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Extinção

8

Sepkoski’s depictions of the Phanerozoic history of global marine

diversity (from Foote & Miller 2007, Figure 8.5, page 217).

Extinction
  

Two types:  Mass and Background

•  Extinction is a dominant

       feature of the history

       of life.

•  Decreasing rates

       of background

       extinction with time.

•  Cambrian dominated

       by high rates.

•  After the Cambrian

       5 mass extinctions.

Extinction Marine Genera

A extinção é uma característica 
dominante na história da vida 

Dois “tipos” de extinção: extinções 
em massa e extinções de 
“background” (de fundo).

Cambriano dominado por taxas altas, 
tanto de extinção quanto de 
especiação

Após o Cambriano, 5 extinções em 
massa.
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O que pode afetar as taxas de extinção 
de fundo ?

Extinções em Massa

Ecologia dos organismos

Distribuição geográfica 
dos organismos
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Taxas de extinção após uma extinção em massa
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Efeito da distribuição geográfica
nas taxas de extinção

Quanto maior a distribuição geográfica menor a 
taxa de extinção de fundo.

534 MATTHEW G. POWELL

FIGURE 2. The effect of mass extinctions on genus du-
rations. Genus durations are curtailed by the proximity
of a genus’s first appearance (time of origination) to ma-
jor mass extinctions, indicated by breaks in the distri-
bution of points. Dashed lines delineate the timing of
the two major late Paleozoic mass extinctions; for ex-
ample, a genus originating 350 Myr ago would encoun-
ter the end-Permian mass extinction (251 Ma) after !100
Myr. Miss., Mississippian; Perm., Permian.

←

FIGURE 1. Correlation of geographic range and genus
longevity in late Paleozoic brachiopods. A, Comparison
of two methods for calculating longevity. Solid line is
reduced major axis fit to the logged data; dashed line is
parity. Longevities calculated from modified-Sepkoski
(MS) and Paleobiology Database (PBDB) stratigraphic
ranges (note log scale). B, Highly significant correlation
of geographic range size with durations calculated from
Paleobiology Database ranges. Solid line is reduced ma-
jor axis fit. C, Highly significant correlation of geo-
graphic range size with durations calculated from mod-
ified-Sepkoski ranges. Solid line is reduced major axis
fit.

nifera (Parker et al. 1999), and ostracods (Liow
2007).

A first-order control of a taxon’s duration is
the proximity of its time of origination to a
mass extinction, which is demonstrated clear-
ly in a plot of time of origination versus lon-
gevity (Fig. 2). The severe late Paleozoic ex-
tinctions produced conspicuous breaks in the
distribution of the data. For example, although
it would have been theoretically possible for a
genus that originated 350 Myr ago to have
achieved a duration of 350 Myr by surviving

Distribuição geográfica (km2 x 106)
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Larval Ecology and Range Heritability 561 

Table 1: Species durations significantly correlated with 
geographic ranges in Late Cretaceous mollusks 
Taxon Larval mode N r, P 
Gastropods All 106 .78 <.0001 
Bivalves All 113 .63 <.0001 
Gastropods Planktotrophic 55 .72 <.0001 
Gastropods Nonplanktotrophic 51 .73 <.0001 
Bivalves Planktotrophic 100 .62 <.0001 
Bivalves Nonplanktotrophic 13 .74 .002 

Note: N = number of species, excluding those that originated in 
the last 1-2 million years before the end-Cretaceous mass extinction 
and thus likely to have truncated durations (see Jablonski 1986); 

rs 
= Spearman's rank-order correlation coefficient. 

nants in these two mollusk clades, with planktotrophy as- 
sociated with larger geographic ranges in gastropods but 
not bivalves. Despite this contrast, geographic ranges have 
the same positive relationship with species survivorship in 
both taxa within and among developmental modes. The 
evolutionary consequences of broad versus narrow distri- 
butions are evidently similar even in groups with very 
different means of dispersal. For example, rafting may be 
especially important for dispersal in clonal invertebrate 
species, some of which maintain broad geographic ranges 
despite highly restricted larval transport (Knowlton and 
Jackson 1993; Watts et al. 1998; Thiel and Gutow 2005). 
Widespread species of Neogene bryozoans had a median 
duration of about 7.5 million years, while narrowly dis- 
tributed species had a median duration of about 2 million 
years (Cheetham and Jackson 1996), comparable to the 
range-duration relationships seen in Cretaceous mollusks. 
Geographic range can evidently dominate other biotic fac- 
tors as well; for example, in crustaceans, narrow geo- 
graphic range appears to be a better predictor of extinction 
risk than small population size or low fecundity (Reaka- 
Kudla 2001, 2002). 

