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Abstract 

 

Speciation can occur when a divergence between two or more groups in a population arise. In 

the development of an organism the onset, offset and rate of a developmental process can 

influence the phenotype that the selection can act on. Ficedula hypoleuca (pied flycatchers) 

and Ficedula albicollis (collared flycatchers) are sister species and diverge in traits as time 

for maturity, aggression and chicks growth rate. I study the ossification of the skeleton in four 

embryonic stages to compare how far the development has come when hatching. The 

specimen was scanned in a micro-CT and whole-mount stained, the scanned material was 

quantitatively measured and bones were identified. The micro-CT shows a difference in 

ossification of bones between the species. F. albicollis are ahead with more bone element 

ossified and with a greater volume. The whole-mount stained specimens show a lesser 

variation between the species but in the earliest stage F. albicollis has more bone elements 

ossified. F. albicollis chicks grow more rapidly in years with good supply of food, in bad 

years they have a harder time to survive than F. hypoleuca. As showed the F. albicollis has a 

more developed body when hatching and has then an advantage right in the beginning. But if 

the food resources are bad the more energy demanding body suffers more than the lesser 

developed F. hypoleuca.        

 

Introduction 

 

A major goal in studies on speciation is to understand the circumstances needed for diverging 

populations to follow independent evolutionary trajectories and eventually successfully split 

into two or more species (Coyne & Orr 2004, Dieckmann et al. 2004, Price 2008). Hybrid 

zones have long been known to offer excellent possibilities to pinpoint the traits that 

influence differences in niche use, sexual isolation, hybrid fitness and patterns of interspecific 

gene flow (e.g. Barton & Hewitt 1985; Arnold 1997; Harrison & Rand 1989).  

 

Heterochrony is one process that may cause variation in the phenotype of organisms (Gould 

1977, McKinney & McNamara 1991). The term heterochrony was first used by Ernst 

Haeckel (1875) to refer to temporal shifts in appearance of different organs during embryonic 

development within the same organism. In other words, it was the sequences of the 

development of the organs (Gould 1977). Later Gavin de Beer (1930 & 1958) changed the 

meaning of heterochrony and used the term when comparing organ’s appearance in ancestors 

and descendants. This latter view has dominated the study on heterochrony since then. In the 

beginning it was the post-embryonic development of the organism that was the focus of 

interest but now the term heterochrony is applied from the earliest embryonic stages to 

maturity (Klingenberg 1997). Gould (1977) and Alberch (1979) introduced modified views of 

heterochrony by defining it as a change in timing or rate of growth of developmental events 

in relation to the same events in the ancestor. Thus, heterochrony has gone from being a study 

of appearance of events to be the study of the rate or timing of the events. This has been 

criticised from several developmental biologists. Raff & Wray (1989) argue that the new 

approach lacks consideration of developmental processes. This is because the focus is now on 

the processes that cause the change which classifies the type of heterochrony and not on the 

timing itself. By contrast, Klingenberg (1997) argues that Haeckel’s (1875) use of the term 
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heterotopy rather means changes in the allometry than heterochrony and is needed to be 

separated from heterochrony. Evolutionary biologists, such as Gould and Alberch, often 

define heterochrony in a wider perspective and describe it as any change in the rate and 

timing of developmental processes even when no changes in the order of the events occur.  

 

Heterochrony, as changes in growth rate or timing, can either be paedomorphic or 

peramorphic (table 1). Paedomorphic is when a descendent regain ontogenetic characters 

or characteristics from earlier stages of an ancestor. Alternatively, when descendant’s 

ontogenetic characters go beyond the ancestor and develop a new trait it is referred to as 

peramorphic. The direction of the evolutionary change thereby goes in the opposite direction 

as the ontogenetic change in the paedomorphic case, but in the same direction in the 

peramorphic case (Alberch et al. 1979). Gould (1977) argues that it is important to 

distinguish between size and shape. He claims that size is the result of growth and that shape 

is the result of development. This would imply it is only the parameter shape that can be 

applied to the concepts of paedomorphic and peramorphic. However, shape and size is 

heavily correlated, when changes in shape occur changes in size are also applied, therefore 

you cannot exclude size from the concepts paedomorphic and peramorphic.  
 

Table 1. The different types of heterochrony. 

Paedomorphic Underdevelopment  
Neoteny A slowdown in development, mature juvenile form. 

Postdisplacement  A delay in start of development. 
Progenesis The development stops earlier then the ancestor. 

Peramorphic Overdevelopment 
Acceleration  Development stages is compress, will go further.    

Predisplacement  An earlier start in the development. 

Hypermorphosis The development stops beyond the ancestors.  

 

 

The sequences of heterochrony is not based on rates and timing, instead it is consider to be 

the order of events that occur in an organism, as for example the onset of development of 

different organs (Smith 1996, Jeffery et al. 2002). The mechanisms behind this type of 

heterochrony are the same as for the rate and timing heterochrony, that is the growth rate and 

timing in the on- and offset of growth.  

 

In both of the different views of heterochrony the outcome is a shift in an event or in the 

growth rate that lead to a change from an ancestor to the descendant. This can lead to 

polymorphism in the population and can divide a population into two morphs. Selection can 

act on this and later on speciation can occur. However, the role of heterochrony in the 

speciation process has not been extensively studied. The question is if heterochrony can 

produce divergence of populations that leads to speciation or not? And can it give us a good 

framework for comparing the developmental process between organisms?   

 

For speciation to occur, divergence between two populations must occur, either during 

allopatric (geographically isolated) or sympatric (diverge in the same habitat) conditions. 

