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abstract

Bony-toothed birds (Odontopterygiformes), an order of seabirds that
existed throughout most of the Cenozoic, had unusually fragile, thin-
walled bones. This complicates their study and draws attention to mi-
croscopic methods, which are applicable even to fragmentary remains.
The histological structure of long bones of the limbs of two species
from the lower Lutetian locality Ikove (Luhansk Oblast, Ukraine) was
studied: Lutetodontopteryx tethyensis and cf. Dasornis sp., representing
the two main clades of the order. The well-preserved microstructure
of the bones sheds light on the growth pattern of these birds, which
turned out to be similar to that of recent Neognathae: with rapid and
typically sharply terminated bone growth. This resulted in the apposi-
tion of azonal woven-parallel tissue, covered with outer and inner cir-
cumferential layers (OCL and ICL), usually sharply delimited from it.
Like in other birds, osteohistological features allow to distinguish gross
developmental stages of the animals (juveniles, young adults, and older
adults) and provide hints about events of their life history, such as egg-
laying or moulting, which enhance the development of resorption cavi-
ties and, probably, secondary osteons. The humeri of L. tethyensis show
a structure of the outer cortex unusual for birds, which indicates a less
abrupt than usual growth cessation. Age determination from the sub-
layers in the inner circumferential layer (a method which works in some
species of recent birds but not in other) proved impossible for L. tethy-
ensis; for cf. Dasornis sp. the question remains open. The duration of the
growth in the studied species cannot currently be determined precisely,
but can be estimated at 102 days, probably (in contrast to previous infer-
ences) less than one year. A relatively short development supports the
hypothesis about Odontopterygiformes being specialised consumers of
squid, based on the morphology of the pseudoteeth. Eating squid can be
an explanation of the observed osteohistological features, which could
be caused by calcium deficiency.
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TpusanicTh pocTy, OHTOr€eHEeTMYHi MOl Ta €KONOTiYHi
oco6nuBocTi ncepno3youx nraxis (Odontopterygiformes):
TaHi riCTOMOrii KiCTOK

Cranicras [lo6poBonbscpkuii, Jleonin Topobenn

Pesrome. IlceBnosy6i nraxu (Odontopterygiformes) — psAx MOpcbKMX ITaxiB, IO iCHYBalIM BIPOJOBX
6171b1IO] YaCTVHM KalTHO30I0 — BUPI3HANMNCA KPUXKMMMU TOHKOCTIHHUMM KiCTKaMM, IO YCKIaJHIOE iXHE
TOCTiKEHH 1 IpMBEPTAE yBary ;O MIKPOCKOIIYHMX METOJiB, 3aCTOCOBHUX HAaBiTh O ¢parMeHTapHUX
pemutok. byno mocmimkeHo ricronoriuny OymoBy JOBIMX KiCTOK KiHI[iBOK JIBOX BUJIB i3 HVDKHBOMIOTET-
cbKoTo MicnesHaxomkeHHs Ikose (JIyrancpka o6macte): Lutetodontopteryx tethyensis ta cf. Dasornis sp., 110
IIpefiCTaB/IAI0Tb 00M/IBI OCHOBHI Kmapu psany. [lo6pe sbepeskeHa MIKpOCTPYKTYpa KiCTOK IIPOIMBAE CBITIIO
Ha XapakTep POCTY LMX IITaxiB, IKMII BUABUBCA MOAIOHMM J10 Takoro y cydacHux Neognathae: i3 mBuaxum
HapOCTaHHAM KiCTOK Ta, SK IIPaBUJIO, JOCUTb Pi3KuM Jioro npunmHeHHAM. lle npusBoguio o BifkniageH-
H: 6araTol Ha CyMHM IPyOOBONTOKHMUCTO-TIapale/IbHOI TKaHMHY 6e3 pOCTOBUX IIapiB, BKPUTOI 30BHIIIHIM
Ta BHyTpiurHiM okpy>xuumy mapamu (OCL ta ICL), 3asBuyaii yiTko Bif Hel BinMesxoBaHuMIL. fK i B iHmmx
IITaxiB, OCTEOTiCTOMOTIYHI 03HAKY O3BOJISIOTh PO3PIZHUTY OCHOBHI BiKOBI cTazii (10BeHiNbHi, MOIOfI f10-
pocri, crapuii fopocii ocobuHm) i 36epiraroTh CIiin OHTOTEHETUYHUX MOfIii, TAKUX SIK BiK/TalaHHS SIELD
a00 JIMHAHHSA, AKI IPU3BOAATD N0 IIOCMICHOTO PO3SBUTKY pe30pOLiIHIX IIOPOXKHIH T, IMOBIPHO, BTOPYH-
HUX OCTEOHIB. Y I/IeYOBUX KiCTKax L. tethyensis cliocTepira€Tbcs HeTUIIOBA IJIs1 NTaXiB ricTonorivHa 0ymo-
Ba 30BHIIIHBOT'O KOPTEKCY, IKA CBIIYNTD IIPO MEHII pi3Ke, Hi>K 3a3B1Yall, IPUIMHEHHA pOCTy. BusHayeHHA
BiKy 3a IIpolIapKaMJ Y BHYTPilIHbOMY OKPY>KHOMY Iapi (MeTof, IO Y Cy4acHMX ITaXiB NPUAATHUI JJIA
OIHUX BUJIB 1 HempupaTHMI i iHmX) wis L. tethyensis BusaBmiocs HeMo>xmBum; fst cf. Dasornis sp.
IIMTaHHA 32IMIIAE€THCA BifKpUTUM. TpuBamicTh PO3BUTKY B HOCTIPKEHNX BU/IiB 3apa3 HEMOXK/IBO BI3Ha-
YNUTY TOYHO, ajle MOXKHa oLjinnTy B 102 gHiB, /iMOBipHO (Ha BifMiHY Bif momepeHiX IpUIyLeHb) MeHIIe
OJIHOT'O POKY. BillTHOCHO KOPOTKIII IT€PiOf pO3BUTKY JA€ MifICTaBy POSIIALATH IiIIOTE3Y PO CIelliajlisalito
Odontopterygiformes Ha ClOXXMBaHHI KaIbMapiB, [0 Y3TOIXKYETHCS 3 MTOMEPERHIMI IPUIYILIEHHIM, 3a-
CHOBaHMMM Ha MOpdororii mceBo3y6iB. JKuBmeHHs KanbMapaMu MoXKe Oy TH TIOSICHEHHSIM BUSIBIIEHUX
KiCTKaX FiCTOMOTIYHMX CTPYKTYP, 1[0 MOI/IM OYTI CIIpUUMHEH] fedilinTOM Kaiblliio.

KniouoBi cnosa: IlceBRosy06i, ocTeoricTonoris, picT, )K/BIeHHS.

