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Eleven species belonging to five major groups of mammals (multituberculates, eutriconodontans, ‘symmetrodontans’,
metatherians and eutherians) have been described from the Jehol Biota, Liaoning, China. These fossils came from three
horizons of the Yixian Formation: Lujiatun (lowest), Jianshangou and Dawahgzhangzi (highest) beds. Ages and correlations of
these beds are still in debate, but are generally accepted as Early Cretaceous. Biostratigraphic distributions of some Jehol
mammals corroborate the Early Cretaceous age of the biota. Many species are represented by skulls and articulated skeletons,
although in most cases a species is known only from a single holotype that is squashed. These fossils furnish a wealth of
morphological data for Mesozoic mammals, from which large character data sets have been amassed to generate competing
higher-level phylogenetic hypotheses of mammals. The Early Cretaceous divergence of eutherians is first documented as skull
and skeletal fossils. The Jehol mammals indicate a diverse mammal fauna in which species range from 25 g to 14 000 g in body
masses, have insectivorous, omnivorous and carnivorous diets (as reflected by their dentitions and by stomach content), and
acquire scansorial, possibly arboreal and terrestrial habits (as inferred from articulated skeletons). The well-preserved material
helps to clarify some anatomical uncertainties in the study of early mammals, such as an ossified Meckel’s cartilage as the
occupant for the internal groove on the lower jaw of some Mesozoic species and a dental formula I3-C1-P3-M4/i2-c1-p2-3-m5
for gobiconodontids as suggested by dentitions of several Jehol eutriconodontans. Evidence from cranial specimens of Jehol
eutriconodontans also disfavours the brain-expansion model for the detachment of middle ear ossicles from the dentary during
evolution of mammals. Copyright # 2006 John Wiley & Sons, Ltd.
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1. INTRODUCTION

The Early Cretaceous is an important period of time in mammalian evolution, during which diverse groups are

found in Asia, Europe, North America, South America, Africa and Australia (Lillegraven et al. 1979; Kielan-

Jaworowska et al. 2004). Some of these groups include eutriconodontans, ‘symmetrodontans’, multituberculates

and basal tribosphenic mammals, that were related to metatherians and eutherians. In the last decade numerous

excellent specimens of mammals have been discovered from the Early Cretaceous Yixian Formation, Liaoning,

northeast China. These specimens encompass about a dozen species representing the major clades of Mesozoic

mammals known to date, and provide a considerable amount of morphological data that are critical for

understanding the biology, phylogeny and evolution of early mammals.
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The first mammal, a ‘symmetrodontan’, reported from the Yixian Formation was Zhangheotherium

quinquecuspidens (Hu et al., 1997). Other species known thereafter include a multituberculate (Sinobaatar

lingyuanensis Hu and Wang, 2002), five eutriconodontans (Jeholodens jenkinsi Ji Q et al., 1999b; Gobiconodon

zofiae Li et al., 2003; Meemannodon lujiatunensis Meng et al., 2005; Repenomamus robustus Li et al., 2000; R.

giganticusHu et al., 2005), two ‘symmetrodontans’ (Maotheirum sinensis Rougier et al., 2003; Akidolestes cifellii,

Li and Luo, 2005), a stem metatherian (Sinodelphys szalayi Luo et al., 2003) and a stem eutherian (Eomaia

scansoria Ji et al., 2002).

As Lillegraven and Clemens (in Kielan-Jaworowska et al. 2004) pointed out, the study of Mesozoic mammals

continues to be dominated by examination of dentition and despite our best efforts, discoveries of high-quality

articulated skeletal remains of Mesozoic mammals continue to be extraordinarily rare. The Early Cretaceous Jehol

mammal fossils prove to be exceptional in their preservation, most of the described species are preserved as skulls

and skeletons and provide a spectrum of morphologies in their dentition, cranium and postcranium. They vary

greatly in body sizes, ranging from a mouse-sized creature typical of Mesozoic mammals to dog-sized creatures

that are uncommon in early mammals. These species also show diverse life styles from scansorial to terrestrial

walker. Tooth morphologies and stomach contents indicate that these species have adapted to various diets, such as

omnivorous in multituberculates, insectivorous in ‘symmetrodontans’ and tribosphenic mammals, and carnivorous

in large eutriconodontans. This diversity in species composition, morphologies, body sizes, diets and behaviours,

bears importantly on the understanding of the biology of Mesozoic mammals and the relationships of mammals

with other vertebrates of the fauna and the environments.

Although the study of Jehol mammals is still at an early stage, in which many reported specimens are still under

detailed description and new taxa are to be named, it is a good opportunity to briefly review the published data

concerning Jehol mammals. We will first summarize the preservation and occurrences of the Jehol mammals in the

Yixian Formation and the diversity of known species, and discuss the age and taxonomic issues. Then we will

explore the implications of the Jehol mammals to mammalian phylogeny and divergences, the biology of early

mammals, including body mass, diet and locomotion, and finally, the anatomical significance in two selected areas,

the ossified Meckel’s cartilage and the tooth formula.

For taxonomic terminology used in the review, we follow Rowe (1988) for the crown-group concept of

Mammalia. The crown clade of Placentalia includes all living placental mammals and their immediate common

ancestor, plus all its descendants, and that of Eutheria consists of Placentalia and its stem taxa. The crown clade of

Marsupialia includes all living marsupials and their immediate common ancestor, plus all its descendants, whereas

Metatheria include Marsupialia and the stem taxa to it (Rougier et al. 1998). Triconodonts, which are taxa

traditionally included in the Triconodonta (Jenkins and Crompton 1979), are used informally, because this group of

mammals has been shown to be polyphyletic (Rougier et al. 1996a, 1999; Kielan-Jaworowska and Dashzeveg 1998;

Ji Q et al. 1999b; Kielan-Jaworowska et al. 2004). Eutriconodonta (Kermack et al. 1973) was recently resurrected

by Kielan-Jaworowska et al. (2004). Whether it is monophyletic is yet to be tested. Among eutriconodontans,

Triconodontidae have been considered a monophyletic group (Crompton and Jenkins 1968; Hopson and Crompton

1969; Jenkins and Crompton 1979; Rougier et al. 1996a, 1996b; Cifelli et al. 1998, Ji Q et al. 1999b).

Gobiconodontidae are probably also a monophyletic group, but its content is subject to discussion (see below). The

nature of other eutriconodontan groups, such as amphilestids, remains uncertain. ‘Symmetrodonta’ is probably a

paraphyletic group (Kielan-Jaworowska et al. 2004), but for convenience in this review we still follow McKenna

and Bell (1997) in using the name.

2. PRESERVATION AND OCCURRENCES

2.1. Preservation

The Jehol Biota comes from the rock sequence of the Jehol Group, which consists of two formations: the Yixian

Formation and the overlying Jiufotang Formation. A composite sequence is presented in Figure 1. Jehol mammals
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have been reported only from the Yixian Formation that contains four subunits ranging from bottom up: Lujiatun,

Jianshangou, Dawangzhangzi and Jingangshan beds (Zhou et al. 2003; Wang and Zhou 2003). Superpositional

relationships of the beds are not fully observable in the field, which has resulted in rigorous debates on the

relationships of these rock units as well as their relative ages that have been postulated as being either Late Jurassic,

transitional Jurassic-Cretaceous, or Early Cretaceous (see Wang et al. 1999, Zhou et al. 2003, Chang et al. 2003 for

reviews). More recent biostratigraphic correlations and radiometric dating (Barrett 2000; Smith et al. 2001;

Swisher et al. 1999, 2002; Wang et al. 2001; Chen et al. 2004) have converged on the conclusion that the Yixian

Formation is of Early Cretaceous age. The time interval represented by the Jehol Group is still an on-going subject

of research. It could have spanned over 18 million years, from 128 to 110 million year (Zhou et al. 2003; Wang and

Zhou 2003), or a much shorter period, given the new dating of the Jiufotang Formation as 120 million year old (He

et al. 2004) and the possible equivalence of the Lujiatun beds with the Jianshangou beds (Chen et al. 2004), which

have been dated about 125 million year (Swisher et al. 1999, 2002; Chen et al. 2004) or 123.2 million year old (He

et al. 2006).

Figure 1. Composite stratigraphic column of the Jehol Group showing the horizons of occurrences of mammals. Modified fromWang and Zhou
(in Chang et al. 2003). See text for alternative views on age determinations of the beds.
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The sedimentary rocks of the Yixian Formation are intercalated with thick basalt and andesite volcanic rocks and

vary in their thicknesses from locality to locality. Most of the sedimentary rocks are sandstones and shales that are

of freshwater lacustrine origin and are characterized by laminated to finely bedded siliciclastic sediments from a

low-energy setting. The Lujiatun Bed represents a different type of sedimentation, of which the nature of origin has

not been fully explored. This bed is primarily light-coloured tuffaceous conglomerates, sandstones and silty

mudstones of alluvial deposits that have little bedding structures and are considered to be from a nearly

simultaneous mass mortality event (Zhou et al. 2003; Wang and Zhou 2003). Fossils from a named bed, such as the

Jianshangou Bed, actually came from various pits and localities. Their recognition as from the same bed or horizon

is based on bio- and lithological correlations. It is better to regard these fossils as coming from an interval of beds,

rather than from a clearly defined horizon.

