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Abstract We conduct histological analysis of two sexually mature fossil birds from the Lower
Cretaceous Jehol Group referable to Jeholornis sp. and Enantiornithes indet. Histology confirms
that in these lineages of basal birds, sexual maturity was achieved before skeletal maturity. The
samples reveal structural differences from previously described relevant specimens, indicating
that the ontogenetic changes in bone tissue that occur in Mesozoic birds are more complicated
than previously recognized. The female specimen of Jeholornis sectioned here is more
vascularized than previously described specimens, with both reticular and longitudinal canals. The
enantiornithine bone tissue is most similar to that reported for the Early Cretaceous Concornis,
primarily formed by parallel-fibered bone but more vascularized than other reported adult
enantiornithine specimens. The bone shows a distinct decrease in the rate of bone deposition,
inferred to represent the onset of sexual maturity.
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1 Introduction

The Lower Cretaceous Jehol Group is arguably the most important geologic unit in
the world for understanding the early evolution of birds (Zhou et al., 2003; Zhou, 2004;
Benton et al., 2008). The Jehol Biota includes the oldest and most basal pygostylian clades
(Confuciusornithiformes, Sapeornithiformes), the earliest appearance of the avian beak
(Confuciusornis, Archaeorhynchus), the earliest record of the dominant Cretaceous clade
of birds (Enantiornithes), and the earliest record of the lineage that includes living birds
(Ornithuromorpha)(O’Connor et al., 2011; Zhou and Zhang, 2006). The Jehol Biota also
includes Jeholornis (Zhou and Zhang, 2002), a long bony-tailed bird that has been suggested
to be the most basal known avian taxon — if Archaeopteryx is removed from Aves (Xu et al.,
2011). Despite the great potential to learn about the growth rate and developmental strategy
of extinct organisms through histological analysis (Chinsamy et al., 1995, 2013; Chinsamy
and Elzanowski, 2001; Erickson et al., 2009; Schweitzer et al., 2005) and the large number of
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available specimens (Chang et al., 2003), a relatively limited number of specimens of birds and
dinosaurs have been sampled from the Lower Cretaceous Jehol Group (Chinsamy et al., 2013;
Erickson et al., 2009; Zhang et al., 1998). This is due in part to exaggerated misconceptions
regarding the destructive nature of this process, and in part due to the poor preservation (or
even absence) of the bone in many specimens, which is particularly an issue among earlier
discoveries (e.g. Boluochia, Chaoyangia, Cathayornis)(Hou and Zhang, 1993; Zhou, 1995;
Zhou et al., 1992). As a result, the few histological analyses that have been published often
present conflicting data, such as reports that Confuciusornis completed growth within a year,
like modern birds, vs. newer studies that suggest more prolonged growth (de Ricqlés et al.,
2003; Zhang et al., 1998), and growth in Early Cretaceous birds remains poorly understood.

Here we report on the histology of one recently described specimen of Jeholornis sp.
(STM 2-51) and one specimen of Enantiornithes indet. (STM 29-8)(Zheng et al., 2013). These
specimens are considered female based on the interpretation of circular structures preserved
in the body cavity as mature ovarian follicles, and their histology has been previously briefly
discussed with regard to the formation of medullary bone (Zheng et al., 2013), an ephemeral
type of bone tissue found in ovulating female birds (Miller and Bowman, 1981), and
reported in some dinosaurs and basal birds (Schweitzer et al., 2005; Chinsamy et al., 2013).
Unfortunately, specialized medullary bone tissue could not be identified in either specimen and
the histology was not described in detail (Zheng et al., 2013). Due to the limited information
available regarding basal bird histology, these samples deserve further discussion, thus here we
present a full description of the histology of these two Early Cretaceous birds.

The histology of Jeholornis has only been reported from two specimens (Erickson et al.,
2009). No histological analyses on enantiornithines from the Jehol Group have been published
although one specimen of Concornis from the Early Cretaceous of Spain (Cambra-Moo et al.,
2006) and four Late Cretaceous specimens have been studied (Chinsamy et al., 1994, 1995;
Chinsamy and Elzanowski, 2001; Wang et al., in press). Because of the phylogenetic and
temporal distribution between the few sampled specimens, the enantiornithine growth strategy
remains enigmatic; however, what is known reveals a very different strategy from that of living
birds (Chinsamy et al., 1995). Here we provide a complete description of the morphological
details of the histological samples from these two fossil bird specimens and compare the
results to previous reports for these taxa.

