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The vast diversity of molars seen in therian mammals is 
derived from the apomorphic tribosphenic respectively 
pretribosphenic molar pattern of the Mesozoic mammalian 
precursors (Fig. 10.1). The tribosphenic pattern appeared 
in the fossil record in two different lineages of mammals 
(Luo et al. 2001), the Middle Jurassic australosphenidans 
(e. g., Ambondro, Flynn et al. 1999; Asfaltomylos, Martin & 
Rauhut 2005) and Late Jurassic boreosphenidans (Jura­
maia, Luo et al. 2011). The Southern Hemisphere austra-
losphenidans are considered stem monotremes that have 
completely reduced their permanent teeth in extant taxa, 
whereas boreosphenidans comprise all other mammals 
(metatherians and eutherians) with a striking diversity of 
dentitions (Luo 2007). Mammals with tribosphenic molars 
(boreosphenidans or tribosphenidans) are characterized by 
a two-phased masticatory power stroke with piercing and 
cutting function during phase I and subsequent grinding 
and crushing function during newly developed phase II, in 
contrast to the single-phased power stroke in pretribosphe-
nidans (only phase I present) (Hiiemäe & Kay 1972, 1973, 
Kay & Hiiemäe 1974, Hiiemäe 1976, 1978). The two-phased 
power stroke with crushing and grinding function allowed 
the exploitation of more diverse food sources and likely 
fostered the great evolutionary success of therian mam-
mals in the Cenozoic. But even before the appearance of 
tribosphenic molars in mammal evolution, other Mesozoic 
mammal lineages had already developed remarkably di-
verse dentitions and dietary specializations, and a second 
chewing phase seems to have evolved independently in 
several groups, including docodontans, multituberculates, 
and gondwanatherians. The selective pressure to enhance 
the ingestion and mastication of new food sources triggered 
a number of attempts in mammalian evolutionary history 

to add a crushing function to the plesiomorphic piercing 
and cutting action of the molariforms among early mam-
maliaform lineages, independently from the evolution of 
the tribosphenic molar. Vivid examples are the Jurassic 
and Early Cretaceous docodontans that evolved complex 
molars with crushing functions (e. g., Kermack et al. 1987, 
Butler 1988, Pfretzschner et al. 2005), suitable for process-
ing diverse diet, and also with disparate molar shapes and 
very divergent morphologies among docodontan taxa, such 
as some specialized teeth for piscivory of Castorocauda 
(Ji et al. 2006). Another example is the Late Cretaceous 
Malagasy gondwanatherian Vintana with the first known 
euhypsodont molars in mammalian evolutionary history 
with complex enamel folding and enamel islets, suitable 
for processing tough plant materials (Krause et al. 2014, 
Schultz et al. 2014). 
	 Within the Deutsche Forschungsgemeinschaft (DFG) 
Research Unit FOR 771 “Function and performance en-
hancement in the mammalian dentition – phylogenetic and 
ontogenetic impact on the masticatory apparatus” several 
projects were devoted to the functional analysis of Meso-
zoic mammaliaform molariforms and molars for a better 
understanding of the evolutionary history of mammalian 
mastication. 3D investigation techniques such as µCT 
combined with the Occlusal Fingerprint Analyser (OFA) 
software (Kullmer et al. 2009, 2020, this volume) that was 
developed within the FOR 771 made a virtual reconstruc-
tion of the masticatory cycle and a quantitative analysis 
of dental function and occlusal relationships possible. The 
following chapter provides a review of the morphological 
diversity of Mesozoic mammalian molariforms and molars 
and their various functional and dietary adaptations.
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Introduction

Triconodont molariforms –  
three cusps in a row for piercing and cutting

The most plesiomorphic mammaliaform molariform teeth 
are of the triconodont type with three primary cusps aligned 
in a mesio-distal row. This molariform type characterizes 
stem mammalian Morganucodonta and has been retained 
as a symplesiomorphic character by crown mammalian 
Eutriconodonta.
	 Plesiomorphically, central cusp A/a is the highest, 
whereas mesial cusp B/b and distal cusp C/c are lower 
(Fig. 10.2). This molariform type characterizes morganu-

codontans and “amphilestids” (a paraphyletic assemblage 
of dentally plesiomorphic eutriconodontans) among Eu-
triconodonta. In more derived Eutriconodonta, the height 
difference between the central and mesial respectively 
distal cusps is much smaller, or they are of equal height, 
as in the eutriconodontan family Triconodontidae. In de-
rived Eutriconodonta, an elongation of the cutting edges 
occurs compared to the plesiomorphic condition in Mor-
ganucodonta with relatively shorter cutting edges. The 
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Fig. 10.1.  Evolution of the tribosphenic lower molar.  A, schematic diagram with functional transformation. Yellow, cutting 
edges of trigonid;  green, hypoflexid groove (mainly shearing);  red, crushing and grinding area within the (incipient) talonid 
basin.  B, lower tribosphenic molar with wear facets (hatched areas); numbers of wear facets after Crompton (1971).

dental function of the triconodont molariform dentition is 
mainly piercing and cutting with a predominantly orthal jaw 
movement. Smaller taxa such as the morganucodontans 
Morganucodon and Megazostrodon were insectivorous. 
Based on a microtextural analysis of molariforms, Gill et 
al. (2014) concluded that Morganucodon mainly fed on 
hard-shelled insects such as coleopterans. Larger taxa 
such as the eutriconodontan Gobiconodon were faunivo-
rous (Jenkins & Schaff 1988), and Repenomamus, the 
largest known Mesozoic mammal, was carnivorous, either 
scavenging or predatory, or both. Hu et al. (2005) reported 
on a Repenomamus specimen with remains of a juvenile 
psittacosaur in the stomach region. The morphological 

diversity of the cusps and the tooth size disparity of the 
triconodont molars suggest that, even with the same tri-
conodont pattern, there occurred functional differences, 
leading to a dietary differentiation.
	 The chewing stroke of Morganucodon had been recon-
structed as predominantly orthal with a slight movement in 
anterior or posterior direction (Crompton & Jenkins 1968). 
Jäger et al. (2019), however, found evidence for a relatively 
high degree of freedom during the masticatory cycle ac-
cording to the varying orientations of striations on molars 
of Morganucodon. Due to the lack of guiding structures, the 
molars of Morganucodon have no auto-occlusion (sensu 
Mellet 1985, Evans & Sanson 2006, based on the teeth of 
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Carnivora). Further, it is now demonstrated by OFA analysis 
that the occlusal movements in Morganucodon can have 
chewing strokes in orthal, distal and mesial orientations, 
and are more versatile than only the orthal movement as 
previously emphasized (Jäger et al. 2019). Most individuals 
apparently developed a preferred chewing direction, which 
suggests precise muscular control of the jaw movements 
which had been inferred previously based on the match-
ing wear facets of Morganucodon (Crompton & Parker 
1978). According to the crown morphology, distribution 
of wear facets, and the OFA analysis (Jäger et al. 2019), 
Morganucodon and Megazostrodon had a single-phased 
chewing stroke. This study supported the notion that pierc-
ing and shear-cutting were the main functions during the 
masticatory cycle of Morganucodon and Megazostrodon. 
According to Jäger et al. (2019), the teeth of Morganucodon 
were fully functional for piercing, shear-cutting, and (to a 
lesser extent) shearing upon tooth eruption. The extensive 
wear facets on the teeth in later ontogenetic stages, which 
were emphasized in earlier wear facet analyses (Cromp-
ton & Jenkins 1968, Mills 1971, Crompton 1974), were a 

byproduct of attrition of tooth-to-tooth contact. The tooth 
action related to these extensive facets represents only 
a part of total masticatory functions. Further, the extent 
of wear facets is dependent on ageing. It takes time for 
individuals of Morganucodon to develop extensive and fully 
matched wear facets (Crompton & Jenkins 1968, Butler & 
Clemens 2001), but other dental occlusal functions may 
start earlier than the formation of extensive wear facets.
	 Morganucodon and Megazostrodon differ in pattern 
of cusps opposition between the upper and lower molars. 
Megazostrodon is characterized by an embrasure occlu-
sion with lower molar cusp a entering between two upper 
molars, and upper molar cusp A between two lower molars 
(Crompton & Jenkins 1968). For Morganucodon, a differing 
occlusal mode was described, with lower molar cusp a 
occluding between upper molar cusps B and A, and up-
per molar cusp A occluding between lower molar cusps a 
and c (one-to-one occlusion) (Crompton & Jenkins 1968, 
Crompton 1974). Jäger et al. (2019) corroborated the em-
brasure occlusion for Megazostrodon by their OFA analysis. 
However, in Morganucodon the occlusal relationships are 
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Fig. 10.2.  Dentition of Morganucodon.  A, left upper and B, left lower tooth row in occlusal view;  C, left upper tooth row in 
lingual view and D, left lower tooth row in buccal view (mirrored). From Jäger et al. (2019).
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more variable, by cusp differences among tooth positions 
and also by stages of wear facet development on the same 
teeth in opposition (Fig. 10.3). The occlusal pattern is less 
distinctive between Morganucodon and Megazostrodon 

than suggested by Mills (1971), who argued that these 
two taxa followed two different evolutionary pathways. 
According to Jäger at al. (2019), the occlusal differences 
between Morganucodon and Megazostrodon are not solely 
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Fig. 10.3.  OFA collision contacts of Megazostrodon and Morganucodon during the masticatory cycle. M1, M2, m2, m3 of 
Megazostrodon and P5, M1, m1, m2 of Morganucodon.  A, initial contact with piercing of food items;  B, all cusps are in con-
tact, shear cutting occurs along the crests and shearing along the flanks;  C, maximum intercuspation with pure shearing; 
lower molars mirrored. Not to scale, mesial to the left. Modified from Jäger et al. (2019).
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caused by molar position as had been suggested earlier 
(Mills 1971, Butler & Sigogneau-Russell 2016), but also by 
variation of cusp size and cusp position. Because variations 
in cusp size and shape require only minor genetic changes 
(Jernvall 2000, Salazar-Ciudad & Jernvall 2010, Kavanagh 
et al. 2007, Harjunmaa et al. 2014), a difference of their 
patterns at this magnitude may not be sufficient to justify 
the separation of the Morganucodon and Megazostrodon 
lineages as suggested by Mills (1971). Other Morganuco-
donta overlap between the two occlusal modes, such as the 
megazostrodontids Dinnetherium (Crompton & Luo 1993) 
and Brachyzostrodon that have a “Morganucodon-like” oc-
clusion, the latter differing by strong apical wear (Hahn et 
al. 1991, Debuysschere et al. 2015). The occlusion of the 
morganucodontid Erythrotherium closely resembles that 
of Megazostrodon (Crompton 1974, Jenkins et al. 1983, 
Kielan-Jaworowska et al. 2004), whereas Bridetherium 
has a unique wear pattern, although the molariforms are 
morphologically very close to those of Morganucodon 
(Clemens 2011). Bhullar et al. (2019) emphasized the 
importance of roll (rotation of the hemimandible around 
the long [horizontal] axis of the jaw) for the evolution of 
precise occlusion in mammals. They observed substantial 
roll of the hemimandible during the masticatory cycle of 
extant Monodelphis and suggested a “considerable roll” 
also for Morganucodon after the orientation of wear facets. 
However, the µCT observation of intact teeth in the maxilla 
demonstrates an inclination of the upper molars (Fig. 10.3), 
and the OFA analysis by Jäger et al. (2019) shows that the 
orientation angle of upper tooth wear facets is strongly in-
fluenced by this inclination. Therefore it may not be possible 
to infer a roll of the lower teeth based on the angle of wear 
facets on the upper molars (e. g., Crompton & Luo 1993). 
We interpret that it is not possible to differentiate between 
wear facets caused by transversal movements (Fig. 10.4) 

