.) and Padda oryzivora (B.) showing the 
ligaments. Note the absence of the ligamentum postorbitalis in G. fortis. Also note the difference in the ligamentum 
mesethmopalatinum in G. fortis, which connects the os palatinum with the pes pterygoidei. (list of abbreviations, see 
Appendix 2) 
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3.2 Myology 

As shown in Table 5.2 and in the analysis reported higher, the mass of the muscles in G. fortis is 
generally greater than that of the jaw muscles in P. oryzivora. Below we provide a qualitative 
description of the origin and insertion of the muscles.  

Musculus depressor mandibulae 

Geospiza fortis. (Fig. 5.9) The musculus depressor mandibulae connects the braincase with the 
lower jaw. Its fibres originate at the processus paroccipitalis, with the ventral part of the crista 
temporalis forming the dorsal border and the crista transversa nuchalis forming the caudal border. 
On the rostral edge of the processus paroccipitalis inserts a short but broad aponeurosis (Ap1) that 
forms the medial surface of the muscle. The muscle inserts on the fossa caudalis of the lower jaw 
between the crista transversa fossae and Cr15. This insertion is ventrally bordered by a second, 
larger aponeurosis (Ap2) which inserts on Cr15. 

Padda oryzivora. (Fig. 5.10) No differences were observed. 

Musculus adductor mandibulae externus rostralis 

Geospiza fortis. (Fig. 5.9) Two parts can be distinguished in the musculus addutor mandibulae 
externus rostralis. The dorsal and biggest part inserts on the anterior tubercle of the processus 
coronoideus and extends dorsocaudally to fill up the fossa temporalis on the cranium. Its 
attachment is bordered ventrally by Cr3, dorsocaudally by the crista temporalis and rostromedially 
by Cr1. A large aponeurosis (T-Ap1) originates inside the muscle and converges into a thick tendon 
that attaches to the most rostral part of the processus coronoideus. At its lateroventral side, the 
aponeurosis has a small winglike extention that is oriented mediolaterally. The muscle is laterally 
bordered by a second clear aponeurosis (Ap2) which attaches to the crista temporalis. A third 
aponeurosis (Ap3) runs through the medial part of this muscle and lies between the processus 
postorbitalis and zygomaticus. Its dorsal edge connects to the medial edge of T-Ap1. This medial 
part is medially bordered by an aponeurosis (Ap4) that is divided in two parts and inserts on the 
braincase on Cr1.  Another, very small tendon (T5) lies laterally to Ap4 and attaches to the 
processus coronoideus, just caudal to the attachment of T-Ap1. 

 The ventral, much smaller part lies ventral to the first part. It originates on Cr4 of the processus 
zygomaticus, thereby covered by the dorsal part of this muscle. Anteriorly, it inserts on the 
dorsolateral edge of the lower jaw, rostral to the processus coronoideus, thereby covering the 
tendon (T-Ap3) of the musculus adductor mandibulae externus ventralis, on which its medial fibres 
attach. Two tendons are present. A first, rostral tendon (T6) inserts just rostral to T-Ap1 on the 
dorsolateral edge of the lower jaw. The second, proximal tendon (T7) attaches to Cr4 on the 
processus zygomaticus. 
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Padda oryzivora. (Fig. 5.10) The origin of the dorsal part of the musculus adductor mandibulae 
externus rostralis on the braincase does not extend as far dorsal on the cranium compared to G. 
fortis. 

Musculus adductor mandibulae externus ventralis 

Geospiza fortis. (Fig. 5.9) The triangular ventral part of the musculus adductor mandibulae externus 
originates on Cr5 of the processus zygomaticus, rostroventral to the origin of the ventral part of 
the musculus adductor mandibulae externus rostralis. Its fibers insert fanlike on the lateral surface 
of the lower jaw, filling up the fossa mandibulae lateralis and covering the fenestra mandibulae 
caudalis. The muscle is covered laterally by the jugal bar and the glandula mandibularis externa 
(external salivery gland), which leave an impression in the muscle. The ventromedial and 
ventrolateral sides of the muscle are bordered by aponeuroses (Ap1 and Ap2) that attach to the 
lower jaw, ventral to the fenestra mandibulae caudalis. A third and much larger aponeurosis (T-
Ap3) origates inside the muscle and converges into a thick tendon that inserts on Cr5 of the 
processus zygomaticus. 

Padda oryzivora. (Fig. 5.10) The aponeuroses Ap2 and Ap3 are very thin and difficult to observe. 

Musculus adductor mandibulae externus profundus 

Geospiza fortis. (Fig. 5.9) The musculus adductor mandibulae externus profundus caudally fills up 
the ventral part of the fossa temporalis on the cranium, is bordered ventrally by Cr3 and dorsally 
by the processus zygomaticus and Cr4. The muscle runs rostoventrally and inserts on the second 
tubercle of the processus coronoideus of the lower jaw. It is a very thick short muscle with a 
complex web of aponeuroses. Seven aponeuroses can be distinguished, which will be numbered 
from lateral to medial. The first aponeurosis (Ap1) is short and inserts on the caudal half of Cr4 of 
the processus zygomaticus. The second aponeurosis covers the lateral and ventral surface of the 
muscle and attaches to the lateral part of the second tubercle of the processus coronoideus. 
Rostromedial to the attachment of the Ap2, on the dorsal surface of the second tubercle of the 
processus coronoideus, inserts a third and long aponeurosis (Ap3) which runs almost through the 
whole muscle. The fourth aponeurosis (Ap4) is actually a collection of five parts that run parallel to 
each other and originate on Cr3, dorsal to the quadrato-squamoso-otical joint. The aponeuroses 
are all small with parts 1, 3 and 5 (from dorsal to ventral) being the biggest and parts 2 and 3 being 
only very small strands. Ventromedial to Ap4 inserts a fifth, small aponeurosis (Ap5), just dorsal to 
the quadrato-squamoso-otical joint. The sixth and seventh aponeuroses (Ap6 and Ap7) both insert 
on the second tubercle of the processus coronoideus just medial to the Ap3. Ap7 is the most 
medial aponeurosis and form the medial surface of the musculus adductor mandibulae externus 
profundus.
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Padda oryzivora. (Fig. 5.10) Partly due to the difference in the shape of the processus coronoideus 
and the presence of a tuberculum squamosum, some differences can be noted. Ap1 is much larger 
and covers the total lateral surface of the caudal part of the musculus adductor mandibulae 
externus profundus. Ap2 attaches to the rostrodorsal spine of the second tubercle of the processus 
coronoideus and is folded with one part oriented mediolaterally and one part oriented 
dorsoventrally. Ap3 inserts on the laterodorsal and rostrodorsal spine of the second tubercle of the 
processus coronoideus, caudal to the attachment of Ap2. Ap4 consists only of two parts that insert 
on the tuberculum squamosum and the Cr3, respectively. Both aponeurosis are small and run 
parallel to each other. Ap5 is broader. Ap6 and Ap7 insert behind the rostrodorsal spine and medial 
to the laterodorsal spine of the second tubercle of the processus coronoideus, medial to the Ap3. 

Musculus adductor mandibulae ossis quadrati 

Geospiza fortis. (Fig. 5.9) The musculus adductor mandibulae ossis quadrati has its origin on the 
proximal part of the lateral surface of the processus orbitalis of the os quadratum, where a first 
aponeurosis (Ap1) attaches to the tuberculum adductor mandibulae. The muscle runs 
rostroventrally to insert on the lateral and dorsal surface of the lower jaw, between the fenestra 
mandibulae caudalis and the processus mandibulae lateralis. A second aponeurosis (Ap2) inserts 
here on the rostrodorsal side of the condylus lateralis of the processus mandibulae lateralis. The 
musculus adductor mandibulae externus profundus and the musculus adductor mandibulae 
externus ventralis cover this muscle almost completely. 

Padda oryzivora. (Fig. 5.10) Some differences can be found at the level of the aponeuroses 
inserting on the os quadratum. In addition to Ap1, a second aponeurosis (Ap3) inserts on the 
proximal end of the processus orbitalis and forms the dorsal surface of the muscle. Ap2 is absent.
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Musculus pseudotemporalis superficialis lateralis 

Geospiza fortis. (Fig. 5.9) The musculus pseudotemporalis superficialis lateralis runs from the 
caudal wall of the orbit to the lower jaw. It originates in the fossa parietalis orbitalis caudalis and 
attaches to the tuberculum pseudotemporalis. Two aponeuroses (Ap1 and Ap2) run through the 
entire muscle and attach on the tuberculum pseudotemporalis, on its lateral and dorsal side and 
on its caudolateral side respectively, as well as on Cr8 and Cr1 respectively of the fossa parietalis 
orbitalis caudalis. In that way, they act more like a ligament than as an aponeurosis. Ap1 not only 
runs to Cr8 but also covers the lateral and dorsal surface of the distal part of the muscle. Ap2 
inserts medioventral to Ap4 of the musculus adductor mandibulae externus rostralis. A third 
aponeurosis (Ap3) attaches to the dorsal crista of the fossa parietalis caudalis orbitalis and forms 
the dorsal surface of the dorsocaudal end of the muscle. The ventromedial muscle fibers also 
attach to the lateral side of Ap1 of the musculus pseudotemporalis superficialis medialis. 

Padda oryzivora. (Fig. 5.10) Ap1 and Ap2 do not run through the entire muscle but are both divided 
in two, with a rostral and caudal part. The rostral part of Ap1 attaches rostral to the tuberculum 
pseudotemporalis. 

Musculus pseudotemporalis superficialis medialis 

Geospiza fortis. (Fig. 5.9) The medial part of the musculus pseudotemporalis superficialis originates 
on Cr7 in the fossa parietalis orbitalis caudalis and runs rostrolaterally to insert on the medial side 
of the lower jaw, just rostral to and on the rostral side of the tuberculum pseudotemporalis. Two 
aponeuroses (Ap1 and Ap2) enclose the muscle and run from the braincase to the lower jaw. Ap1 
originates on Cr7 and runs rostrolaterally to insert on the rostral side of the tuberculum 
pseudotemporalis. It forms the lateral surface of the muscle. Some muscle fibres of the musculus 
pseudotemporalis superficialis lateralis attach to this aponeurosis. The second aponeurosis (Ap2) 
originates ventrocaudal to foramina nervus opticus and attaches just rostral to the tuberulum 
pseudotemporalis on the medial side of the lower jaw. 

Padda oryzivora. (Fig. 5.10) The insertion sites of the aponeuroses differ. Ap1 only inserts on Cr7 
and does not reach to the lower jaw. Ap2 inserts as a broad sheet on the medial side of the lower 
jaw, dorsal to the fenestra caudalis mandibulae and the insertion of the musculus 
pseudotemporalis profundus but does not insert on the braincase. 

Musculus pseudotemporalis profundus 

Geospiza fortis. (Fig. 5.9) The broad musculus pseudotemporalis profundus runs rostrolaterally 
from the processus orbitalis of the os quadratum to the medial surface of the lower jaw. The 
muscle originates at the distal two-third of the processus orbitalis of the os quadratum, medially to 
the origin of the musculus adductor mandibulae ossis quadrati. Its place of origin is medially 
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bordered by Cr11 and ventromedially by Cr12. Muscle fibers insert on the fossa aditus canalis 
neurovascularis, from anterior to the caudal edge of the rhamphotheca over the fenestra 
mandibulae caudalis to just rostral to the quadratomandibular joint. Muscle fibers insert on the 
lateral side of Cr19 and reach through the fenestra mandibulae caudalis to Cr17. Five aponeuroses 
could be observed of wich three insert on the processus orbitalis and two on the lower jaw. A first 
aponeurosis (Ap1) inserts on Sp3 at the distal end of the processus orbitalis and attaches to the 
dorsal and medial side of the lower jaw, caudal to the insertion of T6 of the musculus adductor 
mandibulae externus rostralis. The second aponeurosis (Ap2) inserts on Cr11 on the distal end of 
the processus orbitalis. Muscle fibres attach to both sides of this aponeurosis. The third 
aponeurosis (Ap3) inserts on the medial side of the first tubercle of the processus coronoideus and 
forms the lateral surface of the rostral part of the muscle. On the rostral edge of the processus 
orbitalis of the os quadratum inserts a fourth aponeurosis (Ap4) as a large sheet that runs 
rostrolaterally. The last aponeurosis (Ap5) is a very thin aponeurosis, almost invisible, that forms 
the lateral surface of the rostral part of the muscle and inserts on Cr19. 

Padda oryzivora. (Fig. 5.10) Some differences could be observed. Ap1 runs rostrolaterally to the 
lower jaw but does not attach to it. Ap3, Ap4 and Ap5 were absent or could not been found. 

Musculus pterygoideus ventralis lateralis 

Geospiza fortis. (Fig. 5.9) The musculus pterygoideus ventralis lateralis is a large muscle running 
from the processus transpalatinus of the os palatinum to the lower jaw. Two parts can be 
distinguished. The dorsal part originates on the rostral half of Cr10 of the processus transpalatinus 
and runs laterocaudally. The fibres of the ventral part originate more rostrally with a long tendon 
(T-Ap1) which inserts on the processus palatinus praemaxillae but originates as a long, broad 
aponeurosis inside the muscle. The muscle inserts on the ventral side of the processus mandibulae 
medialis on Cr16 and on the ventral and ventromedial side of the pars caudalis of the lower jaw. 
Apart from the long T-Ap1, two other aponeuroses could be observed. The ventral surface of the 
muscle is bordered by an aponeurosis (Ap2) which inserts on the ventral surface of the lower jaw. 
A third, ligamentous aponeurosis (Ap3) connects the processus transpalatinus to the lower jaw as 
its rostral end has a broad insertion on the rostral half of Cr10 of the processus transpalatinus and 
the lateral border of this aponeurosis runs to the processus mandibulae medialis where it inserts 
on Cr16. Dorsally the muscle is bordered by Ap1 of the musculus pterygoideus dorsalis lateralis. 

Padda oryzivora. (Fig. 5.10) The dorsal part of the muscle also attaches on the processus 
transpalatinus but fills up the lateral part of the fossa ventralis. The fibers from the dorsal part stop 
at the processus transpalatinus and only T-Ap1 runs more rostrally, over the crista lateralis of the 
os palatinum, to insert on the lateral part of the processus praemaxillaris palatini. Also in the other 
aponeuroses some differences could be observed. Ap2 is absent and Ap3 inserts on the the caudal 
ridge of the crista lateralis of the os palatinum, as Cr10 is absent in P. oryzivora. 
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Musculus pterygoideus ventralis medialis 

Geospiza fortis. (Fig. 5.9) The musculus pterygoideus ventralis medialis connects the caudal part of 
the os palatinum with the processus medialis mandibulae. It originates at the caudal part of the 
fossa ventralis of the os palatinum and at the processus pterygoideus palatini. It inserts with a 
tendon (T1) at the tip of processus medialis mandibulae  

Padda oryzivora. (Fig. 5.10) Two aponeuroses could be distinguished. The first aponeurosis is 
similar to T1 but it is a vertical sheet that runs rostrally to insert on the proximal end of the 
processus pterygoideus palatini. A second aponeurosis (Ap2), which was not observed in G. fortis, 
attaches in the middle of the ventral side of the processus medialis mandibulae and runs rostrally. 

 

Musculus pterygoideus dorsalis lateralis 

Geospiza fortis. (Fig. 5.9) The big musculus pterygoideus dorsalis lateralis runs from the os 
palatinum to the lower jaw and fills up the dorsolateral surface of the os palatinum completely. 
The muscle inserts on the lamella dorsalis of the os palatinum, is bordered by the crista 
dorsolateralis and extends to the pterygopalatine joint. More rostrally the muscle inserts on the 
dorsal, lateral and ventral side of the processus praemaxillaris palatini. Its fibres run 
lateroventrocaudally to insert between Cr19 and Cr20, ventral to the insertion of the musculus 
pseudotemporalis profundus. The muscle comprises four large aponeuroses, which will be 
numbered from ventral to dorsal. The first aponeurosis (Ap1) is a large aponeurosis that inserts on 
Cr20 on the medial side of the lower jaw and on the rostroventral edge of the processus medialis 
mandibulae. The aponeurosis covers the ventral side of the muscle and the dorsal, lateral and 
ventral side of the rostralmost part of the muscle that lies around the processus praemaxillaris 
palatini. To the caudal half of Cr10 of the processus transpalatinus of the os palatinum inserts a 
second aponeurosis (Ap2) which runs caudally. A third aponeurois (Ap3) attaches to the caudal 
ridge of the processus mandibulae medialis and runs rostrally. The last aponeurosis (Ap4) attaches 
to Cr19 running up to tuberculum pterygoidei and forms the dorsal border of the muscle. 