Institutional abbreviations IVPP, Institute of Vertebrate Paleontology and Paleoan-
thropology, Chinese Academy of Sciences, Beijing, China; LH, Las Hoyas Collection,
Museo de Cuenca, Cuenca, Spain; MACN, Museo Argentino de Ciencias Naturales
“Bernardino Rivadavia”, Buenos Aires, Argentina; PVL, Paleontologia de Vertebrados Lillo,
Universidad Nacional de Tuciman (National University of Tucuman), Tuciman, Argentina;
STM, Shandong Tianyu Museum of Nature, Pingyi, China; ZPAL, Zoological Institute of
Paleobiology, Polish Academy of Sciences, Warsaw, Poland.
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2 Methods

Jeholornis STM 2-51 is a large specimen, with a humeral length of 118.3 mm and a
femoral length of 88 mm. Using the equations by Liu et al. (2012), body mass is estimated
from the humerus to be 688.4 g. Enantiornithine STM 29-8 is a medium sized specimen, with
a humeral length of 44.7 mm and a femoral length of 40.2 mm; body mass is estimated to
be 146.8 g (Liu et al., 2012). Two bone samples were taken from each of the specimens, as
close to midshaft as preservation allowed: the ulna and femur were sampled in STM 2-51 and
the humerus and femur were sampled in STM 29-8 (Fig. 1). The samples were taken using a
micro-saw and were embedded in EXAKT Technovit 7200 one-component resin and allowed
to dry for 24 hours. The samples were then cut and polished until the desired optical contrast
was reached. The samples were viewed under normal and polarized light using a Leica DM-
RX polarizing microscope. Measurements were taken with the computer software ImageJ
1.43r. Histological terminology is mainly sensu de Ricqlés (1976) and Chinsamy-Turan
(2005). We follow Erickson et al. (2009) and consider channels as an indicator of the extent of

vascularization.

Fig. 1 Photographs of Jeholornis sp. STM 2-51 (A) and Enantiornithes indet. STM 29-8 (B)
Boxes indicate where the histological sections were sampled; the upper boxes indicate where the forelimb
elements were sampled, ulna (A) and humerus (B) respectively; the lower boxes mark where the femora were
sectioned. Scale bars equal 4 cm
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3 Results

3.1 Jeholornis sp. STM 2-51

Ulna The thin section of the ulna (Fig. 2A) is stratified into three distinct regions (or
layers): an inner poorly vascularized region of avascular endosteally derived lamellated bone
tissue (inner circumferential layer, ICL or medullary lining bone) with collagen fibers and
osteocyte lacunae arranged nearly parallel; a thick middle region of more woven-textured
bone tissue with plump, haphazardly organized osteocyte lacunae; and an outer region (outer
circumferential layer, OCL) of avascular parallel-fibered bone tissue with parallel osteocyte
lacunae that are flatter than those in the ICL (Fig. 2A, 3B). The ICL forms one-third the cortical
thickness. The ICL and middle region are separated by an uneven tide line, clearly visible
under polarized light, representing where resorption occurred during medullary expansion
before the ICL was deposited during growth reversal (Fig. 3A)(Chinsamy-Turan, 2005). The
middle region of the compacta is richly vascularized; there is a predominance of longitudinally
oriented vascular canals although there is also reticular vascularization (not reported in
previous specimens of Jeholornis), and primary osteons are abundant (Fig. 2A, 3A). A few
isolated secondary osteons are also visible indicating some remodeling of the bone tissue
occurred (Fig. 2A). Osteons are most abundant closer to the ICL and vascularization becomes
predominantly longitudinal closer to the OCL so that the boundary with the more parallel
fibered OCL is not distinct, interpreted as a gradual decrease in growth rate. A double line of
arrested growth (double LAG)(Castanet et al., 1993) is regarded as the boundary between the
middle region and the avascular parallel-fibered OCL (Fig. 2A, 3B). At least two more LAGs
occur close to the periosteal surface of the bone; these are not considered rest lines because
they are not tightly layered although they are close and evenly spaced. The cortical thickness
increased by 8% between the double LAG and the next LAG in the OCL, but only by 2%-3%
between subsequent LAGs (Fig. 3B). The periosteal surface is smooth rather than undulating
indicating it was completely ossified (Chinsamy and Elzanowski, 2001). The endosteal or
medullary surface is broken but moderately well preserved; still, no medullary bone can be
identified. In some places, perpendicular cracks are visible intruding the inner circumferential
layer from the medullary cavity (Fig. 3A).