Even if larval mode did account for most of the range- 

size similarity among closely related mollusk species, such 
a finding would constitute a lower-level mechanism for, 
rather than a negation of, range-size heritability at the 
species level. Species-level properties, even emergent ones, 
must ultimately stem from properties of genes, organisms, 
their environment, and the complex interactions among 
these factors. Identifying the lower-level (in this case, or- 
ganismic) factors responsible for species-level heritability 
does not diminish this heritability or the potential selection 
on range size per se, just as knowing the lower-level de- 
terminants of body size (specific segregating genes) would 
not make this trait any less heritable at the organismic 
level or disallow the emergent phenotypic property of body 
size as a potential target of selection. Finding significant 
range-size heritability within larval modes does, however, 
refute the suggestion that range size and its heritability are 
overwhelmingly determined by larval mode in these mol- 
lusks (Webb and Gaston 2005). 

The consistent positive relationship between range size 
and species survivorship regardless of underlying larval 
biology suggests that emergent fitness (Lloyd and Gould 
1993; Gould 2002; Coyne and Orr 2004) in these mollusk 
species was causally related to the sizes of their geographic 
ranges. This finding corroborates previous interpretation 
of this case study as an example of strict-sense species 
selection on the emergent property of geographic range 
size. The reasoning used here corresponds to one opera- 
tional approach to analyzing levels of selection (Jablonski 
2000) similar to Brandon's (1990, 1996; Brandon et al. 
1994) application of the statistical concept of "screening 
off" (see also Wimsatt 1981). Loosely speaking, one causal 
factor screens off another if the second factor provides no 
additional predictive power for a given outcome once the 
first factor is known (Brandon 1990). For example, the 
literature is rich in experiments where selection on or- 

ganismic traits (wing size, insecticide resistance) elicited 

Table 2: Results from modeling stratigraphic duration (Dur) as a function of 
geographic range (geo, in km) and/or larval mode (larv) using generalized linear 
models (see text for details) 
Taxon and model Result Test against full model 

Gastropods: 
Dur - geo 

b,; 
= .00081; P< .0001 Dev = 2.0, df = 1, P = .16 

Dur - larv bp 
= .99; P = .0003 Dev = 33.8, df = 1, P < .0001 

Bivalves: 
Dur - geo bk = .00081; P< .0001 Dev = .02, df = 1, P = .89 
Dur - larv b, = .003; P = .99 Dev = 57.3, df = 1, P < .0001 

Note: Results include the linear coefficients (b, for geographic range and b, for the coefficient 

of the planktotrophic species) and probability values (P) for the models. Each single predictor 
model was tested against the full model including both independent variables (Dur ~ geo + 

larv), using analysis of deviance to test whether the added predictor improves significantly the fit 

of the model. Durations of species that originated just before the end-Cretaceous mass extinction 

omitted; Dev = deviance, df = degrees of freedom. 

Efeito da distribuição geográfica
nas taxas de extinção

Quanto maior a distribuição geográfica menor a 
taxa de extinção de fundo.
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Diferenças nas taxas de extinção: efeito da ecologia

Endoxocrinus at a depth of 692 m, Bahamas

Endoxocrinus  (Sub-
classe Articulata) a 
cerca de 690 metros de 
profundidade nas 
Bahamas

Sub-classe Camerata: 
extensões finas dos braços 
chamadas de pinulas

Necessitam de 
correntes rápidas 
para se alimentar espécie atualespécie fóssil

Monday, November 4, 19



Não-pinulados: podem se alimentar em 
águas com correntes tanto rápidas 

quanto lentas

Cyathocrinites, a primitive cladid with 
nonpinnulate arms

Diferenças nas taxas de extinção: efeito da ecologia
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Diferenças nas taxas de extinção: efeito da ecologia

Ecologicamente 
mais 

especializados

Ecologicamente 
menos 

especializados
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Cyathocrinites, a primitive cladid with 
nonpinnulate arms

Diferenças nas taxas de extinção: efeito da ecologia
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Gêneros

Camerata
Não-pinulados

Os Camerata, por possuírem requerimentos ambientais mais 
específicos (locais com correntes mais fortes) do que os Não-

pinulados, parecem ser mais suscetíveis a extinção.