Padda oryzivora. (Fig. 5.10) Only two aponeuroses could be observed, the first one of which is 
similar to Ap2 but inserting on the caudal ridge of the processus transpalatinus. The second one is 
similar to Ap4 of G. fortis.  
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Musculus pterygoideus dorsalis medialis 

Geospiza fortis. (Fig. 5.9) The musculus pterygoideus dorsalis medialis covers the os pterygoideum, 
running from the pes pterygoidei to just rostral of the quadratomandibular joint. The muscle 
originates from all sides of the os pterygoideum and from the lateral and ventral side of the pes 
pterygoidei and attaches to the lower jaw. A first tendon (T-Ap1) inserts on the tuberculum 
pterygoidei on the medial side of the lower jaw and lies in line with the Ap4 of the musculus 
pterygoideus dorsalis lateralis. At its origin the tendon extends somewhat caudally forming a small 
aponeurosis. The dorsal side of the muscle is formed by a second aponeurosis (Ap2) which also 
insert on the tuberculum pterygoidei. Medially this muscle is bordered by a third aponeurosis 
(Ap3) which attaches on the caudomedial side of the pes pterygoidei and runs caudally. The medial 
surface of this aponeurosis receives muscle fibers of the musculus retractor palatini. 

Padda oryzivora. (Fig. 5.10) No differences could be observed. 

Musculus retractor palatini 

Geospiza fortis. (Fig. 5.9) The musculus retractor palatini runs from the distinct Cr9 on the 
rostroventral side of the braincase to the caudal part of the pes pterygoidei. Its fibers originate 
from the medial side of the large Ap3 of the musculus pterygoideus dorsalis lateralis.  

Padda oryzivora. (Fig. 5.10) No differences could be observed. 

Musculus protractor pterygoidei et quadrati 

Geospiza fortis. (Fig. 5.9) The small musculus protractor pterygoidei et quadrati originates on the 
lateral surface of the septum interorbitale, in F1. It runs laterally to insert tendinously (T1) on the 
processus dorsalis of the os pterygoideum.  

Padda oryzivora. (Fig. 5.10) No differences could be observed. 
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4 Discussion 

In this study, the head morphology of Padda oryzivora was compared to that of Geospiza fortis.  
Although both species have a prokinethic skull with a rather similar morphology and a similar beak 
size, the skull of G. fortis is generally more robust with more prominent processes and cristae being 
present. The more robust head skeleton with firm processes and ridges gives G. fortis better 
developed attachment sites for the bigger muscles. As both species have a similar muscle insertion 
and orientation, the higher bite force measured in G. fortis is the direct result of the increase in 
muscle mass in G. fortis, being almost two to three times greater than in P. oryzivora. The 
increased robustness of the head skeleton and musculature of G. fortis is likely related to the 
hardness and size of seeds crushed by these species in the wild (De Leon et al., in press). The 
hardest seeds eaten by G. fortis on Santa Cruz Island are of an average hardness of about 45 N, 
with a maximum hardness of some of the seeds that are cracked by these birds reaching up to 100 
N (De Leon et al., in press). Although data for the hardness of seeds consumed by P. oryzivora in 
the wild are not available, van der Meij and Bout (2000) estimated the maximal hardness of seeds 
that could still be cracked by P. oryzivora to be around 60 N. Thus G. fortis appears to be able to 
crack harder seeds than P. oryzivora and consequently needs to be able to produce a greater bite 
force. Note, however, that our P. Oryzivora were captive bred specimens which may affect the 
development of muscle mass and corresponding bony structures due to a relaxed selection of bite 
force capacity in captivity. The measurements from Herrel et al. (2005 a) show that G. fortis has a 
maximum bite force of 47 N. Our measurements of bite forces in P. oryzivora suggest a maximum 
bite force of 8.86 N which corresponds well to previously published data for this species (9.6 N; see 
van der Meij and Bout, 2006). Interestingly, both the data for the Java finch and the medium 
ground finch suggest that these species can crack seeds with a hardness greater than their 
maximum bite force. Possible explanations for this at first sight rather paradoxical result are (1) 
birds continuously manipulate and reorientate the seed in their beak until they find the weakest 
spot to crack it, in contrast to our measurements which crack seeds in a single standardized 
orientation; (2) the repeated biting results in micro-cracking, ultimately resulting in failure of the 
seed. Interestingly, a comparison of the muscle masses compared to previously published data for 
a wide array of finches (van der Meij and Bout, 2004; Clabaut et al., 2009; see Fig. 5.11) illustrate 
the unique nature of the size of the jaw adductors and upper beak retractors in G. fortis being 
about three times the average mass typically observed in seed cracking birds. Even though muscle 
mass is only indirectly related to muscle PCSA and force generation capacity, given the likely limted 
variability in fibre length these results for mass are at least indicative for variation in the underlying 
PCSA. This suggests that selection on seed cracking capacity in the medium ground finch is 
unusually high. Another interesting observation is the great variability in jaw adductor muscle mass 
observed in G. fortis compared to P. oryzivora. This observation corresponds well to the previously 
described variability in head and beak size, and bite force in this species (Grant, 1986; Herrel et al., 
2005 a) and suggests a potential link between adductor mass, bite force capacity and beak size. 
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Figure 5.11: Scatterplot illustrating the correlation between cranial muscle mass and body mass in seed cracking birds. 
Grey symbols represent data for P. oryzivora; the white symbol represents G. fortis. Note how G. fortis has a significantly 
greater cranial muscle mass compared to other seed cracking birds. Illustrated are the regression line and its 95 % 
confidence limits. Note the log axes. Data taken from van der Meij and Bout (2004) and Clabaut et al. (2009). 

 

On an anatomical level, the most remarkable difference between the two species examined here is 
the absence of the ligamentum postorbitalis in G. fortis and consequently the presence of a shorter 
processus postorbitalis. Although different previous workers (Bock, 1964; Bühler, 1981) suggested 
that this ligament has an important role in the cranial kinesis of birds as it is thought to couple the 
movements of the lower jaw to those of the upper jaw, Nuijens et al. (2000) demonstrated that a 
transsection of this ligament has only a slight effect on the husking performance in the zebra finch 
(Taeniopygia guttata). Bout and Zweers (2001) proposed the hypothesis that the abscence of this 
ligament has only a limited influence on the degree and nature of kinesis present. In both G. fortis 
and P. oryzivora the form of cranial kinesis is prokinesis, in which the upper jaw pivots about the 
frontonasal hinge, without changing its shape. The movements of all the functional units, i.e. the 
os quadratum, the upper jaw, the palate, the os pterygoideum and the jugal bars, are coupled in 
such a way that a forward movement of the os quadratum exerts force through the jugal bar and 
os pterygoideum/palate to the upper jaw and thus causes the latter to swing dorsad. A backward 
movement of the os quadratum will result in an opposite movement of the same elements (Bock, 
1964; Bühler, 1981; Zusi, 1993; Bout and Zweers, 2001; Gussekloo et al., 2001). We suggest that 
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the absence of this ligament and a less developed processus postorbitalis in G. fortis might be 
linked to the need for additional space to accommodate the large musculus adductor mandibulae 
externus. 

The two large tubercles of the processus coronoideus of the lower jaw of G. fortis differ from those 
in P. oryzivora where they are smaller and more caudally positioned. The third tubercle that is 
visible on the dorsal side of the lower jaw in G. fortis is the tuberculum pseudotemporalis. The 
position and shape of the tuberculum pseudotemporalis differs strongly between both species. In 
G. fortis this is a well developed tubercle onto which both parts of the musculus pseudotemporalis 
superficialis attach. In P. oryzivora, this tubercle is small and lies very close to the second tubercle 
of the processus coronoideus and only the lateral part of the musculus pseudotemporalis 
superficialis attaches to it. Nuijens and Zweers (1997) labelled this tubercle as processus 
coronoideus in the spice finch (Lonchura punctulata), yet labelled it as the tuberculum 
pseudotemporalis in the greenfinch (Carduelis chloris). Probably, its position situated close to the 
processus coronoideus in the spice finch caused this confusion. Our dissections, however, 
demonstrate that the musculus pseudotemporalis superficialis lateralis does not attach to this 
tubercle in P. oryzivora but to the tubercle lying medially of the second tubercle of the processus 
coronoideus and that it is the musculus pterygoideus dorsalis medialis that attaches to this 
tubercle. Hence, we introduced a new name for the latter tubercle, i.e. tuberculum pterygoidei, 
which is also present in G. fortis, and can also be observed when inspecting the drawings of the 
greenfinch and spice finch in Nuijens and Zweers (1997) and the pictures of the other Darwin’s 
finches of Bowman (1961). Another difference between G. fortis and P. oryzivora resides in the 
insertion of the musculus pseudotemporalis superficialis medialis on the lower jaw. In P. oryzivora 
this insertion is situated dorsal to the fenestra mandibulae caudalis (labelled by Nuijens and 
Zweers (1997) as the fenestra rostralis mandibulae) while in G. fortis this insertion is restricted to 
one point, the rostral side of the tuberculum pseudotemporalis. In that way, the line of action of 
the musculus pseudotemporalis superficialis medialis differs, running rostrolaterally in P. oryzivora 
but nearly entirely laterally in G. fortis. This suggests a more medially directed force component of 
this muscle in G. fortis, which may assist in the manipulation and cracking of seeds, as seed 
cracking involves lateral movements of the lower jaw. However, the lack of functional data on the 
activation patterns of the jaw muscles and jaw movements during cracking prevent us from 
addressing this hypothesis in any detail. 

The most striking difference between the palate and upper jaw of G. fortis and those of P. 
oryzivora is probably the absence of the processus palatinus praemaxillae in P. oryzivora and its 
wider nature of the processus praemaxillaris palatini. However, the wider processus praemaxillaris 
palatini of P. oryzivora (or of Lonchura punctulata in Nuijens and Zweers (1997) where called the 
‘processus maxillaris’) probably results from a fusion of it with the processus palatinus maxillae. 
Such a fusion has been described by Jollie (1957) in the American robin (Turdus migratorius) and 
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the English sparrow (Passer domesticus). The attachment of the most rostral tendon of the 
musculus pterygoideus ventralis lateralis to the rostrolateral edge of the processus praemaxillae 
palatini in P. oryzivora, also suggests that this part is homologous with the processus palatinus 
maxillae. Not only does the processus praemaxillaris palatini differ between both species, also the 
processus transpalatinus is flatter and wider in P. oryzivora. 

The ossa palatina of both bird species also differ in their articulation with the os pterygoideum. In 
G. fortis, an articulation facet between the os pterygoideum and the os palatinum is present, 
whereas the os pterygoideum and the os palatinum of P. oryzivora are partially fused, resulting in 
an articulation and a flexion zone between the os pterygoideum and the os palatinum. Following 
Zusi and Livezey (2006) this may be due to the presence of a ‘pars palatina pterygoidei’ (a 
rostrodorsal splint of the os pterygoideum above the dorsal edges of the os palatinum) that is 
ventrally fused with the os palatinum and rostral with the os vomer. Following the theory of Zusi 
and Livezey (2006) this would mean that the pes pterygoidei in G. fortis is separated from this pars 
palatina pterygoidei by an articulatio intrapterygoidea but in P. oryzivora this separation is only 
partial, resulting in a flexion zone and an articulation between the two parts of the os 
pterygoideum. However, because of the fact that the fusion between the os palatinum and the os 
pterygoideum in P. oryzivora is both only partial as well as narrow, it can be inferred that the 
reduction in kinesis in this species would be small (Bradley Livezey, pers. comm.). Also the contact 
between the processus maxillopalatinus and the os vomer is only found in P. oryzivora, but would 
also not influence the cranial kinesis, according to Bock (1964). 

In summary, despite the overall similarity in beak size and cranial morphology, differences in the 
jaw adductor size and corresponding attachments to the cranium and mandible are prominent 
with G. fortis having much more robust jaw closing muscles. This is reflected in differences in bite 
forces with G. fortis biting much harder than P. oryzivora. These data suggest similarities in the 
evolution of the feeding system in birds specializing on cracking hard seeds, as so few structural 
differences were observed between these two bird species. However, our data also show the 
uniqueness of the cranial morphology and bite force of G. fortis compared to other seed cracking 
birds. As such P. oryzivora may not be an ideal functional analogue for the Galápagos ground 
finches. Yet, the similarity in beak size and overall morphology suggests that it could provide useful 
insights into the mechanics of beak movement in seed cracking birds in general. Future studies 
investigating the anatomy and development of the jaw system in a variety of seed cracking birds 
would be extremely insightful in our understanding of the jaw system in ground finches of the 
genus Geospiza, and the structural adaptations related to seed cracking in birds. 
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ABSTRACT 

Birds are well known for occupying diverse feeding niches, and for having evolved diverse beak 
morphologies associated with dietary specialization. Birds that feed on hard seeds typically possess 
beaks that are both deep and wide, presumably because of selection for fracture avoidance. It 
follows then that birds that eat seeds of different size and hardness should vary in one or more 
aspects of beak morphology, including the histological organization of the rhamphotheca, the 
cellular interface that binds the rhamphotheca to the bone, and the organization of trabeculae in 
the beak. To explore this expectation we here investigate tissue organization in the rhamphotheca 
of the Java finch, a large granivorous bird, and assess interspecific differences in the trabecular 
organization of the beak across eleven species of Darwin’s finches. We identify specializations in 
multiple layers of the horny beak, with the dermis anchored to the bone by Sharpey’s fibers in those 
regions that are subjected to high stresses during biting. Moreover, the rhamphotheca is 
characterized by a tight dermo-epidermal junction through interdigitations of these two tissues. 
Herbst corpuscles are observed in high density in the dermis of the lateral aspect of the beak, 
allowing for sensory feedback and thus presumably helping birds to avoid structural damage while 
feeding. Finally, the trabecular organization of the beak in Darwin’s finches appears most variable 
in regions involved most in food manipulation, with the density of trabuculae in the beak mirroring 
loading regimes imposed by different feeding habits and beak use in this clade. These results 
support the hypothesis that beak size, shape, and structure have evolved together to avoid feeding-
induced fracture. 
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1 Introduction 

Birds are an ecologically diverse and species-rich group of terrestrial vertebrates that have radiated 
extensively into a variety of habitats (Farner et al., 1971; McLelland, 1979; Mayaud, 1950; Raikow 
and Bledsoe, 2000). Bird beaks are equally diverse, and in many species the diversity in beak size 
and shape appears to be correlated with feeding habits (Newton and Gadow, 1896; Bowman, 
1961; Pimm and Pimm, 1982; Grant, 1999). Amongst birds, specializations to feeding on hard seeds 
are common and many species that feed on hard seeds typically have beaks that are both deep 
and broad, suggesting that the shape of the beak plays an important role in allowing birds to crack 
hard seeds. Yet, the ability to crack hard seeds depends primarily on bird’s ability to generate high 
bite forces, via jaw muscles, so that the beak is perhaps best considered a structure shaped by 
selection fracture avoidance (Herrel et al., 2005 b, 2010; Soons et al., 2010). The evolution of high 
bite force capacity has originated independently in many radiations of birds specialized in the 
cracking of hard seeds (Thomson, 1923; Mayaud, 1950; van der Meij and Bout, 2004; Herrel et al., 
2005 a, b).  

One of the best studied examples of an adaptive radiation in feeding form and function are 
Darwin’s finches of the Galápagos and Cocos Islands. Darwin’s finches are traditionally classified 
into three groups according to their feeding habits and beak morphology (Bowman, 1961; Grant, 
1986): (1) the crushers with deep, broad beaks (ground finches: Geospiza magnirostris, G. fortis, G. 
fuliginosa, G. conirostris), (2) the probers with long, narrow beaks (Certhidea olivacea, Pinaroloxias 
inornata, Cactospiza pallida, Ca. heliobates, Geospiza scandens) and (3) the tip-biters with curved 
upper and lower beaks (tree finches: Camarhynchus parvulus, Cam. pauper, Cam. psittacula). 
Geospiza difficilis and Platyspiza crassirostris are more difficult to assign to any one of these 
groups. Geospiza difficilis has a beak which is deep at its base but is also fairly straight and thus 
falls between groups (1) and (2). Platyspiza crassirostris combines characteristics from groups (2) 
and (3) and uses the entire length of its beak for biting (Bowman, 1961). Surprisingly, and despite 
the fact that these finches are some of the best studied cases of adaptive differentiation of 
morphology in relation to diet, virtually nothing is known about fine-scale morphological 
adaptations and functional specializations associated with the evolution of their ability to crack 
hard seeds (but see Bowman, 1961; Herrel et al., 2005 a, b, 2010; Soons et al., 2010). The 
protected status and restrictions associated with obtaining living or even fresh, dead specimens of 
Darwin’s finches have complicated functional morphological studies.  

To explore the fracture-avoidance hypothesis (Bowman, 1961; Herrel et al., 2005 a, b; Soons et al., 
2010), researchers have used mechanical models, including Finite Element models, to predict how 
different beak morphologies in seed-eating birds should be able to withstand reaction forces 
generated on the beak during biting (Soons et al., 2010; Rayfield, 2011). Although these models 
offer a good first approximation of how beaks may respond functionally to loads imposed by seed-
crushing or pecking, current models are hampered by two major limitations: a lack of data on how 
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the keratinous rhamphotheca (horny beak) contributes to beak strength, and a lack of data about 
the organization of the bony beak’s internal trabecular structure. Realistic models, representative 
of actual feeding behavior in vivo, will require attention to the rhamphotheca, the cellular interface 
between the horny and bony beak, and the organization of the trabeculae. Moreover, striking 
variation in the structure and dimensions of the rhamphotheca relative to the underlying bone can 
be observed in different species of seed-cracking birds (pers. obs.), consistent with a potentially 
evolved role of the keratinous rhamphotheca in stress dissipation during biting.  

