
HAL Id: hal-02363288
https://hal.science/hal-02363288

Submitted on 21 Dec 2020

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépôt et à la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche français ou étrangers, des laboratoires
publics ou privés.

Bony pseudoteeth of extinct pelagic birds (Aves,
Odontopterygiformes) formed through a response of
bone cells to tooth-specific epithelial signals under

unique conditions
Antoine Louchart, Vivian De Buffrénil, Estelle Bourdon, Maitena Dumont,

Laurent Viriot, Jean-Yves Sire

To cite this version:
Antoine Louchart, Vivian De Buffrénil, Estelle Bourdon, Maitena Dumont, Laurent Viriot, et al..
Bony pseudoteeth of extinct pelagic birds (Aves, Odontopterygiformes) formed through a response of
bone cells to tooth-specific epithelial signals under unique conditions. Scientific Reports, 2018, 8 (1),
�10.1038/s41598-018-31022-3�. �hal-02363288�

https://hal.science/hal-02363288
https://hal.archives-ouvertes.fr


1Scientific REPOrTS |  (2018) 8:12952  | DOI:10.1038/s41598-018-31022-3

www.nature.com/scientificreports

Bony pseudoteeth of 
extinct pelagic birds (Aves, 
Odontopterygiformes) formed 
through a response of bone cells 
to tooth-specific epithelial signals 
under unique conditions
Antoine Louchart1,2, Vivian de Buffrénil3, Estelle Bourdon   4,5, Maïtena Dumont1,6, 
Laurent Viriot1 & Jean-Yves Sire7

Modern birds (crown group birds, called Neornithes) are toothless; however, the extinct neornithine 
Odontopterygiformes possessed bone excrescences (pseudoteeth) which resembled teeth, distributed 
sequentially by size along jaws. The origin of pseudoteeth is enigmatic, but based on recent evidence, 
including microanatomical and histological analyses, we propose that conserved odontogenetic 
pathways most probably regulated the development of pseudodentition. The delayed pseudoteeth 
growth and epithelium keratinization allowed for the existence of a temporal window during which 
competent osteoblasts could respond to oral epithelial signaling, in place of the no longer present 
odontoblasts; thus, bony pseudoteeth developed instead of true teeth. Dynamic morphogenetic fields 
can explain the particular, sequential size distribution of pseudoteeth along the jaws of these birds. 
Hence, this appears as a new kind of deep homology, by which ancient odontogenetic developmental 
processes would have controlled the evolution of pseudodentition, structurally different from a true 
dentition, but morphologically and functionally similar.

All living birds are edentulous. Fossil representatives of crown group birds (Neornithes) with documented jaw 
elements indicate that tooth loss occurred between 125 and 66 million years ago (Ma)1,2, whereas genomic data 
point to 116 Ma3. However, members of an extinct Neornithine clade known from almost 60 Ma to ca. 2.5 Ma, 
the order Odontopterygiformes, large pelagic birds, grew a series of pseudoteeth along their jaw tomia, the cores 
of which were made of bone4,5 (Fig. 1). The earliest Paleocene Odontopterygiformes already had a pseudoden-
tition6. Histologically, the bony cores of these protuberances were a continuity of the supporting jaw, as they 
consisted of the same kind of bone tissue; therefore, they were merely excrescences of the tomial cortex, with 
their development starting at the end of the circumferential growth of the jaw bones5. Pseudoteeth comprise 
none of the typical hard tissues that form true teeth (dentin, enamel, cement), and are not inserted in alveoli 
(sockets) -or grooves. Moreover, the occurrence of numerous neurovascular foramina openings at the surface 
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of the pseudoteeth bony cores (Fig. 1) indicates that the latter must have been covered by epithelial sheaths that 
molded onto their surface4,5. These epithelial sheaths are likely to have been keratinized, like the current avian 
rhamphotheca, albeit relatively late in post-hatching development, suggesting altriciality5. The pseudodentition 
of Odontopterygiformes, strikingly resembles a vertebrate marginal dentition in terms of external morphology 
(conical, “caniniform” shape), location on jaw tomia, and regular, serial (meristic) distribution. In addition, pseu-
dodentition is characterized by a very peculiar, serial distribution of the pseudoteeth (Fig. 1), alternating by size 
along the jaw tomia, and involving three to five size classes (“ranks”) in adults, depending on species4,5,7 (see also 
SFig. 1). Here we have ranked the pseudoteeth from 1 (PT1s, the largest) to 4 and 5 (PT5s, the smallest, existing 
in at least one species; SFig. 2). These alternations are reminiscent of the “waves” of odontogenetic develop-
ments described in reptiles8–11. The phylogenetic position of pseudotoothed birds among basal Neornithes is still 
debated, with the most prominent hypotheses being a sister relationship with either crown Anseriformes5,12,13, or 
crown Galloanserae, or crown Neognathae13 (Fig. 2).

Until now, the evolutionary and developmental origins of pseudoteeth have been challenging. Nevertheless, 
by considering the unique characteristics of the pseudodentition, the growth pattern of individual pseudoteeth 
in one species5, as well as new, original lines of evidence, we propose an integrative developmental model which 
suggests that a diverted odontogenetic potential was probably active (see also Supplementary Text, SText1) in the 
developmental control of pseudodentition (see also SText 2).

Late Growth and Rhamphotheca Keratinization
The micro-anatomical and histological characteristics of pseudotooth bony cores in the odontopterygiform 
Pelagornis mauretanicus indicate that their growth on the jaw tomia started during, or shortly after, completion 
of the circumferential (sub-periosteal) growth of the supporting jaw bones (i.e. growth in diameter or thickness 
of the dentaries, premaxillaries, or maxillaries)5 (see also SText 3). Such a late pseudotooth growth would have 
been associated with delayed keratinization of the overlying epithelial layers long after hatching5 and just prior 
to independence from the parents, presumably approaching 18 months after hatching in large pseudotoothed 
bird species (SText 4). Therefore, until this late keratinization, the whole epithelium would have remained alive 

Figure 1.  Schematic reconstruction of the pseudodentition of a four-ranked pseudotoothed bird. (a) Left view 
of reconstructed beak and head. The rostrum and most of the mandible are represented with the rhamphotheca 
(keratinized epithelium; in yellow) covering the jaw bones, except for a small area of the mandible to show the 
underlying bone. (b) Magnification of the bony cores of two adjacent pseudoteeth (the larger is a PT2, the smaller 
is a PT4) of Pelagornis mauretanicus (AaO-PT-B)5, in lateral x-ray microtomographic view. (c) Structure of the 
pseudoteeth bony cores in (a), shown in parasagittally truncated x-ray microtomographic view. (d and e) (double 
frame), true tooth of the Cretaceous bird Hesperornis regalis (YPM.1206B)22 for comparison with pseudoteeth 
(in volume and parasagittally truncated synchrotron x-ray microtomographic views, respectively). Proportions 
based on data from Pelagornis species such as P. mauretanicus5. Views in inserts are reversed, except (c), in order 
to fit a left mandibular placement in lateral view. The real position (left vs. right, rostral vs. mandibular) of the P. 
mauretanicus pseudoteeth and the H. regalis tooth, shown in inserts (b–e), is indeterminate5,22. Distribution of 
PT1s to PT4s is indicated along part of the rostrum. b, bone; c, crown; d, dentin; e, enamel; mjb, main jaw bone; pc, 
pulp cavity; r, root; rh, rhamphotheca. Scale bars, main frame 2 cm, inserts (b–e) 2 mm.
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and continued odontogenetic signaling until late development. In contrast, early epithelium keratinization (e.g. 
Gallus gallus) implies the death of epithelial cells across most of the epithelial depth, rendering interaction with 
the underlying mesenchyme impossible. Such delayed rhamphothecal keratinization might be paralleled by the 
existence of a soft rhamphotheca, at least locally, in adult representatives of three extant bird taxa: Anseriformes, 
Apterygidae and some Charadriidae, lineages that have been toothless for a long time5. In the hypothesis of a 
sister relationship between the orders Odontopterygiformes and Anseriformes (superorder Odontoanserae)12, a 
shared phylogenetic background might have favoured the effects of a mutation which caused delayed epithelial 
keratinization in pseudotoothed birds. Late epithelial keratinization would be viable for young birds if the latter 
did not use their fragile, acute, growing pseudoteeth with soft epithelium, but were fed by adults during a pro-
longed period, at least until the end of pseudodentition growth and full rhamphothecal keratinization5.

Comparable altriciality is a derived condition in several lineages14; however, altriciality in Odontopterygiformes 
− be it sister to the Neognathae, the Galloanserae or the Anseriformes − would have been the most basally 
derived altriciality, given that all basal Neornithes (Palaeognathae, Anseriformes, and Galliformes) are preco-
cial to superprecocial14. Delayed epithelial keratinization, a condition of prolonged epithelial signaling in pseu-
dotoothed birds, would have been a non-counter-selected by-product of their derived altriciality.

In addition to this potential role for prolonged epithelial signaling, the exclusive location of pseudoteeth on 
the tomial edges of the jaws, their individualization, and regular spacing that constituted a serial meristic trait, 
and, to a lesser extent, their simple, almost conical tooth-like shape, suggest that some developmental bases were 
shared with typical odontogenesis (see also SText 5). We propose that, near the end of the circumferential growth 
of supporting jaw bones, delayed oral epithelial keratinization allowed basal epithelial cells to continue expressing 
odontogenetic signaling molecules, to which competent ectomesenchymal cells, such as in extant toothed ver-
tebrates, would have been able to respond. Additionally, we postulate that in the absence of such odontogenetic 
ectomesenchymal competent cells – a situation which occurs in extant birds15 the osteoblasts of the jaw bone peri-
osteum did respond; enabling oral epithelium-osteoblast interactions to ensue, which induced the differentiation, 
growth, and shaping of the pseudoteeth. This scenario raises two issues: (i) the effective continuation of epithelial 
signaling, and (ii) the possibility for periosteal osteoblasts to interact with the signaling basal epithelial cells.

