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
he conterart of a reviosly described non-terodactyloid terosar with an e revealed the resence of 
a second e inside the body cavity of this ravid female. It clearly shows that terosars had two fnctional 
ovidcts and demonstrates that the redction of one ovidct was not a rereisite for develoin owered 
Àight, at least in this group. Compositional analysis of one egg suggests the lack of a hard external layer 
of calcium carbonate. Histological sections of one femur lack medullary bone and further demonstrate that 
this pterosaur reached reproductive maturity before skeletal maturity. This study shows that pterosaurs laid 
es even smaller than reviosly thoht and had a rerodctive stratey more similar to basal retiles 
than to birds. hether terosars were hihly recocial or needed arental care is still oen to debate.

  Pterosauria, Wukongopteridae, Reproductive Biology, Jurassic, China.



Information abot the rerodctive bioloy of 
etinct animals is hard to be retrieved from the fossil 
record articlarly if sitable modern analos are not 
available. his is articlarly tre for terosars a 
distinct group of oviparous reptiles that were the ¿rst 
vertebrates to develop powered Àight (e.g., Kellner 

2006). As known for extant and extinct vertebrates, 
some information abot the rerodctive stratey 
can be athered by stdyin the strctre of the 
eggshell (e.g., Deeming 2004, Grellet-Tinner et al. 
2007). Pterosar es are ecetionally rare and only 
a few specimens have been reported. The ¿rst two 
came from the Early Cretaceous (Barremian-Aptian) 
Yixian Formation in China (Wang and Zhou 2004, Ji 
et al. 200) and the third from the arly Cretaceos 
(Aptian) Lagarcito Formation in Argentina (Chiappe 
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et al. 200). All es were fond isolated and show 
embryos in different derees of reservation that were 
rearded to reresent terodactyloid taa bt only the 
latter could be identi¿ed at the species level (Chiappe 
et al. 2004). More recently, Wang et al. (2014) reported 
¿ve exceptionally well-preserved eggs associated with 
hndreds of terosar bones from ami located in the 
inian yhr Atonomos eion of China and 
a tridimensionally reserved e was retrieved from 
the aarcito ormation and referred to erdasr 
inai (Grellet-Tinner et al. 2014).

Another imortant discovery of a terosar 
egg was described by Lü et al. (2011a) from the 
ate rassic iaoishan ormation in China. he 
fossil, housed in the Zhejiang Museum of Natural 
History (Hangzhou, Zhejiang Province, China; 
ZMNH M8802) consists of a skeleton showing an 
e sitated osterior to the elvis which has been 
interreted as archment-shelled. his secimen 
is reorted to have been discovered by a local 
farmer at inlonta in the iaonin Province. 

he e consists of the eternal imression only 
and no tests were erformed to assess the resence 
of a calcareos eternal layer. his became more 
interestin de to the fact that the Arentinean 
material shows a thin eternal layer comosed 
of calcium (Chiappe et al. 2004, Grellet-Tinner 
et al. 2007 201) which was also reorted in the 
tridimensionally preserved eggs from China (Wang 
et al. 201).

Recently the counter slab of ZMNH M8802 
was recovered and is now ermanently deosited 
in the collections of the Institte of ertebrate 
Paleontoloy and Paleoanthrooloy of the Chinese 
Academy of Sciences in Beijing (IVPP V18403; 
Fig. 1). The specimen shows the ¿rst egg much better 
reserved and frther reveals a second one inside 
the body cavity of this female individual (Fig. 2). 
Scanning Electron Microscope (SEM) analyses and 
aleohistoloical sections of this secimen have 
revealed novel imortant information that sheds 
new liht on the life history of this ravid terosar 

   ravid terosar of neners s. with two es one inside the body cavity and a 
second osterior to the elvic reion.  Counter slab (IVPP V18403).  Comosite drawin 
of slab and counter slab indicating the position of the eggs and the bones (in grey) preserved in 
the conter slab. he arrow indicates the art of the femr removed for histoloical sections. 
Scale bar 100 mm.
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incldin the rerodctive stratey that miht 
apply for a wide range of these Àying reptiles.



