
Ornithischia

Theropoda

Sauropodom
orpha

D
iplodocoidea

M
am

.

Plateosauria

Euornithopoda

Ceratopsia

Pa

ch
yc

ep
halo

sau
ria

A
nk

yl
os

au
rid

ae

St
eg

os
au

ri
da

e

D
rom

aeosauridae
Troodon.

Aves
A

lvar.
O

viraptorosauria
Therizino.

Ornithomimo.

Compsog. Tyrannosauroidea Carnosauria Megalosauroidea
Neoceratosauria

Coelo
phy

s.
Her.

Ti
ta

no
sa

ur
ia

Br
.

Chindesaurus bryansmalli

Staurikosaurus pricei

Herrerasaurus ischigualastensis

Zupaysaurus rougieri

Procompsognathus triassicus

Dilophosaurus wetherilli

Segisaurus halli
Lophostropheus airelensis

Sarcosaurus woodi

Syntarsus rhodesiensis

Coelophysis bauri

Liliensternus lilliensterni

Gojirasaurus quayiLam
eta abelisaur

Velocisaurus unicus

Elaphrosaurus bam
bergi

Bajo Barreal abelisaur

Carnotaurus sastrei

Ceratosaurus nasicornis

Ilokelesia aguadagrandensis

M
ajungasaurus crenatissim

us

Spinostropheus gautieri

Rugops prim
us

Noasaurus leali

Aucasaurus garridoi
Xenotarsosaurus bonapartei

Abelisaurus com
ahuensis

M
asiakasaurus knopfleri

Suchom
im

us tenerensis

Afrovenator abakensis

Irritator challengeri

Spinosaurus aegypticus

"M
egalosaurus" hesperis

D
ubreuillosaurus valesdunensis

Poekilopleuron bucklandii

Piatnitzkysaurus floresi

Torvosaurus tanneri

C
ristatusaurus lapparenti

Eustreptospondylus oxoniensis

Baryonyx w
alkeri

C
hilantaisaurus tashuikouensis

M
egalosaurus bucklandi

C
ar

ch
ar

od
on

to
sa

ur
us

 s
ah

ar
ic

us

Tyrannotitan chubutensisG
ig

an
ot

os
au

ru
s 

ca
ro

lin
ii Sinraptor dongi

N
eovenator salerii

C
ryolophosaurus ellioti

Allosaurus fragilis

Lourinhanosaurus antunesi

M
onolophosaurus jiangi

Yangchuanosaurus shangyouensis

Acrocanthosaurus atokensis

M
ap

us
au

ru
s 

ro
se

ae

Al
ec

tro
sa

ur
us

 o
ls

en
i

G
or

go
sa

ur
us

 li
br

at
us

Al
io

ra
m

us
 re

m
ot

us

D
ilo

ng
 p

ar
ad

ox
us

Al
be

rto
sa

ur
us

 s
ar

co
ph

ag
us

D
as

pl
et

os
au

ru
s 

to
ro

su
s

Tw
o 

M
ed

ic
in

e 
ty

ra
nn

os
au

rin
e

G
ua

nl
on

g 
w

uc
ai

i

St
ok

es
os

au
ru

s 
cl

ev
el

an
di

Ty
ra

nn
os

au
ru

s 
re

x

N
an

ot
yr

an
nu

s 
la

nc
en

si
s

Ap
pa

la
ch

io
sa

ur
us

 m
on

tg
om

er
ie

ns
is

Eo
ty

ra
nn

us
 le

ng
i

D
ry

pt
os

au
ru

s 
aq

ui
lu

ng
ui

s

Ta
rb

os
au

ru
s 

ba
ta

ar

N
qw

eb
as

au
ru

s 
th

w
az

i

Hu
ax

ia
gn

at
hu

s 
or

ie
nt

al
is

Ar
is

to
su

ch
us

 p
us

si
lu

s
G

as
os

au
ru

s 
co

ns
tru

ct
us

Co
m

ps
og

na
th

us
 lo

ng
ip

es

N
ed

co
lb

er
ti 

ju
st

in
ho

fm
an

ni

Si
no

sa
ur

op
te

ry
x 

pr
im

a

M
iri

