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Osteohistology of the Lower Cretaceous Yixian Formation
ornithuromorph (Aves) Iteravis huchzermeyeri

Jingmai K. O’Connor, Min Wang, Shuang Zhou, and Zhonghe Zhou

ABSTRACT

We describe for the first time the histology of an ornithuromorph bird from the
Lower Cretaceous Jehol Group, revealing the bone structure of one of the oldest mem-
bers of this derived clade. The newly discovered Sihedang locality of the Yixian Forma-
tion in northeastern China preserves the oldest ornithuromorph dominated avifauna,
with all collected birds referable to a single taxon, lteravis huchzermeyeri. These spec-
imens are all preserved in a relatively greater degree of three-dimensionality compared
to Jehol specimens from other localities. We sampled a specimen of lteravis in order to
test the hypothesis that this aggregation of birds may represent a breeding colony.
Although medullary bone is known to facilitate three-dimensional preservation, this
bone tissue was not present in the histological samples. The specimen is nearly adult
with regards to skeletal fusion, and histology indicates medullary expansion had
occurred and an inner circumferential layer had already formed. However, lines of
arrested growth are absent. Overall the bone histology is comparable to Ichthyornis;
this is consistent with the derived phylogenetic placement inferred for this new taxon
relative to previously sampled basal ornithuromorphs (Patagopteryx, Hollanda), which
all indicate they required more than one year to reach adulthood. This suggests that
the modern avian growth strategy evolved in the Early Cretaceous in non-ornithurine
birds.
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INTRODUCTION

Histological analysis has recently become a
popular tool among vertebrate paleontologists for
understanding the biology of extinct animals. His-
tology is particularly useful in the study of avian
evolution, given that extant birds are unique among
living reptiles in being homeothermic and having
rapid absolute and relative growth rates, typically
reaching adult size within a year (Gill, 2007). In
comparison, crocodylians, the other extant group
of archosaurs, grow comparatively slowly, taking
20 to 30 years to reach skeletal maturity (Chabreck
and Joanen, 1979; Hutton, 1987). Nonavian dino-
saurs and basal birds grow relatively faster than
crocodylians but are also known to have required
several years to reach maturity, thus ‘avian style’
growth evolved within Aves and does not charac-
terize its earliest members (Chinsamy et al., 1995;
Erickson et al., 2007; Lee and Werning, 2008;
Woodward et al., 2011). Preserved bone tissue has
the ability to elucidate the transition from prolonged
to rapid growth strategy that occurred within Aves
during the Cretaceous (Erickson et al., 2009).
However, relatively few Cretaceous bird specimens
have been sampled and the evolution of this
derived strategy from the dinosaurian condition is
still poorly understood (Chinsamy, 2002; Erickson
et al.,, 2009; O’Connor et al., 2014). Published
samples are temporally, phylogenetically, and onto-
genetically disparate so that broad evolutionary
trends are obscured by potential lineage specific
trends and unknown ontogenetic sequences
(Chinsamy et al., 1995; O’Connor et al., 2014).

The Late Cretaceous toothed ornithurine birds
Ichthyornis and Hesperornis preserve essentially
modern bone tissue indicating that the unique
growth strategy of living birds evolved during the
Cretaceous, outside Neornithes (Chinsamy et al.,
1998). Furthermore, histological analysis of most
basal birds from the Early Cretaceous (e.g.,
Sapeornis, Jeholornis) and basal ornithuromorphs
from the Late Cretaceous reveal slower forming
bone tissue and lines of arrested growth (LAGs)
indicating that the fully modern growth strategy
evolved within the Ornithuromorpha (Chinsamy et
al., 1995; Erickson et al., 2009; O’Connor et al.,
2014). Attempts to further narrow down the origin
of the derived rapid avian growth strategy is hin-
dered by the limited number of sampled non-orni-
thurine ornithuromorphs; only two Late Cretaceous
taxa have been studied thus far (Chinsamy et al.,
1995; Bell et al., 2010).