Yet, the histological organization of the rhamphotheca, the bony beak and the cellular interface 
between these two, remains, to our knowledge, poorly known and has been described only by 
Lucas and Stettenheim (1972), Spearmann (1973), and Stettenheim (1972, 2000), for domestic fowl 
with some brief observations on other birds. These studies show that the rhamphotheca is a thick, 
modified integument that covers the underlying bone. It is hard and heavily cornified in most birds. 
The epidermis is thick and composed of beta-keratin-producing cells. The dermis, by contrast, is 
thin and binds the keratinized epidermis to the bone (Spearmann, 1973; Stettenheim, 2000). The 
organization of the trabecular structure of the bony beak has been described for only a few species 
including the toucan, the hornbill (Seki et al., 2005) and the crow (Bock, 1966). 

Here we explore fine-scale structure and organization of the rhamphotheca, the bony beak and the 
cellular interface between the two, with particular attention to how this structure and organization 
may enable birds to withstand the strains imposed on the beak by biting. We predict distinct tissue 
organization in those beak regions that endure the highest strains (see Herrel et al., 2010; Soons et 
al., 2010), and also expect variation in the trabecular organization of the bony beak among the 
different species of Darwin’s finches that mirrors variation in how these birds use their beaks. We 
begin with a detailed description of the histological and structural organization of the 
rhamphotheca, the bony beak and the cellular interface in the Java finch (Padda oryzivora), a 
passeriform bird that has been suggested as a suitable model for understanding adaptations to 
seed cracking (Chapter 5). We then describe, in both Java and Darwin’s finches, structure and 
variation in the trabecular structure of the bony beak. 
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2 Material and methods 

2.1 Specimens 

Eight specimens of the Java finch (Padda oryzivora) were used in this study. The Padda oryzivora 
specimens were obtained from commercial suppliers and euthanized by a veterinarian of the 
Faculty of Veterinary Medicine at Ghent University. Six specimens were preserved in a 10 % 
aqueous formaldehyde solution for four weeks. One specimen was preserved in Bouin fixative for 
four weeks. Small parts of the beak of the final specimen were transferred to a Karnovsky medium 
(2 % paraformaldehyde, 2.5 % glutaraldehyde and 0.5 % CaCl2

Data on the trabecular organization of the beak were obtained for eleven species of Darwin’s 
finches. Representative specimens of six species (Camarhynchus parvulus, Certhidea olivacea, 
Geospiza fortis, G. fuliginosa, G. scandens and Platyspiza crassirostris) were road-killed birds 
collected during February-March of 2005 and 2006 on Santa Cruz Island, Galapagos. A stretch of 
road of approximately 5 km was walked continuously every day between sunrise and 1 pm, and all 
road killed birds that showed no obvious external damage to the head were collected. Specimens 
were preserved in a 10 % aqueous formaldehyde solution for 24 hours, rinsed and transferred to a 
70 % aqueous ethanol solution. These specimens were collected under a salvage permit from the 
Galápagos National Park Service. The other five Darwin’s finch species (Cactospiza pallida 
(MCZ65744), Camarhynchus psittacula (MCZ65738), Geospiza difficilis (MCZ39828), G. magnirostris 
(MCZ112397) and Pineraloxias inornata (MCZ157930)) were obtained from the collections of the 
Museum of Comparative Zoology (Harvard University). 

 in 0.134 M sodium cacodylate 
buffer) immediately after sacrificing the specimen. These latter samples were stored in the 
refrigerator (4°C) for one day. 

2.2 Histological sections 

For all specimens of Java finches, histological cross sections throughout the beak were made by 
embedding either parts of the beak, a whole beak, or the head. Several embedding media were 
tested as sectioning of heavily cornified and keratinized tissues proved to be challenging. The 
embedding media tested were Technovit 7100, Paraffin, Epon and Spurr. For the first three 
embedding media, specimens were first rinsed with tap water, decalcified with Osteomoll (Merck 
Cat. No. 1.01736), rinsed again with tap water, dehydrated in a graded (30, 50, 70 and 96 %) 
ethanol solution and transferred to Technovit 7100 (Heraeus Kulzer Wehrheim, Germany), Paraffin 
(Merk, 9025) or Epon (Fluka, 45359). The small parts of the beak fixed with Karnovsky medium 
were rinsed with 0.134 M sodium cacodylate buffer for eight hours, decalcified with Osteomoll and 
rinsed again with the 0.134 M sodium cacodylate buffer. Post-fixation took place overnight in 
reduced osmium, a mixture of 1 ml OsO4 (4 %), 3 ml Na cacodylaat (0.134 M) and 66 mg K3Fe(CN)6. 
After rinsing with double distilled water, the parts were dehydrated in 50, 70, 96 % and absolute 
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ethanol, to which CuSO4

Histological sections of the specimens embedded in Technovit 7100 were made on a POLYCUT 
Leica SM2500 microtome equipped with a wolfram carbide knife. The paraffin, Epon and Spurr 
embedded specimens were cut with a MICROM HM360 microtome equipped with disposable 
microtome blades (Superlab) (Paraffin) and diamond knives (Epon and Spurr). All sections were cut 
at a thickness of 2 µm, stained with toluidin blue, mounted with a xylene based mounting medium 
and covered. 

 bars were added to remove any remaining water. The specimens were 
then transferred to Spurr (no 1969). 

The histological sections were examined using an Olympus SZX9 stereomicroscope, on which a 
ColorVieuw 8 digital camera was mounted. 

2.3 CT-scanning and 3D-reconstruction 

All salvaged road-killed specimens were scanned at the UGCT scanning facility at Ghent University 
(www.ugct.ugent.be). Reconstruction of the tomographic projection data was done using the in-
house developed Octopus-package (Vlassenbroeck et al., 2007). The specimens obtained from the 
Museum of Comparative Zoology were scanned at the Harvard CNS facility. Reconstruction of the 
tomographic projections was done using CTPro (Metris).  

The CT-data were loaded into Amira 5.2.2 (64-bit version, Computer Systems Mercury) where the 
data was first reoriented along the x-, y- and z-axes so that all specimens are oriented along the 
same axes. The bony beak structures were then segmented semi-automatically based on grey scale 
values of the voxels, with manual corrections to remove noise. Surface and volume rendering were 
also performed in Amira 5.2.2. 

 

3 Results 

3.1 Epidermis 

The epidermis is a thick, stratified squamous epithelium made up of multiple layers of cells. Its 
thickness varies depending on the location on the beak. Three regions can be distinguished: the 
dorsal and lateral surface, the lateral sharp edge (tomial edge) of the beak, and the horny palate.  

The epidermis at the dorsal and lateral surface has more or less the same organization, comprising 
a stratum basale, stratum spinosum, stratum transitivum and stratum corneum (Figs. 6.1 A-F). The 
stratum basale consists of a single layer of columnar cells, between which interdigitations (Figs. 6.1 
A, D, F) of the dermis can be found. Several cells show projections into the dermis. The stratum 
spinosum (Figs. 6.1 A, D, E) consists of four to six layers of cells which are characterized by the 

http://www.ugct.ugent.be/�
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clearly visible spinae (Fig. 6.1 E) of adjacent cells. The subsequent stratum transitivum (Figs. 6.1 A-
D) consists of multiple cell layers with cells that are getting flatter as they move towards the outer 
surface. The outer layer of the epidermis is the keratinous stratum corneum (Figs. 6.1 A-D) with 
very flat and dead cells without a nucleus. They lie next to and on top of each other like thin 
filaments that have been compressed (Fig. 6.1 B). This stratum corneum is thicker than the other 
three layers together and broadens towards the tomial edge (Fig. 6.1 G). Moving from the caudal 
part of the beak to its tip, the living part largely maintains its thickness, although the cells of the 
stratum spinosum and transitivum are somewhat more compressed at the level of the nares. The 
cells of the stratum transitivum and spinosum are orientated parallel with the surface of the 
rhamphotheca (Fig. 6.1 K) instead of in line with the cells of the stratum basale. This becomes 
clearer towards the tip of the beak.  The lifeless stratum corneum is relatively thicker at the tip of 
the beak. The tip of the outer beak is made up of only cells of the stratum corneum. 

The tomial edges (Fig. 6.1 G) are characterized by a very thick epidermal layer, which consist 
almost completely of keratinized and cornified cells of the stratum corneum. The cells of the 
stratum corneum are round except at the dorsal and lateral side of the tomial edge.  At those 
points the cells change their shape and become flat cells typical of the lateral aspect of the beak 
(Fig. 6.1 I). In the center of the stratum corneum of the tomial edge round packets of uncornified 
cells can be found (Figs. 6.1 G, H, 6.2 G-I). These are probably cells from the stratum basale that 
surround projections of the dermis into the tomial edge. 

The epidermis of the horny palate (Fig. 6.1 J) is very thick (two to three times the thickness of the 
lateral and dorsal surface) and characterized by a well developed relief with ridges and grooves. 
The strata basale, spinosum and transitivum in this region have the same thickness as in the lateral 
and dorsal aspect of the beak. However, the thickness of the stratum corneum of the horny palate 
is much greater. The cells of the stratum basale are broader than those at the lateral aspect of the 
beak and are organized in epidermal papillae (Fig. 6.1 L). These dermal papillae are larger at both 
the base and the tip of the beak. Sometimes a lamina basalis is distinguishable as a darker line 
between the epidermal cells and the dermis. The appearance of the cells of the stratum corneum 
changes from the base of the beak to its tip, with cells at the caudal most point of the beak being 
very flat. Just anterior the nares, the cells of the stratum corneum are rounder, even at the surface. 
Going more rostrally, the cells again become more flattened. The grooves and ridges are visible 
only in the stratum corneum. At some places the organization of the horny palate is also visible in 
the stratum transitivum as an accumulation of cells at the ridges or a decrease in the number of 
cells in the grooves (Fig. 6.1 J).  
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Figure 6.1: Digital pictures of 
histological sections of the epidermis 
of the upper beak. A: dorsal aspect of 
the upper beak; B, C, E, F, K: detail of 
lateral aspect of the upper beak; D: 
lateral aspect of the upper beak; G: 
tomial edge; H, I: detail of tomial 
edge; J: ventral aspect of the upper 
beak; L: detail of ventral aspect of the 
upper beak. (list of abbreviations, see 
Appendix 2)  
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3.2 Dermis  

The dermis consists of a single layer of dense irregular connective tissue in which blood vessels, 
mechanoreceptors and nerves can be found. The presence of these elements depends on the 
region of the beak dermis considered. Four regions can be distinguished: the dorsal aspect, the 
lateral aspect, the tomial edge and the palate. At the dorsal face of the upper beak (Fig. 6.2 A), the 
dermis contains numerous large blood vessels (Figs. 6.2 A, B), often running through the entire 
thickness of the dermis. The dermis in this area also contains a few small nerve bundles (Fig. 6.2 A). 
The large blood vessels become much smaller when moving more laterally through the beak. 
Additionally, when going from caudal to rostral the blood vessels become smaller and less 
numerous. The blood vessels found at the lateral aspect of the beak are generally smaller, less 
abundant and lie on the epidermic side (Figs. 6.2 D, C). The dermis of the lateral aspect of the beak 
(Fig. 6.2 D) is characterized by mechanoreceptors together with a larger number of nerve bundles, 
which have a larger diameter then those of the dorsal aspect of the beak. The mechanoreceptors 
are Herbst corpuscles that are visible as large corpuscles with a central axon surrounded by nuclei 
of Schwann cells and a concentric network of collagen fibers (Figs. 6.2 D, F). The nerve bundles and 
Herbst corpuscles are situated close to the bone (Figs. 6.2 D, C). The Herbst corpuscles can be 
found at the entire lateral aspect of the beak, but are absent from the tip in front of the bone. At 
the level of the tomial edge, projections of the dermis run into the epidermis (Figs. 6.2 G-I, 6.1 G, 
H). Possibly, these projections are connected to the small round packets with uncornified cells in 
the stratum corneum of the tomial edge, described above. However, this cannot be verified based 
on our histological sections. The dermis of the palate (Fig. 6.2 J) is thinner and Herbst corpuscles, 
nerves and blood vessels are scarce. Only medially, several Herbst corpuscles, large bundles of 
nerves and large arteries (Fig. 6.2 K) and veins can be observed.   

In addition to the presence of sensory and vascular elements, the dermis of the beak is 
characterized by distinct, dense bundles of collagen fibers. These bundles are very abundant near 
the base of the beak (at the level of and just anterior to the nares) on both the lateral and dorsal 
aspect of the beak. The collagen bundles become less abundant and their thickness diminishes 
more rostrally in the beak. At the lateral and dorsal aspect of the base of the beak, these bundles 
lie in close contact with the bone and regularly penetrate it as Sharpey’s fibers (Fig. 6.2 D, E). These 
penetrations are mostly associated with small protrusions of the bone. Most of the bundles are 
oriented dorsally away from the bone. In the dermis of the palate of the beak, the collagen fibers 
are thinner and oriented more horizontally (Fig. 6.2 L).  
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Figure 6.2: Digital pictures of 
histological sections of the dermis of 
the upper beak. A: dorsal aspect of the 
upper beak; B: detail of dorsal aspect 
of the upper beak; D: lateral aspect of 
the upper beak; C, E, F: detail of lateral 
aspect of the upper beak; G: tomial 
edge; H, I: detail of tomial edge; J: 
ventral aspect of the upper beak; K, L: 
detail of ventral aspect of the upper 
beak. (list of abbreviations, see 
Appendix 2) 
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3.3 Bone 

The praemaxillary bone is situated in the center of the beak. It consists of a thick outer bony shell 
filled with numerous bony, pillar-shaped trabeculae, in a foam-like structure. On its outer surface, 
the bone shows small protrusions in which collagen fibers penetrate. These protrusions are mostly 
found in the region just anterior to the nares and especially on the lateral aspect of the bony beak. 
The spaces between the trabeculae are occupied by adipose tissue. The trabeculae also surround 
several canals through the bone in which blood vessels and nerve bundles run.  

The organization of the internal trabeculae and their thickness differs from species to species. In P. 
oryzivora (Fig. 6.3) the upper beak is filled with numerous, fine trabeculae just anterior to the nares 
(Fig. 6.3 F). Additionally, the tip of the beak is also filled with slender trabeculae (Fig. 6.3 B). In the 
middle portion of the beak, only the lateral sides of the beak show small trabeculae (Figs. 6.3 E, F). 
The center is an open space with only a couple of larger and thicker vertically oriented trabeculae 
present.  

Based on the organization and structure of the trabeculae in the upper beak, just anterior to the 
nares, the Darwin’s finches can be divided into three major groups (Figs. 6.4, 6.5; moving 
counterclockwise from the top): (1) In the first group a medial zone is observed where trabeculae 
are concentrated, and comprises Geospiza magnirostris, G. fortis, G. fuliginosa; (2) The second 
group is characterized by two more lateral zones with more intense trabeculation (left and right 
side of the beak) and a large cavity in the center of the middle third of the beak, and is composed 
of Geospiza scandens, G. difficilis, Pinaroloxias inornata, Certhidea olivacea; (3) The third group is 
characterized by thin and seemingly unorganized trabeculae with the entire tip of the beak filled by 
small trabeculae. This third group comprises Camarhynchus psittacula, C. parvulus, Cactospiza 
pallida. 

For the first group, concentration of trabeculae in this medial zone is broadest and densest in G. 
magnirostris and occupies almost the entire width of the bony beak. The trabeculae in G. fortis 
tend to fuse with one another, thereby forming a kind of central bony plate. In G. fuliginosa, only a 
few large trabeculae are situated medially in the beak. The other two thirds of the beak of G. 
fuliginosa are characterized by a central open space. Only in the outermost lateral corners of the 
beak and the very tip, can trabeculae be found. This central open space is smaller in G. fortis and is 
almost absent in G. magnirostris, where nearly the entire beak is filled with trabeculae. 
Interestingly, in this group the trabeculae within the mediosagittal plane diverge

 

 in the region 
anterior to the fusion of the os palatinum with the os praemaxillare (Fig. 6.4 B). 
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Figure 6.3: Organization of the trabeculae inside the upper beak bone of the Padda oryzivora. A: lateral view with the 
position of the cross-sections indicated by the red lines; B-F: caudal view of the cross-sections through the upper beak; G: 
sagittal cross-section through the upper beak. 
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Figure 6.4: Organization of the trabeculae in the three groups of Darwin’s finches, showing: A: the region just anterior to 
the nares (cross-section D in Fig. 6.3) with indication of the zones of concentrated trabeculation in orange, B: the 
midsagittal plane. Note the diverging trabeculae at the point where the os palatinum fuses with the upper beak in G. 
magnirostris, indicated with an arrow. 

 

In the second group, the lateral zones of denser trabeculation, just anterior to the nares, range 
from being composed of several small trabeculae in G. scandens to one thick trabecula on each 
side as in C. olivacea. The tip of the beak in these species is filled with trabeculae of which the 
abundance diminishes going from G. scandens to C. olivacea (in the above mentioned sequence). 
Central in the beak a hollow space is situated, which stretches to the dorsal surface of the bony 
shell, such that only the ventral side and the lateral corners show small trabeculae. 