or by roll; the role of the latter during the masticatory cycle 
of Morganucodon therefore remains ambiguous.
	 Within Eutriconodonta, the molars of Triconodontidae 
are characterized by cusps of equal size (Fig. 10.5). In 
earlier studies that investigated occlusal relationships in 
Trioracodon it was assumed that the main cusp a of the 
lower molars occluded in between cusps B and A of the up-
per antagonists, whereas the upper main cusp A occluded 
between cups a and c of the lower antagonists (Mills 1971, 
Crompton 1974) – an occlusal pattern that corresponds to 
that of Morganucodon. The OFA analysis of the holotype 
specimen of Priacodon fruitaensis revealed that the main 
cusps of upper and lower molars occlude better, if fitting in 
between two antagonists, thus that its occlusion is different 
from that of Morganucodon (Jäger et al. 2020). Because 
the dentition of Priacodon is very similar to that of other 
stem Triconodontidae, it can be assumed that this is the 
general occlusal pattern for all Eutriconodonta. It was 
previously proposed that there is a considerable rolling of 
the mandible during the masticatory cycle, on the basis of 
more oblique orientation of wear facets on the upper molars 
than the lower molars of triconodontids (Crompton & Luo 
1993). We offer a different interpretation – we note that 
there is an in situ inclination of the upper molars within the 
maxilla in eutriconodontans as in Morganucodon (Fig. 10.4) 
which is hitherto unnoticed. Taking this inclination of the 
upper molars into account, the OFA analysis shows a roll 
rate of the active hemimandible of ~10° during the power 
stroke of Priacodon (Jäger et al. 2020), which is less than 
previously suggested for eutriconodontans, but already 
more than the roll rate of the extant marsupial Monodel­
phis (Bhullar et al. 2019). We hypothesize that the roll in 
Priacodon and eutriconodontans was a passive process 
caused by the inclination of the upper molars (Jäger et 
al. 2020). The equal height of the molar cusps requires a 
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Fig. 10.4.  Orientation of upper and lower molars of Morganucodon and implications for occlusion. Without inclination of upper 
molars (A) a considerable translation or roll of the mandible would be necessary. The observed inclination of 18° (B) enables 
the lower molars to pass orthally along their antagonists. Not to scale. Modified from Jäger et al. (2019).
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Contact areas indicated by colors. Modified from Jäger et al. (2020).
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dontans, the molars of Triconodontidae are less specialized 
for cutting meat, and show instead a more generalized 
function for faunivorous diet (Jäger et al. 2020).
	 The general shape of the molars of Triconodontidae 
changed only little during evolution from the Late Juras-
sic to the Late Cretaceous. The number of molars was 
augmented, their crown height increased, and cusps 
D/d became larger which indicates a trend to maximize 
the cutting edges. The shape of the molars, however, is 
remarkably homogeneous and changed hardly through 
time. Apparently the homogenous bauplan and precise 
occlusion of the molars was subject to fitting constraints 
that prevented major changes such as the development 
of new cups (Jäger et al. 2020).

precise orientation of upper and lower teeth, because all 
cusps come into contact in short succession at the begin-
ning of the power stroke. The function of the triconodontid 
molars can be compared to pinking shears. The molars 
form a mesio-distally oriented elongated cutting edge with 
linguo-buccal extensions (zig-zag pattern) (Fig. 10.6). This 
pattern of triconodontid molars combines the key characters 
of carnivorous extant mammals (mesio-distal cutting edges) 
and insectivorous mammals (prominent development of 
more linguo-buccally oriented cutting edges). From this 
we infer that triconodontid molars were capable of both 
carnivorous and insectivorous diets. The sharp cusps of 
the lower molars are self-sharpening when they occlude 
into the narrow valleys between the upper molar cusps. In 
comparison with the carnassials of carnivorans and creo-
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Fig. 10.7.  Upper and lower molar of Kuehneotherium. Right upper M4 (mirrored) (A, B, C) and left lower m3 (D, E, F) of K. prae­
cursoris.  A, D, occlusal aspect;  B, F, buccal aspect;  C, E, lingual aspect.  Modified from Plogschties (2020).
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The symmetrodont molar pattern represents a more ad-
vanced evolutionary grade than the triconodont pattern, 
and is derived from the triconodont pattern. But Mesozoic 
mammals with symmetrodont molars do not designate 
a monophyletic clade. “Symmetrodontan” molars are 
characterized by angulation of the molar main cusps 
(A/a, B/b, C/c), and a very small cusp D/d, giving the 

teeth a symmetric appearance. Upper and lower molars 
are arranged as alternating reversed triangles, with cusp 
A in lingual position in the uppers and cusp a in buccal 
position in the lowers (Fig. 10.7). The “symmetrodontan” 
chewing cycle was characterized by embrasure occlusion, 
in which one upper molar occluded between two lowers 
(two-to-one occlusion, Fig. 10.8). Traditionally, two types 
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Fig. 10.8.  Comparison of occlusal patterns of symmetrodont molars.  A, Kuehneotherium praecursoris;  B, Maotherium sin­
ense;  C, Spalacolestes cretulablatta.  Stage 1: beginning of the power stroke;  stage 2: closure of the intercuspid spaces;  stage 3: 
end of power stoke, maximum intercuspation. Not to scale. Modified after Plogschties (2020).
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of symmetrodont molars have been distinguished, the 
obtuse angled molars of kuehneotheriids and tinodontids 
and the acute angled molars of spalacotheriids. In obtuse 
angled “symmetrodontans”, the trigonid angle of lower 
molars is above 90° (Li & Luo 2006) (80° according to 
Averianov et al. 2013), whereas it is less in “acute angled 
symmetrodontans”. The best-studied obtuse angled “sym-
metrodontan” is the early Jurassic Kuehneotherium, of 
which thousands of isolated teeth have been recovered from 
Welsh fissure fillings (Kermack et al. 1968, Gill 2004, Gill 

et al. 2014). Plogschties (2020) performed OFA analyses 
for Kuehneotherium with a roll of the hemimandible and 
without a roll; both chewing cycles are single-phased and 
differ only slightly (Fig. 10.9). Based on a finite element 
analysis of the mandible and microtexture analysis of the 
molars, Gill et al. (2014) concluded that Kuehneotherium 
fed on softer insects (such as lepidopterans) than Morga­
nucodon which is also supported by its more slender jaw 
morphology. Conith et al. (2016) used simplified models 
of Morganucodon and Kuehneotherium molar tooth rows 
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Fig. 10.9.  Total collision areas during the masticatory cycle of “symmetrodontans”.  A, Kuehneotherium praecursoris;  B, Mao­
therium sinense;  C, Spalacolestes cretulablatta after the OFA analysis with roll (wr; blue line) and without roll (wor; yellow 
line) of the mandible. Modified from Plogschties (2020).
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for physical biting experiments into soft and hard gels 
as proxies for soft- and hard-shelled insect prey. They 
found the triangulated molars of Kuehneotherium to be 
more suited to processing soft foods and the blade-like 
molars of Morganucodon to be more suited to processing 
hard foods, because the blade-like Morganucodon cusps 
penetrated through the hard food items and propagated 
cracks more easily. More importantly, the triangulated, 
more complex Kuehneotherium molars were found to 
inflict more damage to the prey. Accordingly, Conith et al. 
(2016) concluded that the changes from the triconodont 
to the symmetrodont molar pattern were driven primarily 
by selection for maximizing damage, and secondarily for 
maximizing biomechanical efficiency for food property.
	 Somewhat intermediate between kuehneotheriids and 
spalacotheriids regarding molar cusp angulation are the 
Early Cretaceous zhangheotheriids. Plogschties & Martin 
(2017) and Plogschties (2020) studied the occlusion and 
masticatory cycles of the zhangheotheriid Maotherium 
sinense and the spalacotheriid Spalacolestes cretulablatta 
by OFA. The chewing cycles of both taxa are single-phased, 
and the movement of the mandible is mainly orthal with 
a medial shift that allowed for a deep intercuspation. The 
orientation of the striations on the wear facets is more 
variable in M. sinense than in S. cretulablatta, indicating 
a less precise guidance of the molars in M. sinense. Ac-
cording to the OFA-analysis with one upper and two lower 
molars, the maximum contact area during the chewing 
cycle is almost two times larger for S. cretulablatta than 
for M. sinense (Fig. 10.9). At the beginning of the chewing 
cycle, the prey was fixed, pierced, and puncture-crushed 
by the main cusps of the upper and lower molars. Sub-
sequently, M. sinense mainly stretched and sheared the 
food particles between the blunt crests and consecutively 
between the molar flanks. In S. cretulablatta (and spalaco-
theriids in general), the newly developed sharp crests that 
worked like a cigar cutter with two concave blades, allowed 
for an increased shear-cutting function. The prey was first 

cut with the molar crests and then sheared between the 
molar flanks (prevallid/postvallum and postvallid/preval-
lum). The second shearing process of zhangheotheriids, 
in which the indentation of the lower molar main cusps 
(protoconid-paraconid and protoconid-metaconid) and 
the lingual cingulum of the upper molars were involved, 
was replaced by a more efficient prevallum/prevallid and 
postvallum/postvallid crushing and shearing complex, a 
more extensive tooth-to-tooth contact and a more accurate 
guidance of the teeth in spalacotheriids. The development 
of circumferential cingulids provided additional guidance 
and crushing function against the paracone (Plogschties 
2020).
	 In spalacotheriids (“acute angled symmetrodontans”), 
the angles of the upper molar primary trigon and of the 
lower molar trigonid are much smaller than in the other 
“symmetrodontans”. Spalacotheriids have a higher molar 
count (five or more) than the other “symmetrodontans”, 
and their molars are more strongly shortened mesio-
distally and widened linguo-buccally (zalambdodonty). The 
increase in number of molars and the acute angulation of 
the primary trigon and trigonid are interpreted as a strong 
insectivorous specialization (“hyperinsectivory”), as seen 
in extant insectivorous tenrecids (Afrosoricida). 
	 A functional analogue for spalacotheriid molars are the 
molars of certain extant tenrecs such as Setifer or Tenrec 
which have been studied by Schwermann (2014). Tenrecs 
are placental mammals (afrotherians) with zalambdodont 
molars that have secondarily lost the protocone and other 
cusps on the uppers, and reduced the talonid to a single 
cusp at the lowers (Fig. 10.10); this way the molars (espe-
cially the uppers) resemble the pretribosphenic morphology 
of cladotherians such as dryolestidans (Asher & Sánchez-
Villagra 2005) but also of trechnotherian spalacotheriids 
(the term pretribosphenic is here used for molars with acute 
angulation of main cusps and lacking a protocone). In upper 
molars of Setifer the trigon comprises the lingually placed 
paracone and the buccally situated stylocone and meta-
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Fig. 10.10.  Cheek teeth of the tenrecid Setifer setosus.  A, left P4-M3 (ZMB MAM 44292);  B, right p4-m3 (ZMB MAM 44293) 
in occlusal view.  Abbreviations:  med, metaconid;  MSS, mestostyl;  PA, paracone;  PAC, paracrista; pad, paraconid;  PPAC, 
postparacrista;  prd, protoconid;  ST, stylocone.  Modified from Schwermann (2014).
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Fig. 10.11.  Pretribosphenic and tribosphenic molar structure terminology. Upper (left) and lower (right) molars of A, pretribo
sphenic Nanolestes,  B, of a generalized tribosphenid,  C, of Setifer. Not to scale. Modified from Schwermann (2014).