The most important Mesozoic avifauna in the
world is undoubtedly the prolific Lower Cretaceous
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Jehol Group in northeastern China (Zhou et al.,
2003). This lithologic unit preserves the most
diverse Mesozoic fossil avifauna currently known
to science, including the long boney-tailed jeholor-
nithiforms, the basal pygostylian clades Confuciu-
sornithiformes and Sapeornithiformes, and the
earliest record of both ornithothoracine clades,
Enantiornithes, the first major avian radiation, and
its sister taxon Ornithuromorpha, the clade that
includes the lineage leading to modern birds (Fig-
ure 1) (Zhou and Zhang, 2006b). The Protopteryx-
horizon of the Huajiying Formation preserves the
oldest known ornithuromorphs (Wang et al., 2015)
and the Jehol avifauna preserves the single great-
est diversity of Cretaceous Ornithuromorpha pre-
served anywhere in the fossil record (Zhou and
Zhang, 2006b; Zhou et al., 2012), with most spe-
cies represented by nearly complete specimens
(Zhou and Zhang, 2001; O’Connor et al., 2010;
Zhou et al., 2013). Specimens from this unit also
commonly preserve integument and stomach con-
tents, providing a huge amount of data regarding
the biology of the earliest ancestors of modern
birds (Zhou et al., 2012; Chiappe et al., 2014;
Zheng et al., 2014).

Not surprisingly, the avifauna includes basal
taxa with unusual morphologies that obfuscate
their phylogenetic position (e.g., Jianchangornis,
Zhongjianornis, Archaeorhynchus, Schizooura) as
well as diverse clades of more derived taxa (e.g.,
Hongshanornithidae and  Songlingornithidae)
(Zhou et al., 2009; O’Connor et al., 2010; Zhou et
al., 2010; Zhou et al., 2012; O’Connor and Zhou,
2013; Zhou et al.,, 2013; Wang et al., 2015).
Despite the utility of histology for understanding
basal bird biology, no ornithuromorph birds from
the Jehol have been histologically studied,
although every other clade has been sampled.
Jeholornis, Sapeornis, and enantiornithines pre-
serve bone formed by both woven-fibered and par-
allel-fibered bone marked by lines of arrested
growth. This indicates that these taxa took several
years to reach sexual maturity, after which they
continued to grow for at least another year before
reaching skeletal maturity (Figure 1, stage 1)
(Erickson et al., 2009; Gao et al., 2012; O’'Connor
et al., 2014). The bone tissue of Confuciusornis is
more heavily vascularized compared to other Early
Cretaceous birds and develops an outer circumfer-
ential layer (OCL) with closely packed rest lines in
adults indicating that rapid growth strategies also
evolved outside the Ornithurae (Figure 1, stage 2)
(Zhang et al., 1998; de Ricqlés et al., 2003).
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FIGURE 1. Simplified cladogram depicting relationships between specimens of Mesozoic birds that have been histo-
logically sampled (modified from Zhou et al., 2014). Red indicates lineages in which rapid growth evolved; the dashed
line for Confuciusornis is to indicate that although growing relatively faster than other basal birds, this taxon did not
achieve growth rates comparable to derived members of the ornithuromorph lineage. Stages 1-5 (grey numbers) refer
to important evolutionary transitions in basal bird bone microstructure: 1, bone shows increased vascularity and a pri-
marily woven matrix but growth is non-continuous; 2, the Confuciusornis lineage evolves at least a period of post-
natal growth in which fibro-lamellar bone is formed and growth lines are only found in the outermost cortex indicating
these birds approached adult size within the first year; 3, at least one lineage of Late Cretaceous enantiornithines
evolves a slow and protracted growth strategy; 4, fibro-lamellar bone matrix indicative of more rapid growth appears
in ornithuromorphs but growth lines persist; 5, derived ornithuromorphs evolve uninterrupted growth. Abbreviations:
FLB, fibro-lamellar bone; LAG, line of arrested growth; PFB, parallel fibered bone; WB, woven bone.
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Only two non-ornithurine ornithuromorphs
have been sampled, both from the Campanian-
Maastrichtian (83-65.5 Ma), the latest stages of the
Late Cretaceous: Patagopteryx from the Lecho
Formation in Argentina (Chinsamy et al., 1994) and
Hollanda from the Barun Goyot Formation in Mon-
golia (Bell et al., 2010). Like ornithurines (/chthyor-
nis and Hesperornis), these taxa preserve fibro-
lamellar bone indicative of rapid growth rates.
However, like more primitive birds, these taxa also
preserve LAGs and parallel-fibered bone, indicat-
ing that the derived growth strategy evolved among
more derived ornithuromorphs outside Ornithurae
(Figure 1, stage 4) (Chinsamy et al., 1994; Bell et
al., 2010). Of the wealth of specimens from the
Jehol Group, most are phylogenetically intermedi-
ate between Patagopteryx and ornithurines
(O’Connor et al., 2011) and thus have the potential
to shed light on the final stages in the evolution of
derived avian growth rates. Here we describe the
first histological sections from a Yixian Formation
ornithuromorph, lteravis huchzermeyeri (Zhou et
al., 2014), which is approximately 55-50 m.y. older
than previously sampled ornithuromorph taxa (e.g.,
Hollanda, Patagopteryx)(Dashzeveg et al., 2005)
and the first taxon sampled from the Early Creta-
ceous.