When two distinct groups are formed, reproductive isolation needs to arise to reduce gene 

flow; the last step is a stop to gene flow entirely.  

 

Hybrid zones give us good observations what happen in a sympatric population between 

closely related species (Arnold 1992). The species studied here, Ficedula hypoleuca (pied 
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flycatchers) and Ficedula albicollis (collared flycatchers), became separate species when they 

had different refuges during the Pleistocene (Sætre et al. 2001). F. hypoleuca and to F. 

albicollis now live in different areas around Europe where they share similar habitats and 

some degree of hybridization occurs (Qvarnström et al. 2010, Sætre and Sæther 2010). The 

heterogametic sex of hybrids (the female in birds) of these two species is sterile and the 

homogametic sex is to some extent fertile, in line with the rule of Haldane (1922). In older 

hybrid zones in Central and Eastern Europe hybridization is much less abundant, due to 

divergence in traits as song and plumage pattern (Havvie et al. 2004, Sætre et al. 1997). The 

plumage characters that F. hypoleuca have are neotine in the appearance as compared to F. 

albicollis (Wiley et al. 2005) 

 

Based on the observation that one-year old male F. albicollis have a plumage pattern that is 

more similar to male F. hypoleuca (i.e. smaller white patches on the forehead and wing but 

larger white patches on the tail), heterochrony has been suggested to play a role in the 

divergence of plumage characters between the two species (Wiley et al. 2005). It seems that 

F. hypoleuca have a slower developmental process than the F. albicollis.         

 

Ossification of bones is directly correlated to the development of the organism. With a faster 

and more advanced ossification the organism can mature earlier in life (Blom & Lilja 2004). 

In birds there are two different strategies; precocial and altricial. In precocial birds the young 

are more independent from their parents right after hatching and ossification have come to a 

more advanced stage in development already at hatching (Blom & Lilja 2004). In altricial 

birds the young need parental care in the beginning of life and cannot move around during the 

first days. The ossification of bones in these birds is being completed some days after 

hatching. The ossification in altricial birds is correlated to the rapid growth in nestlings in the 

early stage after hatching. The chicks grow rapid from day one to day 8-9 (in flycatchers) it is 

approximately the same time when the tarsus becomes fully ossificated. A delay in some 

ossification events can occur when rapid growth is favoured (Arendt & Wilson 2000). The 

bones need to be soft and flexible when the chicks grow quick and if the ossification starts 

earlier, then the growth rate would decrease rapidly. The ossification order of bones in birds 

is non-random and in general consistent through the whole order, but some variation occurs 

and also in closely related species. Most of the ossification centres in birds  arise in ovo and 

seem to be highly conserved through the order, and other variables as hatching strategies and  

environment constrains seems not to influence the sequence and timing of emergence of the 

centres. Variation in ossification in the tendon in Dendrocincla woodcreepers have been 

found, the explanation of the results is yet to come, but it shows that variation of ossification 

can occur between closely related species (Bledsoe et al. 1997).  

 

The aim 

The aim of my project was to investigate whether there are heterochronic changes between F. 

hypoleuca and F. albicollis in their embryonic stages. It was done by comparing intra- and 

interspecies variation in how far the ossification of bones had come at different ages of the 

embryo. Embryos were scanned with a micro-CT and structures were measured. The embryos 

were also bone stained and compared. I investigated which bones that were ossified at four 

different ages of the embryos and in which order they occurred during the development 

(sequence heterochrony).  
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Material and Method 

Study species 

Ficedula albicollis and Ficedula hypoleuca are small passerines that migrate from their 

winter habitat in sub-Saharan Africa to central and Eastern Europe in the summer. They are 

insectivorous and like to breed in holes in old trees. They are sister species with an 

approximate 3% divergence in their mitochondrial DNA (Sætre et al. 2001). They are part of 

the black and white Ficedula species with two other species; Ficedula speculigera (the Atlas 

flycatcher) and Ficedula semitorquata (semi-collared flycatcher). They diverged for 

approximately one-and-a-half to two million years ago during the ice age in Pleistocene 

(Sætre et al. 2001). During the ice age all of the black and white Ficedula flycatchers 

probably had different refuges and lived in allopatry. Nowadays the collared and pied 

flycatchers live in some overlapping habitat throughout Europe. In Central and Eastern 

Europe the hybrid zones are older and they have become more isolated from each other, but 

in the Baltic islands of Sweden the hybrid zones are relatively young with less degree of 

habitat segregation (Qvarnström et al. 2010, Sætre & Sæther 2010).  

 

The two species have some differences in their life-history strategies. F. albicollis are more 

aggressive and therefore get the most attractive nesting sites (Vallin et al. 2011). The 

nestlings of F. albicollis beg more and can grow quicker if the food resources are high 

(Qvarnström et al. 2007). F. hypoleuca can survive in harsher environments and can therefore 

live in sympatric with the collared flycatchers although F. albicollis take the better breeding 

sites. The male breeding plumage differs, as F. albicollis have a low variation of black and 

white plumage with a large white forehead patch. The male F. hypoleuca have a larger 

variation in plumage pattern, it can either be a more similar F. albicollis black and white 

plumage pattern or a more brown female like plumage pattern (Sætre et al. 1997). The 

females of the two species have a very similar plumage pattern with female F. hypoleuca 

being slightly more chocolate brown while female F. albicollis have more grey and olive 

tunes in their plumage. The typical songs of the two species are different with F. albicollis 

having a higher and longer song compared to F. hypoleuca that have a lower and shorter 

song. Some male F. hypoleuca can also learn to sing more like F. albicollis (Havvie et al. 