Appeca pns 3B’asky: Cranicnas Jo6posonbebkuit; Hanjonanbuuil HaykoBo-npupopanymii myseit HAH
Ykpainy, Byn. bormana Xmenpunipkoro 15, Knis, 01030 Ykpaina; Email: stas000@gmail.com; orcid: 0000-
0002-4861-6408

Introduction

Bony-toothed birds (Odontopterygiformes) are known from most of the Cenozoic (from the early
Paleocene to late Pliocene or early Pleistocene) and from all continents [Mayr et al. 2019; Kloess et al.
2020]. Their phylogenetic affinities are unclear. In the latest analysis, they make up a polytomy with
Galloanseres and Neoaves [Mayr et al. 2019]. Some morphological features suggest that Odontop-
terygiformes can be a sister group or subgroup of Galloanseres [Mayr 2009; Mayr 2011; Zelenkov &
Kurochkin 2015; Mayr 2017].

In the early Eocene, Odontopterygiformes were one of the most widespread and abundant groups
of seabirds [Mlikovsky 2009; Zelenkov & Kurochkin 2015]. Being specialised for soaring lifestyle
and having large body size [Mayr 2017; Mayr et al. 2019], they are considered as morphological and
ecological analogues of extant albatrosses [Bourdon 2011; Louchart et al. 2018], but, at the same
time, they possessed unique features, the most prominent of which are bony pseudoteeth. The way
of life, feeding, and individual development of Odontopterygiformes are known insufficiently, partly
because of the fragility of their thin-walled bones. It draws attention to histological methods, which
are applicable even to fragmentary material and can substantially improve our understanding of the
biology of extinct vertebrates.

Bone histology is considered the best instrument to elucidate growth rates of extinct vertebrates
[Bailleul et al. 2019; Prondvai et al. 2019]. In addition, bone microstructure preserves traces of many
life history events, such as egg-laying, environmental influences, diseases, and others [Chinsamy 1997;
Padian 2013], although these traces are often difficult to disentangle and decipher [Pratt et al. 2018].
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In many animals, including early and some recent birds, bones contain annual marks, sometimes
enabling quite precise age determination, albeit this method has certain difficulties [Schucht et al.
2021]. If such marks are absent, only tentative age estimates are possible [Erickson 2005; D’Emic &
Benson 2013]. They are based mainly on the relationship between the apposition rate of primary peri-
osteal bone tissue and its microstructure, known as Amprino’s rule: broad categories of bone tissue
types (woven-parallel, parallel-fibered, and lamellar tissue) correspond to certain, notably different
(although partly overlapping) ranges of apposition rate [de Buffrénil et al. 2021].

This rule allows only for rough conclusions about the apposition rate: for any given type of bone
tissue, this rate strongly varies between skeletal elements and between taxa, sometimes by an order of
magnitude. It is generally higher in larger animals [Cubo et al. 2012; Padian & Woodward 2021] and
larger bones [Castanet et al. 2000]. Its dependence on individual age and environmental conditions
(e.g. food availability) also exists [Starck & Chinsamy 2002; Cubo et al. 2012]. In recent birds, bone
apposition rate depends mostly on body size and developmental mode: precocial or altricial [Cubo
et al. 2012]. Intraspecific variation also can be considerable [de Margerie et al. 2004]. Nevertheless,
Amprino’s rule holds true [Castanet et al. 2000; de Margerie et al. 2002; Curry Rogers & Erickson
2005] and can help reduce uncertainty in estimates of developmental and metabolic rates of extinct
vertebrates [de Ricqlés et al. 2003; Curry Rogers & Erickson 2005; de Buffrénil et al. 2021].

Growth rates of extinct birds were remarkably diverse, although recent ones, with a few excep-
tions, grow extremely fast [Prondvai et al. 2019; Atterholt & Woodward 2021]. This ability probably
evolved several times among Aves and possibly even within Ornithuromorpha during the Cretaceous
[Atterholt et al. 2021]. The studied Mesozoic crown-group birds (Vegavis Clarke et al., 2005) and
their close relatives (Ichthyornis Marsh, 1872, Hesperornis Marsh, 1872 and Iteravis Zhou et al., 2014),
based on bone microstructure, had similarly rapid and uninterrupted growth [Chinsamy et al. 1998;
Wilson & Chin 2014; O’Connor et al. 2015; Marsa et al. 2017], whereas more basal Patagopteryx Al-
varenga & Bonaparte, 1992, Vorona Forster et al., 1996, Archaeorhynchus Zhou & Zhang, 2006 and
Enantiornithes grew substantially slower: during several years in the case of most Enantiornithes
[Chinsamy et al. 1995; Starck & Chinsamy 2002; Wang et al. 2017; Atterholt et al. 2021]. The more
basal Confuciusornis Hou et al., 1995 was fast-growing again [de Ricqlés et al. 2003], and the even
more basal Jeholornis Zhou & Zhang, 2002 and Archaeopteryx Meyer, 1861 were still slow-growing
[Padian & Woodward 2021]. Non-avian theropods had a fast-growing bone tissue, but, due to larger
body size, their growth typically lasted several years and was interrupted annually [Atterholt et al.
2021; Padian & Woodward 2021].

Most of crown-group birds reach adult size within one year, usually within a few weeks or months
[Padian & Woodward 2021]. The exceptions are some non-flying, insular (i.e. lacking predation pres-
sure), and/or large birds, such as Genyornis Stirling & Zietz, 1896 (Gastornithiformes), Pezophaps
Strickland, 1848 (Columbiformes), Apteryx Shaw, 1813 (Apterygiformes), Aepyornithidae (Aepyor-
nithiformes), and Dinornithiformes. Their bones contain lines of arrested growth (LAGs), which are
interpreted as annual marks and indicate growth during several years [Bourdon et al. 2009; Chinsamy
et al. 2020a; Chinsamy & Worthy 2021; Canoville et al. 2022]. However, flightlessness, insularity,
and large size do not necessarily result in slow growth, as shown by Raphus Brisson, 1760 (Colum-
biformes) [Angst et al. 2017]. When did the ancestors of recent birds gain their modern growth pat-
tern, it remains unclear. It could happen after [Canoville et al. 2022] or before [Padian & Woodward
2021] the appearance of Neornithes, possibly near the base of Ornithurae [Chinsamy 2002; Starck &
Chinsamy 2002]. In any case, later some taxa lost this pattern again. Therefore, the growth pattern of
extinct birds with no close recent relatives cannot be trivially inferred from their phylogenetic affini-
ties (which are often uncertain themselves), flying ability, or any other features.

Bone growth rate is one of the factors limiting developmental rate of birds. This factor is expected
to be especially strong in birds with relatively long wing bones, and this is supported by the ex-
ample of albatrosses [Carrier & Auriemma 1992]. Therefore, the clarification of bone growth rates of
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Odontopterygiformes is of great interest to shed light on their overall developmental rate. This can, in
turn, imply consequences for other aspects of their biology, including ecology.

Materials and Methods

The examined bones (Table 1) were collected in 2013 by L. V. Gorobets and E. O. Zvonok in the
lower Lutetian locality Ikove (Luhansk Oblast, Ukraine; described by Udovichenko [2009], Zvonok et
al. [2012], and Dernov & Udovychenko [2023]) and identified by L. V. Gorobets.

