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Abstract

We describe the osteohistology of five enantiornithine bird specimens from Lower Cretaceous 
Xiagou Formation deposits of the Changma locality in northwestern Gansu Province, China. 
Samples were taken from the femora of: three specimens of Avimaia schweitzerae (IVPP 
V25371, IVPP V31956, and GSGM-04-CM-007), Qiliania graffini GSGM-04-CM-006, and 
Novisavis pubisculata IVPP V31957. The objective of this study is to describe intrageneric 
variation (in Avimaia), and intertaxonomic variation among enantiornithine birds coexisting 
in an ecosystem. All five specimens have a femoral cortex composed mainly of parallel 
fibered bone with relatively low vascularity. All three Avimaia specimens have 2-3 vascular 
canals, and asymmetrical growth marks, indicating cortical drift. In Qiliania there are eight 
longitudinal vascular canals, five of which are concentrated in one region of the cortex. 
Although the gross anatomy of the skeleton and fusion of compound elements indicates 
morphological maturity, neither growth marks, an outer circumferential layer (OCL), nor an 
inner circumferential layer (ICL) are present. The femur of Novisavis has some regions of a 
woven parallel complex and a higher level of vascularity relative to the other specimens (14 
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longitudinal channels present). Although this specimen is morphologically immature based on 
gross anatomy, the femur has a well-developed OCL and ICL. These results emphasize the 
enantiornithine offset between morphological maturity and osteohistological maturity. 
Development of the OCL appears to be decoupled from morphological maturity, in some 
cases forming before the skeleton has fully fused, and in others well after. The specimens are 
similar in size but vary considerably in the number of growth marks present, from none to 
two. This suggests either developmental plasticity and diverse growth strategies and, 
complicates attempts to interpret relative age and growth stage in enantiornithines.
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1. Introduction

Enantiornithes are the dominant group of terrestrial birds in the Cretaceous with 
fossils found on every continent except Antarctica (Chiappe and Walker, 2002; O’Connor, 
2022). While members of this clade are predominantly arboreal, the fragmentary Late 
Cretaceous fossil record suggests by this time they had evolved increased ecological diversity 
(Chiappe and Walker, 2002; O’Connor et al., 2011; O’Connor, 2022). In recent decades with 
growth in the field of paleo-osteohistology, histological sampling and description of 
enantiornithine birds has fortunately become increasingly common. From deposits in China in 
particular, many specimens have been osteohistologically described – e.g., Zhouornis hani 
(CNUVB-0903; Zhang et al., 2013), indeterminate enantiornithine (STM 29-8; O’Connor et 
al., 2014), Eopengornis martini (STM24-1; Wang et al., 2014b), Parapengornis eurycaudatus 
(IVPP V18687; Hu et al., 2015), Monoenantiornis sihedangia (IVPP V20289; Hu and 
O’Connor, 2017), Pterygornis dapingfangensis (IVPP V16363; Wang et al., 2017a), 
Cruralispennia multidonta (IVPP V21711; Wang et al., 2017b), indeterminate pengornithid 
(IVPP V15576A; O’Connor et al., 2018), Mirusavis parvus (IVPP V18692; Wang et al., 
2020), and Musiavis amabilis (MHGU-3000; Wang et al., 2022). These works generally 
indicate that enantiornithine life history traits were different from those of extant birds, with a 
prolonged phase of relatively slow growth evidenced by a predominance of poorly-
vascularized parallel-fibered bone tissue in many of the long bones of the skeleton (Wang et 
al., 2014a; Wang et al., 2017a; Wang et al., 2017b), in contrast to the predominance of 
fibrolamellar bone in crown group birds (Neornithes). Enantiornithines also frequently form 
growth marks in the cortices of long bones, indicating pauses in growth that are absent in 
most neornithines (Bourdon et al., 2009; Zhang et al., 2013; O’Connor et al., 2014). However, 
previous studies also indicate some reproductive similarities with modern birds. Several 
enantiornithine specimens show evidence that during egg-laying these birds deposited a layer 



of medullary bone as a calcium reservoir for eggshell formation (O’Connor et al., 2018; 
Bailleul et al., 2019; Wang et al., 2020).

Nearly all of the sampled Chinese specimens are from the Lower Cretaceous Jehol 
deposits in northeastern China, which consist of three successive formations: the Huajiying 
Fm. in Hebei Province, and the Yixian and Jiufotang formations in Liaoning Province (Pan et 
al., 2013). Sampling of avian specimens from outcrops in other regions of China is limited to 
Avimaia schweitzerae from the Lower Cretaceous Xiagou Fm. (Bailleul et al., 2019) and 
Parvavis chuxiongensis from the Upper Cretaceous Jiangdihe Fm. (Wang et al., 2014a).

In this study, we present results of an osteohistological analysis of five enantiornithine 
specimens from the Lower Cretaceous (Aptian) Xiagou Fm. in Gansu Province, northwestern 
China, from a locality near the town of Changma (Suarez et al., 2013). This site produces 
fossil bird specimens preserved in slabs, often with three-dimensional skeletal elements. Most 
of the birds from the site are referable to the ornithuromorph taxon Gansus yumenensis (Hou 
and Liu, 1984; You et al., 2006; Li et al., 2011; Wang et al., 2016), and four additional 
ornithuromorph taxa have been described (Wang et al., 2013; O’Connor et al., 2022). While 
less numerous in terms of quantity of specimens, a comparable taxonomic diversity of 
Enantiornithes has been recovered from the Changma locality. These include Avimaia 
schweitzerae (Lamanna et al., 2006; Bailleul et al., 2019), Qiliania graffini (Ji et al., 2011), 
Dunhuangia cuii (Wang et al., 2015), Feitianius paradisi (O’Connor et al., 2016), and 
Novisavis pubisculata (O’Connor et al., 2025b).