2004). Hybridization occurs in all regions where they live in Europe, but it is more frequent 

in the younger regions of the Baltic islands. In central and Eastern Europe some isolated traits 

have come further, as F. hypoleuca does not incorporate F. albicollis song in their own 

repertoire as often as in the northern regions (Havvie et al. 2004).  

 

The incubation period (~12 days) and period spent in the nest before fledging (~15 days) is 

approximately the same for both Ficedula species. The food resources used are also very 

similar (Wiley et al. 2007), which is caterpillar larvae during the breeding season and other 

insects during the rest of the year. However, F. hypoleuca can shift to another food resource 

later in the season when the amount of caterpillar drops (Veen et al. 2010), which probably is 

one of the reasons why they can also survive in coniferous forests.     

 

Study area 

Our study sites are situated on the Baltic island Öland on the east coast of Sweden. The 

vegetation on the island is mostly deciduous forest with some parts in the north of the island 
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being coniferous forest. There have been monitored study plots with nest boxes in various 

different areas on the island since 2002, both north in coniferous forest and in the middle of 

the island in deciduous forest. The Baltic islands hybrid zones are relatively young and arose 

when F. albicollis begun to expand their breeding range northward, where F. hypoleuca had 

been breeding for a long time. F. albicollis came to the island Gotland approximate 150 years 

ago (Alatalo et al. 1990) and began to colonize Öland in the mid-1960s (Qvarnström et al. 

2009). F. hypoleuca have now been pushed away from the more attractive deciduous forest 

on both islands by F. albicollis.  

 

Collecting method 

The data was collected in the breeding season of 2011. Embryos from F. hypoleuca were 

collected from three different areas, only one of them had F. albicollis present. The ones with 

no F. albicollis present were coniferous forests in the north on the island. Embryos from F. 

albicollis were collected from seven different deciduous forest areas in the middle of the 

island. Four stages were collected; 7, 8, 10 and 12 days from start of incubation. Three 

embryos from each of the four stages were collected from both species; leading to a total of 

25 samples (the 10 stages of F. albicollis had four collected embryos). The embryo that was 

collected was always the third laid egg, when one egg was found in a nest the eggs were 

marked every day so that the third could be collected. The nests were photographed and 

collected eggs were replaced with fake eggs. The eggs length and breadth was measured, 

some other data was also collected as; temperature, weather condition, vegetation, clutch size 

and time (appendix 1). Embryos were taken out of the egg immediately in the field. Eggs 

were opened with a needle and yolk and membranes were carefully removed. Embryos were 

then fixated in a 4 % formalin solution overnight. The solution was changed the next day and 

if there was any membrane left it was removed.   

 

Clearing and staining of embryos 

Two embryos of each species and stage were cleared and stained through a mix of protocols. 

First the formalin was washed away and the embryos were fixated in ethanol. Muscular and 

skin were macerated with a trypsin borax solution; it was warmed up to 40° C. When the 

embryos were transparent enough, staining of the bones was performed in an alizarin red 

solution. When the bones were stained the embryos were put in a 1% KOH solution to get all 

of the alizarin red out of the rest of the body tissue. To get a clear embryo it was taken 

through some glycerol/0.5% KOH solutions. The cleared and stained embryos were 

photographed in order to examine which bones that were ossified in all four stages. The 

whole protocol is found in appendix 2.        

 

Micro-CT scan     

One specimen of each species and stage was scanned at the Grenoble Synchrotron Facility. 

CT data was reconstructed in the computer program Mimics. The data was first oriented 

along the x-, y- and z-axes so all specimens were oriented in the same direction. Ossification 

elements were identified through a semi-automatic technique based on the gray-scale values 

of the pictures. Noise was manually removed to get a clear reconstruction of the bones. The 

specimen’s bones diameter and length was measured (voxel size: 0.00746 mm
3
).      
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Results 

Stage 7 

Ficedula albicollis  

The CT-scan revealed no ossification in the stage 7 embryo, but in the whole-mount staining 

some elements showed indication of ossification. Some postcranial bones had begun to 

ossify; tibio and humerus (appendix 3). In the cranial the angular, subangular and palatine 

were present in one sample, even small parts of squamosal. The weight range of stage 7 

embryos was between 0.40 gram and 0.36 gram (appendix 1).    

 

Ficedula hypoleuca  

The CT-scan showed no ossification element, however the whole-mount staining showed 

small elements in the hindlimb bone tibio and the wing bone humerus (appendix 3). Both 

samples had these small ossified regions. No cranial ossification was present at stage 7. The 

variation in weight was small, from 0.20 gram to 0.28 gram (appendix 1).  

 

Stage 8 

Ficedula albicollis  

The cranium showed several bones that had started to develop, mostly in the jaw parts. This 

was from the CT-scan. The angular and subangular had started to be present but were far 

from complete. The upper jaw bones were in the same state of development, jugal, 

quadratejugal, maxilla and premaxilla had begun to ossify. No braincase bones were present 

but pterygoid, palatine process, palatine and cultriform process were partly ossified (fig. 2). 

These regions constituted 50 % of all cranial bone volume, the other large amount of bone 

volume consisted of the lower jaw (40% of cranial bone volume). Tibio was the only present 

postcranial bone that had been partly ossified (fig. 3). In the whole-mount staining more 

bones showed ossification, various limb bones were present as; femur, tibio, humerus, ulna, 

radius. Furcula was also present; the cranial bones had also been developing, angular, 

subangular, palatine (appendix 3). There were no large variations in the embryonic weight 

(0.35 gram to 0.41 gram) (appendix 1).      