This taxon was chosen for several reasons.
Iteravis is resolved as the most derived Jehol orni-
thuromorph, falling in a polytomy outside Ornithu-
rae, the derived clade of birds formed by
Hesperornithiformes + Neornithes (Chiappe,
1991), while other Jehol ornithuromorphs are
resolved basal to this polytomy and near the phylo-
genetic position of Hollanda (Figure 1) (Zhou et al.,
2014). Secondly, this taxon is found only in the 128
Ma Yixian Formation; only two specimens, both
referable to the hongshanornithid ornithuromorph
Archaeornithura, are older and their preserved
bone tissue is unsuitable for histological analysis
(Wang et al., 2015). In addition, lteravis has only
been collected from the Sihedang locality, which is
dominated by this taxon. Like large groups of Con-
fuciusornis preserved together, this aggregation of
a single taxon has been suggested to be indicative
of social behavior (Zhou et al., 2014). Lastly, speci-
mens of lteravis are nearly all preserved three
dimensionally, which is unusual among Jehol spec-
imens. Because three-dimensional preservation of
bone is in some cases to be facilitated by the pres-
ence of medullary bone (O’Connor, personal obs.),
Zhou et al. (2014) hypothesized that the large num-
ber of /teravis collected at Sihedang may represent
a breeding colony. In order to test the latter hypoth-

esis we sectioned the holotype of lteravis huchzer-
meyeri IVPP V18958 (Zhou et al., 2014, figure 1;
Figure 2) for histological analysis. We describe the
results and discuss the implications of this bone tis-
sue morphology on our understanding of the
derived avian growth strategy.

METHODS

Histological samples were taken from the mid-
shafts of the right ulna and tibiotarsus using a
microsaw. Bone samples were embedded in
EXAKT Technovit 7200 (Norderstedt, Germany)
one-component resin, and cured for 24 hours. The
samples were cut transversely using an EXAKT
300CP accurate circular saw, and were then
ground and polished using the EXAKT 400CS
grinding system (Norderstedt, Germany) until the
desired optical contrast was reached. The histolog-
ical sections were observed under both normal/
regular and elliptically polarized light using a
ZEISS AX10 light microscope (Thornwood,
U.S.A.). Photographs were taken using the ZEISS
AxioCam MRc5 (Thornwood, U.S.A.) and Leica
Image Manager [1.20]. We used the “photomerge”
tool in Adobe Photoshop CS5 [v.12.0] to recon-
struct the entire section. Cortical thickness was
measured using CoreIDRAW X3. Histological ter-
minology primarily follows Erickson et al., (2009).