sc
hi

a 
as

ym
m

et
ric

a

Sh
en

zh
ou

sa
ur

us
 o

rie
nt

al
is

Sin
or

ni
th

om
im

us
 d

on
gi

Ar
ch

ae
or

ni
th

om
im

us
 a

sia
tic

us

Pe
le

ca
ni

m
im

us
 p

ol
yo

do
n

Gall
im

im
us

 b
ull

at
us

Orn
ith

om
im

us
 e

dm
on

to
nic

us

Orn
ith

om
im

us
 ve

lox

Ans
er

im
im

us
 p

lan
iny

ch
us

Stru
th

iom
im

us
 a

ltu
s

Har
py

m
im

us
 o

kla
dn

iko
vi

Gar
ud

im
im

us
 b

re
vip

es

Qua
rry

 9 
co

elu
ro

sa
ur

Falc
ari

us
 ut

ah
en

sis

Erlik
osa

urus a
ndrewsi

Nan
sh

inu
ng

os
au

ru
s b

re
vis

pin
us

Enigmosa
urus m

ongolie
nsis

Beipiaosa
urus i

nexp
ectu

s

Nothronyc
hus m

ck
inleyi

Esh
anosa

urus d
eguch

iia
nus

Segnosa
urus g

albinensis
Oviraptor philoceratops

Nomingia gobiensis

Microvenator celer

Incisivosaurus gauthieriCitip
ati o

smolskae

Avimimus porte
ntosusKhaan mckennai

El B
rete ovira

ptor

Chiro
stenotes pergracilisConchoraptor gracilis

Rinchenia mongoliensis

Kamyn Khondt oviraptorine

Caudipteryx zoui

Ingenia yanshini

Patagonykus puertai

Parvicursor remotus

Mononykus olecranus

Alvarezsaurus calvoi

Shuvuuia deserti
Unenlagia comahuensis

Jinfengopteryx elegans

Archaeopteryx lithographica

Rahonavis ostromiMei long
Sinornithoides youngi

Troodon formosus

Byronosaurus jaffei
Saurornithoides mongoliensis

Sinovenator changii

Dornogov troodontidSaurornithoides junior
Neuquenraptor argentinus

Dromaeosaurus albertensis
Tsaagan mangas

Sinornithosaurus milleniiAchillobator giganticusUtahraptor ostrommaysi

Buitreraptor gonzalezorum

Deinonychus antirrhopus

Microraptor zhaoianus

Atrociraptor marshalli

Adasaurus mongoliensis

Bambiraptor feinbergorum

Saurornitholestes langstoniVelociraptor mongoliensis

Tu
gu

lu
sa

ur
us

 fa
ci

le
sCo

el
ur

us
 fr

ag
ilis

O
rn

ith
ol

es
te

s 
he

rm
an

ni

Si
am

ot
yr

an
nu

s 
is

an
en

si
s

Xinj
ian

go
ve

na
tor

 pa
rvu

s

Fu
ku

ira
pt

or
 k

ita
da

ni
en

si
s

Xu
an

ha
no

sa
ur

us
 q

ilix
ia

en
si

s

"Szechuanoraptor" zigongensis

Guabiasaurus candelariensis

Pr
oc

er
at

os
au

ru
s 

br
ad

le
yi

M
ag

no
sa

ur
us

 n
et

he
rc

om
be

ns
is

Sc
ip

io
ny

x 
sa

m
ni

tic
us

Protarchaeopteryx robusta

Gugyedong maniraptoran

Eoraptor lunensis

De
lta

dr
om

eu
s 

ag
ilis

Bag
ar

aa
tan

 os
tro

mi

Eocursor parvus
Lesothosaurus diagnosticus

Abrictosaurus consors

Heterodontosaurus tucki

Emausaurus ernsti
Scelidosaurus harrisonii

Pisanosaurus mertii

Scutellosaurus lawleri

Stormbergia dangershoeki

Lexovisaurus durobrivensisHesperosaurus mjosiWuerhosaurus homheni
Huayangosaurus taibaii

