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The Early Cretaceous Jehol Biota from northeast China is well known for many beautifully preserved feathered dinosaurs, early
birds and angiosperms. A great number of pterosaurs have also been discovered from the same deposits in recent years,
representing arguably the best pterosaur assemblage from the Lower Cretaceous. Two pterosaur assemblages are recognized
from the Jehol Biota, and represent two major adaptive radiations in the Early Cretaceous. The first radiation was preserved
mainly in the Yixian Formation, and shows a strong resemblance to the Upper Jurassic pterosaur radiation in the Solnhofen
Limestone of Germany. The second radiation was preserved in the Jiufotang Formation, with many of its taxa much similar to
those of the pterosaur assemblages from the Lower Cretaceous Santana Formation of Brazil. Recent biostratigraphic work and
radiometric datings of the Yixian and Jiufotang formations have provided a reliable geochronologic framework for the Jehol
pterosaur radiations. The two major radiations occurred at about 125Ma and 120Ma, respectively. The radiations of the Jehol
pterosaurs are characterized by a remarkable taxonomic diversity, great variation in body size, significant dietary differentiation,
and occupancy of diverse niches. The appearance of several biological novelties was also critical in the success of the Jehol
pterosaur radiations. The adaptive radiation of the Jehol pterosaurs was obviously coupled with the competition or co-evolution
with many other groups of the Jehol Biota. Among the flying animals in the Jehol Biota, pterosaurs were the major competitors
for niches and food with birds. Although the Jehol pterosaurs probably fed mainly on fishes, the co-evolution between plants and
pterosaurs in the Jehol Biota might also have played a significant role in the pterosaur radiations, as is the case for plants and
insects, birds, mammals and dinosaurs. Copyright # 2006 John Wiley & Sons, Ltd.
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1. INTRODUCTION

Recent fossil discoveries from the Lower Cretaceous of western Liaoning Province and neighbouring areas in

China have some important implications for the origin of birds and their flight (Xu et al. 2003), and for the early

evolutionary radiation of birds (Zhou et al. 2003; Zhou 2004a), mammals (YQ Wang et al. 2001; Luo et al. 2003)

and angiosperms (Sun et al. 2002; Leng and Friis 2003). Although the Early Cretaceous Jehol Biota contains some

pterosaurs that had their origin from an earlier age in Europe or other regions, the recent discoveries of fossil birds,

dinosaurs, mammals and pterosaurs suggest that western Liaoning, northern Hebei and southeast Inner Mongolia,

the major areas for the distribution of the Jehol Biota, should be regarded as the centre of the origin and

diversification of many groups including pterosaurs (Zhou et al. 2003; Wang and Zhou 2006 in press), many of

which had probably dispersed further to other continents in the late Early Cretaceous.
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The pterosaurs from the Jehol Biota represent major radiational events (Wang et al. 1999a; Zhou et al. 2003;

Zhou 2004b; Wang et al. 2005a; Wang and Zhou 2006 in press). Up to now, a total of 14 genera (belonging to about

10 families) have been described, including nine from the Yixian Formation and five from the Jiufotang Formation

(Table 1). The Jehol pterosaur assemblages are dominated by the pterodactyloids, with only a few

rhamphorhynchoids (Ji and Ji 1998; Ji et al. 1999; Unwin et al. 2000; Czerkas and Ji 2002; Wang et al.

2002;Wang et al. 2005a). Pterosaurs have also been reported from Lower Cretaceous deposits, comparable to those

Table 1. Taxonomic list of pterosaurs from the Early Cretaceous Jehol Group in western Liaoning and surrounding areas. Mb.,
Member; Fm., Formation

Order Pterosauria
Suborder Rhamphorhynchoidea
Family Rhamphorhynchidae
Genus Pterorhynchus Czerkas and Ji, 2002
Pterorhynchus wellnhoferi Czerkas and Ji, 2002 (Daohugou Mb., Yixian Fm.)

Family Anurognathidae
Genus Jeholopterus Wang, Zhou, Zhang and Xu, 2002
Jeholopterus ningchengensis Wang, Zhou, Zhang and Xu, 2002 (Daohugou Mb., Yixian Fm.)

Genus Dendrorhynchoides (Ji and Ji, 1998)
Dendrorhynchoides curvidentatus (Ji and Ji, 1998) (Jianshangou Mb., Yixian Fm.)

Suborder Pterodactyloidea
Family Pterodactylidae
Genus Eosipterus Ji and Ji, 1997
Eosipterus yangi Ji and Ji, 1997 (Jianshangou Mb., Yixian Fm.)

Genus Haopterus Wang and Lü, 2001
Haopterus gracilis Wang and Lü, 2001 (Jianshangou Mb., Yixian Fm.)

Family Ctenochasmatidae
Genus Beipiaopterus Lü, 2003
Beipiaopterus chenianus Lü, 2003 (Jianshangou Mb., Yixian Fm.)