Efficient Signaling and Responding Osteoblasts
The possible causes of the loss of capability to form teeth in the neornithine basal lineage are as follows: (i) absence 
of odontogenetic gene expression, among which the expression of BMP4 by the oral epithelium is a good candi-
date15,16, (ii) lack of competent ectomesenchymal cells which normally migrate from the neural crests into the 
oral mesenchyme and differentiate into odontoblasts17, (iii) lateral shift of the boundary between the epithelium 
and the mesenchyme15, (iv) diversion of gene function toward the formation of a rhamphotheca and subsequent 
impossibility for the keratinized epithelium to interact with the mesenchyme1,2 these possible causes are not mutu-
ally exclusive2. Nevertheless, the earliest steps of odontogenesis still occur in the chick embryo but the sequence of 
development stops at embryonic day E5, before the tooth bud stage has been reached. In the talpid2 (ta2) mutant 
chicken embryo, dental development continues further with the production of tooth rudiments; however, as this 
mutation is lethal, this development cannot continue later than E1715. These data indicate that odontogenetic 

Figure 2.  Hypotheses for the phylogenetic position of pseudotoothed birds (Odontopterygiformes). 
The three hypotheses of phylogenetic placement of the Odontopterygiformes are shown in orange: basal 
within Anseriformes (1), sister to crown Galloanserae (2), or sister to crown Neognathae (3). Squares 
indicate the probable position of main innovations related to jaws: acquisition of streptognathism and loss 
of mandibular symphysis (red square in Hesperornithiformes and Ichthyornithiformes, violet squares in 
Odontopterygiformes), loss of teeth on the line to Neornithes (blue square), and acquisition of pseudoteeth 
in Odontopterygiformes (green squares). The horizontal dashed line indicates approximate position of the 
Cretaceous-Paleogene extinction event.
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epithelial signaling is maintained and can be reactivated in the chicken upon interaction with competent odonto-
blasts to form tooth rudiments, as demonstrated by using experimental recombination of chick oral epithelial cells 
and mouse neural crest-derived cells17. We postulate that, in the earliest derived toothless odontopterygiforms 
(after 50 Myrs length of time, or less, since the ancestral neornithine loss of teeth; Fig. 2) the odontogenetic epithe-
lial signaling was still unaltered: BMP4 signaling was not inactivated and the basal oral epithelial cells were capable 
of interacting with mesenchyme-derived cells. Therefore, as teeth did not develop, we assume that competent 
neural crest-derived ectomesenchymal cells were lacking in the oral mesenchyme, and that odontoblasts could not 
differentiate in response to epithelial cell signaling. Although the first population of cells originating from the neu-
ral crest did presumably contribute to the formation of jaw bones through epithelium-mesenchyme interaction, as 
in extant birds, the second population of neural crest-derived cells did not differentiate into odontoblasts, contrary 
to what occurs in toothed taxa18. This situation could result from two distinct causes: ectomesenchymal cells did 
not reach the appropriate jaw region to be able to respond to epithelium signaling, or they were not located in the 
right place or at the right time (like in extant birds)17. Indeed, if these cells had been present, pseudoteeth would 
have displayed most of the characteristics of true teeth − such as a dentin-like tissue surrounding a pulp cavity and 
other features − which is not the case. The only alternative hypothesis is that osteoblasts from the jaw periosteum 
facing the oral epithelium did respond to signaling molecules expressed by the basal oral epithelial cells. This 
means that periosteal osteoblasts were competent to start such an interaction, and continued until the formation 
of odontoid excrescences. Indeed, osteoblasts are known to have close evolutionary relationships with odonto-
blasts19,20. Osteoblasts − cells of mesenchymal origin − have strong developmental affinities with odontoblasts of 
ectomesenchymal origin, as evidenced by numerous examples of toothed vertebrates blurring the limit between 
bone and dentine with a histological continuum19. Alveolar bone first appeared at least in basal amniotes21, being 
identified in a close relative of the last common ancestor of mammals and sauropsids. Hence, both alveolar bone 
and dentin were present in the Ichthyornithiformes and the Hesperornithiformes, which are the nearest toothed 
relatives of the Neornithes22, and pseudotoothed birds. Both alveolar bone and dentin arise from the same cell 
population that differentiates into odontoblasts and osteoblasts, respectively; a differentiation process regulated by 
various genes including Runx220. Therefore, we postulate that the periosteal osteoblasts that formed pseudoteeth 
were capable of responding, with their own potential, to oral epithelial cell signaling.

Another necessary condition for pseudotooth formation in Odontopterygiformes (see SText 6) is that the 
oral epithelium signaling, and its subsequent interactions with the mesenchyme, continued sufficiently late dur-
ing ontogeny, ending only when the delayed keratinization of the basal epithelial cells occurred. Indeed, during 
this period, the jaw bones increased in circumference, which allowed periosteal osteoblasts to interact with the 
basal epithelial cells due to their close proximity. This necessary time window was made possible relatively late 
in ontogeny, but nevertheless early enough thanks to prolonged oral epithelium signaling. Based on the known 
distance of diffusion of the oral epithelial odontogenetic signaling through the mesenchyme in extant toothed 
taxa, the optimal distance favouring interactions between the basal epithelial cells and the periosteum should be 
as small as a few tens of micrometers (max. ~100 µm)23,24.

Origin of Shape
Once periosteal osteoblasts had responded to the signaling molecules secreted by the basal cells of the oral epi-
thelium, the genetical cascade controlling epithelial-mesenchymal interactions was initiated, as for normal odon-
togenesis25. Osteoblasts proliferated as meristically individualized populations developing at regularly spaced 
intervals along the tomial surface of the jaw bones (Figs 3 and 4). Opposite these “pseudotooth primordia”, the 
basal epithelial cells also proliferated and differentiated into “pre-ameloblasts”, which then developed into dental 
organs and invaginated as during true tooth development, forming serial bell-like structures. Simultaneously, 
underneath these, the osteoblasts formed bony cones, the shape of which was controlled by the dental organs 
(Figs 3 and 4). The conical, caniniform shape of pseudoteeth demonstrates such an “ameloblast”-osteoblast 
interaction controlling their growth. As the bony cones of the pseudoteeth grew, the dental organs extended, 
protruding along the external, tomial side. The forming pseudoteeth continued growing until the epithelium 
started keratinizing and no longer interacting with the osteoblasts, which ceased proliferation and bone forma-
tion. The final shape of the pseudoteeth is unicuspid, sub-conical and sharp, though rostro-caudally flattened in 
lower-ranked (smaller) pseudoteeth (see below), with slight additional features for some of them (ridge, curva-
ture; see STable 1). This process agrees with a general inheritance of the “bell” shape that was presumably present 
in the closest (and latest) toothed ancestor, judging from the pseudoconical, “caniniform” tooth shape in the 
sister-taxa of Neornithes, Ichthyornis and Hesperornithiformes (notwithstanding the curvature of their rostral-
most teeth)22,26. It is noteworthy that the “ameloblasts”, although controlling the pseudotooth shape, were unable 
to deposit enamel matrix proteins on the bone surface. Indeed, all the specific genes encoding these proteins were 
already invalidated in the earliest Odontopterygiformes, about 50 myrs after the common ancestor of modern 
birds lost the capability to develop teeth – as they are invalidated in extant birds27,28.

The growth of pseudodentition ended after it expressed its unique, alternate distribution of unequally-sized 
pseudoteeth. The setting of this particular and regular size distributional pattern implies further characterization 
of our model.

Origin of Positions
The regular spacing of adjacent PT1s reflects the regulation of a meristic trait. Since the spacing and tomial loca-
tion of pseudoteeth are identical to those with a true dentition, it suggests a similar process in the setting up of the 
sites where these meristic structures developed. As hypothesized by several authors for reptilian teeth9,11,29–31, the 
setting up of a serial distribution of the invaginations, where interaction developed, was presumably induced by 
equally dimensioned and equally-spaced inhibition zones. These morphogenetic fields inhibited the development 
of another pseudotooth within the radius of a sphere-like zone of influence (Fig. 4). Inhibition is hypothesized 
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to have been induced by the action of molecules diffusing from the initial formation centre of each pseudotooth 
(around the pseudotooth apex), with all inhibition zones being with the same radius of influence. The molecular 
evidence of such initial inhibitory zones in dentition development, appearing simultaneously with the initially 
developing tooth germs, has been presented for trout dentition32. In mammals, the involved signaling molecules, 
including SHH, BMP4, and FGF8, are secreted from the epithelium, resulting in a signaling response from the 
mesenchyme, which in turn induces the odontogenetic potential of the epithelium, prompting the continuing 
cascade of epithelial-mesenchymal interactions17. In birds, a loss of seriality, concomitant with a loss of denti-
tion and the emergence of a continuous rhamphotheca2, may correspond to a change in the SHH expression, 
which becomes more broadly expressed in an antero-posterior direction without a gap33. The SHH expression 
in Odontopterygiformes might have retained a serial pattern inherited from toothed ancestors, or re-acquired it 
independently, this regulating gene being otherwise involved in numerous pathways distinct from odontogenesis.

Inhibition Zones and Size Distribution
Aside from pseudoteeth shape, location, and meristic characteristics − features homologous to a majority of 
vertebrate dentitions − adult odontopterygiforms display three to five size classes of pseudoteeth arranged in a 
regular, sequential manner: PT2s are located midway between two consecutive PT1s, PT3s are located between 
PT1s and PT2s, PT4s (if present, depending on species) are situated between PT3s and PT2s and between PT3s 
and PT1s (Fig. 1, STable 1); tiny intervening PT5s were observed here in only one case (SFig. 2).

The hypothetical causes of the sequential size distribution of equally-spaced pseudoteeth, which can be for-
malized as a series of pseudoteeth, PT1-(5)-(4)-(5)-3-(5)-(4)-(5)-2-(5)-(4)-(5)-3-(5)-(4)-(5)-1 (Fig. 1), can be 
classified as four (not strictly exclusive) modes of growth: (i) synchronous start of the growth of PTs, of all ranks, 
and their differential growth rates; (ii) synchronous start and asynchronous end; (iii) asynchronous start and 
synchronous end. A last hypothesis (iv) would be that an asynchronous start of growth (later start for smaller 
pseudoteeth) would indirectly derive from a simultaneous elongation of supporting jaw bones, resulting in an 
increase of the distance between two adjacent large PTs, and providing a new space with minimal growth inhibi-
tion midway between these. However, there is no evidence of an increase in intervals when comparing juvenile 
odontopterygiform fossils with adults (SText7); therefore hypothesis (iv) can be discarded. Indeed, just prior to 
pseudotooth growth, the circumference of the jaw bones was fully grown, and any elongation could only have 
occurred at their rostral and caudal ends. Hypothesis (i) − involving different growth speeds in pseudoteeth of 
different ranks − has also been dismissed, as no such differences can be inferred from paleohistology5. Juvenile 
fossil jaws show faint bumps at the location of the future, adult pseudoteeth of lower ranks (see SText 7; SFig. 2), 
indicating that the latter started developing much later than higher-ranked (larger) ones. This observation sup-
ports hypothesis (iii), i.e. asynchronous start of growth and synchronous end, as opposed to hypothesis (ii).