Chungkingosaurus jiangbeiensis

Dacentrurus armatus

Stegosaurus armatus

Stegosaurus stenops

Chialingosaurus kuani

Tuojiangosaurus multispinus

Paranthodon africanus

Kentrosaurus aethiopicus

Pinacosaurus mephistocephalus
Gargoyleosaurus parkpinorum

Polacanthus foxii

Animantarx ramaljonesi

Saichania chulsanensis

Gastonia burgei

Tsagantegia longicranialis

Hylaeosaurus armatus

Hungarosaurus tormai

Silvisaurus condrayi

Euoplocephalus tutus

Nodocephalosaurus kirtlandensis

Struthiosaurus austriacus

Minmi paravertebra
Edmontonia longiceps

Pinacosaurus grangeri

Gobisaurus domoculus

Cedarpelta bilbeyhallorum

Pawpawsaurus campbelli

Tianzhenosaurus youngi
Edmontonia rugosidens

Panoplosaurus mirus

Sauropelta edwardsorum

Shamosaurus scutatus

Talarurus plicatospineus

Ankylosaurus magniventris

Mymoorapelta maysi

Tarchia gigantea

Homalocephale calathocercos

Sphaerotholus buchholtzaeStenopelix valdensis

Ornatotholus browni

Prenocephale goodwini

Yaverlandia bitholus

Prenocephale brevis

Prenocephale prenes

Tylocephale gilmorei

Dwarf pachycephalosaur

Prenocephale edmontonensis

Wannanosaurus yansiensis

Stegoceras validum

Stygimoloch spinifer

Pachycephalosaurus wyomingensis

Goyocephale lattimorei

Prenoceratops pieganensis

M
ontanoceratops cerorhynchus

M
onoclonius crassus

Leptoceratops gracilis

Udanoceratops tschizhovi

Chaoyangsaurus youngi

Achelousaurus horneri

Styracosaurus albertensisYinlong downsi

C
hasm

osaurus m
ariscalensis

C
entrosaurus apertus

Xuanhuaceratops niei

C
hasm

osaurus belli

Protoceratops hellenikorhinus

Psittacosaurus sinensis

Protoceratops andrew
si

Arrhinoceratops brachyops
Triceratops horridus

Psittacosaurus guyangensis

Avaceratops lam
m

ersi
Einiosaurus procurvicornis

Pachyrhinosaurus n. sp.
C

hasm
osaurus irvinensis

Yam
aceratops dorngobiensis

D
iceratops hatcheri

Pentaceratops sternbergii

Liaoceratops yanzigouensis
G

raciliceratops m
ongoliensis

C
hasm

osaurus russelli

Archaeoceratops oshim
ai

Pachyrhinosaurus canadensis

Bagaceratops rozhdestvenskyi

Anchiceratops ornatus

Psittacosaurus m
ongoliensis

Zuniceratops christopheri
C

entrosaurus brinkm
ani

Torosaurus latus

G
ilm

or
eo

sa
ur

us
 m

on
go

lie
ns

is

H
exinlusaurus m

ultidens

Pr
os

au
ro

lo
ph

us
 m

ax
im

us

Naa
sh

oib
ito

sa
ur

us
 o

str
om

i

Para
sa

uro
lpo

hu
s w

alk
eri

O
ur

an
os

au
ru

s 
ni

ge
rie

ns
is

Ig
ua

no
do

n 
be

rn
is

sa
rte

ns
is

Pr
ob

ac
tro

sa
ur

us
 g

ob
ie

ns
is

Ja
xa

rto
sa

ur
us

 ar
ale

ns
isFu

ku
is

au
ru

s 
te

to
rie

ns
is

Te
lm

at
os

au
ru

s 
tra

ns
sy

lva
ni

cu
s

O
th

ni
el

ia
 r

ex

Hyp
acro

sa
urus a

ltis
pinusBr

ac
hy

lo
ph

os
au

ru
s 

ca
na

de
ns

is

Th
es

ce
lo

sa
ur

us
 n

eg
le

ct
us

Sau
ro

lop
hu

s o
sb

or
ni

Ed
m

on
to

sa
ur

us
 re

ga
lis

La
mbe

os
au

rus
 la

mbe
i

"K
rit

os
au

ru
s"