Genus Cathayopterus Wang and Zhou, 2006
Cathayopterus grabaui Wang and Zhou, 2006 (Dawangzhangzi Mb., Yixian Fm.)

Family Ornithocheiridae
Genus Boreopterus Lü and Ji, 2005a
Boreopterus cuiae Lü and Ji, 2005a (Jianshangou Mb., Yixian Fm.)

Family ?Gallodactylidae
Genus Feilongus Wang, Kellner, Zhou and Campos, 2005a
Feilongus youngi Wang, Kellner, Zhou and Campos, 2005a (Jianshangou Mb., Yixian Fm.)

Family Pteranodontidae
Genus Chaoyangopterus Wang and Zhou, 2003b
¼Jidapterus Dong, Sun and Wu, 2003 (Jiufotang Fm.)
¼Eopteranodon Lü and Zhang, 2005 (Jiufotang Fm.)
¼Eoazhdarcho Lü and Ji, 2005b (Jiufotang Fm.)
Chaoyangopterus zhangi Wang and Zhou, 2003c (Jufotang Fm.)

Family Istiodactylidae
Genus Nurhachius Wang, Kellner, Zhou and Campos, 2005a
Nurhachius ignaciobritoi Wang, Kellner, Zhou and Campos, 2005a (Jiufotang Fm.)

Genus Liaoxipterus Dong and Lü, 2005
Liaoxipterus brachyognathus Dong and Lü, 2005 (Jiufotang Fm.)

Family Anhangueridae
Genus Liaoningopterus Wang and Zhou, 2003d
Liaoningopterus gui Wang and Zhou, 2003a (Jiufotang Fm.)

Family Tapejaridae
Genus Sinopterus Wang and Zhou, 2003a
¼Huaxiapterus Lü and Yuan, 2005 (Jiufotang Fm.)
Sinopterus dongi Wang and Zhou, 2003a (Jiufotang Fm.)
Sinopterus gui Li, Lü and Zhang, 2003 (Jiufotang Fm.)
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of Liaoning Province, in Gansu (Dong 1982) and Xinjiang, northwest China (Young 1964), and probably represent

the dispersal of the Jehol pterosaurs from northeast China to northwest regions of China and beyond.

Generally, Jehol pterosaurs comprise two assemblages, preserved in the Yixian and Jiufotang formations,

respectively (Wang and Zhou 2003a,b,c; Wang et al. 2005a). The Yixian assemblage shows a relatively less derived

appearance, and comprises many immigrants from the Late Jurassic of Europe, such as those from the Solnhofen

Limestone (Wellnhofer 1991a). Most of the pterosaurs from these assemblages are pterodactyloids, and the

rhamphorhynchoids represent the latest records for their lineages. The Jiufotang assemblage is obviously more

advanced and characterized by the appearance of many new members, many of which had probably dispersed to

other regions and had a worldwide distribution.

2. TWO PTEROSAUR ASSEMBLAGES IN THE JEHOL BIOTA

2.1. Pterosaur assemblage from the Yixian Formation

Pterosaurs from the Yixian assemblage comprise nine genera and nine species in six families, including three

genera and three species in two rhamphorhynchoid families. They are known from four of the five members of the

Yixian Formation (Wang and Zhou 2003d; Figure 1).

Rhamphorhynchoids from the Yixian Formation can be referred to two families: Rhamphorhynchidae and

Anurognathidae. The former currently comprises a single genus and species, Pterorhynchus wellnhoferi (Czerkas and

Ji 2002). It was discovered in the DaohugouMember, the lowest part of the Jehol Group (Figure 1), in InnerMongolia

(Wang et al. 2000a; Wang and Zhou 2003d; Wang et al. 2005b). The earliest record of the Rhamphorhynchidae is

Dorygnathus from the Lower Jurassic of Germany (Wellnhofer 1978, 1991a; Unwin 2003). Members of the

Rhamphorhynchidae were also found in the Upper Jurassic Karatau (Oxfordian-Kimmeridgian) of Central Asia

(Sharov 1971; Unwin and Bakhurina 1994, 2000) and the Solnhofen Limestone (Early Tithonian) (Wellnhofer

1975a,b, 1991a).

Figure 1. The geochronologic framework of the pterosaur adaptive radiation of the Jehol Biota (after Wang and Zhou, 2006 in press; modified).
Dating based on a, He et al. 2004a; b,c, Smith et al. 1995; d, Swisher et al. 1999, 2001; e, Wang et al. 2001a; f, He et al. 2006a; g, Wang et al.

