Article

Chinese Science Bulletin

Geology

December 2013  Vol.58 No.36: 4663—4669
doi: 10.1007/s11434-013-6059-9

Dinosaur diversity during the transition between the middle and late
parts of the Late Cretaceous in eastern Shandong Province,
China: Evidence from dinosaur eggshells

ZHAO ZiKui', ZHANG ShuKang, WANG Qiang & WANG XiaoLin

Key Laboratory of Vertebrate Evolution and Human Origins of Chinese Academy of Sciences, Institute of Vertebrate Paleontology and

Paleoanthropology, Chinese Academy of Sciences, Beijing 100044, China

Received March 22, 2013; accepted July 1, 2013

The record of dinosaur eggs from the Upper Cretaceous Wangshi Group in eastern Shandong Province, China shows that the di-
nosaur species represented by elongatoolithids were present from the middle to the late Late Cretaceous, whereas those repre-
sented by the dictyoolithids and spheroolithids became extinct in the middle Late Cretaceous and the new species represented by
ovaloolithids appeared in the late Late Cretaceous. Estimated eggshell conductance of water vapor is over 4 to over 115 times
higher in spheroolithids and the dictyoolithids than in elongatoolithids and ovaloolithids, indicating that eggs of the first two oo-
families required higher humidity during incubation. Based on the §'*0 record as preserved in eggshell, a change from relatively
humid to relatively dry climatic conditions can be assumed to have taken place during the transition between the middle and late
parts of the Late Cretaceous. It is reasonable to suggest that the change in climate was the cause of the dinosaur diversity.
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Since the 1980s, there has been considerable progress in
research into regional and global biological events. A huge
mass of data from the marine strata of Americas, Europe,
northern Africa and India indicate that ten major marine
biological events took place in the Cretaceous [1], including
the Cenomanian-Turonian boundary mass extinction, the
Turonian-Coniacian stage boundary bio-events, the Coni-
acian-Santonian stage boundary bio-events, the Santonian-
Campanian stage boundary bio-events, the middle Maas-
trichtian extinction interval, and finally the Cretaceous-
Paleogene boundary mass extinction at the conclusion of the
Late Cretaceous. However, the fossil record preserved in
Cretaceous continental strata is less complete than its ma-
rine counterpart. The Cretaceous-Paleogene dinosaur extinc-
tion is well documented in inland western North America
[2-7], the Mediterranean coast of Europe [8,9], western
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India [10] and the Nanxiong Basin, Guangdong Province,
China [11-14] in Asia, but evidence from continental set-
tings regarding other biological events that took place in the
Cretaceous is very limited.

Upper Cretaceous Wangshi Group in Laiyang-Zhucheng,
eastern Shandong Province, yields abundant dinosaur eggs
[15-18]. Changes in this dinosaur egg fauna may represent
important ecological changes during the transition between
the middle and late portions of the Late Cretaceous [17,19,20].

Previous studies published since 1992, and especially
since 2010, led us to travel to Laiyang, Jiaozhou and Zhu-
cheng to investigate the Upper Cretaceous Wangshi Group,
which yields dinosaur eggs. We collected specimens, and
studied the water vapor conductance of different kinds of
dinosaur egg from the Wangshi Group using biomechanical
methods. In this paper we present the results of this research,
and discuss the processes and causes underlying dinosaur
diversity patterns in the middle-late Late Cretaceous.
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1 Geological setting and confirmation of the
position of the boundary between the middle and
late parts of the Late Cretaceous

The Upper Cretaceous Wangshi Group exposed in eastern
Shandong Province is a set of continental clastic deposits
composed of red conglomerate, sandstone and silty mud-
stone. The Wangshi Group directly overlies the Lower Cre-
taceous Qingshan Group, and crops out widely in areas in-
cluding Laiyang, Jiaozhou and Zhucheng (Figure 1). In the
1920s, Tan [21] investigated in the area around Jiangjund-
ing and Jingangkou in Laiyang County and established the
‘Wangshi Series’. In the 1950s, dinosaur eggs [22,23] and
some complete dinosaur skeletons including the holotype of
the famous Tsintaosaurus spinorhinus [24] began to be re-
covered from the middle and upper parts of the “Wangshi
Series’, catching the attention of government agencies whose
responsibilities included aspects of geology or paleontology.
Subsequently, some of these agencies initiated extensive
research on the lithostratigraphy and biostratigraphy of the
“Wangshi Series”. Shantungosaurus giganteus and other
dinosaur remains were found in Zhucheng [25]. In 1995,
Cheng et al. [26] revised the lithostratigraphic divisions of
the “Wangshi Series”. The Wangshi Series was described as
Wangshi Group and divided into, in ascending order, the
Xingezhuang, Jiangjunding and Jingangkou Formations in
the Laiyang area.