Articulated skeletons of mammals have been found in both the Lujiatun deposits and the above lacustrine shale.

Fossil preservations of the two depositional environments are drastically different. Specimens from the shale are

squashed into nearly two-dimensions, whereas those from the Lujiatun beds are three-dimensional (Figure 2).

Mammal specimens preserved in the shale are relatively rare and are all from small species. These animals died and

Figure 2. Contrast of preservation conditions of Jehol mammals. A, a three-dimensional skull of Repenomamus robustus from the Lujiatun beds;
B, the squashed specimen of Zhangheotherium quinquecuspidens (Hu et al.1997; holotype, IVPP V 7466; Institute of Vertebrate Paleontology

and Paleoanthropology, Chinese Academy of Science) from the shale of Jianshangou beds (10mm scale bar).
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were buried with little disturbance in a low-energy condition at the lake bottom, covered with tuffs that sealed the

fossil-bearing sediments and helped to preserve the organisms in exceptional delicacy and details (Zhou et al. 2003;

Chang et al. 2003; Ji et al. 2004). Relatively greater numbers of mammal specimens from the geographically more

restricted Lujiatun beds indicate that mammal specimens in these beds are more concentrated both in taxa and

number of individuals. This is probably partly owing to the preservational condition and large body sizes of the

species contained. Invertebrates are unknown from these beds and large mammal species, such as Repenomamus

robustus and R. giganticus, are only known from these beds.

Not only preserved as articulated specimens, the Lujiatun fossils often display the postures as if the animals

were in sleeping or resting position at the time they died. This is supported by the sleeping dinosaur Mei long

(Xu and Norell 2004), a resting herd of juvenile Psittacosaurus dinosaurs crowded together with an adult (Meng

et al. 2004), and probably the holotype of Repenomamus giganticus (Hu et al. 2005), which is a curled skeleton

displaying a posture similar to a sleeping fox. Based on the articulated specimens and cluster of individuals, it

has been postulated that the death of the grouped juvenile psittacosaurids might be caused by burial by volcanic

debris, entrapment in a collapsed underground burrow, or flooding of a nest or other surface excavation (Meng

et al. 2004). However, because animals from three different groups, which may well have different resting sites

and behaviours, appear to have died peacefully and probably simultaneously, another scenario is that they were

killed while sleeping by poisonous volcanic gas, and were soon buried by ‘a single, catastrophic mass mortality

event’ (Zhou et al. 2003, p. 808). If, as the taphonomic data indicate, these animals died simultaneously, the

composition of the fossil assemblage from the Lujiatun beds reflects, at least partly, the true composition of a

coeval fauna.

2.2. Occurrences

The occurrences of known fossil mammals in the Yixian sequence are illustrated in Figure 1. Current records show

that mammals came from at least three horizons, Lujiatun, Jianshangou, and Dawangzhangzi beds. The

compositions of the three assemblages are different. The Lujiatun beds preserved primarily eutriconodontans,

including Repenomamus robustus (Li et al. 2000), R. giganticus (Hu et al. 2005), Gobiconodon zofiae (Li et al.

2003), and Meemannodon lujiatunensis (Meng et al. 2005). Immediately above the Lujiatun assemblage are the

‘symmetrodontan’ Zhangheotherium quinquecuspidens (Hu et al. 1997; Luo and Ji 2005) andMaotherium sinensis

(Rougier et al. 2003) and the eutriconodontan Jeholodens jenkinsi in the Jianshangou beds. The multituberculate

Sinobaatar lingyuanensis (Hu and Wang 2002), ‘symmetrodontan’ Akidolestes cifellii (Li and Luo 2006),

metatherian Sinodelphys szalayi (Luo et al. 2003) and eutherian Eomaia scansoria (Ji et al. 2002) are from the still

younger Dawangzhangzi beds. No mammal has been reported from the top Jingangshan beds of the formation.

Large eutriconodontans have not been found in Jianhshangou or younger beds, whereas metatherian and eutherian

species are unknown from the beds lower than the Dawangzhangzi beds.

Although metatherian and eutherian mammals are phylogenetically more derived than other mammals, it is

unclear whether the occurrences of the Yixian mammals in the sequence simply result from chance preservation or

actually reflect some kind of evolutionary stages in mammal evolution. There is evidence to consider fossils from

the same beds as from a coeval fauna, but those from different beds remain to be a challenging case. For instance, it

is not certain whether the Lujiatun and Jianshangou assemblages come from two distinct faunas of different ages

and, if so, how much time difference lags between them, or whether they are actually coeval faunas but have been

preserved in different taphonomic conditions. Chen et al. (2004), in contrast to others (Zhou et al. 2003; Wang and

Zhou 2003), considered the Lujiatun beds to represent a different facies, and thus a lateral extension of the

Jianshangou beds.

For convenience in this review, we treat the Jehol mammals as from one biota, but note that they come from three

beds of the Yixian Formation, of which the relationships are not universally agreed upon. This should be borne in

mind when we discuss composition and diversity of the Jehol mammal fauna.
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3. DIVERSITY

3.1. Taxa

A total of 11 species have been described from the Yixian Formation, as listed below. A docodontan mammalia

form has been recently reported from Daohugou locality, Inner Mongolia (Ji et al. 2006), which we consider

as from a pre-Jehol assemblage and is not counted in the 11 Jehol mammals (see below). This list is not a systematic

treatment of these mammals; it only presents the diversity of the Jehol mammals. These species are represented

only by holotypes in the published record, except for a few specified below. The type specimens are housed

in the following institutions: Chinese Academy of Geological Sciences, Institute of Geology (CAGS-IG), Beijing;

Institute of Vertebrate Paleontology and Paleoanthropology (IVPP), Beijing; Jinzhou Museum of Paleontology

(JZMP), Jinzhou City, Liaoning Province; Nanjing Institute of Geology and Paleontology (NIGPS),

Nanjing; National Geological Museum of China (NGMC; also abbreviated as GMV in Ji Q et al. 1999b), Beijing.

Multituberculata Cope, 1884

Eobaataridae Kielan-Jaworowska, Dashzeveg and Trofimov, 1987

Sinobaatar lingyuanensis Hu and Wang, 2002

The holotype (IVPP V12517) is a skeleton of a subadult individual, preserved mainly in impressions of both

dorsal and ventral sides on the slate and its counterpart. The specimen came from the Dawangzhangzi Bed of the

Yixian Formation at Dawangzhangzi locality, Lingyuan City. A lower jaw of Sinobaatar has been identified as part

of the stomach content of a small carnivorous dinosaur, Sinosauropteryx prima, from the Yixian Formation, with

the beds unidentified (Hurum et al. 2006).

Eutriconodonta Kermack Mussett and Rigney, 1973

Jeholodens jenkinsi Ji, Luo and Ji, 1999b

The holotype (GMV2139) is a skeleton consisting of a partial skull and the postcranial skeleton preserved as part and

counterpart that are from the JianshangouBed of theYixian Formation at Sihetun site, about 32km east of ChaoyangCity.

Gobiconodontidae Chow and Rich, 1984

Gobiconodon zofiae Li, Wang, Hu and Meng, 2003

The holotype (IVPP V12585) is a partial skull with partial associated lower jaws from the Lujiatun Bed of the

Yixian Formation at Lujiatun locality, Shangyuan, Beipiao City.

Meemannodon lujiatunensis Meng, Hu, Wang and Li, 2005

The holotype (IVPP V13102) is a left lower mandible with complete dentition from the Lujiatun Bed of the

Yixian Formation at Lujiatun locality.

Repenomamidae Li, Wang, Wang and Li, 2000

Repenomamus robustus Li, Wang, Wang and Li, 2000

The holotype (IVPP V 12549) is a skull and articulated mandibles with partial skeleton from the basal beds of the

Yixian Formation at Lujiatun locality. Additional specimens known include a skull (Wang et al. 2001; Meng et al.

2003a) and a skeleton associated with fragmentary bones of a juvenile Psittacosaurus (Hu et al. 2005); both from

the same locality of the holotype.