2001b; h, He et al. 2006b (in press); i, Liu et al. 2003; j, Niu et al. 2003, 2004; k, Chen and Zhang 2004.
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The Anurognathidae is the second ‘rhamphorhynchoid’ family from the Yixian Formation. It is represented by two

genera: Jeholopterus (Wang et al. 2002) and Dendrorhynchoides (Ji and Ji 1998; Ji et al. 1999; Unwin et al. 2000)

from the Daohugou and Jianshangoumembers, respectively (Figure 1). Other anurognathids include Batrachognathus

volans (Riabinin, 1948) from the Karabastau Formation in Kazakhstan and Anurognathus ammoni (Döderlein, 1929;

Wellnhofer 1978) from the Solnhofen limestones. Dendrorhynchoides, which is possibly more closely related to

Batrachognathus than to other anurognathids (Kellner 2003), represents the youngest record for the Anurognathidae.

Rhamphorhynchidae and Anurognathidae had first appeared in the Early Jurassic and early Late Jurassic,

respectively. They both reached their greatest diversity by the late Late Jurassic (Wellnhofer 1978, Wellnhofer

1991a). Their occurrence in the Early Cretaceous of northeast China expands their known temporal distribution (Ji

and Ji 1998; Ji et al. 1999; Unwin et al. 2000; Czerkas and Ji 2002; Wang et al. 2002; Unwin 2005; Wang and Zhou

2006 (in press)), indicating that Yixian ‘rhamphorhynchoids’ were immigrants from Europe as were many

pterodactyloids from the same formation.

Pterodactyloids are the dominant pterosaurs in this assemblage. Among them, the Pterodactylidae is the first

family reported from the Jehol Biota. This family currently comprises two genera: Eosipterus (Ji and Ji, 1997; Ji

et al. 1999) and Haopterus (Wang and Lü, 2001), both known from the Jianshangou Member of the lower Yixian

Formation. It is notable that Eosipterus has also been referred to the family of Ctenochasmatidae (Unwin et al.

2000). Many other members that were previously in the Pterodactylidae have been transferred to the

Ctenochasmatidae (Unwin 2001; Jouve 2004), reflecting the current controversy over the family level classification

of pterosaurs. Pterodactylids have been recorded mainly from the Late Jurassic deposits in Europe (France, England

and Germany). They had probably dispersed to eastern Asia by the Early Cretaceous.

Ctenochasmatidae is the second major pterodactyloid family from the Yixian Formation, comprising two genera:

Beipiaopterus (Lü, 2003) and Cathayopterus (Wang and Zhou 2006 in press) from Liaoning Province. They were

discovered in the Jianshangou and Dawangzhangzi members of the lower and middle Yixian Formation, respectively

(Figure 1). Members of the Ctenochasmatidae have also been reported from the Upper Jurassic of Germany and

France (Taquet 1972; Buisonjé 1981;Wellnhofer 1978, 1991a; Unwin 2002; Jouve 2004) and the Lower Cretaceous of

England (Howse and Milner 1995). Ctenochasmatidae is one of the major pterosaur taxa in the Solnhofen Limestone.

It is noteworthy that another genus, Huanhepterus (Dong, 1982), from the Lower Cretaceous Huanhe Formation,

equivalent to the Yixian Formation of Liaoning, in the Ordos Basin of northern China, belongs to the same family.

Ornithocheiridae is the third pterodactyloid family known from the Yixian Formation. It is currently represented

by an un-named embryo from the Jingangshan Member of the upper Yixian Formation (Wang and Zhou 2004) and

Boreopterus represented by a nearly complete and medium-sized skeleton (Lü and Ji 2005a) from the Jianshangou

Member of the lower Yixian Formation. The embryo, encased in an egg, has a well-developed skeleton and

membranes, showing a precocial developmental mode (Wang and Zhou 2004). This family usually comprises large

pterosaurs, widely distributed in the Cretaceous deposits of Europe, Asia, Africa and South America (Wellnhofer

1987, 1991a,b; Martill and Naish 2001; Unwin 2001; Frey et al. 2003). Ornithocheiridae also represents one of the

most common pterosaur taxa in the Yixian Formation and the Santana Formation in South America (Frey et al.

2003). The earliest record of this family is from the Wessex Formation and the overlying Vectis Formation of the

Wealden Group in England (Martill and Naish 2001), indicating that it probably originated from Europe and

dispersed to other continents in late Early Cretaceous.

A recently published pterosaur from the Yixian Formation, Feilongus, is closely related to the Gallodactylidae

(Wang et al. 2005a). Currently, the earliest record of this family is Gallodactylus canjuersensis (Fabre, 1974; Bennett

1996) and G. suevicus (Wellnhofer 1991a) from the Upper Jurassic of southern France and Solnhofen, respectively.

Therefore, the gallodactylid pterosaur from the Yixian Formation was probably also an immigrant from Europe.