The specimens that are the subject of this study include the holotype of Qiliania 
graffini (GSGM-04-CM-006), the holotype of Novisavis pubisculata (IVPP V31957), the 
holotype of A. schweitzerae (IVPP 25371), a previously referred specimen of Avimaia 
(GSGM-04-CM-007; Lamanna et al., 2006; Bailleul et al., 2019), and a previously 
undescribed specimen, IVPP V31956, which we refer to Avimaia sp. While current research 
provides a solid foundation for understanding enantiornithine life history characteristics in a 
general sense, much remains unknown about enantiornithine development at a more granular 
level, complicating comparisons between individuals of the same taxon or the same 
ecosystem. For the first time in an enantiornithine, our sampling allows for the study of 
intrageneric variation (in Avimaia), as well as proximodistal serial variation of consecutive 
thin sections of the diaphysis (in Avimaia IVPP 25371). Furthermore, isotope analysis shows 
that the specimens presented here would have inhabited the same environment, and possibly 
coexisted in the same ecosystem (Suarez et al., 2017), thus adding important ecological and 
environmental context to these intertaxonomic comparisons.

2. Material and methods

All five specimens included in this study are reposited at the Institute of Vertebrate 
Paleontology and Paleoanthropology (IVPP) in Beijing, China. Additionally, all are mostly-
articulated skeletal elements preserved in matrix slabs, typical of specimens from the 
lacustrine deposits of the Changma locality (Harris et al., 2006; Lamanna et al., 2006; You et 
al., 2006). IVPP V31956 is referrable to Avimaia sp. based on the unique delicate and curved 
morphology of the pubis (an autapomorphy of this taxon) and supported by the morphology 
and proportions of the foot (see Appendix A for a complete anatomical description and 
illustration of this specimen). It consists of a partial caudal half of the skeleton, preserving 
portions of the pelvic girdle, both pubes, the proximal part of the right femur, and the 



complete left pelvic limb; this specimen is inferred to be morphologically mature based on the 
complete fusion of the tarsometatarsus. GSGM-04-CM-007, also referred to Avimaia, consists 
of a fragmentary pelvic girdle and two complete pelvic limbs (Lamanna et al., 2006). It is 
inferred to be a morphologically mature individual from the complete fusion of the proximal 
tarsals to the tibia, the distal tarsals to the metatarsals, and the pelvic bones at the level of the 
acetabulum. IVPP V25371 is the holotype of Avimaia schweitzeri (although it was not at the 
time of sampling for this project). This specimen consists of the caudal half of the axial 
skeleton, preserving the pelvic girdle, a complete right pelvic limb, and a partial left pelvic 
limb (Bailleul et al., 2019). On the basis of a fully fused tarsometatarsus, it is inferred to be 
morphologically mature; furthermore, Bailleul et al. (2019) present evidence that it was also 
sexually mature (an egg is preserved in the body cavity and medullary bone is present in the 
femur). However, they also describe the specimen as “skeletally” immature on the basis of 
osteohistology (Bailleul et al., 2019); it is hereafter described in this paper as 
“osteohistologically immature” for clarity.

GSGM-04-CM-006 is the holotype specimen of Qiliania graffini, consisting of a 
nearly complete left pelvic girdle and limb, in articulation except for the femur and girdle (Ji 
et al., 2011). Most of the fossil has been subject to minimal crushing and has remarkable 
three-dimensional preservation for an avian fossil preserved in a slab such that one limb was 
able to be prepared free of the sediment; however, the femur from which the histological 
sample was taken was one of the most damaged elements. Based on the complete fusion of 
elements of the tibiotarsus and tarsometatarsus, this specimen is inferred to be 
morphologically mature. IVPP V31957 is the holotype of Novisavis pubisculata (O’Connor et 
al., 2025b). This specimen is also a partial skeleton of the caudal part of the body, including 
the caudal vertebrae, an incomplete pelvic girdle, and two mostly complete pelvic limbs. 
Unlike other specimens in this study, the holotype of Novisavis is inferred to be at a late stage 
of morphological immaturity. The skeleton is fully ossified, and while some compound 
elements have started to fuse, the metatarsals remain separate from one another.

These five specimens were selected for destructive sampling to obtain a maximally 
diverse taxonomic sample, while restricting damage to specimens that were relatively 
incomplete compared to other enantiornithine material from Changma. Tissue samples were 
taken from the mid-shaft of the femur of each specimen at the IVPP, by IVPP technicians. It 
is common practice in osteohistological studies that aim to explore growth patterns to sample 
a long bone at the mid-shaft (de Ricqlès et al., 2003; Lamm, 2013; de Buffrénil et al., 2021), 
an area that typically exhibits symmetrical growth, has been minimally impacted by 
secondary growth that could obscure evidence of earlier ontogeny, and is a location where the 
record of growth is likely to be most complete relative to other skeletal elements. Here, we 
sampled the femur specifically because it was bilaterally preserved in all specimens and 
because the femur is commonly sampled in other osteohistological studies of enantiornithines 
(Zhang et al., 2013; O’Connor et al, 2014; Wang et al., 2014b; Hu et al., 2015), thereby 
allowing for direct comparisons.

These samples were prepared following standard methods for processing 
osteopaleohistological tissues (Lamm, 2013). They were embedded in epoxy resin, thin-
sectioned, and mounted on glass slides at the IVPP. Subsequently, the mounted wafers were 
ground to approximately 100 µm thickness using a lap grinder (EcoMet 3, Buehler Ltd., Lake 
Bluff, IL) with descending grits (260-1200) of silica-carbide grit paper using water as a 
lubricant at the University of California Museum of Paleontology in Berkeley, CA, U.S.A.



Slices were photographed using a Nikon digital sight camera and petrographic 
microscope (DS-U3 and DS-Fi2), and captured using the computer program NIS-Elements 
(F4.00.00); and on a Jenoptik camera mounted on an Olympus BX60F. Sections were 
visualized under regular light and with cross-polarized light (XPL).