In the framework of an asynchronous start and a synchronous end of pseudoteeth growth, we propose that 
the dynamic action of inhibition zones controlled the differential starts of growth, and therefore the final relative 
sizes of the differently ranked pseudoteeth.

Once inhibition zones were established with the first developing PT1s, determining seriality, they continued 
to control and limit the growth of adjacent pseudoteeth. This dynamic process caused the inhibition zones to 
decrease in radius through developmental time, as proposed earlier for reptilian tooth formation11,29,30. Likewise, 

Figure 3.  Proposed model of pseudotooth development compared with that of a tooth. Schematized transverse 
jaw section across a pseudotooth (A) and across a true tooth (B). In (A) the developing pseudotooth is shown 
at a growth stage approximately equivalent to that of stage 6 in Fig. 4. In (B) the developing tooth is shown 
schematically at “late bell” stage. In both instances epithelial-mesenchymal interactions are indicated, with the 
different categories of involved tissues, and their direction of growth. Thickness of tissues is exaggerated for 
convenience of visibility, especially for the mesenchyme.
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but on a smaller scale, inhibition zones among cusps in a single tooth are known to originate from enamel knots, 
in some mammals, and to contribute to the regulation of the development of adjacent, secondary enamel knots 
of ultimately smaller cusps34.

As soon as the almost conical pseudoteeth started to grow, zones of inhibition would have set up in the form 
of spheres of molecular influence, centered on the apex (equivalent to the enamel knot of developing vertebrate 
teeth25,35) of the invaginating basal epithelial layer. These putatively sphere-like zones of inhibition prevented the 

Figure 4.  Proposed model of pseudodentition development. The differential growth of the differently ranked 
pseudoteeth is shown in eight stages, in the parasagittal section of a jaw for all pseudoteeth. For convenience of 
visibility, tissue thicknesses are exaggerated, ~10 × (bone, epithelium) and ~100 × (mesenchyme). Epithelial-
mesenchymal interactions between the basal epithelium cells and the periosteal osteoblasts start when the 
intervening space becomes lower than ~100 µm (Stage 2). This interaction ends when epithelial cells become 
keratinized (Stage 8).
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development of adjacent pseudoteeth within their field of influence. While the first series of pseudoteeth were 
developing (future PT1s), their respective inhibition zones were progressively decreasing in radius. As a conse-
quence, spaces became free from inhibition at locations equidistant from two consecutive PT1s. The PT2 series 
could then start developing through epithelial-osteoblast interactions, which in turn produced their own smaller 
inhibition zone (Fig. 4). This process could also occur later in development so that PT3s could start growing 
between PT1s and PT2s (Fig. 4), inducing their own, even smaller inhibition zone. Further on, a fourth (and 
fifth) series could start growing in species bearing four-ranked (and five-ranked) pseudodentitions. Pseudoteeth 
emerged progressively (largest first) as excrescences of the tomia, formed by bone and covered by epithelium. The 
final developmental stage of the pseudodentition saw each pseudotooth attain its definitive size, presumably con-
secutive to rapid epithelial keratinization. This fast but late epithelial keratinization might have been genetically 
programmed; alternatively, we suggest that it could have resulted from an epigenetic cause. The start of mechan-
ically using the beak tomia by the young at the end of the altricial period would have initiated the keratinization 
process − local mechanical stress is known to induce keratinization36 − which would have proceeded from the 
external to the basal layer of the oral epithelium, finally stopping interaction and pseudotooth growth.

Most differences in the size distribution of pseudoteeth across various odontopterygiform species (or 
unnamed specimens) can be interpreted in terms of the species-specific characteristics of inhibition zones, and 
their modifications during development (SText 8, STable 1). Nevertheless, a consistent correlation emerges and 
adds support to our model. In species with a larger interval between PT1s (and/or smaller PT1s), the PT3s show 
an attenuated size decrease relative to PT2s, compared with the size decrease of PT2s vs PT1s (SText 8). This 
is what would be expected if the inhibitory action of the larger pseudoteeth actually delayed the growth of the 
last emerging (lower-ranked/smaller) pseudoteeth − the latter reaching a size limited by the duration of inhi-
bition by the larger pseudoteeth through pseudodentition growth. This duration of inhibition, in our model, is 
greater with larger PT1s and/or with a smaller interval between them. Another characteristic, common to all taxa, 
is that the lower-ranked pseudoteeth are increasingly more constricted rostro-caudally. This strongly suggests 
that increasingly constraining inhibition zones during the development of the lower-ranked pseudoteeth, with 
a smaller intervening space, imposed narrower spaces for rostro-caudal development. This can be clearly seen 
in the Pelagornis species, where the PT4s are blade-like (when present) (SText 9; SFigs 3 and 4). Aside from the 
normal features of pseudodentitions and interspecific differences, irregularities often occurred within particular 
specimens. The causes of these irregularities are often blurred by other sources of variation, such as consistently 
wider spacings, and larger pseudoteeth at the mid-length of the jaw rather than towards the rostral or caudal 
extremities (SText 10). In certain circumstances, however, morphogenetic interpretations can be proposed; for 
instance, in the comparison of the right and left jaw areas of a single specimen, at the same level, with one side 
differing from the other in terms of spacing. Such an example shows that a larger space between two pseudoteeth 
corresponds to a larger intervening pseudotooth (SText 11; SFig. 4) and provides some support to our hypothesis 
of dynamic inhibition zones, where a wider space allowed either more numerous or larger pseudoteeth.

The particular sequential size distribution of pseudoteeth is paralleled by that of teeth in the dentition of 
several fish lineages (e.g. in the jaw dentition of the characiforms Cynodontidae and Erythrinidae, and the teeth 
of the ‘saw’ in the sawsharks of the genus Pristiophorus; SFigs 5 and 6). These similarities in size distribution, 
between these dentitions and pseudodentitions, suggest that they shared a developmental mechanism of differ-
ential growth regulation via inhibition zones; a comparison that holds with the setting up of the first dentition in 
Pristiophorus (though not during its subsequent tooth replacements)37,38. In the longnose sawshark, P. cirratus, 
the largest teeth grow first, followed by the medium-sized ones, and finally the smaller ones37–39, which is similar 
to the growth sequence considered in our model for pseudodentition. These observations add further support to 
our hypothesis, since they attest to a possible common underlying mechanism operating on true teeth as well as 
on pseudoteeth.

Pseudodentition Deep Homology with Dentition, and Co-Adaptation with Unique 
Mandibular Characters
Pseudoteeth differ from true teeth, not only in the tissues involved (bone and keratinizing epithelium vs dentin 
and enamel) and the lack of pulp cavity, but also in their growth and mineralization dynamics, and in relation 
to the jaw bone. In true teeth, dental tissues develop and mineralize centripetally before attachment to the jaw 
bone, and once their final shape is achieved the covering tissue deposited by the ameloblasts (enamel) is highly 
mineralized prior to eruption. In contrast, the bony cores of pseudoteeth were already part of the jaw bone, 
and they developed and mineralized centrifugally, through a combined process of external accretion and inter-
nal resorption of the cortex. The epithelium covering the bony cores of the pseudoteeth became hardened by 
means of keratinization (like the rest of the rhamphotheca) after ‘eruption’ (emergence) and completed growth. 
Therefore, in the model we propose, the only common process when comparing pseudotooth and true tooth 
formation consists of the epithelial-mesenchymal interactions modeling the final shape, and the capability of 
osteoblasts to respond to epithelial signaling, as odontoblasts do for teeth. This behaviour is made possible by 
(i) the common evolutionary origin of osteoblasts and odontoblasts, and (ii) the close vicinity of the interacting 
cells, osteoblasts, and basal layer epithelial cells. This genetic cascade regulates relatively simple shape, differential 
growth, and seriality along the tomia. Such an opportunistic diversion of available epithelial odontogenetic sign-
aling making the regulation of bone growth possible is unique among vertebrates. This attests to the considerable 
plasticity of a developmental program, which is capable in forming highly derived structures similar to dentition, 
despite the loss of ability to develop true teeth, in crown group birds. As such, this evolutionary innovation not 
only produced organs that were functionally convergent with dentitions, but is also a new illustration of a kind 
of deep homology40. Future epithelium-mesenchyme recombination experiments might be a mean of testing 
the model presented here, but previous attempts were not conclusive, due in particular to extremely difficult 
separation between these two tissues41. On the other hand, current knowledge on genic cascades implied in tooth 
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initiation in mice42 makes it possible to envision experiments involving beads, impregnated with corresponding 
epithelium-mesenchyme signaling molecules. These beads would be implanted (in vivo or ex vivo) between chick 
embryo oral epithelial and mesenchymal tissues.

Once the process of pseudodentition growth was acquired by an ancestral odontopterygiform, it was main-
tained in derived lineages presumably for adaptive reasons (see also SText 12). Among Ornithurae, the combina-
tion of streptognathism and absence of mandibular symphysis only occurs in the Odontopterygiformes and the 
Cretaceous toothed avian taxa Ichthyornithiformes and Hesperornithiformes, the respective sister taxa of crown 
group birds5,43. This conformation weakened grasping strength5,43 and, in the absence of teeth in odontoptery-
giforms, pseudodentition could have acted as a counterbalancing grasping enhancer. The conformation of the 
mandible would have evolved in co-adaptation with the pseudodentition. This evolutionary resourcefulness pro-
duced structures possibly less resistant than teeth44. Nevertheless, pseudotoothed birds were extremely successful, 
wandering the world’s oceans for more than 55 million years6,7.

