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            Abstract
The transition from fish to tetrapod was arguably the most radical series of adaptive shifts in vertebrate evolutionary history. Data are accumulating rapidly for most aspects of these events1,2,3,4,5, but the life histories of the earliest tetrapods remain completely unknown, leaving a major gap in our understanding of these organisms as living animals. Symptomatic of this problem is the unspoken assumption that the largest known Devonian tetrapod fossils represent adult individuals. Here we present the first, to our knowledge, life history data for a Devonian tetrapod, from the Acanthostega mass-death deposit of StensiÃ¶ Bjerg, East Greenland6,7. Using propagation phase-contrast synchrotron microtomography (PPC-SRÎ¼CT)8 to visualize the histology of humeri (upper arm bones) and infer their growth histories, we show that even the largest individuals from this deposit are juveniles. A long early juvenile stage with unossified limb bones, during which individuals grew to almost final size, was followed by a slow-growing late juvenile stage with ossified limbs that lasted for at least six years in some individuals. The late onset of limb ossification suggests that the juveniles were exclusively aquatic, and the predominance of juveniles in the sample suggests segregated distributions of juveniles and adults at least at certain times. The absolute size at which limb ossification began differs greatly between individuals, suggesting the possibility of sexual dimorphism, adaptive strategies or competition-related size variation.




            
                
                    

    
        
            
                
                Access through your institution
            
        

        
            
                
                    Buy or subscribe
                
            

        
    



                
            


            
                
                    
                

            

            
                
                
                
                
                    
                        This is a preview of subscription content, access via your institution

                    

                    
                

                

                Access options

                


                
                    
                        
                            

    
        
            
                
                Access through your institution
            
        

        
    



                        

                        

    
        
        

        
        
            
                
                Access through your institution
            
        

        
            
                Change institution
            
        

        
        
            
                Buy or subscribe
            
        

        
    



                    
                

                
    
    Subscribe to this journal
Receive 51 print issues and online access
$199.00 per year
only $3.90 per issue

Learn more


Rent or buy this article
Prices vary by article type
from$1.95
to$39.95
Learn more


Prices may be subject to local taxes which are calculated during checkout



  

    
    
        
    Additional access options:

    	
            Log in
        
	
            Learn about institutional subscriptions
        
	
            Read our FAQs
        
	
            Contact customer support
        



    

                
                    Figure 1: Midshaft bone microanatomy and histology of Acanthostega humeri.[image: ]


Figure 2: Humeral bone development.[image: ]


Figure 3: Bone skeletochronology.[image: ]
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Extended data figures and tables

Extended Data Figure 1 Three-dimensional models of Acanthostega humeri based on synchrotron microtomography data.
a, NHMD 74756. b, UMZC T.1295. c, MGUH 29019. d, MGUH 29020. From top to bottom: preaxial view, ventral view, postaxial view, dorsal view. Humeri are all oriented with their proximal epiphysis towards the top.


Extended Data Figure 2 Epiphyseal microanatomy and histology of Acanthostega humerus (MGUH 29020).
a, Three-dimentional model in preaxial view, based on synchrotron microtomography data, oriented with the proximal extremity (epiphysis6) towards the top. The black line indicates the virtual thin section illustrated in b. b, Longitudinal virtual thin section (thickness: 50â€‰Î¼m, voxel size: 1.12â€‰Î¼m, same scale bar and orientation as in a) showing the location of the detailed image on the right. The latter shows the marrow processes (mp) formed in the growth plate by endochondral ossification. c, High-resolution virtual thin section (thickness: 50â€‰Î¼m, voxel size: 1.12â€‰Î¼m) from the epiphyseal region showing obvious Liesegangâ€™s rings as remnants of calcified cartilage6 (cc), formed during endochondral ossification. These remnants are entrapped in the trabeculae (t), at the vicinity of the ossification notch6, where the thickness of the periosteal bone (pb) between the mineralization front (mf) and the surface is greatly reduced. The bone is oriented with its surface towards the bottom. Left, longitudinal thin section; right, transverse section.