Femur The thin section of the femur (Fig. 2B) also reveals three regions in the bone
compacta. The inner region of endosteally derived lamellated bone tissue (ICL) is poorly
preserved and potentially diagenetically altered although faint osteocyte lacunae are still
visible. A majority of the compacta forms a thick middle region of more woven-textured bone
tissue with plump, haphazardly organized osteocyte lacunae (Fig. 3C). This is surrounded by
an outer layer (OCL) of avascular, more parallel fibered bone tissue with osteocyte lacunae that
are flatter and arranged in parallel (Fig. 3D). The ICL is proportionately thinner compared to
the ulna, forming only 20% of the cortical thickness. The middle region of the femur compacta
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preserves a greater degree of reticular vascularization than the ulna, although canals are still
predominantly longitudinal. Relatively fewer primary osteons are visible compared to the ulna,
as evidenced by the lack of centripetal infilling of lamellated bone around the blood vessels,
and no secondary osteons are observed (Fig. 2B). Primary osteons are mostly concentrated
in one region, and occur up until the boundary with the OCL (Fig. 2B, 3C), unlike the ulna
section where they are more interiorly restricted. A similar condition was previously reported
for Jeholornis, although whether this also matches the thickest part of the compacta (Erickson
et al., 2009) cannot be determined to due to poor preservation in STM 2-51. The different
growth rates around the circumference of the section suggest the bone was changing shape
(remodeling) during the time of deposition (Chinsamy-Turan, 2005). The middle layer of bone
loses its woven texture gradually towards the OCL. A LAG occurs roughly near the boundary
with the outer region (Fig. 2B, 3D). A second LAG occurs near the smooth periosteal surface,

Fig. 2 Histology sections of Jeholornis sp. STM 2-51
A. ulna (area indicated by red box enlarged under polarized light in 3A); B. femur (area indicated by red box
enlarged under polarized light in 3C)
Abbreviations: ICL. inner circumferential layer; ML. middle layer; OCL. outer circumferential layer. The
compacta (i.e., compact bone wall) is made up of three distinct regions: 1) an inner region of endosteally
derived lamellated bone tissue; 2) a middle region of more woven-textured bone tissue with reticular and
longitudinal canals; and 3) an outer region of more parallel-fibered bone tissue marked by lines of arrested
growth (LAG). White arrows indicate LAGs; open black arrows indicate the tide line marking the furthest
extent of endosteal resorption, below which lies the inner circumferential layer (ICL); black and white arrows
indicate primary osteons. Scale bars equal 100 pm
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Fig. 3 Details of Jeholornis STM 2-51 histology
A. ulna under polarized light showing tide line between the endosteally derived lamellated bone and the more

woven-textured bone that forms the middle layer; B. complete transverse cross section of the ulnar cortex
showing three distinct layers: an inner layer of endosteally derived lamellated bone, a thick layer of woven-
textured bone, and an outer layer of parallel-fibered bone; C. femur under polarized light showing region of
bone with concentrated primary osteons; D. complete transverse cross section of the femoral compact bone
wall showing three distinct layers, as in the ulna. White arrows indicate lines of arrest growth; open black
arrows indicate the tide line and upper margin of the inner circumferential layer (ICL); black and white arrows
indicate primary osteons; black arrows indicate cracks. All scale bars equal 50 um
Abbreviations: MC. medullary cavity; OCL. outer circumferential layer; PS. periosteal surface

separated from the first LAG by a 6% increase in cortical thickness (Fig. 2B). The inner
surface of the medullary cavity is broken and poorly preserved but no medullary bone appears
to be present.