All measurements of thin section images were acquired using ImageJ (v.51; National 
Institute of Health, Bethesda, MD, U.S.A.). We measured cortical width to have a quantifiable 
variable by which to make comparisons among taxa (Table 1). Cortical width is reported as an 
average of eight different measurements across the cortex (medially, laterally, cranially, 
caudally, and four midpoints between these regions). We also include measurements of 
femoral length for the specimens in this study as a proxy for body size (Table 1), 
demonstrating the narrow size range occupied by these specimens (ranging from 2.41 to 2.51 
cm). Finally, we also include data from a previous study (Atterholt and Woodward, 2021) on 
two crown group birds: a green-cheeked conure (Pyrrhura molinae) and a mourning dove 
(Zenaida macroura). These were chosen because they have a similar femoral length and 
cortical width to the fossil specimens, with the aim of making comparisons to extant birds 
with similar biological traits (size and ecology). Both specimens are histologically and 
morphologically mature.

In this study, we follow the suggestions of Griffin et al. (2021) in using specific 
nomenclature to describe ontogenetic status as carefully and accurately as possible. 
Specifically, we use the phrase “morphological maturity” to refer to ontogenetic status based 
on degree of skeletal fusion and ossification; and “osteohistological maturity” to refer to 
status as indicated by features of bone tissue and microstructure (see O’Connor et al., 2025a, 
for a complete discussion of the decoupling of, and definitions for, morphological and 
osteohistological maturity in enantiornithines).

Abbreviations: CNUVB, Capital Normal University, Beijing, China; GSGM, Gansu 
Geological Museum, Lanzhou, China; IVPP, Institute of Palaeontology and 
Palaeoanthropology, Beijing, China; MHGU, Museum of Hebei GEO University, 
Shijiazhuong, China; MVZ, Museum of Vertebrae Zoology, Berkeley, CA, United States; 
STM, Shandong Tianyu Museum of Nature, Pingyi, China.

3. Results

3.1. Avimaia schweitzerae (IVPP V25371, holotype)

Although the osteohistology of the femur from Avimaia IVPP V25371was reported in 
the original description of the specimen (Bailleul et al., 2019), we include results of a second 
thin section in the current paper because this provides a rare opportunity to assess serial 
variation in bone microstructure along the shaft within a single fossil element. The thin 
section presented here was taken from a position distal to the sample originally described. 
Although both are from approximately mid-shaft, they are proximal (original sample) and 
distal (new sample) relative to each other, and these descriptors are used herein to 
differentiate them.



Unfortunately, and as has been noted in the original description (Bailleul et al., 2019), 
this element is affected by a microbial invasion that makes it difficult to discern 
microstructural details. Nonetheless, many features are still clear (Fig. 1(A)). A thin layer of 
medullary bone lines the endosteal surface and gives off numerous trabecular projections 
(many of which were broken when this section of the femur was crushed during fossilization). 
A distinct and well-developed inner circumferential layer (ICL) is present, bounded by a 
marked resorption line (Fig. 1(B)). A growth line is present, visible in roughly half the 
cortical circumference but terminating in the ICL at both ends (Fig. 1(C)). The fact that this 
line is not continuous around the entire cortical circumference is evidence of cortical drift in 
shaping the growing bone. The few osteocyte lacunae that are discernible throughout the 
cortex appear very flattened in shape and arranged parallel to the direction of the organized 
collagen fibers.

There is some notable, if minor, variation between the serial sections. While the 
proximal section shows at least three longitudinal vascular canals, only one of those appears 
to have persisted into the region of bone represented by the distal thin section. While the same 
growth mark reported in the proximal section is still visible, it is in a position even closer to 
the endosteal margin of the cortex in the distal section. Furthermore, while originally 
described as a line of arrested growth (LAG), in the distal section the hard line of the “LAG” 
grades into a more diffuse band, resembling an annulus (Fig. 1(C, D)) This structure is best 
viewed under polarized light with crossed Nicols, which reveals a band of parallel collagen 
fibers running in a different direction. Finally, there is a difference in average cortical width 
(Table 1): the proximal thin section is 179.6 µm thick, while the more distal is 150.5 µm 
(min: 133.1 µm; max: 176.3 µm).

3.2. Avimaia sp. (IVPP V31956)

Fortunately, and unlike many of the other fossils from this site, microstructural 
preservation of this specimen is excellent. Unfortunately, due to breakage of the very delicate 
bone during the process of tissue sampling, only two very small portions of the cortex, at 
nearly opposite poles, remain after sectioning (Fig. 2(A)). Based on these two portions of the 
cortex, the average cortical width is moderately higher than in the other two Avimaia 
specimens (Table 1), measuring 186.2 µm on average (min: 175.0 µm; max: 197.3 µm).

The preserved cortical bone of this specimen is predominantly composed of parallel-
fibered bone that is highly-organized (Fig. 2). An ICL of lamellar bone is present, demarcated 
by a resorption line (Fig. 2(B, C)), and is especially clear under polarized light with crossed 
Nicols (Fig. 2(D)). An outer circumferential layer (OCL) also has developed, though less 
strongly, appearing more similar to the “incipient” OCLs seen in some modern birds 
(Atterholt and Woodward, 2021; Fig. 2(B, C)). This layer does not contain any growth marks, 
but instead is characterized by a gradual reduction in number of osteocyte lacunae and 
extreme flattening of those that are present. It is similar to the thin, weakly-developed OCLs 
seen in the humerus and femur of undescribed Early Cretaceous enantiornithine specimen 
STM 29-8 (O’Connor et al., 2014), the humerus of Cruralispennia multidonta (IVPP V21711; 
Wang et al., 2017b), and the humerus, radius, and femur of Pterygornis dapingfangensis 
(IVPP V16363; Wang et al., 2017a).