The Wangshi Group has yielded abundant hadrosaurid
dinosaur specimens. Young [24] considered that the hadro-
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saurs from the Jiangjunding and Jingangkou Formations in
the Wangshi Group were distinctive derived forms, and that
they indicated a Late Cretaceous age for the Wangshi Group.
Hu et al. [25] suggested that the dinosaurian fauna domi-
nated by Shantungosaurus giganteus from the Xingezhuang
Formation was early Late Cretaceous (corresponding to
Cenomanian-Turonian) in age, whereas the dinosaur fauna
represented by Tanius sinensis from the Jiangjunding For-
mation was middle Late Cretaceous (corresponding to Co-
niacian-Santonian) and the dinosaur fauna represented by
Tsintaosaurus spinorhinus from the Jingangkou Formation
was late Late Cretaceous (corresponding to Campanian).
Recently, Wang et al. [27] compared and discussed the di-
nosaur egg faunas and strata of the major Chinese basins in
which dinosaur eggs had been found, and also suggested the
Jiangjunding and Jingangkou Formations of the Wangshi
Group were middle and late Late Cretaceous respectively
(corresponding to Coniacian-Campanian). In addition, the
Jingangkou Formation has also been interpreted as late Late
Cretaceous based on gastropod and ostracod biostratigraphy
[28,29].

In modern stratigraphy, boundaries between different
units are defined on the basis of two elements: recognizable
geological events, and the time equivalence of a given event
in different places. The dinosaur egg faunas from the
Jiangjunding and Jingangkou Formations can be distin-
guished from one another with remarkable clarity [12]: the
major egg type seen in the Jiangjunding Formation is sphe-
roolithid, and that seen in the overlying Jingangkou For-
mation is ovaloolithid. Furthermore, the 50 signatures of
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Figure 1 Distribution of the Wangshi Group in eastern Shandong Province.
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dinosaur eggshell preserved in the two formations are also
very different [20]. Therefore, the stratigraphic boundary
between the middle and late parts of the Late Cretaceous in
eastern Shandong should correspond to the boundary be-
tween the Jiangjunding and Jingangkou Formations.

2 Dinosaur diversity in the middle-late Late
Cretaceous in Shandong

The dinosaur egg fauna of the Wangshi Group in eastern
Shandong occurs mainly in the Jiangjunding and Jingang-
kou Formations of Laiyang, Jiaozhou and Zhucheng, and is
especially abundant in the Wangshi Group of Laiyang.
More than one hundred and twenty complete or nearly com-
plete dinosaur eggs, and numerous eggshell fragments, have
been found to date. Eleven oospecies representing five oogen-
era and four oofamilies (Elongatoolithidae, Spheroolithidae,
Ovaloolithidae and Dictyoolithidae) have been erected
[18,19,30,31]. Other specimens, especially some that have
been collected in the past twenty years, include new types
that remained undescribed but can be assigned to Flonga-
toolithidae, Ovaloolithidae or Prismatoolithidae based on
preliminary observations. Since more time will be needed
before a formal report can be published, these specimens are
not discussed further in this paper.

(1) In total, six oospecies belonging to four oogenera
have been recovered from the middle Upper Cretaceous
Jiangjunding Formation:
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Protodictyoolithus jiangi
Spheroolithidae
Spheroolithus spheroides
S. chiangchiungtingensis
S. megadermus
Paraspheroolithus irenensis
(2) In total, seven oospecies representing three oogenera
have been recovered from the upper Upper Cretaceous
Jingangkou Formation:
Elongatoolithidae
Elongatoolithus elongatus
Spheroolithidae
Paraspheroolithus irenensis
Ovaloolithidae
Ovaloolithus chinkangkouensis
O. monostriatus
O. tristriatus
O. mixtistriatus
0. laminadermus
Comparisons of eggshell microstructure among the afore-
mentioned oospecies (Figure 2) show that Protodictyoo-
lithus jiangi, Spheroolithus spheroides and S. chiangchiung-
tingensis have loosely arranged eggshell units and a well
developed pore canal system. These oospecies have been
found only in the middle Upper Cretaceous Jiangjunding
Formation and never in the overlying Jingangkou Formation
or other known upper Upper Cretaceous strata located
elsewhere in China [11,19,32], suggesting that the dinosaurs
whose eggs are represented by these oospecies became ex-