The third group comprises species of which the beaks are completely filled with seemingly 
unorganized trabeculae just anterior to the nares. The trabeculae are numerous and fine in C. 
psittacula but larger and less numerous in C. pallida. The tips of these beaks are also filled with 
numerous small trabeculae. The middle third of the beak is hollow centrally, with only small 
trabeculae on the dorsal side and the lateral corners of the beak being present. In C. pallida this 
central cavity is largest as it reaches the dorsal side of the beak, although a couple of large 
trabeculae do cross this space. 
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The organization of the trabeculae in the beak of P. crassirostris cannot be placed in either of the 
above mentioned groups. It resembles that of G. magnirostris at the point just anterior to the 
nares, but resembles that of the Camarhynchus species in the organization of the trabeculae in the 
tip. 

 

Figure 6.5: The beaks of the Darwin’s finches, demonstrating the variation in beak shape and corresponding variation in 
trabecular organization. The trabecular organization of the region just anterior to the nares is shown (cross-section D in 
Fig. 6.3) (feeding habits based on Bowman, 1961). 
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4 Discussion 

4.1 Beak tissue organization and mechanical stress resistance 

Our results accord closely with previously published data (Lucas and Stettenheim, 1972; Sawyer et 
al., 1986; Bragulla and Homberger, 2009) in suggesting that the upper beak contains four distinct 
layers: (1) the dead, strongly keratinized outer layer (stratum corneum), (2) the living rest of the 
epidermis (strata transitivum, spinosum (stratum intermedium in Lucas and Stettenheim (1972) 
and Sawyer et al., 1986) and basale), (3) the dermis and (4) the bone. In Padda oryzivora, each 
layer has specific characteristics that are particularly interesting in the context of potential 
adaptations to the dissipation of mechanical stress. The flake-like cells of the thick stratum 
corneum probably form a strong unit as the cytoplasm of these cells is filled with coarse bundles of 

keratin filaments (consisting of the hard avian β-keratins) and the intercellular matrix is filled with 
cementing substances (Bloom and Fawcett, 1994; Sawyer et al., 2000; Alibradi, 2009). This 
organization of hard elements (such as calcium (Spearmann, 1973; Bragulla and Homberger, 2009) 
and pigments (Alibardi, 2010) gives the stratum corneum its resistance to abrasion (Bonser and 
Witter, 1993; Seki et al., 2005). The cells of the underlying cell layers of the strata transitivum, 
spinosum and basale contain keratin filaments in their cytoplasm, which may allow these cells to 
withstand mechanical stress, maintain their structural integrity, ensure mechanical resilience, and 
provide protection against variations in hydrostatic pressure (Bragulla and Homberger, 2009). In 
addition to the strengthening resulting from the specific material properties, at the cellular level, 
the tissue organization shows similar adaptations. For example, on the dorsal and lateral aspect of 
the beak of P. oryzivora, the cells of the stratum basale interdigitate with the dermis. The cells of 
the epidermis of the horny palate are also connected with the dermis, although here the cells of 
the stratum basale are organized in epidermal papillae. In this way, the epidermis and dermis form 
a tight dermo-epidermal junction. Furthermore, the dermis also shows a strong interaction with 
the bone as large, dense bundles of collagen fibers make direct contact with the bone of the beak. 
Several bundles penetrate deep into the bone and can be recognized as Sharpey’s fibers 
(Francillon-Vieillot et al., 1990), anchoring the dermis to the bone. The abundance of the collagen 
fibers in the dermis in P. oryzivora likely gives it visco-elastic properties with limited extension 
capacities, as collagen fibers are only able to compress but not to stretch (Wainwright et al., 1976). 
The point to which the dermis can be stretched likely depends on the orientation and length of the 
collagen fibers.   
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Observed cell orientation in the epidermis of P. oryzivora may also reflect adaptations to differing 
levels of mechanical stress. As seed-eating birds crack seeds unilaterally, in the groove between 
the tomial edge and the lateral rim of the palate (van der Meij and Bout, 2006), the rhamphotheca 
is expected to experience a torque around the bony core, which should in turn impose shear stress 
at the interface between the bone and the epidermal cells. More specifically, because the forces 
induced by cracking a seed are oriented perpendicular to the horny palate at the place where the 
seed is cracked (van der Meij and Bout, 2006), shear forces should be expected most directly at the 
lateral aspect of the beak. By contrast,

The high density of Herbst corpuscles in the dermis is striking. Previously it had been suggested 
that their function is related to touch, pressure or vibrational stimuli (Mayaud, 1950; Portmann, 
1950; Stettenheim, 1972), or as Malinovsky (1998) states, with detecting acceleration components 
associated with mechanical stimuli. Yet, the exact function remains unknown to this date. The 
frequent occurrence of these corpuscles in the dermis of P. oryzivora, especially on the lateral 
aspect of the beak, suggests to us that they provide a feedback system that allows birds to detect 
stress in the dermis and to modulate biting force in order to minimize tissue damage. Such a 
feedback system has been suggested for mammals, where periodontal receptors encode 
information on the orientation, magnitude, rate, and position of loads applied to the teeth (Ross et 
al., 2007; Herrel et al., 2008). As teeth are absent in birds, other receptors are probably responsible 
for this feedback information. These corpuscles seem to be less abundant in the beak of the 
chickens described by Lucas and Stettenheim (1972), but can be very abundant at the tips of the 
beaks other birds including sandpipers (Piersma et al., 1998; Nebel et al., 2005) and Ibises 
(Cunningham et al., 2010) where they are thought to function in prey detection using remote 

 the ventral aspect of the beak is expected to have to cope 
with compression stress. Our data shows that the epidermal cells (that again likely have to cope 
with shear forces) are flat and positioned with their long axis in line with the direction of shear. In 
contrast, cells of the horny palate are more rounded, making them likely better suited to cope with 
compressive stresses. Moreover, as mentioned above, the different elements and layers of the 
beak are firmly anchored to one another. In the dermis at the lateral face of the beak a good 
anchoring of the rhamphotheca and underlying cellular interface to the bone will be important in 
resisting the expected shear. It is thus not surprising that there is an abundance of collagen fibers 
of the dermis at the lateral and dorsal aspect of the beak penetrating the periosteum and 
dispersing into the bone. This is in contrast to the horizontally oriented collagen fibers visible at the 
ventral aspect of the beak, which only occasionally penetrate the periosteum. The finite element 
models of Soons et al. (2010) suggest that the stresses in the upper beak induced by unilateral 
cracking a seed at the base of the beak are highest at the dorsal and lateral side of the beak at the 
level of the nares and lowest at the tip of the beak. These data accord well with our observations 
here of the organization of the rhamphotheca, the bony beak and the cellular interface. However, 
as these FEM models include only the bony upper beak, it remains unclear how stresses are 
dissipated across the rhamphotheca and cellular interface. 
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touch. In these species the corpuscles are always found close to the bone or even in small pits in 
the bone, but at the tip of the beak, rather than at the lateral aspect of the beak as observed here 
for P. oryzivora. Variation among species in density and location of Herbst corpuscles thus provides 
tentative support for a proprioceptive function during feeding.  

4.2 Trabecular organization of the bony beak 

Consistent with our predictions, the foam-like organization of the trabeculae varies among species 
in a manner that mirrors variation in their feeding habits. The first group, containing Geospiza 
magnirostris, G. fortis and G. fuliginosa, typically crush seeds at the base of the beak (Bowman, 
1961). The presence of a medial zone with denser concentration of trabeculae at the base of the 
beak is thus not surprising and likely strengthens the beak. Also the diverging trabeculae anterior 
to the fusion of the os palatinum with the os praemaxillare is not surprising in this group, as it is 
this region that has to encounter large tensile forces, as strong bite forces, generated by the 
pterygoid and retractor palatini muscles, are transferred to the beak through the os palatinum 
during seed cracking (Bowman, 1961; Herrel et al., 2010; Soons et al., 2010; Genbrugge et al., 
subm). Representatives of the second group, containing Geospiza scandens, G. difficilis, 
Pinaroloxias inornata, Certhidea olivacea, mostly use their beak to probe flowers, foliage, fruits 
and woody tissues (Bowman, 1961; Grant, 1986). Here, the trabeculae are concentrated laterally at 
the base of the beak and in the tip, while the middle third of the beak is for the largest part hollow. 
In Geospiza scandens and G. difficilis the lateral zones of denser trabeculation are broader and 
denser than in the other members of this group. This can probably be related to the fact that these 
finches use their beak for probing as well as crushing (Bowman, 1961; Grant, 1986). The members 
of the third group, Camarhynchus psittacula, C. parvulus, Cactospiza pallida, are known to use the 
tip of their beaks to manipulate insects or to handle tools, such as needles and small twigs 
(Bowman, 1961; Grant, 1986). The trabeculae are seemingly randomly organized at the base of the 
beak but their tip is completely filled with trabeculae, probably corresponding to feeding habits for 
which the tip of the beak is most important. Our results suggest that the regions used most 
prominently during food manipulation are most variable. This is, however, not surprising as the 
density of trabeculae is often highest in those regions enduring the highest strains (Meyers et al., 
2008). 

The organization of the trabeculae in the species studied here differs notably from that recently 
described for the toucan (Ramphastidae) and the hornbill (Bucerotidae) (Seki et al., 2005; Meyers 
et al., 2008). Inside the bony shell of the beak of the latter species, trabeculae are observed but 
remain seemingly unorganized and the center of the bony core is hollow. Although a hollow space 
can also be observed in the species studied here, it is smaller and almost lacking in G. magnirostris 
and P. crassirostris. In the toucan and hornbill this hollow cavity is thought to function to make the 
beak lighter (Seki et al., 2005).  
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The three groups of the Darwin’s finches, as defined by the trabecular organization of the beak 
(see Fig. 6.5), resemble the functional groups suggested by Bowman (1961) and Grant (1986) based 
on their feeding habits and external beak morphology. However, G. difficilis in our analysis falls out 
in a group together with G. scandens, Pinaroloxias inornata and Certhidea olivacea, as the 
trabecularity at the base of the beak is similar and characterized by a lateral concentration of 
trabeculae on each side of the beak. Based on the external beak morphology and feeding habits, 
this species was placed between the crushing-group and probing group by Grant (1986). Grant 
(1986) also placed Cactospiza pallida in the probing group. However, based on the trabecular 
organization of the beak we group it together with Camarhynchus psittacula and Camarhynchus 
parvulus.  

 

4.3 Conclusion 

Our main conclusion is that the microstructure of finch beaks varies among species in a manner 
that enables birds to avoid fracture, and mirrors variation in beak size, shape, and feeding style. 
Analysis of Java finches confirm that the rhamphotheca is composed of four main layers: a 
cornified, dead outer layer, a keratinizing living layer (together forming the epidermis), a layer with 
connective tissue (the dermis), and the bony beak filled with trabeculae and bone marrow. We find 
that all layers are firmly connected to each other by collagen fibers and tissue interdigitations; that 
the cells of the epidermis of the lateral and dorsal aspects of the beak are flat and show an 
orientation in line with the axis of principal stress; that the cells of the horny palate are round and 
may be better suited to cope with compressive stresses; and that the dermis contains large 
collagen bundles, several of which penetrate the bone, thus anchoring the dermis. In Java and 
Darwin’s finches, the bony beak is filled with trabeculae that vary widely in organization among 
species and is, to a large extent, consistent with previously described feeding habits and beak use.  
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1  General discussion 

This thesis deals with beak shape variation in birds in relation to their ability to crack seeds. In this 
chapter the results of this thesis will be discussed.  

Three-dimensional geometric morphometrics has shown to be an excellent method for analyzing 
shape variation, as it not only relies on landmarks but it also incorporates profile curves and 
curvature of the entire shape of the beak in 3D by adding a series of semi-landmarks. By using this 
method, we observed similar forms in different lineages of birds that are exposed to the same 
selective pressure, i.e. the cracking of seeds. As such, we can speak of a convergent evolution of 
the upper beak shape in the birds used in this study, towards a common, likely most suited beak 
shape for cracking seeds. It is known that the mechanical properties of food affect the shape of the 
food preparation surfaces during development and growth (Smith KK, 1993). Moreover, bone is 
shaped by the mechanical stresses it is expose to (Carter and Baupré, 2001). As such, the beaks of 
birds that feed on food items with similar mechanical properties are exposes to similar forces 
during feeding. The upper beak is thus likely to be shaped, at least partially (see below), by the 
mechanical forces (bite forces, food reaction forces) generated during feeding and so, when 
exposed to similar mechanical forces, a similar shape can be expected. 

More than 50 % of the variation in upper beak shape can be explained by shape variation involving 
an increase in beak depth and width. Species that eat though or hard food items have deep and 
wide beaks, while species that feed on soft food or probe have long, narrow beaks. In addition, a 
neighbor-joining distance tree showed that three morhpotypes can be distinguished with the first 
being characterized by deep, wide beaks, whereas long and narrow beaks are characteristic for the 
second morphotype.  The yellow-faced grassquit (T. olivaceus) forms the third morphotype. As the 
Darwin’s finches are spread over the two groups, which also contain species of other lineages of 
birds, it becomes clear that variation in shape is decoupled, at least partially, from phylogeny. This 
is only partial, as the phylogenetic background of a species is likely associated with certain 
constraints. As such, we see that the zebra finch (T. guttata) and the Java finch (P. oryzivora) 
cluster together, as well as the two morphs of African seedcrackers. Moreover, the African 
seedcrackers are somewhat separated from the other seed cracking species (clearly separated by 
the second axis of the PCA analysis), which may be due to constraints imposed by phylogeny so 
that a slightly different solution has evolved for the same problem.  

Developmental studies have discovered pathways that have been suggested to determine beak 
shape in birds (Wu et al., 2004, 2006; Abzhanov et al., 2004, 2006; Mallarino et al., 2011). 
Moreover, the shape of bony elements is thought to be formed not only under genetic control, but 
also through biomechanical processes involving mechanotransduction pathways (‘epigenetically’) 
(Carter and Beaupré, 2001; Liem et al., 2001). Whereas, the developmental pathways will 
determine the skeletal patterning, epigenetic processes, such as the interaction between 
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developing tissues (e.g. bone and muscles) will determine the final shape of the element (Carter 
and Beaupré, 2001). In addition, stresses are needed for the bone to develop to its adult form. 
Strain in the bone determines the distribution of materials within the bone, its thickness and cross-
sectional shape, the size and shape of the processes, to which muscles attach, and the size and 
shape of articular facets (Liem et al., 2001). As only (some of) the developmental pathways for 
beak development have been studied in early embryonic stages (Abzhanov et al., 2004, 2006; 
Mallarino et al., 2011), the further development of the beak in Darwin’s finches, and birds in 
general, remains poorly known. Interestingly, whereas the beak is only one part of the whole skull, 
it is the only bony component that comes into contact with the food. Consequently, it has to resist 
the food reaction forces during feeding generated by the jaw muscles, which have their origins and 
insertion on the skull. The morphology and variation of the rest of the cranium is thus equally 
important, yet even less studied.  

The cranial ontogeny of the medium ground finch (Geospiza fortis), from embryo to adult, showed 
that two periods of rapid development during ontogeny can be distinguished. The first period is 
when the bird hatches and starts to swallow food offered by the parents. At that period all the 
beak bones have been formed and ossification of the braincase is ongoing. The second period is 
situated between nestling and juvenile, i.e. in fledglings. When leaving the nest, these birds start to 
eat actively by manipulating food on their own and practice their feeding habits (Grant and Grant, 
1980; Grant, 1981). At this stage, the skull is fully fused, cristae and processes are clearly visible 
and the elements of the skull are robust. This suggests a concerted development between skull and 
jaw muscles, as these changes are related to the strengthening of muscle attachment sites. That 
bone morphology is known to change in response to exercise and that growing bone is more 
sensitive to exercise than adult bone (Wainwright et al., 1976; Nigg and Herzog, 2007), supports 
our suggestion of an important role of jaw muscles in shaping final beak morphology. When jaw 
muscles contract, they pull on their attachments (Liem et al., 2001) which need to be 
strengthened. Moreover, Clabaut and co-workers (2009) suggested that the variation in shape of 
the skull partially depends on differences in the mechanotransduction from developing muscles to 
the developing bone. In our study the muscular ontogeny remains unknown. The musculature of 
the adult, however, was described in another chapter for the medium ground finch as well as for 
the Java finch. 