Table 1. The list of examined bones
Tabnuys 1. CIMCOK TOCTiIKEeHNX KiCTOK

Taxon Skeletal element Collection number
Pelagornithidae cf. Dasornis sp. femur right NMNHU-p Av-34
humerus right (?) NMNHU-p Av-42
Lutetodontopteryx tethyensis Mayr & Zvonok, 2012 humerus right NMNHU-p Av-11
femur right NMNHU-p Av-18
tibiotarsus left NMNHU-p Av-19
?Lutetodontopteryx tethyensis Mayr & Zvonok, 2012 humerus ? NMNHU-p Av-8
femur left NMNHU-p Av-26

The species considered represent different clades with nearly family-level morphological differ-
ences (Zelenkov & Kurochkin 2015), although all Odontopterygiformes are now grouped into a sin-
gle family Pelagornithidae [Mayr et al. 2019].

A general description of the histology of these bones, except for the specimen Av-8, is provided
in [Dobrovolsky 2023b]. A complete set of micro- and macrophotographs of the bones is available
on Figshare (https://doi.org/10.6084/m9.figshare.c.6415514), whereas the 3D models of the well-pre-
served bones on Sketchfab (https://sketchfab.com/scotoplanes/models). The present paper discusses
the features that have immediate or potential implications for growth rate and life history.

The samples were taken from the bones near the broken end (approximately at the mid-diaphysis
in most cases, except for Av-18 and Av-34, where it was located more proximally and distally re-
spectively). Thin sections were prepared and photographed according to the technique described in
[Dobrovolsky 2023a]. Their thickness is approximately 70 pm.

The diameter of primary osteons was measured in bones that have retained them. Usually, tak-
ing measurements of primary osteons is complicated by their poorly distinguishable borders. In the
majority of bones they were measured on thin sections imaged in transmitted light equivalently to
imaging between circular polarisers. In Av-42, primary osteons were poorly visible in these condi-
tions and they were examined on a thick section in reflected light (Fig. 1a). The osteons and osteocyte
lacunae were measured by simple self-made scripts on the basis of manual markings on the images.

Abbreviations. ICL, inner circumferential layer; OCL, outer circumferential layer; NMNHU, Na-
tional Museum of Natural History, National Academy of Sciences of Ukraine.

Results

Woven-parallel tissue

The primary tissue (except OCL) in all the bones, where it has been preserved, is densely vas-
cularised (with primary osteons formed around vascular canals) and contains numerous osteocyte
lacunae. In the humeri of both species and in the tibiotarsus of L. tethyensis (Av-19), this tissue is
represented by typical woven-parallel (also known as fibrolamellar [de Buffrénil & Quilhac 2021])
complex, although strongly different in the direction of vascular canals and bone fibres (Fig. 1). In
one femur of L. tethyensis (Av-26), this direction is mostly circumferential, giving the impression of
parallel-fibered bone (for instance, a very similar tissue of the mallard was interpreted in this way by
de Margerie and colleagues [de Margerie et al. 2002: Fig. 1¢], but the numerous primary osteons sug-
gest the attribution to the woven-parallel complex. This is supported by the structure of the bone on
the mediocaudal side, where the direction of the canals changes to longitudinal (Fig. 1d).
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https://sketchfab.com/scotoplanes/models

Fig. 1. The bones that have retained the
woven-parallel  (fibrolamellar)  tissue.
Transverse sections. Cf. Dasornis: (a) Av 42
(humerus), craniodorsal side. L. tethyensis:
(b) Av 11 (humerus), cranial side; (c) Av 8
(humerus); cranial or caudal side; (d) Av 26
(femur), mediocaudal side; (e) Av 19 (tib-
iotarsus), cranial side; (f) Av 19 (tibiotar-
sus), caudal side. The periosteal surface of
all bones is at the top; (a) polished (thick)
section in reflected light; (b—f) thin sec-
tions in transmitted light, polarised light
microscopy (the brightness is taken from an
analogue of image between circular polaris-
ers, and the colour from an image between
crossed linear polarisers with full-wave
plate). Red and blue lines in the circle indi-
cate directions of bone fibres, highlighted in
these colours. The scale bar is the same for
each image. SO, secondary osteons.

Puc. 1. Kictku, mo 36epermu rpy6oBo-
JIOKHUCTO-TIapajensHy (¢pibponamenspHy)
TKauuHy. Ilomepeuni 3pisu. Cf. Dasornis:
(a) Av 42 (meyoBa), KpaHiOfOpcambHUI
6ik. L. tethyensis: (b) Av 11 (meqoBa), kpa-
HianbpHMI 6iK; (c) Av 8 (miedoBa), KpaHi-
ampHMit abo KaypmampHmit 6ix; (d) Av 26
(crernoBa), MeniokaynmaabHuit 6ik; (e) Av
19 (tubiorapcyc), kpanianpumit 6ix; (f) Av
19 (tmbiorapcyc), kaymampHuin 6ik. Ilepi-
OCTa/IbHA NOBEPXHA BCiX KiCTOK — yTOpi;
(a) anwnid y Bigburomy cBiti; (b—f) mwi-
(1)1/1 Yy IPOXiJHOMY CBITJi, IOAApU3alLiliHa
MiKpocKoIIis (SCKpaBicTh B3SATO 3 aHAJIOTIB
3HIMKiB MK KpyroBUMU IO/IAPU3AaTOPAMM, a KOJIIP — 31 3HIMKIB MiX JIIHIIHMMU NIO/IAPU3AaTOPAMH 3 IIOBHO-
XBIIBOBOIO ITACTUHKOI0). UepBoHa Ta CVHsA JIiHii B KOJIi HOKa3yIOTh HAIIPSAMOK KiCTKOBJX BOJIOKOH, IIiICBide-
HIUX y 1i Konmbopu. Macurrab ckpisb ogHakoBuit. SO — BTOPMHHI OCTEOHI.

In the humeri (Av-8 and Av-11) and tibiotarsus (Av-19) of L. tethyensis, primary osteons become
progressively smaller from inner to outer compacta. In Av-26, this is true for osteocyte lacunae, but
not for the osteons or vascular canals.

The diameter of primary osteons is known to correlate with bone apposition rate and may poten-
tially be of interest to skeletochronology [de Margerie et al. 2002; Lee et al. 2013]. So, it was measured
in those bones where primary osteons are preserved. In the bones where they noticeably diminish
towards the outer surface, the inner and outer regions of the compacta were examined separately
(Table 2).