The specimen ZMNH M8802/IVPP V18403 
was originally referred to the wukongopterid 
ariners (Lü et al. 2011a) without proper 
justi¿cation since this non-pterodactyloid group has 
proven to be rather diverse (Wang et al. 2009, 2010, 

Lü et al. 2011b). The skull of this pterosaur is partially 
reserved in the conter slab as an imression and 
con¿rms that this specimen lacks a premaxillary crest 
(Lü et al. 2011a). Although incomplete, the posterior 
part of the skull appears to be rounded, differing from 
ariners and bein similar to neners 
sinensis (Wang et al. 2010). Based on the 
measurements and ¿gures from Wang et al. (2009, 
2010) and Lü et al. (2010, 2011a, b), IVPP V18403 

   Close  of the es -  osterior to the elvis the riht frame indicatin the area of the eshell samle 
taken for EDS.  inside the body cavity.  Close  in the left frame of  showin the detail of the e 
srface located osterior do the elvis.  Close  in the frame of  showin the detail of the e srface 
located inside the body cavity. Scale bar  and  10 mm  and  5mm.
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has the shortest nasoantorbital fenestra relative to the 
skull length (naof/s) in all wukongopterids (naof/s 
 0.1) ecet for neners (naof/s = 0.35). 
he teeth are comaratively small cone-shaed 
with striated enamel similar to neners
bt different from ariners innaensis
(Wang et al. 2010). They are also shorter than 
those of ariners daris (Lü et al. 2010). 
The ilium has the preacetabular portion plate-like 
and elonated differin from the short condition 
observed in ners (Wang et al. 2009). The 
second phalanx of the ¿fth pedal digit is boomerang-
shaped and differs from all other wukongopterids by 
havin the roimal and distal arts sb eal in size 
while the angle (137°; Fig. 3) between these parts is 
similar to that of neners sinensis (Wang 
et al. 2010). The ¿rst phalanx of this toe is peculiar 
in bein loner than the metatarsal I a nie 
feature among wukongopterids (Fig. 3). Based on 

the available anatomical information this secimen 
is tentatively rearded as neners s.

Two eggs can be clearly identi¿ed in this 
specimen. The ¿rst was previously reported in the 
main slab (Lü et al. 2011a) where it is preserved as an 
imression while the most comlete art remained on 
the counter slab (IVPP V18403). This egg is positioned 
on the left side of the secimen immediately osterior 
to the elvis artially overlain the tail and can 
be distinished from the brownish sedimentary 
matrix by its whitish-grey coloration. It is Àattened 
and the edes show concentric folds that stand ot 
at a slihtly hiher level than the remainin ortion 
of the e. he lonest ais has 27.8 mm and the 
shortest 19.8 mm. he center shows a rather neven 
srface and foldin towards the marin of the e 
is more etensive than in the center. he srface in 
some areas present papilla-like structures, but no 
crazing or cracking is apparent.

   Photos and drawins showin the variation in the morholoy of the feet within 
the pterosaur clade Wukongopteridae.  and () ners (inverted; based on Wang 
et al. 2009)  and  neners sinensis (based on Wang et al. 2010),  and 
ariners innaensis (based on Wang et al. 2010),  and  ariners
rsdens (based on Lü et al. 2011b),  and  neners sp. (based on Lü et al. 
2011a). Scale bar 10 mm. ariners daris is not included since the holotype lacks a 
complete foot (Lü et al. 2010).
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he second e is ositioned on the left side 
of the body immediately anterior to the elvis. 
It is associated with several ribs and elements of 
the astralia and was clearly reserved inside the 
body cavity of the animal. Bein 27.9 mm lon and 
18.2 mm wide it shows a slihtly more elonated 
outline than the ¿rst. The margins are formed by 
concentric folds that show a yellowish color. he 
inner reion also shows rides indicatin that 
foldin was resent bt overall it seems to be less 
preserved than the ¿rst egg.