Repenomamus giganticus Hu, Meng, Wang and Li, 2005

The holotype (IVPP V14155) is a partial skull with associated right mandible and articulated partial

postcranium from the Lujiatun Bed of the Yixian Formation at Lujiatun locality.
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‘Symmetrodonta’

Zhangheotheridae Rougier, Ji and Novacek, 2003

Zhangheotherium quinquecuspidens Hu, Wang, Luo and Li, 1997

The holotype (IVPP V7466) is a partial skull with most of the postcranial skeleton from the Jianshangou Bed of

the Yixian Formation at the Jianshangou locality about 32 km east of Chaoyang City. Another specimen of a

skeleton from a juvenile individual from the Yixian Formation of Sihetun site was referred to the species (Luo and Ji

2005). The specific beds for the specimen was not mentioned, but it most likely comes from the Jianshangou Bed,

the main outcrops distributed at Sihetun (Chang et al. 2003). In addition, two lower jaws referred to

Zhangheotherium were identified as part of the stomach content of the same specimen of Sinosauropteryx prima,

associated with the lower jaw of Sinobaatar (Hurum et al. 2006). Zhangheotherium was originally placed in the

family Spalacotheriidae under ‘Symmetrodonta’ (Li et al. 1995; Hu et al. 1997). A new family, Zhangheotheridae,

based on Zhangheotherium was proposed and placed in Trechnotheria by Rougier et al. (2003).

Maotheirum sinensis Rougier, Ji and Novacek, 2003

The holotype (NGMC-97-4-15) is a skeleton with hair and body contour impressions from ‘Lower part of the

Lower Jurassic Yixian Formation, also referred to as the Chaomidianzi member of the Yixian Formation

approximately 30 km east of Chaoyang, Lioming Province, NE China’ (Rougier et al. 2003, p. 8). As mentioned

above, it has become a common view that the Yixian Formation is Early Cretaceous; the ‘Lower Jurassic’ referred to

the Yixian Formation by Rougier et al. (2003) is unquestionably an error. The ‘Chaomidianzi member’ was originally

proposed as a formation (Ji SA et al., 1999) for a set of sediments at Sihetun locality, which is roughly equivalent to the

Jianshangou Bed adopted in this review. The ‘Chaomidianzi Formation’ was also cited in other studies (Ji Q et al.

1998, 1999a). Sun et al. (2001) argued that the same sequence should be better named as the ‘Jianshangou Formation’.

In a more recent synthetic study Ji et al. (2004) apparently abandoned ‘Chaomidianzi Formation’ or ‘Chaomidianzi

member’ and adopted instead the Jianshangou Bed as the term for the sequence in question.

Family Spalacotheriidae

Akidolestes cifellii Li and Luo, 2005

The holotype (NIGPAS139381), a skeleton with partial skull preserved in part and counterpart, is from the

‘Yixian lacustrine beds at the Dawangzhangzi locality, Lingyuan, Liaoning, China. The locality is correlated with

other localities in Liaoning dated to be 124.6Million year, of the Barremian stage of the Lower Cretaceous.’ (Li and

Luo 2005, p. 196). We regard the beds generating the specimen as equivalent to the Dawangzhangzi Bed.

Metatheria

Sinodelphys szalayi Luo, Ji Wible and Yuan, 2003

The holotype (CAGS00-IG-03) is an incomplete, flattened skeleton with some preserved soft tissues from the

Dawangzhangzi Bed of the Yixian Formation at the Dawanzhangzi locality, Lingyuan, Liaoning.

Eutheria

Eomaia scansoria Ji, Luo, Yuan, Wible, Zhang and Georgi, 2002

The holotype (CAGS01-IG-1) is a skeleton with an incomplete, flattened skull partially represented by

impressions with some preserved soft tissues, such as costal cartilages and fur from the Dawangzhangzi Bed of the

Yixian Formation at the Dawanzhangzi locality, Lingyuan, Liaoning.

Docodonta

Family incertae sedis

Castorocauda lutrasimilis Ji, Luo, Yuan and Tabrum, 2006

The holotype (JZMP-04-117) consists of an incomplete, flattened skeleton with partial skull and impressions of

fur and scales from the Jiulongshan Formation at Daohugou locality, Ningcheng County, Inner Mongolia. Other
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vertebrates from the same locality include three genera and species of salamanders, two genera and species of

pterosaurs and two genera and species of feathered maniraptoran dinosaurs (Wang et al. 2005). No fish and birds

have been reported from this locality. By citing other works (Chen et al. 2004; Liu and Liu 2005), Ji et al. (2006)

adopted the age of Daohugou beds asMiddle Jurassic, about 164 million years old. In contrast, Wang et al. (2005, p.

2369) considered that the Daohugou ‘assemblage is closer to that of the Early Cretaceous Jehol Biota than to any

other biota’ and that ‘it was incorrect to correlate the Daohugou Bed with the Middle Jurassic Jiulongshan

Formation’. Because of these controversial opinions on the age of Dauhegou beds, we tentatively regard

Castorocauda as from an assemblage predating the conventional Jehol mammal fauna that comes from the Yixian

Formation and will not include this interesting semiaquatic mammal in the following discussion.

3.2. Species identifications

The true diversity of Jehol mammals, as well as other organisms, may not be known because some species may not

be preserved as fossils, or preserved but never found. Nonetheless, the fossil assemblages collected give us a good

sense of the diversity of Jehol biota. However, at least three issues need to be dealt with in recognizing the diversity

of the biota: (1) coexistence of species (discussed above); (2) identification of species; and (3) classification of

higher-level taxa.

Fossil species are morphological species, and most of the Mesozoic species are based only on dentitions.

Although such species are diagnostic, at least for specialists, features used to diagnose them are often limited and

biased. It is not uncommon that when a limited number of specimens is available, species recognition appears

simple, whereas a large number of specimens often presents problems on species identification because of potential

intraspecific and interspecific variations. Many mammal taxa from the Jehol Biota are represented by a limited

number of specimens, often known only from the holotype. Eutriconodontans from the Lujiatun Bed present a

challenging case for species identification because numerous specimens of various sizes from the same group have

been recovered. Eutriconodontans from other areas are represented primarily by dental and fragmentary jaw

material; relatively complete non-Jehol specimens were known only from the North American Gobiconodon

ostromi (Jenkins and Schaff 1988), in which, however, little of the skull is preserved. In contrast, four species

belonging to three genera and two families have been reported from the Lujiatun beds: Gobiconodon zofiae,

Meemannodon lujiatunensis, Repenomamus robustus, and R. giganticus. All, except for Meemannodon, are

represented by well-preserved skull material. It can be expected that new species will be discovered in the future.

When numerous specimens with various sizes and morphological variations are obtained, one may ask whether the

differences are due to intraspecific age differences and/or sexual dimorphisms.

Age difference is related not only to the size and morphological differences between a young individual and an

adult of a species, but also to a more fundamental issue: whether the growth of early mammals is determinate, as in

extant mammals, or continuous, as in some ‘reptiles’, during the life history of an individual. It is relatively easy to

tell a young individual from an old one by a combination of size difference, tooth eruption, degree of tooth wear,

fusion of skull elements, and fusion of the epiphyses and shafts of long bones. For instance, in the holotype of

Repenomamus giganticus (IVPP V14155) the last lower molariform (m5) is just erupted, bears no wear, and is

located at the anterior base of the coronoid process in a position higher than other cheek teeth (Hu et al. 2005).

Therefore, compared to adult specimens of R. robustus in which all cheek teeth were erupted and deeply worn,

IVPP V14155 represents a relatively younger individual. This shows that the much larger body size of R.

giganticus, in relation to R. robustus, is not related to individual age.

Two lines of evidence can be used to interpret the growth pattern of fossil mammals: whether its ontogenetic

growth is determinate or continuous. First, during the ontogenetic growth of mammals, a long bone increases in

length only at the cartilaginous plates that separates it from its epiphyses. If these plates are obliterated at maturity,

the long bone stops increasing in length. Because the epiphysis and the shaft of the long bone are already fused in

the skeletons of R. giganticus and R. robustus (Hu et al. 2005), the long bones have stopped growth in these species,

which have considerably different body sizes. Second, if a mammal grew continuously, their skull and lower jaws
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would become larger with ageing. To match the larger skull and lower jaws, their teeth would increase accordingly.

The specimens of Repenomamus show that molariform teeth from different generations of the same individual are

similar in size (Hu et al. 2005). In addition, teeth from an adult individual are no bigger than those of a young

individual. Commonly, adult teeth may turn out to be smaller because of wear. Therefore, we can exclude age

difference and growth pattern as the causes for body size and morphological differences that have been used as

features to differentiate species, such as Repenomamus robustus from R. giganticus.

It is not so easy, however, to tell sexual size dimorphism within fossil species. Sexual size dimorphism is the

difference in size between males and females of the same species (Lammers et al. 2001). Sexual selection is the most

popular hypothesis for the origin andmaintenance of sexual size dimorphism (Trivers 1972), but other factors, such as

latitude, population density, and physiological mechanisms that affect growth patterns, are also attributable to the

formation of sexual size dimorphism, which in turn can have important consequences for animal ecology, behaviour,

population dynamics and the evolution of life-history traits (Isaac 2005). Sexual size dimorphism is most common in

relatively large and derived groups of mammals, such as primates, ungulates, whales and proboscideans. It may be

speculated that in Mesozoic mammal sexual size dimorphisms would not be distinct. For the two described species of

Repenomamus, they differ in several dental and cranial features and in body size (Hu et al. 2005). The significant

differences in body size and estimated body mass between adults of R. giganticus and R. robustus exceed those

between dimorphic sexes of a species in most extant terrestrial mammals (Nowak 1999; Silva and Downing 1995).