Elongatoolithidae tinct in the middle Late Cretaceous. Paraspheroolithus ire-
Elongatoolithus elongatus nensis is characterized by tightly arranged eggshell units,
Dictyoolithidae with pore canals resembling those of spheroolithids but a
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Figure 2  Stratigraphic occurrence of oospecies in eastern Shandong Province. 1, Spheroolithus spheroides; 2, S. chiangchiungtingensis; 3, S. megadermus;
4, Paraspheroolithus irenensis; 5, Protodictyoolithus jiangi; 6, Elongatoolithus elongatus; 7, Ovaloolithus chinkangkouensis; 8, O. monostriatus; 9, O. mix-

tistriatus; 10, O. tristriatus; 11, O. laminadermus.
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lower pore density. This type of dinosaur egg occurs no
lower than the bottom of the Jingangkou Formation. The
eggshell microstructure of elongatoolithids and ovaloo-
lithids is basically similar to that of avian eggs, with tightly
arranged eggshell units and very low pore density (Table 1).
Elongatoolithids have been found in both the Jiangjunding
and Jingangkou Formations, but ovaloolithids have only
been found in the Jingangkou Formation. Based on availa-
ble records, all known ovaloolithids have come from upper
Upper Cretaceous strata [11,19,32,33], strongly suggesting
that a new dinosaur fauna characterized by the production
of ovaloolithid eggs evolved in the late Late Cretaceous.

3 Water vapor conductance of dinosaur eggshell
and the nest microenvironment

Successful egg hatching must have been a crucial issue for
dinosaur reproduction and survival. During incubation, the
embryo exchanges gases with the environment through a
large number of pores that penetrate the egg surface, dissi-
pating water and carbon dioxide generating by metabolic
activity and absorbing oxygen continually. The gas flow
rate through the pores is a function of factors including
eggshell structure, nest temperature and humidity, and oxy-
gen and carbon dioxide levels. The eggshell’s structural
fitness for the incubation environment is an essential deter-
minant of the embryo’s ability to maintain normal metabo-
lism. Seymour [34] considered that water vapor conduct-
ance Gy,o, mg/(d mmHg) values estimated from dinosaur
eggshell structural parameters could provide a reliable basis
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for inferences regarding the nesting environments in which
the eggs were incubated.

In order to improve current understanding of the mecha-
nisms responsible for generating dinosaur diversity, we es-
timated eggshell water vapor conductance for well-preserved
specimens of Elongatoolithus elongatus, Ovaloolithus chin-
kangkouensis, Paraspheroolithus irenensis, Spheroolithus
spheroides, Spheroolithus chiangchiungtingensis and Pro-
todictyoolithus jiangi from the Wangshi Group.

Calculating the eggshell Gy, for a given oospecies re-
quires knowledge of the following macro- and micro-
structural parameters:

(1) Egg volume (V) and surface area (S). Egg volume
can be estimated from the following empirical equation,
derived from statistical data on avian eggs by Hoyt [35],

V =KvxLxB?, (1)

where L is the long axis of the egg (cm), B is the equatorial
diameter (cm), and Kv is the index of volume. For Paras-
pheroolithus irenensis, Spheroolithus spheroides, S. chiang-
chiungtingensis, Ovaloolithus chinkangkouensis and Proto-
dictyoolithus jiangi, the shape of which is similar to that of
avian eggs, we use the Kv value 0.507 directly based on
Hoyt’s calculation [35]. However, Kv must be corrected for
Elongatoolithus elongates because of its elongated shape.