Both eggs are Àattened, have almost the same 
lenth and differ from each other in their width. 
In order to estimate the variation in dimension 
introduced by compression, we took a hatched pliable 
snake egg (ae aenira) left it in water ntil it 
became waterloed and comressed it to aroach 

the condition of the pterosaur eggs (Table I, II). This 
eercise revealed that while the variation in lenth is 
small (2.31-4.67%), in width it is quite large (12.37-
18.77%). Consequently, some compensation for the 
compression should be taken into account in any 
mass estimative of e and hatchlin in comressed 
secimens. hen alied to the terosar material 
(IVPP V18403), the dimensions of the ¿rst and second 
es corrected for comression cold vary from 27.2 
 17. mm to 26.6  1.8 mm. Considerin both es 
this leads to an estimate of an initial egg mass (IEM; 
oyt 1979) between 3.19  and .50  which are abot 
27% to 48% lower than previously thought (Lü et al. 
2011a). The hatchling mass (HM) considering both 
eggs vary from 2.75 g to 3.75 g, and was about 24% to 
44% lower than previously calculated (Deeming and 
Birchard 2007  et al. 2011a).

 
             

Elaphe taeniura             
             7    

              
   7  7  877 

   
atched e - dried 2.725. 2.725.

atched e - waterloed 46.6x26.2 (24hs) 47.0x26.4 (72hs)
atched e - waterloed - comressed 47.7x29.9 (24hs) 49.3x32.5 (72hs)

 


  
  

   
 

  
 

Lü et al. 2011a ()
 1

2820
- - 6.13 .95

 1 27.819.8 27.217.
26.516.1

.50
3.76

3.75
3.19

 2 27.918.2 27.315.9
26.61.8

3.78
3.19

3.20
2.75

 
      



In order to test if the es of IPP 1803 had 
calcim carbonate in the eternal layer a frament 
of the eshell was sbmitted to nery isersive 

Spectroscopy (EDS) done under SEM (Fig. 4). 
his analysis neither revealed sbstantial traces 
of calcium carbonate nor showed any signi¿cant 
comosition difference between the matri and the 

* Corrected based on the values of the 24 hs. waterlogged snake egg; ** corrected based on the 72 hs waterlogged 
snake egg; IEM = 0.547LB2 where   lenth and B  breadth710; HM = (0.964IEM0.903)711.
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eshell. his indicates that the calcim carbonate 
from the eshell was either removed drin 
the fossilization rocess was resorbed drin 
embryogenesis (Grellet-Tinner et al. 2014), or that 
none was resent at all. Another alternative is that 
these es were not in the calcifyin develomental 
stae when the animal died. his last hyothesis is 

sorted by the comaratively small size of these 
es with one still inside the body while the other 
most likely was expelled during the fossilization 
process (Lü et al. 2011a) and was not actually laid.

In an attemt to solve this isse a small art 
of the shaft corresondin to the metahysis close 
to the distal articlation of the riht femr of IPP 

   Sample (covered with a gold layer) showing the microstructure of the eggshell and 
matrix of IVPP V18403 under Scanning Electron Microscope (SEM).  Comlete samle 
before bein embedded in resin.  Close- in the frame of  showin the eshell. he line 
indicates the bondary between the eshell and the inner matri.  esin-embedded secimen 
after olishin.  Close- in the frame of ;  and  close-up in the frames (1) and (2) of 
, respectively, showing the ¿brous membrane of the eggshell. No external hard calcareous 
layer was fond. Scale bars  and  1 mm;  300 μm;  100 μm;  20 μm;  10 μm.

1803 was removed for aleohistoloical sections 
(Fig. 1, 5). It is known that gravid oviparous females 
develo a bone tisse called medllary layer drin 
the ovlation eriod and the e-layin hase 
which was observed in etant birds and non-avian 
dinosaurs (Reiss 1989, Schweitzer et al. 2005, Lee 
and ernin 2008). his bone tisse is a fast way 
for females to remobilize calcim to form the riid 
external eggshell (Pahl et al. 1997).

Like in other pterosaurs, the femur is pneumatic, 
with the cortical bone about 0.4 mm thick. Due to 
crshin the bone is collased and the oriinal 
dimension of the marrow cavity which is lare and 
completely ¿lled with minerals, cannot be restored. 
here was neither any evidence of cancellos bone 
or bony strts formin trabeclae wich have been 
reorted in some other bones of derived terosars 
(e.g., Kellner 2006), nor of medullary bone. This 
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¿nding is consistent with the eggs of this pterosaur 
bein archment-shelled.

Still reardin the medllary layer althoh 
the hyloenetic osition of terosars within the 
Diapsida is disputed (e.g., Bennett 2013), most 
athors aree that they are more closely related to 

dinosaurs than to crocodylomorphs (e.g., Kellner 
200 one and Benton 2008). Conseently the 
absence of medllary layer in this ravid terosar 
concrs with the hyothesis that the develoment 
of this tisse was an evoltionary novelty in the 
dinosaur-bird lineage (Schweitzer et al. 2007).