Thus, it is convincing that eutriconodontans from the Lujiatun Bed represent several genera and species,

indicating that the Jehol mammal fauna is quite diverse. In commenting on recent statistical analyses of mammal

diversity based upon available samples in museum collections, Lillegraven and Clemens (2004, p. viii) wrote:

‘These studies have tended to conclude that we already know about most of the taxonomic diversity that existed

among Mesozoic mammals. We predict that another quarter-century of fieldwork will show that conclusion is far

from the truth’. We may not wait for another quarter-century to witness the prediction.

3.3. Gobiconodontidae and Repenomamidae

Species referred to gobiconodontids have been reported from the Jurassic and Lower Cretaceous of Mongolia

(Trofimov 1978; Kielan-Jaworowska and Dashzeveg 1998; Rougier et al. 2001), China (Chow and Rich 1984;

Godefroit and Guo 1999; Li et al. 2003; Meng et al. 2005), North America (Jenkins and Schaff 1988), and Russia

(Maschenko and Lopatin 1998). The only Jurassic species referred to Gobiconodontidae is Klamelia zhaopengi

(Chow and Rich, 1984). However, with more knowledge of gobiconodontid morphology in recent years, Rougier

et al. (2001) considered that this species is not closely related to Gobiconodon and has uncertain affinities with

other groups of mammaliaforms; these authors treated Klamelia as Mammaliaformes incertae sedis. Therefore,

gobiconodontids are now known only from the Early Cretaceous.

Gobiconodontids were ranked as a subfamily by Kielan-Jaworowska and Dashzeveg (1998) within the family

Amphilestidae (Simpson 1928; Mills 1971; Jenkins and Crompton 1979), while Rougier et al. (2001) considered

Amphilestidae to be paraphyletic. Gobiconodontidae is recognized in recent works (Rougier et al. 2001; Li et al.

2003; Kielan-Jaworowska et al. 2004; Meng et al. 2005) to include at least three genera: Gobiconodon, Hangjinia

(Godefroit and Guo 1999) and Meemannodon (Meng et al. 2005).

A controversial issue concerns the taxonomic position of Repenomamus. When first described, the genus was

placed in a new family of its own, Repenomamidae. Luo et al. (2003) regarded Repenomamus a gobiconodontid

and Kielan-Jaworowska et al. (2004) treated Repenomamidae as a junior synonym of Gobiconodontidae. When

originally described, little cranial material was known in related taxa, such as Gobiconodon. Some of the

anatomical identifications of Repenomamus were erroneous. For instance, the zygomatic process of the squamosal

was identified as the jugal and the ossifiedMeckel’s cartilage, an unusual element preserved inMesozoic mammals,

was identified as the postdentary bar. Because of some primitive features in teeth and skull structures, Li et al.

(2000) thought Repenomamus represented a primitive branch of Mesozoic mammals, a relic group. With further

study on the numerous well-preserved specimens, more is known about the genus (Wang et al. 2001; Meng et al.

2003a; Hu et al. 2005).
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Kielan-Jaworowska et al. (2004, p. 241) provided the diagnosis for Gobiconodontidae that includes

Repenomamus. Some of the diagnostic features for the family include ‘i1, the only lower incisor, is procumbent and

enlarged’, ‘anterior molariform teeth replaced ontogenerically in a sequential fashion’, and ‘upper molariforms

wide transversely, with well-developed labial and lingual cingula and characterized by increasing triangulation of

principal cusps from M1 to M5’. All these features are not present or unclear in Repenomamus.

The number of incisor of Repenomamus is I3/i2 (Li et al. 2000;Wang et al. 2001; Li et al. 2003; Meng et al. 2003a,

2005; Hu et al. 2005), which is based primarily on the well-preserved skull specimens of the genus in which the

premaxilla-maxillary suture is clear so that the position of the upper canine can be defined. Anterior to the canine,

three upper incisors occur in the premaxilla. The unequivocal occlusal relationships of the lower and upper teeth

reveal two lower incisors in Repenomamus, not one. Moverover, the medial incisor, identified as i1, is not enlarged,

nor is it procumbent in Repenomamus. As our collection shows, all molariforms of Repenomamus, including the last

upper and lower ones, replace during ontogeny. For instance, in IVPP V14240, a relatively young individual of R.

robustus, the locus for the last molariform (M4 in our identification) contains the teeth of two generations. In CT-scan

data of several skulls of R. robustus, replacement of molariforms in both upper and lower jaws is observed. Both CT-

data and direct observation of the dentitions ofRepenomamus do not display a clear sequential pattern of replacement.

The upper molariforms of Repenomamus are transversely expanded, but cingula are generally weak and usually

absent on the labial side of a molariform tooth. Moreover, although cusp A is inflated, the principal cusps do not show

a triangular arrangement. Thus, until a thorough phylogenetic analysis is conducted, the taxonomic position of

Repenomamus remains open; for that reason, we prefer to maintain the family Repenomamidae.

4. PHYLOGENY AND DIVERGENCE

4.1. Phylogeny

The Jehol mammals belong to five major clades of mammals: multituberculates, ‘symmetrodontans’,

eutriconodontans, metatherians and eutherians; the first three are extinct. Well-preserved dentocranial and

postcranial specimens from the Jehol Biota represent a true burst of morphological data for these Mesozoic

mammals. Although the study of Jehol mammals is still at an early stage, several phylogenetic analyses based on

sizable data sets have been generated (Hu et al. 1997; Ji Q et al. 1999b, 2002; Wang et al. 2001; Luo et al. 2003).

The results of these phylogenetic analyses are not always consistent because the selected taxa and characters differ

among the analyses. In all analyses, metatherians and eutherians always form a clade, to which ‘symmetrodontans’

are more closely related than are either eutriconodontans or multituberculates. The phylogenetic positions of

eutriconodontans and multituberculates, particularly in relation to monotremes, appear to be unstable. In Hu et al.

(1997) and Ji et al. (1999), multituberculates form the sister-group of the clade containing Zhangheotherium and

crown-group mammals (also called Trechnotheria), with monotremes and eutriconodontans being successive

outgroups. In Wang et al. (2001), multituberculates and monotremes cluster as a sister-group; this clade,

Trechnotheria and Triconodontidae form an unresolved clade. In Ji et al. (2002) and Luo et al. (2003),

eutriconodontans are within the crown-group mammals, but placed outside the clade of multituberculates and

Trechnotheria. Monotremes are grouped with some fossil taxa as Australosphenida.

Because of the fast pace of discoveries of Jehol mammals, there is no current phylogenetic analysis that

encompasses all known Jehol mammal species. Figure 3 is a composed cladogram that is primarily based on Wang

et al. (2001), which illustrates one possible relationship of the Jehol mammals and their relationships with other

mammals.

4.2. Divergence

One of the major issues in the recent discussions on evolution of mammals is the divergence time of the various

groups of mammals, in particular, the placental mammals to which humans belong. Palaeontological records show
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that the earliest members of placental orders postdate the Cretaceous-Tertiary boundary about 65 million years ago,

although some analyses imply a few possible exceptions (Archibald et al. 2001; Meng et al. 2003b; O’Leary et al.

2004). In contrast, molecular studies, based on the molecular-clock method, predict much older divergence dates

for various cladogenetic events within mammals (Janke et al. 1994; Hedges et al. 1996; Kumar and Hedges 1998;

Springer et al. 2003; Springer et al. 2005). The Jehol mammals are basal members of Mammalia and bear little on

the relationships and divergences within the placental mammals, but they are relevant to the issues on the

divergences of metatherians and eutherians. Recent molecular estimates for the Eutheria-Metatheria dichotomy

range between extremes of 190 (Woodburne et al. 2003) and 130 (Janke et al. 2002) million years, which is again

generally earlier than palaeontological records. The earliest known eutherian, Eomaia, and the earliest metatherian,

Sinodelphys both come from of the Early Cretaceous Jehol Biota, roughly about 125 million years ago. Other Early

Cretaceous eutherians have been reported from the lower Cretaceous, such as Murtoilestes from the upper

Barremian–middle Albian of eastern Russia (Averianov and Skutschas 2001), and Prokennalestes (Kielan-

Jaworowska and Dashzeveg 1989) and Montanalestes (Cifelli 1999) from the Albian-Aptian of Mongolia and

Figure 3. A possible relationship for the Jehol (K1) mammals (represented by black dots) and other mammals (represented by white dots). The
cladogram is modified from Wang et al. (2001); additions of Eomaia and Sinodelphys to the cladogram are based on Luo et al. (2003).
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North America. Thus, palaeontological data indicate a split of Eutheria and Metatheria at least in the Early

Cretaceous. Discoveries of Sinodelphys and Eomaia and phylogenetic analyses including them suggest that

divergence of metatherians and eutherians had taken place in Asia no later than 125 million years ago, followed by

the evolution of deltatheroidan-like taxa in both Asia and North America during the late Early Cretaceous (120 to

100Ma); then there was a major metatherian diversification in North America in the Late Cretaceous (100 to

65Ma) and finally, the diversification of proximal relatives to crown marsupials occurred in South America during

the Paleocene (Luo et al. 2003).