Methods
Observations and X-ray microtomography.  Specimens of Dasornis (Paleocene-Eocene, Morocco)6 
and Pelagornis (Pliocene, Morocco)5 were examined for comparison, as well as specimens of Hesperornis rega-
lis (late Cretaceous, North America)22. The Dasornis and Pelagornis fossils were imaged using conventional 
X-ray microtomography, performed at the Ecole Normale Supérieure de Lyon and at General Electrics (Lyon) 
using Phoenix Nanotom. The Hesperornis fossil was imaged using synchrotron X-ray microtomography at the 
European Synchrotron Radiation Facility (Grenoble). The 3D volumes obtained were analyzed using VGStudio 
MAX 2, as previously described5,22.

Data availability.  Data analysed during this study are included as Supplementary Information files. Any 
additional data are available from the author upon reasonable request.
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Supplementary text 
Supplementary Discussion, section 1. Alternative developmental models would not be 
consistent with data. 
The only alternative developmental model incorporating elements of analogy or homology 
with support from extant organisms (other than the model we propose in the main text), would 
be the development of spurs on the legs of some galliform birds and cassowaries1, with 
additional examples of similar spurs on the carpometacarpi or metacarpi in other diverse avian 
taxa1-3. The development of the tarsometatarsal (leg) spurs has already been investigated4-6, 
and like pseudoteeth these spurs consist of pseudoconical bony cores covered with a 
keratinous sheath, which is acute in several species. In a few species, these leg spurs have a 
meristic distribution, i.e. several spurs are present on each tarsometatarsus and are evenly 
spaced along the tarsometatarsus shaft7. Developmentally, however, the keratinous sheaths of 
the leg spurs grow and become hardened before the spurs bony cores form. The condensation 
of the spur’s bony core starts just as the bone separates from the tarsometatarsus, inside the 
forming spur sheath, near its apex ‒ away from the almost fully grown tarsometatarsus 
shaft4,5,8. The osteoblasts located at the base of the spur bone then interact with the periosteal 
osteoblasts at the surface of the tarsometatarsal shaft, and both surfaces (spur bone base and 
adjacent tarsometatarsus surface) join together through limited osteoblast proliferation4-6,8,9. 
Spur bone is secondarily fused to the tarsometatarsus shaft surface; a process which leaves 
obvious marks at their junction4,5,8. Therefore, spur and tarsometatarsus bones initially 
develop from separate condensations and grow independently until an advanced stage4,5,8,10. 
In contrast, the bony cores of pseudoteeth are excrescences of the jaw bone periosteum by 
means of osteoblast proliferation; a process which is activated through interactions with the 
basal layer of the epithelial cells that are not yet keratinized.11 
 
Supplementary Discussion, section 2. Pseudodentition is characterized by the unique size 
distribution and acute shape of pseudoteeth, compared with bony “odontoids” in other 
vertebrates. 
Bony odontoids in place of teeth constitute a rare feature in vertebrates. In birds, apart from 
the Odontopterygiformes, they are known only in the extinct insular moa-nalo (flightless giant 
ducks from the Hawaiian Islands) of the genera Thambetochen and Ptaiochen12. Moa-nalo 
odontoids resemble the equally-sized thick lamellae of extant geese rhamphothecae. In several 
anuran lineages, bony odontoids range from fangs to paired bumps13,14. The teleost fish 
Danionella dracula exhibits bony fangs and a series of small odontoids15. Bony odontoids are 
also known from several chelonian lineages16. The single, symphyseal bony odontoid 
described in the mandible of an istiodactyl pterosaur, also called a pseudotooth17, does not 
actually resemble the odontopterygiform pseudoteeth, the latter forming paired series in both 
mandible and rostrum. None of these examples resemble the large acute odontopterygiform 
pseudoteeth, which resemble teeth of a jaw’s normal dentition and exhibit a particular, regular 
and sequential size distribution. Therefore, we have restricted the use of the terms 
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pseudotooth and pseudodentition to the Odontopterygiformes. Differences in shape between 
the bony pseudodentition and its horny cover (i.e. the rhamphotheca covering the jaw bone) 
might have existed, due to putative variations in rhamphothecal thickness (unknown because 
it is not preserved during fossilization) according to the size of the pseudotooth bony core 
covered. The larger pseudoteeth (PT1s and PT2s) had an acute rhamphothecal cover (at least 
as acute as their bony cores), as shown by the corresponding holes for mandibular PT1s and 
PT2s, located on the ventral side of the bony rostrum in sufficiently complete specimens18,19. 
Mandibular PT1s and PT2s interlocked into these rostral holes when the jaws were closed. 
Based on observations on extant large-beaked birds20, rhamphothecal thickness in 
pseudotoothed birds probably ranged from 0.5 mm (over most of the jaw) to a few millimetres 
in certain regions (e.g. tomial edges, beak tip), perhaps 1-2 mm over the pseudotooth bony 
cores. Many other birds show serrations on the beak tomia, but these serrations are obtuse and 
reduced in size ‒ a few millimetres at the most in geese; they are equally sized along the jaws, 
and exclusively affect the rhamphotheca rather than the underlying bone1,21. 
 
Supplementary Discussion, section 3. Ontogenetic differences between “tomial teeth” 
and pseudoteeth. 
The two paired “tomial teeth” reported in the cranial extremity of the rostrum in Pelagornis 
orri22 and P. chilensis19,23 are extremely similar, and perhaps homologous to the two paired 
tomial teeth of the extant Harpagus bidentatus (Accipitridae; phylogenetically distant from 
pseudotoothed birds) (SFig. 1). These structures are (i) located exclusively at the rostral 
(anterior) end of the rostrum, (ii) obtuse and rounded in outline, and (iii) latero-medially 
flattened unlike pseudoteeth. Tomia are generally blade-shaped like tomial teeth, whereas 
pseudoteeth, with their much wider base, require a latero-medial widening of the underlying 
jaw tomia. Tomial teeth are not homologous to pseudoteeth, but they might deserve further 
investigation with respect to a wider category of “odontoids” in birds. In contrast to 
pseudoteeth, “tomial teeth” presumably grow synchronously with the main jaw bone. In P. 
sandersi only a single paired rostral tomial tooth is reported24, but the above interpretation 
also applies to that species. Several extant avian taxa aside from H. bidentatus exhibit double 
or simple paired tomial teeth21. 
 
Supplementary Discussion, section 4. Estimation of the post-hatching growth timing of 
the beak and pseudodentition in pseudotoothed birds.  
Extant albatrosses (Procellariiformes, Diomedeidae) provide interesting elements for 
estimating the plausible timing of beak growth in pseudotoothed birds, because (i) both taxa 
share morphological (skeletal) characteristics corresponding to similar adaptations for pelagic 
foraging, (ii) pseudotoothed birds were most probably altricial in development like 
albatrosses, and (iii) albatrosses are the largest pelagic seabirds, approaching medium species 
of Odontopterygiformes in size. In the albatross Diomedea chrysostoma (2.20 m wingspan), 
the definitive beak (culmen) length is reached ca. 100-110 days after hatching25. In the same 
species, fledging (independence of young from parents, which means first use of 
pseudodentition for catching prey) occurs at 140-150 days after hatching. In the smaller 
Calonectris diomedea, a shearwater (Procellariiformes, Procellariidae; 1.20 m wingspan), 
adult beak (culmen) length is reached at ca. 60 days, and the adult beak height earlier (like in 
“long” beaked birds in general) at ca. 35-40 days. Fledging occurs at 95 days (on average) 
after hatching26. Hence, in the shearwater there is a period of ca. 60 days between the end of 
beak growth in height (i.e. circumference) and independence. Even in the albatross, adult beak 
height is reached before adult length. There is already a period of 40 days between complete 
growth in beak length and independence, and perhaps up to 70 days might be inferred 
between the end of circumferential growth and independence, i.e. ca. 40 % of fledging time. 
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In the largest albatross D. exulans (wingspan over 3 m), fledging occurs at ca. 270 days (nine 
months) after hatching. Using the relation between its fledging time and body size (and 
wingspan in these birds) an extrapolation can be attempted in Pelagornis mauretanicus, with 
a wingspan of over 5 m27, where fledging might have occurred more than one year after 
hatching, probably around 18 months. If this time span amounted to 40% (like in D. 
chrysostoma), it would roughly indicate that eight months elapsed in this pseudotoothed bird 
between completion of circumferential growth of beak (i.e. start of pseudoteeth growth) and 
independence (i.e. end of keratinization of the rhamphotheca, at the end of pseudoteeth 
growth). Such an estimate for pseudoteeth growth duration is coherent with our growth model 
and histological observations11. 
 
Supplementary Discussion, section 5. Evaluating the pertinence of comparison between 
pseudoteeth and first generation archosaurian teeth, or talpid2 chicken teeth rudiments 
with regards to pseudotooth development. 
The purported, superficial resemblance of pseudoteeth with (i) first generation teeth in 
archosaurians and (ii) tooth rudiments in talpid2 chicken mutant embryos28, has led in the past 
to suggestions of some level of homology between the development of pseudoteeth and true 
teeth19,29,30. This argumentation, however, is questionable, and not relevant for understanding 
pseudotooth development. Pseudoteeth differ intrinsically from avian teeth, which are 
composed of dentin, cement (at least in some taxa), and an enamel crown cover, like most 
teeth31, whereas pseudoteeth are composed of bone and a rhamphothecal cover11,29,32,33 

(incidentally, teeth are not “covered by dentine” contra Mayr and Rubilar19). Nevertheless, it 
was suggested that tooth-specific developmental programs might be responsible for 
pseudotooth development, based on their putative resemblance with the early developmental 
stages of first-generation archosaurian teeth19. However, these earliest “surface teeth” stages 
are not mere outgrowths of the jaw bone (contra Mayr and Rubilar19), but projections of the 
epithelium34, in which mesenchyme-derived odontoblast precursors differentiate and form 
dentin35. These teeth are not made of bone and are situated far from the jaw bone; later 
generation teeth develop deeper into the mesenchyme, from a dental lamina, and only later 
elongate to fuse with the jaw bone into alveoli34,35. Therefore, there is no complete or direct 
homology (contra Mayr and Rubilar19 and Mayr and Zvonok30) between pseudoteeth, which 
are bony outgrowths at the jaw bone’s surface, and first-generation teeth in archosaurians (and 
presumably tooth rudiments in talpid2 chicken mutants)28, that are early tooth precursors 
situated far from the jaw bone with a mesenchymal component made of dentin (predentin in 
talpid2 mutant embryos at ca. 17 days)21. Therefore, the composition and precise location of 
pseudoteeth differ radically from those of first generation teeth in archosaurians as well as the 
tooth rudiments of talpid2 embryos. The latter two structures do not illustrate any 
developmental link between pseudoteeth and teeth. In contrast, we have based our model on 
the general location, seriality and sequential size distribution of pseudoteeth (see 
Supplementary table STable 1), their shape and growth timing11, plus several other 
independent lines of evidence (present study; see Main text). 
 