A
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C

mesial

buccal

style, with the mesial paracrista and distal postparacrista as 
connecting shear-cutting edges (Fig. 10.11). Protocone and 
metacone are fully reduced, and the tooth crown is short-
ened mesio-lingually and widened linguo-buccally, closely 
resembling the shape of spalacotheriid upper molars. The 
lower molars are likewise mesio-distally short and linguo-
buccally wide and comprise the trigonid and a small talonid 
with a lingually placed single cusp (entoconid according to 
Thenius 1989). Schwermann (2014) analyzed the chewing 
stroke of Setifer by OFA and found a single-phased power 

stroke that ends when the paracone occludes with the 
talonid (centric occlusion) (Fig. 10.12). This is a general 
difference to pretribosphenic molars, which lack structures 
for a centric occlusion (sensu Schwermann 2014). The 
curved preparacrista and protocristid, respectively post-
paracrista and paracristid glide past each other and the 
space between is narrowed like in a cigar cutter while the 
food items are shear-cut. The second phase of the power 
stroke which is characteristic for most boreosphenidans 
is not present in Setifer and other tenrecs. 
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The next functional step in mammalian molar evolution is 
represented by the pretribosphenic (sensu lato for acute 
angled molars without protocone and talonid basin) molars 
of dryolestidans (Cladotheria). The dryolestidan upper 
molar consists of the “primary trigon” which is not homolo-
gous to the trigon of tribosphenidans, because it lacks a 
protocone (Fig. 10.11A) which is a neomorphic cusp of 
tribosphenic molars. The “primary trigon” comprises para-
cone (cusp A), metacone (cusp C), and stylocone (cusp B) 
which are connected via the mesial paracrista and the 
distal metacrista. The parastyle (cusp E) is prominent and 
bulging, the metastyle (cusp D) generally less prominent, 
and on the buccal portion of the metacrista a cusp “C” of 
variable size is present which is a neomorph according 
to Davis (2011: 233). The lower molar trigonid consists of 
protoconid (cusp a), paraconid (cusp b), and metaconid 
(cusp c) and is homologous to that of boreosphenidans 
(Figs. 11A, 13). The mesial paracristid connects protoco-
nid and metaconid, and the distal protocristid connects 
protoconid and metaconid (Martin 1999). At the mesial 
side, mesiolingual cuspule e and mesiobuccal cuspule f 
are variably present. Dryolestidans have a single-cusped 
talonid (cusp d, homologous either to hypoconulid or 
hypoconid, for discussion see Davis 2011) and a well-
developed hypoflexid that is inclined in buccal direction. 
Like the dentition of “symmetrodontans”, the dryolestidan 
dentition is characterized by an embrasure occlusion with 
the principal cusps of the upper and lower molars arranged 
in reversed triangles (Schultz & Martin 2011). The shearing 
function occurs on two almost vertically oriented shearing 
planes with sharp crests, on the mesial and distal sides of 
the triangles (Crompton 1971). This occlusal type has been 
described as embrasure shearing (Crompton et al. 1994). 
Dryolestidans developed new shearing surfaces which are 

not present in “symmetrodontans”. These occur along the 
hypoflexid groove of the unicuspid talonid in the lower 
molars, and in the upper molars on the mesial side of the 
paracone (Schultz & Martin 2011, 2014). During mastica-
tion, the paracone travels along the hypoflexid groove where 
the main shearing occurs; due to the low inclination of the 
guiding groove, there is also a certain crushing component. 
The power stroke ends when the paracone reaches the 
buccal end of the hypoflexid and thus, without a point of 
centric occlusion. According to Schultz & Martin (2011), 
the food particles are first cut at the crests of facets 1 and 
2 and then sheared and transported in cervical direction 
into the hypoflexid guiding groove. The inclination of the 
shearing surface and the change of transport direction 
crush the particles when they touch the upper part of the 
hypoflexid groove (Fig. 10.13). Schultz & Martin (2011, 
2014) stated that only shearing and no grinding occurs 
when the paracone travels along the hypoflexid groove, 
because the chewing forces do not change their direction 
during the downward movement in the groove. The chew-
ing stroke in dryolestidans is single-phased (only phase 
I present). The OFA analysis of Dryolestes revealed that 
the power stroke starts with a fast increase of contact area 
between upper and lower molars reaching maximum size 
when the teeth occlude deepest into the interdental spaces 
of the lowers, ending soon after maximal intercuspation 
and without centric occlusion (Fig. 10.14). In the state of 
maximal intercuspation the steep shearing surfaces of 
primary trigon and trigonid are in full contact. After maximal 
intercuspation, the recovery stroke begins with lowering 
the lower jaw and all contact is lost at once (Schultz & 
Martin 2011, 2014). 
	 In comparison, in the pretribosphenic stem zatherian 
Nanolestes with elongated single-cusped talonid (Martin 
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Fig. 10.13.  Wear striation patterns on 3D surface model of lower molar of the dryolestid Dryolestes leiriensis. Wear in the 
hypoflexid groove and striations on facet 1 are caused by the paracrista of the upper antagonist. Molar main cusps with apical 
wear. The angle (<) )  between the hypoflexid groove (h) and occlusal plane (op) differs slightly from the angle (<) ) between the 
striations (s) and the occlusal plane (op). Directions of striations and inclination of the hypoflexid groove are traced by vectors 
(vect). Modified from Schultz & Martin (2011).
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2002) (Fig. 10.11A), the parastylar groove of the upper 
molars is the guiding structure for the protoconid during 
the first part of phase I (Schwermann 2014, Schwermann 
et al. 2014) (Fig. 10.12A). In the second part of phase I 
the guiding of the chewing motion is performed by the 
hypoflexid groove in which the paracone travels along, just 

like in dryolestidans. This second part of phase I shows a 
considerable increase in contact area in the OFA simula-
tion (Fig. 10.12A) which is reflected in extensive wear in 
the hypoflexid groove (Fig. 10.15B). The orthal bite force 
is differentiated into partial forces, which press the teeth 
vertically against each other and deflect the lower jaw. Due 
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Fig. 10.15.  Contact points and inferred bite forces during mastication of Nanolestes. Bite forces are identical in the (A) first 
and (B) second part of the occlusal movement. In the first part the protoconid and parastylar groove are in contact, in the 
second part the hypoflexid groove slides across the paracone.  Abbreviations:  F1, deflection force;  F2, pressing force;  FR, re-
sulting bite force;  hfd, hypoflexid;  prd, protoconid;  PA, paracone;  PASg, parastylar groove.  Not to scale.  Modified from 
Schwermann (2014).
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to the steep orientation of the parastylar and hypoflexid 
grooves, the deflection force is higher than the pressing 
force, resulting in a more powerful deflection of the lower 
jaw than occlusal biting force between the antagonistic 
molars (Fig. 10.15). Like in the other pretribosphenidans 
sensu lato, in Nanolestes phase I ends without a definitive 
point of centric occlusion, and a phase II is not present 
(Fig. 10.12A).
	 Due to their thin enamel, the dryolestidan molars exhibit 
a characteristic wear pattern with extensive exposure of 
dentin along the lower molar shearing edges, paracristid 
and protocristid (Schultz & Martin 2011, 2014). The striae on 
the facets are more steeply inclined near the protoconid tip 
and the protocristid edge (about 45°) than the more cervical 

striae (about 35°) (Fig. 10.13). The lower dentition is raised 
at about 45° at the beginning of the dryolestidan chewing 
cycle, and the first occlusal contact occurs between the 
v-shaped protocristid and crescent antagonistic paracrista 
(Schultz & Martin 2014). Protocristid and paracrista func-
tion like the blades of a cigar cutter when they pass each 
other and perform a shear-cutting function. According to 
Schultz & Martin (2014), the term “shear-cutting” is more 
appropriate than “cutting” for the function performed along 
the edges, because cutting is either defined by two blades 
that meet along their entire length or by a single blade that 
is pressed vertically against a horizontal surface (Lucas 
1979, Sibbing 1991). The contact between paracristid and 
metacrista occurs slightly later.

Transition from pretribosphenic to tribosphenic pattern –  
towards crushing and grinding

During the transition from the pretribosphenic to the 
tribosphenic condition a fundamental morphological and 
functional transformation occurred (Crompton 1971, Davis 
2011, Schultz & Martin 2014, Grossnickle 2020). In the 
upper molars, the neomorphic protocone developed in a 
lingual position, and the talonid basin formed at the distal 
side of the lower molars, surrounded by the three talonid 
cusps hypoconulid, hypoconid, and entoconid (Fig. 10.1). 
The hypoflexid groove lost its function as sole shearing 
surface and became part of the buccal rim of the talonid 
basin. The power stroke (and the contact phase) were pro-
longed by the addition of a second phase that occurred after 
occlusion of the protocone into the talonid basin (centric 
occlusion); Kay & Hiiemäe (1974) suggested that primitive 
tribosphenic taxa only had one phase, and that phase II 
convergently evolved in multiple therian lineages. Phase I 
is an upward, anterior, and medial movement of the lower 
molars, terminating in centric occlusion (here equivalent 
to maximum intercuspation) followed by phase II with an 
anterior, medial, and downward movement, followed by the 
recovery stroke (Hiiemäe & Crompton 1971, Hiiemäe 1976, 
1978, Schultz & Martin 2014) (Fig. 10.14). Functionally, the 
development of a second phase to the chewing cycle added 
crushing and grinding function to the shear cutting function 
of phase I, enabling boreosphenidans to exploit a much 
wider range of food. An OFA study of the molars of extant 
Monodelphis documented phase II (Fig. 10.16) by detecting 
collisional contacts on the buccal wall within the talonid 
basin which occurred after a directional change in the chew-
ing path, which is in accordance with the striations found 
on the surface (Schultz & Martin 2014; see also Hielscher 
et al. 2015 for bats). The additional collision contacts of the 
protocone and the talonid basin during phase II provide 
an increased potential for food reduction. Although it had 
been argued that the occlusal forces are much lower during 
phase II (Hiiemäe 1984, Hylander et al. 1987) compared 
to phase I (Wall et al. 2006), the observed small contact 
areas of phase II indicate a more versatile way of food 
comminution (Schultz & Martin 2014) which is dominated 
by food-to-tooth contacts and abrasive wear (Schwermann 
2014). Although phase II added only a moderate increase 
of contact area to the chewing cycle in the tribosphenic 

pattern as exemplified by Monodelphis (Fig. 10.16), it was 
a crucial precondition for the modifications of transverse 
jaw movement in more derived boreosphenidans. Accord-
ing to Spoutil et al. (2010) the (functionally) basic pattern 
of tribosphenic molars is retained almost unmodified in 
many insectivorous mammals such as afrosoricidans, 
macroscelideans, and lipotyphlans. A number of studies 
demonstrated that the crushing function is important for 
the comminution of hard insect exoskeletons (Fraenkel & 
Rudall 1940; Freeman 1979, 1981; Moore & Sanson 1995; 
Evans & Sanson 1998, 2005a,b). The OFA analysis of the 
pretribosphenic dryolestidan molars shows mainly piercing 
and cutting function, with lesser ability to breakdown insect 
exoskeletons than found for tribosphenic molars (Schultz 
& Martin 2014). The tribosphenic molars with crushing 
function squeezed out the soft tissue of the insect prey in 
addition to sectioning the insect bodies into pieces, and 
thus allowed a more efficient extraction of the nutritious 
substances resulting in a higher energy gain in the diges-
tive system. Schwermann (2014) conducted comparative 
feeding experiments with the didelphid Monodelphis 
and the scandentian Tupaia with molars resembling the 
tribosphenic groundplan on one side, and the tenrecid 
Setifer with zalambdodont molars (Fig. 10.10) resembling 
the dryolestidan dentition (reduced protocone and talonid 
basin) on the other. By analyzing feces Schwermann (2014) 
found some evidence that the taxa with tribosphenic molars 
broke the chitinous exoskeleton of mealworms into smaller 
pieces than Setifer. If corroborated, this would support the 
hypothesis that tribosphenic molars perform a better food 
breakup in comparison to zalambdodont or pretribosphenic 
molars. Throughout most of the Cretaceous, tribosphenids 
remained remarkably conservative in molar morphology 
and stayed mostly insectivorous (Kielan-Jaworowska et 
al. 2004, Martin 2018). In the latest Cretaceous, several 
lineages developed carnivorous dental adaptations such 
as some large stagodontids (body sizes up to 2000 g, 
Gordon 2003) and Nanocuris (Wilson & Riedel 2010) 
among metatherians, and the eutherian Altacreodus (Lil-
legraven 1969). The metatherian Didelphodon has large 
and bulbous third upper and lower premolars that indicate 
a durophagous specialization (Clemens 1968, Wilson et al. 
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2016, Cohen 2017). Others evolved adaptations towards 
omnivory/herbivory, such as the metatherian Glasbius 
(Wilson 2013) and the eutherian taeniodont Schowalteria 
(Fox & Naylor 2003), indicating parallel radiations and 
ecomorphological diversifications in metatherians and eu-
therians in the Late Cretaceous. This also probably occurred 
in parallel with ecological diversifications of other mammal 
groups (Grossnickle et al. 2019), like the meridiolestidan 

Reigitherium (Harper et al. 2018), cimolodontan multitu-
berculates (Wilson et al. 2012; Grossnickle & Polly 2013), 
and gondwanatherians (Krause et al. 2014). Therians were 
likely diversifying ecologically prior to the K-Pg boundary 
(Grossnickle & Newham 2016), and their dietary flexibility 
was fostered by the phase II occlusion which allowed an 
increase of the crushing and grinding function.