It should be noted, however, that the Early Cretaceous records of therians, such as Eomaia and Sinodelphys,

provide little evidence on the divergence time for placental mammals, which is still an issue in debate (see Rose and

Archibald 2005). Given the phylogenetic position of Eomaia to Placentalia (Ji et al. 2002), one could predict that

the divergences of the lineage ultimately giving rise to Placentalia and the one containing Eomaia are equally

ancient, but that does not show a priori how old the crown Placentalia might be. Given that relationship, the

divergence of placental mammals may still postdate the K-T boundary, as we currently have palaeontological

evidence for (Rose and Archibald 2005; Asher et al. 2005), even though the stem of Placentalia may extend to the

Early Cretaceous.

The palaeogeographic distributions of gobiconodontids indicate that there were dispersal events between Asian

and North American mammals during the Early Cretaceous. This seems not surprising because Laurasia still

remained essentially a supercontinent (Smith et al. 1994; Zharkov et al. 1998). The Jehol mammals are also

informative for biostratigraphic correlations (Li et al. 2003). Among known vertebrates of the Jehol Biota,

Gobiconodon is the only genus present in Asia, Europe and North America. This genus has been found inMongolia

(Trofimov 1978; Kielan-Jaworowska and Dashzeveg 1998; Rougier et al. 2001), Siberia (Maschenko and Lopatin

1998), North America (Jenkins and Schaff 1988; Cifelli et al. 1998), other regions of China (Tang et al. 2001), and

Spain (Cuenca-Bescós and Canudo 2003). The fossil record indicates that the stratigraphic distribution of

Gobiconodon is limited to the Early Cretaceous. Similarly, eobaatarid multituberculates, to which Sinobaatar

belongs, are also known only from the Early Cretaceous (Hu andWang 2002). Thus, the findings of Sinobaatar and

Gobiconodon support an Early Cretaceous age for the Jehol Biota.

5. BIOLOGY

Lillegraven and Clemens (2004, p. vii) wrote: ‘When most of us think about mammals from the Mesozoic Era we

use our imaginary time-viewing machines to see furry little creatures with relatively large beady eyes and wiggly

noses. We see them scampering through moonlit forests capturing insects, tearing apart fruits from early flowering

plants, sometimes lapping nectar, and universally marking their territories with diverse body exudates . . .The food
chain of their generally warmer ecosystems are seen to be capped by dinosaurs, crocodiles, and birds. . .’ This
description vividly portrayMesozoic mammals as small, nocturnal, insectivorous or omnivorous, and overwhelmed

by dinosaurs. The Jehol mammals furnish a unique source of data on the biology of early mammals. Based on the

diverse and well-preserved Jehol mammals, we will consider three aspects of their biology: body mass, dentition

and diet, and locomotion.

5.1. Body mass

Most Mesozoic mammals and their close relatives, such as kuehneotheriids and morganucodontids in the Late

Triassic-Early Jurassic, were small and considered to be nocturnal insectivores (Hopson 1973; Jerison 1973); the

same is true of most later Mesozoic mammals (Lillegraven et al. 1979; Kielan-Jaworowska et al. 2004). The reason

for the miniscule nature of Mesozoic mammals is uncertain (Lillegraven 1979), but it has often been hypothesized

that diurnal reptilian carnivores and herbivores of various sizes, particularly dinosaurs, dominated the Mesozoic

land and prevented mammals from invading those niches, so that mammals did not have the chance to ‘experiment’

with large body size (Lillegraven et al. 1979). Exploitation of niches may be related to many factors other than body
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size, such as key innovations that enable organisms to involve adoption of new foraging modes (Mitter et al. 1988;

Hunter and Jernvall 1995) or new modes of reproduction (Slowinski and Guyer 1993) or to promote reproductive

divergence (Vrba 1987). However, the number of niches is potentially greatest for small-sized mammals, as known

from living mammals (Gardezi and Silva 1999), so that mammals may have a chance to survive as being small.

For fossil mammals, body size is one of the most important factors influencing life strategy (Carbone et al. 1999).

A larger animal can live longer and move faster; they also need more food supply and larger home range (Van

Valkenburgh and Jenkins 2002). Home range size varies with body size and is influenced by energetic requirements

(McNab 1963; Harestad and Bunnell 1979; Lindstedt et al. 1986; Swihart et al. 1988), and integrates behaviour,

physiology and population density and strongly depends on organism size (Damuth 1981; Holling 1992; Reiss

1988; Haskell et al. 2002). Many characteristics of animals, including basal metabolic rate, brain size, heart size

and rate of blood circulation, litter size and size of offspring at birth, maximum life-span, median, dispersal

distances, and the frequency distribution of body sizes, are body-size related (Peters 1983; Brown et al. 1993; Van

Vuren 1998; Kelt and Van Vuren 1999; Damuth and MacFadden 1990).

Body size and masses of Jehol mammals vary considerably. Figure 4 contrasts the body sizes of two species,

Repenomamus giganticus and Eomaia scansoria, that are known from the biota. Luo et al. (2003) estimated the

body masses of Eomaia and Sinodelphys ranging from 25 to 40 g, although Ji et al. (2004) presented slightly

different figures on body lengths and masses of these species. Luo et al. (2003) also estimated the body masses as

45–79 g for Zhangheotherium and Maotherium, 20–25 g for Jeholodens and Sinobaatar, and 200–3000 g for

gobiconodontids, which in their usage include Gobiconodon zofiae and Repenomamus robustus. The methods used

by these authors to estimate the body mass for these species are unknown to us. To our knowledge, body mass

estimate has not been conducted in any other original descriptions of the Jehol mammals, except for Hu et al.

(2005). Nonetheless, it is obvious that most of the known Jehol mammals are small, as is usually the case for

Mesozoic mammals.

Figure 4. Body size contrast of two Jehol mammals: the largeRepenomamus giganticus (modified fromHu et al. 2005; holotype, IVPPV14155)
and the small Eomaia scansoria (modified from Ji et al. 2002; holotype, CAGS01-IG1; Chinese Academy of Geological Sciences, Institute of

Geology). The two photos are roughly to the same scale (10mm scale bar).
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Discovery of Repenomamus giganticus (Hu et al. 2005) greatly expanded the body size range for the Jehol

mammals. This species may actually be the largest known Mesozoic mammal. It is unquestionably the largest

Mesozoic mammal represented by substantial material. Based on data from various groups of living mammals

(Alexander et al. 1979; Damuth and MacFadden 1990; Silva and Downing 1995), several empirical regression

equations expressing exponential relationships between body mass and dimensions of skeletal elements have been

generated. Some of the equations have been used to estimate body masses of extinct mammals (Gingerich 1990;

Damuth and MacFadden 1990). Two equations, one from Alexander et al. (1979) and the other from Van

Valkenburgh (1990), have been employed to estimate the body mass of Repenomamus. The averaged estimates are

12–14 kg for R. giganticus and 4–6 kg for R. robustus (Hu et al. 2005). Thus, the bodymasses of the Jehol mammals

range from 25 g to 14 000 g, much broader than what we knew before (Lillegraven et al. 1979; Kielan-Jaworowska

et al. 2004). R. giganticus significantly expands the upper limit of body size of Mesozoic mammals. The size of

Repenomamus actually exceeds those of several small dinosaurs, particularly dromaeosaurid dinosaurs, from the

same fauna (Xu and Norell 2004; Chang et al. 2003; Ji et al. 2004). This body mass spectrum reflects to some

degree diverse adaptations of life styles of these early Cretaceous mammals.

5.2. Dentition and diet

Because most Mesozoic mammals are preserved as and identified by teeth, their teeth remain central in interpreting

the early history, diversity and biology of early mammals. Diet of a mammal may be inferred from its dentition and

the way it uses its teeth. It has been known that most Mesozoic mammals are insectivorous and some may be

omnivorous based on their tooth structures (Lillegraven et al. 1979; Kielan-Jaworowska et al. 2004). For Jehol

mammals, the lower jaw structures and tooth morphologies may be classified into four types: therian,

‘symmetrodontan’, multituberculate and eutriconodontan (Figures 5 and 6).