Supplementary Discussion, section 6. Other categories of avian odontoids arose 
independently, even though a common background for Odontoanserae might be at 
stake. 
The only other birds that possess bony odontoids on the jaws (the extinct Hawaiian moa-nalo 
of the genera Thambetochen and Ptaiochen)12, albeit much less developed and acute than 
odontopterygiform pseudoteeth and lacking the sequential size distribution of the latter, are 
Anseriformes (large flightless ducks of the tribe Anatini)36. Within the hypothesis of a sister-
relationship between Anseriformes and Odontopterygiformes11,29,37, one could suggest that the 
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potential of the jaw periosteum to develop bony odontoids might be shared by members of the 
Odontoanserae, at least. In both moa-nalo and odontopterygiform birds, developmental 
heterochrony involving jaw growth and rhamphothecal keratinization might be at stake for 
this potential to be expressed. In the case of moa-nalo, heterochrony related to flightlessness 
is already assumed for other anatomical parts38. A favourable background for the evolution of 
delayed rhamphothecal keratinization exists in Anseriformes, one of the few bird groups with 
partly soft rhamphotheca, at least locally, in adults11. 
 
Supplementary Discussion, section 7. Juvenile specimens provide clues for the growth 
sequence of the different ranks of pseudoteeth. 
All but two of the odontopterygiform bird specimens with preserved pseudodentition are 
adults, based on the non-fibrous external aspect of the bone and on the pointed shape of the 
unbroken pseudoteeth. The two exceptions consist of: (i) a jaw bone fragment of a juvenile of 
Lutetodontopteryx tethyensis from the Middle Eocene of Ukraine30, and (ii) a jaw bone 
fragment of a juvenile of cf. Pelagornis sp. from the Early Miocene of Venezuela23 (SFig. 2). 
Incidentally, the latter fossil was not recognized as a juvenile by the authors, although this is 
unambiguous. Both fossils exhibit the well-marked fibrous external aspect of the cortical 
bone, typical of the osteologically juvenile stage. Whereas the adult specimens of L. 
tethyensis from the same locality as the juvenile exhibit three size ranks of pseudoteeth, the 
juvenile specimen shows only two (PT1s and PT2s). However, tiny caudo-cranially 
constricted bumps ‒ as constricted as the smallest pseudoteeth of Pelagornis ‒ are clearly 
visible at locations where the third rank pseudoteeth (PT3s) would be expected to develop 
further toward the adult stage (see fig. 2R in Mayr and Zvonok30; reproduced with 
modifications in SFig. 2). Most of them are emergent PT3s, and show a strongly cranio-
caudally constricted elliptical base shape, as in the PT4s of other taxa (except perhaps the first 
visible bump on the right side, which seems to be a partly broken base, as seen in some PT4 
specimens of P. mauretanicus27). The presence of only two developed size ranks in this 
juvenile specimen (even though all pseudoteeth are broken due to their fragile, thin cortex), 
and PT3s only at the bump stage, reflect incomplete development of the pseudodentition at 
this individual’s time of death of. This indicates that PT3s start developing later than PT1s 
and PT2s, in this species at least. Similarly, the juvenile mandible of cf. Pelagornis sp. from 
Venezuela exhibits fully grown PT1s, PT2s, and PT3s (albeit broken), whereas PT4s and 
probable PT5s are only at the bump stage at the individual’s time of death (see fig. 2 in 
Solórzano and Rincón23; reproduced with modifications in SFig. 2). To summarize, PT3s start 
growing after PT1s and PT2s, and PT4s and PT5s (when present) start growing after the three 
higher ranks of pseudoteeth. Hence, juvenile odontopterygiform specimens provide evidence 
for a model of an asynchronous start and a synchronous end of growth for the different ranks 
of pseudoteeth, with PT1s developing first. Incidentally, the juvenile specimen from 
Venezuela provides the only evidence that some pseudotoothed birds had five ranks of 
pseudoteeth (with even additional bumps being irregularly present), albeit with PT4s and 
PT5s at an early growth stage (SFig. 2). The two juvenile specimens also illustrate the rostro-
caudal constriction of smaller pseudoteeth, increasing with rank, which is also obvious in 
adults of most species. Finally, the ratio between PT1s intervals and jaw bone height is not 
greater in adult odontopterygiform specimens than in juveniles, which indicates that the 
relative intervals between PT1s do not increase with growth.  
 
Supplementary Discussion, section 8. Interspecific variability in the distribution of 
pseudoteeth suggests the existence of species-specific characteristics of inhibition zones. 
Differences exist between odontopterygiform species in terms of the distribution and shape of 
pseudoteeth: height and relative rostro-caudal width of PT1s, spacing between PT1s, ratio 
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between PT1 measurements and their intervening spaces, width of pseudoteeth divided by 
width of immediately higher ranked pseudoteeth, or width of pseudoteeth divided by spacing 
between adjacent pseudoteeth, among other ratios. Among the three-ranked species, a relation 
exists between the ratio of the interval separating PT1s divided by PT1 width, and the 
amplitude of the decrease in width of PT3s vs PT2s compared with PT2s vs PT1s (see 
Supplementary Text 8 table). In species where the value of the distance separating PT1s 
divided by PT1s width is larger, the decrease in size in a (n) ranked pseudotooth versus a (n-
1) ranked pseudotooth is stable from PT1s to PT3s. In contrast, in species where the value of 
the intervening space between PT1s divided by PT1s width is smaller, the size reduction 
increases from PT1s to PT3s, and is greater in PT3s vs PT2s, than in PT2s vs PT1s. This 
suggests that the intervening space between PT1s (coupled with PT1 width) constrains and 
restricts the size of smaller (lower-ranked) pseudoteeth, including PT3s, which emerge later in 
our model. This observation conforms to our model of pseudotooth growth control by 
inhibition from adjacent, higher-ranked (larger) pseudoteeth (we use the pseudotooth base 
width as the size proxy, rather than height, as pseudotooth tips are generally broken due to 
post-mortem fractures). 
 
Species Ratio: PT1 base 

cranio-caudal 
width/intervening 
space between PT1s 

PT2 width/PT1 
width; PT3 
width/PT2 width  

Ratio (mean values): 
(PT3 width/PT2 width) 
/ (PT2 width/PT1 
width) 

Dasornis emuinus 
from Morocco 

0.18 0.5-0.6; 0.5-0.6 1.00 

Dasornis 
toliapicus from 
England 

0.17 0.7-0.74; 0.6-0.8 0.97 

Caspiodontornis 
kobystanicus 

0.17 0.6; 0.5 0.83 

Pelagornis 
chilensis 

0.23 0.5-0.6; 0.4-0.5 0.82 

Lutetodontopteryx 
tethyensis 

0.25 0.6; 0.4-0.5 0.75 

Pelagornis 
longirostris 

0.25 0.5-0.6; 0.3-0.4 0.64 

Supplementary Text 8 table. The three-ranked odontopterygiform species show a relation 
between a greater PT1 size vs intervening space (left column in bold), and a greater relative 
decrease in size from PT2 compared to PT1, toward PT3 compared to PT2 (decreasing ratio 
between these two ratios, in the right column in bold). Species ordered from no decrease to a 
greater decrease (right column in bold) are generally ordered from a smaller to a greater ratio 
(PT1 width/intervening space) (left column in bold). When plotted against each other, the 
values of these two parameters determine a linear regression with a R2 of 0.67; the straight 
line equation is y = -2.82x + 1.42 (in x, ratio: PT1 base cranio-caudal width/intervening space 
between PT1s; in y, ratio (mean values): (PT3 width/PT2 width)/(PT2 width/PT1 width). NB: 
four-ranked species values show no difference within these parameters. Data from 
Supplementary table STable 1. 
 
Other measurements or ratios show no consistent correlations (i) with the presence or absence 
of PT4s, and (ii) with each other among all species, or among three- to four-ranked species 
(STable 1). Most species are represented by one or only a few specimens, which might lead to 
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an overestimation of the interspecific variability in relation to intraspecific variability. Several 
features still show consistent differences between species, which suggests that species-
specific characteristics of inhibition zones and their modifications through development are at 
stake, such as their strength (radius of action), duration of action, and speed of radius 
reduction. For instance, the presence of PT4s in certain species (STable 1) might be caused 
either by a lower radius and/or a faster radius reduction of pseudotooth inhibition zones, or by 
delayed end of growth (epithelium keratinization). 
 
Supplementary Discussion, section 9. Variation in pseudotooth shape in relation to 
position (rank) adds support to the hypothesis of dynamic inhibition zones. 
Beside the pseudoconical (caniniform) shape of pseudoteeth in all odontopterygiform species, 
some display other, specific characteristics, such as caudally hooked higher-ranked 
pseudoteeth (e.g. P. chilensis), the presence of a strong basal-apical ridge in caudo-lateral 
position in higher-ranked pseudoteeth (e.g. P. mauretanicus, P. chilensis), varying degrees of 
forward (rostral) slanting in higher-ranked pseudoteeth, or varying degrees of pseudotooth 
robustness (essentially starting with PT1s; sharp vs obtuse) (STable 1). Beyond these features, 
pseudoteeth of different ranks also differ in terms of rostro-caudal constriction within all 
odontopterygiform species11. In all species of Pelagornis and Lutetodontopteryx, PT1s are 
pseudo-conical, and lower-ranked pseudoteeth are increasingly more constricted rostro-
caudally (SFigs. 3, 4), with PT4s and even PT5s (in species bearing them) being blade-shaped 
(see SFig. 2). For instance, in P. mauretanicus, the ratios of rostro-caudal width to latero-
medial thickness at the base of pseudoteeth range from 1.1 in one PT1, to 0.77 in one PT2, 
then ~0.65-0.75 in PT3s, and 0.34-0.63 in PT4s11,27 (SFig. 3). In species of Dasornis, the trend 
is the same, starting with the base of PT1s being rostro-caudally longer than in Pelagornis. In 
the Dasornis toliapicus specimens from the Paleogene of Morocco (SFig. 4, STable 1), the 
ratios of rostro-caudal width to latero-medial thickness at the base of the pseudoteeth range 
from 2.50-4.00 in PT1s (n=3), to 0.92-2.55 in PT2s (n=3), and 0.76-1.15 (n=5) in PT3s. 
Consequently, in Dasornis, the base of pseudoteeth is longer rostro-caudally than the base of 
pseudoteeth of the same rank in Pelagornis, but all species of both genera share a relative 
increase in rostro-caudal constriction in increasingly smaller (lower-ranked) pseudoteeth. 