 a
us

tra
lisR

ha
bd

od
on

 p
ris

cu
s

H
yp

si
lo

ph
od

on
 fo

xi
i

Ts
int

ao
sa

ur
us

 sp
ino

rh
inu

s

Ba
ct

ro
sa

ur
us

 jo
hn

so
ni

M
ut

ta
ba

rr
as

au
ru

s 
la

ng
do

ni

Gr
yp

os
au

ru
s 

no
ta

bi
lis

G
as

pa
rin

is
au

ra
 c

in
co

sa
lte

ns
is

Te
no

nt
os

au
ru

s 
do

ss
i

Par
ar

ha
bd

od
on

 is
on

en
sisLu

rd
us

au
ru

s 
ar

en
at

us

O
ro

dr
om

eu
s 

m
ak

el
ai

Ed
m

on
to

sa
ur

us
 a

nn
ec

te
ns

Pa
rk

so
sa

ur
us

 w
ar

re
ni

Cha
ro

no
sa

ur
us

 jia
yin

en
sis

Eq
ui

ju
bu

s 
no

rm
an

i

Olorotita
n arharensis

M
ai

as
au

ra
 p

ee
bl

es
or

um

Je
ho

lo
sa

ur
us

 s
ha

ng
yu

an
en

si
s

Ke
rb

er
os

au
ru

s 
m

an
ak

in
i

Za
lm

ox
es

 s
hq

ip
er

or
um

Ig
ua

no
do

n 
at

he
rfi

el
de

ns
is

D
ry

os
au

ru
s 

al
tu

s

Za
lm

ox
es

 ro
bu

st
us

Lo
ph

or
ho

th
on

 a
to

pu
s

Eo
la

m
bi

a 
ca

ro
ljo

ne
sa

Fo
nt

llo
ng

a 
eu

ha
dr

os
au

r

Lambeosa
urus m

agnicr
ist

atus

Te
no

nt
os

au
ru

s 
til

le
tti

D
ry

os
au

ru
s 

le
tto

w
vo

rb
ec

ki

Coryt
hosa

urus c
asu

ariu
s

Al
tir

hi
nu

s 
ku

rz
an

ov
i

Nipponosa
urus s

ach
alin

ensis

Ze
ph

yr
os

au
ru

s 
sc

ha
ffi

C
am

pt
os

au
ru

s 
di

sp
ar

Yandusaurus hongheensis

Hyp
acro

sa
urus s

tebingeri

Ji
nz

ho
us

au
ru

s 
ya

ng
i

Amur
os

au
ru

s r
iab

ini
ni

Agilisaurus louderbacki

Pr
ot

oh
ad

ro
s 

by
rd

i

Na
ny

an
go

sa
ur

us
 z

hu
ge

ii

Vulcanodon karibaensis

Melanorosaurus readi

Lessemsaurus sauropoides

Thecodontosaurus antiq
uus

Shunosaurus liiTazoudasaurus naimiCamelotia borealis

Jingshanosaurus xinwaensis

Patagosaurus fariasi

Blikanasaurus cromptoni

Efra
asia minor

Amazonsaurus maranhensis

Antetonitrus ingenipes

Haplocanthosaurus delfsi

Anchisaurus polyzelus

Cetiosaurus oxoniensis

Camarasaurus supremusBrachiosaurus brancai
Europasaurus holgeri

Jobaria tiguidensis

Pantyd
raco ca

ducus

Haplocanthosaurus priscusZapalasaurus bonapartei

Isanosaurus attavipachi

Gongxianosaurus shibeiensis

Atlasaurus imelakei

Mussaurus patagonicus

Saturnalia
 tu

piniquim

Barapasaurus tagorei

Losillasaurus giganteus

Kotasaurus yamanpalliensis

Yunnanosaurus huangi

"Gyposaurus" sinensis

Riojasaurus incertu
s

Lufengosaurus huenei

Unaysaurus tolentinoi

Plateosaurus cullingworthi

Plateosaurus gracilis

Plateosaurus engelhardti

Coloradisaurus brevisAmmosaurus major

Massospondylus carinatus

Mamenchisaurus constructus

Omeisaurus junghsiensis

Omeisaurus yianfuensis

Apatosaurus sp.