Table 2. Mean diameter of primary osteons in the examined bones
Ta6nuust 2. CepenHiit giaMeTp NepBMHHMUX OCTEOHIB Y JOCTiIKEHNX KiCTKax

. Number of measured  Mean diameter Standard
Specimen osteons of osteons, um deviation, um
Av-8 (0.0-0.4 mm under the outer surface) 83 70 16
Av-8 (0.4-1.0 mm under the outer surface) 137 112 19
Av-11 (0.0-0.3 mm under OCL) 30 80 18
Av-11 (0.3-1.0 mm under OCL) 45 120 23
Av-19 (0.0-0.2 mm under the outer surface) 45 87 15
Av-19 (0.2-1.0 mm under the outer surface 210 100 22
Av-26 50 54 13
Av-42 50 130 20
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In the woven-parallel tissue of Av-26 (the only examined femur that retained this tissue), several
additional parameters, which can be related to growth rate, were measured in the way described by
[Cubo et al. 2012]. These parameters are as follows: vascular density (105 canals/mm?), the fractions
of differently oriented vascular canals (circular: 0.66; oblique: 0.25; radial: 0.09), and the parameters
of osteocyte lacunae, which turned out to be distinctly different in the inner and outer half of the pri-
mary cortex: density in a single plane (inner cortex: 0.0030 cells/um?; outer cortex: 0.0023 cells/pm?),
mean area of the projection onto the image plane (inner: 48 um?, SD = 15 um?; outer: 36 pm?2, SD = 11
pm?2), and mean ratio of the minor and the major axes (inner: 0.50, SD = 0.16; outer: 0.48, SD = 0.15).

In one femur of L. tethyensis (Av-18) and the femur of cf. Dasornis sp. (Av-34), no distinct woven-
parallel tissue is observed due to Haversian remodelling (Fig. 2).

Circumferential layers

The majority of the bones possess inner and outer circumferential layers (ICL and OCL), also
known as internal and external fundamental systems. The exceptions are Av-19, which has only mi-
nor remains of ICL and no OCL, and Av-26, which has a thick ICL and no or almost no OCL. When
present, these layers are sharply delimited from the adjacent tissue, with a usually less than ~10 pm
thick transition. The exception is Av-8 with smooth transition and intermingling of the woven-par-
allel tissue and OCL in some places (Fig. 1c). Another humerus of L. tethyensis (Av-11) bears an
unusual deposition of bone tissue (‘bulge’) outwards of OCL (Fig. 1b). It is delimited by a LAG and
differs from OCL in less ordered fibres and numerous secondary osteons.

ICL of Av-26 contains several regions with sharp change of direction of bone fibres, indicating
alternating resorption and apposition (no less than 3 cycles; Fig. 1d). One similar feature is present in
ICL of Av-34 (implying one cycle).

Secondary remodelling

The extent of Haversian remodelling in the bones varies greatly. It is absent in Av-8, only two small
secondary osteons are seen in Av-26 in almost complete cross-section of the bone, the osteons in
Av-19 are more numerous yet still rare, but they form dense Haversian bone in the inner layer of the
compacta in Av-11 and Av-42 (Fig. 1 a, b; Fig. 4), whereas they replaced all the woven-parallel tissue
in Av-18 and Av-34 (Fig. 2). In Av-19 and Av-34, most of the secondary osteons are immature (with
wide vascular canals and without the characteristic inner lining that brightly shines under polarising

Fig. 2. Heavily remodelled specimens.
Femora, transverse sections of cranial side;
periosteal surface is at the top. (a) Av-18
(L. tethyensis); (b) Av-34 (ct. Dasornis).
Polarised light microscopy (see the caption
of Fig. 1). Large resorption cavities (RC) are
seen. The tissue between the inner (ICL)
and outer (OCL) circumferential layers is
replaced by secondary osteons (SO).

Puc. 2. CwibHO peMOfenboBaHi 3pasKul.
CrerHoBi KicTKuM, IonepeyHi 3pisu KpaHi-
aJIbBHOTO GOKY; IlepiocTambHa MMOBEPXHA —
Bropi. (a) Av-18 (L. tethyensis); (b) Av-34
(cf. Dasornis). ITonsapusaniiiHa MiKpOCKoO-
mis (zmB. migmuc fo puc. 1). BugHo Bemyki
pesop6uitai nopoxkuuHu (RC). Tkanu-
Ha Mbk BHyTpimHiM (ICL) Ta 30BHimHIM
(OCL) oxpyxHMMHN IIapamMu 3amilieHa
BropuHHMMHU ocTeoHamu (SO).

146 GEO&BIO + 2023 - vol. 24 p-ISSN 2617-6157 e-ISSN 2617-6165



microscope). The specimen Av-34 shows no less than two generations of secondary osteons. Some of
them contain reversal lines, implying their resorption and refilling.

The most heavily remodelled bones (Av-18 and Av-34) show, in addition to secondary osteons,
large erosion cavities, partially refilled with lamellar tissue (Fig. 2), sometimes referred to as ‘endos-
teal osteons’ [de Ricqlés et al. 2016]. The cavities visible in Av-18 are up to 0.7 mm wide (while the
bone wall is 0.5-1.3 mm thick), and in Av-34, up to 0.2 mm wide (in 0.9 mm thick bone wall). In both
bones, walls of the cavities are lined with ~0.06 mm thick parallel-fibered or lamellar tissue. In Av-34,
the cavities partially destroy ICL, implying remodelling in adulthood. In Av-11, such cavities (up to

0.4 mm wide) are observed only inside ICL (Fig. 1b).
Growth marks

No growth marks clearly useful for skeletochronology are seen in the woven-parallel complex of
the examined bones. Prominent dark and light lines, evidently isochrons, are present in the primary
tissue of Av-8 (Fig. 3) and inside primary and secondary osteons of Av-11, but the circumstances

1 mm

Fig. 3. Humerus of cf. L. tethyensis (Av-8), transverse section; periosteal surface
is at the top. The meandering layers in the woven-parallel tissue mark for-
mer positions of the bone surface, including borders of the primary osteons.

Puc. 3. ITnevosa kictka cf. L. tethyensis (Av-8), momepedannii 3pis; mepioc-
Teas/IbHA IOBEPXH Bropi. XBIWIACTI MPOLIAPKU Y IPyOOBOIOKHICTO-IIapa-
JIENIbHIM TKAaHVMHI BiIMi4ar0Th KOIMIIHI II0OI0KEHHSA IIOBEPXHI KiCTKM, 30-
KpeMa MeXi IEPBMHHUX OCTEOHIB.

Woven-parallel tissue

ICL Secondary osteons

Fig. 4. Humerus of cf. Dasornis (Av-42), longitudinal section; the periosteal
surface is at the top. Views in normal light and between crossed polarisers
with full-wave plate. ICL (in the bottom) shows layers that differ in fibre
direction and, consequently, in colour in the right image.

Puc. 4. ITnevosa kictka cf. Dasornis (Av-42), mo3noBXHill 3pi3; mepiocre-
aJIbHa IIOBEPXHA Bropi. Buriay y spuyaiftHoMy CBIiTJIi Ta MK CXpeIleHUMU
nonsApusaropamiu 3 ¢pasoporo mwiactuukow. B ICL (yHusy) BujHo npourap-
KM, 11O Bi[pi3HAIOTHCA HAIIPAMKOM BOJIOKOH i, K HaC/i/JOK, KOJIbOPOM Ha
IIpaBOMY 3HIMKY.
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and period of their formation
are unknown, so they cannot
be utilised. However, some
layering is present in other
bone structures. In particular,
Av-11 contains several prob-
able LAGs in the aforemen-
tioned ‘bulge’ outwards of
OCL.