Eomaia and Sinodelphys are the two currently known therians and are similar in their jaw and tooth

morphologies. The therian lower jaw is slender, long and shallow. The dentition occupies a large proportion of the

length of the dentary bone. One of the therian lower jaw features that does not exist in other Jehol mammals is the

Figure 5. Lower jawmorphologies of Jehol mammals. A, Eomaia scansoria (from Ji et al. 2002); B, Sinodelphys szalayi (from Luo et al. 2003);
C, Sinobaatar lingyuanensis (from Hu and Wang 2002); D, Zhangheotherium quinquecuspidens (from Hu et al. 1997); E, Repenomamus

giganticus (from Hu et al. 2005). See text for discussion.
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angular process, which in living mammals is the site for attachment of the lateral masseteric muscle. Although

different in dental formula, Eomaia and Sinodelphys are similar in many aspects of their teeth (Ji et al. 2002; Luo

et al. 2003; Figures 5, 6). The fundamental feature shared by them is the fully developed tribosphenic pattern of the

molars. Tribosphenic molars have embrasure shearing between vertical shearing surfaces, such as between the

anterior edge of an upper molar trigon and the posterior edge of a corresponding lower molar trigonid. In addition, a

crushing or grinding function is provided between the protocone of an upper molar and the talonid of the lower

molar, when the former bites into the latter (Crompton 1971). During occlusion, each lower jaw moves in a

triangular trajectory that contains a transverse component; the trigonid of a lower molar shears past the labial

portion of the upper one, and then the talonid crushes against the protocone in the more lingual part of the upper

molar (Crompton and Hiiemae 1969). The piercing cusps of the teeth, the function of these teeth and the small body

size suggest that these animals are insectivorous.

Zhangheotherium and Maotherium are the two ‘symmetrodontans’ from the Jehol Biota. The symmetrodont

lower jaw is also long, slender and shallow (Figures 5D and 6C). It differs from that of therians in having a narrower

and more posteriorly inclined coronoid process, a relatively long and posterodorsally extended condyle and a more

anteriorly extended masseteric fossa (at least in Maotherium [Rougier et al. 2003]), and in lacking the angular

process. The cheek teeth of ‘symmetrodontans’, as represented by the three Jehol species, are more primitive than

the tribosphenic ones seen in Eomaia and Sinodelphys (Figures 5, 6). The main cusps of the molars are arranged in a

triangular pattern and shearing is the primary function of the cheek teeth. The leading edges of the shearing surfaces

are maintained by differential wear, in which the apical wear takes place more rapidly than does the occlusal wear

(Crompton et al. 1994). The masticatory cycle of these ‘symmetrodontans’ consisted of considerable lateral

translation and rotation of the mandible (Crompton 1971; Fox 1976; Cifelli and Madsen 1999). Given their small

body sizes and the molar structures that are good at embrasure shearing and puncturing, these ‘symmetrodontans’

are probably insectivorous.

Sinobaartar is the only multituberculate known from the Jehol Biota, although the group represents the most

common Mesozoic mammals. The multituberculate lower jaw resembles that of a rodent, in having a single,

enlarged incisor, a distinct diastema between the incisor and cheek teeth, and an anteriorly extended masseteric

fossa (Figure 5C). However, the lower jaw in multituberculates has a low-positioned condyle relative to the tooth

row; its masseteric fossa is situated more anteriorly than in all other mammals (Gambaryan and Kielan-Jaworowska

Figure 6. Tooth morphologies of Jehol mammals. A, Sinobaatar lingyuanensis (from Hu and Wang 2002); B, Eomaia scansoria (from Ji et al.
2002); C, Zhangheotherium quinquecuspidens (from Hu et al. 1997); D, Jeholodens jenkinsi (from Ji Q et al. 1999); E., Gobiconodon zofiae
(from Li et al. 2003); F, Repenomamus robustus (an undescribed specimen of IVPP); G, Meemannodon lujiatunensis (from Meng et al. 2005).
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1995). More importantly, multituberculates developed a mastication pattern characterized by backward movement

of the lower jaw during the power stroke of mastication (Gingerich 1977; Krause 1982; Fox 2005), which differs

from the forward movement of the power stroke in rodents. The cheek teeth of multituberculates were multicuspate,

and the numerous cusps are subequal in height in most species of the group (Figure 6A). Multituberculates from the

Late Jurassic to Paleogene show evolutionary trends in several dental features, including reduction of premolars,

increasing the number of ridges on the last lower premolar, and increasing of the molar cusps (Clemens and Kielan-

Jaworowska 1979). These changes may indicate the evolution of multituberculates, as omnivorous animals, in a

tendency to process food items more effectively (Hu and Wang 2002). Conventionally, multituberculates were

considered to be herbivorous based on their jaw structure and tooth morphology (Simpson 1926), but recent works

show that they are omnivorous and were able to eat, for instance, hard seeds (Krause 1982; Wall and Krause 1992).

The most novel knowledge on dentition and diet of Mesozoic mammals gained from the Jehol mammals is from

the eutriconodontans, particularlyRepenomamus. Similar to those of multituberculates and ‘symmetrodontans’, the

lower jaw of Repenomamus lacks the angular process. However, the coronoid process and the masseteric fossa are

large, indicating attachment of large jaw muscles (Figure 5E). The molar pattern of eutriconodontans is the most

primitive of the molars seen in Jehol mammals, characterized by three main cusps that align in a row

anteroposteriorly on a transversely compressed crown (Figure 6D–G). Early studies documented transverse wear

facets on upper molars of fragmentary specimens of Gobiconodon (Kielan-Jaworowska and Dashzeveg 1998), but

these transverse facets do not indicate transverse movement of the lower jaw during occlusion. Specimens of

Repenomamus show that the lower jaw moves vertically, with the labial surface of the lower cheek teeth shearing

with the lingual side of the uppers. However, a peculiar feature is that the upper molariforms curl inward, which

may be a way to extend the usage of the teeth. When the lower tooth occludes past the upper one, wear facets or

grooves are created across the upper tooth crown. If an isolated upper molariform of Repenomamus is placed in a

normal tooth position as in other mammals, the wear facets would appear transversely oriented.

Although it has been suggested that some ‘triconodonts’ are probably carnivorous, based on the large body size

and tooth morphology (Jenkins and Crompton 1979; Jenkins and Schaff 1988), direct evidence is not available until

recently (Hu et al. 2005). The fossilized stomach content associated with a skeleton of an adult individual of R.

robustus shows remains of a juvenile Psittacosaurus, an herbivorous dinosaur that is very common in the Jehol

Biota (Meng et al. 2004). Among the disarticulated and displaced skeletal elements of the juvenile Psittacosaurus

are a few long bones in their original articulations. This indicates that the baby Psittacosaurus was dismembered

and swallowed in as large pieces in the last meal of the R. robustus. The large and pointed incisors and similarly

shaped canines and premolariforms of Repenomamus form an apparatus for catching, holding and ripping prey.

This apparatus is powered by strong jaw musculature, as indicated by the robust dentary and zygoma, large

temporal fossa, and deep masseteric fossa. Large pointed anterior teeth followed by small posterior teeth

characterize many carnivorous non-mammalian synapsids (Van Valkenburgh and Jenkins 2002). The molariform

teeth in the back of the dentition can assist processing food, but their small size, blunt crowns, and side-to-side

occlusal contacts suggest a minor role in food processing.

Kielan-Jaworowska et al. (2004) have speculated that Gobiconodon and Repenomamus relied partly on

scavenging. As Hu et al. (2005) noted, it is not easy to assess whether Repenomamus is a predator or scavenger.

Scavengers are relatively rare among mammals. Among extant carnivorous mammals, only two hyenas are

habitual scavengers (Nowak 1999; Van Valkenburgh et al. 2004). Compared to their hunting cousins, these hyenas

have smaller second upper incisors and decreased jaw muscle leverage, which probably reflect their inability to

capture and handle live prey. In contrast, the enlarged incisors and strong jaw muscles of Repenomamus are well

shaped to catch small animals; on the other hand, the cheek teeth of Repenomamus are not strong enough for bone

crushing. In fact, the skeletal elements preserved in the stomach of R. robustus do not show any sign of bone

crushing. These seem to favour Repenomamus as a predator over a scavenger. Kielan-Jaworowska et al. (2004) also

suggested that some of the large eutriconodontans may have fed on prey that tended to be larger than the predator. R.

giganticus is much larger than R. robustus and they probably could take down larger prey than a 160mm long

juvenile Psittacosaurus. However, whether these large eutriconodontans could hunt down prey larger than their

body size, such as an adult Psittacosaurus, remains unknown. If they did, they may have done that in pack hunting,
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so that many individuals could share the prey; this in turn implies some social behaviours in the population of

Repenomamus, for which we do not have any evidence. In any case, the fact that Repenomamus fed on juvenile

dinosaurs indicates that the large mammals must have been one of the carnivores occuping the top trophic level in

the ecosystem of the Jehol Biota.