   Histological section of the transverse section of the femur (IVPP V18403) close to 
the distal articlation of neners s.  hin section showin the eneral histoloical 
attern.  Colors indicate the three distinct layers of bone tisse. rom otside to inside:  
outer cortex (green); perimedullar compacted bone tissue with erosion cavities (blue); inner 
circumferential lamellar bone (red) and the marrow cavity ¿lled by minerals (orange). Scale 
bar, 200 μm.

he histoloical section has also revealed 
other imortant featres. Overall the femr is 
well vasclarized and three distinct layers of bone 

tissue were observed (Fig. 5). The outer cortex 
is comosed of bone tisse containin several 
osteocyte lacnae and a redced nmber of vasclar 
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channels. he orientation of these channels was 
redominantly lonitdinal with similar diameters 
(= 12 μm). One faint line was observed but lacks 
continity as wold be eected for a line of 
arrested growth (LAGs, Sayão 2003, Chinsamy 
et al. 2009 Prondvai et al. 2012). No evidence of 
avascular periosteal lamellae (external fundamental 
system - S) was fond.

he second layer is nsal since it shows 
ncommon erimedllar comacted bone tisse 
with erosion cavities nder the rimary osteons. 
It is less vasclarized and shows si resortion 
zones varying from 41.7 μm to 99.21 μm. During 
rowth this area was sbmitted to a seence of 
bone deosition resortion and transformation 
from cancellos soniosa to comacted soniosa 
(Steel 2008), which does not occur in the mid-shaft. 
A reversal line cold be observed. No lywood 
bone was fond which is rearded as nie to 
pterosaurs (Ricqlès et al. 2000) and was reported 
in some derived species (e.g., Sayão 2003, Steel 
2008). Its absence in IPP 1803 corroborates 
the notion that lywood bone tisse is nevenly 
distributed among these Àying reptiles (Steel 2008, 
Chinsamy et al. 2009).

he deeest layer linin the medllar cavity 
is formed by a thin layer of inner circmferential 
lamellar bone (= avascular endosteal lamella), with 
several osteocyte lacnae. his strctre is thoht to 
be deosited after endosteal resortion has ceased or 
slowed (Steel 2008, Chinsamy et al. 2009), but it was 
recently observed in veniles of the non-terodactyloid 
arncs (Prondvai et al. 2012).

The skeleton preserved in the main slab 
(ZMNH M8802) was reported to show several 
ossi¿ed elements and thus regarded to represent 
an adlt that had comleted the main rowth 
phase (Lü et al. 2011a). However, the reported co-
ossi¿cation and fusion pattern is at odds with the 
histoloical section. IPP 1803 is clearly not 
a venile nor an osteoloically matre secimen 
since it lacks EFS. The latter has bone tissue that 

indicates that the animal has reached asymtotic 
body size with rowth havin essentially ceased 
(Steel 2008, Kellner et al. 2013), and its absence 
here ares that this terosar was still rowin at 
the time of death.

here are also no lines of arrested rowth 
(LAGs), which were observed in several 
histoloical sections of etant and etinct tetraods 
and have been sed to establish the ae of the 
animal (Castanet and Smirina 1990). In these 
volant retiles endosteal resortion is rearded 
as very extensive (Prondvai et al. 2012) and only 
the most recent chater of a terosars life miht 
be catred by the bones. herefore it is ossible 
that any bone tisse showin As miht have 
been resorbed. Based on the As it has been 
interreted that the terodactyloid erdasr
reached rerodctive matrity in two years and 
skeletal maturity in four (Chinsamy et al. 2009). 
owever the eriodicity in the deosition of As 
in terosar bones shold be sed with cation 
since it has been demonstrated to be inconstant in 
the skeleton of a same individual (Sayão 2003). In 
any case the absence of As annls and cyclic 
atterns of rowth in the histoloical section of 
IPP 1803 does not allow the establishment 
of when this terosar reached rerodctive 
matrity. he resent evidences show that this 
specimen most likely represents a late juvenile 
or a sbadlt female in the rerodctive hase 
and the reorted fsion of bones that led to the 
conclusion of osteological maturity (Lü et al. 
2011a) miht have been misinterreted. It shold 
be noted that in osteoloically matre terosars 
the elvic elements tend to fse different from 
what is observed in this terosar which indicates 
that rerodctive matrity was reached before 
skeletal maturity.