Fine layering is observed
also in OCL and especially
ICL, when they are present.
The number of the layers de-
pends on the way of counting:
the pairs of adjacent bright
and dark lines seen under po-
larising microscope are more
numerous than the rows of
osteocyte lacunae (used by
Klomp & Furness [1992] and
a number of subsequent au-
thors, e.g. Broughton et al.
[2002] and Drozdowska &
Meissner [2014]). Addition-
ally, the number of the layers
in ICL (regardless of the way
of counting) strongly var-
ies along the circumference
of the bone, at least partially
due to endosteal resorption.
In Av-8, about 5-10 rows of
lacunae can be traced in ICL
and 15-20 in OCL. Av-11
shows 7-10 rows of lacunae
in OCL and a much higher
and variable number (up to
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several dozen) in ICL. In Av-18, the counting is difficult, but these numbers can be estimated at 5-10
in each layer. Av-26 has no or almost no OCL and a thick ICL with several dozen fine layers (in some
places, no less than 30 and possibly even 40 rows of lacunae). Av-42 has poorly preserved ICL and
OCL, which precludes counting of lacunae rows, but its ICL contains no less than 10 layers with dif-
ferent direction of bone fibres, judging from different colours between crossed polarisers with wave
plate (best seen on the longitudinal section, Fig. 4).

Discussion

Ontogenetic stages

Bones of birds that have reached adult body size can be identified based on the presence of OCL
[Wilson & Chin 2014]. Usually, its appearance approximately coincides with fledging, but can occur
somewhat earlier [Atterholt & Woodward 2021]. In addition, the bones of skeletally mature birds
have well-mineralised epiphyses. Less reliable indicators of skeletal maturity are well-developed ICL
and extensive Haversian remodelling [de Ricqles et al. 2003].

All of the described bones come from skeletally mature animals (according to the well-developed
OCL), except for Av-26 and Av-19. Both of them have poorly mineralised epiphyses and neither
have OCL. However, these bones also have reached an approximately adult size, according to their
comparison with the type specimens [Mayr & Zvonok 2012] and the presence of well-developed ICL
in Av-26 and incipient ICL plus pronounced diminishing of the primary osteons towards the perios-
teum in Av-19.

General growth pattern

The basic histological features of Lutetodontopteryx tethyensis and cf. Dasornis sp. are similar to
those of recent Neognathae and imply a similar growth pattern. The woven-parallel (fibrolamel-
lar) complex, observed in all of the examined bones except for heavily remodelled ones, is typically
formed in juvenile tetrapods with high metabolic rates and medium or large body size [de Buffrénil
& Quilhac 2021]. The humeri and tibiotarsus of L. tethyensis show the diminishing of primary os-
teons towards the outer surface, suggesting some decrease of apposition rate towards the end of rapid
growth (the size of primary osteons is known to increase with apposition rate [de Margerie et al.
2002]). ICL and OCL of both species, consisting of lamellar or parallel-fibered tissue and sharply de-
limited from the underlying bone, imply abrupt termination of fast apposition and beginning of slow
apposition (an exception is shown by the humeri of L. tethyensis, see ‘Particular ontogenetic events’
below). OCL and ICL are deposited an order of magnitude slower than the woven-parallel complex
[de Margerie et al. 2002]. So, Odontopterygiformes share the bone growth pattern with recent and the
majority of extinct Neognathae (as well as a number of Mesozoic taxa): until reaching adult size, the
bone undergoes rapid periosteal growth and endosteal resorption, then these processes stop and are
succeeded by much slower apposition on the outer and inner surfaces of the bone.

Growth marks

The absence of annual growth marks in the woven-parallel tissue of all the examined bones can-
not completely rule out their presence in Odontopterygiformes, because most of this tissue in all the
bones has been resorbed. However, the birds, which are known to grow for >1 year, retain growth
marks (often numerous) even in adult bones because of the slowdown of apposition rate at the end
of growth and, consequently, close spacing of these marks: hundreds or even tens of micrometres
[Chinsamy 2002; Turvey et al. 2005; Bourdon et al. 2009; Chinsamy & Worthy 2021; Canoville et
al. 2022]. Therefore, uninterrupted growth and reaching adult size within one year is more probable
for Odontopterygiformes, especially given that it is observed in the majority of crown-group birds
(almost all Neognathae and some Palaeognathae), including large albatrosses and (at least in the first
approximation) ostrich and emu [Carrier & Auriemma 1992; Bourdon et al. 2009; Chinsamy & Wor-
thy 2021; Padian & Woodward 2021; Canoville et al. 2022]. The same is probably true for a number of
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extinct taxa closely related to Neornithes, whose woven-parallel complex also shows no growth marks
[Chinsamy et al. 1998; Chinsamy 2002; Wilson & Chin 2014].

Layering in OCL and ICL and its potential value for skeletochronology have been studied in many
bird species, because the possibilities to determine the age of birds are very limited in comparison
with other vertebrates. The results turned out to be vastly different. Some authors reported that the
lines in ICL [Klomp & Furness 1992] or OCL [Van Soest & Van Utrecht 1971] do correspond to
years, at least in the majority of examined species. In other cases, ICL, OCL, or both were completely
non-informative [Broughton et al. 2002; Drozdowska & Meissner 2014]. Some researchers report in
OCL non-annual, but very similar lines accompanying annual ones [Klevezal 1972; Broughton et al.
2002]. In addition, the number of the lines can vary across the same bone [Lewis 1979]. Therefore, the
number of the lines in ICL and OCL is not a reliable indicator of age, unless already tested on the same
taxon [de Ricqles et al. 2003; Drozdowska & Meissner 2014; Klevezal & Smirina 2016]. Sometimes
annual layers in the bones can be discerned with the help of stable isotope studies [Woodward et al.
2013; Klevezal & Smirina 2016] and it is a promising direction for further research.

There is evidence that at least layers in ICL of the femur of L. tethyensis (Av-26) do not reflect an-
nual cycles. There are no less than 30 (and possibly more) rows of lacunae in some places, and fine
lamellations seen under a polarising microscope (counted as pairs of bright and dark lines) are even
more numerous. If the bird really was > 30 years old, it would have developed OCL (and probably
more extensive secondary remodelling). Whether the other found types of layering (layers with dif-
ferent directions of bone fibres in ICL of Av-42 or LAGs in the ‘bulge’ outwards of OCL in Av-11) re-
flect annual cycles, remains unknown. If they do, these individuals of cf. Dasornis sp. and L. tethyensis
are at least ~10 and at least ~5 years old, respectively.

Prominent growth marks in the primary tissue of Av-8 and in osteons of Av-11 reveal the course
of bone apposition, but do not seem to carry usable skeletochronological information.