Interestingly, there are no exclusively herbivorous mammals in the Jehol Biota even though various plants

flourished there, and this is probably also true for other Mesozoic faunas. It may be because the niches for

herbivores were occupied by other vertebrates, particularly dinosaurs. If the number of niches is potentially greatest

for small-bodied taxa (Gardezi and Silva 1999), then mammals may have a better chance of survival being small.

Insectivorous and omnivorous diets are probably better ways for small and endothermic mammals to obtain

sufficient nutrition.

5.3. Locomotion

Although there is no definitive indicator of the habits for early mammals, skeletal features can be suggestive of

patterns of locomotion. In this regard, the specimens of Jehol mammals illustrate several types of habits that also

add to the diverse life styles of the early mammals.

The metatherian Sinodelphys and eutherian Eomaia are similar in their skeletal structures. Their forefeet and

hindfeet show similar phalangeal proportions and curvature to the grasping feet of extant arboreal mammals. In

phalangeal features, Eomaia and Sinodelphys are more similar to arboreal mammals than to some scansorial

species such as the tree shrew and opossum in several aspects. The proximal manual phalanx is arched dorsally;

some phalanges have two protuberances for the fibrous tendon sheaths of the flexor digitorum; the proportions of

the intermediate phalanx to the proximal phalanx is intermediate between the fully arboreal and scansorial species

and the claws lack the broad and thickened dorsal margin found in Jeholodens, Zhangheotherium and

multituberculates and are laterally compressed as in extant mammals capable of climbing. These features in

combination suggest that Sinodelphys and Eomaia are agile, scansorial mammals capable of grasping and

branchwalking, and active both on the ground and in trees or shrubs and that scansorial and arboreal adaptations in

therian mammals have a very ancient evolutionary origin and can be dated at least to about 125 million years ago

(Ji et al. 2002; Luo et al. 2003).

In contrast to their diverse dental morphologies, the postcranial elements of multituberculates are more

conservative. This may suggest that patterns of locomotions in various multituberculates were similar (Hu and

Wang 2002). With relatively generalized skeletons, multituberculates can live on a variety of substrates. Some

groups show a tendency to be limitedly arboreal, such as Ptilodus, an arboreal taxon with a long and prehensile tail

from the North American Paleogene (Krause and Jenkins 1983; Jenkins and Krause 1983); others are terrestrial,

such as the Late Cretaceous Asian multituberculates (Kielan-Jaworowska and Gambaryan 1994). The tibial

condyle and astragalotibial joint of Sinobaatar resemble those of Ptilodus; therefore, Sinobaatar is probably

capable of arboreal locomotion. The wrists of Sinobaatar are not significantly specialized and may represent the

prototype mammalian wrist, suitable for locomotion on uneven substrates (Hu and Wang 2002).

The forelimb and manus of Zhangheotherium are well preserved (Hu et al. 1997; Hu et al. 1998). The smooth

articulation between the ulna and radius permits pronation-supination of its forearm to a degree similar to that of

North American multituberculates. The manus of Zhangheotherium can flex and extend considerably, but may not

have grasping ability. Its claws are similar to those of terrestrial mammals. Skeletal structures suggest that

Zhangheotherium is capable of both climbing and walking, but would spend more time on the ground than in trees,

as do most extant insectivores and rodents (Hu et al. 1998).

The skeleton of the smallest triconodont, Jeholodens jenkinsi, is characterized by a mosaic combination of

derived, therian-like pectoral girdle and humerus, and primitive characters of the vertebral column, pelvic girdle,

hindlimb and pes. Derived features such as a fully developed supraspinous fossa of the scapula, acromion and

metacromion on the scapular spine, incipient ulnar trochlea and reduced epicondyles of the humerus are considered

to be convergences with those of therians (Ji Q et al. 1999b). Its claviculointerclavicle articulation had some degree

of mobility, similar to those of multituberculates and therians, although this ability is also independently acquired,
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given the phylogeny presented by Ji Q et al. (1999b). Jeholodens jenkinsi was interpreted as a ground-dweller that

had a plantigrade gait and some capability for climbing on uneven substrates, but not an arboreal mammal.

As the largest mammals from the Jehol Biota, Repenomamus has a relatively long trunk but short, robust limbs.

Its well differentiated vertebral column, scapula-humerus joint, offset femoral head in relation to the shaft, and

short and broad plantigrade pes andmanus suggest that the limb excursion of Repenomamus is more similar to those

of non-cursorial therian mammals than to those of monotremes (Hu et al. 2005). The large ulnar olecranon and

posteroventrally directed femoral condyles allow a semi-erect posture, as in the majority of small- to medium-sized

extant therian mammals. The postcranial skeleton of Repenomamus is most similar to that ofGobiconodon ostromi

(Jenkins and Schaff 1988). Jenkins and Schaff realized thatG. ostromi does not have vertebral features developed in

mammals that are capable of rapid locomotion and that the phalanges and other postcranial structures are indicative

of ambulatory rather than scansorial or cursorial habits. Therefore, G. ostromi was probably more methodical than

agile in habits, and as a predator had a greater advantage in its size than in its speed. This conclusion is readily

applicable to the unquestionably terrestrial Repenomamus.

6. ANATOMICAL SIGNIFICANCE

The well-preserved specimens of the Jehol mammals furnished a wealth of morphological data for early mammals,

such as presence of fur in an early eutherian (Ji et al. 2002) and ‘symmetrodontan’ (Rougier et al. 2003) and

presence of the epipubic bones in eutriconodontans (Ji Q et al. 1999b; Hu et al. 2005) and in the eutherian Eomaia

(Ji et al. 2002). Some of the specimens help to clarify several uncertainties in the anatomy of early mammals that

have been puzzling palaeontologists for decades, such as the occupant of the internal groove on the medial surface

of the dentary bone of early mammals, and the tooth count and eruption of molariform teeth.

6.1. Ossified Meckelian cartilage

A groove that extends longitudinally along the medial surface of the dentary is a common but puzzling feature

present in many Mesozoic mammals and their relatives known since the 19th century (see Meng et al. 2003a for a

review). For most Mesozoic mammals, such as eutriconodontans and ‘symmetrodontans’, there is no direct

evidence of what the groove actually holds. Interpretation of the function of the internal groove bears importantly

on the origin of the definitive mammalian middle ear. For instance, because Peramus and Amphitherium are within

Trechnotheria of Mammalia (McKenna and Bell 1997), interpretation of the presence of the postdentary unit in

these taxa argues for multiple origins of the definitive mammalian middle ear (Allin and Hopson 1992).

Evidence from Repenomamus and Gobiconodon (Wang et al. 2001; Li et al. 2003; Meng et al. 2003a)

demonstrates that an ossified Meckel’s cartilage occupies their internal groove. Because the internal groove in

eutriconodontans is similar to that of Repenomamus, it is probably true that it also lodges a persistent Meckel’s

cartilage in other eutriconodontans. The finding indicates that in early mammals, including Peramus and

Amphitherium, an ossified Meckel’s cartilage should be considered as a potential occupant for the groove in

question. This weakens the hypothesis that postdentary elements are still attached to the dentary of some early

mammals, such as Peramus and Amphitherium; rather, these mammals may have developed the definitive

mammalian middle ear.

The position of the ossified Meckel’s cartilage in Repenomamus and Gobiconodon also provides evidence for

the relationship of Meckel’s cartilage with the definitive mammalian middle ear in early mammals, which is

otherwise inferred only from embryological evidence of living mammals. The specimens show that, while the

anlage of the malleus is reduced, or posteriorly shifted, to form a small malleus, a significant middle portion of

Meckel’s cartilage persisted and even ossified in adults of some early mammals and close relatives. This supports

the assumption that a persisting and possibly ossified Meckel’s cartilage that connects the malleus to the lower jaw

was present in the common ancestor of mammals (Zeller 1993).
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One of the important issues in the evolution of the definitive mammalian middle ear is how the postdentary unit

became detached from the dentary, and translocated to the basicranium as ear ossicles (Hopson 1966; Allin 1975,

1986; Maier 1990; Allin and Hopson 1992; Zeller 1993; Rowe 1996a, 1996b). Rowe (1996a, 1996b) suggested that

there is a negative allometry of growth of the auditory chain in relation to that of the brain, that is, the ear ossicles

approach their mature size during early stage of development while still attached to the lower jaws, while the brain

continues to grow for a much longer time during postnatal development. As the brain expands, the distance between

the secondary craniomandibular joint and the ear region is widened and the ear ossicles are torn away from the

mandible and carried backwards to their adult position behind the jaw. This mechanism was considered to account

for detachment of the ear ossicles in both mammalian ontogeny and phylogeny (Rowe 1996a, 1996b).