 

Ficedula hypoleuca  

As in stage 7 the CT-scan showed no ossification in stage 8 (fig.1), in the same time the 

whole-mount staining showed a more advanced stage of ossification. The wing bones as 

humerus, ulna and radius were partly ossified; the hindlimb bones had femur and tibio 

present. These were present in both samples. The cranial parts as jugal, qudratejugal, palatine, 

pterygoid, premaxilla and maxilla were present and in one sample squamosal (appendix 3). 

But these elements were far from complete and were not connected in any way. The weight of 

the stage 8 F. hypoleuca embryo ranged between 0.32 gram and 0.41 gram (appendix 1). 
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Ficedula albicollis   
8 days embryo 

Ficedula hypoleuca   
8 days embryo 

 

 

 

 

 

 
Figure 1. A comparison of 8 day embryos between the species, first a 3D picture of the ossified bones, second a 

pie graph with postcranial vs. cranial bone volume against total bone volume in each species and in the bottom a 

comparison of the species bone volume of the two species. All graphs have corresponding colours.      
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Ficedula albicollis  
8 days embryo 

Ficedula hypoleuca   
8 days embryo 

 

 

 

 

 

 

 

 

 

 

 
Figure 2. A cranial comparison between the species of 8 days embryos. All graphs have corresponding colours.       
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Ficedula albicollis   
8 days embryo 

Ficedula hypoleuca   
8 days embryo 

 

 

 

 

 
Figure 3. A postcranial comparison between the species of 8 days embryos. All graphs have corresponding 

colours.       
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Stage 10 

Ficedula albicollis  

F. albicollis stage 10 was the embryo that showed the most ossification elements in the CT-

scan. The cranium contained 63 % of the bone volume and was less complete than stage 12 

(fig. 4). The braincase had frontal, parietal and squamosal ossified (17% of the cranial bone 

volume). The sclerotic ring was also present around the eye. The upper jaw had the 

premaxilla, maxilla, jugal, quadratojugal and nasal completely developed (21% of the cranial 

bone volume). The lower jaw was also well developed; it was nearly complete with dentary, 

angular, subangular, splenial and also articular ossified (24% of the cranial bone volume). 

The ceratobranchial was in the process to become completely ossified, but it was only the 

upper part of the hyoid that was present. In the inner cranium the palatine, palatine process, 

vomer, pterygoid were present (21% of the cranial bones volume). From the pterygoid the 

basipterygoid process extends to the parabasisphenoid, which was nearly complete. From 

parabasisphenoid the cultriform process extends forward to the vomer and alaparashpenoidal 

upwards towards the braincase. In the back of the cranial the basiocciptal, exocciptal, prootic 

and opishotic were present (17% of the cranial bone volume) (fig. 5). The postcranial of the 

specimen that got scanned, as mentioned above, had the largest number of elements present. 

The hindlimb had femur, tibio, fibula and metatarsus present, which was by far the largest 

region, containing 46% of the postcranial bone volume. In the wing the second and third 

digits were present, metacarpus, radius, ulna and femur were other wing bones that were 

present. In the shoulder parts, furcula was totally ossified, the coracoid and scapula were also 

present. Ribs and cervical vertebrae extend from the shoulder in the opposite direction. In the 

back of the body ischium, illium, pubis was partly ossified (fig. 6). The whole-mount staining 

corresponded well with the CT-scan (appendix 3), but the weight of the CT-scan sample was 

0.92 gram, and the whole-mount samples weight was 0.81 gram (appendix 1). 

 

Ficedula hypoleuca  

The cranium showed some ossified elements in the CT-scan at stage 10; all the main parts 

had started to form as the braincase, the upper and lower jaw and some internal regions. The 

cranium contained 78% of all bone volume (fig. 4) and there were two parts in the cranium 

that were the main contributors; the palatine region (33% of cranial bone volume) and the 

lower jaw (40% of cranial bone volume). In the braincase the squamosal was present. 

Pterygoid, palatine, palatine process was present, vomer and cultriform process were in the 

process to become ossified. In the upper jaw region the quadratojugal, jugal, maxilla, 

premaxilla were present. They were far from complete but the different elements were clearly 

visible. In the lower jaw it was just the root that was present with subangular and angular (fig. 

5). The postcranial bones that were present were; furcula (the most complete bone), humerus, 

ulna, femur and tibio. The tibio was the limb bone that was the most complete bone; as a 

consequence most of the bone volume (50%) was in the hindlimb (fig. 6). The whole-mount 

staining showed more ossification, with more bones that seemed to be ossified, as in the 

cranium where the bones were more fused together and dentary, ceratobrachial and frontal 

were present. In the postcranial metatarsus, radius, metacarpus were also present, including 

the ones in the micro-CT scan (appendix 3). The weight variation in stage 10 in F. hypoleuca 

was from 0.50 gram to 0.71 gram (appendix 1).       
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Ficedula albicollis 
 10 days embryo 

Ficedula hypoleuca 
 10 days embryo 

 
 

  

 
Figure 4. A comparison in 10 days embryos between the species, first a 3D picture of the ossified bones, second 

a pie graph with postcranial vs. cranial bone volume against total bone volume in each species and in the bottom 

a comparison of the bone volumes of the two species. All graphs have corresponding colours.            

 

 



12 

 

Figure 5. A cranial comparison between the species of 10 days embryos. All graphs have corresponding colours.       

Ficedula albicollis  
 10 days embryo 

Ficedula hypoleuca   
10 days embryo 
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Figure 6. A postcranial comparison between the species of 10 days embryos. All graphs have corresponding 

colours.       