In regard to growth marks, it should be noted that the Eocene climate of modern eastern Ukraine
had well-defined seasonality, as shown by annual rings in fossil wood recovered from Ikove. The
fauna and flora of the locality suggest subtropical climate with an alternation of dry and wet seasons
[Dernov & Udovichenko 2020]. It excludes the possibility that the bones did not form growth marks
due to constant environmental conditions.

Bone apposition rate

In the absence of reliable growth marks, only rough estimates of the bone apposition rate are pos-
sible [Erickson 2005; D’Emic et al. 2013], but nevertheless they can reduce uncertainty on this issue
[De Ricgles et al. 2003; Curry Rogers & Erickson 2005; de Buffrénil et al. 2021].

The apposition rate in long bones has been studied in many bird species from all three major
clades: Palaecognathae (Dromaius novaehollandiae [Castanet et al. 2000; Cubo et al. 2012; Kuehn et
al. 2019], Struthio camelus [Castanet et al. 2000; Cubo et al. 2012]), Galloanseres (Anas platyrhyn-
chos [de Margerie et al. 2002; Montes et al. 2007; Montes et al. 2010; Cubo et al. 2012], Gallus gallus
[Montes et al. 2007; Montes et al. 2010], Coturnix japonica [Starck & Chinsamy 2002]), and Neoaves
(Streptopelia decaocto, Turdus merula [Cubo et al. 2012], Aptenodytes patagonicus [de Margerie et
al. 2004]). According to all these studies, the woven-parallel complex, which forms the bulk of the
primary bone tissue in the majority of recent birds (as well as in Odontopterygiformes), is usually
deposited with a rate of several dozen um/day, but in some bones of some species this rate can exceed
100 um/day (in the case of large birds, such as S. camelus, D. novaehollandiae, and A. patagonicus, but
also in S. decaocto, T. merula and, very rarely, in A. platyrhynchos). The highest values were reported
for the femur of A. patagonicus (171 pm/day, a climate adaptation [de Margerie et al. 2004]) and the
humerus of T. merula (195+63 pm/day, possibly related to altriciality [Cubo et al. 2012]). However,
even in species that occasionally show an apposition rate of >100 um/day in some bones, the majority
of long bones, in most cases, grow 2-3 times slower [de Buffrénil et al. 2021]. The rates <10 um/day
are also rare and mostly restricted to small bones (e.g. phalanges) and wing bones if they are not used
for locomotion.
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Subtypes of the woven-parallel tissue, differentiated by vascular orientation, have largely overlap-
ping ranges of apposition rates and, accordingly, are not important for skeletochronology. The excep-
tion may be the tissue with radial canals, which is associated with the fastest apposition [de Margerie
et al. 2004; Werning 2013; de Buffrénil ef al. 2021], but it was not observed in substantial amounts in
the Odontopterygiformes bones considered herein.

De Margerie et al. [2002] found a relatively close and roughly linear relationship between bone
apposition rate and the diameter of primary osteons in the mallard (Anas platyrhynchos). If these pa-
rameters were similarly related in Odontopterygiformes, the bone apposition rate could be estimated
at 20-60 pm/day for the femur of L. tethyensis Av-26 (see Table 2). The other examined bones have
much larger primary osteons (falling outside the range of diameters observed by de Margerie et al.
[2002], suggesting uncertain, but probably much higher apposition rate. This is consistent with the
larger size of these bones. But it must be stressed that such inferences currently cannot be regarded as
more or less reliable estimates: the relationship of the primary osteons diameter and bone apposition
rate remains insufficiently studied to draw conclusions on fossil taxa [Lee et al. 2013], although this is
a promising line of research [de Buffrénil et al. 2021].

Noteworthy is that the primary tissue of Av-26 is nearly identical in fibre pattern to the tissue of
mallard with the apposition rate of 2-30 (in half of the cases, about 7-14) um/day [de Margerie et al.
2002: Fig. 1c]. However, the apposition rate of the tissue with any given vascular or fibre pattern varies
greatly depending on the taxon and other factors.

Cubo et al. [2012] in a study of 16 recent amniote species (including 5 birds) derived an equation
to estimate the bone apposition rate for the femur based on the concentration of vascular canals and
osteocyte lacunae, size and shape of the lacunae, and orientation of the canals. This equation explains
85% of the variance of bone apposition rate in the sample from which it was derived. The root-mean-
square deviation of its predictions for this sample is 17 um/day. Application of this equation to Av-26
(the only examined femur that preserved primary tissue) gives a rate of 91 um/day for the inner half
of the primary cortex and 55 um/day for the outer half. These figures should not be considered even as
approximate, but only as indicative. The equation itself contradicts some observations: positive cor-
relation of the growth rate with vascular density [Klein & Sander 2008], with the proportion of radial
canals [Werning 2013; de Buffrénil ef al. 2021], and weak negative correlation with osteocyte volume
[D’Emic & Benson 2013]. These contradictions are probably caused by the derivation of the equation
from a small sample. Although this equation describes the sample on which it was obtained relatively
well, it can be expected to perform worse on other samples. Moreover, tibiae and humeri from the
same sample could not be described by well-performing equations [Cubo et al. 2012]. Nevertheless,
such approach, if improved by a larger amount and a more precise quantification of the source data, is
regarded as having considerable perspectives for palaecobiology [de Buftrénil et al. 2021].

In the femur of recent birds, the woven-parallel tissue is deposited with a rate of ~20-100 um/day
in most cases, sometimes over 100 pm/day, especially in species with large body size. For the tibio-
tarsus and humerus (excluding birds not using wings for locomotion), this rate has the same order
of magnitude, although can be up to 2-3 times higher or lower than in the femur [de Margerie et al.
2002; Starck & Chinsamy 2002; de Ricgles et al. 2003; Cubo et al. 2012; de Buffrénil et al. 2021; and
others].

If the apposition rate in Av-26 constituted several dozen pum/day, the bone should have grown
to its present radius (4 mm) in ~10% days, probably less than a year. Growth during one year would
require an apposition rate of £ 11 um/day, which is unusually low for bird femora (although close to
the apposition rate of a histologically similar tissue in the tibiotarsus of the mallard [de Margerie et
al. 2002]). The other examined bones show even less clues to their apposition rate, apart from being
composed of woven-parallel tissue. However, apposition rates of different skeletal elements of the
same species must be related by a certain ratio to produce certain proportions of the adult skeleton.
Therefore, the humeri had to grow several times faster than the femora (under the assumption of
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simultaneous maturation, as in most birds [Yan & Zhang 2020]). In any case, even the largest of the
studied bones, the humerus Av-42 (with a radius of ~15 mm), growing with a rate of several dozen
um/day, did not necessarily requires >1 year to reach the adult radius.

It should be noted that all the described bones of Odontopterygiformes are fully or almost fully
grown and, due to resorption, can contain information only about the last stages of growth, when it is
usually somewhat slower. In addition, the bone apposition begins not from zero radius, but from the
radius of the embryonic bone. All this can cause overestimation of the growth duration. However, this
inaccuracy is non-essential in comparison with the aforementioned uncertainties.