Kv =0.5228-0.1033x As +0.0740 x Bi, 2)

where As, asymmetry, and Bi, bicone, are respectively given
by the following equations [36]:

As =(Rb—Rp)x(L/B*), 3)

Table 1 Macro- and micro-structural parameters and water vapor conductance values for six oospecies from eastern Shandong Province

Elongatoolithus Ovaloolithus

Paraspheroolithus

Spheroolithus Spheroolithus Protodictyoolithus

elongatus chinkangkouensis irenensis spheroides chiangchiungtingensis Jiangi
Length (L, cm) 15.0 8.8 8.5 8.1 8.1 13.7
Equatorial diameter (B, cm) 5.6 6.7 7.0 7.1 7.7 12.3
Volume (V, cm?) 248.030 199.818 213.478 207.108 243.486 1045.157
Surface area (S, cm?) 215.16 167.89 174.10 169.46 187.46 497.75
Weight (g) 268 216 230 224 263 1129
Single pore area (mm?) 0.0024+0.0017  0.0112+0.0136  0.0216+0.0303 0.0180+0.026 0.0169+0.018 0.0037+0.0055
gep n=27 n=38 n=207 n=110 n=56 n=537
Pore density (per mm?) 0.831 0.780 1.470 3.113 2.524 45.740
Pore number 17880 13091 25596 52751 47308 2276706
Total pore area (Ap, cm?) 0.44 1.46 5.53 9.28 7.99 83.97
Effective pore length (L, mm) 0.83 2.0 1.8 1.6 1.5 1.4
Water vapor conductance
(Gayo. mg/d mmHg) 126 176 741 1430 1283 14450
Water vapor conductance for avian
eggs of similar weight 42 35 37 36 42 142
(Gu,o, mg/d mmHg)
Water vapor conductance ratio for
dinosaur egg to avian egg of simi- 3 5 20 40 30 102

lar weight
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Bi=(Rb+Rp)x(L/B*)-1, @)

where Rb and Rp are the radii of curvature of the egg’s
blunt and pointed ends, respectively.

Typical lengths and equatorial diameters for Paras-
pheroolithus irenensis, Spheroolithus spheroides, S. chiang-
chiungtingensis, Ovaloolithus chinkangkouensis and Proto-
dictyoolithus jiangi were obtained from the literature
[15,16,18]. Length and equatorial diameter values for Elong-
atoolithus elongatus were obtained directly from the well-
preserved eggs in the nest IVPP V 734, by averaging the
measured dimensions of the individual eggs.

To calculate radii of curvature for the blunt and pointed
ends of Elongatoolithus elongatus, we imported a photo-
graph of V 734 into drawing software CAXA 2007, and
worked out the radii of curvature of the blunt and pointed
ends of the well-preserved eggs.

Egg surface area can be calculated according to the fol-
lowing equations [37], once volume has been estimated,

S =KixV*, 5
Ki =4.393+0.394El, (6)
El=1/B, (7

where Ki is the surface-volume index, and El is elongation.

(2) Total pore area (Ap). Tangential sections were
made through the columnar layer of the eggshell for Paras-
pheroolithus irenensis, Spheroolithus spheroides and S.
chiangchiungtingensis, near the outer surface of the egg-
shell for Elongatoolithus elongatus and Protodictyoolithus
Jjiangi, and through the upper part of the columnar layer for
Ovaloolithus chinkangkouensis. Each tangential section was
made using an EXAKT 300CP automatic microtome, and
photographed through a Leica DMRX microscope. For each
tangential section, the number of visible pores was counted
and this value was used to calculate pore density by divid-
ing by the total area of the section. The area of each com-
plete pore was measured using AutoCAD 2008, and an av-
erage pore area was calculated for each oospecies. Assum-
ing the pores to be evenly distributed on the egg surface, Ap
is the product of average pore area, pore density and egg-
shell surface area.

(3) Effective length of pore canal (Lp). The eggshell
cones of Spheroolithus spheroides and S. chiangchiungtin-

gensis are arranged loosely, seldom forming complete pores.