The preserved portions of this element have very low vascular porosity, with only a 
single, longitudinal, simple vessel present (Fig. 2(C, D)). Vascularity tends to vary across the 



circumference of an enantiornithine bone, and it would thus not be best practice to generally 
characterize this trait in this specimen based on so little data. However, the preserved portions 
of the cortex, together with the other Avimaia specimens described herein, strongly suggests 
that vascularity would have been low. Osteocyte lacunae vary in shape throughout the cortex 
(Fig. 2(B, C)). They are numerous and moderately flattened in the thick middle section, and 
relatively large and slightly more rounded in the ICL. However, in the OCL they are few in 
number and extremely compressed in appearance (essentially the only feature distinguishing 
this outer layer of bone). The quality of preservation is so good that canaliculi are clearly 
visible around many lacunae, particularly in the endosteal half of the cortex (Fig. 2(C)).

A very clear pair of growth marks is present in the middle layer of one portion of the 
cortex, but apparently did not continue around the full circumference of the bone, because it is 
absent in the other preserved fragment (Fig. 2(A-C)), additional evidence of the high 
variability of some microstructural features in enantiornithines. Although not in a similar 
position to the growth mark observed in the holotype specimen (which is much closer to the 
endosteal margin of the cortex), this is also further evidence of the role of cortical drift in 
shaping the femur in this taxon.

3.3. Avimaia sp. (GSGM-04-CM-007)

Extensive crushing and extremely poor preservation (including microbial invasion) 
make interpretation of this specimen difficult (Fig. 3). Unlike the other two Avimaia 
specimens, cortical width appears much less uniform throughout the circumference of the 
bone, although this may be an artifact of the low quality of preservation. Nonetheless, it is 
possible to say that the element was thin-walled with an average cortical width of 120.3 µm 
(min: 85.2 µm; max: 193.9 µm) and composed completely of parallel-fibered bone (Fig. 
3(A)). At this mid-diaphyseal section, the bone is avascular, although small vascular canals 
could well be obscured by the microbial invasion. An ICL is present, recognizable as a thin 
layer of highly-organized, nearly acellular bone (Fig. 3(B)). Despite the poor preservation, an 
endosteal resorption line between the cortical bone and endosteal bone is very clear. Some 
portions of the cortex seem to have a thin, incipient OCL, appearing as a layer of bone with 
few osteocyte lacunae (Fig. 3(B)). Osteocyte lacunae all are very flattened in shape as viewed 
in this transverse plane (Fig. 3(C)). There is at least one irregular growth mark present in one 
section of the cortex, cutting across obliquely from the periosteal edge to mid-cortex where it 
terminates in a diffuse way, grading into the parallel-fibered bone of the cortex (Fig. 3(C)). 
This growth mark asymmetry is similar to that observed in the other two Avimaia specimens 
and other enantiornithines – e.g., pengornithid (IVPP V15576A; O’Connor et al., 2018), 
indeterminate enantiornithine (STM 29-8; O’Connor et al., 2014), and Zhouornis hani 
(CNUVB-0903; Zhang et al., 2013).

3.4. Qiliania graffini (GSGM-04-CM-006, holotype)

Microstructural preservation is poor, showing evidence of a microbial invasion similar 
to that described in the femur of the holotype of Avimaia (Bailleul et al., 2019). Nonetheless, 
it is clear that the femur of Qiliania GSGM-04-CM-006 was very thin-walled and composed 
of parallel-fibered bone (Fig. 4; Table 1). The average cortical width is 130.8 µm (min: 102.5 
µm; max: 191.1 µm). This element has a low level of vascularization. In the whole of the 



femoral cortex, eight channels were visible, five of which are concentrated within one region 
of the cortex, while the others are more dispersed (Fig. 4(A, B)). These vessels are all 
longitudinally oriented. Osteocyte lacunae are small and generally flattened throughout the 
cortex (Fig. 4(C)). Both an OCL and ICL are absent, as are any growth marks; however, 
skeletal ossification and fusion of elements indicate it had completed or was approaching the 
end of skeletal growth (Ji et al., 2011). The periosteal surface of the thin section is irregular in 
some areas (Fig. 4(B)), suggesting that the surface of the bone may have weathered away; 
however, there is a very smooth periosteal margin around one part of the cortex (Fig. 4(C)), 
indicating that the lack of an OCL may be real and not merely an artifact of poor preservation.

In absence of a growth series, the lack of an OCL in Qiliania GSGM-04-CM-006, a 
morphologically mature individual, leaves interpretation of the bone tissue preserved in this 
specimen open to question. Namely, is this cortex essentially composed entirely of an OCL, 
as in osteohistologically mature Anna’s hummingbirds (Atterholt and Woodward, 2021)? 
However, based on evidence from other enantiornithines (both presented here and in other 
publications), it is most likely that the parallel-fibered bone represents the middle cortical 
layer, and that an OCL was slow to develop (or perhaps never formed at all in this taxon). 
Furthermore, although a minute sample size precludes statistical analysis, the length and 
cortical width of the femur in Anna’s hummingbird (0.84 cm and 43.3 µm, respectively; 
Atterholt and Woodward, 2021) are both substantially lower than the same measurements in 
Qiliania GSGM-04-CM-006 (Table 1); although the latter was a small bird, it does not fall 
within the extremes represented by the hummingbird. Based on these measurements, Qiliania 
is much more comparable to a green-cheeked conure (Table 1). In this modern taxon the OCL 
does not entirely dominate the femoral cortex, thus it is not expected that this would occur in 
Qiliania either.