2.2. Pterosaur assemblage from the Jiufotang Formation

A total of five genera (belonging to four families) of pterosaur have been reported from the Jiufotang Formation, all

representing advanced pterodactyloids. Two of these families (Anhangueridae and Tapejaridae) are among the most

important pterosaur groups in the Early Cretaceous Santana Formation.
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In the Jiufotang Formation the Anhangueridae is represented by Liaoningopterus (Wang and Zhou, 2003b),

which is also the largest known pterosaur from the Jehol Biota, with an estimated skull length of 650mm and a

wingspan of over 5m. Members of the Anhangueridae are usually large with a well developed flight capability

(Witmer et al. 2003), and mainly found from the late Early Cretaceous (Aptian) to early Late Cretaceous deposits

(Cenomanian) (Wellnhofer 1991a; Kellner and Tomida 2000; Unwin 2001). Anhanguerids have been reported from

the Dzun-Bayin Formation in Mongolia (Aptian/Albian) (Bakhurina and Unwin 1995; Kellner and Tomida 2000),

the Romualdo Member of the Santana Formation (Campos and Kellner 1985; Wellnhofer 1991b), the Paw Paw

Formation (Albian) of Texas (Lee 1994), the Cambridge Greensand Formation (Albian) of England (Kellner and

Tomida 2000; Unwin 2001) and the basal Upper Cretaceous Kem-Kem Formation of Morocco (Mader and Kellner

1999). It is notable that fossils referable to Anhangueridae have also been found in the middle Yixian Formation,

which suggests that this family probably had its origin in western Liaoning and spread to other continents later.

Tapejaridae is represented by one genus and two species in the Jehol Biota: Sinopterus dongi (Wang and Zhou,

2003a) and Sinopterus gui (Li et al., 2003) (Table 1). Huaxiapterus, also from the Jiufotang Formation (Lü and

Yuan 2005) is hardly distinguishable from the holotype of Sinopterus dongi, and obviously represents a synonym of

the same species. Recently, a fossil referable to the Tapejaridae has been recognized from the lower Yixian

Formation, and represents the earliest record of the family. Members of the Tapejaridae are also known from the

Santana Formation, where they are represented by at least three genera and five species, including two species of

Tapejara (Kellner 1989; Wellnhofer and Kellner 1991; Campos and Kellner 1997), two species of Tupuxuara

(Kellner and Campos 1988, 1994), and one species of Thalassodromeus (Kellner and Campos 2002). The tapejarids

from the Jiufotang Formation are relatively small and show apparently less derived characteristics (such as a low

sagittal crest on the skull) compared to those from the Santana Formation, which seems to be slightly younger than

the Jiufotang Formation (Maisey 1991; Wang and Zhou 2003a,b). Like the Anhangueridae, the Tapejaridae

probably also originated and radiated in western Liaoning, and then dispersed to South America.

The third pterodactyloid family from the Jiufotang Formation comprises Chaoyangopterus zhangi, which was

previously referred to the Nyctosauridae (Wang and Zhou 2003b), but now proposed as the earliest record of the

Pteranodontidae (Wang et al. 2005a). Pteranodontids were previously known mainly from the Upper Cretaceous of

North America (Wellnhofer 1991a; Bennett 1994, 2001). Chaoyangopterus shows much similarity to Pteranodon

in the skull shape, but has a much smaller skull (Bennett 1994, 2001). It is notable that three new genera of

edentulous pterosaurs have recently been proposed from the Jiufotang Formation, including Jidapterus (Dong

et al., 2003), Eopteranodon (Lü and Zhang, 2005) and Eoazhdarcho (Lü and Ji, 2005b). Although they show some

proportional differences in skeleton from Chaoyangopterus, they are generally very similar to Chaoyangopterus,

and probably all represent a synonym of Chaoyangopterus.

A recently described pterosaur from the Jiufotang Formation, Nurhachius, was referred to the Istiodactylidae

(Wang et al. 2005a), which was previously only known from the middle and late Early Cretaceous Vectis Formation

in England (Barremian-Aptian) (Hooley 1913; Howse and Milner 1995; Howse et al. 2001). Liaoxipterus

brachyognathus is also a recently described pterosaur previously referred to the Ctenochasmatidae (Dong and Lü

2005). The holotype is only represented by poorly preserved and incomplete lower jaws, therefore its familial

classification remains unclear. It is tentatively assigned to the Istiodactylidae in this paper due to its general

similarity to Nurhachius.

3. GEOCHRONOLOGY AND BIOSTRATIGRAPHY OF THE JEHOL PTEROSAURS

3.1. The first pterosaur radiation of the Jehol Biota

Thanks to many recent radiometric isotope datings of the sediments of the Jehol Group, the geochronologic

framework of the pterosaur radiations of the Jehol Biota can now be established (Figure 1). In particular, the
40Ar/39Ar and SHRIMP U-Pb dating of the tuffs embedded in the lacustrine sediments of both the Yixian and
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Jiufotang formations has provided a reasonable estimate of the age of the fossils (Smith et al. 1995; Swisher et al.

1999, 2002; Wang et al. 2001a,b; Pan et al. 2001; He et al. 2004a, 2006a,b in press).