Therefore, the effective length of each pore canal corre-
sponds to the thickness of columnar layer. In contrast, the
eggshell cones of Paraspheroolithus irenensis, Ovaloolithus
chinkangkouensis and Elongatoolithus elongatus are ar-
ranged in such a way that the pore canals extend to the inner
surface of eggshell, making their effective length equivalent
to the thickness of the eggshell itself. The eggshell units of
Protodictyoolithus jiangi are arranged quite loosely, fusing
together only near the outer surface of the eggshell to form
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a very thin even layer. Eggshell units in other parts of the
eggshell are isolated from each other, and do not form com-
plete pore canals. Considering that the organic matter that
originally filled the irregular lacunae between eggshell units
would have blocked the diffusion of water vapor, the effec-
tive length of each pore canal can be regarded as equal to
eggshell thickness.

Eggshell thickness values for Paraspheroolithus irenen-
sis and Elongatoolithus elongatus are based on the literature
[16,30], whereas those for other taxa were obtained directly
from specimens.

Once the aforementioned parameters have been estimat-
ed, the water vapor conductance of a given type of eggshell
Gy,o [mg/(d mmHg)] under given temperature conditions
can be obtained from the following formula [38]:

GHZO = (C/RT)X DHZO X(Ap/Lp), ¥

where C is a conversion constant 1.56x10° (secmg)/(dmol),
R is the gas constant 6.24x10* (cm’ mmHg)/(mol K), T is
the absolute temperature in the nest during incubation (K),
Dy, is the binary diffusivity between water vapor and air,
0.292 cm?/s [34] at 30°C, Ap is the total pore area of the
eggshell (cm?), and Lp is the effective length of each pore
canal (mm).

Structural parameters and estimated conductance values
for six oospecies from the Upper Cretaceous Wangshi Group
of eastern Shandong are shown in Table 1. Estimated egg-
shell water vapor conductance for Spheroolithus spheroides,
S. chiangchiungtingensis and Protodictyoolithus jiangi at
30°C are 1430, 1283 and 14450 mg/(d mmHg), values that
are respectively 40, 30 and 102 times higher than those for
avian eggs of similar weight. The estimated eggshell water
vapor conductance for Paraspheroolithus irenensis is 741
mg/(d mmHg), 20 times higher than that of an avian egg of
similar weight; and estimated eggshell water vapor con-
ductance for Elongatoolithus elongatus and Ovaloolithus
chinkangkouensis are 126 and 176 mg/(d mmHg), respec-
tively 3 and 5 times higher than those for avian eggs of sim-
ilar weight.

Seymour [34] reported that water vapor conductance
values were 1203, 17000 and 189 mg/(d mmHg) at 30°C for
eggs he considered to have been laid by, respectively,
Hypselosaurus (Megaloolithidae) from France, a sauropod
(Faveoloolithidae) and “Protoceratops” (Elongatoolithidae)
from Mongolia. He considered these conductance values to
be very high, being respectively over 7, 100 and 4 times
higher than those of avian eggs of similar weight. Hence,
these dinosaur eggs were likely buried in sand or construct-
ed nesting mounds of soil for incubation. The nest microen-
vironment was humid, with a low concentration of O, but a
high concentration of CO,. Mou [39] estimated water vapor
conductance values of 136, 120 and 231 mg/(d mmHg) at
30°C for eggs of three elongatoolithid oospecies from the
Nanxiong Basin in Guangdong Province, China, values over
2 to over 3 times higher than those for avian eggs of similar
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weight. These results also indicate that incubation involved
burial. Recently, Deeming [40] collected comparable data
for eggs of more than 40 oospecies, including spheroolithids,
elongatoolithids, megaloolithids, prismatoolithids, dendroo-
lithids and faveoloolithids. Again, calculations demonstrated
that these eggs were probably buried in some substrate for
incubation.

Because birds usually incubate their eggs in nests built in
trees or other ventilated places, water vapor conductance
values for avian eggshell are relatively low. Equivalent val-
ues for modern non-avian reptiles are comparatively high,
because their eggs are incubated in humid environments. In
Alligator mississippiensis, eggshell water vapor conduct-
ance is 5 times higher than in an avian egg of similar weight
[41], and conductance is also high in the eggs of modern
mound-nesting birds. The water vapor conductance of the
eggs of a kind of swallow that burrows in sand banks is 1.42
times higher than that of the eggs of another kind of swal-
low that nests in the open [42].