3.2 Enantiornithine STM 29-8

Humerus The bone compacta of the enantiornithine humerus is more difficult to
interpret due to the lesser quality of preservation compared to Jeholornis STM 2-51 and
observed variations around the circumference of the section. However, as in the Early
Cretaceous Spanish enantiornithine Concornis (Cambra-Moo et al., 2006), three regions can
be discerned: an inner avascular region of endosteally derived lamellated bone tissue with
osteocyte lacunae arranged in parallel (ICL); a middle region of more vascularized bone
tissue with plump and more haphazardly organized osteocyte lacunae; and a thick poorly
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vascularized outer region (OCL) of parallel-fibered bone tissue with osteocyte lacunae that
are flatter and arranged in parallel (Fig. 4A). The ICL is separated from the middle region by
an uneven tide line, representing the furthest extent of medullary expansion, and varies from
6%-46% the cortical thickness (Fig. 4A, 5A). As in Concornis, extensions of the endosteal
bone tissue can be observed penetrating the deeper cortex in some areas (Cambra-Moo et al.,
2006). The middle region of the compacta is not as richly vascularized as in Jeholornis, and
vascularization is entirely longitudinal; fewer primary osteons are present and these are entirely
concentrated in a single area where the bone tissue is strongly woven. Secondary osteons are
far more numerous compared to Jeholornis (Fig. 2) and are also especially concentrated in
one area of the bone wall, near where the ICL is thickest; the large amount of remodeling may
suggest this was the site of a muscle attachment (Fig. 4A). Similar to Jeholornis STM 2-51,
within the middle region the primary osteons are concentrated closer to the ICL with fewer
osteons and simple primary vascular canals towards the periosteal surface. The boundary with
the OCL is not distinct; rather the osteocyte lacunae become increasingly flatter and more
organized, suggesting a gradual slowing of growth. Furthermore, the thickness of the two
layers are inversely related to each other indicating the bone was changing shape as it grew
(Fig. 4A). An annulus, clearly visible under polarized light (Fig. 5A), followed by a LAG is
found near the transition between the OCL and the middle region; its position varies from near
the midpoint to closer to the periosteal surface (Fig. 4A). Although vascularization is atypical
of the OCL (Chinsamy-Turan, 2005), there are more than a few simple blood vessels in the
OCL of STM 29-8, all located in the thickest part of the OCL where the LAG and annulus
occur closer to the middle of the compacta (Fig. 4A). The outer region of the OCL is poorly
preserved and it cannot be determined if additional LAGs were present although the periosteal
surface is smooth indicating it was completely ossified. Faint canaliculi are visible extending
from some of the osteocyte lacunae in the middle region (Fig. 5B). The medullary surface is
broken and no medullary bone can be identified.

Femur Interpretations of the thin section of the enantiornithine femur (Fig. 4B) are also
obscured by poor preservation; the section is not complete in most places and some variation
around the circumference is apparent. The femoral compacta is not clearly stratified although
three regions can be distinguished. The compacta is divided into a thin, avascular inner layer of
endosteally derived lamellated bone tissue (ICL); a thin middle region of parallel-fibered bone
that grades from plump, haphazardly organized osteocyte lacunae into a thick upper region of
parallel-fibered bone tissue with flatter osteocyte lacunae arranged in parallel (OCL; Fig. 4B).
The inner region is not well preserved; it is separated from the middle region by a tide line
(Fig. 5D). The bone tissue in the middle layer is poorly vascularized with entirely longitudinal
canals and only one or two isolated primary and secondary osteons located in the inner half of
the middle region, where the osteocyte lacunae are also more haphazardly arranged (Fig. 4B).
As bone deposition continued it apparently slowed gradually and only simple primary vascular
canals are present closer to the boundary with the OCL. The contact between the middle and
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Fig. 4 Histology sections of Enantiornithes indet. STM 29-8
A. humerus (area indicated by larger red box enlarged under polarized light in 5A; area indicated by small red

box enlarged in 5C, showing densely packed primary osteons), note the large cluster of secondary osteons in
the upper right of the section; B. femur (area indicated by red box enlarged under polarized light in SD). The
compacta is made up of three distinct regions: 1) an inner region of endosteally derived lamellated bone tissue;
2) a middle region of more vascularized parallel-fibered bone; and 3) an outer region of avascular parallel-
fibered bone tissue marked by lines of arrested growth. Note how the thickness of both the ICL and OCL vary
around the section, especially in the humerus (A). For abbreviations see Fig. 2 caption. White arrows indicate
lines of arrest growth; open white arrows indicate the tide line of the furthest extent of endosteal resorption,
below which lies the inner circumferential layer (ICL) of endosteally derived lamellated bone tissue
Scale bars equal 100 um

upper regions is indistinct; a double LAG is situated at the transition, which may mark the
onset of sexual maturity (Fig. 4B, 5D). The OCL forms approximately 50% of the cortical
thickness; two-three isolated blood vessels are present, far fewer than observed in the humeral
section. Although the periosteal surface was clearly smooth and fully ossified, the outermost
compacta is not well preserved; potentially another LAG may have been present close to the outer
surface. The medullary cavity is poorly preserved and no medullary bone is present (Fig. 4B).