The earliest records of the Jehol Biota come from the Dabeigou Formation in northern Hebei Province (Chen

1988) and the Daohugou Member (Yixian Formation) in southeastern Inner Mongolia (Wang et al. 2000a; Wang

and Zhou 2003d; Wang et al. 2005b). SHRIMPU-Pb dating of the Dabeigou tuffs and the underlying rhyolite of the

upper Zhangjiakou Formation resulted in dates of 134–130Ma and 135Ma (Liu et al. 2003; Niu et al. 2003, 2004;

Chen and Zhang 2004), respectively. The 40Ar/39Ar ages of the interbedded tuff in fossil-bearing layer from the

Dabeigou Formation resulted in a weighted mean of 130.7�1.4Ma (He et al. 2006b in press). Combining this with

dates for other horizons of the Jehol Group (Eberth et al. 1993;Wang et al. 2001a,b; Chen and Zhang 2004; He et al.

2004b), we propose that the Jehol Biota existed roughly for a 20 million year interval between about 135–115Ma

(Hauterivian-Aptian).

The first Jehol pterosaur radiation is recorded in the Yixian Formation while the earliest records of the Jehol

pterosaurs are found in the Daohugou Member, the lowest sequence of the Jehol Group (Wang et al. 2000a; Wang

and Zhou 2003a,c,d; Wang et al. 2005b). Unfortunately, there is as yet no universally accepted age for this deposit

(Ren et al. 2002; Ji and Yuan 2002; Zhang 2002; Shen et al. 2003; Chen et al. 2004; Liu et al. 2004). The ignimbrite

of the Tiaojishan Formation underlying the Daohugou Member has been dated using 40Ar/39Ar method as 160Ma

(He et al. 2004b; Wang et al. 2005b), which indicates that the age of the DaohugouMember should be younger than

this age. Recent discoveries of other vertebrates, such as salamanders (Wang 2004), the pterosaur Jeholopterus

(Wang et al. 2002) and a feathered maniraptoran (Zhang et al. 2002; Xu and Zhang 2005) from the same deposits

indicate a fossil assemblage that bears a great resemblance to those of typical Yixian deposits in Liaoning (Wang

et al. 2005b). The insect assemblage from the DaohugouMember also contains some elements similar to those from

other Yixian deposits (Zhang Junfeng, personal communication, 2004). Therefore, considering all the evidence, we

propose that the Daohugou Member in Inner Mongolia is probably roughly equivalent to the Dabeigou Formation

in Hebei. The Jehol pterosaurs had appeared from the beginning of the Jehol evolution, possibly around 132–

130Ma (See Figure 1).

The Lujiatun Member of the lower Yixian Formation has not yielded any pterosaurs or birds, although it has

produced many other terrestrial animals such as frogs, lizards, dinosaurs and mammals (Xu et al. 2000; Wang and

Zhou 2003d;Meng et al. 2004; Hu et al. 2005). It seems that flying animals were not preserved because the Lujiatun

sediments are comprised exclusively of volcanic tuffs that were deposited very rapidly.

The Jianshangou Member of the lower Yixian Formation preserves the best record of the first Jehol pterosaur

radiation. It comprises not only many pterodactyloids and a rhamphorhynchoid (Anurognathidae) that were

originally from Europe, but also the earliest records of some pterodactyloids that only became successful by the

time of the Jiufotang Formation. Several dates for the Jianshangou Member using both 40Ar/39Ar and SHRIMP

U-Pb methods have resulted in a commonly accepted age of 125Ma (Swisher et al. 1999, 2002; Wang et al. 2001a).

Therefore, the first major radiation of the Jehol pterosaurs occurred at approximately 125Ma, which is close to the

boundary between the Barremian and Aptian (Gradstein et al. 2004).

Pterosaurs have also been discovered in the Dawangzhangzi and Jingangshan members of the middle and upper

Yixian Formation (Wang and Zhou 2003d, 2004, 2006 in press; Ji et al. 2004), but are of relatively low diversity and

abundance. Pterosaurs from the Dawangzhangzi Member include members of the Ctenochasmatidae,

Ornithocheiridae and Anhangueridae. The pterosaur assemblage from the Jingangshan Member comprises

several pterosaurs including an embryo referable to the Ornithocheiridae (Wang and Zhou 2004). Currently, the

dates for these two sequences are 123–121Ma (Smith et al. 1995). Most pterosaurs from these deposits were

immigrants from Europe and there are also some large-sized pterosaurs of indigenous origin, such as the

Anhangueridae.

In summary, the first pterosaur radiation from the Jehol Biota had a strong connection with the Late Jurassic

pterosaur radiation in Europe. In a global view, if they are considered together as the first pterosaur radiation

extending to the Early Cretaceous, then it had probably evolved approximately for 35Ma, from 155Ma (Oxfordian-

Kimmeridgian) to 120Ma (Aptian). If this radiation is further divided into two episodes, then the earlier one and the

later one had lasted from 155 to 125Ma, and from 125 to 121Ma, respectively.
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3.2. The second pterosaur radiation of the Jehol Biota

The second Jehol pterosaur radiation is recorded in the Jiufotang Formation and is dominated by aboriginal species,

many of which made their first appearance in the time of the Yixian Formation and become fully developed by the

time of the Jiufotang Formation. This radiation resulted in a pterosaur assemblage characterized by taxa with a

cosmopolitan appearance, such as edentulous forms, but with few immigrants from other regions.