Ficedula albicollis  
 10 days embryo 

Ficedula hypoleuca   
10 days embryo 
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Stage 12 

Ficedula albicollis  

The oldest stage had the most volume ossified but it was lacking some postcranial bones that 

stage 10 had (fig. 7). This stage had the most complete cranium of all CT-scanned embryos, 

the braincase had the frontal, parietal, squamosal and sclerotic ring present. In the inner 

cranium the basiocciptal, exocciptal, prootic and opishotic were ossified, they were larger 

than the other stages. The parabasisphenoid ossification was advanced and cultriform 

process, alaparasphenoidal and basipterygoid process was extends from it in separate 

directions. Quadrate was also present; from it the quadratojugal extends towards the beak. In 

that direction the jugal and maxilla were present, in the top of the upper jaw the premaxilla 

extends upwards towards the nasal. From the premaxilla the palatine process extends to the 

palatine and the vomer. Pterygoid connected the palatine with the basipterygoid process. In 

the lower jaw the dentary, angular, subangular, splenial and articular were present. In the 

hyoid the ceratobranchial had ossified but only in the upper parts (fig. 8). The postcranial 

bones were well developed, the limb bones were large but the wing was lacking the digits 

ossification. The wing bones were humerus, radius, ulna and metacarpus. The hindlimb bones 

were femur, tibio, fibula and metatarsus. These bones were well developed and larger than in 

other stages. The ribs were also larger than the other stages, the shoulder part had furcula, 

coracoid and scapula ossified. In the back the pubis, ischium and illium were present but far 

from complete (fig. 9). The whole-mount staining samples showed similar ossification 

(appendix 3) but were larger (1.20 gram and 1.49 gram) than the CT-scanned sample (0.91 

gram) (appendix 1).               

 

Ficedula hypoleuca  

The CT-scan showed ossifications in the main braincase bones; frontal, parietal, squamosal. 

In the back inner cranium the prootic, opishotic, basioccipital and exocciptal showed 

tendency to ossification, but they were far from complete. The parabasisphenoid was in the 

process to be ossified and fused together with cultriform process, basipterygoid process and 

alaparasphenoidsal. Further towards the jaw the pterygoid, vomer and palatine were present, 

they were almost completely ossified. The lower jaw had the dentary, angular, articular and 

Subangular ossified. Upper jaw had the jugal, quadratojugal, premaxilla, maxilla, nasal 

complete. The ceratobranchial bone had started to ossify but it was not complete (fig. 8). The 

postcranial had developed several more bones than stage 10. In the wings humerus, ulna, 

radius and metacarpus were present. In the hindlimb femur, tibio, fibula and metatarsus had 

started to ossify. The shoulder parts as furcula, scapula and coracoid had also started to ossify. 

Ribs were showing parts of ossification. As in earlier stages furcula were the single bone that 

seemed to be nearly complete, tibio and humerus also seemed be in advanced stages (fig. 9). 

The whole-mount stained specimen showed the same elements ossified including the 

sclerotic ring (appendix 3). The weight variation was larger in stage 12 with the lightest 

weight of 0.76 gram and the heaviest weight of 1.20 gram. The one that went through the CT-

scan was the lightest (appendix 1).       
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Ficedula albicollis   
12 days embryo 

Ficedula hypoleuca   
12 days embryo 

 
 

  

 
Figure 7. A comparison in 12 days embryos between the species, first a 3D picture of the ossified bones, second 

a pie graph with postcranial vs. cranial bone volume against total bone volume in each species and in the bottom 

a comparison of the bone volumes. All graphs have corresponding colours.            
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Ficedula albicollis   
12 days embryo 

Ficedula hypoleuca   
12 days embryo 

  

  

  

 
 

  

 
Figure 8. A cranial comparison between the species of 12 days embryos. All graphs have corresponding colours.       
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Ficedula albicollis   
12 days embryo 

Ficedula hypoleuca   
12 days embryo 

  

 
 

 
Figure 9. A postcranial comparison between the species of 12 days embryos. All graphs have corresponding 

colours.        
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Table 2:  Overview of the development of the different parts of both postcranial and cranial in the CT-scanned 
specimens. 

 F. 

hypoleuca  

8 

F. 

albicollis  

8 

F. 

hypoleuca  

10 

F. 

albicollis 

 10 

F. 

hypoleuca  

 12 

F. 

albicollis 

12 

Postcranial       

Femur   X X X X 

Tibio  X X X X X 

Fibula    X X X 

Metatarsus    X X X 

Humerus   X X X X 
Ulna   X X X X 

Radius    X X X 

Metacarpus    X X X 

Digits/Phalanx    X   

Furcula   X X X X 

Rib    X X X 

Scapula    X X X 

Coracoid    X X X 

Cervical vertebrae    X   

Illium    X  X 

Pubis    X  X 
Ischium    X X X 

       

Cranial       

Parietal    X X X 

Jugal  X X X X X 

Pterygoid  X X X X X 

Maxilla  X X X X X 

Premaxilla  X X X X X 

Dentary    X X X 

Vomer  X X X X X 

Cultriform process   X X X X X 

Parabasisphenoid    X X X 

Squamosal   X X X X 

Palatine  X X X X X 
Angular  X X X X X 

Frontal    X X X 

Subangular  X X X X X 

Nasal    X X X 

Ceratobranchial    X X X 
Alaparasphenoidal    X X X 

Basioccipital    X X X 

Sclerotic ring    X  X 

Opishotic    X X X 

Prootic    X X X 

Exoccipital    X X X 
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Table 3: A comparison of measurements in the CT-scanned specimens (all measurements is in mm) 

 

Discussion  

 

Regions of ossification differed between Ficedula albicollis and Ficedula hypoleuca in all 

CT-scanned samples. At the second sampled embryonic stage, i.e. after eight days of 

incubation, the ossification had still not begun in the F. hypoleuca embryo but in the F. 

albicollis embryo both the hindlimb bone tibio and parts of the jaw were ossified (fig. 1). 