4 Discussion

Understanding growth patterns from histological studies on basal birds is complicated by
data that suggests that basal birds are incomparable to other studied groups (Chinsamy et al.,
1995). Features indicative of skeletal maturity such as an ICL and OCL (Ponton et al., 2004)
are not necessarily correlated in basal birds. Furthermore, basal birds display unique bone
textures and combinations indicative of complex growth strategies that vary between clades. With
the limited number of samples, interpretations remain inconclusive and strongly reinforce the need
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Fig. 5 Details of Enantiornithes indet. STM 29-8 histology
A. humerus under polarized light showing the annulus near the transition from vascular to avascular parallel-
fibered bone; B. close up of the canaliculi visible around some osteocyte lacunae in the humerus; C. close
up of primary osteons concentrated in one region of the humerus; D. femur under polarized light showing
double LAG, marking inferred onset of sexual maturity. White arrows indicate lines of arrest growth; open
white arrows indicate the tide line of the furthest extent of endosteal resorption, below which lies the inner
circumferential layer (ICL) of endosteally derived lamellated bone tissue; black and white arrows indicate
primary osteons; black arrows indicate cracks; open black arrows indicate canaliculi. For abbreviations see
Fig. 3 caption. All scale bars equal 50 um

for additional analysis. However, we discuss these new samples, compare with other specimens,
and discuss potential interpretations based on the currently available data.

4.1 Jeholornis bone histology

The long bone compacta of Jeholornis STM 2-51, as revealed by sections from the ulna
and femur, consists primarily of a thick ICL of endosteally derived lamellated bone with well
organized collagen fibers, a thick middle region of vascularized woven textured bone, and a
thinner OCL of primarily avascular parallel-fibered bone marked by several LAGs. The femur
differs from the humerus in that the middle layer of bone tissue is less woven with fewer
primary osteons suggesting that growth of the forelimb was faster than that of the hindlimb
(Bennett, 2008). The bone compacta of STM 2-51 reveals some differences from previously
sampled specimens (Erickson et al., 2009). Only the femur was sectioned in the previous
study and thus comparison is limited to this element. STM 2-51 shows both longitudinal and
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reticular oriented canals, whereas Erickson et al. (2009) only reported longitudinal canals. A
LAG is reported in IVPP V 13353, the larger of the two specimens studied by Erickson et al.
(2009). This LAG is located much closer to the medullary cavity, whereas in STM 2-51 the
LAG is situated close to the boundary of the OCL. Furthermore, a tide line was not reported
by Erickson et al. (2009), which may suggest additional LAGs were lost when bone was remodeled
in STM 2-51 and thus an even older age for this specimen. Alternatively, Gao et al. (2012) consider
that V 13353 preserves an ICL (separated by a tide line) interrupted by a LAG. However, we
suggest that the LAG identified by Erickson et al. (2009) in V 13353 may actually be a tide line
marking the boundary of the ICL and the furthest extent of medullary resorption (no LAG present),
in which case this specimen is still interpreted as younger than STM 2-51.

Both the holotype of Jeholornis prima IVPP V 13274 and the referred specimen V 13353
that were sampled by Erickson et al. (2009) are smaller than STM 2-51 (Table 1). We estimate
their body masses to be 601.2 and 285.4 g respectively (Liu et al., 2012). The difference in size
is likely due to the older age and greater degree of somatic maturity at time of death in STM
2-51, which is consistent with histological data; the well formed ICL and limited amount of
growth observed in the OCL between LAGs indicate STM 2-51 had reached sexual maturity
(Chinsamy-Turan, 2005; Chinsamy et al., 1994) yet the absence of lamellar bone tissue
forming the outermost compacta (a true OCL) may suggest the individual had not achieved
skeletal maturity. STM 2-51 preserves bone tissue indicative of more rapid growth than that of
V 13274 and V 13353, which may suggest a phase of rapid growth later in ontogeny. Erickson
et al. (2009) used the samples from V 13274 and V 13353 to suggest basal birds required two
to three years to reach skeletal maturity. The results of this study may suggest that V 13274
and V 13353 were subadults and that these basal birds required more than three years to reach
skeletal maturity. Size differences could also potentially be explained through species specific
growth trends or sexual dimorphism, although testing these competing hypotheses would require
more histological data and a taxonomic investigation of known specimens. The bone histology
of STM 2-51 is similar to that of Rahonavis, a controversial Late Cretaceous maniraptoran that is
considered by some to be a long-tailed bird less derived than Jeholornis (Forster et al., 1998). The
compacta is also formed by three distinct regions with a double LAG marking the lower boundary
of the OCL in Rahonavis thin-sections, but in this taxon the ICL is thinner, the OCL is thicker, and
the middle layer is fibrolamellar (Chinsamy and Elzanowski, 2001).