By the time of the Jiufotang Formation, the volcanic activity had become relatively weaker, and the lakes were

larger than during the time of the Yixian Formation (Wang and Zhou 2003d). The sedimentation of the Jiufotang

Formation is nearly 1000m thick. The Jehol Biota had reached its greatest geographic distribution by this time

(Chen 1988; Wang and Zhou 2006 in press).

Recently, the first precise dating of the Jiufotang Formation was obtained from the Shangheshou locality in

Chaoyang City, Liaoning Province (He et al. 2004a). The result is based on 40Ar/39Ar dating of K-feldspar (sanidine

and orthoclase), from tuffs interbedded within the fossil-bearing shales of the lower and middle Jiufotang

Formation. A previously proposed age, of 110Ma, for the Jiufotang Formation was based on dating of the basalt

overlying the deposit in Inner Mongolia (Eberth et al. 1993). Because this date is only an indirect age, it cannot be

used for estimating the duration of the formation or the temporal distribution of the pterosaur radiation. Therefore,

our best estimate of when the second Jehol pterosaur radiation began is about 120Ma (Aptian) in west Liaoning,

followed by dispersal to other regions of northern China and further to other areas, such as the Araripe Basin in

northeast Brazil. The pterosaur assemblage in the Santana Formation can be considered as evidence of a continued

development of the second Early Cretaceous pterosaur radiation, which probably lasted mainly from the Aptian to

the Albian (Maisey 1991).

4. ECOLOGICAL PERSPECTIVES OF THE PTEROSAUR RADIATIONS

4.1. Environmental background

In the context of this unique Early Cretaceous ecosystem, the temporal distribution of the Jehol pterosaur radiations

shows some similarities to that of birds and other vertebrate groups, and is closely related to the success of the

invertebrates in the biota. For instance, during the time of the Yixian Formation, the pterosaur assemblage was

associated with the earliest avian radiation that comprises such birds as Confuciusornis and Eoenantiornis (Wang

et al. 2000b; Wang and Zhou 2003d; Zhou et al. 2003; Zhou 2004a), and the most significant dinosaurian radiation

of the Early Cretaceous that comprise such taxa as Sinosauropteryx and Caudipteryx (Wang et al. 2000b; Wang and

Zhou 2003d; Chang et al. 2003; Zhou et al. 2003). The Jiufotang pterosaur assemblage was associated with the

second avian radiation, which is characterized by the presence of abundant enantiornithine birds and many derived

ornithurines (Wang and Zhou 2003d; Zhou 2004a; Zhou 2006a,b in press).

The radiations of the Jehol pterosaurs accord with several major global and regional geological events that

occurred during the Early Cretaceous, i.e. sea-floor spreading, volcanic eruptions, black shale formations, sea-level

fluctuations, Cretaceous Normal Superchron (CNS) and palaeogeographic changes (Barron 1983; Larson 1991;

Huber et al. 1995; Stoll and Schrag 1996; Larson and Erba 1999; Tarduno et al. 2001; Renne 2002; Riisager et al.

2003; Zhou et al. 2003). Such global geological changes had a significant impact on the evolution of the Jehol Biota

(Chang et al. 2003; Zhou et al. 2003; Zhou 2004b; Zhou 2006a,b in press).

Strong tectonic activity and frequent volcanic eruptions (Wang et al. 1999a,b, Wang et al. 2000a,b; Guo and

Wang 2002; Guo et al. 2003) had resulted in a greenhouse-like climate, which led to the development of the Jehol

Flora. Furthermore, the volcanic activities had brought abundant tuffs that could be conducive to the flourishing of

lake and forest ecosystems, and could have positively affected the diversification and radiation of animals and

plants (Wang et al. 1999a). The flourishing of the Jehol plants also led directly to the appearance of many arboreal

and herbivorous animals, among such groups as birds, dinosaurs, pterosaurs, and mammals (Zhou 2004b; Zhou

2006a,b in press).
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The geographic barrier that isolated East Asia from the Laurasia had completely disappeared by the time of the

Jiufotang Formation as a result of the regression of the Turgai Sea and the formation of the Eurasian continent

(Enkin et al. 1992; Upchurch et al. 2002; Chang et al. 2003; Zhou et al. 2003; Zhou 2004b), Therefore, the

biological exchanges between the Jehol Biota and those of other continents had become more frequent and much

easier, resulting in the presence of many cosmopolitan taxa in the Jehol Biota (Wang et al. 2005a; Zhou 2006a,b

in press).