Thus, this pattern suggests that there is either a delayed start of the development of bones in 

F. hypoleuca, in heterochronic terms; postdisplacement or an earlier start of the development 

in F. albicollis, a so called predisplacement. In order to disentangle whether there has been a 

pre- or post-displacement, we would need to study the rate of ossification in additional 

closely related species such as Ficedula speculigera (the Atlas flycatcher) and Ficedula 

semitorquata (semi-collared flycatcher). In the two last sampled embryonic stages F. 

hypoleuca lagged behind in development (fig. 4-9).      

 

In the beginning of the development of ossified regions the cranial areas were more ahead in 

development as compared to the postcranial areas; this was true for both species. In the F. 

albicollis at embryonic stage day 8 after the onset of incubation, 91% of the bone volume was 

found in the cranium. Within the cranium the two largest regions were the palatine complex 

(50% of the cranial volume) with the palatine, palatine process, pterygoid and the lower jaw 

(40% of the cranial volume) with the angular and subangular. These findings correspond to a 

cranium study of Darwin finches where they found the same pattern (Genbrugge et al. 2011); 

they found that it was this complex that first developed in the embryonic stages. Also it was 

the quadrate that was one of the last bones to be present in the cranium. Both Ficedula 

flycatchers and the Darwin finches are altricial and the fact that they show a similar 

ossification sequence is not odd, but the precocial anseriforms and galliforms has also similar 

ossification sequences (Maxwell 2008). This demonstrates that the order that bones are 

ossified is partly fixed in order avian. The upper jaw showed a small ossification but it was 

only 10% of the whole cranium bone volume. No braincase or inner cranial bones were 

present at this time. The first few days after hatching the chicks’ only task is to eat, so it does 

not come as a surprise that it was the beak that was the first region to be ossified. Avian 

Measurements F. 

hypoleuca  

8 

F. 

albicollis 

 8 

F. 

hypoleuca  

10 

F. 

albicollis  

10 

F. 

hypoleuca  

12 

F. 

albicollis 

12 

Cranial width   4.42  6.54  6.42  6.35  

Furcula   1.62  2.60  2.29  2.49  

Humerus length   0.94  1.91  1.43  1.91  

Humerus diameter   0.38  0.45  0.44  0.40  

Ulna length    2.38  2.18  2.42  

Ulna diameter   0.24  0.35  0.35  0.38  

Femur length    2.72  2.08  2.74  

Femur diameter   0.22  0.52  0.43  0.50  

Tibio length  1.18  1.52  3.49  3.23  3.72  

Tibio diameter  0.31  0.27  0.37  0.42  0.47  
Metatarsus length    2.15  2.00  2.20  

Rib nr 4 length    2.31  1.03  2.68  

Coracoid length    1.11  0.86  1.16  

Coracoid diameter    0.42  0.38  0.46  

Scapula length    1.71  1.47  1.90  

Scapula diameter    0.21  0.23  0.21  
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species that are more precocial have a more complete body when hatching, because of the 

limited parental care (Maxwell 2008). In later stages the lower and upper jaw reached its 

maximum and other bones regions started to ossify, like the braincase and the inner cranium 

with parabasisphenoid. When hatching neither F. albicollis nor F. hypoleuca had a complete 

ossified braincase, but the beak parts seemed to be nearly complete. The first complete bone 

in postcranial was the furcula. This bone is unique to birds and is very important in flight as it 

strengthens the skeleton to withstand the harshness that occurs when birds fly. The first 

postcranial bone that showed any signs of ossification was the tibio, after that femur followed 

with the wing bones: humerus and ulna. The hindlimb bones were during the whole 

embryonic development the region that contained the most bone volume. After hatching the 

chicks focus all attention on eating, but to get in a good position to be fed it needs to move in 

the nest, which corresponds to the need to have a strong hindlimb to move around. The wings 

and shoulder parts (furcula, coracoid and scapula) had approximately the same volume of 

bones in the early stages but that was due to the fast ossification to the furcula. Later on the 

wings had a larger volume of bones; the last region that began to ossify was the part which 

contains the ribs and later on the pelvis. In F. albicollis last stages 10 and 12 this part 

contained more bone volume than the shoulder parts. The ossification order of bones seems 

not to differ between these two species. This means that no sequences heterochrony have 

occurred and the differences are due to timing of the onset of the development.  

 

A comparison between the micro-CT scanned samples (fig. 1-9) and the whole-mount 

staining samples (appendix 3) shows that by using the later technique I could discover 

ossification elements in embryos collected at earlier stages of incubation. With the whole-

mount technique I found ossifications already at stage 7 (seven days of incubation). In 

concordance with the results from the micro-CT scan, F. albicollis embryos had ossified more 

compared to F. hypoleuca. In later stages the differences was as clear as in the micro-CT with 

stage 10 of F. albicollis being more developed than stage 10 of F. hypoleuca.     