Table 1 Body mass estimates for sampled Jehol specimens

Taxon Collection number Length (mm) Estimated mass (g)
Jeholornis prima IVPPV 13274 110.5 (humerus) 601.2
IVPPV 13353 71.9 (humerus) 285.4
Jeholornis sp. STM 2-51 118.3 (humerus) 688.4
Enantiornithine sp. STM 29-8 44.7 (humerus) 146.8

Enantiornithine sp. MACN-S-01 93.5 (femur) 1805.5
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4.2 Enantiornithine bone histology

The compacta of the humerus and femur of enantiornithine STM 29-8 reveal three layers
of bone tissue: a distinct ICL of endosteally derived lamellated bone and a thin middle layer of
more vascularized parallel-fibered bone that grades into an OCL of parallel-fibered bone with
flat and organized osteocyte lacunae. Despite the diversity of the enantiornithine clade, only
five other specimens have been sampled for comparison: an embryonic specimen of Gobipteryx
(ZPAL MgR-/90) from the Late Cretaceous of Mongolia (Chinsamy and Elzanowski,
2001); Parvavis (IVPP V 18586), the first Late Cretaceous specimen from China (Wang et
al., in press); a referred adult/subadult specimen of Concornis (LH 21006) from the Early
Cretaceous of Spain (Cambra-Moo et al., 2006); and two isolated adult femora (PVL-4273 and
MACN-S-01) from the Late Cretaceous of Argentina (Chinsamy et al., 1995). Although these
specimens sample much of the ontogenetic spectrum, they are widely separated temporally,
geographically, and or phylogenetically, obscuring attempts to understand enantiornithine
growth strategies.

The morphology of the bone tissue in STM 29-8 most strongly resembles the histology
observed in Concornis LH 21006, the only other published Early Cretaceous sample (Cambra-
Moo et al., 2006), although comparison is slightly complicated by the fact that the sample
in Concornis was taken from the tarsometatarsus, which tends to show greater degrees of
remodeling compared to long bones and thus is not an ideal element for analysis. Still, both
specimens preserve three histological layers with primary and secondary osteons in the middle
layer. In contrast, the bone compacta of the Late Cretaceous Parvavis and the two from the
Late Cretaceous Lecho Formation specimens (femora, PVL-4273 and MACN-S-01), is formed
entirely by avascular parallel-fibered bone (Chinsamy et al., 1995; Wang et al., in press). The
femora show two size classes of osteocyte lacunae, one much larger than the other with well-
developed canaliculi; these are primarily limited to the inner half of the middle region of the
bone and may have compensated for the absence of vascularization (Chinsamy et al., 1995).
Only the smaller size class of osteocyte lacunae is present in STM 29-8 and Concornis LH
21006 (contra Cambra-Moo et al., 2006) and these range in morphology from plump to flat;
the presence of vascular channels in these specimens may have obviated the need for the larger
size class of osteocyte lacunae. They are also not present in the Parvavis section (contra Wang
et al., in press), which could be due to ontogeny (only present in adults) or potentially this
feature is limited to a fairly exclusive lineage of Late Cretaceous enantiornithines.

The histological samples from Concornis LH 21006 and STM 29-8 are similar to the Late
Cretaceous femora in that the thickest region of the compacta is the OCL (approximately 40%-
45% the thickness of the compacta in Concornis LH 21006 and STM 29-8), characterized by
parallel-fibered bone and interrupted by LAGs, as in PVL-4273 and MACN-S-01. However, in
the Late Cretaceous sections the compacta is nearly entirely OCL; STM 29-8 and Concornis
LH 21006 show a total of three distinct layers, with a more vascularized middle layer of



13 O’Connor et al.: The histology of two female Early Cretaceous birds 123

parallel fibered bone with primary and secondary osteons (Cambra-Moo et al., 2006). Because
the middle layer is proportionately thinner in Concornis sp., the sample is significantly less
vascularized compared to STM 29-8. In MACN-S-01 a tide line marks the boundary between
the upper region and the ICL, as in STM 29-8 and Concornis; however, in MACN-S-01 this
contact is very distinct, even, and the ICL it demarcates is much thinner (Chinsamy et al.,
1995). The tide line observed in the humerus of STM 29-8 varies throughout the cross-section
so that in some places the ICL approaches one-third the cortical thickness—similar variation
is observed in the histological section from the tarsometatarsus of the Early Cretaceous
Concornis LH 21006 (Cambra-Moo et al., 2006). An ICL is not present in the Parvavis
holotype, which is formed entirely of avascular parallel-fibered bone with both plump and flat
osteocyte lacunae loosely arranged in parallel.