The comparison between the adult cranial morphology of the medium ground finch and that of the 
Java finch was necessary because a functional model is needed for the Darwin’s finches given their 
protected status. No major qualitative differences were observed in the morphology of these two 
species. Their cranial osteology is generally similar, but differences were observed in the processus 
coronoideus, the tuberculum pseudotemporalis and the processus transpalatinus. The changes in 
the position of the processus coronoideus and tuberculum pseudotemporalis, go hand in hand 
with differences in the attachment of the m. pseudotemporalis superficialis and the m. adductor 
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mandibulae externus profundus, resulting in a somewhat more rostrally positioned insertion of 
these two muscles. In general, the muscle mass is smaller and the cristae and processes are less 
prominent in the Java finch. When comparing the muscle mass of a variety of seed cracking species 
relative to their body mass, the Java finch was generally similar to other seed cracking birds. 
Surprisingly, this comparison showed that the muscle mass is unusually high in the medium ground 
finch relative to its body mass. Although our data suggest that the Java finch could be a suitable 
model for seed cracking birds, the medium ground finch appears unique. Further studies of these 
finches are thus needed to better understand the evolution of the feeding system and its ability to 
generate these unparalleled high bite forces relative to body mass as observed in the medium 
ground finch.  

As muscle mass is generally related to bite force, all else being equal (Herrel et al., 2008), the 
presence of the similarities and differences observed between the Java finch and the medium 
ground finch can probably be explained mechanically. Given that the medium ground finch shows 
an unusual amount of muscle mass for its body size, how does the beak withstand the forces 
associated with seed cracking to avoid fracture of the beak? The finite element analysis performed 
by Soons and co-workers (2010) (see appendix 1) informes us about the relation between beak 
shape and bite force. Analyses of the upper beaks of the ground finches (Geospiza) showed that 
across species the mechanical loading on the upper beak during feeding is similar, suggesting 
selection for fracture avoidance with beaks operating at similar safety factors. Moreover, when 
scaled to common size and loading of the medium ground finch, the deep and wide beaks showed 
to be better suited for dissipating stress and thus, have less chance on breaking during seed 
cracking than the more elongated beaks. This shows that, although the medium ground finch has a 
uniquely high muscle force, its beak is shaped to withstand the forces generated during the 
cracking of seeds. These models, however, have some limitations as the outer keratinous 
rhamphotheca is lacking as well as the cellular interface between the outer rhamphotheca and the 
bone. These layers each have different mechanical properties (Wainwright et al., 1976; Meyers et 
al., 2008) and are presumed to interact with the forces generated during feeding in a different 
way. In addition, they may reduce the strain transferred to the bone during feeding. Moreover, in 
these models the internal trabecular organization of the bone is greatly simplified, yet this may 
largely determine the strength of the spongy bone (Bock, 1966; Meyers et al., 2008). Integrating 
the trabecular organization, the keratinous rhamphoteca and the cellular interface between 
rhamphotheca and bone would provide a more accurate vision on the actual behavior of beaks 
under loading in vivo.  

However, the structure of the rhamphotheca, the cellular interface and the bone were poorly 
known, until now. One chapter of this thesis focuses on this subject and I demonstrated that the 
orientation and form of the cells of the epidermis of the Java finch suggest specializations to cope 
with the prevailing tensions induced by cracking seeds. Flat cells were observed on the lateral and 
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dorsal aspects of the beak and were oriented almost vertically, while the cells on the ventral aspect 
were rounded. This suggests that the cells of the lateral and dorsal aspect of the beak are more 
suited to withstand shear forces and are positioned in line with the direction of the stress. The 
round cells of the ventral aspect of the beak could then be better suited to cope with compression. 
Adaptations at the level of the transition from one tissue to another were also expected. The 
epidermis and dermis are intensively bound by very fine yet abundant interdigitations. These 
interdigitations were observed principally at the lateral and dorsal aspect of the beak, while along 
the ventral aspect larger interdigitations were found resembling papillae. Moreover, the dermis is 
anchored to the bone by Sharpey’s fibers, i.e. collagen bundles that penetrate the periosteum and 
even the bone. These Sharpey’s fibers are also oriented in line with the prevailing tensile stresses. 
All these characteristics in cell form and orientation and in the anchoring between tissues, suggest 
an important role of these tissues in dissipation of the stress induced by cracking seeds. The 
integration of these tissues in the finite element models will provide better insights in the 
relevance of these structures and their potential role in reducing and dissipating the stresses. 

In addition, Herbst corpuscles were observed in the dermis of the lateral aspect of the beak. These 
corpuscles were present in a striking abundance, comparing to what was observed by Lucas and 
Stettenheim (1972) in the chicken, suggesting a relation between the abundance of the corpuscles 
and the higher food reaction forces during seed cracking in contrast to swallowing seeds whole. As 
Herbst corpuscles are thought to be mechanoreceptors (Mayaud, 1950; Portmann, 1950; 
Stettenheim, 1972; Malinovsky, 1996), this could mean that they are involved in the perception of 
the amount of prevailing strain in the beak during feeding and suggests the presence of a feedback 
system that incites a reaction to avoid damage or fracture of the tissues when the strain rises. An 
alternative hypothesis would be that they could have a role in the neuronal feedback to optimally 
position the seed in the beak before cracking. 

The trabecular organization in the bony shell of the upper beak has also been studied in this thesis, 
not only in the Java finch, but also in different Darwin’s finches. The results reveal a striking 
relation between trabecular organization and feeding type, as the Darwin’s finches could be 
divided into three groups and one separate species, each with a characteristic trabecular 
organization. These groups match the feeding behavior of the species, showing more organized 
trabeculae in beaks that experience high stresses, such as during seed cracking. Organization of the 
trabeculae is largely lacking in beaks that experience lower stresses, corresponding to for example 
species probing flowers. This is not surprising as the trabecular organization in developing spongy 
bone starts with a random architecture, but remodeling of this trabecular organization occurs 
when stresses are applied, and the trabeculae form tracts that follow stress lines (Wainwright et 
al., 1976; Liem et al., 2001). Regions with high stresses will consequently have a denser trabecular 
organization and trabeculae will be organized in such a manner that strength is provided only 
where it is needed (Meyers et al., 2008). As such, the trabecular architecture is thought to reflect 
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the direction and amount of stress induced onto it. Moreover, changes in the amount of strain in 
the bone or its direction will activate a remodeling process in the bone, which will result in a 
reorientation of the trabeculae in the bone (Nigg and Herzogg, 2007). 

 

In general, I can conclude that the studies in this thesis concerning the upper beak show that this is 
a very rewarding study object, as mainly its external morphology has been studied and many new 
things can thus still be discovered. Bowman (1961) hypothesized that the beak of each Darwin’s 
finch is adapted to a specific diet, and many researches followed him in this hypothesis (Lack, 
1947; Grant, 1986). Although he thought that his detailed and extensive study confirmed this 
hypothesis, his study contained insufficient proof to accept that these modifications are indeed the 
result of adaptive evolution in relation to their way of feeding and not of something else.  

Although this thesis forms only the start of a very interesting research project concerning evolution 
of complex musculoskeletal systems and beak shape variation, it can already give some extra 
support to the hypothesis mentioned above. The variation and convergence observed in beak 
shape (Chapters 3 and 5) suggest that the shape of the upper beak is in fact related to the food 
properties and the feeding habits. This was also corroborated by the ontogenetic study (Chapter 
4), the histological study (Chapter 6) and the finite element analysis (Appendix 1). That species can 
be grouped based on the shape of their upper beak, mostly independent of phylogeny, and that 
these groups show a specific way of feeding, suggest that there is convergent evolution towards a 
likely better suited upper beak for each feeding type. Interestingly, in the ontogenetic study two 
periods could be coupled to an alteration in the use of the beaks and the feeding pattern of the 
birds. This suggests that not only the formation of the beak, but also that of the entire skull can be 
related to the feeding pattern of the bird. The histological study showed that cell form and 
orientation, and trabecular organization can be linked to the stress patterns induced by feeding (as 
shown by the finite element analysis). In addition, based on a finite element analysis, beaks are 
suggested to be formed to avoid fracture when feeding. Summarizing the findings of this thesis, it 
shows that the hypothesis that beak shape variation indeed exists as adaptation to different food 
resources is supported. However, the results are only the beginning of the strong quantitative 
support needed to accept this hypothesis, as many questions remain. Some of these questions are 
enumerated below, together with methods that may help to solve them. 
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2  Future directions 

Given the limited period during which this thesis-research had to be done, much work remains. 
Several aspects of what remains, shortcomings of the current data sets, and some of the most 
promising avenues for future research will be discussed in the following paragraphs. 

Although CT-data have been acquired for the entire head for at least some species, only the data 
on the bony upper beaks have been used extensively in this thesis. Not only were these data used 
to build Finite Element Models, in addition a comparative shape analysis was performed using 
geometric morphometrics. Involving the keratinous outer beak in the three-dimensional shape 
analysis should provide us with a more holistic view of the evolution of beak shape in granivorous 
birds as striking variation in the size and shape of the keratinous outer beak relative to the 
underlying bone can be observed in different species of seed cracking birds (Bowman, 1961; pers. 
obs.). Given that the keratin is thought to play an important role in stress dissipation in addition to 
its role in resisting abrasion (Bonser and Witter, 1993; Seki et al., 2005), this will likely affect the 
mechanical and structural integrity of the beak. Moreover, variation is also observed in the lower 
beak and the braincase, which remains as of yet unquantified. These parts were not incorporated 
in the geometric morphometric analysis presented in this thesis, due to time restriction for the 
reconstructions. Indeed, the time consuming nature of segmenting non-bony structures and the 
complexity of the three-dimensional geometric morphometric analysis in comparing entire skulls 
prevented us from doing so. However, comparing the lower jaw and braincase between the 
Darwin’s finches or between different seed cracking birds, can provide information about variation 
in muscle attachment sites and the reinforcements of the skull and lower jaw to resist the 
produced forces during feeding (bite forces and food reaction forces). Finally, an analysis including 
both upper and lower beaks would allow us to examine patterns of co-variation between 
structures (e.g. muscle vs. bone, lower vs. upper beak). Similarly, analyses on entire crania could 
provide novel insights in the role of modularity in the evolutionary adaptations associated with 
seed cracking in birds. 

Another subject that would provide a promising line of future research is that of the regional 
adaptations at the cellular and connective tissue level. These specializations are predicted to be 
related to species-specific patterns in stress distribution in the beaks. For example, hard seed 
crushing species are expected to show a more organized network of collagen fibers in the dermis 
layer that reflects tensile and shear forces acting between the rhamphotheca and the bone. 
Moreover, we expect that the cellular nature and organization of the epidermis is best suited to 
deal with stress transmission. As the number of Herbst corpuscles appeared to be remarkably high 
in the beak of the Java finch, in comparison to that in the chicken (Lucas and Stettenheim, 1972), 
inter-specific differences are also expected at the level of neuronal feedback during seed 
manipulation (for positional seed control) and crushing (for fracture avoidance). With the histology 
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of the beak of the Java finch as a baseline, a comparative study of the beak histology can be done 
as the cellular organization of the rhamphotheca of other seed cracking birds remains unknown. 
Moreover, it would be interesting to investigate the impact of the trabecular organization of the 
bony beak in relation to maximum loading regimes. By using Morpho+ (developed by the UGCT, 
Ghent University), the trabecular structure in beaks of seed cracking birds from different lineages 
could be visualized and analyzed in 3D. This information (histology and trabecular organization) 
could then be used to analyze the impact on load resistance and stress dissipation using realistic 
models for finite element analysis (Richmond et al., 2005). 

One of the hypotheses for this thesis was that the ontogenetic pattern of musculoskeletal 
transformations is expected to reflect the temporal pattern of function and mechanical resilience 
of the feeding apparatus in relation to food manipulation and reduction. Thus, a concerted 
development between the two elements of the musculoskeletal system (i.e. bone and muscle) can 
be expected when birds start to actively use their feeding apparatus (see Clabaut et al., 2009). 
However, in this thesis I could only hint at how the muscle development and cranial development 
may co-evolve as data on the morphology of the musculature during development were not yet 
available. Using histological sections and CT-scanning with phosphomolybdic acid (Metscher, 2009) 
or other counterstaining agents (Boistel et al., 2011), data on the development of soft tissues can 
be obtained. Moreover, by breeding Zebra finches and/or Java finches, ontogenetic series of other 
seed cracking birds can be obtained and a comparative study can be initiated. In addition, an 
ontogenetic series of the chicken would be useful given its position as a basal granivorous bird that 
pecks rather than cracks seeds, as well as being an intensely studied model organism. Comparison 
of the musculoskeletal development in different birds can provide insight in the key changes 
leading to the various cranial morphologies and beak types in birds, as seen for example in the 
Darwin's finch radiation. 

Once information on the bony structure of intact skulls (upper beak, as well as lower beak and 
braincase) and the associated musculature is available for several species more in depth 
mechanical analyses would become feasible using Multi-Body Dynamic Models (Curtis et al., 2008). 
These models provide a way to study and to visualize the dynamics of moving parts and how loads 
and forces are distributed throughout mechanical systems in silico. In addition, by introducing 
changes in the input forces, angles of these forces or in the attachment sites of the muscles, 
evolutionary changes in the cranial musculoskeletal configuration that may reflect adaptations to 
bite performance in hard seed crushers, can be tested in silico. 
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1  Summary 

Vertebrates are characterized by a great diversity in skull form, despite being derived from the 
same Bauplan. This diversity is linked to different functions associated with the skull, such as 
communication, protection of the brain and sensory organs, respiration, feeding, etc. The latter is 
probably one of the biggest sources of constraints on skull form and a driving force of skull 
diversity in vertebrates. The acquisition, manipulation and reduction of food expose the skull to 
forces generated by the jaw muscles and the reaction forces dependent on food properties and 
tooth structure and orientation. Vertebrates specialized in the eating of hard foods possess robust 
skulls, bearing large and heavy muscles and specialized teeth. The unique morphology of birds, 
however, is highly constrained by their flying lifestyle, which makes them an excellent model to 
test predictions about evolutionary processes such as convergence. Due to their ability to fly, they 
are likely limited in any evolutionary changes involving an increase in mass, including jaw systems 
capable of generating high bite forces. Yet, the evolution of powerfull biting capacities has 
occurred independently in many lineages of birds specialized in cracking hard seeds. Darwin’s 
finches and African seedcrackers are some of the best known seed cracking species, being textbook 
examples of adaptive differentiation of morphology to diet. Fourteen species of Darwin’s finches 
have radiated from a single common ancestor that settled in the Galapágos around 1-5 million 
years ago. In that - evolutionary short - time, fourteen species have evolved, each adapted to a 
different way of feeding. Their ecology, behavior and external morphology has been the subject of 
a great amount of detailed studies. Recent studies focused of the early development of the beak 
and the relationship between beak/head measurement and feeding performance. Yet despite the 
wealth of this information, little is known about morphological adaptations and functional 
specializations associated with the evolution of the ability to crack hard seeds in birds in general. 

The aim of this thesis is to gain insights into the co-evolutionary processes of structure and 
function in complex musculoskeletal systems. More specifically, this thesis focuses on four major 
hypotheses: (1) Convergence in beak shape between seed cracking birds of different lineages is 
expected, as they have to meet the similar mechanical requirements to crack hard seeds 
(generation of high bite forces, withstand high reaction forces). However, different solutions to the 
same problem may appear as beak shape may be constrained by phylogeny. (2) The ontogenetic 
pattern of musculoskeletal transformations is expected to reflect the temporal pattern of function 
and mechanical resilience of the feeding apparatus in relation to food manipulation and reduction. 
Two episodes of rapid development of the cranial skeleton are expected with the first period 
occurring when birds hatch and start to use their feeding apparatus, and a second when fledglings 
start to manipulate food on their own. Furthermore, we expect to find indications that a concerted 
development between the two components of the musculoskeletal system (i.e. bone and muscle) 
takes place, especially when birds start to actively use their feeding apparatus. (3) The Java finch is 
predicted to be a suitable model for seed cracking birds that can be used in experimental tests 
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needed to understand and quantify feeding performance in relation to seed selection. (4) The 
rhamphotheca, the cellular and connective tissue interface, and the trabecular organization of the 
bony beak are expected to show regional adaptations to encounter peak stresses during feeding. 
Thereby, the collagen fibers in the dermis layer are expected to be organized in a network that 
reflects tensile and shear forces acting between the rhamphotheca and the bone, as well a cellular 
organization in the epidermis is expected to deal with stress dissipation. Moreover, inter-specific 
differences in trabecular organization of the bony beak in correlation to beak use are expected to 
occur between Darwin’s finches.  