Maiores taxas de 
extinção
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Taxa de originação e extinção de famílias dentro de 
ordens estão correlacionadas
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PORQUE???
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Porque as taxas de originação e extinção seriam 
correlacionadas?

Ambas seriam afetadas pelas 
mesmas características dos 
organismos como por exemplo:

1- Grau de especialização.

2- Distribuição geográfica. 
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1- Interações entre 
espécies.

2- Adaptações “chave”.

3- “Provincialidade”.

O que afeta a diversidade global no 
tempo geológico?
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Interações entre espécies (em detalhe nas aulas 
seguintes).

O que afeta a diversidade global no 
tempo geológico?
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herbivoria

O que afeta a diversidade global no tempo 
geológico?

Adaptações “chave”: uma adaptação que permite um organismo 
em ocupar um novo nicho ecológico  substancialmente distinto 
do nicho de organismos relacionados. Em geral envolve o uso de 

um novo recurso ou um novo habitat
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Adaptações “chave”: uma adaptação que permite um organismo 
em ocupar um novo nicho ecológico  substancialmente distinto 
do nicho de organismos relacionados. Em geral envolve o uso de 

um novo recurso ou um novo habitat

Echinacea: mandíbulas mais fortes 
que os permitiam utilizar uma 
variedade maior de recursos

Gnathostomata e Atelostomata: 
se especializaram em se enterrar 
no sedimento e se alimentar de 

particular orgânicas

O que afeta a diversidade global no tempo 
geológico?

Equinodermos
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Zona Adaptativa: um conjunto de nichos ecológicos similares 
ocupados por um grupo de espécies aparentadas. “Nicho de um 

taxon acima da espécie”.

Gnathostomata e Atelostomata: 
se especializaram em se enterrar 
no sedimento e se alimentar de 

partículas orgânicas

O que afeta a diversidade global no tempo 
geológico?

Echinacea: mandíbulas mais fortes 
que os permitiam utilizar uma 
variedade maior de recursos
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Provincialidade: o grau com que a biota global é 
particionada entre regiões geográficas do planeta

Triássico 240 Mya

Jurássico 160 Mya

Cretáceo 90 Mya

Oligonceno 30 Mya

O que afeta a diversidade global no tempo 
geológico?
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Jurássico 160 Mya Oligonceno 30 Mya

Provincialidade

O que afeta a diversidade global no tempo 
geológico?
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Jurássico 160 Mya Oligonceno 30 Mya

1- Isolamento geográfico dos continentes facilitaria especiação.

Provincialidade

O que afeta a diversidade global no tempo 
geológico?
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Jurássico 160 Mya Oligonceno 30 Mya

1- Isolamento geográfico dos continentes facilitaria especiação.

2- Variedade de ambientes (climas distintos!!) que facilitaria a evolução 
divergente.
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Jurássico 160 Mya Oligonceno 30 Mya

1- Isolamento geográfico dos continentes facilitaria especiação.

2- Variedade de ambientes (climas distintos!!) que facilitaria a evolução 
divergente.

3- Isolamento geográfico que dificultaria a imigração de espécies que 
por sua vez diminui o efeito negativo da competição e predação na 
riqueza de espécies.

Provincialidade

O que afeta a diversidade global no tempo 
geológico?
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Existiria um limite na diversidade?
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Existiria um limite na diversidade?

A riqueza é resultado das taxas 
de especiação e extinção

N
t = r N d

d

N
t = sN - eN

d
d
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Como as taxas de especiação e extinção 
deveriam variar no tempo caso houvesse um 

limite de diversidade?

Exponencial: taxas constantes de 
diversificação

Logístico: desaceleração nas 
taxas de diversificação

diversificação = especiação - extinção
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Evidências a favor de um limite na 
diversidade além do Registro Fóssil?

Gêneros de Animais Marinhos
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Evidências a favor de um limite na diversidade

Corais da ordem Rugosa
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Idade do Taxon
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Será que as taxas de extinção se modificam de acordo com 
a idade do taxon?