esite the different mass estimation of both 
es with the one inside the body cavity bein 
about 15.4% lighter than the other, all observable 
featres sest that they were at a similar 
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develomental stae. his corroborates the idea 
that this terosar had two rodctive ovidcts 
which is the most common condition within 
extant reptiles (Norris and Lopez 2010, Zheng et 
al. 2013). he resence of two es in the elvic 
reion reorted in an oviratorosarian and in a 
secimen of insarer (Sato et al. 2005) 
also leads to the interretation that these secies 
bear two fnctional ovidcts a featre rearded as 
widesread amon non-avian dinosars and that 
can now be demonstrated in terosars as well.

Some retiles however have the left ovidct 
reduced or completely lost (Norris and Lopez 
2010). his asymmetry of the rerodctive system 
is a derived condition that redces the body mass 
and is articlarly observed in birds that miht have 
developed this condition as an adaptation for Àight 
or production of fewer and larger eggs (Witschi 
1935). he stdy of IPP 1803 demonstrates 
that terosars have retained the rimitive 
condition. It frther indicates that the redction of 
one fnctional ovidct is clearly not a recondition 
for developing active Àight since pterosaurs were 
the ¿rst vertebrates to develop this mode of aerial 
locomotion. rthermore the es of this ravid 
female were small and robably did not constitte 
a signi¿cant impediment for this animal to Ày.



IVPP V18403 brings the ¿rst evidence that 
pterosaur laid eggs in pairs. The lack of additional 
es indicates that each ovidct rodced one sole 
e simltaneosly. e to the width limits of the 
elvic channel even considerin the liable natre 
and the otential for the elvis to sread ot es 
mst have been laid seentially. Since the time 
necessary for the e formation in the terosar 
body is unknown, and due to the lack of a nest that 
could be attributed to this group of Àying reptiles, 
cltch size cannot be established. here is a reat 
deree in the variation of the rerodctive stratey 
in reptiles, but animals with small parchment-like 

es tend to have cltch sizes with a comaratively 
high number of eggs and precocial hatchlings (Tinkle 
et al. 1970 eemin 200) which was rearded 
as the condition for pterosaurs (Lü et al. 2011a). 
istoloical stdies on the non-terodactyloid 
arncs however have ointed ot that 
hatchlings were Àightless until developing some 
somatic maturity (Prondvai et al. 2012, cnra
Lü et al. 2011a). More work and specimens are 
necessary to con¿rm either hypotheses. In any 
case, this remarkable fossil (ZMNH M8802/IVPP 
1803) shows that terosars had two fnctional 
ovidcts and toether with the information from 
the other known pterosaur eggshells (Grellet-Tinner 
et al. 201 an et al. 201) demonstrates that 
terosars develoed several distinct rerodctive 
strategies, including parchment-like and pliable 
eggshells. These ¿ndings bring further evidence 
of this ro of volant archosars havin a more 
tyical retilian than avian rerodction attern.
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

A contraarte de m escime anteriormente descrito 
contendo ma fêmea de terossaro no-terodactiloide 
com m ovo revela a eistência de m sendo ovo este 
sitado dentro da cavidade cororal desta fêmea renhe. 
O eemlar demonstra claramente e os terossaros 
ossam dois ovidtos fncionais e evidencia e a 
redução de um oviduto não foi um pré-requisito para o 
desenvolvimento do voo ativo elo menos neste ro. 
A análise da composição de um dos ovos sugere a 
asência de ma camada eterna formada or carbonato 
de cálcio. Seções histológicas de um fêmur não registram 
osso medlar e demonstram e este terossaro atini 
matridade rerodtiva antes da matridade ssea. O 
resente estdo evidencia e os terossaros nham 
ovos de tamanho ainda menor do e se snha e e 
desenvolveram ma estratia rerodtiva mais similar 
a dos rteis basais do e a das aves. Se terossaros 
eram altamente recociais o necessitavam de cidado 
arental ainda est aberto  discsso.
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