Eighteen different bird species (59 specimens), among which 11 species of Darwin’s finches 
(Camarhynchus parvulus, Certhidea olivacea, Geospiza fortis, G. fuliginosa, G. scandens and 
Platyspiza crassirostris, Cactospiza pallida, Camarhynchus psittacula, G. difficilis, G. magnirostris 
and Pinaroloxias inornata)  and an ontogenetic series of the medium ground finch (Geospiza fortis), 
were used in this thesis. Of all these specimens head and beak dimensions were measured and CT-
scans were made at the UGCT (Ghent), CNS (Harvard) or ESRF (Grenoble) scanning facilities. These 
data were transferred to the software program ‘Amira 5.2.2’, where three-dimensional models of 
the upper and lower beak of all birds, and the complete head of several of these birds, were 
reconstructed. Of the 3D-reconstruction of the upper beak of one specimen of each species a shell 
was created using the software program ‘Geomagic Studio 10’. In the software program ‘Landmark 
3.0’, curves, landmarks and semi-landmarks were placed onto this shell. Semi-landmarks were 
allowed to slide on curves or surfaces minimizing the bending energy of the thin plate splines using 
Edgewarp software. Next, warped landmarks were exported to the R software package and using 
the Rmorph library a general least squares Procrustes analysis was performed. Procrustes shape 
coordinates were subjected to a principal component analysis to explore patterns of variation 
between species. Finally, a neighbor-joining distance tree was established using the 10 first axes of 
a principal component analysis. With the skulls of the ontogenetic series of the medium ground 
finch a 2D geometric morphometric analysis was performed using the software programs ‘TpsDig2 
2.16’, ‘TpsSmall 1.2’ and ‘TpsRelw 1.49’ for the braincase and upper beak and the software 
program ‘Shape’ for the lower jaw. In addition to the morphometric analysis, the head musculature 
of the medium ground finch and the Java finch was studied using dissections. From the beak of the 
latter species, histological sections were made using the softening agent Osteomoll and several 
embedding media (e.g. Technovit 7100, Epon, Spurr, Paraffin and Osteo-Bed). The trabecular 
organization has been studied using the 3D-reconstructions of the upper beaks of the Java finch as 
well as of Darwin’s finches. 
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The third chapter, concerning the variation in upper beak shape, showed that three-dimensional 
geometric morphometrics is an excellent method for analyzing shape variation, as it not only relies 
on landmarks but it also incorporates profile curves and the curvature of the entire shape by 
adding a series of semi-landmarks. Using this method, we observed convergent patterns of upper 
beak shape in different lineages of seed cracking birds. Moreover, more than 50 % of this variation 
in upper beak shape can be explained by shape associated with an increase in beak depth and 
width. Species that eat tough or hard food items were observed to have deep and wide beaks, 
while species that feed on soft food or use their beaks to probe, were characterized by long, 
narrow beaks. In addition, a neighbor-joining distance tree showed that species with deep, wide 
beaks cluster together, whereas species with long and narrow beaks cluster together in another 
shape group. As the Darwin’s finches are divided over the two shape groups and these croups 
contain species of different lineages of birds, it is thought that variation in shape can be decoupled, 
at least partial, from phylogeny. The clustering of T. guttata and P. oryzivora, as well as the two 
morphs of P. ostrinus, shows that the phylogenetic history of these species has some influence on 
the shape of their upper beaks. Moreover, the second axis clearly separates the two morphs of P. 
ostrinus from the other species, suggesting that they have found a slightly different solution to the 
same problem of cracking seeds. 

The ontogeny of the medium ground finch (Geospiza fortis) showed that there are two periods of 
rapid development during ontogeny. The first period is when the bird hatches and starts to 
swallow food, offered by the parents. At that period, all the beak bones have been formed and 
ossification of the braincase is ongoing. A second leap in development is visible between the 
nestlings and the juvenile stages. During this period, fledglings start to eat actively by manipulating 
food on their own and practice their feeding habits. At this stage, the skull is fully fused, cristae and 
processes are clearly visible and the elements of the skull are more robust. This suggests a 
concerted development between skull and jaw muscles, as these changes are related with the 
strengthening of muscle attachment sites. 

The adult cranial skeletal and muscular morphology of the medium ground finch was described, as 
well as that of the Java finch. The morphology of these two species was compared because a 
functional model is needed for the Darwin’s finches, as their protected status makes experimental 
tests impossible. The morphology of these two seed cracking species appeared to be qualitatively 
similar. The cranium of the medium ground finch is more robust and the cristae and processes are 
more prominent. The muscle attachment of the m. pseudotemporalis superficialis and the m. 
adductor mandibulae externus profundus differed, as well as their attachment sites, the processus 
coronoideus and tuberculum pseudotemporalis. Interesting, the muscle mass of the medium 
ground finch was shown to be large compared to that of the Java finch and other seed cracking 
finches relative to body mass. In general, the Java finch may not be a very suitable model for the 
ground finches, because of the unusually large muscle mass and bite force observed for the 
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medium ground finch. However, the similarities in beak size and overall morphology suggest that 
the experimental test with the Java finch could provide useful insights into the mechanics of beak 
movement in seed cracking birds in general. 

The study of the histological organization of the rhapmhotheca and cellular interface between 
rhamphotheca and bone showed that several characteristics can be related to the mechanical 
demands imposed upon the upper beak. The epidermal cells on the lateral and dorsal aspect of the 
beak are flat and oriented in line of the stresses induced by cracking. The epidermal cells on the 
ventral aspect of the beak, however, are round and are, thus, thought to be more suited to 
withstand compressive stresses. The different tissues are observed to be closely interacting: (1) the 
dermal-epidermal junction is characterized by numerous, fine interdigitations and (2) the dermis is 
clearly anchored to the bone, as several collagen fibers penetrate the periosteum and the bone, as 
Sharpey fibers. In the dermis, a striking large amount of Herbst corpuscles was observed. As these 
corpuscles are thought to be mechanoreceptors, the presence of a feedback system functioning to 
avoid tissue damage or fracture of the bone is suggested. In addition to the histological structure 
of the upper beak, the trabecular organization of the upper beak in the Java finch as well as the 
Darwin’s finches was studied. This showed that the trabecular architecture can be linked to the 
feeding habits of the birds. The Darwin’s finches can be divided in three groups based on their 
trabecular organization, which were each characterized by a different type of feeding habit. 

This thesis forms a basis for future research but leaves many questions unanswered. The three-
dimensional geometric morphometric analysis of the upper beaks of seed cracking birds should be 
extended by adding the shape of the keratinous rhamphotheca and the lower jaw to the analysis. 
Furthermore, the analysis can be completed by performing a 3D-geometric morphometric analysis 
on the entire skull. These analyses can provide better insights in the variation in head shape in 
seed cracking birds of different lineages. The histological structure of the beak in other seed 
cracking birds and/or basal birds is another suggested subject for future research. These studies 
could support and expand our findings and hypotheses based on the study of the Java finch. As in 
the ontogenetic chapter only the skeletal ontogeny is discussed, a logic continuation would be the 
study of the ontogeny of the muscular system of the medium ground finch. In addition, comparing 
the ontogeny of the medium ground finch to that of other seed cracking and/or more basal seed 
eating birds could provide insights into the key changes leading to the various cranial morphologies 
and beak shapes in birds. A novel and exciting direction could be the integration of the 3D-models 
of the heads with the muscle data into multi-body dynamic models for kinematic analysis (MDA). 
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2  Samenvatting 

De schedels van vertebraten worden gekenmerkt door een opvallende verscheidenheid in hun 
vorm, dit ondanks dat de ze allen afgeleid zijn van hetzelfde bouwplan. Deze verscheidenheid kan 
gekoppeld worden aan de verschillende functies van de schedel, zoals communicatie, bescherming 
van de hersenen en de zintuigen, ademhaling, voeding, enz. De laatste functie is waarschijnlijk één 
van de belangrijkste bronnen van beperkingen opgelegd aan de vorm van de schedel en evolutieve 
drijfveer voor de verscheidenheid in de vertebrate schedelvorm. Tijdens het verkrijgen, 
manipuleren en reduceren van voedsel, wordt de schedel bloot gesteld aan krachten die 
gegenereerd worden door de kaakspieren, alsook aan reactiekrachten die afhankelijk zijn van de 
eigenschappen van het voedsel en van de oriëntatie en bouw van de tanden. Vertebraten die 
gespecialiseerd zijn in het eten van hard voedsel bezitten massieve schedels die gespecialiseerde 
tanden en grote, zware spieren dragen. De unieke morfologie van vogels is echter tot stand 
gekomen door de sterke beperkingen opgelegd door hun vliegende levenswijze. Dit maakt van hen 
een uitstekend model om voorspellingen over evolutionaire processen, zoals convergentie, te 
testen. Door hun vliegvermogen zijn ze beperkt in het ontwikkelen van evolutionaire 
veranderingen die een verhoogde massa met zich meebrengen. Hoewel evolutionaire 
veranderingen in musculaire systemen tot het genereren van grote krachten een toename in 
massa met zich meebrengt, is het vermogen tot het genereren van grote bijtkracht onafhankelijk 
ontstaan in verschillende aftakkingen van vogels die gespecialiseerd zijn in het kraken van zaden. 
De Darwinvinken en purperastrildes (P. ostrinus) zijn enkele van de best gekende zaadkrakende 
vogels. Ze vormen dan ook tekstboekvoorbeelden voor adaptieve radiatie als in relatie tot 
verschillende voedselbronnen. De Darwinvinken stammen af van één enkele gemeenschappelijke 
voorouder die de Galapágos eilanden ongeveer 1 tot 5 miljoen jaar geleden koloniseerde. In deze – 
evolutionair korte – tijd heeft deze voorouder aanleiding gegeven tot veertien verschillende 
soorten die elk aangepast zijn aan een verschillende voedselbron. Hun ecologie, gedrag en 
uitwendige morfologie zijn het onderwerp geweest van vele gedetailleerde studies. Recente 
studies focusten op de vroege ontwikkeling van de snavel en de relatie tussen snavel-
/kopdimensies en succes in voedselopname. 

Deze thesis heeft als doel meer inzicht te krijgen in de co-evolutionaire processen van structuur en 
functie van complexe musculoskeletale systemen en focust zich specifiek op vier hoofdhypotheses: 
(1) Convergentie in snavelvorm wordt verwacht tussen zaadkrakende vogels uit verschillende 
groepen omdat ze aan vergelijkbare mechanische eisen moeten voldoen (het genereren van grote 
bijtkrachten en het weerstaan van hoge reactiekrachten). Hierbij kunnen echter verschillende 
oplossingen voor hetzelfde probleem opduiken, omdat de fylogenetische geschiedenis 
beperkingen in snavelvorm kan opleggen. (2) Het ontogenetisch patroon van musculoskeletale 
transformaties wordt verwacht het temporeel patroon van functie en mechanische veerkracht van 
het voedselopname apparaat te weerspiegelen, in relatie tot voedselmanipulatie en -reductie. 
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Twee periodes van snelle ontwikkeling van het craniale skelet worden verwacht waarbij de eerste 
periode voorkomt wanneer de vogels uit het ei komen en hun voedselopnameapparaat beginnen 
te gebruiken. De tweede periode wordt verwacht in ‘fledglings’, wanneer ze het nest verlaten en 
zelf eten beginnen te manipuleren. Er wordt eveneens verwacht dat indicaties gevonden worden 
die een geconcerteerde ontwikkeling tussen de twee componenten van het musculoskeletaal 
systeem (d.i. spieren en been) aantonen. Deze indicaties worden voornamelijk verwacht wanneer 
vogels starten met het actief gebruik van hun voedselapparaat. (3) De rijstvink (Padda oryzivora) 
zou een passend model kunnen vormen voor zaadkrakende vogels dat zou gebruikt kunnen 
worden in experimentele tests die nodig zijn om succes in voedselopname in relatie tot 
zaadselectie te verstaan en te kwantificeren. (4) Er wordt verwacht dat de rhamphotheca, de 
cellulaire tussenlaag en bindweefsellaag, en de trabeculaire organisatie van de benige snavel 
regionale adaptaties vertonen om tegemoet te komen aan de piekbelasting tijdens het voeden. 
Hierbij wordt verwacht dat de collageenvezels in de dermis zodanig georganiseerd zijn in een 
netwerk dat ze een weerspiegeling vormen van de compressie- en schuifkrachten aanwezig tussen 
de rhamphotheca en het been. Ook de cellulaire organisatie in de epidermis wordt verwacht 
aangepast te zijn om met stress verspreiding om te gaan. Eveneens worden inter-specifieke 
verschillen verwacht in trabeculaire organisatie van de benige snavel die overeenkomen met de 
manier waarop de snavels gebruikt worden. 

In deze thesis werden achttien verschillende vogelsoorten (59 specimens) gebruikt, waaronder elf 
soorten Darwinvinken (Camarhynchus parvulus, Certhidea olivacea, Geospiza fortis, G. fuliginosa, 
G. scandens and Platyspiza crassirostris, Cactospiza pallida, Camarhynchus psittacula, G. difficilis, 
G. magnirostris and Pinaroloxias inornata) en een ontogenetische reeks van de middelste 
grondvink (Geospiza fortis). Van alle specimens werden de kop- en snaveldimensies gemeten en 
werden CT-scans gemaakt aan de UGCT (Gent), CNS (Harvard) of ESRF (Grenoble) scanfaciliteiten. 
Deze data werd overgebracht naar het softwareprogramma ‘Amira 5.2.2.’, waar driedimensionale 
modellen van de boven- en ondersnavel van alle vogels werden gereconstrueerd, evenals de 
volledige kop van enkelen onder hen. Van de 3D-reconstructie van de bovensnavel van één 
specimen van elke soort werd een ‘shell’ gecreëerd met behulp van het softwareprogramma 
‘Geomagic Studio 10’. In het softwareprogramma ‘Landmark 3.0’ werden landmarks, semi-
landmarks en curven op deze shell geplaatst. De semi-landmarks werden toegelaten om te glijden 
op de curven en het oppervlak van de shell waarbij de buigingsenergie van de ‘thin plate splines’ 
geminimaliseerd werden via ‘Edgewarp’ software. Vervolgens werden de ‘warped’ landmarks 
overgebracht in het softwarepakket R en werd een generalised least squares Procrustes analyse 
uitgevoerd in de ‘Rmorph library’. De Procrustes-vormcoördinaten werden onderworpen aan een 
principale componentenanalyse (PCA) om het variatiepatroon tussen de soorten te onderzoeken. 
Tot slot, werd een neighbor-joining-afstandsboom gemaakt waarbij de tien eerste assen van de 
PCA gebruikt werden. Met de schedels van de ontogenetische reeks van de middelste grondvink 
werd een 2D geometrisch morfometrische analyse uitgevoerd waarbij voor de schedel zonder 
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onderkaak gebruik gemaakt werd van de software programma’s ‘TpsDig 2.16, ‘TpsSmall 1.2’ en 
‘TpsRelw 1.49’ en voor de onderkaak het software programma ‘Shape’. Naast de morfometrische 
analyses, werd de kopmusculatuur van de middelste grondvink en de rijstvink bestudeerd op basis 
van dissecties. De osteologie van de kop van deze soorten werd bestudeerd op basis van 3D-
modellen. Van de snavel van de rijstvink werden histologische coupes gemaakt met behulp van 
Osteomoll als weekmaker en verschillende inbeddingmedia (Technovit 7100, Epon, Spurr, Paraffine 
en Osteo-Bed). De trabeculaire organisatie van de benige bovensnavel werd bestudeerd aan de 
hand van de 3D-reconstructies van de bovensnavel van de rijstvink, alsook van de Darwinvinken. 

In het hoofdstuk dat handelt over de variatie in de vorm van de bovensnavel, werd aangetoond dat 
geometrische morfometrie in drie dimensies een uitstekende methode is voor het analyseren van 
snavelvariatie, omdat deze methode niet enkel steunt op enkele landmarks, maar ook 
profielcurven en de kromming van de snavel meeneemt in de analyse door het toevoegen van 
semi-landmarks. Door deze methode te gebruiken hebben we convergente patronen van de 
bovensnavel in verschillende takken van zaadkrakende vogels kunnen waarnemen. Meer dan 50% 
van de variatie in snavelvorm kan verklaard worden door een toename in snavelbreedte en –
hoogte. Soorten die taai of hard voedsel eten, vertonen dieper en brede snavels, terwijl soorten 
die zich voeden met zacht voedsel of hun snavel gebruiken voor probing, gekenmerkt worden door 
lange, smalle snavels. Hiernaast toonde de neighbor-joining-afstandsboom dat soorten met een 
diepe, brede snavel samen clusteren, terwijl soorten met lange, smalle snavels samen clusteren in 
een andere vormgroep. Omdat de Darwinvinken verspreid zijn over beide clusters, die eveneens 
andere vogelsoorten bevatten, wordt verondersteld dat variatie in snavelvorm kan ontkoppeld 
worden van fylogenie, althans gedeeltelijk. Het samen clusteren van de zebravink (T. guttata) en 
de rijstvink (P. oryzivora), alsook de twee morfen van de purperastrilde (P. ostrinus) toont aan dat 
de fylogenetische achtergrond van deze soorten toch enige invloed heeft op de vorm van hun 
bovensnavels. De purperastrilde wordt zelfs duidelijk afgescheiden van de andere soorten door de 
tweede PC-as, waardoor kan verondersteld worden dat deze soort een licht verschillende oplossing 
heeft gevonden op hetzelfde probleem, d.i. het kraken van zaden. 