“Pseudotribosphenic” molars –  
convergent evolution of crushing and grinding structures 

Molars with protocone-like and talonid-like structures 
(“pseudotribosphenic” molars) developed several times 
independently in mammalian evolutionary history (see 
Martin 2018 and references therein). The most prominent 
example are the Australosphenida of the Southern Hemi-
sphere. Discovery of the first australosphenidan teeth (Rich 
et al. 1997, 1999; Flynn et al. 1999) led to the hypothesis 
of a dual origin of tribosphenic molars in the Northern 
and Southern Hemispheres (Luo et al. 2001). Australo-
sphenidans such as Asfaltomylos and Hesnoferus from 
the Middle to Late Jurassic Cañadon Asfalto Formation 
of Argentina possess a fully basined and distally situated 
talonid or “pseudotalonid” structure in the lower molars 
(Rauhut et al. 2002, Martin & Rauhut 2005, Rougier et al. 
2007). However, talonid wear facets occur only on the top 
of the talonid rim (apical wear) and not within the basin as 
in tribosphenic molars of Northern Hemisphere boreosphe-
nidans (Fig. 10.17). Upper molars of australosphenidans 

have not been published yet, but an undescribed isolated 
upper molar of Hesnoferus possesses a linguo-buccally 
compressed and hook-like protocone or “pseudoproto-
cone” (G. W. Rougier, personal communication). Martin & 
Rauhut (2005) hypothesized that the tip of the protocone 
of Asfaltomylos occluded on the buccal side of the talonid 
and not into the talonid basin. If so, the crushing function 
occurred between the lingual flank of the protocone and 
the apices of the talonid cusps, respectively the talonid 
rim. According to Martin & Rauhut (2005), the same apical 
wear pattern is evident on the mandibular fragment of the 
australosphenidan Ambondro from the Middle Jurassic of 
Madagascar (Flynn et al. 1999). 
	 Well-developed basined talonids are also present 
in the Australian australosphenidans Ausktribosphenos 
and Bishops (Rich et al. 1999, 2001a). Like in the South 
American australosphenidans and Malagasy Ambondro, 
the wear pattern of Ausktribosphenos is restricted to the 
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Fig. 10.17.  Lower molars of Asfaltomylos patagonicus. SEM micrographs (A-C) and schematic drawing (D) of lower m2 and 
m3 with apical wear (white arrows) on the talonid rim in  A, lingual,  B, buccal,  C, D, occlusal views.  Abbreviations:  hyd, hypo
conid;  hyld, hypoconulid;  med, metaconid;  pad, paraconid;  prd, protoconid.  Modified from Martin & Rauhut (2005).
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talonid rim and no wear facets occur within the talonid 
basin (Martin & Rauhut 2005). Upper dentitions are not 
known for Ausktribosphenos and Bishops, but the lower 
molar wear pattern of Ausktribosphenos suggests a similar 
occlusal pattern like in Ambondro and the South American 
taxa. The Early Cretaceous monotreme Steropodon from 
Australia (Archer et al. 1985) is represented by a mandible 
fragment with three molars. The molars have a dilambdo-
dont pattern, formed by trigonid and talonid. Like in the 
australosphenidans, the talonid of Steropodon exhibits 
wear only on the apices. A similar molar pattern occurs 
in the Early Cretaceous (Aptian) monotreme Teinolophos 
from Victoria (Rich et al. 1999, 2001b, 2016). Upper and 
lower dentitions are known for the late Early Cretaceous 
(Albian) Australian monotreme Kollikodon, the assumed 
sister taxon of Monotremata (Flannery et al. 1995, Pian et 
al. 2016). Kollikodon has polybunodont molars with strik-
ingly thick enamel adapted to a durophagous diet with a 
crushing function of the molars.
	 Shuotherium and Pseudotribos from the Northern 
Hemisphere appear in cladistic analyses as members of 
Australosphenida (e. g., Luo et al. 2007). Both are char-
acterized by talonid basins that sit at the mesial end of 
the lower molars (Chow & Rich 1982, Luo et al. 2007). 

Wang et al. (1998) reported an isolated upper molar of 
Shuotherium with a “pseudoprotocone” and wear facets 
5' and 6' (analogous to Crompton’s 1971 scheme) at the 
mesiolingual and distolingual flanks of the “pseudoproto-
cone”. More recently, Luo et al. (2007) reported a partial 
skeleton of the shuotheriid Pseudotribos from the Middle 
Jurassic of China with mesially placed “pseudotalonids”. 
The “pseudoprotocones” are preserved in occlusion with 
the “pseudotalonids” and demonstrate a pestle-to-mortar 
crushing function which differs from that of the Southern 
Hemisphere Australosphenida and is similar to that of 
Boreosphenida.
	 Docodonta form a major clade of stem mammals (mam-
maliaforms) that evolved molars with complex shearing, 
crushing and grinding function (Luo & Martin 2007) which 
have been studied in comparison to tribosphenic molars 
(Gingerich 1973, Butler 1988). The origin of the docodon-
tan molar is still under dispute, and there is no consensus 
on the homologization of cusps (Luo & Martin 2007). The 
upper molars of docodontans are linguo-buccally widened 
with a mesiolingual cusp X and a mesiodistal cusp Y, of 
which the distolingual cusp Y has been homologized with 
the protocone and mesiolingual cusp X with the hypocone 
in the original description of Simpsonodon (Kermack et al. 
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1987: fig. 45) (Fig. 10.18). The lower docodontan molars 
have a mesial basin demarcated by cusps a-b-g that was 
named “pseudotalonid basin” by Kermack et al. (1987: 34). 
This term originally had been coined for the lower molars 
of Shuotherium (Chow and Rich 1982), and Kermack et 
al. (1987) were the first to apply it to docodontan molars 
(Simpsonodon). They designated distolingual cusp Y as 
“pseudoprotocone” by occlusal and functional reasons, 
because it bites into the “pseudotalonid basin” formed by 
cusps a-b-g in Simpsonodon. However, most subsequent 
authors (see Brinkkötter 2018 for discussion and refer-
ences) considered larger mesiodistal cusp X to be the 
“pseudoprotocone” because it is in a similar mesiolingual 
position as the protocone of tribosphenic molars. Because 
cusp X does not occlude into the “pseudotalonid basin” 
formed by cusps a-b-g, it does not appear functionally 
equivalent to the protocone of tribosphenic molars. The 
different naming of the mesiolingual and mesiodistal cusps 
and varying morphology of molars in different docodontan 
taxa (e. g., presence or absence of crest b-g on lower mo-
lars, see Fig. 10.18B) caused confusion and major discus-
sions on the identity of the docodontan “pseudoprotocone” 
and “pseudotalonid basin” (Luo & Martin 2007, Wang & 
Li 2016, Brinkkötter 2018). According to Brinkkötter’s 
(2018) occlusal analysis of the Late Jurassic docodontan 
Haldanodon, smaller cusp Y is the cusp that actually oc-
cludes into the basin formed by cusps a-b-g (“pseudotalonid  
basin”) of the lower molars; therefore cusp Y is considered 
the “pseudoprotocone” here. An OFA analysis and virtual 
reconstruction of the mastication cycle of Haldanodon 
(Brinkkötter et al. 2014, 2017, Brinkkötter 2018) basically 
show two phases in the power stroke (Fig. 10.19). In phase 
I the lower molars move upwards from buccal to lingual 
into centric occlusion and occlude in between the upper 
molars (Fig. 10.20). Phase II most probably is a downward 
movement in palinal (backward) direction, but a separate 
upward movement in proal (forward) direction cannot be 
excluded with certainty. During phase I the lingual flanks 
of the upper molar main cusps and the buccal flanks of the 
lower molar main cusps perform a shear-cutting function, 
and cusp b of the lower molar occludes into the “pseu-

dotrigon basin” of the upper antagonistic molar performing 
a crushing function. Phase I ends when the lingual cusp 
Y of the upper molar slides into the “pseudotalonid basin” 
and grinding is performed. When the mesial border of the 
talonid basin is obliterated by wear, cusp Y glides over 
the basin rim, so that lower molar cusp b contacts the 
“pseudotrigon basin” performing additional grinding func-
tion. Most interestingly, according to Brinkkötter (2018) in 
Haldanodon the majority of crushing and grinding occurs 
within the large “pseudotrigon basin” of the upper molars 
and not in the “pseudotalonid basin” of the lowers. During 
the subsequent palinal downward movement of phase II, 
the lower molars perform a shear-grinding function when 
the distal crests move along the mesial flank of cusp X 
of the upper molars. Brinkkötter (2018) assumed a simi-
lar chewing stroke also for other docodontans, and she 
concluded that crushing and grinding were much more 
important in docodontan chewing than expected before.  
	 Schultz et al. (2017) re-studied the mandible and denti-
tion of Docodon victor and performed an OFA analysis of 
the chewing cycle which suggests that the trajectory of 
the lower molars has a continuous palinal (disto-lingual) 
component starting from the early contact during phase I 
and proceeding throughout phase II after centric occlusion. 
This slight difference from Haldanodon, in which phase I 
of the power stroke is described as an upward movement 
strictly from buccal to lingual with a palinal component 
only at the very end (Brinkkötter 2018), may be related to 
minor occlusal structural differences.
	 Differences in docodontan molar morphology (Luo & 
Martin 2007) suggest a possible diversification of dietary 
preferences apart from the insectivory that has been sug-
gested for Haldanodon and Docodon. Pfretzschner et al. 
(2005) conducted an analogous chewing experiment based 
on epoxy casts of upper and lower molars and suggested 
a mainly omnivorous diet for the Late Jurassic docodontan 
Dsungarodon from China. The same dietary adaptation 
is assumed for Simpsonodon, which shows an extensive 
grinding area at the distal end of the lower molars. Although 
these docodontan molars performed in a similar efficient 
way as tribosphenic molars, their thin enamel made them 
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much more prone to abrasion and therewith loss of effi-
ciency; tribosphenic molars likely provided a longer-lasting 
functionality during lifetime (Brinkkötter et al. 2017, Brink-
kötter 2018). The large Middle Jurassic docodontan Itatodon 
from Siberia (interpreted as a shuotheriid by Wang & Li 
2016) has linguo-buccally compressed lower molars with 
well-developed cutting edges (Lopatin & Averianov 2005) 
that suggest a faunivorous or even carnivorous adapta-
tion. The first and second lower molars (uppers are not 

preserved) of the semi-aquatic Castorocauda lutrasimilis 
from the Middle Jurassic of Liaoning Province (China) 
have linguo-buccally compressed tooth crowns, each with 
five cusps in straight alignment, three of which are slightly 
curved backwards. They are convergently similar to molars 
of Eocene whales or extant seals, and are interpreted as 
an adaptation for catching and holding slippery prey like 
fish and other aquatic animals (Ji et al. 2006).

M2

m3
m2

m2
m1

M1

A

B

talonid basin

protocone

“pseudotalonid
basin”“pseudoprotocone”

mesial

Fig. 10.20.  Comparison of upper and lower molars of Didelphis and of Haldanodon in centric occlusion.  A, M1, m1 and m2 
of Didelphis and B, M2, m2 and m3 of Haldanodon. Not to scale. From Brinkkötter (2018). 