Table 1 shows that eggshell water vapor conductance
values are 4-115 times higher for Spheroolithus spheroides,
S. chiangchiungtingensis, Protodictyoolithus jiangi and
Paraspheroolithus irenensis than for Elongatoolithus elon-
gatus and Ovaloolithus chinkangkouensis, indicating that
eggs of the former set of oospecies were incubated in more
humid environments.

4 The reasons for dinosaur diversity during the
transition between the middle and late parts of
the Late Cretaceous

Modern avian and non-avian reptile eggs lose a certain
amount of water during incubation. The total amount of
water typically lost from an avian egg amounts to 14%-—
18% of the initial weight of the whole egg under normal
conditions [43,44]. If the amount of water lost during incu-
bation reaches 25% of the initial weight of the whole egg,
the probability of successful hatching will decrease sharply
[30]. There is evidence that some reptile eggs absorb water
from humid sand during incubation [45].

According to Zhao et al. [20], & 80 values for dinosaur
eggshells from the Jiangjunding Formation of the Wangshi
Group (previously known as the middle part of the Wangshi
Group) are between —7.37%o and —8.42%o0, and average
—7.83%0. By contrast, 6'°0 values of dinosaur eggshells
from the Jingangkou Formation of the Wangshi Group
(previously known as the upper part of the Wangshi Group)
are between —4.47%o0 and —5.25%0, and average —4.91%eo.
This research shows that 6'®0 values obtained from dino-
saur eggshells from the Jiangjunding Formation are rela-
tively low, indicating a warm and humid climate, but whereas
50 values of dinosaur eggshells from the Jingangkou
Formation are relatively high, indicating a dry climate dur-
ing deposition of the Jingangkou Formation.
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Dry climate undoubtedly affected the microenvironment
of the nest during dinosaur egg incubation, especially in the
cases of the dictyoolithids and spheroolithids. As mentioned
above, the most distinctive characteristics of these two types
of dinosaur egg are loosely arranged eggshell units, a well-
developed pore canal system and very high water vapor
conductance. The climate of eastern Shandong was rela-
tively humid in the middle Late Cretaceous, and water loss
during incubation would have been correspondingly low.
This situation would have been conducive to embryonic
development. In the late Late Cretaceous, the climate be-
came drier, and substrates accordingly less moist. The dry
conditions would have increased the eggshell water vapor
conductance in dictyoolithids and spheroolithids, causing
embryos contained in such eggs to die as a result of dehy-
dration. In contrast, the eggs of elongatoolithids and ov-
aloolithids are basically similar in structure to those of birds.
The eggshell water vapor conductance values of these eggs
would have been relatively low, because of their tightly
arranged eggshell units and very low pore density. Elonga-
toolithids and ovaloolithid eggs are clearly more structurally
refined than those of dictyoolithids and spheroolithids with
regard to preventing excessive loss of water.

The above conclusion reinforces the general rule that re-
search on dinosaur eggs from well studied strata using a
synthesis of geochemical, biomechanical and histological
methods can provide reliable evidence bearing on paleocli-
matic and paleoenvironmental changes during continental
Cretaceous, as well as issues of dinosaur diversity and di-
nosaur extinction.

The authors thank all members of the Laiyang expedition of the Institute of
Vertebrate Paleontology and Paleoanthropology, Laiyang Land Resources
Bureau and Laiyang Museum for their support; thank Mou Yun and She
Dewei for their participation in field work in 1992. The authors are also
grateful to Corwin Sullivan (Institute of Vertebrate Paleontology and
Paleonanthropology, Chinese Academy of Sciences, China), and the re-
viewers for helpful comments and suggestions on the manuscript. This
work was supported by the National Natural Science Foundation of China
(41172018 and 41202003), the National Key Basic Research Program of
China (2012CB821900), and the Special Founds for the Paleontology and
Paleoanthropology, Academia Sinica (9118).