Análise de sobrevivência
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Será que as taxas de extinção se modificam de acordo com 
a idade do taxon?

Exemplo: ordenar o número de espécies com até uma 
dada duração (longevidade) para um gênero em questão

O ângulo da reta nos dá a taxa de extinção!!!

Análise de sobrevivência
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Probabilidade de 
extinção constante
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Espécies mais velhas 
t ê m u m a m e n o r 
probabilidade de se 
extinguirem

Será que as taxas de extinção se modificam de acordo com 
a idade do taxon?
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divergence between these taxa. 
Furthermore, based on our dating 
analyses and fossil evidence, we 
suggest that most South American 
canid lineages originated in North 
America [7,8]. At least six exclusively 
South American canid lineages, 
including the Falklands wolf, 
originated prior to the formation 
of a Panamanian land bridge 
approximately 3 mya (Figure 1). 
Canids are not recorded in the 
South American fossil record until 
the late Pliocene (Uquian, 2.5–1.5 
mya [7]), while three South American 
canid lineages are recorded in the 
North American fossil record before 
this time (Cerdocyon, 6–5 mya; 
Chrysocyon, 5–4 mya; Theriodictis, 
5–4 mya; [9]). The South American 
canids probably evolved from the 
fossil taxon Eucyon, which was 
widespread in North America during 
the late Miocene [9]. The ultimate 
extinction of South American canid 
lineages in North America may have 
resulted from resource competition 
with Canis, which immigrated to 

the New World during the late 
Pliocene [7,9]. 

Based on mtDNA sequence 
analysis, we estimated the age of 
the most recent common ancestor 
of our Falklands wolf samples to 
be 330 thousand years ago (kya) 
(Figure 1; 95% HPD = 70–640 kya). 
Genetic and archaeological evidence 
suggests that humans first arrived in 
the New World no earlier than 20–15 
kya [10], implying that a human-
mediated origin of the Falklands 
wolf is unlikely [3,9]. The Falklands 
wolf may have reached the islands 
by rafting or dispersing over glacial 
ice [3,9] during the late Pleistocene 
and was probably able to survive 
into the recent past by subsisting on 
a rich diet of penguins, geese and 
pinnipeds [1,4]. Unfortunately, by the 
time Darwin described the species, 
its exploitation for the fur trade was 
well underway. Forty years later, the 
Falklands wolf was extinct, ending 
a long evolutionary process of the 
kind central to the development of 
Darwin’s theories.
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Supplemental data are available at  
http://www.cell.com/current-biology/ 
supplemental/S0960-9822(09)01695-9.
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Figure 1. Chronogram showing phylogenetic relationships of the Falklands wolf.
Colour bars indicate phylogenetically informative polymorphisms shared by the Falklands wolf. 
The Falklands wolf also lacks an insertion (purple arrowhead) specific to the South American foxes. 
The shaded green bar indicates formation of the Panamanian isthmus. Node support values are 
Bayesian inference/maximum likelihood/neighbour-joining. Values < 70% are indicated by a hy-
phen. Canid images with permission from D.W. MacDonald and P. Barrett (1999). Mammals of 
Europe (London: Harper Collins); J.F. Eisenberg and K.H. Redford (1999). Mammals of the Neotrop-
ics, Volume 3 The Central Neotropics: Ecuador, Peru, Bolivia, Brazil (Chicago: Chicago University 
Press); and St. G. Mivart (1890). A Monograph of the Canidae: Dogs, Jackals, Wolves, and Foxes 
(London: Porter).
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divergence between these taxa. 
Furthermore, based on our dating 
analyses and fossil evidence, we 
suggest that most South American 
canid lineages originated in North 
America [7,8]. At least six exclusively 
South American canid lineages, 
including the Falklands wolf, 
originated prior to the formation 
of a Panamanian land bridge 
approximately 3 mya (Figure 1). 
Canids are not recorded in the 
South American fossil record until 
the late Pliocene (Uquian, 2.5–1.5 
mya [7]), while three South American 
canid lineages are recorded in the 
North American fossil record before 
this time (Cerdocyon, 6–5 mya; 
Chrysocyon, 5–4 mya; Theriodictis, 
5–4 mya; [9]). The South American 
canids probably evolved from the 
fossil taxon Eucyon, which was 
widespread in North America during 
the late Miocene [9]. The ultimate 
extinction of South American canid 
lineages in North America may have 
resulted from resource competition 
with Canis, which immigrated to 

the New World during the late 
Pliocene [7,9]. 