3.5. Novisavis pubisculata (IVPP V31957, holotype)

The cortex of the femur of IVPP V31957 is thin-walled (Table 1) with an average 
cortical width of 134.8 µm (min: 106.2 µm. max: 159.9 µm) and composed of parallel-fibered 
bone that is avascular in some regions, and parallel-fibered/loosely woven bone with 
moderate vascularization in others (Fig. 5(A)). There are 14 vascular channels total at the 
point where the femur was sectioned, giving this element a higher vascularity than the other 
specimens described in this study. All vascular canals run longitudinally, and many form the 
central canals of primary osteons (Fig. 5(B, D)). The regions of loosely woven bone with 
primary osteons form what appear to be areas of a woven parallel complex, sensu Prondvai et 
al. (2014) (Fig. 5(B, D)). This area closely resembles bone tissue in the femur of a 
morphologically and osteohistologically mature green-cheeked conure (Fig. 6(A, B)), which 
also is weakly woven bone with a moderate level of vascularity. Although the avascular, 
parallel-fibered regions of the cortex of IVPP V31957 are a marked contrast with the conure, 
it is notable that this specimen shows some regions of tissue indicative of growth rates 
presumably similar to that of an extant bird of similar body size (based on femoral length).

A thin, yet distinct ICL is present (Fig. 5(C)). An OCL also is present, bounded by a 
single growth mark near the periosteal margin which likely marks the slowing of appositional 
growth and transition to development of the OCL (Fig. 5(C)). The ICL, OCL, and growth line 
are only visible in approximately one half of the cortex, although this discrepancy is probably 
due to poorer preservation and loss of periosteal bone on the other cortical fragments, which 
appear less intact along both the endosteal and periosteal margins. The presence of an ICL 



and OCL indicates that endosteal resorption and periosteal appositional growth had both 
ceased, thus the presence of a regional weakly woven bone with primary osteons is 
noteworthy as it points to the persistence of relatively fast growth in at least some parts of the 
femur late in ontogeny.

We note that an alternative interpretation of the purported OCL in Novisavis is that it 
may simply represent a relatively short period of growth that resumed after the pause 
represented by the growth line, and that this layer of bone would have continued to expand as 
periosteal growth persisted, as is observed in the Avimaia specimens described herein, several 
other enantiornithines – the femur of Early Cretaceous taxon Zhouornis hani (CNUVB-0903; 
Zhang et al., 2013), the femora of two undescribed Argentinian enantiornithines (PVL-4273 
and MACN-S-01; Chinsamy et al., 1995), and various skeletal elements of the Late 
Cretaceous avisaurid taxon, Mirarce eatoni (UCMP 139500; Atterholt et al., 2021). In this 
case, the outer layer of tissue beyond the growth mark in Novisavis would not be an OCL. 
However, two pieces of evidence point to this being a true OCL. Firstly, osteocyte lacunae in 
this layer are sparser and much more compressed than in the middle cortical layer (and similar 
to the lacunae in the ICL). Secondly, the average cortical width is already in range of the 
widths observed in other specimens in this study, and it is therefore very plausible that very 
little additional appositional growth would have occurred.

4. Discussion

4.1. Serial and intrageneric variation in Avimaia

Relatively little serial variation was observed in the two thin sections from the femur 
of the Avimaia IVPP V25371 presented here. The most notable difference lies in the 
morphology of the growth mark which presents as a “LAG” in the more proximal section but 
in the distal section shifts to a much more diffuse appearance, more closely resembling an 
“annulus”. As noted by others ( Cullen et al., 2014; Canoville et al., 2016; Prondvai, 2017; 
Chapelle et al., 2021; Cullen et al., 2021), this highlights the variability of bone tissue even 
within the diaphysis of the same element and indicates that interpretations based on single 
sections should be made cautiously, in light of probable variation both within and between 
elements. This also emphasizes the difficulty in defining these two terms (“LAG” and 
“annulus”), and in making inferences regarding the biological significance of the growth 
mark. The difference in average cortical width between the two thin sections (179.6 µm vs. 
150.5 µm) is also notable.

Intrageneric variation in osteohistological characteristics was also minimal, outside of 
the notable variance in number of preserved growth marks. The three Avimaia specimens 
exhibit a range of cortical widths (Table 1), although the small sample size precludes 
statistical analysis. However, we note that the inter-element variation in cortical width seen in 
the Avimaia holotype makes this range of variation less remarkable. Taking this into account, 
the only real stand-out seems to be GSGM-04-CM-007 (average cortical width = 120.3 µm, 
min = 85.2 µm, max = 193.9 µm), although the thin cortex observed here may be due to poor 
preservation and furthermore is well within the range of intrageneric variation in cortical 
width observed in modern birds (Atterholt and Woodward, 2021).

The most notable variation between the three specimens of Avimaia lies in the number 
of growth marks and their location within the cortex. IVPP V31956 has two very distinct 



parallel growth marks, resembling LAGs. These have a mid-cortical location, for the portions 
of the section in which they are visible. In contrast, IVPP V25371 and GSGM-04-CM-007 
only preserve one mark each; in both, this mark appears to transition from a hard, clear line 
(similar to a “LAG”) to a wider, more diffuse band (similar to an “annulus”). In IVPP 
V25371, the growth mark is located near the endosteal margin of the cortex. In GSGM-04-
CM-007, the growth mark is located near the periosteal margin. The analysis of serial 
variation in IVPP V25371 serves as a reminder that position of a growth mark can shift within 
the cortex, and this would be particularly expected in the case of the asymmetrical marks 
observed in all three specimens of Avimaia. However, the shifting of position of the marks 
and their lack of circumferential continuity is suggestive of the importance of cortical drift in 
shaping the gross morphology of the femur in this taxon. Furthermore, the observed range of 
number of growth marks is unusual considering the similar body size of the three Avimaia 
specimens; the individual with two growth marks has a femoral length only fractionally larger 
than the other two (Table 1). This variation in number and position of growth marks suggests 
growth plasticity as observed in other non-ornithuromorph avians (Chinsamy et al., 2020; 
O’Connor et al., 2025a), but also may be indicative of seasonal environment fluctuations 
(although the lack of growth marks in other specimens suggests another cause, see below for 
further discussion) or sex specific differences in life history such as the energetic imposition 
of reproduction on female specimens (IVPP V25371). Additionally, the presence of two 
closely spaced growth marks in IVPP V31956 may be indicative of a major life event such as 
the onset of reproduction; this may permit hypotheses regarding sex based on osteohistology 
in the future.