Reduced peg-like molariforms without enamel

A peculiar, highly reduced dentition has been reported for 
the Late Jurassic Fruitafossor, a mammaliaform of uncertain 
systematic position from the Morrison Formation (Luo & 
Wible 2005). Fruitafossor has tubular and single-rooted 
molariforms with open-ended roots that completely lack 
enamel. The open root suggests that Fruitafossor probably 
had continuous tooth growth during life. These teeth are 

unique among Mesozoic mammaliaforms and convergently 
resemble the teeth of extant aardvarks and armadillos. Luo 
& Wible (2005) suggested that Fruitafossor possibly fed 
on colonial insects similar to modern insectivorous xenar-
thrans. It is important to note that according to the parsi-
mony analysis by Luo & Wible (2005), Fruitafossor is not 
closely related to both eutherians or placental xenarthrans.
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The dentitions of Haramiyida and Multituberculata differ 
from those of other Mesozoic stem mammals and crown 
mammals by their multicusped premolars and molars with 
a large number of cusps arranged in longitudinal rows 
(Fig. 10.21). The unique similarity of the molariforms of 
both groups led to the concept of Allotheria that unites 
haramiyidans and multituberculates in one clade (Hahn 
et al. 1989). Later it had been put forward that Haramiyida 
are stem mammals not closely related to Multituberculata 
which belong to crown Mammalia (Zhou et al. 2013, Luo 
et al. 2015, Puttick et al. 2017), but some authors keep 
up a multituberculate-haramiyidan clade (Meng et al. 
2014, Bi et al. 2014, Krause et al. 2014). Recently, King 
& Beck (2019) proposed polyphyly of haramiyidans, with 
Haramiyavia and Thomasia being stem mammals (Luo et 
al. 2015) and euharamiyidans being crown mammals in a 
clade of their own separate from multituberculates which 
corroborates polyphyly of allotherians.
	 Haramiyidan molars show a central basin with a lin-
gual and buccal bordering row of cups (in upper anterior 
molars a lingual offset with an additional cusp row can be 
present) (Zhou et al. 2013). The cusps are designated as 
buccal row A (upper)/a (lower) and lingual row B (upper)/b 
(lower), and are numbered consecutively from mesial to 
distal. The upper lingual row occludes into the basin of 
the lower molars. The jaw movements in haramiyidans 
were orthal (vertical) with a palinal (posterior) component 
as evident from striation analysis of the enamel surface 
(Butler 2000, Meng et al. 2014, Mao & Meng 2019) and 
from the kinematic animation study of tooth occlusion (Luo 
et al. 2015). Haramiyidans of the Late Triassic and Early 
Jurassic have brachyodont tooth crowns, but molars of 
Middle-Late Jurassic euharamiyidans show multiple hyp-
sodont roots which are proximally fused, called dentin or 
root hypsodonty (Kermack et al. 1998, Zhou et al. 2013, 
Luo et al. 2017). Some Asian euharamiyidans such as the 
arboreal and gliding Vilevolodon have a unique dual mortar-
pestle occlusal pattern of the molars. The large anteriorly 
positioned cusp a1 of the lower molars occludes into the 
anteriorly positioned basin of the upper antagonists. At the 
same time the large posteriorly positioned cusp A1 of the 
upper molars occludes into the posteriorly positioned basin 
of the lower antagonists (Luo et al. 2017), as first recog-
nized by Kermack et al. (1998). This molar morphology and 
occlusal pattern indicates crushing and grinding function 
and suggests a mainly herbivorous diet, with feeding on 
soft plant tissues and possible granivory (Luo et al. 2017). 

	 Among multituberculates, Paulchoffatiidae have molars 
with cusps of differing heights and a basin-shaped m2 
with only one cusp (Hahn & Hahn 2004, Yuan et al. 2013) 
which represents the most plesiomorphic tooth pattern 
among Multituberculata (Lazzari et al. 2010). Lazzari et 
al. (2010) studied the mastication of Paulchoffatiidae, 
and they reconstructed two different masticatory cycles, a 
puncture-crushing cycle and a grinding cycle that consists 
of two different phases. The first phase of the grinding cycle 
is oblique and can be seen as a precursor of the slicing-
crushing cycle in ptilodontoid Cimolodonta (Krause 1982), 
whereas the second phase is fully palinal and homologous 
to the ptilodontoid grinding cycle. Paulchoffatiids exhibit 
fewer attrition facets than Cimolodonta and paulchoffatiid 
occlusion apparently was less precise than that of other 
multituberculates. Lazzari et al. (2010) noticed similarities 
to the occlusal pattern of Haramiyida (Butler & McIntyre 
1994) but pointed out that these are symplesiomorphic 
and do not imply a close relationship.
	 Gingerich (1977) and Krause (1982) analyzed the 
enamel microwear pattern, dentin wear pattern, and 
the cusp morphology of derived Cenozoic ptilodontoid 
Cimolodonta and reconstructed two chewing cycles: one 
that involves the ultimate premolars and a second one that 
involves the molars. During the first (slicing and crushing) 
cycle, the large arcuate and laterally compressed blade-like 
p4 cuts vertically deep into the food items that are held 
up against the upper premolar (P4). Subsequently, the 
sliced food items pass down on both sides of the p4 and 
cause vertical subparallel striations in the valleys between 
the almost vertical enamel ridges. The second (grinding) 
cycle is a palinal (backwards) movement of the mandible 
with the molars in occlusion (Gingerich 1977). This causes 
flat attrition facets with longitudinal striations inside the 
deep valleys between the cusp rows of upper and lower 
molars (Krause 1982). Multituberculates have enlarged 
lower incisors that are separated from the cheek teeth by 
a wide diastema. The incisors of derived multituberculates 
such as ptilodontoids and taeniolabidids are rootless and 
evergrowing and have the enamel restricted to the buccal 
side of the tooth. Due to the similarities of multituberculate 
and rodent dental form and function (Krause 1986), mul-
tituberculates have been dubbed “rodents of the Mesozoic” 
with similar dietary adaptations. However, in rodents with 
longitudinal chewing motion such as muroids, the power 
stroke is oriented proal (forward) and not palinal (backward) 
as in multituberculates.

Multicusped teeth as early adaptation to omnivory-herbivory

Hypsodont molariforms with flat occlusal surface

The enigmatic Late Cretaceous-Paleocene Gondwa-
natheria from the southern landmasses evolved the first 
truly hypsodont molars in mammalian evolutionary history 
(Fig. 10.22). Monophyly of Gondwanatheria is generally 
accepted, but their phylogenetic relationship is under dis-
cussion. Cladistic analyses by Gurovich & Beck (2009) and 
Krause et al. (2014) support multituberculate affinities of 

Gondwanatheria, but the presence of four molariform posi-
tions in the mandible of the Paleocene gondwanatherian 
Sudamerica (Pascual et al. 1999) contradicts this assign-
ment to multituberculates which have only two molars and 
no molariform lower premolars. A recent analysis using 84 
cynodont taxa and 530 morphological characters recog-
nized Gondwanatheria as sister taxon of Multituberculata 
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Fig. 10.21.  Multicusped molars of multituberculata and Haramiyida.  A, upper left tooth row of Pseudobolodon oreas with worn 
cusp showing the trailing edge (black arrow). From Lazzari et al. (2010), mirrored.  B, buccal view of a lower p4 of a paulchof-
fatiid multituberculate with striations (close up) on the surface reflecting two directions of relative jaw movements (black 
double arrows).  C, stereo-pair of the upper right tooth row of the haramiyidan Megaconus, modified from Zhou et al. (2013).  
D-F, occlusion pattern of multituberculates as represented by Neoplagiaulax.  D, two rows of cusps of the lower molar (blue) 
interlock in the three rows of cusps of the upper molars (pink).  E, close up of wear facets along the cusp rows of a lower 
molar. White arrows indicate striations.  F, OFA simulation of the backward chewing movement typical for multituberculates, 
colored patches indicate occlusal contacts along the cusp rows.
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(Krause et al. 2020). Before the discovery of the skull of 
the sudamericid Vintana sertichi from the Late Cretaceous 
of Madagascar (Krause et al. 2014), Gondwanatheria were 
known only by fragmentary mandibles (Sudamerica) and 
isolated teeth. The skull of Vintana has three hypsodont 
molariforms preserved in both maxillae. The molariforms 
are characterized by enamel infoldings and enamel islets 
on the flat occlusal surfaces. Schultz et al. (2014) analyzed 
the occlusal relationships and reconstructed the chewing 
stroke of Vintana. The palinal (posteriorly directed) power 
stroke had a significant buccally directed component dur-
ing the unilateral chewing. Parallel wear striations and flat 
occlusal surfaces without cusps suggest that the power 
stroke was almost horizontal, without a separation in dif-
ferent masticatory phases. The buccal component of the 
power stroke differentiates Vintana from other mammals 
and mammaliaforms with palinal chewing movements such 
as multituberculates (Krause 1982, Gambaryan & Kielan-

Jaworowska 1995, Lazzari et al. 2010), haramiyidans 
(Butler 2000, Butler & Hooker 2005, Zhou et al. 2013), and 
other gondwanatherians (Krause et al. 1992, Krause and 
Bonaparte 1993, Koenigswald et al. 1999). According to the 
hypsodont tooth morphology and striation analysis, Schultz 
et al. (2014) suggested a herbivorous diet for Vintana with 
a wide range of herbaceous material. Convergently to 
multituberculates and rodents, gondwanatherians evolved 
ever-growing incisors that are separated by wide diastemata 
from the hypsodont cheek teeth. Open-rooted upper and 
lower incisors and wide diastemata are also seen in the 
recently described gondwanatherian Adalatherium from 
the Maastrichtium of Madgascar (Krause et al. 2020). 
The presence of brachyodont postcanines with four cusps 
connected by prominent crests in Adalatherium, a dental 
pattern otherwise unknown from Mesozoic mammaliaforms, 
suggests that Gondwanatheria were dentally more diverse 
than hitherto believed.

Fig. 10.22.  Hypsodont gondwanatherian molars.  A, upper left tooth row of Vintana sertichi showing its unique flat occlusal 
surface with several enamel islets, modified from Krause et al. (2014).  B, C, close ups of the last upper molariform (MF3) of 
Vintana sertichi, illustrating the uneven excavation of the enamel bands by wear, modified after Schultz et al. (2014). Black 
arrows indicate the leading edge, white arrows indicate the trailing edge.  D, E, high crowned molariform of Lavanify sp. with 
long root (D) and flat occlusal surface (E), from Koenigswald & Krause (2014).
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Mesozoic mammals show a remarkable variety of dental 
morphologies and functional adaptations. Plesiomorphical-
ly, mammaliaforms had a single-phased (phase I) chewing 
stroke with a mainly piercing and cutting function. A second 
phase (phase II) that added a crushing and/or grinding func-
tion was evolved independently in several groups, including 
meta- and eutherians, “pseudotribosphenic” lineages, and 
multituberculates. The more complex chewing cycles with 
enhanced crushing and grinding in these lineages likely 
permitted greater dietary diversity and helped catalyze 
their ecological diversification.
	 Almost all morphological and functional types of teeth 
that are seen in Cenozoic therians were present in the 
Mesozoic, including peg-like dentin teeth, ever-growing 
incisors, and hypsodont molars. Not realized in Mesozoic 
mammals are dentitions with premolars and molars form-
ing extensive crushing or grinding surfaces suited for 
processing large quantities of plant materials, as found 
in large herbivores such as perissodactyls, artiodactyls, 
and proboscideans. Mesozoic mammals were small, the 
majority had a body mass between 10 and 250 g, with 
the Early Cretaceous carnivorous Repenomamus being 
the largest known Mesozoic mammal weighting about 
10 kg (see Martin 2018 and references therein). Large 
herbivores and subsequently large carnivorous mammals 
appeared only some million years after the extinction of 

the non-avian dinosaurs at the K/Pg-boundary. Among the 
earliest mega-herbivores is the Middle Eocene (Bridger-
ian, about 48 Myr) rhinoceros-sized Uintatherium with an 
estimated body mass of 1500 to 2000 kg (Turnbull 2002). 
The majority of Mesozoic mammaliaforms and mammals 
with non-tribosphenic mammalian tooth types became 
extinct before the K/Pg-boundary. A prominent exception 
are the multituberculates with multicusped cheek teeth 
that survived until the Late Eocene. The vast diversity of 
Cenozoic and extant therian molars is derived from the 
generalized tribosphenic molar with sensu lato insectivo-
rous adaptation that remained almost unchanged from its 
first appearance in the Late Jurassic (Juramaia) until the 
K/Pg boundary when the hypothetical ancestor of crown 
placentals existed (O’Leary et al. 2013). Initial step towards 
a more complex molar pattern was the addition of a fourth 
main cusp, the hypocone, at the upper molars as seen, 
among others, in Paleocene stem macroscelideans such 
as Prolouisina, Adapisorex, and Walbeckodon. The quad-
ritubercular pattern provided increased crushing area for 
more efficient processing of a wider array of food sources 
(Hunter & Jernvall 1995, Engler & Martin 2018). This 
modification marks the beginning of the success story of 
the tribosphenic molar in the Cenozoic which has its roots 
deep in the Mesozoic.