Rayososaurus agrioensis

Suuwassea emilieae
Amargasaurus cazaui

Apatosaurus excelsus

Amphicoelias altus

Apatosaurus louisae

Barosaurus lentus
Tornieria africana
Dicraeosaurus hansemanni

Apatosaurus ajaxApatosaurus parvus

Diplodocus longus

Limaysaurus tessonei

Dinheirosaurus lourinhanensis

Rebbachisaurus garasbaeNigersaurus taqueti

Brachytrachelopan mesai

Lapparentosaurus madagascarensis

Cedarosaurus weiskopfae

Brachiosaurus altithorax

Lirainosaurus astibiae

Quaesitosaurus orientalis

Argyrosaurus superbus

Rapetosaurus krausei

Malagasy Taxon B

Datousaurus bashanensis

Andesaurus delgadoi

Opisthocelocaudia skarzynskii

Paralititan stromeri

Antarctosaurus wichmannianus

Isisaurus colberti

Austrosaurus mckillopi

Nemegtosaurus mongoliensis

Toba titanosaur

Peiropolis titanosaur

Aeolosaurus rionegrinus

Euhelopus zdanskyi

Ampelosaurus atacis

Saltasaurus loricatus

Gondwanatitan faustoi

Alamosaurus sanjuanensis

Pleurocoelus nanus

Phuwiangosaurus sirindhornae

Bellusaurus sui

Tehuelchesaurus benitezii

Japalpur titanosaur indet.

Pellegrinisaurus powelli

Titanosaurus indicusArgentinosaurus huinculensis

Rocasaurus muniozi

Epachthosaurus sciuttoi

Malawisaurus dixeyi

Agustinia ligabuei

76 9 121 2 543 8 10 11

100125150175200225 75

Time (Ma)

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

M
ea

n 
D

el
ta

-2
 s

hi
ft 

st
at

is
tic

Figure 5. 
M e a n 

values of the 
Delta-2 shift 

statistic through time. 
Higher values indicate a 

better fit of the two-parameter 
model, i.e. a higher likelihood of a 

diversification shift. Lower values 
indicate preference of the one-parameter 

(equal-rates Markov) model.
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Diversification 
rates based on the 
raw record (blue 
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(green line) and subsampled 
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Boxes 1-12 are approximately 
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Figure 2 (below). Majority-rule consensus tree of the reduced Baum 
and Ragan MRP matrix. Abbreviated clade names are: Mam. = 
Mamenchisauridae, Br. = Brachiosauridae, Her. = 
Herrerasauridae, Compsog. = 
“Compsognathoidea”, Ornithomimo. = 
Ornithomimosauria, Therizino. = 
Therizinosauroidea, Alvar. = 
Alvarezsauridae and 
Troodon. = 
Troodontidae.
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Dinosaur diversification: the Cretaceous Terrestrial
Revolution

The removal of a Late Cretaceous diversification peak by 
subsampling and the better fit of an ERM model during the 
Cretaceous indicate relatively quiescent speciation during this 
interval. This contrasts strongly with the pattern from other 
terrestrial clades (e.g. herbivorous and social insects, squamates, 
birds and mammals) that show major diversifications at this time 
following the origin and radiation of angiosperms, an event we 
term the Cretaceous Terrestrial Revolution (KTR). Direct evidence 

of dinosaurian diet (gut contents, coprolites) already suggests that 
dinosaurs did not adapt to feed exclusively on angiosperms and we 

conclude that dinosaurs did not participate in the KTR. 