Based on mtDNA sequence 
analysis, we estimated the age of 
the most recent common ancestor 
of our Falklands wolf samples to 
be 330 thousand years ago (kya) 
(Figure 1; 95% HPD = 70–640 kya). 
Genetic and archaeological evidence 
suggests that humans first arrived in 
the New World no earlier than 20–15 
kya [10], implying that a human-
mediated origin of the Falklands 
wolf is unlikely [3,9]. The Falklands 
wolf may have reached the islands 
by rafting or dispersing over glacial 
ice [3,9] during the late Pleistocene 
and was probably able to survive 
into the recent past by subsisting on 
a rich diet of penguins, geese and 
pinnipeds [1,4]. Unfortunately, by the 
time Darwin described the species, 
its exploitation for the fur trade was 
well underway. Forty years later, the 
Falklands wolf was extinct, ending 
a long evolutionary process of the 
kind central to the development of 
Darwin’s theories.

Supplemental Data
Supplemental data are available at  
http://www.cell.com/current-biology/ 
supplemental/S0960-9822(09)01695-9.

Acknowledgments
We thank Ted Daeschler and Ned Gilmore 
(ANSP), Paula Jenkins and Daphne Hills 
(BMNH), Cody Fraser (Otago Museum, 
NZ), Lars Werdelin (Swedish Museum of 
Natural History), and Tony Parker and 
Clem Fisher (World Museum Liverpool) 
for access to specimens. Shauna Price 
provided comments on previous versions 
of the manuscript. Support was provided 
by National Science Foundation support to 
G.J.S. (DDIG 0709792) and R.K.W. (OPP-
0352604 and DEB-0614585/0614098) and 
the Australian Research Council (20101413) 
to N.J.R., J.J.A. and A.C.

References 
 1.  Darwin, C. (1838). The zoology of the voyage 

of H. M. S. Beagle, under the command 
of Captain Fitzroy, R. N., during the years 
1832 to 1836 (London: Smith, Elder and Co, 
London).

 2.  Clutton-Brock, J., Corbet, G.G., and Hills, M. 
(1976). A review of the family Canidae, with 
a classification by numerical methods. Bull. 
Brit. Mus. Nat. Hist. 29, 119–199.

 3.  FitzRoy, R. (1839). Narrative of the surveying 
voyages of His Majesty’s Ships Adventure 
and Beagle between the years 1826 and 
1836, describing their examination of the 
southern shores of South America, and the 
Beagle’s circumnavigation of the globe. 
Proceedings of the second expedition, 1831-
36, under the command of Captain Robert 
FitzRoy, R.N. (London: Henry Colburn).

 4.  Gallagher, R.E. (1964). Byron’s Journal of his 
Circumnavigation 1764–1766 (Cambridge: 
Cambridge University Press).

 5.  Pocock, R.I. (1913). The affinities of the 
Antarctic wolf (Canis antarcticus). Proc. Zool. 
Soc. Lond. 382–393.

 6.  Tedford, R.H., Taylor, B.E., and Wang, X. 
(1995). Phylogeny of the Caninae (Carnivora: 
Canidae): the living taxa. Am. Mus. Nov. 
3146, 1–37. 

 7.  Berta, A. (1987). Origin, diversification, 
and zoogeography of the South American 
Canidae. Fieldiana: Zoology, 39, 455–471.

 8.  Wayne, R. K., Geffen, E., Girman, D. J., 
Koepfli, K.-P. Lau, L.M. and Marshall, C.R. 
(1997). Molecular systematics of the Canidae. 
Sys. Biol. 46, 622–653.

 9.  Wang, X., Tedford, R.H. and Anton, M. (2008). 
Dogs: Their Fossil Relatives and Evolutionary 
History (New York: Columbia University 
Press).

 10.  Jobling, M. A., Hurles, M.E., and Tyler-Smith 
C. (2004). Human Evolutionary Genetics: 
Origins, Peoples and Disease (New York: 
Garland Science).