Conclusion

Acknowledgments

We would like to thank the reviewers David Grossnickle (Seattle) 
and Zhe-Xi Luo (Chicago) for their constructive criticism and helpful 
suggestions that greatly improved the manuscript. Robert Asher 
(Cambridge), Richard Cifelli (Norman), Pam Gill (Bristol), and the 
Yizhou Fossil & Geology Park are thanked for providing specimens. 

Georg Oleschinski (Bonn) assisted at the SEM. Financial support 
was provided by Deutsche Forschungsgemeinschaft (DFG) grants 
MA 1643/12-1, 12-2, MA 1643/15-1, MA 1643/16-1, MA 1643/17-1, 
MA 1643/20-1, and MA 1643/21-1 within and associated with the 
DFG Research Unit 771.

References

* indicates publications that originated from the DFG Research 
Unit 771.

Archer, M., Flannery, T. F., Ritchie, A. & Molnar, R. E. (1985): First 
Mesozoic mammal from Australia – an Early Cretaceous 
monotreme. Nature 318: 363-366.

Asher, R. J. & Sánchez-Villagra, M. R. (2005): Locking yourself 
out: diversity among dentally zalambdodont therian mammals. 
Journal of Mammalian Evolution 12: 265-282.

Averianov, A. O., Martin, T. & Lopatin, A. V. (2013): A new phy-
logeny for basal Trechnotheria and Cladotheria and affinities 
of South American endemic Late Cretaceous mammals. 
Naturwissenschaften 100: 311-326.

Bhullar, B.-A. S., Manafzadeh, A. R., Miyamae, J. A., Hoffman, E. 
A., Brainerd, E. L., Musinsky, C. & Crompton, A. W. (2019): 
Rolling of the jaw is essential for mammalian chewing and 
tribosphenic molar function. Nature 566: 528-532. https://doi.
org/10.1038/s41586-019-0940-x

Bi, S., Wang, Y., Guan, J. & Meng, J. (2014): Three new Jurassic 
euharamiyidan species reinforce early divergence of mam-
mals. Nature 514: 679-584.

*Brinkkötter, J. J. (2018): Molar dentition of the docodontan 
Haldanodon (Mammaliaformes) as functional analog to 
tribosphenic teeth. Doctoral dissertation, Universität Bonn, 
i-vi +1-140. http://hss.ulb.uni-bonn.de/2019/5487/5487.htm

*Brinkkötter, J., Schwermann, A. & Martin, T. (2014): Comparison of 
crushing function in pseudotribosphenic molars of Haldanodon 
exspectatus (Mammaliaformes, Docodonta) with tribosphenic 
molars of Didelphis marsupialis (Mammalia, Marsupialia). 
Society of Vertebrate Paleontology 74th Annual Meeting, 
Berlin. Meeting Program and Abstracts: 97-98.

*Brinkkötter, J., Schwermann, A. & Martin, T. (2017): Molar function 
of Jurassic pseudotribosphenic docodonts (Mammaliaformes) 
and tribosphenic Monodelphis (Didelphidae) is similar in 
crushing and grinding efficiency. Society of Vertebrate Pale-
ontology 77th Annual Meeting, Calgary. Meeting Program 
and Abstracts: 87.

Butler, P. M. (1988): Docodont molars as tribosphenic analogues 
(Mammalia, Jurassic). In: Russell, D. E., Santoro, J.-P., and 
Sigogneau-Russell, D. (eds.). Teeth Revisited: Proceedings 
of the VIIth International Symposium on Dental Morphology. 
Mémoirs du Muséum national d’Histoire naturelle Paris C 
53: 329-340.

Butler, P. M. (2000): Review of the early allotherian mammals. 
Acta Palaeontologica Polonica 45: 317-342.

Butler, P. M. & Clemens, W. A. (2001): Dental morphology of the 
Jurassic holotherian mammal Amphitherium, with a discussion 
of the evolution of mammalian post-canine dental formulae. 
Palaeontology 44: 1-20



211

Butler, P. M. & Hooker, J. J. (2005): New teeth of allotherian 
mammals from the English Bathonian, including the earliest 
multituberculates. Acta Palaeontologica Polonica 50: 185-207.

Butler, P. M. & McIntyre, G. T. (1994): Review of the British Hara-
miyidae (Mammalia, Allotheria), their molar occlusion and 
relationships. Philosophical Transactions of the Royal Society 
of London B 345: 433-458.

Butler, P. M. & Sigogneau-Russell, D. (2016): Diversity of tricono-
donts in the Middle Jurassic of Great Britain. Palaeontologia 
Polonica 67: 35-65.

Chow, M. & Rich, T. H. (1982): Shuotherium dongi, n. gen. and sp., 
a therian with pseudo-tribosphenic molars from the Jurassic 
of Sichuan, China. Australian Mammalogy 5: 127-142.

Clemens, W. A. (1968): A mandible of Didelphodon vorax (Marsu-
pialia, Mammalia). Los Angeles County Museum Contributions 
in Science 133: 1-11.

Clemens, W. A. (2011): New morganucodontans from an Early 
Jurassic fissure filling in Wales (United Kingdom). Palaeontol-
ogy 54: 1139-1156.

Cohen, J. E. (2017): Earliest divergence of stagodontid (Mam-
malia: Marsupialiaformes) feeding strategies from the Late 
Cretaceous (Turonian) of North America. Journal of Mam-
malian Evolution 25: 165-177 (2018). https://doi.org.10.1007/
s10914-017-9382-0.

Conith, A. J., M. J. Imburgia, A. J. Crosby & Dumont, R. R. (2016): 
The functional significance of morphological changes in the 
dentitions of early mammals. Journal of the Royal Society 
Interface 13: 20160713.

Crompton, A. W. (1971): The origin of the tribosphenic molar. In: 
Kermack, D. M. & Kermack, K. A. (eds.). Early Mammals. Zoo-
logical Journal of the Linnean Society 50, supplement 1: 65-87.

Crompton, A. W. (1974): The dentition and relationships of the 
southern African Triassic mammals, Erythrotherium parringtoni 
and Megazostrodon rudnerae. Bulletin of the British Museum 
(Natural History), Geology 24: 397-437.

Crompton, A. W. & Jenkins, F. A. Jr. (1968): Molar occlusion in Late 
Triassic mammals. Biological Reviews 43: 427-458.

Crompton, A. W. & Luo, Z.-X. (1993): Relationships of the Liassic 
mammals Sinoconodon, Morganucodon, and Dinnetherium. In: 
Szalay, F. S., Novacek, M. J. & McKenna, M. C. (eds.). Mam-
mal Phylogeny: Mesozoic Differentiation, Multituberculates, 
Monotremes, Early Therians, and Marsupials. Springer, New 
York: 30-44.

Crompton, A. W. & Parker, P. (1978): Evolution of the mammalian 
masticatory apparatus. American Scientist 66: 192-201.

Crompton, A. W., Wood, C. B. & Stern, D. N. (1994): Differential 
wear of enamel: a mechanism for maintaining sharp cutting 
edges. Advances in Comparative and Environmental Physiol-
ogy 18: 321-346.

Davis, B. M. (2011): Evolution of the tribosphenic molar pattern in 
early mammals, with comments on the “dual-origin” hypothesis. 
Journal of Mammalian Evolution 18: 227-244.

Debuysschere, M., Gheerbrant, E. & Allain, R. (2015): Earliest 
known European mammals: a review of the Morganucodonta 
from Saint-Nicolas-de-Port (Upper Triassic, France). Journal 
of Systematic Palaeontology 13: 825-855.

*Engler, T. & Martin, T. (2018): Differentiation in dental morphol-
ogy and function of Paleocene small mammals after the 
Cretaceous-Paleogene mass extinction. Society of Vertebrate 
Paleontology 78th Annual Meeting, Albuquerque. Meeting 
Program and Abstracts: 122.

Evans, A. R. & Sanson, G. D. (1998): The effect of tooth shape on 
the breakdown of insects. Journal of Zoology 246: 391-400.

Evans, A. R. & Sanson, G. D. (2005a): Biomechanical properties 
of insects in relation to insectivory: cuticle thickness as an 
indicator of insect ‘hardness’ and ‘intractability’. Australian 
Journal of Zoology 53: 9-19.

Evans, A. R. & Sanson, G. D. (2005b): Correspondence between 
tooth shape and dietary biomechanical properties in insec-
tivorous microchiropterans. Evolutionary Ecology Research 
7: 453-478.

Evans, A. R. & Sanson, G. D. (2006): Spatial and functional mod-
eling of carnivore and insectivore molariform teeth. Journal of 
Morphology 267: 649-662.

Flannery, T. F., Archer, M., Rich, T. H. & Jones, R. (1995): A new 
family of monotremes from the Cretaceous of Australia. Nature 
377: 418-420.

Flynn, J. J., Parrish, J. M., Rakotosamimanana, B., Simpson, 
W. F. & Wyss, A. E. (1999): A Middle Jurassic mammal from 
Madagascar. Nature 401: 57-60. 

Fox, R. C. & Naylor, B. G. (2003): A Late Cretaceous taeniodont 
(Eutheria, Mammalia) from Alberta, Canada. Neues Jahrbuch 
für Geologie und Paläontologie, Abhandlungen 229: 393-420.

Fraenkel, G. & Rudall, K. M. (1940): A study of the physical and 
chemical properties of the insect cuticle. Proceedings of the 
Royal Society London B 129: 1-35.

Freeman, P. W. (1979): Specialized insectivory: beetle-eating 
and moth-eating molossid bats. Journal of Mammalogy 60: 
467-479.

Freeman, P. W. (1981): Correspondence of food habits and 
morphology in insectivorous bats. Journal of Mammalogy 
62: 164-166.

Gambaryan, P. P. & Kielan-Jaworowska, Z. (1995): Masticatory 
musculature of Asian taeniolabidoid multituberculate mam-
mals. Acta Palaeontologica Polonica 40: 45-108.

Gill, P. G. (2004): Kuehneotherium from the Mesozoic fissure fill-
ings of South Wales. PhD dissertation, University of Bristol. 
http://research-information.bristol.ac.uk

Gill, P. G., Purnell, M. A., Crumpton, N., Brown, K. R., Gostling, N. 
J., Stampanoni, M. & Rayfield E. J. (2014): Dietary speciali-
zations and diversity in feeding ecology of the earliest stem 
mammals. Nature 512: 303-305.

Gingerich, P. D. (1973): Molar occlusion and function in the Jurassic 
mammal Docodon. Journal of Mammalogy 254: 1008-1013.

Gingerich, P. D. (1977): Patterns of evolution in the mammalian 
fossil record. In: Hallam, A. (ed.). Patterns of Evolution. Elsevier, 
Amsterdam: 469-500.

Gordon, C. L. (2003): A first look at estimating body size in dentally 
conservative marsupials. Journal of Mammalian Evolution 
10: 1-21.

Grossnickle, D. M. (2020): Jaw roll and jaw yaw in early mammals. 
Nature 582: E6-E8. https://doi.org/10.1038/s41586-020- 
2365-y 

Grossnickle, D. M. & Newham, E. (2016): Therian mammals 
experience an ecomorphological radiation during the Late 
Cretaceous and selective extinction at the K-Pg boundary. 
Proceedings of the Royal Society B 283: 20160256. http://
dx.doi.org/10.1098/rspb.2016.0256

Grossnickle, D. M. & Polly, P. D. (2013): Mammal disparity decreases 
during the Cretaceous angiosperm radiation. Proceedings of 
the Royal Society B 280: 20132110. https://dx.doi.org/10.1098/
rspb.2013.2110

Grossnickle, D. M., Smith, S. M. & Wilson, G. P. (2019): Untangling 
the multiple ecological radiations of early mammals. Trends 
in Ecology & Evolution 34. https://doi.org/10.1016/j.tree.2019. 
05.008

Gurovich, Y. & Beck, R. M. D. (2009): The phylogenetic affinities 
of the enigmatic mammalian clade Gondwanatheria. Journal 
of Mammalian Evolution 16: 25-49.

Hahn, G. & Hahn, R. (2004): The dentition of Plagiaulacida (Mul-
tituberculata, Late Jurassic to Early Cretaceous). Geologica 
et Palaeontologica 38: 119-156.