Incidentally, in Pelagornis spp., L. tethyensis, and also the Dasornis emuinus 
specimens from Morocco, the latero-medial thickness of tomia equals the latero-medial basal 
thickness of PT1s, but the smaller pseudoteeth are thinner at their base and located at the 
lateralmost edge of tomia, so that all pseudoteeth are aligned laterally but not medially (the 
most “shifted” laterally being the smallest, PT4s or PT3s11; SFig. 3). This suggests that the 
centres of pseudoteeth development appear at the lateral edge of the tomia. (In the Dasornis 
toliapicus from Morocco, higher-ranked pseudoteeth are relatively thin medio-laterally, so 
that the tomia are thin as well; therefore, the base of lower-ranked pseudoteeth is barely 
thinner than the tomia, so that their lateral implantation is not obvious; SFig. 4). 
 
Supplementary Discussion, section 10. Irregular, abnormal distribution of pseudoteeth 
within some specimens or individuals. 
Irregularities in the presence/absence, exact position, relative size, and/or spacing of 
pseudoteeth of various ranks occur in almost all of the species/specimens. For instance, in 
some cases a small, supplementary pseudotooth the size of a PT4 ‒ even in species lacking 
these ‒ is intercalated between two pseudoteeth but absent from the rest of the jaw (e.g., P. 
orri; see STable 1). Another example is the occurrence of two “small PT2s” side by side, 
smaller than expected and just slightly larger than the PT3s intervening between them and the 
much larger PT1s; this is the case in the large ‘Dasornis’ specimen from Ukraine described in 
Mayr and Zvonok (2011: text-fig. 2 A,B)39. For some unknown reason, these two PT2s 
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emerged side by side in place of a single larger expected PT2, and this indeed resulted in their 
smaller size. In the frame of our model, their smaller size might be explained by the 
conjunction of a reciprocal inhibition effect from the PT2s themselves, and greater proximity 
to PT1s, implying longer inhibition. The jaw elements of each species are represented by 
single individuals (minimum number of individuals based on these jaw elements; MNI= 1; 
see STable 1), except for L. tethyensis, Dasornis/Gigantornis from Ukraine, and D. toliapicus 
from Morocco (MNI: near 2 for each), and P. orri (MNI: 4 or 5) (STable 1). Even in cases 
with an MNI above 1, no given part of the jaw can be compared with a homologous part from 
another individual, due to poor preservation or lack thereof. Therefore, specimens with 
irregularities stand as isolated cases, and are not easily interpretable in terms of their 
morphogenetic causes, since several parameters might be involved. For instance, there is the 
“normal” modification along the jaw (rostro-caudally) in terms of pseudotooth sizes and 
intervals, in all specimens, and which confounds the “accidental” variations: namely the 
spacing between pseudoteeth and their size decrease toward the cranial and caudal ends of 
jaw bones. Incidentally, the latter pattern could be explained by smaller inhibition zones at the 
jaw’s extremities, because these jaw regions developed later and closer to the end of 
pseudoteeth growth. Some variations might also be age-related (especially given our 
hypothesis of the late development of pseudoteeth relative to the rest of the jaw skeleton). 
Pathology or bone reconstruction following fractures cannot be excluded in some cases. 
Besides the relative size and spacing of pseudoteeth, irregularities exist also in terms of slant, 
or even locus of implantation (e.g. in the large D. emuinus from Morocco; STable 1). 
 
Supplementary Discussion, section 11. Interpretable irregularities fit with our model of 
dynamic inhibition zones. 
Evaluation of irregularities can be attempted through comparison of a variant with a “control” 
region, especially when the right and left maxillae are available at the same rostro-caudal 
level. Such a comparison is possible on a fragment from the premaxillary of a D. toliapicus 
from the Paleogene of Morocco (SFig. 4; STable 1). It reveals that at the same rostro-caudal 
level there is an interval of 20 mm between two PT1s on the left side, whereas the 
corresponding interval is only 14.3 mm on the right side. The size (base cranio-caudal width) 
of intervening PT2s is, respectively, 3.3 mm on the left side (80% of PT1) and 2.1 mm on the 
right side (50% of PT1). There are no significant differences for PT3s. Hence, a longer 
spacing between two consecutive PT1s corresponds to a larger intervening PT2. This adds 
support to our model, in which a longer interval implies a wider (and earlier appearing) 
inhibition-free zone mid-distance between two pseudoteeth, which makes it possible for the 
pseudotooth developing at this locus to grow for longer and therefore larger. 
 
Supplementary Discussion, section 12. Evaluating the galloanserine gliding articulation 
as a factor favouring pseudodentition evolution. 
The “particularities of a galloanserine-like feeding apparatus, such as the gliding jaw joint 
(e.g. Weber and Hesse 1995)”40 were suggested as factors favouring the evolution of 
pseudodentition by Mayr (2011: 458)29. The gliding jaw joint is a misleading designation, 
since the actual feature referred to is a rostro-caudally gliding mandible-quadrate 
articulation41,42. This gliding articulation is present in advanced pseudotoothed birds 
(Pelagornis spp.)29, at least (unknown because anatomical region is not preserved in fossils of 
more basal pseudotoothed birds). However, besides Galloanserae and Pelagornis, this 
articulation is also present (true homology unknown) in Hesperornis and Ichthyornis29. 
Therefore, this feature is probably not strictly linked to increased herbivory (contra Weber41). 
Furthermore, there are no means by which this characteristic would preferentially favour or 
allow pseudotooth evolution. Other characteristics were likely involved in the adaptive 
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function of pseudodentition, namely the streptognathism and the absence of mandibular 
symphysis43 (see Main text). Incidentally, these hypotheses concern adaptive factors possibly 
favouring the evolutionary emergence and persistence of pseudodentition, and do not pertain 
to their ontogenetic determinants. As such, these two types of causes, distal and proximal, 
should not be confused. 



Supplementary Figures 
	
  

	
  
	
  
Supplementary Figure 1. “Tomial teeth” in an extant bird and a pseudotoothed bird.  
A, bony rostrum of extant Harpagus bidentatus (Aves, Accipitridae), rostral part. Natural light photographs. Top: medio-ventral view of the right pair 
of “tomial teeth”; bottom: lateral view of the left pair. Arrows indicate the paired “tomial teeth” of H. bidentatus that are double, rounded, 
lateromedially constricted, and located at the rostral tip of the rostrum. These are only bony extensions of the blade-like tomia, and are paralleled by 
the external shape of the rhamphotheca. B, bony rostrum of the extinct Pelagornis (Osteodontornis) orri (Aves, Odontopterygiformes), rostral part. 
Modified from ([22]: fig. 2; Paleobios,	
   journal	
  of	
   the	
  Museum	
  of	
  Vertebrate	
  Zoology,	
  University	
  of	
  California	
  Berkeley,	
  USA). Top: left lateral 
view; bottom: ventral view. These odontopterygiform “tomial teeth” are similar to those of H. bidentatus, and other odontopterygiforms (SText 3). 



They possibly grew synchronously with the main jaw bone, as opposed to pseudoteeth which grew after the end of the main jaw growth (see SText 3). 
ag, anterior groove; mp, medial palatal ridge; rg, rostral groove; L1-3, large pseudoteeth 1-3 (all nomenclature after Stidham22). Scale bars, 10 mm. 



	
  
	
  
Supplementary Figure 2. Juvenile pseudodentitions reveal growth sequence of pseudoteeth. 
A, Rostral part of right mandibular ramus of juvenile pseudotoothed bird Lutetodontopteryx tethyensis from the 
Middle Eocene of Ukraine, modified from ([30]: fig. 2R; Journal of Vertebrate Paleontology, Taylor & Francis 
Ltd., http://www.informaworld.com). Dorsal view showing broken pseudoteeth 1 and 2 (fully, or almost, 
grown, owing to their width), and PT3s at bump stage (only starting growth). The latter later developed into 
PT3s visible between PT1s and PT2s in adults of the same species. B, right mandibular ramus in a juvenile of 



cf. Pelagornis sp., from the Early Miocene of Venezuela, modified from ([23]: fig. 2B,C; Journal of Vertebrate 
Paleontology, Taylor & Francis Ltd., http://www.informaworld.com); lateral (top) and occlusal view (bottom). 
The rank of pseudoteeth is indicated by numbers 1 to 5. Insert C, magnification of the area indicated in (B), 
illustrating the difference between pseudoteeth broken at their base, and bumps (pseudoteeth at an early growth 
stage), modified from ([23]: fig. 2C). In A, B and C, figure parts from [23] and [30] reprinted, with 
modification, by permission of the Society of Vertebrate Paleontology, www.vertpaleo.org. This figure is not 
covered by the CC BY licence. Credits to copyright-holder, Taylor & Francis Ltd. for panels S2A, S2B and 
S2C. All rights reserved, used with permission. In (B) and (C), five ranks occur (fourth and fifth at bump 
stage), a case unique in pseudotoothed birds. In addition, intervening bumps can even be identified irregularly 
(arrowheads). In (B) and (C) the pseudodentition is at a comparatively more advanced growth stage than in (A), 
since broken PT3s are fully grown (almost like PT1s and PT2s), and not simple bumps; in (B) and (C) PT4s 
and PT5s are at the bump stage, and in (A) the PT3s are at bump stage. The juvenile status of both fossils is 
obvious because of the fibrous aspect of the bone surface. These fossils clearly indicate that lower-ranked 
(smaller) pseudoteeth start growing later than higher-ranked (larger) ones (SText 7). The two fossils also 
illustrate the rostro-caudal constriction of pseudoteeth, visible since the earliest growth stages, and increasing 
with rank. Scale bars, 10 mm (A), 50 mm (B), 10 mm (insert C). 