De ontogenie van de middelste grondvink (G. fortis) toont aan dat twee periodes voorkomen van 
snelle ontwikkeling. De eerste periode vindt plaatst wanneer de vogel het ei verlaat en voedsel 
begint op te nemen dat het gekregen heeft van de ouders. Tijdens deze periode zijn alle beenderen 
van de snavel gevormd en is de ossificatie van de hersenpan aan de gang. Een tweede sprong in 
ontwikkeling is duidelijk tussen de nestling- en de juveniele periode, wanneer fledglings zelf actief 
eten beginnen te manipuleren en hun voedingsgewoontes beginnen te oefenen. Tijdens deze 
periode is de schedel volledig vergroeid, richels en uitsteeksels zijn duidelijk zichtbaar en de 
elementen van de schedel zijn robuuster. Dit suggereert dat een geconcerteerde ontwikkeling 
plaats vindt tussen de schedel en de kaakspieren omdat deze veranderingen gerelateerd zijn aan 
het verstevigen van de aanhechtingsplaatsen van de spieren. 
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De adulte skeletale en musculaire kopmorfologie van de middelste grondvink en de rijstvink 
werden beschreven en vergeleken omdat een functioneel model nodig is voor de Darwinvinken. 
Hun beschermde status maakt het onmogelijk om experimentele tests uit te voeren. De morfologie 
van deze twee zaadkrakende soorten bleek kwalitatief sterk gelijkend te zijn, hoewel de schedel 
van de middelste grondvink wat robuuster is en de cristae en processen prominenter. De 
aanhechtingen van de m. pseudotemporalis superficialis en de m. adductor mandibulae externus 
profundus zijn licht verschillend, alsook hun aanhechtingsplaatsen: de processus coronoideus en 
de tuberculum pseudotemporalis. De spiermassa van de middelste grondvink bleek echter 
opvallend groot te zijn in vergelijking met deze van de rijstvink en andere zaadkrakende vogels, 
relatief tot hun lichaamsmassa. In het algemeen werd besloten dat de rijstvink niet direct een 
passend model is voor de grondvinken, door de ongewoon grote spiermassa en bijtkracht van deze 
laatste. De gelijkenissen in de snavelgrootte en algemene morfologie suggereren echter wel dat 
studies met de rijstvink bruikbare inzichten kunnen verschaffen over de mechanica van de 
snavelbeweging bij zaadkrakende vogels.  

De studie van de histologische organisatie van de rhamphotheca en de cellulaire laag tussen de 
rhamphotheca en het been heeft aangetoond dat verschillende kenmerken kunnen gerelateerd 
worden aan de mechanische belasting van de bovensnavel. De epidermale cellen aan de laterale 
en dorsale zijde van de snavel zijn plat en georiënteerd in lijn met de stress die geïnduceerd wordt 
door het unilateraal kraken van zaden. De epidermale cellen aan de ventrale zijde van de snavel, 
daarentegen, zijn rond en worden dus geacht beter bestand te zijn tegen compressie. Er werd 
eveneens waargenomen dat de verschillende lagen nauw interageren: (1) de dermale-epidermale 
overgang wordt gekenmerkt door talrijke, fijne interdigitaties en (2) de dermis is duidelijk 
verankerd aan het been met verschillende bundels van collageenvezels die het periosteum en het 
been binnendringen als Sharpey vezels. In de dermis werd eveneens een opvallende grote 
hoeveelheid Herbstlichaampjes waargenomen in vergelijking met wat geobserveerd werd in 
vroegere studies bij de kip. Omdat deze lichaampjes beschouwd worden als mechanoreceptoren, 
kan hun talrijke aanwezigheid wijzen op een feedback systeem dat het voorkomen van 
weefselbeschadiging of breken van het been als functie heeft. Ook de trabeculaire organisatie 
werd bestudeerd, waaruit bleek dat de trabeculaire architectuur gerelateerd kan worden aan de 
voedingsgewoontes van de onderzochte vogels. De Darwinvinken kunnen op basis van de 
trabeculaire organisatie van hun bovensnavels verdeeld worden over drie groepen, die elk 
gekenmerkt worden door een specifieke voedingsgewoonte.  

Tot slot vormt deze thesis een basis voor toekomstig onderzoek maar vele vragen blijven 
onbeantwoord. De driedimensionale geometrisch morfometrische analyse van de bovensnavels 
van zaadkrakende vogels zou moeten uitgebreid worden door de keratineuze rhamphotheca en de 
onderkaak toe te voegen aan de analyse. Deze analyse kan verder vervolledigd worden door een 
3D-geometrisch morfometrische analyse uit te voeren op de volledige schedel, wat betere 
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inzichten zou kunnen geven in de variatie in schedelvorm in zaadkrakende vogels van verschillende 
fylogenetische afkomst. De histologische structuur van de snavel bij andere zaadkrakende vogels 
en/of bij basale vogels vormt een ander onderwerp dat in de toekomst kan bestudeerd worden. 
Deze studie zou onze bevindingen en hypotheses uit de studie bij de rijstvink kunnen 
ondersteunen en uitbreiden. Omdat de ontogenetische studie in deze thesis enkel de skeletale 
ontogenie omvat, is een logisch vervolg het bestuderen van de ontogenie van het musculaire 
systeem in de middelste grondvink. Deze studie zou kunnen vergeleken worden met de craniale 
musculoskeletale ontwikkeling bij andere zaadkrakende vogels en/of basale zaadetende vogels 
omdat dit inzichten zou kunnen geven in de sleutelveranderingen die leiden tot de grote 
verscheidenheid aan schedel- en snavelvormen in vogels. Een nieuwe en spannende richting voor 
dit onderzoek zou de integratie van de 3D-modellen van de schedels met de spierdata in ‘multi-
body dynamic modelling’ zijn voor kinematische analyse (MDA). 
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Appendix 1: Mechanical stress, fracture risk, and beak evolution in Darwin’s 
ground finches (Geospiza). 

SOONS Joris, HERREL Anthony, GENBRUGGE Annelies, AERTS Peter,PODOS Jeffrey, 

ADRIAENS Dominique, DE WITTE Yoni, JACOBS Patric, DIRCKX Joris 

 

Philosophical transactions of the Royal Society B, 365: 1093-1098 

 

ABSTRACT 

Darwin’s finches have radiated from a common ancestor into fourteen descendent species, each 
specializing on distinct food resources and evolving divergent beak forms. Beak morphology in the 
ground finches (Geospiza) has been shown to evolve via natural selection in response to variation in 
food type, food availability, and interspecific competition for food. From a mechanical perspective, 
however, beak size and shape are only indirectly related to birds’ abilities to crack seeds, and beak 
form is hypothesized to evolve mainly under selection for fracture-avoidance. Here we test the 
fracture-avoidance hypothesis using finite element modeling. We find that across species, 
mechanical loading is similar and approaches reported values of bone strength, thus suggesting 
pervasive selection on fracture-avoidance. Additionally, deep and wide beaks are better suited for 
dissipating stress than are more elongate beaks when scaled to common sizes and loadings. Our 
results illustrate that deep and wide beaks in ground finches enable reduction of areas with high 
stress and peak stress magnitudes, allowing birds to crack hard seeds while limiting the risk of beak 
failure. These results may explain strong selection on beak depth and width in natural populations 
of Darwin’s finches. 
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1 Introduction 

Beak morphology in Darwin’s finches has been shown to evolve via natural selection in response to 
variation in food type, food availability, and interspecific competition for food (Lack, 1947; Grant, 
1999; Grant and Grant, 2006). Consequently, divergent beak sizes and shapes evolved in Darwin’s 
finches specializing on different food items (Lack, 1947; Bowman, 1961; Grant, 1999; Foster et al., 
2008). Variation in beak shape in the ground finches of the genus Geospiza is situated mainly along 
two axes: variation in width and depth which co-vary, and variation in length (Bowman, 1961). 
Species that crush hard seeds at the base of their beaks, such as G. fortis and G. magnirostris tend 
to have relatively short but wide and deep beaks (Grant, 1999). Other species, such as G. scandens 
and G. difficilis tend to have longer yet narrower and shallower beaks, a design that has been 
suggested to be a compromise between base-crushing and probing (Bowman, 1961). Interestingly, 
the two principal axes of variation observed within the ground finch clade are also reflected in 
distinct developmental pathways (Abzhanov et al., 2004, 2006). While much research has focused 
on beak size and shape, the seed cracking ability of a bird is determined more directly by bite force 
capacity which is, in turn, closely dependent on jaw adductor muscle cross sectional area 
(Bowman, 1961; Van der Meij and Bout, 2004; Herrel et al., 2005 a, b). The jaw closer muscles, 
situated at the back of the head, generate crushing forces that are transferred to food by means of 
the upper and lower beak (Herrel et al., 2005 a, b). Beak morphology is thus expected to evolve in 
concert with jaw adductor force generation capacity, through selection for the capacity to avoid 
structural failure under conditions of increased muscle and food reaction forces (Bowman, 1961). 
Indeed, almost 50 years ago Bowman (1961) suggested that the shape of the beak was adapted for 
fracture resistance, with beaks with more or less straightened culmen or gonys (upper and lower 
beak respectively) tending to reduce fracture risk. Modifications towards increased beak depth, on 
the other hand, were interpreted as adaptations towards more powerful crushing bites (Bowman, 
1961). To test these hypotheses, we developed finite element models (FEM) of the upper beak in 
ground finches (Table 1). As finite element models quantify the effect of complex shape variation 
on stress magnitude and distribution (Richmond et al., 2005; Ross, 2005; Rayfield, 2007; Rayfield 
and Milner, 2008), they are ideally suited to address the hypothesis that beak shape has evolved in 
response to fracture avoidance, and may also offer insights into observed patterns of selection on 
beak shape (depth, width and curvature) in species that crack hard seeds. 
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2 Material and methods 

2.1 Fresh specimens and muscle data 

Road-killed specimens were collected during February-March of 2005 and 2006 on Santa Cruz 
Island, under a salvage permit from the Galápagos National Park Service. Intact specimens were 
collected and preserved in a 10% aqueous formaldehyde solution for 24 hours, rinsed and 
transferred to a 70% aqueous ethanol solution. Specimens were transported to Belgium where one 
individual each of G. fortis, G. fuliginosa, and G. scandens was scanned at the Ghent University CT-
scanning facility. A second specimen of each of these species was dissected and all jaw muscle 
bundles removed individually. Muscles were blotted dry and weighed on a Mettler microbalance (± 
0.01 mg). Next, muscles were transferred individually to petri dishes and submerged in a 30% 
aqueous nitric acid solution for 18 hours to dissolve all connective tissue (Loeb and Gans, 1986). 
After removal of nitric acid, muscles were transferred to a 50% aqueous glycerol solution and 
fibers teased apart using blunt-tipped glass needles. Next, 30 fibers were selected and drawn using 
a binocular scope with attached camera lucida. A background grid was also drawn in each image to 
provide an object for scaling. Drawings were scanned and fiber lengths determined using Scion 
Image (freely available at http://www.scioncorp.com). Based on the muscle mass and fiber lengths, 
the physiological cross sectional area of each muscle bundle was determined assuming a muscle 
density of 1060 kg/m3 (Méndez and Keys, 1960). Since pennate muscles were separated into their 
individual bundles, no additional correction for pennation angle was included. Force generation 
capacity for each muscle was calculated assuming a muscle stress of 30 N/cm2

2.2  CT-scanning and reconstruction 

 (Nigg and Herzog, 
1999). As the external adductor and pseudotemporalis muscle bundles act only indirectly on the 
upper beak through the jugal bone (Nuijens and Zweers, 1997; van der Meij and Bout, 2004), the 
component of the muscle force transferred to the upper beak was calculated by taking into 
account the position of the muscles and the angle thereof relative to the jugal bone. The pterygoid 
muscle bundles, by contrast, act directly on the upper beak (Nuijens and Zweers, 1997; van der 
Meij and Bout, 2004) and muscle forces were assumed to be directly transmitted through the 
pterygoid/palatine complex. 

Road-killed specimens of G. fortis, G. fuliginosa and G. scandens were scanned at the UGCT 
scanning facility (www.ugct.ugent.be), using a micro-focus directional type X-ray tube, set at a 
voltage of 80 kVp and a spot size of 10 micrometer. Specimens were mounted on a controllable 
rotating table (MICOS, UPR160F-AIR). For each specimen a series of 1000 projections of 940x748 
pixels was recorded covering 360 degrees resulting in voxel sizes of 43.73 μm for G. fortis, 34.84 
μm for G. fuliginosa, and 42.77 μm for G. scandens. Reconstruction of the tomographic projection 
data was done using the Octopus-package (Vlassenbroeck et al., 2007). Specimens of G. difficilis 
(MCZ39828) and G. magnirostris (MCZ65745) were scanned at the Harvard CNS facility using an X-

http://www.scioncorp.com/�
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Tek XRA-002 micro-CT imaging system set at 75KV. Specimens were mounted on a rotating table 
and a series of 3142 projections of 2000 by 2000 pixels covering 360 degrees was recorded 
resulting in voxel sizes of 25.26 μm for G. difficilis, and 45.75 μm for G. magnirostris. 
Reconstruction of the tomographic projections was done using CTPro (Metris) and VGStudio Max 
2.0 (Volume Graphics). Volume and surface rendering was performed using Amira 5.0 (64-bit 
version, Computer Systems Mercury) for all specimens. 

2.3 Finite Element Modeling 

CT image sequences were segmented semi-automatically based on grayscale thresholding and 
smoothed using Amira 5.0 (64-bit version, Computer Systems Mercury), to obtain a triangular 
surface mesh of the upper beak (Fig. 1). Next, a Delaunay tetrahedral volume mesh with a 
minimum radius-edge ratio of 1.4 was generated in tetgen (Si 2008) and imported in the finite 
element program FEBio (Maas and Weiss 2008). A left unilateral load with all muscles bilaterally 
activated to 100% was applied at a posterior bite point, the position of which was determined 
based on recordings of birds cracking seeds in the field. For each modeled specimen, the bite point 
was simulated through a translation constraint of the corresponding elements. The frontonasal 
hinge was modeled as two rotating but fixed elements. The forces on palatine and jugal bones 
were applied along the long axis of these bones as determined on the CT-data, and with a 
magnitude derived from calculated muscle forces. Bone was modeled as a linear elastic, isotropic 
and homogeneous material with a Young's modulus from 18 GPa, and a Poisson ratio of 0.3 
(Yamada, 1970; Evans, 1973; Vogel, 2003; Currey, 2006). Linear elements were used in the models, 
which were solved with an iterative Newton-based Broyden-Fletcher-Goldfarb-Shanno (BFGS) 
solver. The convergence and the stability of the results were tested by an iterative refinement of 
the mesh up to 500,000 elements and terminated at an accuracy of 5% or better. 
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Figure 1: Schematic overview of the model derivation and methods. (a) Lateral view of a three-dimensional 
reconstruction of the skull of a medium ground finch (G. fortis) based on micro-CT scans. When birds bite, forces are 
transmitted by the jaw muscles to the upper beak (blue) via the jugal bones (green) and the pterygoid–palatine complex 
(orange). The coloured zone labelled 1 represents the dorsal nasal region, and the zone labelled 2 represents the 
maxillary process of the nasal bone. (b) Photograph of the head of a G. fortis specimen, skin removed, illustrating the 
major jaw closing muscles. The external adductor muscles (1, 2) and the m. pseudotemporalis (3) transmit force to the 
upper beak through the jugal bone. The pterygoideus muscles (4) directly pull the upper beak downward through the 
pterygoid–palatine complex. (c) Posterior oblique view of (i) the head and (ii) upper beak of a G. fortis, illustrating 
loadings and constraints used in the finiteelement models. Red zones indicate the dorsal constraints on the rotating fixed 
elements, (i) the yellow circle indicates the bite point and green arrows indicate the orientation of the load acting on the 
jugals and palatines. 
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Table 1: Calculated bite force, measured bite force and output of finite-element models. (Bite forces calculated based on 
the morphology of the specimens and the finite-element model, bite forces measured in the field (10), and peak von 
Mises stress at three locations on the upper beak showing high stress concentrations (Figure 1). Von Mises stresses were 
calculated in two simulations; first, with the model loaded using the forces associated with each beak type (Figure 2), and 
second when all beaks were scaled to the area of, and loaded with the forces of G. fortis (figure 3)). Max. proc., maxillary 
process of the nasal bone (zone 2 in Figure 1a); ipsilateral side, bite side (left); contralateral side, opposite side (right). 

species Scaled 
model 
volum
e 
(mm³) 

calculated 
bite force 
(N) 

measured 
bite force 
(N) 

peak van Mises’ stress real loading 
(MPa) 

peak van Mises’ stress G. fortis 
loading (MPa) 

dorsal 
nasal 

ipsilateral 
max. proc. 

contralateral 
max. proc. 

dorsal 
nasal 

ipsilateral 
max. proc. 

contralateral 
max. proc. 