Hahn, G., Sigogneau-Russel, D. & Godefroit, P. (1991): New data 
on Brachyzostrodon (Mammalia; Upper Triassic). Geologica 
et Palaeontologica 25: 237-249.

Hahn G., Sigogneau-Russell D. & Wouters G. (1989): New data 
on Theroteinidae – their relations with Paulchoffatiidae and 
Haramiyidae. Geologica et Palaeontologica 23: 205-215

Harjunmaa, E., Seidel, K.,  Häkkinen, T., Renvoise, E., Corfe, I. 
J., Kallonen, A., Evans, A. R., Zhang, Z. Q., Mikkola, M. L., 
Salazar-Ciudad, I., Klein, O. D. & Jernvall, J. (2014): Replaying 
evolutionary transitions from the dental fossil record. Nature 
512: 44-48.

Harper, T., Parras, A. & Rougier, G. W. (2018): Reigitherium (Me-
ridiolestida, Mesungulatoidea) an enigmatic Late Cretaceous 
mammal from Patagonia, Argentina: morphology, affinities, 
and dental evolution. Journal of Mammalian Evolution 26: 
447-478 (2019). https://doi.org/10.1007/s10914-018-9437-x

Chapter 10.  T. Martin et al.:  Molar diversity and functional adaptations in Mesozoic mammals



T. Martin & W. v. Koenigswald:  Mammalian Teeth – Form and Function. – München (Pfeil) 2020 – ISBN 978-3-89937-266-3

212

*Hielscher, R. C., Schultz, J. A. & Martin, T. (2015): Wear pattern of 
the molar dentition of an extant and an Oligocene bat assem-
blage with implications on functionality. Palaeobiodiversity and 
Palaeoenvironments 95: 597-611. https://doi 10.1007/s12549- 
015-0186-z

Hiiemäe, K. M. (1976): Masticatory movements in primitive mam-
mals. In: Anderson, D. J. & Matthews, B. (eds.). Mastication. 
Proceedings of a Symposium on the Clinical and Physiological 
Aspects of Mastication held at the Medical School, University 
of Bristol on 14-16 April 1975. Wright, Bristol: 105-118.

Hiiemäe, K. M. (1978): Mammalian mastication: a review of the 
activity of the jaw muscles and the movements they produce 
in chewing. In: Butler, P. M. & Joysey, K. A. (eds.). Develop-
ment, Function, and Evolution of Teeth. Academic Press, 
London: 359-398.

Hiiemäe, K. M. (1984): Functional aspects of primate jaw morphol-
ogy. In: Chivers D. J. & Hladik, C. H. (eds.). Food acquisition 
and processing in nonhuman primates. Academic Press, 
London: 257-281.

Hiiemäe, K. M. & Crompton, A. W. (1971): A cinefluorographic study 
of feeding in the American opossum, Didelphis marsupialis. 
In: Dahlberg, A. A. (ed.). Dental Morphology and Evolution. 
University of Chicago Press, Chicago: 299-334.

Hiiemäe, K. & Kay, R. F. (1972): Trends in the evolution of primate 
mastication. Nature 240: 486-487.

Hiiemäe, K. M. & Kay, R. F. (1973): Evolutionary trends in the dy-
namics of primate mastication. In: Montagna, W. & Zingeser, 
M. R. (eds,). Symposia of the International Congress of Pri-
matology, vol. 3. Karger, Basel: 28-64.

Hu, Y.-M., Meng, J., Wang, Y.-Q. & Li, C.-K. (2005): Large Meso-
zoic mammals fed on young dinosaurs. Nature 433: 149-152.

Hunter, J. P. & Jernvall, J. (1995): The hypocone as a key innovation 
in mammalian evolution. Proceedings of the National Academy 
of Sciences of the United States of America 92: 10 718-10 722.

Hylander, W. L., Johnson, K. R. & Crompton, A. W. (1987): Loading 
patterns and jaw movements during mastication in Macaca 
fascicularis: a bonestrain, electromyographic, and cineradio-
graphic analysis. American Journal of Physical Anthropology 
72: 287-314.

*Jäger, K. R. K., Cifelli, R. L. & Martin, T. (2020): Molar occlusion 
in the Jurassic mammal Priacodon. Scientific Reports. https://
doi.org/10.1038/s41598-020-79159-4.

*Jäger, K. R. K., Gill, P. G., Corfe, I. & Martin, T. (2019): Occlusion 
and dental function of Morganucodon and Megazostrodon. 
Journal of Vertebrate Paleontology e1635135. https://doi 10-
1080/02724634.2019.1635135.

Jenkins, F. A., Crompton A. W. & Downs W. R. (1983): Mesozoic 
mammals from Arizona: new evidence on mammalian evolu-
tion. Science 222: 1233-1235. 

Jenkins, F. A. Jr. & Schaff, C. R. (1988): The Early Cretaceous 
mammal Gobiconodon (Mammalia, Triconodonta) from the 
Cloverly Formation in Montana. Journal of Vertebrate Pale-
ontology 8: 1-24.

Jernvall, J. (2000): Linking development with generation of novelty 
in mammalian teeth. Proceedings of the National Academy 
of Sciences of the United States of America 97: 2641-2645.

Ji, Q., Luo, Z.-X., Yuan, C.-X.& Tabrum, A. R. (2006): A swimming 
mammaliaform from the Middle Jurassic and ecomorphological 
diversification of early mammals. Science 311: 1123-1127.

Kavanagh, K. D., Evans, A. R. & Jernvall, J. (2007): Predicting 
evolutionary patterns of mammalian teeth from development. 
Nature 449: 427-432.

Kay, R. F. & Hiiemäe, K. M. (1974). Jaw movement and tooth use 
in Recent and fossil primates. American Journal of Physical 
Anthropology 40: 227-256.

Kermack, D. M., Kermack, K. A. & Mussett, F. (1968): The Welsh 
pantothere Kuehneotherium praecursoris. Zoological Journal 
of the Linnean Society 47: 407-423.

Kermack, K. A., Kermack, D. M., Lees, P. M. & Mills, J. R. E. (1998): 
New multituberculate-like teeth from the Middle Jurassic of 
England. Acta Palaeontologica Polonica 43: 581-606.

Kermack, K. A., Lee, A. J., Lees, P. M. & Mussett, F. (1987): A 
new docodont from the Forest Marble. Zoological Journal of 
the Linnean Society 89: 1-39.

Kielan-Jaworowska, Z., Cifelli, R. L. & Luo, Z.-X. (2004): Mammals 
from the Age of Dinosaurs. Origins, Evolution, and Structure. 
Columbia University Press, New York.

King, B. & Beck, R. M. D. (2019): Bayesian tip-dated phyloge-
netics: Topological effects, stratigraphic fit and the early 
evolution of mammals. (preprint) https://www.biorxiv.org/
content/10.1101/533885v1.abstract).

Koenigswald, W. v. & Krause, D. W. (2014): Enamel microstruc-
ture of Vintana sertichi (Mammalia, Gondwanatheria) from 
the Late Cretaceous of Madagascar. Journal of Vertebrate 
Paleontology Memoir 14. Journal of Vertebrate Paleontology 
34 (6, Supplement): 166-181.

Koenigswald, W. v., Goin, F. J. & Pascual, R. (1999): Hypsodonty 
and enamel microstructure in the Paleocene gondwanathe-
rian mammal Sudamerica ameghinoi. Acta Palaeontologica 
Polonica 44: 263-300.

Krause, D. W. (1982): Jaw movement, dental function, and diet in the 
Paleocene multituberculate Ptilodus. Paleobiology 8: 265-281.

Krause, D. W. (1986): Competitive exclusion and taxonomic 
displacement in the fossil record: the case of rodents and 
multituberculates in North America. Contributions to Geology, 
University of Wyoming, Special Paper 3: 95-117.

Krause, D. W. & Bonaparte, J. F. (1993): Superfamily Gondwa-
natherioidea: a previously unrecognized radiation of mul-
tituberculate mammals in South America. Proceedings of 
the National Academy of Sciences of the United States of 
America 90: 9379-9383.

Krause, D. W., Hoffmann, S., Wible, J. R., Kirk, E. C., Schultz, J. 
A., Koenigswald, W. v., Groenke, J. R., Rossie, J. B., O’Connor, 
P. M.,Seiffert, E. R., Dumont, E. R., Holloway, W. L., Rogers, 
R. R., Rahantarisoa, L. J., Kemp, A. D. & Andriamialison, H. 
(2014): First cranial remains of a gondwantherian mammal 
reveal remarkable mosaicism. Nature 515: 512-517.

Krause, D. W., Hoffmann, S., Hu, Y.-M., Wible, J. R., Rougier, G. 
W., Kirk, E. K., Groenke, J. R., Rogers, R. R., Rossie, J. B., 
Schultz, J. A., Evans, E. R., Koenigswald, W. v. & Rahanta-
risoa, L. J. (2020): Skeleton of a Cretaceous mammal from 
Madagascar reflects long-term insularity. Nature 581: 421-427.

Krause, D. W., Kielan-Jaworowska, Z. & Bonaparte, J. F. (1992): Fer­
ugliotherium Bonaparte, the first known multituberculate from 
South America. Journal of Vertebrate Paleontology 12: 351-376.

*Kullmer, O., Benazzi, S., Fiorenza, L., Schulz, D., Bacso, S. 
& Winzen, O. (2009): Technical Note: Occlusal Fingerprint 
Analysis (OFA): Quantification of tooth wear pattern. American 
Journal of Physical Anthropology 139: 600-605.

*Kullmer, O., Menz, U. & Fiorenza, L. (2020): Occlusal Fingerprint 
Analysis (OFA) reveals dental occlusal behavior in primate 
molars. In: Martin, T. & Koenigswald, W. v. (eds.). Mammalian 
Teeth – Form and Function. Pfeil, Munich: 25-43.

*Lazzari, V., Schultz, J. A., Tafforeau, P. & Martin, T. (2010): Occlusal 
pattern in paulchoffatiid multituberculates and the evolution of 
cusp morphology in mammaliamorphs with rodent-like denti-
tions. Journal of Mammalian Evolution 17: 177-192.

Li, G. & Luo, Z.-X. (2006): A Cretaceous symmetrodont therian 
with some monotreme-like postcranial features. Nature 439: 
195-200.

Lillegraven, J. A. (1969): Latest Cretaceous mammals of upper 
part of Edmonton Formation of Alberta, Canada, and review 
of marsupial-placental dichotomy in mammalian evolution. 
University of Kansas Paleontological Contributions 50: 1-122.

Lopatin, A. V. & Averianov, A. O. (2005): A new docodont (Doco-
donta, Mammalia) from the Middle Jurassic of Siberia. Doklady 
Biological Sciences 405: 434-436.

Lucas, P. W. (1979): The dental-dietary adaptations of mammals. 
Neues Jahrbuch für Geologie und Paläontologie, Monatshefte 
8: 486-512.

Luo, Z.-X. (2007): Transformation and diversification in early mam-
mal evolution. Nature 450: 1011-1019.

Luo, Z.-X. & Martin, T. (2007): Analysis of molar structure and 
phylogeny of docodont genera. Carnegie Museum of Natural 
History Bulletin 39: 27-47 

Luo, Z.-X. & Wible, J. R. (2005): A new Late Jurassic digging 
mammal and early mammalian diversification. Science 308: 
103-107.



213

Luo, Z.-X., Cifelli, R. L. & Kielan-Jaworowska, Z. (2001): Dual origin 
of tribosphenic mammals. Nature 409: 53-57.

Luo, Z.-X., Gatesy, S. M., Jenkins, F. A., Amaral, A. A. & Shubin, 
N. H. (2015):  Mandibular and dental characteristics of Late 
Triassic mammaliaform Haramiyavia and their ramifications for 
basal mammal evolution.  Proceedings of National Academy 
of Sciences of the Unites States of America 112 (51): E7101–
E7109. https://doi 10.1073/pnas.1519387112.

Luo, Z.-X., Ji, Q. & Yuan, C.-X. (2007): Convergent dental evolu-
tion in pseudotribosphenic and tribosphenic mammals. Nature 
450: 93-97.

Luo, Z.-X., Kielan-Jaworowska, Z. & Cifelli, R. L. (2002):  In quest 
for a phylogeny of Mesozoic mammals.  Acta Palaeontologica 
Polonica 47: 1-78.