      

The weight of the embryos may correlate to the stage of development. Although I did not find 

any difference in the weight of the 8 days embryos from the two species, F. albicollis had 

more parts ossified. In later stages, however, I detected large differences between the two 

species. After 10 days of incubation, the F. albicollis embryo was nearly twice as heavy as the 

F. hypoleuca embryo. It is possible that the ossification had gone further because of the size 

differences. However, it is also possible that the weight was larger because of the more 

advanced ossification. The weight of the 12 days old embryos were more similar but the F. 

albicollis were still heavier. F. albicollis 10 day and 12 day had approximately the same 

weight and the amount of ossified bones were almost the same, but the volume of bones was 

larger in the 12 day embryo.  

 

It has been showed that the egg size can have a significant influence on size of the nestlings 

after hatching (Järvinen & Ylimaunu 1984); a larger egg has more yolk which contains more 

energy for the embryo to use in the development. Ojanen (1983) showed that this was the 

case for F. hypoleuca. The volume of the eggs that I collected indicated that large eggs have 

larger embryos, but there was some variation and the sample size was too small to make any 

firm conclusions. It seems not to be any differences between the species due to the correlation 

between volume size of the egg and weight of the embryo.   

 

A study has showed that habitat differences can show differences in yolk composition in the 

egg (Eeva et al. 2011). They showed a decrease of the concentration and proportions of lutein 

and some other xanthophylls from Central Europe northwards. It was explained by the 
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variation in food resources that are present, as different caterpillars have different amount of 

lutein in their body. It is also a difference between coniferous forest and deciduous forest, the 

coniferous trees needles have less amount of lutein than deciduous tree leaves (Czeczuga 

1987). F. hypoleuca have been pushed out from the more lucrative habitat, i.e. deciduous 

forest, to the coniferous forest, which means that the diet of the females of F. hypoleuca can 

be different than the diet of F. albicollis females. If F. hypoleuca females have more nutrient 

rich yolks it can be one reason to a more mature embryonic development process, but it is not 

known if it has an influence at all and the subject is not well understood (Surai  et  al.  2001). 

In contrast to this, a comparison between one wild population (with a variation of incubation 

conditions) of duck and two domestic self-incubated populations’ (in the same conditions) 

showed no differences in ossification sequence variability and this indicates that incubation 

conditions may not influence the ossification of bones (Maxwell 2008). Other environmental 

differences can be how the nest can maintain the needed temperature for incubation. Due to 

that all the F. hypoleuca embryos were collected in coniferous forest so the composition of 

the nests building material may differ. If the nest composition differs between habitats, these 

nests may differ in how well they can keep the temperature stable when the female leaves, 

which in turn may influence the development of the embryo.  

 

There is a study which shows that related Dendrocincla woodcreepers have a broad variation 

in intra-specific variation in ossification of the tendons of the hindlimb (Bledsoe et al. 1997). 

One species has a much larger intra-specific variation than two other Dendrocincla species. It 

is though that the ossification of the tendons is needed to resist increased force to the limb 

during vertical climbing. This behaviour is less frequent in Dendrocincla compared to other 

woodcreepers, but it is thought to be ancestry behaviour to the whole group. A broad intra-

specific variation can occur in amount of ossification in birds and my findings show an inter-

specific variation, but due to the low sample size it might be an overlapping intra-specific 

variation that is showed.  

 

My aim was to investigate if there were any heterochronic changes between F. hypoleuca and 

F. albicollis. There seems to be an earlier onset of ossification for F. albicollis, this showed 

up in both the micro-CT scan specimens and the whole-mount specimens. There was no 

change in rate of ossification, which means that it is due either to postdisplacement or 

predisplacement, depending on which species you look at. The other species in this group 

need to be studied in the same way to know which alternative is true. There also seems to be 

a variation within the species but due to the low sample size no conclusion can be drawn 

regarding this.  

 

The postdisplacement of the F. albicollis makes it more advanced in earlier stages in life; it 

corresponds with the earlier maturity of this species (Qvarnström et al. 2007). It is thought 

that male F. hypoleuca have a neotony development comparing to male F. albicollis with a 

mature juvenile form, as the adult male F. hypoleuca plumage pattern corresponds with a one-

year old male F. albicollis. It may be that the F. hypoleuca already is behind when hatching 

and it is not a slowdown of the development at all.   

 

If F. albicollis are more developed than F. hypoleuca when hatching it has an advantage when 

resources are abundant, but when the opposite is true the more developed body may be in a 

disadvantage because it needs more energy. If the order of development is fixed in birds as it 

is thought to be (Bledsoe et al. 1997), F. albicollis is ahead and does not need to wait for 

developmental events that already have occurred in its embryonic stage. It is not know why, 

but F. albicollis are more sensitive to reduced food supply and also bad weather conditions 
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(Qvarnström et al. 2009). The F. hypoleuca, with a less developed body, can survive with less 

energy but cannot take the advantage of an abundant resources supply. This can be one reason 

that F. hypoleuca can survive in harsher conditions than F. albicollis. This does not 

correspond to the findings of Arendt and Wilson (2000), as they conclude that when rapid 

growth is favored a delay in ossification events should occur. If the hard tissue is mostly 

cartilage it should be more flexible and should favour a more rapid growth than if the hard 

tissue is bones with smaller flexibility. The weight had a large variation in the last stage, but 

it seemed not to be any differences between the species. If the F. hypoleuca have approximate 

the same amount of body fat and with a less developed body that needs energy it will have 

more energy reserves when food is low. This has two possibilities, either the F. albicollis has 

changed in order to have an advantage in competition in the Ficedula specific habitat, or F. 

hypoleuca has changed to cope with the harsher habitat in the north.  

 

This study has showed that a difference in amount of ossification may occur between 

Ficedula albicollis and Ficedula hypoleuca. Due to the low sample size I cannot perform any 

statistical tests, meaning that the presented results can only be an indicator. Also due to the 

same problem I cannot say if the amount of bone volume only corresponds with the weight of 

the embryo and not with the different species.    