Specimens of Jehol eutriconodontans provide evidence against the brain-expansion model for ear ossicle

detachment during mammalian evolution. For instance, the ear ossicles of Repenomamus are considered to be

detached from the dentary, but the maximum ratio of the estimated brain vault to the skull width (Meng et al. 2003a)

is smaller than those of Sinoconodon and Morganucodon in which the postdentary unit is still attached to the

dentary (Kermack et al. 1981; Crompton and Sun 1985; Luo et al. 2001). This and other evidence indicate that

detachment of the ear ossicles is not necessarily associated with expansion of the brain during mammalian

evolution and that separation of the postdentary bones from the dentary does not require increase of distance

between the ear and the mandible (Wang et al. 2001; Meng et al. 2003a). Meng et al. (2003a) proposed an

alternative hypothesis for ear ossicle detachment. The position of the ossified Meckel’s cartilage in Repenomamus

suggests that the embryonic dentary is probably in an inclined or horizontal orientation and reorients to a vertical

position in later stage, as in early development of marsupials (Maier 1987, 1990). Reduction of the postdentary

bones increasingly weakened their tie to the dentary until a critical point was reached that the dentary, while

erecting to a more vertical position during ontogeny, no longer seized the postdentary bones. The postdentary bones

were moored at the basicranium by connective tissue as exclusively auditory ossicles.

6.2. Tooth formula

In addition to tooth morphology, as introduced above, identification of the incisors, canines, premolars and molar is

also crucial in establishing tooth homology of mammals, which in turn forms one of the major data sources for

phylogenetic analysis. In extant mammals, designations of teeth are based on morphology, ontogeny, and position

of an individual tooth (Clemens and Lillegraven 1986; Butler and Clemens 2001). ‘The benchmark for positional

characters is the upper canine, which is defined as the tooth whose alveolus is at or immediately behind the

premaxillary-maxillary suture’ (Butler and Clemens 2001, p. 2). The corresponding lower tooth is usually a half

tooth anterior to its upper counterpart. Because of incomplete preservation of specimens, such a relationship is not

always easy to establish in early mammals.

In known species of gobiconotontids, the designations of these teeth are not conclusive (Trofimov 1978; Jenkins

and Schaff 1988; Kielan-Jaworowska and Dashzeveg 1998; Rougier et al. 2001; Li et al. 2003). The dental formula

is ? � ? � ? � 5/1 � 1 � 4 � ? for G. borissiaki, ? � ? � 4 � 5/1 � 1 � 4 � 5 for G. hoburensi (Kielan-Jaworowska and Dashzeveg

1998) and 2 � 1 � ? � ?/1 � 1 � 3-4 � 5 for G. ostromi (Jenkins and Schaff 1988). None of the tooth designations was

referred to un unequivocal position of the upper canine because either the canine is not preserved or skull material is

not available to show the premaxillary-maxillary suture.

Although complete dentitions and skull material are preserved in G. zofiae from the Lujiatun beds (Li et al.

2003), the premaxillary-maxillary suture is unclear in the holotype. Therefore, the designations of the non-

molariform teeth in G. zofiae were tentative and the tooth formula was considered I2-C1-P4-M4/i1-c1-p4-m5. It

clarifies, however, that there are 4, instead of 5, upper molariforms in Gobiconodon. The tooth identified as the

lower canine appears too anterior in the tooth row of G. zofiae; it does also in G. ostromi.

Repenomamus from the Jehol Biota preserves complete skulls and associated lower jaws, as well as associated

upper and lower dentitions (Li et al. 2000; Wang et al. 2001; Hu et al. 2005). Several skulls of Repenomamus show

clearly the premaxillary-maxillary suture that helps to determine the upper canine and thus other non-molariform

teeth. The tooth formula of Repenomamus is I3-C1-P2-3-M4/i2-c1-p2-3-m5. The i2 of Repenomamus is similar to
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the tooth designated as the lower canine inG. ostromi andG. zofiae, although in the former the i1 is not enlarged. A

recently described taxon from the Lujiatun beds,Meemannodon, has an enlarged i1 but a proportionally reduced i2.

In light of the dental formula of Repenomamus, it is probable that the tooth formula for gobiconodontids may well

be I3-C1-P3-M4/i2-c1-p2-3-m5, similar to that of Repenomamus.

Sinodelphys and Eomaia present intriguing issues for the dental formulae of metatherians and eutherians. The

dental formula is I5-C1-P5-M3/i4-c1-p5-m3 for Eomaia (Ji et al. 2002) and I4-C1-P4-M4/i4-c1-p4-m3 for

Sinodelphys (Luo et al. 2003). Although the premaxilla-maxillary suture is not always clear, such as in the case of

Sinodelphys, the morphology of the landmark upper canine is usually characteristic in eutherians and metatherians.

This is true in Asioryctes and Kennalestes, in which the last upper incisor is located either at the premaxilla-

maxillary suture or in the maxilla posterior to the suture and is recognized by its shape (Kielan-Jaworowska 1975).

The incisor count of Eomaia is similar to those of other early eutherians, such as Asioryctes and Ukhaatherium

(Kielan-Jaworowska 1975; Kielan-Jaworowska et al. 2004) and to the primitive marsupials in having five upper and

four lower teeth (Clemens and Lillegraven 1986). The I5/i4 condition is probably shared by the common ancestor of

metatherians and eutherians. However, given that the earliest and most basal metatherian Sinodelphys has only four

upper incisors (Luo et al. 2003), it may be interpreted that reduction of upper incisors is either an apomorphic

feature for Sinodelphys or that marsupials postdating Sinodelphys regain the last upper incisor.

The premolars and molars of Sinodelphys also display a unique formula. The primitivemetatherian tooth formula

for postcanine teeth is P3/p3-M4/m4 (Clemens and Lillegraven 1986; Kielan-Jaworowska et al. 2004). Sinodelphys

appears to be primitive in having four upper and lower premolars but derived in having three lower molars

compared to other metatherians. Given the phylogenetic position of Sinodelphys, absence of the m4 is probably an

automorphic feature for the taxon, or presence of m4 in later metatherians is a secondary acquisition. Because the

last upper molar of Sinodelphys does not occlude to a lower tooth, as inferred from Luo et al. (2003: Figure 1), the

functional significance of that tooth remains to be explained.

7. CONCLUSIONS

Since the first report of mammals in 1997 (Hu et al. 1997), a total of 11 species belonging to five major groups of

mammals have been described from the Jehol Biota, Liaoning, China. These include the ‘symmetrodontan’

Zhangheotherium quinquecuspidens (Hu et al., 1997),Maotheirum sinensis (Rougier et al., 2003) and Akidolestes

cifellii (Li and Luo, 2006), multituberculate Sinobaatar lingyuanensis (Hu and Wang, 2002), eutriconodontan

Jeholodens jenkinsi (Ji Q et al., 1999b), Gobiconodon zofiae (Li et al., 2003; Meemannodon lujiatunensis (Meng

et al., 2005), Repenomamus robustus (Li et al., 2000) and R. giganticus (Hu et al., 2005), stem metatherian

Sinodelphys szalayi (Luo et al., 2003) and stem eutherian Eomaia scansoria (Ji et al., 2002). These mammals are

known from the Lujiatun, Jianshangou and Dawangzhangzi beds of the Yixian Formation. Ages and correlations of

these beds from various localities are still controversial, although a converged view of Early Cretaceous emerges

recently. The time range of the Jehol Group could be as long as 18 million years, from 128 to 110 million year, or as

short as about 3 million years, from 123.2 to 120 million year. Because mammals are unknown from the Jiufotang

Formation, the time span for the mammal fauna known to date could be much shorter than 3 million years. A more

accurate chronology of the Yixian Formation is apparently critical for understanding evolution of Mesozoic

mammals in general and faunal composition of the Jehol mammals in particular.

Specimens of Jehol mammals are preserved in two types of condition: some three-dimensional from the

sandstones of Lujiatun Bed and others nearly two-dimensionsal from shales of Jianshangou and Dawangzhangzi

beds. Based on these specimens, large character data matrixes have been generated, although these data sets have

generated competing phylogenetic hypotheses. While future refinement of these data sets based on detailed detailed

description of specimens is anticipated, our knowledge of phylogeny and divergence of early mammals and their

relatives has been significantly advanced because of the Jehol mammals. The coeval existence of Sinodelphys and

Eomaia documents at least an Early Cretaceous divergence of mammal lineages that lead to their extant relatives.

The well-preserved material provide convincing morphological evidence pertinent to several previously uncertain
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features, such as the dental formula of some eutriconodontans and detachment of the middle ear ossicles from the

lower jaw in some Mesozoic mammals. The Jehol mammals possess a variety of life styles, as reflected by their

body masses, diets and locomotions, and display some evidence of faunal dynamics. We have, for the first time,

direct evidence that not only small mammals are food of carnivorous dinosaurs, but also large carnivorous

mammals could have lived on eating young dinosaurs.
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