4.2. General remarks on Enantiornithine life history

Osteohistological study of these five specimens overall shows a marked lack of 
variation in terms of very general microstructural features, considering the representation of 
three separate taxa, as well as a (modest) range of growth stages as inferred from skeletal 
fusion and from the histological data (including one late-stage osteohistologically immature 
specimen and one late-stage morphologically immature specimen). Like the bone described in 
many other enantiornithines (Chinsamy et al., 1995; Zhang et al., 2013; O’Connor et al., 
2014; Wang et al., 2014a; Wang et al., 2017a, 2017b; Wang et al., 2020), all but one can be 
broadly characterized as composed of parallel-fibered bone, and all have low-to-moderate 
levels of vascularity. It is important to note that some structures are highly variable around the 
circumference of a single cortical cross-section. Specifically, vascular canals, growth marks, 
and the OCL were found to be variably present in most of the thin sections presented here. 
This underscores the importance of using caution when drawing conclusions based on a 
fragmentary sample. Furthermore, variation in the number of growth marks is particularly 
notable, given that all specimens are of a very similar body size. This, in turn, emphasizes the 
importance of using caution when attempting to interpret growth trajectories based on 
individual specimens (Cullen et al., 2014; Canoville et al., 2016; Prondvai, 2017; Chapelle et 
al., 2021; Cullen et al., 2021). Observed differences in growth mark number and development 
of the OCL and ICL indicate substantive divergence in developmental trajectories prior to the 
ontogenetic stages represented by these specimens, despite general similarities in bone tissue 
type and vascularity.

These results also serve to highlight differences between enantiornithine and crown 
bird life history traits. All individuals represented in this study show evidence that these 
enantiornithine taxa had an extended period of relatively slow growth (as compared to 



modern birds) in the latter part of their developmental trajectories, as indicated by the parallel-
fibered tissue of their femora. In Avimaia this protracted slow growth may have extended over 
two or more years, as suggested by the presence of growth marks. However, the absence of 
growth marks in the morphologically mature Qiliania suggests that adult size in this taxon 
may have been reached in less than a year or that the slow growth phase during later ontogeny 
was more steady without any pauses, relative to Avimaia. This indicates that a diversity of 
growth trajectories was utilized by sympatric small bodied Early Cretaceous enantiornithines.

It is also worth noting that the specimens in this study preserve bone tissue that is not 
entirely distinct from neornithines in certain aspects. In crown group birds, Atterholt and 
Woodward (2021) described an osteohistological trend toward decreasing levels of 
vascularity and increased levels of bone matrix organization in correlation with decreasing 
body size; smaller-bodied birds did not have the well-developed fibrolamellar complexes that 
so often are generally described as characteristic of crown-group bird bone(Chinsamy and 
Elzanowski, 2001). Instead, these smaller taxa often had cortices with only weakly woven 
matrices and few simple vascular canals or incipient primary osteons. Furthermore, these 
patterns which correlated so clearly with body size were independent of developmental mode 
and dominant locomotor module. This is consistent with the previous observation that 
differences in bone tissue in early birds compared to large bodied non-avian dinosaurs reflects 
the relatively smaller body size of stem birds (Erickson et al., 2009). Because of this clear 
trend in modern birds, and because the birds included in this study are all of small body size, 
the latter is an important factor to take into consideration when interpreting osteohistological 
observations. For this reason, we make comparisons with two extant taxa (the green-cheeked 
conure and mourning dove) with similar femoral length to the Changma enantiornithines 
(Table 1).

In terms of cortical width, two of the Avimaia specimens (IVPP V25371 and IVPP 
V31956) are very similar to the green-cheeked conure femur. The third Avimaia specimen 
(GSGM-04-CM-007), as well as Qiliania and Novisavis have thinner femoral cortices than 
either the green-cheeked conure or the mourning dove. Qiliania is broadly comparable to 
histological attributes seen in the femur of mourning dove (Fig. 6(C, D); Table 1). Like 
Qiliania, the dove is characterized by very low levels of vascularity in the femur (although 
there are no avascular portions of the cortex). Additionally, it has a middle layer of bone that 
is weakly woven bordering on parallel-fibered, similar to the parallel-fibered cortex of 
Qiliania. Of course, the bone tissue of Qiliania is not identical to the mourning dove bone 
tissue; Qiliania has some regions of the cortex that are more distinctively parallel-fibered, and 
vascular canals are more regionally concentrated. Nonetheless, it bears discussing how similar 
the tissue of these stem birds is to that of a small-bodied crown bird, which suggest that the 
bone histology of such small enantiornithines is at least partially due to their small body size.

The region of a weakly woven bone with primary osteons in Novisavis IVPP V31957 
is also similar to osteohistological characteristics seen in small-bodied modern birds of an 
approximately similar size, such as the green-cheeked conure (Fig. 6(A, B)). This indicates 
that although many enantiornithine birds had life history regimes clearly divergent from 
crown group birds, they differences are not dichotomous. Here, we see an enantiornithine 
specimen in a relatively late stage of morphological immaturity and with evidence of 
osteohistological maturity, presenting tissue in some areas of the cortex very similar to a 
modern bird. The presence of this weakly woven bone with primary osteons, at least 
regionally, indicates this taxon seems to have had relatively high rates of growth persisting 
later in ontogeny or an abbreviated period of slow growth, compared to Avimaia and Qiliania.



Data presented here also emphasize the enantiornithine offset between morphological 
maturity (as indicated by the degree of ossification and fusion of the skeleton) and bone tissue 
maturity (as indicated by osteohistological features). In particular, development of the OCL 
appears to be decoupled from maturity as indicated by gross morphology, in some cases 
beginning to form before the skeleton has fully fused (as in IVPP V31957), and in others 
developing well after, or perhaps never forming at all (as in Qiliania GSGM-04-CM-006). 
This is not surprising, as recent evidence shows the OCL may be present (incipient or fully-
formed) in immature growth stages of some crown group birds (Atterholt and Woodward, 
2021). In some small-bodied taxa (Anna’s hummingbird and house finch), a well-developed 
OCL has been observed as early as the “fledgling” stage (classified as such on the basis of 
plumage).