1 Kauffman E G, Hart M B. Cretaceous bio-events. In: Walliser O H,
ed. Global Events and Event Stratigraphy in the Phanerozoic. Berlin:
Springer, 1995. 285-312

2 Archibald J D. Dinosaur Extinction and the End of an Era: What the
Fossils Say. New York: Columbia University Press, 1996. 1-237

3 Archibald J D, Clemens W A. Late Cretaceous extinctions. Am Sci,
1982, 70: 377-385

4 Sloan R E, Rigby J K J, Van Valen L M, et al. Gradual dinosaur ex-
tinction and simultaneous ungulate radiation in the Hell Creek For-
mation. Science, 1986, 232: 629-633

5 Rigby J K J, Newman K R, Smit J, et al. Dinosaurs from the Paleo-
cene part of the Hell Creek Formation, McCone County, Montana.
Palaios, 1987, 2: 296-302

6  Smit J, Alexander W, van Der K, et al. Stratigraphic aspects of the
Cretaceous-Tertiary boundary in the Bug Creek area of eastern Mon-
tana, USA. Men Soc Geol France, 1987, 150: 53-73



11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

Open Access

Zhao Z K, et al.

Sheehan P M, Fastovsky D E, Hoffman R G, et al. Sudden extinction
of the dinosaurs: Latest Cretaceous, Upper Great Plains. Science,
1991, 254: 835-839

Erben H K, Hoefs J, Wedepohl K H. Paleobiological and isotopic
studies of eggshells from a declining dinosaur species. Paleobiology,
1979, 5: 380-414

Erben H K, Ashraf A R, Krumsiek K, et al. Some dinosaurs survived
the Cretaceous “final event” Terra cognita. J Europ Union Geosc
Paris, 1983, 3: 211-212

Mohabey D M. Understanding community structure, nesting and ex-
tinction of Upper Cretaceous (Maastrichtian) Indian Dinosaurs: Evi-
dences from eggs and nests. Gond Geol Magz, 2000, 15: 1-23

Zhao Z K, Ye J, Li H M, et al. Extinction of the dinosaurs across the
Cretaceous-Tertiary boundary in Nanxiong Basin, Guangdong Prov-
ince (in Chinese). Vert PalAsia, 1991, 29: 1-20

Zhao Z K, Mao X Y, Chai Z F, et al. A possible causal relationship
between extinction of dinosaurs and K/T iridium enrichment in the
Nanxiong Basin, South China: Evidence from dinosaur eggshells.
Palaeogeogr Palaeoclimatol Palaeoecol, 2002, 178: 1-17

Zhao Z K, Mao X Y, Chai Z F, et al. Geochemical environmental
changes and dinosaur extinction during the Cretaceous-Paleogene
(K/T) transition in the Nanxiong Basin, South China: Evidence from
dinosaur eggshells. Chin Sci Bull, 2009, 54: 806-815

Erben H K, Ashraf A R, Bohm H, et al. Die Kreide/Tertidr-Grenze im
Nanxiong-Becken (Kontinentalfazies Siidostchina). Mainz: Franz
Steiner Verlag, Erdwiss Forsch, 1995. 1-245

Young C C. Fossil reptilian eggs from Laiyang, Shantung China. Sci
Sin, 1954, 3: 505-522

Zhao Z K, Jiang Y K. Microscopic studies on the dinosaurian egg-
shells from Laiyang, Shangtong Province. Sci Sin, 1974, 1: 73-83
Zhao Z K. The dinosaur eggs in China: On the structure and evolu-
tion of eggshells. In: Carpenter K, Hirsch K F, Horner J R, eds. Di-
nosaur Eggs and Babies. Cambridge: Cambridge University Press,
1994. 184-203

Liu J Y, Zhao Z K. A new oospecies of the dinosaur eggs (Dictyoo-
lithus) from Laiyang, Shandong Province (in Chinese). Vert PalAsia,
2004, 42: 166-170

Zhao Z K. The advancement of research on the dinosaurian eggs in
China (in Chinese). In: IVPP, NGPI, eds. Mesozoic and Cenozoic
Redbeds in Southern China. Beijing: Science Press, 1979. 330-340
Zhao Z K, Yan Z, Ye L F. Stable isotopic composition of oxygen and
carbon in the dinosaur eggshells from Laiyang, Shandong Province
(in Chinese). Vert PalAsia, 1983, 21: 204-209

Tan H C. New research on the Mesozoic and Early Tertiary geology
in Shantung. Bull Geol Sur Chin, 1923, 5: 95-135

Chow M C. Note on the late Cretaceous remains and the fossil eggs
from Laiyang, Shantung. Bull Geol Sur Chin, 1951, 31: 89-96

Liu D S. The discovery of dinosaurian remains and fossil eggs from
Laiyang, Shandong Province (in Chinese). Chin Sci Bull, 1951, 2:
1157-1162