Extended Data Figure 3 Midshaft bone histology of two Acanthostega humeri (UMZC T.1295 and MGUH 29019).
a, Three-dimensional model of humerus UMZC T.1295 in dorsal view and oriented with the proximal epiphyses6 towards the top. The white circle indicates the midshaft location at which the transverse virtual section was made. The latter (single tomographic slice, voxel size: 0.638â€‰Î¼m) shows the complete bone deposit of cortical bone (c) from the mineralization front (mf) to the surface of the humerus (top). The cortical bone comprises numerous osteocyte lacunae (ol), which are much smaller than the aligned globular cell lacunae (agl) present at the location of the mineralization front. Trabeculae (t) are numerous in the medullary cavity. The red line in the transverse virtual section indicates the location of the next tangential virtual section which details the mineralization front. b, Three-dimensional model of the humerus MGUH 29019 in ventral view showing the high-resolution scanned location. The virtual section shows the humeral cortical histology at the midshaft (single tomographic slice, voxel size: 0.638â€‰Î¼m). As in UMZC T.1295, the cortical bone matrix (cb) is very compact, pierced with small osteocyte lacunae. At this location, its surface (top), although still embedded in the rock matrix, is not well preserved. The red line in the transverse virtual section indicates the location of the next tangential virtual section detailing the cellular structure of the mineralization front.


Extended Data Figure 4 Regions of high-resolution scans.
Skeletochronological observations were done at sub-micrometre resolution in nine homologous regions of the four humeri of Acanthostega. Specimen MGUH 29020 is used here to illustrate the regions providing quantifiable information to calculate annual bone growth rates (Extended Data Table 1). Areas of muscle insertion were avoided when possible. Regions 2, 3 and 9 are non-muscle attachment areas. Regions 7 and 8 are located between two regions of muscle insertions but annual bone growth rates (Extended Data Table 1) were measured only in undisturbed cortical parts exhibiting regular LAG patterns.


Extended Data Figure 5 Humeral midshaft skeletochronology.
All virtual thin sections (voxel size: 0.638â€‰Î¼m) reveal LAGs (black arrows) resulting from the cyclical growth of the cortical deposit (c). They are oriented with the surface of the bone (sb) towards the top and medullary trabeculae (t) downwards. The locations of the thin sections are shown as white dots on the associated 3D models. All 3D models are oriented with their proximal epiphyses6 towards the top. a, Transverse virtual thin section (thickness: 30â€‰Î¼m) showing three LAGs in the cortical bone of the ventral midshaft of the humerus MGUH 29019 (region 7). The inner surface of the cortical bone has been eroded. b, Longitudinal virtual thin section (thickness: 30â€‰Î¼m) showing five LAGs in the cortical bone of the ventral midshaft of MGUH 29020 (region 7). The inner cortical bone is disturbed by a highly vascularised period. LAGs cannot be identified with accuracy in this region. The growth deposits between the LAGs in region 7 are similar in MGUH 29019 and MGUH 29020 (Extended Data Table 1). c, Transverse virtual thin section (thickness: 30â€‰Î¼m) showing two LAGs in the cortical bone of the dorsal midshaft of the specimen MGUH 29019 (region 3). d, Longitudinal virtual thin section (thickness: 50â€‰Î¼m) showing four LAGs in the cortical bone of the dorsal midshaft of UMZC T.1295 (region 3). e, Longitudinal virtual thin section (thickness: 30â€‰Î¼m) showing five LAGs in the cortical bone of the dorsal midshaft of MGUH 29020 (region 3). The growth deposits between the LAGs in region 3 are similar in UMZC T.1295, MGUH 29019 and MGUH 29020 (Extended Data Table 1). Scale bars for virtual thin sections: 0.2 mm. Scale bars for 3D models: 15â€‰mm.


Extended Data Figure 6 Graphic visualizations of bone deposits.
Images are based on the measurements provided in Extended Data Table 1. a, Amount of bone deposited every yearâ€”that is, between two LAGsâ€”in the regions of interest (reg.) of the four studied humeri. Except for region 2 (measured in MGUH 29020 and NHMD 74756), all regions show a relatively constant or increasing growth rate during animal development. b, Bone deposition accumulated to form the cortex. Despite a slight variation in values due to growth allometries, the growth rate (illustrated by the slope angle) is relatively constant in all regions of all specimens, meaning that all specimens grew at the same rate.


Extended Data Table 1 Measurements of humeral cyclical growth deposits between LAGsFull size table
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        Editorial Summary
Acanthostega fossils revisited
Many aspects of the life and habits of the Devonian stem tetrapod Acanthostega remain obscure. Although it had limbs with digits, everything we know about it suggests that it was obligately aquatic. Here Sophie Sanchez and colleagues show that most known Acanthostega specimens come from a single mass-death assemblage, and that their state of ossification suggests that although the largest animal was at least six years old, they were all juvenilesâ€”no adults are known. The research provides a poignant snapshot into the life one of the earliest known tetrapods, but raises many questions about the evolution of life history in land vertebrates.
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