4.2. Size variations among the Jehol pterosaurs

The first Jehol pterosaur radiation bears much resemblance to that of the Late Jurassic. The shift from a marine

environment to a lake ecosystem had provided many new niches for its development. The second Jehol pterosaur

radiation comprises aboriginal taxa that had later spread to other regions due to growing competition in the region

(Wang et al. 2005a). The taxonomic diversification of the pterosaur radiations was discussed earlier in the paper. In

addition to the increase in diversity, the Jehol pterosaur radiations are also characterized by many other changes

including body size, diet and niche differentiations.

The pterosaur evolution in the Mesozoic was generally characterized by a trend towards increasing body size

(Kellner 2003), and this is also reflected in the evolution of the pterosaurs in the Jehol Biota. Furthermore, there was

a great deal of size variation in both pterosaur radiations of the Jehol Biota.

The pterosaurs from the Yixian Formation are relatively small. Among them, the rhamphorhynchoids have a

wingspan of less than 1m (Ji and Ji 1998; Czerkas and Ji 2002; Wang et al. 2002). For example, the anurognathid

Jeholopterus has a wingspan of 0.9m (Wang et al. 2002). Dendrorhynchoides is represented by a juvenile

individual and has an even smaller wingspan, of about 0.4m (Ji and Ji 1998).

Other pterosaurs from the Yixian Formation are mostly small- to medium-sized forms. For instance, Eosipterus

and Haopterus of the Pterodactylidae have a wingspan of about 1.2m and 1.35m, respectively. Boreopterus is a

medium-sized ornithocheirid, with an estimated wingspan of 1.7m. Feilongus has a wingspan of 2.4m (Wang et al.

2005a). The Ctenochasmatidae, a predominant pterosaur taxa in the Yixian Formation, is represented by relatively

large species.

The pterosaurs from the Jiufotang Formation are relatively large compared to those of the Yixian Formation

(Wang and Zhou 2006 in press), but also vary significantly in size. The tapejarid Sinopterus (Wang and Zhou 2002)

is a relatively small pterosaur with a wingspan between 1.2m and 1.5m, while the anhanguerid Liaoningopterus

(Wang and Zhou 2003b) is large with a wingspan reaching 5m. These two groups were not only the dominant

pterosaur groups in the Jiufotang Formation in Liaoning Province, but also among the major pterosaur groups

during the middle and late Early Cretaceous of other regions (Kellner and Tomida 2000; Unwin 2001).

Other large pterosaurs from the Jiufotang Formation include Chaoyangopterus, referable to the Pteranodontidae

(Wang and Zhou 2003b; Wang et al. 2005a), with a wingspan of about 2m, and Nurhachius referable to the

Istiodactylidae, with a wingspan of 2.5m (Wang et al. 2005a).

4.3. Diet differentiations

As in the case of the avian radiation in the Jehol Biota (Zhou 2004a,b; 2006a,b in press), the radiations of the Jehol

pterosaurs are also highlighted by great diet differentiations (Figure 2). These diet differentiations are closely

related to the terrestrial and lake environments in the Early Cretaceous of East Asia, in contrast with many other

pterosaurs that were adapted to living in a marine habitat (Wellnhofer 1991a; Chatterjee and Templin 2004; Wang

et al. 2005a).

Most of the Jehol pterosaurs are piscivorous, and they might also have fed upon invertebrates or small aquatic

reptiles. This is obviously related to the abundant fish and invertebrate assemblages found in the Jehol lakes. The

fish in the biota include a variety of teleosts, acipenseriforms and sinamids (Chang et al. 2003).

The piscivorous pterosaurs include the pterodactylid Haopterus, anhanguerid Liaoningopterus and the

pteranodontid Chaoyangopterus etc. These pterosaurs usually possess elongated jaws with a dentition suitable for

eating fish. They also had a well-developed flight capability.
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Figure 2. Pterosaur skulls from the Jehol Biota, showing adaptation to different diets (after Wang and Zhou 2006 in press). a, Haopterus and
b, Liaoningopterus, piscivorous; c,Cathayopterus, filter feeding; d–e, Jeholopterus and its skull restoration, insectivorous and (or) feeding on other
aquatic invertebrates; f, Chaoyangopterus, piscivorous; g, Sinopterus, frugivorous or omnivorous; h, Nurhachius and i, Feilongus, piscivorous.
Scale bar is 2 cm
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Although piscivorous pterosaurs were dominant in the Jehol Biota they also exhibit many other adaptations

including filter-feeding, insectivory, frugivory or omnivory etc. For instance, the anurognathid Jeholopterus is

mainly insectivorous.