 

The two techniques that were performed differed in how well they showed ossification 

elements, the whole-mount staining indicated ossification regions in earlier stages than the 

micro-CT scan did. Due to that the whole-mount results were more complex to study, the 

micro-CT scan gave a more complete picture of how much bone and which bone that had 

ossified.        

 

A broader study should be made to confirm any findings. It can also be interesting to compare 

self-incubated embryos and nest incubated embryos, to know how big the environmental 

factor is. It would also be good to have females that have been feeding in the same habitat to 

exclude possible effects of diet on the composition of the yolk.           
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Appendix 1 

Species Stage Site Box Laying date 

Start of 

incubation Clutch size Collected day Time 

Length egg 

(mm) 

Width egg 

(mm) Vegetation 

Weight 

embryo (g) 

F. albicollis 7 RAL B5 18-05-11 23-05-11 6 30-05-11 11:40:00 18 12 Deciduous 0,36 

F. albicollis 7 RAL A15 18-05-11 23-05-11 6 30-05-11 12:08:00 16 13 Deciduous 0,39 

F. albicollis 7 BOR 16 17-05-11 23-05-11 7 30-05-11 13:00:00 18 14 Deciduous 0,40 

F. hypoleuca  7 BOD D5 23-05-11 28-05-11 6 04-06-11 17:50:00 17 13 Coniferous 0,26 

F. hypoleuca   7 BOD D16 23-05-11 29-05-11 7 05-06-11 15:20:00 17 13 Coniferous 0,28 

F. hypoleuca   7 BOD B31 23-05-11 29-05-11 7 05-06-11 15:23:00 16 12 Coniferous 0,20 

F. albicollis 8 HAL S 121 16-05-11 22-05-11 7 30-05-11 10:10:00 18 13 Deciduous 0,35 

F. hypoleuca  8 HAL S 84 16-05-11 22-05-11 7 30-05-11 10:40:00 17 11 Deciduous 0,41 

F. albicollis 8 EKE  21 16-05-11 22-05-11 7 30-05-11 13:45:00 16 13 Deciduous 0,41 

F. albicollis 8 EKE  14 16-05-11 22-05-11 7 30-05-11 13:45:00 17 13 Deciduous 0,41 

F. hypoleuca  8 BOD B4A 22-05-11 27-05-11 6 04-06-11 17:55:00 17 14 Coniferous 0,36 

F. hypoleuca   8 BOD H4 21-05-11 27-05-11 7 04-06-11 18:00:00 16 12 Coniferous 0,32 

F. albicollis 10 HAL N 5 19-05-11 25-05-11 7 04-06-11 15:45:00 ? ? Deciduous 0,81 

F. albicollis 10 VIC 2C 04-06-11 08-06-11 5 18-06-11 12:50:00 20 13 Deciduous 0,60 

F. albicollis 10 EKE  54B 20-05-11 26-05-11 7 05-06-11 12:50:00 17 12 Deciduous 0,53 

F. hypoleuca  10 BOD D2 21-05-11 26-05-11 6 05-06-11 15:10:00 16 13 Coniferous 0,55 

F. hypoleuca  10 BOD A21 21-05-11 26-05-11 6 05-06-11 15:13:00 17 12 Coniferous 0,50 

F. hypoleuca   10 BOD A19 20-05-11 26-05-11 7 05-06-11 15:15:00 17 12 Coniferous 0,71 

F. albicollis 10 VIC 14 04-06-11 08-06-11 5 18-06-11 12:44:00 19 14 Deciduous 0,92 

F. albicollis 12 BOR 10B 17-05-11 23-05-11 7 04-06-11 13:30:00 17 13 Deciduous 1,49 

F. albicollis 12 EKE  59B 17-05-11 23-05-11 7 04-06-11 14:34:00 16 10 Deciduous 0,91 

F. albicollis 12 BOD C7 19-05-11 26-05-11 8 07-06-11 14:40:00 17 13 Coniferous 1,20 

F. hypoleuca  12 KIN 4 21-05-11 26-05-11 6 07-06-11 15:12:00 16 12 Coniferous 1,01 

F. hypoleuca  12 KIN 6 22-05-11 28-05-11 7 09-06-11 10:00:00 16 12 Coniferous 0,76 

F. hypoleuca   12 LHU 31 03-06-11 06-06-11 4 18-06-11 10:34:00 19 15 Deciduous 1,54 
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Appendix 2 

 

The protocol for staining bones 

 

1. Wash embryo overnight in tap water. 

 

2. Soak in 70 % EtOH approximate 6 hours.  

 

3. Soak in 95 % EtOH overnight.   

 

4. Expose embryo to trypsin (0.45g trypsin in 400 ml 30% saturated borax solution) until 

muscles is enough digested. Faster reaction when warmed up.  

 

5. Wash in tap water 1-2 h. 

 

6. Soak in 0.5% KOH 2x10 min. 

 

7. Stain bone overnight (0.5% KOH + alizarine red solution (0.1% alizarin + aqua dest). 

 

8. Wash with 1% KOH to get all the red out, approximate 2 days.   

 

9. Get through the glycerol stages, 1 week for every stage. 

 

- 25% glycerol + 75% 0.5% KOH 

- 50% glycerol + 50% 0.5% KOH 

- 75% glycerol + 25% 0.5% KOH 

- 100% glycerol + few crystals of thymol  
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Appendix 3 

 

Stage F. albicollis F. hypoleuca 
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