	
  
	
  
Supplementary Figure 3. Pseudoteeth of Pelagornis mauretanicus as seen in X-ray microtomographic views. 
A, specimen AaO-PT-B in medial-apical view, and B, specimen AaO-PT-A in lateral view11. Increasingly 
lower-rank (smaller) pseudoteeth are increasingly constricted rostro-caudally (the most constricted are the 
PT4s) (see S.Text 9). The numbers indicate the rank of each pseudotooth. In all the pseudoteeth, the apex is 



broken to varying degrees, due to post-mortem breakage; in (B) the right PT4 lacks more of the apex than the 
left PT4. Scale bars, 2 mm. 



	
  
	
  
Supplementary Figure 4. Rostrum of Dasornis toliapicus from the Paleogene of Morocco as seen in X-ray microtomographic views. 
Distribution and shape of the pseudoteeth of various ranks, on left vs right sides. A, B, left latero-ventral views; C, ventral view; D, right latero-ventral 
view. Increasingly lower-ranked (smaller) pseudoteeth are increasingly constricted rostro-caudally (see SText 9). Spacing between PT1s (grey lines 
with arrows in C) is wider on the left side than on the right, and the intervening PT2 is larger on the left side, which adds support to our dynamic 
inhibition zone model (see SText 11). Scale bar, 5 mm. 



	
  
	
  
Supplementary Figure 5. Dentition of Cynodon gibbus (Agassiz, 1829) (Order Characiformes, Family 
Cynodontidae). 
Copyright Adam Carvalho. Modified from: https://www.flickr.com/photos/sickilla/5169310782/ 
Natural light photograph. Insert shows size classes of true teeth (numbers), arranged exactly as in a 
pseudodentition. The size distribution of teeth parallels that of pseudoteeth in the odontopterygiform species, in 
this case with up to four size ranks, though two “rank 4” teeth are lacking in the example (locations indicated 
by asterisks). 



	
  
	
  
Supplementary Figure 6. Dentition of the “saw” (rostrum) of the saw-shark Pristiophorus cirratus (Latham, 1794) (Order Pristiophoriformes, Family 
Pristiophoridae). Copyright Museum of Comparative Zoology, Harvard University, USA. Modified from: 
http://mczbase.mcz.harvard.edu/specimen_images/fish/large/38611_Pristiophorus_cirratus_rostrum.jpg 
Source URL: https://mczbase.mcz.harvard.edu/guid/MCZ:Ich:38611	
  ;	
  taxonomic	
  search	
  on	
  https://mczbase.mcz.harvard.edu/	
  
Natural light photograph. Insert shows size classes of true teeth (numbers) that are arranged exactly as in a pseudodentition. In this example, the 
dentition parallels a three-ranked pseudodentition. 



Supplementary	
  Table

Species	
  (/specimen)

PT1	
  cranio-­‐caudal
width	
  at	
  base	
  (not
too	
  cranial	
  or
caudal	
  PT1s)

PT1	
  height	
  (not	
  too
cranial	
  or	
  caudal
PT1s)

PT1	
  cranio-­‐caudal
width	
  at
base/height	
  ra=o
(robustness)	
  

interval	
  between
PT1s beak	
  length

(PT1	
  base	
  cranio-­‐
caudal	
  width/beak
length)	
  X	
  100	
  (%)

length	
  from
naso-­‐frontal	
  hinge
to	
  caudal	
  end	
  of
skull

(PT1	
  base	
  cranio-­‐
caudal
width/length	
  from
naso-­‐frontal	
  hinge
to	
  caudal	
  end	
  of
skull)	
  X	
  100	
  (%)

PT1	
  base	
  cranio-­‐
caudal
width/intervening
space	
  between
PT1s

PT1
height/intervening
space	
  between
PT1s

PT2	
  base	
  cranio-­‐caudal
width/PT1	
  base	
  cranio-­‐
caudal	
  width	
  ;	
  PT3	
  base
cranio-­‐caudal
width/PT2	
  base	
  cranio-­‐
caudal	
  width	
  ;	
  [and	
  for
4	
  ranked	
  species:]	
  PT4
base	
  cranio-­‐caudal
width/PT3	
  base	
  cranio-­‐
caudal	
  width

PT2	
  base	
  cranio-­‐caudal
width/interval	
  between
surrouding	
  PTs	
  ;	
  PT3	
  base
cranio-­‐caudal	
  width/interval
between	
  surrouding	
  PTs	
  ;	
  [and
for	
  4	
  ranked	
  species:]	
  PT4	
  base
cranio-­‐caudal	
  width/interval
between	
  surrouding	
  PTs partly	
  discriminant	
  PT	
  shape	
  aKributes slant	
  of	
  PTs	
  (or	
  absence)

normal	
  distribu=on	
  of	
  PT
ranks irregulari=es geological	
  age

number	
  of
specimens	
  (MNI)
with	
  jaw	
  parts references

Pelagornis	
  mauretanicus 8.0-­‐9.0 16.0-­‐20.0 0.45-­‐0.5
37.0-­‐42.0	
  (mean
39.8;	
  n=4) 	
  -­‐ 	
  -­‐ 	
  -­‐ 	
  -­‐ 0.21 0.45 0.6-­‐0.7;	
  0.5;	
  0.3-­‐0.4

0.224-­‐0.245;	
  0.106-­‐0.14;
0.09-­‐0.12

PTs	
  slender,	
  conical,	
  not	
  recurved	
  ;	
  PTs	
  1
and	
  (2)	
  with	
  caudo-­‐lateral	
  ridge

PT4s	
  verFcal,	
  but	
  larger	
  PTs
progressively	
  slant	
  forward:
mandible	
  PTs	
  ca.	
  6°	
  to	
  15°	
  ;	
  rostrum
PTs	
  ca.	
  5°	
  (rostral	
  end	
  PTs)	
   1-4-3-4-2-4-3-4-1

minimal:	
  only	
  in	
  height	
  of	
  some	
  PTs,
but	
  not	
  in	
  their	
  presence/posiFon

late	
  Pliocene-­‐early
Pleistocene	
  limit 1 11,27

Pelagornis	
  s0rtoni 5.7 14.3 0.4 ca	
  25.0 	
  -­‐ 	
  -­‐ 	
  -­‐ 	
  -­‐ 0.23 0.57 ca.	
  0.4;	
  ?0.5  -

PTs	
  slender,	
  slightly	
  recurved;	
  PT3s
described	
  as	
  spines;	
  no	
  caudo-­‐lateral	
  ridge
visible

slant	
  forward:	
  ca	
  15°	
  (mandible
PTs,	
  rostral	
  end) 1-3-2-3-1 Miocene/Pliocene 1 44

Pelagornis	
  chilensis 12.5-­‐15.6 21.9-­‐25.5e 0.49-­‐0.65
53.9-­‐76.0	
  (mean
61.5;	
  n=5) 361.0 4.0-­‐4.4 144.0 10.1-­‐11.0 0.23 0.39 0.5-­‐0.6;	
  0.4-­‐0.5 0.12-­‐0.16	
  ;	
  0.12-­‐0.15

PTs	
  robust,	
  recurved	
  caudally	
  (but	
  variably:
rostrum:	
  only	
  the	
  cranialmost	
  ones;
mandible:	
  cranial	
  ones	
  and	
  less	
  so	
  the
caudal	
  ones);	
  caudo-­‐lateral	
  ridge	
  (rostrum:
PT1s,	
  mandible:	
  PT1s	
  and	
  PT2s)

varied	
  slant;	
  mandible	
  PTs:	
  0°
(rostral	
  end)	
  to	
  ca.	
  15°	
  forward
(caudal	
  end);	
  rostrum	
  PTs:	
  ca	
  -­‐18°
(ie	
  backwards;	
  rostral	
  end)	
  to	
  0°
(middle)	
  to	
  ca	
  +18°	
  (ie	
  forward;
caudal	
  end) 1-3-2-3-1

intercalaFon	
  of	
  a	
  small,
supplementary	
  PT	
  (equivalent	
  to	
  a
PT4)	
  at	
  least	
  at	
  5	
  locaFons	
  of
rostrum	
  between	
  PT1s	
  and	
  PT3s
(Mayr	
  and	
  Rubilar	
  2010:	
  fig.	
  1B)

middle	
  Miocene-­‐
earliest	
  Pliocene 1 19

Pelagornis	
  orri 7.0-­‐12.0 13.0-­‐19.5e 0.52-­‐0.62
30.0-­‐40.0	
  (mean
35;	
  n=4) 300.0 2.9-­‐3.3 100.0 8.8-­‐10.0 0.27 0.46 0.5-­‐0.6;	
  0.5-­‐0.7;	
  ca.	
  0.4 0.11	
  (n=2);	
  0.11-­‐0.17;	
  0.07-­‐0.13

PTs	
  robust,	
  only	
  the	
  cranialmost	
  ones	
  being
slightly	
  recurved	
  caudally;	
  no	
  visible	
  caudo-­‐
lateral	
  ridge

slight	
  slant	
  forward	
  at	
  caudal	
  part
of	
  mandible	
  (ca	
  +10°);	
  slight	
  slant
backward	
  for	
  PTs	
  at	
  rostral	
  part	
  of
rostrum	
  (ca	
  -­‐5°	
  -­‐8°	
  to	
  -­‐18°)	
  ;	
  other
parts:	
  0° 1-4-3-4-2-4-3-4-1

few:	
  only	
  in	
  height	
  of	
  some	
  PTs,	
  but
less	
  in	
  their	
  presence/posiFon;	
  eg	
  a
PT4	
  larger	
  than	
  a	
  PT3	
  and	
  almost	
  as
large	
  as	
  a	
  PT2	
  -­‐	
  and	
  variaFon	
  in
intervals	
  too,	
  within	
  a	
  single
specimen	
  (rostrum	
  in	
  Olson	
  1985:
fig.	
  9;	
  similar	
  example	
  in	
  mandible
in	
  SFdham	
  2004:	
  fig.	
  4);	
  isolated
change	
  in	
  slant	
  in	
  a	
  PT3	
  in	
  Howard
and	
  White	
  (1962:	
  figure	
  3)	
  :	
  ca	
  -­‐20°
vs.	
  0°

middle	
  and	
  late
Miocene 4	
  or	
  5 22,32,33,45,46

Pelagornis	
  longirostris 13.3-­‐15.9 ca	
  21.0e-­‐25.0e 0.57-­‐0.64
55.5-­‐63.5	
  (mean
58.3;	
  n=4) 	
  -­‐ 	
  -­‐ ca.	
  200.0 6.7-­‐8.0 0.25 0.39 0.5-­‐0.6;	
  0.3-­‐0.4 0.15;	
  -­‐	
   PTs	
  robust,	
  not	
  recurved

slant	
  forward:	
  mandible	
  PTs	
  ca
4°-­‐11°;	
  rostrum	
  PTs	
  no	
  slant	
  visible
(but	
  poor	
  preservaFon)