With the extended period of relatively slow growth documented in the ontogeny of so 
many enantiornithines (Chinsamy et al., 1995; Zhang et al., 2013; O’Connor et al., 2014; 
Wang et al., 2014a; Wang et al., 2017a, 2017b; Wang et al., 2020), it is also a possibility that 
a distinct OCL never truly forms in some taxa (although an OCL is present in others, such as 
Novisavis described here and the large bodied Late Cretaceous enantiornithine Mirarce 
eatoni; Atterholt et al., 2021). If slow growth, depositing parallel-fibered bone, comes to a 
gradual halt an OCL would not necessarily be evident as an obvious and distinct 
microstructural feature. This is arguably supported by enantiornithine specimens that are 
morphologically mature, yet show no OCL (Qiliania GSGM-04-CM-006) or merely a thin, 
“incipient” OCL (such as the Avimaia specimens described here).

This complicates attempts to interpret relative age and growth stage in 
enantiornithines, as the OCL cannot necessarily be interpreted as an indicator of “maturity”. 
The importance of distinguishing between “sexual” and “somatic” maturity is becoming 
increasingly well established (e.g., Chinsamy et al., 2020), as an organism may attain 
reproductive capacity prior to the cessation of somatic growth, as is demonstrated in dinosaurs 
including enantiornithines (O’Connor et al., 2018; Bailleul et al., 2019). This subject, together 
with a parsing of the nomenclature used to describe ontogenetic stage and level of maturity, 
has recently been discussed at length by Griffin et al. (2021) with respect to saurian reptiles. 
The results presented here emphasize the importance of their suggestion to eschew traditional 
terms such as “adult” and “juvenile” in favor of more intentional and specific descriptors 
(such as “morphologically mature” or “histologically mature”). For example, in the current 
study Qiliania GSGM-04-CM-006 exhibits a greater degree of morphological maturity than 
Novisavis IVPP V31957 as evidenced by the complete fusion of the tarsals to the tibia and 
metatarsals and fusion of the pelvis at the level of the acetabulum. However, IVPP V31957 is 
more mature in terms of bone tissue, with a fully-developed OCL. Similarly, all three 
specimens of Avimaia are morphologically mature (with complete fusion of the compound 
bones including the tibiotarsus and tarsometatarsus). However, only two specimens have an 
incipient OCL (GSGM-04-CM-007 and IVPP V31956), suggesting they are relatively more 
osteohistologically mature than IVPP V25371, in which an OCL is absent. IVPP V25371 is 
intermediate in size between these two specimens indicating developmental plasticity may be 
responsible for size differences that do not reflect maturity as well as the discord between 
anatomical and osteohistological maturity. It is also notable that, despite the clear 
morphological maturity of all three Avimaia specimens, the OCL is absent or only weakly 
developed – a clear unambiguous OCL is not present in any of the individuals studied here.

This study also allows for comparisons among three different taxa of similar body size 
living in the same environment, and likely even co-existing in the same ecosystem, in or near 
a closed lake basin with an average mean annual air temperatures of 20.2°C that experienced 



seasonally warm and arid conditions but precipitation levels high enough to support abundant 
plant life in the lake (Suarez et al., 2017). Furthermore, while a detailed study aimed at 
understanding the ecological adaptations of these taxa has not been undertaken, their small 
body size, pedal proportions (lengthening distally), and curved pedal ungual morphology 
strongly suggest that they were all arboreal birds (Hopson, 2001). It is thus notable that, 
despite evidence of environmental dry-wet seasonality, mid-cortical growth marks (indicative 
of a slowing or cessation of growth) are present consistently in all three sampled specimens of 
Avimaia, but absent in Qiliania GSGM-04-CM-006, in which there are no growth marks at 
all. In Novisavis IVPP V31957, the single growth mark present is associated with the slowing 
of appositional growth that comes with development of the OCL. This, together with the 
similar body size of these taxa, suggests each was characterized by unique developmental 
trajectories. If periosteal deposition and endosteal resorption were still active in Qiliania 
GSGM-04-CM-006 (as suggested by the seeming lack of an OCL and ICL), it is possible that 
growth marks would have developed later in ontogeny and may have been close to the 
periosteal margin as in Novisavis IVPP V31957. This would also mean that the fusion of the 
tarsometatarsus does not indicate a cessation of growth in enantiornithines as it does in 
neornithines. However, the femoral bone of Qiliania GSGM-04-CM-006 does shows a record 
of persistent slow growth, which presumably would have allowed ample time for the 
formation of seasonal or environmentally-related growth lines. Another possible interpretation 
of the lack of mid-cortical growth marks in Qiliaina and Novisavis is that these taxa engaged 
in migratory behaviors and did not spend the entire year in an environment with seasonal 
variability that causes pauses in growth (while Avimaia did), although such a hypothesis 
would need to be tested with future isotopic studies. Ultimately, characteristics such as 
growth marks can be highly variable (Heck and Woodward, 2021) and these conclusions are 
tentative until a time when sampling of additional specimens of Qiliania (and Novisavis) 
might be possible.