Young C C. The dinosaurian remains of Laiyang, Shantung. Palae-
ontol Sin, New Ser C. Beijing: Science Press, 1958. 1-138

Hu C Z, Cheng Z W, Pang Q Q, et al. Shantungosaurus giganteus (in

Chin Sci Bull

December (2013) Vol.58 No.36

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

4669

Chinese). Beijing: Geological Publishing House, 2001. 1-136

Cheng Z W, Hu C Z, Fang X S. Cretaceous stratigraphy and verte-
brate faunal sequence in Laiyang-Zhucheng Basin, Shandong, Chi-
na—as a candidate stratotype of non-marine Cretaceous. The Sixth
Symposium on Mesozoic Terrestrial Ecosystems and Biota, 1995.
97-100

Wang X L, Wang Q, Jiang S X, et al. Dinosaur egg faunas of the
Upper Cretaceous terrestrial red beds of China and their stratigraph-
ical significance. J Stratigr, 2012, 36: 400-416

Pan H Z. Jurassic-Cretaceous non-marine gastropods from Shandong
Province (in Chinese). Acta Palacontol Sin, 1983, 22: 210-218

Cao M Z. Jurassic-Cretaceous nonmarine ostracodes from Shandong
(in Chinese). Mem Nanjing Inst Palaeont Acad Sin, 1985, 21: 179-201
Zhao Z K. The microstructure of the dinosaurian eggshells of Nanxiong,
Guangdong Province—on the classification of dinosaur eggs (in Chi-
nese). Vert PalAsia, 1975, 13: 105-117

Wang Q, Zhao Z K, Wang X L, et al. New forms of dictyoolithids
from the Tiantai Basin, Zhejiang Province of China and a parataxo-
nomic revision of the dictyoolithids. Vert PalAsia, 2013, 51: 43-54
Zhao H, Zhao Z K. Dinosaur eggs from Xichuan Basin, Henan Prov-
ince (in Chinese). Vert PalAsia, 1998, 36: 282-296

Zhang S K, Wang Q. A new oospecies of ovaloolithids from Turpan
Basin in Xinjiang, China (in Chinese). Vert PalAsia, 2010, 48: 71-75
Seymour R S. Dinosaur eggs: Gas conductance through the shell, water
loss during incubation and clutch size. Paleobiology, 1979, 5: 1-11
Hoyt D F. Practical methods of estimating volume and fresh weight
of bird eggs. Auk, 1979, 96: 73-77

Preston F W. Shapes of birds’ eggs: Extant North American Families.
Auk, 1969, 86: 246-264

Hoyt D F. The effect of shape on the surface-volume relationships of
birds’ eggs. Condor, 1976, 78: 343-349

Ar A, Paganelli C V, Reeves R B, et al. The avian egg: Water vapor
conductance, shell thickness, and functional pore area. Condor, 1974,
76: 153-158

Mou Y. Nest environments of the Late Cretaceous dinosaur eggs
from Nanxiong Basin, Guangdong Province (in Chinese). Vert
PalAsia, 1992, 30: 120-134

Deeming D C. Ultrastructural and functional morphology of egg-
shells supports the idea that dinosaur eggs were incubated buried in a
substrate. Palaeontology, 2006, 49: 171-185

Packard G C, Taigen T L, Packard M J. Water-vapor conductance of
testudinian and crocodilian eggs (Class Reptilla). Respir Physiol,
1979, 38: 1-10

Birchard G F, Kilgore D L. Conductance of water vapor in eggs of
burrowing and non-burrowing birds: Implications for embryonic gas
exchange. Physiol Zool, 1980, 53: 284-292

Rahn H, Ar A. The avian egg: Incubation time and water loss. Con-
dor, 1974, 76: 147-152

Rahn H, Paganelli C V, Nisbet I C T, et al. Regulation of incubation
water loss in eggs of seven species of terns. Physiol Zool, 1976, 49:
245-259

Packard M J, Packard G C, Boarman T J. Structure of eggshell and
water relations of reptilian eggs. Herpetologica, 1982, 38: 136-155

This article is distributed under the terms of the Creative Commons Attribution License which permits any use, distribution, and reproduction
in any medium, provided the original author(s) and source are credited.