DESCRIPTION

The bone wall of the ulna is thin and mea-
sures approximately 0.16 mm in transverse section
(Figure 3.1). The thickness is not even and swells
at two points located roughly opposite each other,
one located caudodorsally and the other cranio-
ventrally, where the thickness is an estimated 0.18
mm thick (thinnest areas measure 0.14 mm).
Although crushed, the medullary cavity is devoid of
any signs of cancellous bone tissue except for one
thin caudoventrally located fragment (Figure 3.1).
Although this may represent a trabecular strut
(Chinsamy et al., 1995), we consider it more likely
to be a displaced fragment of the ICL. The medul-
lary cavity is lined by a thin layer of avascular, end-
osteally derived lamellar bone (the inner
circumferential layer, ICL). Distinct lamellae are
visible under polars (Figures 3.3, 3.4). This endos-
teal layer varies in thickness but only accounts for
1/10 - 1/20 the thickness of the cortex. The ICL is
separated from the rest of the bone matrix by a tide
line that erodes some primary osteons, indicating
that medullary expansion had occurred prior to
deposition of the ICL. The bone is primarily formed
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FIGURE 2. Photograph of the holotype of lteravis huchzermeyeri IVPP V18958 after sampling (indicated by white

boxes); scale bar equals 2 centimeters.

by unremodeled fibro-lamellar matrix. Vasculariza-
tion is primarily longitudinal, although radial and
oblique canals are also observed, concentrated in
the dorsal quadrant. Secondary osteons are

absent. The osteocyte lacunae are relatively flat-
tened and oriented parallel to the medullary cavity
within the ICL, whereas they are more globular and
randomly oriented in the outer cortex. Lamellated
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FIGURE 3. Histological sections taken from lteravis huchzermeyeri IVPP V18958: 1, ulna; 2, tibiotarsus; 3, close up
of denoted area of the ulna ; 4, close up of the contact with the endosteal layer under cross polarized light showing
presence of lamellae; 5, close up of denoted area of the tibiotarsus; 6, close up of the tibiotarsus under cross polar-
ized light showing the endosteal layer is parallel fibered. Abbreviations: c, simple canal; icl, inner circumferential layer;
po, primary osteon.



bone is observed around the canals in the primary
osteons (Figures 3.3, 3.4). Vascularization is heav-
ily reduced in the outer region of the cortex, and no
primary osteons are present indicating a reduction
in growth rate; the thickness of this outer layer of
woven-fibered bone varies throughout the circum-
ference ranging from 10-35% the thickness of the
cortex. Two canals reach the periosteal surface
indicating that growth was not complete. Although
a distinct outer circumferential layer (OCL) like that
present in living birds is not present, the osteocyte
lacunae become increasingly organized approach-
ing the periosteal surface, becoming relatively
more flattened and arranged parallel to the medul-
lary cavity so that parallel-fibered bone forms the
outermost cortex. The ulnar histology of IVPP
V18958 indicates a steady and rapid decrease in
growth rate prior to death. Overall the section is
very similar to reports from a humeral section of
Ichthyornis (Chinsamy et al., 1998, figure 3) except
that in this taxon the ICL is proportionately thicker
(slightly thicker than the thickest areas in the ulnar
section of IVPP V18958) in the figured part of the
cortex.

The cortical thickness of the tibiotarsus varies
throughout the transverse section; the cortex is
thinner than the ulna and measures approximately
0.15 mm in the thickest region and 0.10 mm in the
thinnest region. It appears to be thicker along the
dorsal surface. Compared to the ulna, the ICL is on
average proportionally thicker (15-20%), there are
fewer radial and oblique canals, and the matrix is
generally less highly vascularized consisting pri-
marily of woven bone (Figures 3.2, 3.5). Like the
ulna the outer region of the cortex is less vascular-
ized; this outer layer is proportionately thicker
where the bone wall is thin. The outer 5-10% of the
cortex is formed by parallel-fibered bone, in which
the osteocyte lacunae are visibly flattened and
arranged parallel to the surface of the bone. Gen-
erally bone formation appears to have been slower
in the tibiotarsus compared to the ulna. However,
the endosteal layer is parallel-fibered; the osteo-
cyte lacunae remain quite fat globular and no
lamellae are visible under crossed-polars (Figure
3.6).