The ctenochamatid Cathayopterus was a filter-feeding pterosaur, and probably fed on invertebrates in the

shallow water, in a way similar to a pelican (Chatterjee and Templin 2004). Boreopterus was tentatively referred to

the family of the Ornithocheiridae, but it was most likely a filter feeder. Tapejarids are usually frugivorous

(Wellnhofer and Kellner 1991). The small- to medium-sized tapejarid Sinopterus might be frugivorous or

piscivorous and its diet might switch according to seasonal changes (Wang and Zhou 2002). A similar case of

seasonal diet changes was also reported in the bird Yanornis from the same formation (Zhou et al. 2002, 2004).

4.4. Biological novelties and the pterosaur radiation

The wide variety of diets of the Jehol pterosaurs was probably related to the presence of a variety of food resources

as well as diverse ecological niches. On the other hand, the success of the Jehol pterosaurs and their accompanying

diet variations can also be explained by the occurrence of many biological novelties in the pterosaurs.

For instance, both the large pterosaurs Liaoningopterus and Chaoyangopterus are specialized piscivores.

Liaoningopterus has the largest teeth known for any pterosaur, and the teeth are restricted to the anterior half of the

upper and lower jaws (Wang and Zhou 2003b). Liaoningopterus also has a well-developed flight capability and the

ability to keep stable in the air (Witmer et al. 2003). The protruding, arc-shaped crest on the tips of the jaws are

probably adapted for the diving of the head for fish in the water (Wellnhofer 1987). The edentulous

Chaoyangopterus had sharp, pointed, scissor-like upper and lower jaws, which could catch fish during their flight

on the surface of the Jehol lakes.

The tapejarid Sinopterus has small size, which enabled it to move easily through the dense forest, and it had

strong claws that were probably adapted for climbing. The skull was specialized with a long beak that had a pointed

rostral end, and a robust lower jaw. The thin crest of the skull was probably used as a tool to separate tree branches,

which facilitated seed or fruit eating (Wellnhofer and Kellner 1991). On the other hand, the long and robust

cervicals of Sinopterus could also be an adaptation for frugivory or catching fish.

The upper and lower jaws of the filter-feeding ctenochamatid Cathayopterus are equipped with many laterally

protruding, long and pointed teeth. Such a dentition increased its filtering area during feeding.

The anurognathids Jeholopterus and Dendrorhynchoides were insectivorous, and had teeth that were long and

pointed. In addition, the former also possessed a webbed foot, showing that it could probably walk on the lakeshore

and feed on insects or aquatic invertebrates or even fish (Wang et al. 2002).

4.5. Competition and coevolution among the pterosaurs and plants and other Jehol animals

The adaptive radiation of the Jehol pterosaurs was probably coupled with the competition or co-evolution with

other groups of the Jehol Biota. Due to the flourishing forest in the Early Cretaceous of the region, many vertebrates

including birds, dinosaurs, pterosaurs and mammals had become arboreal and/or herbivorous. Among the flying

vertebrates, birds and pterosaurs were probably the major competitors for niches and food (Wang et al. 2005a). For

instance, both Sinopterus and the long-tailed bird Jeholorniswere probably arboreal and seed eaters. They probably

occupied a similar niche. Like many piscivorous pterosaurs, most ornithurine birds as well as some enantiornithines

such as Longipteryx were also fish eaters. These flying animals were the major competitors for the fish resources in

the water.

The co-evolution between plants and animals in the Jehol Biota is as obvious as the competition among

vertebrates. Recent discoveries from the Early Cretaceous of China and other regions indicate that the angiosperms

had begun their first radiation by the late Early Cretaceous (Sun et al. 1998, 2001, 2002; Wing and Boucher 1998;

Friis et al. 2003; Leng and Friis 2003; Leng et al. 2003). This includes the appearance of the first dicot angiosperm

from the Jehol Biota (Leng and Friis 2003). Like insects and birds, pterosaurs might have played a significant role in

the dispersal of angiosperms (Fleming and Lips 1991).
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Lü JC, Zhang BK. 2005. New pterodactyloid pterosaur from the Yixian Formation of Western Liaoning. Geological Review 51: 458–462.
Larson RL. 1991. Latest pulse of the Earth: Evidence for a mid Cretaceous super plume. Geology 19: 547–550.
Larson RL, Erba E. 1999. Onset of the mid-Cretaceous greenhouse in the Barremian-Aptian: igneous events and the biological, sedimentary,
and geochemical responses. Paleoceanography 14: 663–678.

Lee YN. 1994. The Early Cretaceous pterodactyloid pterosaur Coloborhynchus from North America. Paleontology 37(4): 755–763.
Leng Q, Friis EM. 2003. Sinocarpus decussatus gen. et sp. nov., a new angiosperm with basally syncarpous fruits from the Yixian Formation of
Northeast China. Plant Systematics and Evolution 241: 77–88.

Leng Q, Wu SQ, Friis EM. 2003. Angiosperms. In The Jehol Biota: The Emergence of Feathered Dinosaurs, Beaked Birds and Flowering
Plants, Chang MM, Chen PJ, Wang YQ, Wang Y (eds.). Shanghai Scientific and Technical Publishers: Shanghai; 179–185.
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