The femoral section of STM 29-8, like the humeral section of Jeholornis STM 2-51,
preserves a double LAG, not previously reported in any enantiornithine or Early Cretaceous
bird, which correlates with an annulus and LAG in the humerus. Such double LAGs are
occasionally observed in dinosaurs, including the controversial Late Cretaceous paravian
Rahonavis (Chinsamy and Elzanowski, 2001; Chinsamy et al., 1998) and are frequently
found in amphibians (Liao and Lu, 2010). The presence of a double or accessory LAG has
been interpreted as indicative of a bi-annual growth cycle (Chinsamy-Turan, 2005). This may
suggest that enantiornithine growth strategies were diverse, or that this individual experienced
some sort of trauma (that caused growth to be interrupted) during its life. However given that
this feature occurs at the transition between the middle layer of more rapidly formed bone and
the OCL, as in Jeholornis STM 2-51 and Rahonavis (Chinsamy and Elzanowski, 2001), and
correlates with an annulus and LAG in the humerus, it is more likely that this double LAG
marks the onset of sexual maturity (Lee and Werning, 2008). Another LAG may have been
present close to the periosteal surface in STM 2-51. Four and five LAGs are preserved in PVL-
4273 and MACN-S-01, respectively (Chinsamy et al., 1995). Concornis LH 21006 preserves at
least two LAGs (Cambra-Moo et al., 2006). No LAGs are present in the holotype of Parvavis
(Wang et al., in press).

Differences in bone tissue morphology observed between samples most likely primarily
reflects differences in ontogenetic stage, however it is impossible to determine with the limited
data whether or not growth is also affected by lineage specific trends (here strongly considered
likely). Histological analysis of the Gobipteryx embryo indicates early bone formation was
rapid, while PVL-4273 and MACN-S-01 indicate a prolonged period of slow growth (Chinsamy
et al., 1995; Chinsamy and Elzanowski, 2001). Enantiornithines PVL-4273 and MACN-S-01
are considered adults—the absence of vascularized fibrolamellar bone tissue like that present in
the Gobipteryx embryo is inferred to be due to the resorption of the more rapidly formed bone
(deposited during early ontogeny) during medullary expansion (Chinsamy and Elzanowski,
2001). Indeed this embryonic fibrolamellar tissue is not present in any sampled post-natal
specimen. The histology of Concornis LH 21006 and Enantiornithes indet. STM 29-8 reveal
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an intermediate period of moderate post-natal growth suggesting three distinct growth stages
during enantiornithine ontogeny: rapid embryonic growth (fibrolamellar bone tissue), moderate
juvenile growth (rapidly formed parallel-fibered bone), and slow subadult growth until skeletal
maturity (avascular parallel-fibered bone with flat, organized osteocyte lacunae). A similar
pattern is inferred for Sapeornis although in this larger and more basal taxon, post-natal growth
is faster producing woven-textured bone (Gao et al., 2012). The decrease in growth rate from
the formation of more vascular to avascular bone is inferred to occur when sexual maturity is
achieved (but since LAGs are present in PVL-4273 and MACN-S-01, growth did not cease)
(Chinsamy et al., 1995; Chinsamy and Elzanowski, 2001). The change in bone tissue from
more vascular to avascular observed in Concornis sp. and STM 29-8 suggests these specimens
had reached sexual maturity; the incomplete fusion of the proximal carpometacarpus
and proximal tarsals to the tibia in STM 29-8 suggests this specimen has not yet reached
skeletal maturity. This means that, unlike living birds, the presence of an ICL and OCL in
enantiornithines cannot be used as indicators of skeletal maturity (Ponton et al., 2004). The
lesser degree of vascularization and thicker OCL containing two LAGs observed in Concornis
LH 21006 suggests this specimen was more mature than STM 29-8 at the time of death, which
is confirmed by the presence of a fully fused tibiotarsus and proximal tarsometatarsus in this
specimen (Cambra-Moo et al., 2006). Furthermore, although the Argentine specimens are
isolated femora, associated tibiotarsi and tarsometatarsi of comparable size are fully fused
(Chiappe, 1993). This suggests that enantiornithines may continue to grow considerably even
after compound skeletal elements fuse, unlike slow growing neornithine birds in which the
fusion of the compound bones, in particular the distal tarsals to the metatarsals, typically marks
the cessation of growth (Turvey and Holdaway, 2005).