Some inferences regarding growth of Odontopterygiformes were made by Louchart et al. [2013,
2018] based on X-ray microtomography and thin sections of the pseudoteeth of Pelagornis maure-
tanicus (late Pliocene/early Pleistocene species with a wingspan of 4-5, possibly 6 metres). They con-
cluded that the pseudoteeth probably began to grow only after the termination of jaw bone growth.
The speed of the pseudoteeth growth was estimated to be moderate: primary bone tissue preserved
near their tips is intermediate between parallel-fibered and woven-fibered tissues and, based on the
measurements in Anas platyrhynchos by de Margerie et al. [2002], could grow with a rate of 10-
30 pm/day, at least in the end of pseudoteeth development [Louchart et al. 2013]. In addition, if the
pseudoteeth grew on their tips, the rhamphotheca that covered them could harden only after the
termination of their growth, making the development of the bird quite long. However, Louchart et
al. [2018] noted that structures similar to pseudoteeth can also develop in another (and faster) way;,
as evidenced by the spurs of recent birds, which are initially separated from the leg bone and develop
hard keratinous sheaths even before bony cores. The growth history of pseudoteeth, like other avian
bones, is obscured by extensive resorption and Haversian remodelling, reported by Louchart et al.
[2013]. The issue might be clarified by X-ray microtomography of the pseudoteeth of juvenile birds.

The estimation of the development duration of Pelagornis mauretanicus based on comparison with
recent albatrosses also gives a very long time span. If this species had the same ratio of fledging time
and body size as the largest albatross Diomedea exulans, it could have fledged about 18 months after
hatching [Louchart et al. 2018]. This implies high altriciality, which is not known in basal Neornithes
[Louchart et al. 2013; Louchart et al. 2018], although prevails among seabirds [Masden et al. 2010].

Long growth time is expected even in smaller insular seabirds due to their protection from preda-
tors (which weakens the selection for fast development) and the possibility of long periods without
food. This is strongly expressed in recent albatrosses. In addition, the rate of their development can be
limited by bone growth rate: for instance, Diomedea epomophora with a 42 cm long humerus has an
extremely long fledging period of 236 days [Carrier & Auriemma 1992]. Longer development time is
a known tendency in insular birds in general. In addition to predation pressure, nutrition, and adult
body size, growth rates of birds can be related to clutch size and several other factors [Sandvig et al.
2019; Sandvig et al. 2022].

Particular ontogenetic events

Heavy Haversian remodelling and large erosion cavities of Av-18 and Av-34 (femora of L. tethy-
ensis and cf. Dasornis sp. respectively; Fig. 2) imply extensive resorption with subsequent reconstruc-
tion. The same, but to a lesser extent, applies to Av-11 (humerus of L. tethyensis; Fig. 1b). At least in
Av-11 and Av-34, the resorption continued after the onset of skeletal maturity. At least in Av-34, it
occurred in more than one episode.

Extensive and repeated bone resorption in birds can be caused by egg-laying. It is known to
damage not only medullary, but also structural bone (at least in domestic hen), inducing dilation of
the Haversian canals, development of larger resorption cavities, and destruction of cancellous bone
[Wilson & Thorp 1998; Whitehead 2004; Alfonso-Carrillo et al. 2021; Benavides-Reyes et al. 2021; Ya-
mada et al. 2021], especially under calcium or general food shortage [Newman & Leeson 1999; Zhao
et al. 2020]. In mammals, erosion cavities are most commonly found in pregnant females [Chinsamy
1990]. So, reproduction has been employed for explanation of erosion cavities and other manifesta-
tions of extensive resorption in bird bones [de Ricqlés et al. 2016].
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Another possible explanation is moulting, despite the near-absence of calcium in feathers. In
many recent bird species, moulting induces temporary widening of vascular canals, sometimes to
such extent that compact bone looks like cancellous one [Meister 1951]. Therefore, moulting has also
been employed for the explanation of the cavities [Dabee 2013; Angst et al. 2017], porosity [Cerda et
al. 2014], and Haversian remodelling [Chinsamy et al. 2020b; Monfroy & Kundrat 2021] in fossil and
recent bird bones.

On the other hand, both erosion cavities and Haversian remodelling are present not only in birds
and, consequently, can have other causes than egg-laying and moulting. In mammals, the cavities are
observed not only in pregnant females, but also in other individuals [Chinsamy 1990].

Whatever causes these cavities, they accumulate with age in both birds [Sukhanova 2021] and
mammals [Chinsamy 1990]. The extent of Haversian remodelling also increases with individual age.
In addition, it strongly varies between taxa [Chinsamy et al. 1998; Louchart et al. 2013; Padian et al.
2016].

Av-26 (femur of cf. L. tethyensis, Fig. 1d) is remarkable for the absence of resorption cavities and
much less extensive Haversian remodelling compared to Av-18 (the same skeletal element of probably
the same species, Fig. 2a). It is obviously a consequence of lower individual age, as evidenced by the
absence of developed OCL.

Nevertheless, ICL of Av-26 has undergone several episodes of resorption followed by apposition.
Thus, resorption in the medullary cavity several times resumed after it had generally ceased and was
replaced by ICL apposition. Traces of one such event are also seen in Av-34. This phenomenon is
known in birds [Drozdowska & Meissner 2014; de Ricqlés et al. 2016] and mammals [Tomassini et
al. 2021], but its causes remain unclear. It has been hypothesised to reflect extraction of calcium for
the needs of migration or reproduction, remodelling caused by increased loading or growth under
conditions of malnutrition [Drozdowska & Meissner 2014]. In the case of Av-26, reproduction and
migration are unlikely because of the absence or near-absence of OCL, which suggests that the bird
died at the stage of pre-fledgling or, possibly, fledgling [Atterholt & Woodward 2021] and did not fin-
ish growth, while birds typically begin reproduction well after the end of growth [Erickson et al. 2007;
Zheng et al. 2013].

Regarding reproduction, it should be noted that no medullary tissue (which could testify to egg-
laying) was observed in the described bones.