DISCUSSION

The Jehol avifauna preserves representa-
tives of the entire phylogenetic spectrum of known
Early Cretaceous birds (Zhou and Zhang, 2006b)
and with the exception of the Ornithuromorpha, all
groups have been previously histologically sam-
pled (de Ricqlés et al., 2003; Erickson et al., 2009;
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Gao et al., 2012; Zhang et al., 2013; O’Connor et
al., 2014); these studies cumulatively reveal that
like non-avian dinosaurs most Early Cretaceous
birds required several years to reach adult size and
became reproductively active (often marked by a
double LAG) before somatic maturity. However, the
study of Early Cretaceous bird osteohistology is
still in its early stages; sample sizes are low (e.g.,
Ichthyornis n = one specimen/sample, Jeholornis n
= two specimens, three samples) and increased
sampling within groups continues to modify our
understanding (O’Connor et al., 2014). For exam-
ple, the bone of Confuciusornis is typically
described as fibro-lamellar (Zhang et al., 1998; de
Ricqlés et al., 2003; Chinsamy et al., 2013) but is
also regarded as woven-fibered (Erickson et al.,
2009). We have sampled a new Confuciusornis
specimen (STM13-40; unpublished), and based on
our observations we concur with Erickson et al.
(2009) that the bone matrix, although heavily vas-
cularized, is primarily woven-fibered. However,
fibro-lamellar (forming approximately one fifth of
the cortex, eroded by medullary expansion prior to
the deposition of the thick ICL of lamellar bone)
and parallel-fibered (forming the outer fifth of the
cortex, between the LAG and OCL) matrix is also
present in most long bone sections. Given that
basal bird ontogenies are unknown and potentially
complex, such apparent disagreements in the pub-
lished record will surely receive clarification
through future studies especially on ontogenetic
sequences of individual taxa.

IVPP V18958 is the first Jehol ornithuromorph
to be studied histologically and thus also the oldest
member of this clade to be sectioned thus far. The
only other non-ornithurine ornithuromorphs that
have been sampled are the Late Cretaceous Cam-
panian-Maastrichtian taxa, Hollanda, and Pata-
gopteryx (Figure 1). The latter taxon is considered
to be a secondarily flightless bird and, despite its
latest Cretaceous age, was considered the most
basal known ornithuromorph until the discovery of
Archaeorhynchus from the Jehol Group (Chiappe,
2002; Zhou and Zhang, 2006a); now Patagopteryx
is usually resolved in a polytomy with primitive
Jehol ornithuromorphs, with Archaeorhynchus out-
side this polytomy as the most basal member of
the clade (O’Connor et al., 2011; O’Connor and
Zhou, 2013). A single femur referable to Pata-
gopteryx (MACN-N-03) has been sampled osteo-
histologically. The cortex is formed nearly entirely
by fibro-lamellar bone matrix. A single LAG inter-
rupts growth about midcortex; this is preceded by
an annulus of lamellated bone matrix. The inner
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cortex is heavily remodeled with secondary
osteons present. A thin ICL erodes this layer
(Chinsamy et al., 1995).

Hollanda is known only from hindlimb ele-
ments and is typically resolved as more derived
than Jehol ornithuromorphs (O’Connor and Zhou,
2013) with the exception of lteravis (Zhou et al.,
2014), although because of the fragmentary nature
of the only known specimen the phylogenetic posi-
tion of this taxon is not stable (Bell et al., 2010).
The tibiotarsal sample reveals primarily parallel-
fibered bone matrix with local areas of heavy retic-
ular vascularization. A single LAG is present in the
outer cortex and an annulus lies just within the
periosteal surface. No ICL is present in the tibiotar-
sus of Hollanda, although its scalloped interior
margin indicates some medullary expansion had
occurred. This specimen is considered to have
died during a transitional stage in its histological
development perhaps during medullary resorption
but prior to the deposition of the ICL (Bell et al.,
2010). The osteohistology of the derived Late Cre-
taceous ornithurine birds Ichthyornis and Hesper-
ornis has also been described (Chinsamy et al.,
1998). A single humeral fragment assigned to Ich-
thyornis (KUVP 2294) reveals continuous fibro-
lamellar bone matrix. Hesperornis samples (n =
six, femora and tibiotarsi; the forelimb is heavily
reduced) reveal continuous bone deposition with
an OCL present in adults (Chinsamy et al., 1998;
Wilson and Chin, 2014).