G. fortis 112 28.5 26.6 ± 6.5 31.0 41.0 42.0    

G. fuliginosa 120 5.6 4.7 ± 1.5 19.8 24.2 25.2 30.2 35.9 38.7 

G. scandens 108 8.4 7.2  ± 1.6 32.9 44.6 32.9 42.6 50.8 61.2 

G. 
magnirostris 

89      35.3 42.9 42.9 

G. difficilis 66      53.6 49.7 71.5 

 

As stress is a complex three-dimensional phenomenon, inherently difficult to interpret, we chose 
to combine the stresses using the Von Mises criterion. Three areas with high stress were noted in 
our simulations: posterior on the maxilla in front of the nasal apertures, and on the ipsi- and 
contra-lateral processi maxillary of the nasal bone. A high stress area posterior on the beak was not 
considered as high stresses in this region may be due to constraints imposed at the frontonasal 
hinge. The maximal Von Mises stress observed in a volume with a predefined radius was recorded 
in all areas showing high stress, and compared across loading conditions for the different species 
(Table 1). Peak stress values were recorded in meshes of increasing complexity allowing us to test 
the convergence of the model solution (see Herrel et al., 2010). Additionally, the external force 
needed to satisfy the constraint at the bite point, perpendicular to the surface area, was calculated 
and the magnitude thereof was recorded and compared to the bite forces measured in vivo (Table 
1). Finally, FE-models for G. difficilis, G. fuliginosa, G. magnirostris, and G. scandens were scaled by 
model area (see Dumont et al. 2009) to the same size as the G. fortis model, and simulations were 
run with input forces based on G. fortis in order to evaluate how beak shape affects loading of the 
beak. 
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3 Results 

The three species of Darwin’s finch featured in our analysis showed a nearly three-fold absolute 
difference in the cross sectional area of the jaw adductor muscles (0.28 mm2 in G. fuliginosa versus 
0.72 mm2

  

 in G. fortis), and thus also in the maximal potential loading of the beak. A first set of FEM 
simulations was performed using actual beak size and shape as determined from CT scans, and 
applied input forces based on information derived from muscle dissections for the three species 
for which specimens were available for dissection. Results from these simulations show that beaks 
in all species show stress concentrations in similar regions, specifically in the region of the nasal 
bone posterior to the nasal aperture, and in the processi maxillari of the nasal bone (Fig. 2). 
Stresses were typically highest at the dorsal and posterior aspect of the nasal bone and at the 
processus maxillaris contra lateral to the bite side (Fig. 2, Table 1). A second set of FEM simulations 
was performed in which beaks were scaled to the area of the G. fortis specimen, and then loaded 
using the input forces calculated for this species (Fig. 3). This was done to characterize the 
potential effects of beak shape variation on force dissipation. If interspecific variation in beak 
shape does not impact force dissipation, all simulations would show comparable stress 
distributions and stress magnitudes. In contrast, the results identify marked differences among 
species in stress distributions, thus demonstrating the importance of beak shape in force 
dissipation. Species with elongate beaks such as G. scandens and G. difficilis show notable 
increases in the surface area subjected to high stress, spreading forward to the dorsal aspect, 
anterior of the nasal aperture. Moreover, the peak stresses calculated for the species with the 
longer and narrower beaks (G. scandens and G. difficilis; Table 1) were substantially higher (max. of 
72 MPa). In contrast, the tall and wide beaks as seen in G. fortis, G. fuliginosa, and G. magnirostris 
are seen to distribute the load applied to the beak with lower peak stress values (max. of 44 MPa 
across the three species), largely confined to the posterior aspect of the nasal bone. Note, 
however, how an additional area of high stress in the G. magnirostris model is present at the level 
of the bite point. 
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Figure 2: Output of finite-element analyses performed for three different species of ground finches (Geospiza) for which 
specimens were available for dissection. Input forces were calculated from muscle mass and fibre length measurements. 
Colours indicate calculated resultant von Mises’ stresses on the beak in (a) dorsal and (b) lateral views: (i) G. fortis, (ii) G. 
fuliginosa, and (iii) G. scandens. Warmer colours depict higher stresses. For all species, maximum stress concentration 
occurs at the posterior part of the nasal bone, posterior to the nasal aperture (zone 1 in Figure 1a), and within the 
maxillary processes of the nasal bone (zone 2 in Figure 1a). Arrows depict calculated bite forces. 



APPENDIX 

213 
 

 

Figure 3: Output of a finite-element simulation, in which beak surface area of the five species of ground finch was scaled 
to a common surface area (that of G. fortis) prior to calculations, and in which the input force calculated for G. fortis was 
applied to all species. This simulation enables the evaluation of the effects of beak shape on stress distribution. The 
relatively long and slender beaked G. scandens and G. difficilis showed disproportional increases in the magnitude of the 
von Mises stress and the distribution of areas with high stress (Table 1). (a) G. fortis, (b) G. fuliginosa, (c) G. scandens, (d) 
G. magnirostris, and (e) G. difficilis. 
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4 Discussion 

A comparison of the bite forces calculated in our FEMs with actual bite forces measured in vivo 
(Table 1) shows that calculated values fall within the in vivo range, thus confirming that our models 
provide realistic estimates of beak loadings. Interestingly, our results provide one of the few cases 
where the output of FEMs is validated against in vivo data and suggest that FEMs can provide 
realistic output if based on realistic inputs (see Rayfield (2007) for an overview; Kupczik et al., 
2009; Strait et al., 2009). However, our models must be considered as only a first step, and planned 
future models including the keratinous rhamphotheca and material properties for the beaks of 
Darwin’s finches are needed to test whether a refinement of our models affects the output of our 
FE models in terms of stress distributions and magnitudes. Additionally, analyses of how 
constraints and loading conditions affect stress magnitudes and distributions in beaks with 
different morphologies are needed and currently underway (see Herrel et al., 2010). A comparison 
of peak stresses reported here in the different species of Darwin’s finch with values reported for 
the compressive strength of bone suggests that Darwin’s finch beaks operate with safety factors 
between 3 and 5 in most species, assuming an average compressive bone strength of 165 MPa 
(note that bone strength ranges from 106-224 MPa across a wide range of vertebrates; Yamada, 
1970; Vogel, 2003; Currey, 2006). However, it should be noted that these are conservative 
estimates of safety factors as bone is known to fail in tension at much lower stresses (e.g. 117 
MPa; Evans, 1973). However, without specific data on material properties for the beaks of the 
birds considered here this must remain speculative to some degree. Moreover, Von Mises stress is 
often considered to be one of the best predictors of bone failure (Keyak and Rossi, 2000), making it 
an appropriate value to use in the calculation of safety factors. Previously it was suggested that 
beak morphology should evolve in concert with the force generating capacity of the jaw adductors 
through selection for the capacity to avoid structural failure under conditions of increased muscle 
and food reaction forces (Bowman, 1961). Our data support this assertion and suggest that beaks 
are indeed optimized to withstand their natural loading regimes. Almost five decades ago Bowman 
(1961) suggested that the shape of the beak in Darwin’s finches was related to fracture resistance, 
such that beaks with a more or less straightened culmen and gonys (the upper and lower beak 
respectively) tend to reduce fracture risk. Modifications towards increased beak depth, on the 
other hand, were interpreted as adaptations towards a more powerful crushing bite (Bowman, 
1961). Our data provide only partial support for these hypotheses. Whereas deeper and wider 
beaks indeed appear better suited to withstand reaction forces from biting and may thus allow for 
higher bite forces, the straighter beaks of G. scandens and G. difficilis clearly induce greater 
stresses, thus presumably increasing fracture risk. The difference between G. difficilis and G. 
fuliginosa is especially notable, with the highest peak Von Mises stress in G. difficilis being almost 
twice that of G. fuliginosa when scaled to the same surface area. Interestingly, however, the beak 
with the greatest curvature in G. magnirostris is seen to perform somewhat poorer than that of G. 
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fuliginosa when scaled to the same surface area, suggesting that too much curvature may 
negatively affect stress magnitudes as predicted by Bowman (1961). 

Alternatively, the relatively high stress may be due to the relatively low volume (and thus bone 
present) of the upper beak of the G. magnirostris specimen used in our models (see Table 1). As 
this specimen and the G. difficilis used are dried historical specimens, this may represent a 
preservation artifact and thus results for both G. difficilis and G. magnirostris should be interpreted 
with caution. Testing for potential preservation artifacts will require freshly preserved specimens, 
which may prove to be difficult to obtain. 

In summary, our results illustrate that deep and wide beaks in Darwin’s finches, long associated 
with an ability to crack hard seeds, more specifically limit beak areas that experience high stress 
and peak stress magnitudes. Consequently, deep and wide beaks may allow birds to crack hard 
seeds while limiting the risk of beak failure. Deeper beaks are indicative of deeper dorsal nasal 
regions, and wider beaks indicative of a broader maxillary process of the nasal bone, the two areas 
typically showing high stress concentrations in our model. Thus, our simulations may help explain 
the low survival of birds with smaller beaks in times of food scarcity when seeds of intermediate 
size are rapidly depleted from the environment (Boag and Grant, 1981). Given the often large 
within-population variation in beak size and shape (Grant, 1983; Grant, 1999; Grant and Grant, 
2006), birds with relatively smaller (more narrow or shallow) beaks for a given jaw adductor size 
may be subject to mechanical failure more rapidly under the repeated loading needed to crack 
hard seeds such as Tribulus (Grant, 1981) which are relatively abundant during dry years (Grant, 
1999). Finally, our data show how jaw musculature and beak shape have co-evolved in Darwin’s 
finches that specialize on different food resources. We suggest that finch jaw musculature and its 
relationship to beak safety factors is as critical in finch evolution and adaptive radiation as is the 
evolution of the beak morphology itself. 

Future modeling efforts including other radiations of birds specializing on cracking seeds will be 
crucial to test the generality of our results. 
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Appendix 2: List of abbreviations 

1  Osteology and arthrology 

alaparasph.   alaparasphenoidale 

ang.caudolat.    angulus caudolateralis 

ang.caudomed.    angulus caudomedialis 

basi rostr.parasph.   basi rostri parasphenoidalis 

cav.tymp.    cavum tympanicum 

cond.caud.   condylus caudalis 

cond.lat.   condylus lateralis 

cond.med.    condylus medialis  

cond.occ.   condylus occipitalis 

cond.proot.qd.    condylus prooticus quadrati 

cond.pter.    condylus pterygoidei 

cond.qd.jug.   condylus quadrati jugalis  

cond.sq.qd.    condylus squamosus quadrati 

corp.qd.    corpus quadrati 

cot.caud.    cotyla caudalis 

cot.lat.     cotyla lateralis 

cot.med.    cotyla medialis 

cr.dorsolat.    crista dorsolateralis 

cr.lat.     crista lateralis 

cr.med.    crista medialis 

cr.nuch.transv.   crista nuchalis transversa  

cr.temp.    crista temporalis 

cr.tom.     crista tomiali 

cr.transv.f.    crista transversa fossae 

cr.ventr.    crista ventralis 

f.ad.can.neurovasc.   fossa aditus canalis neurovascularis 

f.caud.     fossa caudalis 
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f.choan.    fossa choanalis 

f.mand.lat.   fossa mandibulae lateralis 

f.par.caud.orb.   fossa parietalis caudalis orbitalis 

f.temp.     fossa temporalis  

f.ventr.     fossa ventralis 

fac.art.parasph.   facies articularis parasphenoidalis 

fac.art.pter.   facies articularis pterygoidei 

fen.mand.caud.   fenestra mandibulae caudalis 

for.caud.mand.    foramen caudalis mandibulae 

for.magn.    foramen magnum 

fus.occ.ot.parasph.   fussion occipital region ossa otica os parasphenoidale 

fus.orb.front.    fussion os orbitosphenoidale os frontale 

fus.sq.front.    fussion os squamosum os frontale 

fus.sq.par.    fussion os squamosum os parietale 

lam.basiparasph.  lamina basiparasphenoidalis 

lam.dors.   lamella dorsalis 

lig.interpal.   ligamentum interpalatinum 

lig.jug.mand.lat.  ligamentum jugomandibulare laterale 

lig.jug.mand.med.   ligamentum jugomandibulare mediale 

lig.mes.pal.   ligamentum mesethmopalatinum 

lig.occ.mand.   ligamentum occipitomandibulare 

lig.postorb.   ligamentum postorbitale 

lig.qd.sph.   ligamentum quadratosphenoidale 

lig.qd.temp.   ligamentum quadratotemporale 

mac.lag.    macula lagenae 

mac.sac.    macula sacculi 

mac.utr.   macula utriculi 

os ang.     os angulare 

os art.     os articulare 

os basih.    os basihyale 

os basiocc.    os basioccipitale 
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os basisph.    os basisphenoideum 

os cer.br.    os ceratobranchiale 

os dent.    os dentale 

os entogl.    os entoglossum 

os exocc.    os exoccipitale 

os front.    os frontale 

os max.    os maxillare 

os meseth.    os mesethmoideum 

os nas.     os nasale 

os opisth.    os opisthoticum 

os orbitosph.    os orbitosphenoidale 

os pal.     os palatinum 

os par.     os parietale 

os parasph.    os parasphenoidale 

os prae-art.    os prae-articulare 

os praemax.    os praemaxillare 

os proot.    os prooticum 

os pter.    os pterygoideum 

os qd.     os quadratum 

os qd.jug.    os quadratojugale 

os spl.     os spleniale 

os sq.     os spuamosum 

os supra-ang.    os supra-angulare 

os supraocc.    os supraoccipitale 

os uroh.    os urohyale 

os vo.     os vomer 

pars caud.    pars caudalis 

pars caud.mand.   pars caudalis mandibulae 

pars choan.    pars choanalis 

pars lat.    pars lateralis 

pes pter.    pes pterygoidei 
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proc. parocc.    processus paroccipitalis 

proc.antorb.    processus antorbitalis 

proc.choan.rostr.pal.   processus choanalis rostralis palatini 

proc.cor.    processus coronoideus 

proc.dors.dent.    processus dorsalis dentalis 

proc.front.max.   processus frontalis maxillae 

proc.front.nas.    processus frontalis nasalis 

proc.front.praemax.   processus frontalis praemaxillae 

proc.jug.max.    processus jugalis maxillae 

proc.mand.lat.    processus mandibulae lateralis 

proc.mand.med.   processus mandibulae madialis 

proc.mand.qd.,    processus mandibularis quadrati 

proc.max.nas.    processus maxillaris nasalis 

proc.max.praemax.   processus maxillaris praemaxillae 

proc.maxpal.    processus maxillopalatinus 

proc.orb.    processus orbitalis 

proc.orb.qd.    processus orbitalis quadrati 

proc.ot.qd.    processus oticus quadrati 

proc.pal.max.    processus palatinus maxillae 

proc.pal.praemax.   processus palatinus praemaxillae 

proc.parocc.    processus paroccipitalis 

proc.postorb.    processus postorbitalis 

proc.praemax.max.   processus praemaxillaris maxillae 

proc.praemax.nas.   processus praemaxillaris nasalis 

proc.praemax.pal.   processus praemaxillaris palatini 

proc.pter.    processus pterygoidei 

proc.qd.pter.    processus quadraticus pterigoidei 

proc.retroart.    processus retroarticularis 

proc.sup.meat.    processus suprameaticus 

proc.transpal.    processus transpalatinus  

proc.ventr.dent.   processus ventralis dentalis 
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proc.zyg.    processus zygomaticus 

rostr.parasph.    rostrum parasphenoidale 

sept.int.orb.    septum interorbitale 

sept.interorb.,    septum interorbitale 

sept.nas.    septum nasalis 

ses.     sesamoid bones 

ses. 1     large sesamoid bone 

ses. 2     small sesamoid bone 

sp.ps.temp.    spina pseudotemporalis 

sub.intercot.   tuberculum intercotylaris 

sulc.intercot.   sulcus intercotylaris 

symph.mand.    symphysis mandibulae 

t.ps.temp.    tuberculum pseudotemporalis 

tub.add.mand.    tuberculum adductor mandibulae 

tub.ps.temp.    tuberculum pseudotemporalis 

tub.pter.    tuberculum pterygoideum 

tub.sq.     tuberculum squamosum 

z.flex.arc.cr.fac.   zona flexoria arcus cranio facialis 

z.flex.arc.jug.    zona flexoria arcus jugalis 

z.flex.pal.    zona flexoria palatina 
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2  Myology 

m.add.mand.ex.rostr.   musculus adductor mandibulae externus rostralis 

m.add.mand.ex.ventr.   musculus adductor mandibulae externus ventralis 

m.add.mand.ext.prof.   musculus adductor mandibulae externus profundus 

m.add.mand.oss.qd.   musculus adductor mandibulae ossis quadrati 

m.depr.mand.    musculus depressor mandibulae 

m.prot.pter.qd.    musculus protractor pterygoidei et quadrati 

m.ps.temp.sup.lat.   musculus pseudotemporalis superficialis lateralis 

m.ps.temp.sup.med.   musculus pseudotemporalis superficialis medialis 

m.pter.dors.lat.   musculus pterygoideus dorsalis lateralis 

m.pter.dors.med.   musculus pterygoideus dorsalis medialis 

m.pter.ventr.lat.   musculus pterygoideus ventralis lateralis 

m.pter.ventr.med.  musculus pterygoideus ventralis medialis 

m.retr.pal.   musculus retractor palatini 
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3  Histology 

a    artifact 

ax    axon 

b    bone 

bc    blood cell 

bl    blood vessel 

c    collagen fibers 

ch    horizontally oriented collagen bundle 

d    dermis 

dp    dermal projection in the epidermis 

ep    epidermal papilla 

H    Herbst corpuscle 

i    interdigitations 

la    lateral aspect of the upper beak 

m    bone marrow 

n    nerve bundle 

S    Sharpey’s fiber 

sb    stratum basale 

sc    stratum corneum 

Sc    nucleus of Schwann cell 

sp    spinae 

ss    stratum spinosum 

st    stratum transitivum 

va    ventral aspect of the upper beak 
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