Dinosaur diversification: diversification shifts

An alternative approach to analysing diversification is to compare 
observed tree shape with a null model. The simplest null model is 
equal-rates Markov (ERM), where all branches have the same 
probability of splitting resulting in a fully balanced tree. Significant 
excursions from stochastic variation around this model indicates a 
more complex two-parameter model, where, following a split, one 
branch shows a greater probability of splitting than the other. This 
is a diversification shift (Chan and Moore 2005). Here 11 
significant shifts (which were also found on time-sliced trees, a 
way of testing a potential bias in the assumptions of the ERM 
model) were discovered. These are shown in figure 4 as arrows 
indicating the more speciose branch following the shift. These 
are concentrated early in dinosaur evolution. An alternative 
way of showing this is to plot the mean likelihood of the 
two-parameter model through time (figure 5). This shows that 
diversification was furthest from the ERM model in the Early 
Jurassic and closest during the Cretaceous.

Dinosaur diversification: taxon counting methods 

Three taxon-counting methods were used to look at a simple metric of 
diversification (% change in species richness per million years). The first 
involved counts of raw data taken from The Dinosauria II (Weishampel et 
al. 2004), the second used the supertree to add ghost ranges to this data 
and the third used a subsampling approach whereby the data were 
resampled 1,000 times and the number of species present in 36 occurrences 
tallied. This last count represents a way of artifically setting the global quality 
of the record as equal to the worst part. The results are shown in figure 3, with 
the raw and ghost-range corrected data showing increased diversification in the 
Late Triassic, Middle Jurassic and Late Cretaceous and decreased diversification in 
the Early Jurassic and Early Cretaceous. However, all peaks and troughs are 
removed by subsampling, suggesting minimally that the dinosaur record is seriously 
biased by sampling and maximally that the true picture is one of near constant diversity 
implying a logistic model of species richness.

Supertree Construction

A novel formal supertree was produced and used as a 
framework to investigate different metrics of diversification in 
non-avian dinosaurs. Here, new source tree filtering methods 
were used to reduce redundancy and ensure that source trees 
represented current consensus as far as possible (figure 1). 
Multiple supertree algorithms were then employed to combine 
source trees in different ways, but we found that the Baum and 
Ragan MRP method produced the best representation of the 
original source trees (by the V1 index of Wilkinson et al. 2005). 
A manual reduced consensus approach was then used to remove 
taxa that were phylogenetically unstable in order to obtain a tree 
that more closely represented complete bifurcation. The resulting 
tree of 420 species is shown in figure 2.

Abstract

The observed diversity of dinosaurs reached its highest peak during the mid- and Late 
Cretaceous, the 50Myr that preceded their extinction, and yet this explosion of dinosaur diversity 
may be explained largely by sampling bias. It has long been debated whether dinosaurs were 
part of the Cretaceous Terrestrial Revolution (KTR), from 125–80Myr ago, when flowering plants, 
herbivorous and social insects, squamates, birds and mammals all underwent a rapid expansion. 
Although an apparent explosion of dinosaur diversity occurred in the mid-Cretaceous, 
coinciding with the emergence of new groups (e.g. neoceratopsians, ankylosaurid ankylosaurs, 
hadrosaurids and pachycephalosaurs), results from the first quantitative study of diversification 
applied to a new supertree of dinosaurs show that this apparent burst in dinosaurian diversity in 
the last 18 Myr of the Cretaceous is a sampling artefact. Indeed, major diversification shifts 
occurred largely in the first one-third of the group’s history. Despite the appearance of new 
clades of medium to large herbivores and carnivores later in dinosaur history, these new 
originations do not correspond to significant diversification shifts. Instead, the overall geometry 
of the Cretaceous part of the dinosaur tree does not depart from the null hypothesis of an equal 
rates model of lineage branching. Furthermore, we conclude that dinosaurs did not experience 
a progressive decline at the end of the Cretaceous, nor was their evolution driven directly by the 
KTR.
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