Both the ulna and tibiotarsus were sampled
from IVPP V18958 (Figure 2), whereas only hind-
limb elements are available for comparison in basal
ornithuromorphs Patagopteryx and Hollanda. The
tibiotarsus of lteravis IVPP V18958 is thinner and
less vascularized compared to the ulna, also
observed between hindlimb and forelimb elements
in Jeholornis and Jehol enantiornithines (O’Connor
et al., 2014). Differences between the bone matrix
of the ulna and tibiotarsus in Iteravis highlight the
importance of sampling multiple elements where
possible. The ulnar bone in IVPP V18958 is much
more heavily vascularized than other sampled
Early Cretaceous birds with the exception of Con-
fuciusornis, which appears to have evolved accel-
erated growth rates in parallel to the
ornithuromorph lineage (A.J. de Ricglés et al,
2003). Neither the ulna nor the tibiotarsus in IVPP
V18958 preserves lines of arrested growth (LAGs)
or a distinct OCL, although the decrease in vascu-
larity near the periosteal surface indicates that
growth had significantly slowed prior to death. This
decrease in vascularization is also observed in Ich-

thyornis KUVP 2294. The ICL is typically formed
when growth is nearly complete, just prior to the
formation of the OCL (Chinsamy, 1995). This his-
tology suggests that IVPP V18958 was a fairly
mature subadult individual approaching skeletal
maturity. This is consistent with osteological evi-
dence such as the incomplete fusion of the proxi-
mal carpometacarpus and potentially the caudal
midline of the sternum. The fairly small size range
of all collected specimens of /teravis (tarsometatar-
sus length varies from 32-36 mm; J.K. O’'Connor,
personal obs.) suggests that IVPP V18958 (tar-
sometatarsus measures 31 mm) was near full
grown and not likely to greatly increase in size.
Based on these observations we do not necessar-
ily expect the deposition of future LAGs, only the
likely formation of an OCL, as in living birds.
Although an OCL appears to be absent in the sin-
gle sampled specimen of Ichthyornis (KUVP-2294)
(Chinsamy et al., 1998) and Patagopteryx (MACN-
N-03), the presence of an OCL in Hesperornis (Wil-
son and Chin, 2014) and all crown birds suggests
the absence of this layer in the sampled specimens
of Iteravis, Patagopteryx, and Ichthyornis is likely
due to ontogenetic immaturity (Chinsamy et al.,
1995). Additionally, the relatively thin ICL observed
in Iteravis IVPP V18958, compared to KUVP 2294,
may reflect ontogenetic immaturity. Although the
thickness of this feature varies between sampled
elements and individual specimens, the ICL when
present is proportionately thicker in basal birds,
sometimes forming more than one third the thick-
ness of the cortex (Sapeornis, Jeholornis, Early
Cretaceous enantiornithines) (Chinsamy et al.,
2013; O’Connor et al., 2014). A proportionately thin
ICL is also found in sampled Late Cretaceous
enantiornithines (Chinsamy et al., 1995). A propor-
tionately thin ICL may be a derived feature evolved
in parallel by enantiornithine and ornithuromorph
birds. However, given that most sampled speci-
mens are not considered to be fully mature, addi-
tional sampling is required in order to test this
hypothesis.

Both the ulna and tibiotarsus of Ilferavis IVPP
V18958 preserve uninterrupted bone tissue and an
ICL separated by a tide line indicating that medul-
lary resorption and deposition of the ICL occurred
within less than a year of growth. Other Cretaceous
non-ornithurine ornithuromorphs Patagopteryx and
Hollanda each preserve at least one growth line;
the two types of growth lines, LAGs and annuli, are
inferred to be deposited annually (Francillon-Viellot
et al., 1990). Hollanda preserves a single LAG fol-
lowed by an annulus and no ICL clearly indicating