5. Conclusions

Collectively, the five specimens and three taxa in this study show a notable variation 
in femoral osteohistology, considering their similar body size and common environment (and 
likely also ecosystem). While all have parallel-fibered bone to a greater or lesser degree and 
generally low vascularity, there are notable differences in the presence and number of growth 
marks, the formation of an OCL or ICL, and even in bone texture with some having regional 
weakly woven matrices with a moderate level of vascularity. Furthermore, going beyond 
these intertaxonomic differences, there is a predominant pattern of osteohistovariability 
observed in individual thin-sections. We document a “LAG” changing to an “annulus”, 
growth lines present in part of the cortex and absent in the rest, and regions of vascularity and 
avascularity, each within a single cross-section of a single element. Although limitations due 
to poor preservation and the general reluctance to destructively sample fossil specimens 
means that fragmentary samples may be unavoidable, we urge caution when drawing broad 
conclusions from an incomplete cortical cross-section. Finally, when complete cross-sections 
are available, we urge authors to describe and publish photos of entire cross-sections.
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Table and Figure captions

Table 1. Measurements from specimens of fossil (identified by a “†” symbol) and extant taxa 
described and referenced in this study, including femoral length (in specimens with at least 
one complete femur). Also shown are average cortical width, and minimum and maximum 
cortical width (in parentheses). For the Avimaia holotype specimen (IVPP V25371) average 
cortical width is given both for the original section described by Bailleul et al. (2019) and for 
the new section described herein, respectively; minimum and maximum cortical width 
measurements are reported for the latter.

Taxon
Femoral Length 
(cm)

Average Cortical Width 
(µm)

(min; max)

Avimaia schweitzerae† (IVPP V25371) 2.52 179.6; 150.5 (133.1; 
176.3)



Avimaia sp.† (IVPP V31956) 2.58 186.2 (175.0; 197.3)

Avimaia sp.† (GSGM-04-CM-007) 2.42 120.3 (85.2; 193.9)

Qiliania graffini† (GSGM-04-CM-006) 2.41 130.8 (102.5; 191.1)

Novisavis pubisculata† (IVPP V31957) — 134.8 (106.2; 159.9)

Green-cheeked conure, Pyrrhura molinae (MVZ 
190917)

2.61 184.8 (130.1; 247.6)

Mourning dove, Zenaida macroura (MVZ 
190775)

2.87 229.6 (208.4; 246.8)

Figure 1. Osteohistology of a new thin section sampled from the holotype specimen of 
Avimaia schweitzeri (IVPP V25371). A. Entire thin-section showing crushing of the cortex. 
White box: close-up in Panel B; black box: close-up in Panel C; polarized light. B. Portion of 
the cortex showing a region of avascular, parallel-fibered bone and degree of microbial 
invasion that obscures details; the ICL is also visible (white arrows); plane light. C. Region of 
the cortex showing the single growth mark, appearing diffuse and similar to an “annulus” 
(black arrows); polarized light. D. Region of the cortex from the originally-published thin 
section (Bailleul et al., 2019) showing the more LAG-like appearance of the growth mark 
(black arrows) and the ICL (white arrows); plane light. Scale bars: 100 µm (A, C, D), 50 µm 
(B).

Figure 2. Osteohistology of referred Avimaia specimen IVPP V31956. A. Entire cortical 
cross-section, showing three-dimensional preservation of the femur and the two remaining 
fragments of cortex; polarized light. B. Close-up of region without growth marks, showing a 
weakly formed or incipient OCL (gray arrows) and an ICL (white arrows); plane light. C. 
Close-up of region with double growth marks (black arrows), also showing the single 
preserved vascular canal, ICL (white arrows) and OCL (gray arrows); plane light. D. Region 
in panel C shown under polarized light. Scale bars: 250 µm (A), 50 µm (B-D).

Figure 3. Femoral thin section of referred Avimaia specimen FRDC-04-CM-007. A. Entire 
thin-section, showing crushing of the cortex and variable cortical width. White box: close-up 
in panel B; black box: close-up in panel C; plane light. B. Portion of the cortex showing poor 



microanatomical preservation due to microbial invasion, but with a clear ICL (white arrows) 
and incipient OCL still visible (gray arrows); plane light. C. Portion of the cortex showing the 
single, asymmetrical growth mark in this element (black arrows), with parallel-fibered bone 
and osteocyte lacunae visible. White arrows: ICL; plane light. Scale bars: 100 µm (A), 50 µm 
(B, C).

Figure 4. Femoral thin section of the holotype specimen of Qiliania graffini (FRDC-04-CM-
007). A. Entire cross-section showing a crushed cortex composed of parallel-fibered bone 
with low vascularity and with canals concentrated only in some regions rather than dispersed 
evenly throughout. White box: close-up in panel B; black box: close-up in Panel C; polarized 
light. B. Region with a relatively high concentration of vascular canals and scalloped 
periosteal margin (top left border); plane light. C. Region of avascular, parallel-fibered bone 
with a smooth periosteal margin (bottom right border); the lack of and OCL, ICL, and growth 
marks is notable relative to the other specimens in this study; plane light. Scale bars: 250 µm 
(A), 50 µm (B, C).

Figure 5. Osteohistolgy of the femur of Novisavis pubisculata. A. Complete thin section, 
showing crushing of the cortex and displacement into two halves. White box: close-up in 
Panel B; black box: close-up in Panel C; gray box: close-up in Panel D; plane light. B. Region 
of weakly woven bone with primary osteons; plane light. C. Region of parallel-fibered bone, 
in which the OCL (gray arrows) and ICL (white arrows) are very clearly visible; plane light. 
D. Region of the cortex with moderate vascularity, including some weakly-formed primary 
osteons; plane light. Scale bars: 250 µm (A), 50 µm (B-D).

Figure 6. Osteohistology of the femur from osteohistologically- and morphologically-mature 
individuals of two neornithine taxa, showing aspects of bone microstructure similar to that of 
the enantiornithines presented here. A, B. Green-cheeked conure (MVZ 190917) with weakly-
formed fibrolamellar bone. C, D. Mourning dove (MVZ 190775) showing low levels of 
vascularity and a middle cortical layer formed of bone that is weakly woven, bordering on 
parallel-fibered. Gray arrows indicate an OCL, and white arrows indicate an ICL. Images in 
panels A, C, and D shown under plane light, and that in B under polarized light. All sections 
stained with toluidine blue. Scale bars: 50 µm.