1-3-2-3-1: it is clear that
traces of PT3s bases are
visible, especially on
mandible, probably eroded
due to poor preservation, and
despite assertions to the
contrary (Howard 1957,
Howard and White 1962,
among others] ? 1 47,48

Pelagornis	
  sandersi 11.3;	
  8.87;	
  6.86
16.1;	
  16.9;	
  13.3;
11.3

0.61;	
  0.67;	
  0.67;
0.7 46.0;	
  56.5 405.0 2,2;	
  1,7;	
  2,79 161.0 5,5;	
  4,3;	
  7.0 0.19;	
  0.15;	
  0.20

0,29;	
  0,25;	
  0.28;
0.30 0.53-­‐0.55;	
  0.52-­‐0.65 0.105-­‐0.106;	
  0.11-­‐0.13

PTs	
  not	
  recurved;	
  caudo-­‐lateral	
  ridge	
  on
larger	
  rank	
  PTs

no	
  slant	
  (verFcal)	
  except	
  :	
  mandible
PTs	
  slant	
  forward	
  at	
  caudal	
  part
15°;	
  rostrum	
  PTs	
  slant	
  backward	
  for
some	
  PTs	
  toward	
  caudal	
  part,	
  up	
  to
5°

1-(4)-3-(4)-2-(4)-3-(4)-1:
PT4s present irregularly but
wide portions lack them,
which is a feature of the
species and not an artifact of
preservation important	
  irregulariFes late	
  Oligocene 1 24,43

Pelagornis	
  sp.	
  Japan	
  Miocene 8.8 	
  -­‐ 	
  -­‐ 42.4 	
  -­‐ 	
  -­‐ 	
  -­‐ 	
  -­‐ 0.21 	
  -­‐ 0.63;	
  0.5;	
  0.4 0.14;	
  0.13-­‐0.14;	
  0.09-­‐0.1
PTs	
  slightly	
  recurved;	
  apparently	
  no	
  caudo-­‐
lateral	
  ridge

slant	
  forward	
  of	
  mandible	
  PTs:	
  ca
8°	
  to	
  15°	
  (rather	
  rostral	
  part	
  of
mandible) 1-4-3-4-2-4-3-4-1

late	
  Early	
  Miocene
(17.5-­‐17	
  Ma) 1 49

Caspiodontornis	
  kobystanicus 8.4-­‐8.8 16.7-­‐	
  -­‐ 0.5 51.0 ca.	
  227.0 3.7-­‐3.9 ca.	
  93.0 9.0-­‐9.5 0.17 0.33 0.6;	
  0.5 0.11-­‐0.12;	
  0.09-­‐0.1 PTs	
  not	
  recurved
when	
  clearly	
  assessable:	
  no	
  slant
visible 1-3-2-3-1

alleged	
  great	
  irregularity	
  is	
  in	
  fact
due	
  to	
  poor	
  preservaFon Oligocene 1 50

Lutetodontopteryx	
  tethyensis 4.2-­‐4.6 9.3-­‐10.0 0.45-­‐0.46
17.3-­‐17.9	
  (mean
17.7;	
  n=3) 	
  -­‐ 	
  -­‐ 	
  -­‐ 	
  -­‐ 0.25 0.55 0.6;	
  0.4-­‐0.5 0.16-­‐0.18;	
  0.16-­‐0.18

PTs	
  slender,	
  not	
  recurved	
  caudally;	
  caudo-­‐
lateral	
  ridge	
  absent	
  or	
  faint slant	
  forward	
  (mandible	
  PTs):	
  17° 1-3-2-3-1 middle	
  Eocene 2	
  (1	
  ad.,	
  1	
  juv.) 30,39

?Dasornis	
  sp.	
  /	
  ?Gigantornis	
  sp.
Ukraine 8.5-­‐10.0 12.5-­‐15.9 0.63-­‐0.68 53.7 	
  -­‐ 	
  -­‐ 	
  -­‐ 	
  -­‐ 0.17 0.26 0.4;	
  0.6 	
  -­‐

PTs	
  robust,	
  not	
  recurved;	
  apparently	
  no
caudo-­‐lateral	
  ridge

larger	
  PTs	
  of	
  middle	
  mandible:
slant	
  forward	
  ca	
  10° 1-3-2-3-1

few	
  irregulariFes:	
  e.g.,	
  a	
  spli]ng	
  of
the	
  PT2	
  into	
  two	
  smaller,	
  abnormal
"PT2s"	
  between	
  the	
  two	
  PT1s
(Mayr	
  and	
  Zvonok	
  2011:	
  text-­‐fig2A).
This	
  suggests	
  that	
  an	
  "abnormal"
wide	
  space	
  between	
  the	
  PT1s
allowed	
  two	
  close,	
  smaller	
  PT2s	
  in
place	
  of	
  a	
  normal	
  single	
  one. middle	
  Eocene 2 30,39

Dasornis	
  emuinus	
  Morocco	
  (NB:	
  a
wide	
  sulcus	
  medially	
  and	
  ventrally
on	
  mandible	
  is	
  unlike	
  other
pseudotoothed	
  birds	
  except	
  the
?Dasornis/?Gigantornis	
  of	
  Ukraine
(and	
  absence	
  of	
  sternum	
  known	
  for
Moroccan	
  fossils	
  allow	
  possibility	
  of
Gigantornis) 7.0-­‐9.0 	
  -­‐ 	
  -­‐ 39.5;	
  47.5 	
  -­‐ 	
  -­‐ 	
  -­‐ 	
  -­‐ 0.18 	
  -­‐ 0.5-­‐0.6;	
  0.5-­‐0.6  - Caudo-­‐lateral	
  ridge	
  present apparently	
  (PTs	
  broken	
  off)	
  none 1-3-2-3-1

two	
  mandibular	
  PTs	
  project	
  dorso-­‐
laterally	
  rather	
  than	
  dorsally,	
  in	
  a
faint	
  apical	
  tomial	
  groove,	
  from
where	
  all	
  PTs	
  emerge,	
  but	
  which
locally	
  deviates	
  laterally.

late	
  Paleocene-­‐early
Eocene 1 51;	
  present	
  study

Dasornis	
  toliapica	
  England 2.5 5.5 0.45 15.0 	
  -­‐  - 	
  -­‐  - 0.17 0.37 0.7-­‐0.74;	
  0.6-­‐0.8 0,11;	
  0,12.	
  0,13;	
  0,17.

strong	
  slant	
  forward	
  (caudal	
  part	
  of
rostrum	
  and	
  mandible	
  -­‐	
  the	
  only
jaw	
  parts	
  known):	
  ca	
  27° 1-3-2-3-1 early	
  Eocene 1 51,52

Dasornis	
  toliapicus	
  Morocco 4.0-­‐4.3 6.0e 0.67

14.8	
  (right	
  side);
20.0	
  (lee	
  side)
(mean	
  17.4;	
  n=2) 	
  -­‐ 	
  -­‐ 	
  -­‐ 	
  -­‐

0.21	
  (large	
  interval:
lee	
  side);	
  0.28
(small	
  interval:
right	
  side):	
  see	
  Text
and	
  Supplementary
Text

ca.	
  0.30	
  (large
interval:	
  lee	
  side);
ca.	
  0.41	
  (small
interval:	
  right	
  side):
see	
  Text	
  and
Supplementary
Text

large	
  interval	
  (20,	
  lee):
0.8;	
  0.4-­‐0.5	
  ;	
  small
interval	
  (14.8,	
  right):
0.5;	
  0.5 0.19; 0.11-0.2

PTs	
  robust,	
  not	
  recurved;	
  caudo-­‐lateral
ridge	
  seen	
  on	
  one	
  PT	
  only	
  (PT1).

no	
  slant	
  (at	
  least	
  at	
  rostral	
  part	
  of
rostrum	
  and	
  mandible,	
  and	
  caudal
part	
  of	
  rostrum,	
  ie	
  differs	
  from
English	
  D.	
  toliapica) 1-3-2-3-1

there	
  is	
  a	
  strong	
  asymmetry
between	
  lee	
  and	
  right	
  side	
  of
rostrum:	
  it	
  is	
  not	
  only	
  a	
  shie	
  of	
  PT
posiFons	
  lee	
  vs	
  right,	
  but	
  also
different	
  spacings	
  of	
  PTs	
  between
the	
  two	
  sides	
  (locally	
  larger
intervals	
  on	
  lee	
  side).

late	
  Paleocene-­‐early
Eocene 2	
  or	
  3 51;	
  present	
  study



Supplementary Table 1. Measurements and observations on the pseudodentition in species (or specimens) of pseudotoothed birds for which jaw material is available.
These data do not include parts of jaws in which irregularities or abnormalities occur (except when useful and presented as irregularities per se). Also, these data do not concern the rostral and caudal ends of jaws, in which pseudotooth size and spacing decrease compared to those of identical rank pseudoteeth located in the middle part of a raw. Measurements are in millimetres, and taken only where the fossil part is not broken. 
e, estimated measurement. -, no data available / no measurement possible. Pseudotooth height is measured from the tomium adjacent to pseudotooth base, to the pseudotooth apex, and orthogonal to the tomium. The intervening space (interval) between two pseudoteeth is measured along the tomium between the mid-points of each pseudotooth basal plate. 
Pseudotooth width is measured rostro-caudally (which would correspond to “length” in true tooth measurement methodology). Only adult specimens are included.
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