The histology of Parvavis IVPP V 18586 complicates this interpretation of a three phase
growth strategy for Enantiornithes. Although interpreted as a relatively mature subadult (Wang
et al., in press), an alternate view is that this specimen is younger than the subadult STM 29-
8, as indicated by the absence of LAGs and an ICL. This is consistent with the absence of
fusion of compound bone in the holotype of Parvavis, despite a trend towards greater amounts
of fusion in Late Cretaceous taxa relative to Early Cretaceous enantiornithines (O’Connor,
2009). Without additional samples, it is unknown if Parvavis would later experience a period
of more rapid growth and deposit more vascularized bone tissue as it neared sexual maturity,
as observed in Early Cretaceous enantiornithines, or if Late Cretaceous enantiornithine
simply lacked vascularization in their post-natal bone tissue, and grew differently from Early
Cretaceous enantiornithines. Although the adult body size of STM 29-8 is not exactly known,
we can infer that it was considerably smaller than that of the Late Cretaceous specimens —
all known Early Cretaceous enantiornithines are much smaller than the two sampled Late
Cretaceous femora. Without a complete skeletal or histological growth series for any Early
Cretaceous enantiornithine, we cannot determine whether or not the more vascular region of
bone in STM 29-8 would be eventually lost during bone remodeling, leaving only avascular
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OCL as observed in Late Cretaceous enantiornithines. However, differences between Early
and Late Cretaceous samples suggest Late Cretaceous taxa may have evolved their own unique
growth strategy.

4.3 Growth Trends in Basal Birds

Compared to Jeholornis, enantiornithine STM 29-8 shows a lesser degree of
vascularization. This fits with the predicted model of dinosaur growth proposed by Erickson
et al. (2009) — the smaller size of the enantiornithines means slower growth and more
avascular bone relative to Archaeopteryx. However, the bone tissue in STM 29-8 differs from
the larger Late Cretaceous femora PVL-4273 and MACN-S-01 in that it is relatively more
highly vascularized. This suggests that the relationship between adult body size and growth
rates proposed by Erickson et al. (2009) may not have been strictly true within Enantiornithes.
Erickson et al. (2009) proposed that fast growing bone was lost in the ancestral avian line,
due to dwarfism, and was regained during avian evolution, as evidenced by the more rapidly
formed bone observed in Sapeornis (larger than Archaeopteryx) and derived birds. However,
contra what is expected, larger enantiornithines show evidence for more slowly formed
bone whereas small enantiornithines preserve faster growing tissue. This is reflected in the
degree of vascularization; for their body size, Erickson et al. (2009) would predict a greater
degree of vascularization in Late Cretaceous enantiornithines, not less. This would mean
the clade departed from the dinosaurian growth pattern, but not convergent with the rapid
growth strategy evolved within Ornithuromorpha, evolving their own unique growth strategy.
Similarly, despite its considerably smaller size, Confuciusornis is more vascularized than
Jeholornis and Sapeornis, while the increase in vascularization observed in the latter taxon
relative to Archaeopteryx is greater than expected based on its only slight increase in size
(Gao et al., 2012) indicating that Early Cretaceous basal birds in fact have non-dinosaurian
growth patterns (contra Erickson et al., 2009). The unique growth strategy observed in
Enantiornithes may have co-evolved with (or evolved as a result of) their unique super
precocial developmental strategy (Chinsamy and Elzanowski, 2001; O’Connor, 2009).

4.4 Medullary bone in Mesozoic birds

Medullary bone is unique to egg-laying female birds including the ostrich with its
proportionately small egg, and has been reported in a specimen of 7. rex (Schweitzer et al.,
2005) as well as several other dinosaurs (Lee and Werning, 2008) and one pterosaur (Chinsamy
et al., 2009). Recently, it has been identified in the basal pygostylian bird, Confuciusornis
(Chinsamy et al., 2013). It forms in response to estrogen produced in the body during
yolk deposition (vitellogenesis), and provides a source of calcium for eggshell production
(Miller and Bowman, 1981; Schweitzer et al., 2005). The two Mesozoic birds sampled here
preserve female reproductive soft-tissue structures (ovarian follicles) indicating they were
reproductively active (Zheng et al., 2013). Although there exists skepticism regarding this
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interpretation (Mayr and Manegold, 2013), there exists no plausible alternative interpretation
nor strong counter argument (O’Connor et al., 2013) and so we consider these structures to be
ovarian follicles. Although in some samples the preserved bone is good quality, no medullary
bone is observed in either STM 2-51 or STM 29-8. Medullary bone is extremely vascularized
and could have been easily destroyed by crushing, thus its absence may potentially be
taphonomic and the results are inconclusive. The persistence of medullary bone varies among
extant birds; its absence in a specimen may also indicate the female died before its formation,
which would suggest the preserved ovarian follicles were not mature.
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