Luo, Z.-X., Meng, Q.-J., Grossnickle, D. M., Liu, D., Neander, A. I., 
Zhang, Y.-G. & Ji, Q. (2017): New evidence for mammaliaform 
ear evolution and feeding adaptation in a Jurassic ecosystem. 
Nature 548: 326-329.

Luo, Z.-X., Yuan, C.-X., Meng, Q.-J. & Ji, Q. (2011): A Jurassic 
eutherian mammal and divergence of marsupials and placen-
tals. Nature 476: 442-445.

Mao, F. & Meng, J. (2019): Tooth microwear and occlusal modes 
of euharamiyidans from the Jurassic Janliao Biota reveal 
mosaic tooth evolution in Mesozoic allotherian mammals. 
Palaeontology 62: 639-660. https://doi 10.1111/pala.12421

Martin, T. (1999): Dryolestidae (Dryolestoidea, Mammalia) aus dem 
Oberen Jura von Portugal. Abhandlungen der senckenbergis-
chen naturforschenden Gesellschaft 550: 1-119.

Martin, T. (2002): New stem-line representatives of Zatheria 
(Mammalia) from the Late Jurassic of Portugal. Journal of 
Vertebrate Paleontology 22: 332-348.

*Martin, T. (2018): Mesozoic mammals – early mammalian di-
versity and ecomorphological adaptations. In: Zachos, F. E. 
and Asher, R. J. (eds.). Handbook of Zoology, Mammalia. 
Mammalian Evolution, Diversity and Systematics. De Gruyter, 
Berlin: 199-299.

Martin, T. & Rauhut, O. W. M. (2005): Mandible and dentition of 
Asfaltomylos patagonicus (Australosphenida, Mammalia) and 
the evolution of the tribosphenic teeth. Journal of Vertebrate 
Paleontology 25: 414-425.

Mellett, J. S. (1985): Autocclusal mechanisms in the carnivore 
dentition. Australian Mammalogy 8: 233-238.

Meng, J., Bi, S., Wang, Y., Zheng, X. & Wang, X. (2014): Dental 
and mandibular morphologies of Arboroharamiya (Harami-
yida, Mammalia): a comparison with other haramiyidans and 
Megaconus and implications for mammalian evolution. PLoS 
One 9 (12): e113847.

Mills, J. R. E. (1971): The dentition of Morganucodon. In: Kermack, 
D. M. & Kermack, K. A. (eds.). Early Mammals. Zoological 
Journal of the Linnean Society 50, supplement 1: 29-63.

Moore, S. J. & Sanson, G. D. (1995): A comparison of the molar 
efficiency of two insect-eating mammals. Journal of Zoology 
235: 175-192.

O’Leary, M. A., Bloch, J. I., Flynn, J. J., Gaudin, T. J., Giallombardo, 
A., Giannini, N. P., Goldberg, S. L., Kraatz, B. P., Luo, Z.-X., 
Meng, J., Ni, X., Novacek, M. J., Perini, F. A., Randall, Z. S., 
Rougier, G. W., Sargis, E. J., Silcox, M. T., Simmons, N. B., 
Spaulding, M., Velazco, P. M., Weksler, M., Wible, J. R. & 
Cirranello, A. L. (2013): The placental mammal ancestor and 
the post-K-Pg radiation of placentals. Science 339: 662-667.

Pascual, R., Goin, F. J., Krause, D. W., Ortiz-Jaureguizar, E. & 
Carlini, A. A. (1999): The first gnathic remains of Sudamerica: 
implications for gondwanathere relationships. Journal of Ver-
tebrate Paleontology 19: 373-382.

Pfretzschner, H. U., Martin, T., Maisch, M., Matzke, A. & Sun, G. 
(2005): A new docodont from the Late Jurassic of the Junggar 
Basin in Northwest China. Acta Palaeontologica Polonica 50: 
799-808.

Pian, R., Archer, M., Hand, S. J., Beck, R. M. D. & Cody, A. (2016): 
The upper dentition and relationships of the enigmatic Aus-
tralian Cretaceous mammal Kollikodon ritchiei. Memoirs of 
Museum Victoria 74: 97-105.

*Plogschties, T. (2020): Functional analysis of molars in “sym-
metrodontan” mammals. Doctoral dissertation, Universität 
Bonn, 133 pp. http://hss.ulb.uni-bonn.de/2020/5772/5772.pdf

*Plogschties, T. & Martin, T. (2017): The masticatory cycle in 
acute angled symmetrodonts. Society of Vertebrate Paleon-
tology 77th Annual Meeting, Calgary. Meeting Program and 
Abstracts: 178.

Puttick, M. N., O’Reilly, J. E., Tanner, A. R., Fleming, J. F., Clark, 
J., Holloway, L., Lozano-Fernandez, J., Parry, L. A., Tarver, 
J. E., Pisani, D. & Donoghue, P. C. J. (2017): Uncertain tree: 
discriminating among competing approaches to the phyloge-
netic analysis of phenotype data. Proceedings of the Royal 
Society B 284: 20162290.

Rauhut, O. W. M., Martin, T., Ortiz-Jaureguizar, E. O. & Puerta, 
P. (2002): A Jurassic Jurassic mammal from South America. 
Nature 416: 165-168. 

Rich, T. H., Flannery, T. F., Trusler, P., Constantine, A., Kool, L., 
van Klaveren, N. & Vickers-Rich, P. (2001a): An advanced 
ausktribosphenid from the Early Cretaceous of Australia. 
Records of the Queen Victoria Museum 110: 1-9.

Rich, T. H., Hopson, J. A., Gill, P. A., Trusler, P., Rogers-Davidson, 
S., Morton, S., Cifelli, R. L., Pickering, D., Kool, L., Siu, K., 
Burgmann, F. A., Senden, T., Evans, A. R., Wagstaff, B. E., 
Seegets-Villiers, D., Corfe, I. J., Flannery, T. F., Walker, K., 
Musser, A. M., Archer, M., Pian, R. & Vickers-Rich, P. (2016): 
The mandible and dentition of the Early Cretaceous mono-
treme Teinolophos trusleri. Alcheringa 40: 475-501. 

Rich, T. H., Vickers-Rich, P., Constantine, A., Flannery, T. F. & 
Kool, L. (1997): A tribosphenic mammal from the Mesozoic 
of Australia. Science 278: 1438-1442.

Rich, T. H., Vickers-Rich, P., Constantine, A., Flannery, T. F., Kool, 
L. & van Klaveren, N. (1999): Early Cretaceous mammals from 
Flat Rocks, Victoria, Australia. Records of the Queen Victoria 
Museum 106: 1-35.

Rich, T. H., Vickers-Rich, P., Trusler, P., Flannery, T. F., Cifelli, 
R. L., Constantine, A., Cool, L. & van Klaveren, N. (2001b): 
Monotreme nature of the Australian Early Cretaceous mam-
mal Teinolophos trusleri. Acta Palaeontologica Polonica 46: 
113-118. 

Rougier, G. W., Martinelli, A. G., Forasiepi, A. M. & Novacek, M. J. 
(2007): New Jurassic mammals from Patagonia, Argentina: A 
reappraisal of australosphenidan morphology and interrelation-
ships. American Museum Novitates 3566: 1-54.

Salazar-Ciudad, I. & Jernvall, J. (2010): A computational model of 
teeth and the developmental origins of morphological variation. 
Nature 464: 583-586.

*Schultz J. A. & Martin T. (2011): Wear pattern and functional 
morphology of dryolestoid molars (Cladotheria, Mammalia). 
Paläontologische Zeitschrift 85: 269-285.

*Schultz, J. A. & Martin, T. (2014): Function of pretribosphenic and 
tribosphenic mammalian molars inferred from 3D animation. 
Naturwissenschaften 101: 771-781.

*Schultz, J. A., Bhullar, B.-A. S. & Luo Z.-X. (2017): Re-examination 
of the Jurassic mammaliaform Docodon victor by computed 
tomography and occlusal functional analysis. Journal of Mam-
malian Evolution 26: 9-38 (2019). https://doi.org/10.1007/
s10914-017-9418-5

*Schultz, J. A., Koenigswald, W. v. & Dumont, E. R. (2014): Dental 
function and diet of Vintana sertichi (Mammalia, Gondwa-
natheria) from the Late Cretaceous of Madagascar. Journal 
of Vertebrate Paleontology Memoir 14. Journal of Vertebrate 
Paleontology 34 (6, Supplement): 182-202.

*Schwermann, A. H. (2014): Über die Funktionsweise prätribo
sphenischer und tribosphenischer Gebisse. Doctoral dis-
sertation, Universität Bonn, Bonn. http://hss.ulb.uni-bonn.
de/2015/4027/4027.htm

*Schwermann, A., Schultz, J., Kullmer, O. & Martin, T. (2014): Molar 
form and function of the Late Jurassic stem-zatherian Nano­
lestes (Mammalia). Society of Vertebrate Paleontology 74th 
Annual Meeting, Berlin. Meeting Program and Abstracts: 226.

Sibbing, F. A. (1991): Food Capture and Oral Processing. In Win-
field, I. J. and J. S. Nelson (eds.): Cyprinid Fishes: Systematics, 
Biology and Exploitation. Chapman & Hall, London: 377-412.

Chapter 10.  T. Martin et al.:  Molar diversity and functional adaptations in Mesozoic mammals



T. Martin & W. v. Koenigswald:  Mammalian Teeth – Form and Function. – München (Pfeil) 2020 – ISBN 978-3-89937-266-3

214

Spoutil, F., Vlcek, V. & Horacek, I. (2010): Enamel microarchi-
tecture of a tribosphenic molar. Journal of Morphology 271: 
1204-1218.

Thenius, E. (1989): Zähne und Gebiß der Säugetiere. Handbuch 
der Zoologie, Band VIII Mammalia. De Gryuter, Berlin. 

Turnbull, W. D. (2002): The mammalian faunas of the Washakie 
Formation, Eocene Age, of southern Wyoming. Part IV. The 
Uintatheres. Fieldiana 47: 1-189.

Wall, C. E., Vinyard, C. J., Johnson, K. R., Williams, S. H. & Hy-
lander, W. L. (2006): Phase II jaw movements and masseter 
muscle activity during chewing in Papio anubis. American 
Journal of Physical Anthropology 129: 215-224.

Wang, Y.-Q., Clemens, W. A., Hu, Y.-M. & Li, C.-K. (1998): A prob-
able pseudo-tribosphenic upper molar from the late Jurassic 
of China and the early radiation of the Holotheria. Journal of 
Vertebrate Paleontology 18: 777-787.

Wang, Y.-Q. & Li, C.-K. (2016): Reconsideration of the systematic 
position of the Middle Jurassic mammaliaforms Itatodon and 
Paritatodon. Palaeontologia Polonica 67: 249-256.

Wilson, G. P. (2013): Mammals across the K/Pg boundary in 
northeastern Montana, USA: dental morphology and body-
size patterns reveal extinction selectivity and immigrant-fueled 
ecospace filling. Paleobiology 39: 429-469.

Wilson, G. P. & Riedel, J. A. (2010): New specimen reveals del-
tatheroidan affinities of the North American Late Cretaceous 
mammal Nanocuris. Journal of Vertebrate Paleontology 30: 
872-884.

Wilson, G. P., Ekdale, E. G., Hoganson, J. W., Calede, J. J. & 
and Van der Linden, A. (2016): A large carnivorous mammal 
from the Late Cretaceous and the North American origin of 
marsupials. Nature Communications 7: 13734. https://doi: 
10.1038/ncomms13734.

Wilson, G. P., Evans, A. R., Corfe, I. J., Smits, P. D. Fortelius, M. 
& Jernvall, J. (2012): Adaptive radiation of multituberculate 
mammals before the extinction of dinosaurs. Nature 483: 
457-460. https:// doi:10.1038/nature10880.

Yuan, C.-X., Ji, Q., Meng, Q.-J., Tabrum, A. R. & Luo, Z.-X. (2013): 
Earliest evolution of multituberculate mammals revealed by a 
new Jurassic fossil. Science 341: 779-783.

*Zhou, C.-F., Wu, S., Martin, T. & Luo, Z.-X. (2013): A Jurassic 
mammaliaform and the earliest mammalian evolutionary 
adaptations. Nature 500: 163-167.