The ‘bulge’ observed outwards of OCL of Av-11 (humerus of L. tethyensis; Fig. 1b) resembles a
number of pathologies. Comparable formations in humans are known to be caused by various diseas-
es. Most of them, unlike this ‘bulge; consist of porous bone tissue with poorly ordered fibres, but, for
instance, chronic treponemal diseases can cause slow-growing deposits of parallel lamellae [Schultz
2001]. Comparable outgrowths, but very porous again, were observed on bones of adult turkeys [Lan-
yon & Rubin 1984] and roosters [Rubin & Lanyon 1984] after cutting off the epiphyses and especially
after application of a cyclic artificial loading. In addition, similar structures (but, apparently, with a
rather chaotic vascular pattern) were described by Canoville ef al. [2022] in cassowary, emu, and os-
trich, and interpreted as likely pathologies. However, the ‘bulge’ in Av-11 can probably be explained
without involving pathologies. Av-8 (the same skeletal element of presumably the same species) also
shows unusual structure of the outer cortex: an ill-defined OCL, intermingled somewhere with the
woven-parallel complex (Fig. 1c). Therefore, the lack of typical avian cortex structure may be normal
for the humeri of L. tethyensis. Alternation of the OCL layers with underlying bone tissue is also lo-
cally seen in the femur of cf. Dasornis (Av-34, Fig. 2b). This suggests an unusually gradual, as for birds,
termination of bone apposition, locally alternating with its minor resumption. A similar structure
was described in the tibiotarsus of Genyornis newtoni (Gastornithiformes) and interpreted as a result
of alternation of more and less favourable environmental conditions [Chinsamy & Worthy 2021]. The
absence of a sharp border between OCL and the woven-parallel complex is reported for some recent
birds, especially large ones: Aquila, Buteo, Corvus, and Gyps [Ponton et al. 2004]. In the kangaroo
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Macropus fuliginosus, alternating layers of the woven-parallel and parallel-fibered tissue form annu-
ally [Chinsamy & Warburton 2020].

Thus, all the described bones come from skeletally mature individuals, except for Av-26 and Av-19,
which were approaching skeletal maturity (more and less closely, respectively). Av-26 shows unex-
pected in such a young bird resorption, caused by unknown factors (possibly malnutrition). Av-18
and Av-34, on the contrary, were relatively old individuals, which have probably undergone a number
of moulting and, possibly, egg-laying cycles. Av-34 died during or shortly after an episode of bone
resorption. Av-8 and Av-11 (humeri of L. tethyensis) suggest unusually slow and intermittent, as for
birds, termination of bone apposition.

Ecological implications

The trophic niche of pelagornithids is currently known only in general terms. It is hypothesised
that they captured their prey near the water surface [Mayr 2009]. Their prey was likely fish or squid
[Mayr 2017]. This grouping is very broad. It includes both main groups of animals inhabiting surface
layers of the seas and having considerable, although not too large, body size. But feeding on fish and
on squid needs different predation strategies. In some regions, squid constitutes >50% of diet of sea-
birds, but it is observed mostly in small parts of the oceans: waters of Hawaii and California. In the
north-east of the North Atlantic, squid constitutes approximately 1% (by mass) of the diet of seabirds,
while in the south-east of the North Atlantic it constitutes 16%. Why seabirds prefer feeding on fish is
not completely clear [Furness 1994].

Pelagornithids were a highly specialised group [Mayr 2017]. This specialisation likely manifested
itself also in feeding. Since many recent birds prefer either fish or squid, pelagornithids probably also
preferred a particular type of prey.

Research into the diet of fossil birds should employ various methods, each of which can exclude
some types of diet, narrowing the dietary possibilities [Miller & Pittman 2021]. This study presents
results of osteohistological examination and, similarly to other methods, it does not give an exact
answer though provides arguments in favour of one of the hypotheses.

The non-ossified mandibular symphysis and the presence of intraramal hinge in Odontoptery-
giformes imply their ability to swallow large prey. At the same time, these features weaken the jaws,
diminishing grasping strength, which was probably compensated by the pseudoteeth [Louchart et al.
2013]. It is also notable that the jaw of L. tethyensis is hollow and thin-walled (Fig. 5), which further
weakened it. The pseudoteeth are hollow as well [Howard 1957; Howard & White 1962; Louchart et
al. 2013].

A remarkable feature of the pseudoteeth is alternation of shorter and longer ones (Fig. 5). It can
be another compensation of the weak bite: the prey initially came in contact only with the longest
‘teeth; so the bite force was distributed on a small number of ‘teeth’ creating a high pressure on their
tips. Larger animals with stronger jaws do not need such adaptation. However, a possible relationship
between teeth morphology and diet should also be taken into account. Olson [1985] suggested that
uneven ‘teeth’ imply soft-bodied prey (probably squid), otherwise the short ‘teeth’ would not work
at all. This was supported by Mayr et al. [2019], who also noted the probable fragility of these long
‘teeth’ and hypothesised that the large body size of Odontopterygiformes, which enabled good soar-
ing efficiency [Ksepka 2014], could be caused by the need of search for shoals of these molluscs. On
the other hand, recent mammals that specialise in feeding on squid (e.g. sperm whales) have not very
sharp teeth, unlike piscivorous mammals (dolphins) and reptiles (gharials), which have mostly non-
differentiated, elongated teeth with acute tips. This can imply that squid eaters tend to kill their prey
by squashing between the jaws instead of piercing by the teeth. However, animals with sharp cutting
teeth can eat squid as well [Massare 1987].

Another unusual feature of the pseudoteeth of some Odontopterygiformes is their inclination for-
ward (Fig. 5). It also can be an adaptation for handling soft food items (using the dentition as a fork),
as proposed by Westerberg [1990] for leptocephali, although this is disputed [Tsukamoto & Miller
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Fig. 5. Lower jaw of Lutetodon-
topteryx tethyensis from Ikove
. (NMNHU-p Av-12).

Puc. 5. Hiokusa menena Lutetodon-

topteryx  tethyensis 3 IkoBoro
1 ] ] ] ] 1 1 1 ] ] ] 10 cm (NMNHU-p Av-12).

2021]. Forward-inclined teeth are also observed in some pterosaurs (e.g. Rhamphorhynchus) that
are known to consume both fish and cephalopods [Hoftmann et al. 2020]. Some authors argue that
Odontopterygiformes and Rhamphorhynchus captured their prey by skimming similarly to recent
Rynchops (Laridae) using the teeth as prey trap [Mayr 2011; Mayr et al. 2019; Kloess et al. 2020], but
for pterosaurs skimming was shown to be unlikely [Humphries et al. 2007]. Other authors supposed
aerial surface capture of prey for both Odontopterygiformes and pterosaurs [Milner & Walsh 2009].

Fledging time of large pelagornithids was previously estimated at about 18 months [Louchart et
al. 2018]. It could be an argument against their specialisation on feeding on squids. The abundance of
most squids varies during the year [Luckhurst 2018], and specialisation in such food is risky for long-
growing birds. According to our results, the development of pelagornithids was not too long (less
than one year), so the hypothesis about their specialisation on squid consumption is not improbable.

The unusual resorption in ICL of Av-26 and Av-34, which could be caused by shortage of calcium,
is in line with the idea of feeding on squids. They contain less calcium than the majority of marine
animals (fishes, crustaceans, gastropods, bivalves, other cephalopods such as octopuses) [Ozden &
Erkan 2011]. Our results support the hypothesis about pelagornithids being specialised feeders on
squids.

Conclusions

Bone histology suggests that the studied species of Odontopterygiformes were similar in growth
rate and metabolic rate to extant Neognathae. Bone growth duration of L. tethyensis is estimated at 102
days. The layering of its ICL do not reflect years, making age determination using this feature impos-
sible for this species. The results show that feeding on squids was possible for large pelagornithids.
Refinement of the data on their trophic niche requires further studies using additional methods.
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