that this taxon took over two years to reach matu-
rity. Patagopteryx MACN-N-03 is interrupted by a
single LAG and the absence of an OCL suggests
this specimen is also not quite somatically mature
(Chinsamy et al., 1995). The presence of an ICL,
parallel-fibered bone near the periosteal surface,
and the absence of LAGs may suggest the lteravis
lineage reached skeletal maturity within a year, as
in most living birds (Figure 1, stage 5). Until now
only the more derived, ornithurines, Hesperornis
and Ichthyornis, preserve uninterrupted bone for-
mation as in most neornithines (Chinsamy et al.,
1998; Wilson and Chin, 2014). This pattern is con-
sistent with the results of the cladistic analysis,
which resolves Iferavis as more derived than Pata-
gopteryx and Hollanda as well as all Jehol ornithu-
romorphs, with Apsaravis + Ambiortus, Gansus,
and lteravis forming successive outgroups to Orni-
thurae; in trees one step longer, these taxa all form
a polytomy with Neornithes and Hesperorni-
thiformes (Zhou et al., 2014)(Figure 1). We predict
that other more basal Jehol ornithuromorphs may
preserve LAGs, as in Patagopteryx and Hollanda.
Despite its phylogenetic position as more derived
than Hollanda and Patagopteryx, Iteravis is
approximately 50-55 m.y. older than either taxon.
The presence of the derived avian growth strategy
in lteravis from the 128 Ma Yixian Formation, the
second oldest layer to preserve ornithuromorph
remains, indicates that this feature evolved early in
a derived subset of ornithuromorphs. Basal lin-
eages apparently retained primitive growth strate-
gies, as evident from the presence of LAGs in
Hollanda and Patagopteryx although alternatively,
this feature may be secondarily evolved in the
flightless Patagopteryx. Some living birds have
prolonged growth (Bourdon et al., 2009).

In addition to being largely referable to Itera-
vis, specimens from Sihedang are also notable in
that they preserve a greater degree of three-
dimensionality than is typical of Jehol specimens.
The presence of medullary bone in reproductively
active females has been observed to facilitate
three-dimensional preservation in some specimens
(J.K. O’Connor, personal obs.). Therefore, this
potentially may represent a breeding or nesting
colony (Zhou et al.,, 2014). We sampled IVPP
V18958 in order to test this hypothesis. The well-
preserved cross-section clearly lacks medullary
bone (Figure 3). However, given the absence of an
OCL in IVPP V18958, several more adult speci-
mens of lteravis would have to be sampled in order
to rigorously test this hypothesis. Although basal
birds appear to reach sexual maturity before skele-
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tal maturity (O’Connor et al., 2014), the opposite is
true of living birds (Gill, 2007). The condition in
basal ornithuromorphs is unknown; however,
because the advent of reproductive maturity is typi-
cally associated with a double LAG, it is likely that
Iteravis became reproductively active after reach-
ing somatic maturity as in neornithines. The
absence of medullary bone in IVPP 18958 could
be due either to gender or ontogeny. Although the
specimen may appear slightly more three-dimen-
sional than most specimens, it is clear from the
sections (Figure 3) that bone preservation is not as
pristine as described — although complete the bone
is still crushed in on itself, not preserving the integ-
rity of the cross-section of the shaft. Although the
breeding colony hypothesis should be further
tested through additional sampling, we suggest
that the three-dimensional preservation of
Sihedang specimens is more likely the result of
taphonomic processes.

CONCLUSIONS

The holotype of lteravis huchzermeyeri is the
first Jehol ornithuromorph and oldest member of
this clade to be studied osteohistologically thus far.
The cortex of the ulna and tibiotarsus reveal unin-
terrupted growth similar to the sampled specimen
of Ichthyornis and most living birds. The ulnar sam-
ple primarily reveals fibro-lamellar bone matrix but
deposition slows throughout the outer cortex. The
preserved bone matrix indicates the tibiotarsus
grew slower than the ulna. The presence of a tide
line indicating medullary resorption and an ICL
together with the absence of growth lines in IVPP
V18958 strongly suggests that lteravis reached
adult size within a year, as in the Ornithurae. The
presence of growth lines in basal ornithuromorphs
from the Late Cretaceous suggests that, although
the derived growth strategy appeared relatively
early in ornithuromorph evolution, some lineages
retained primitive strategies. Due to the absence of
an OCL in IVPP V18958, histological analysis of
this specimen fails to provide resolution to the
hypothesis that Sihedang may represent a colonial
breeding site.
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