1Department of Ecology and Evolutionary 
Biology, University of California, Los 
Angeles, 621 Charles E. Young Drive 
South, Los Angeles, CA 90095-1606, USA. 
2Estación Biológica de Doñana-CSIC, 
41092 Sevilla, Spain and Department of 
Evolutionary Biology, Uppsala University, 
75236 Uppsala, Sweden. 3Australian Centre 
for Ancient DNA, University of Adelaide, 
South Australia 5005, Australia. †These 
authors contributed equally to this work.  
*E-mail: gslater@ucla.edu

Red fox

Bush dog

Maned wolf

Falklands wolf

Hoary fox

Crab-eating fox

Sechuran fox

Pampas fox

Small-eared dog

Falklands wolf

Falklands wolf

Falklands wolf

0.02.55.07.510.012.515.017.5

0.98/78/-

0.97/74/73

1.00/100/100

1.00/99/100

0.99/83/100

Millions of years before present

Culpeo fox

0.86/-/96

Red fox

Bush dog
Maned wolf

Hoary fox
Crab-eating fox
Small-eared dog

C
H

21

V
T

N

G

G
G
G
G

G
A

A
A

C

C
C
C
C

C
T

T
T

G...C

A...T
A...T
A...T
A...T

G...C
A...T

A...T
A...T

Pseudalopex foxes

Canis spp.

Canis species

VA
N

G
L2

Falklands wolf

Current Biology

Figure 1. Chronogram showing phylogenetic relationships of the Falklands wolf.
Colour bars indicate phylogenetically informative polymorphisms shared by the Falklands wolf. 
The Falklands wolf also lacks an insertion (purple arrowhead) specific to the South American foxes. 
The shaded green bar indicates formation of the Panamanian isthmus. Node support values are 
Bayesian inference/maximum likelihood/neighbour-joining. Values < 70% are indicated by a hy-
phen. Canid images with permission from D.W. MacDonald and P. Barrett (1999). Mammals of 
Europe (London: Harper Collins); J.F. Eisenberg and K.H. Redford (1999). Mammals of the Neotrop-
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divergence between these taxa. 
Furthermore, based on our dating 
analyses and fossil evidence, we 
suggest that most South American 
canid lineages originated in North 
America [7,8]. At least six exclusively 
South American canid lineages, 
including the Falklands wolf, 
originated prior to the formation 
of a Panamanian land bridge 
approximately 3 mya (Figure 1). 
Canids are not recorded in the 
South American fossil record until 
the late Pliocene (Uquian, 2.5–1.5 
mya [7]), while three South American 
canid lineages are recorded in the 
North American fossil record before 
this time (Cerdocyon, 6–5 mya; 
Chrysocyon, 5–4 mya; Theriodictis, 
5–4 mya; [9]). The South American 
canids probably evolved from the 
fossil taxon Eucyon, which was 
widespread in North America during 
the late Miocene [9]. The ultimate 
extinction of South American canid 
lineages in North America may have 
resulted from resource competition 
with Canis, which immigrated to 

the New World during the late 
Pliocene [7,9]. 

Based on mtDNA sequence 
analysis, we estimated the age of 
the most recent common ancestor 
of our Falklands wolf samples to 
be 330 thousand years ago (kya) 
(Figure 1; 95% HPD = 70–640 kya). 
Genetic and archaeological evidence 
suggests that humans first arrived in 
the New World no earlier than 20–15 
kya [10], implying that a human-
mediated origin of the Falklands 
wolf is unlikely [3,9]. The Falklands 
wolf may have reached the islands 
by rafting or dispersing over glacial 
ice [3,9] during the late Pleistocene 
and was probably able to survive 
into the recent past by subsisting on 
a rich diet of penguins, geese and 
pinnipeds [1,4]. Unfortunately, by the 
time Darwin described the species, 
its exploitation for the fur trade was 
well underway. Forty years later, the 
Falklands wolf was extinct, ending 
a long evolutionary process of the 
kind central to the development of 
Darwin’s theories.

Supplemental Data
Supplemental data are available at  
http://www.cell.com/current-biology/ 
supplemental/S0960-9822(09)01695-9.

Acknowledgments
We thank Ted Daeschler and Ned Gilmore 
(ANSP), Paula Jenkins and Daphne Hills 
(BMNH), Cody Fraser (Otago Museum, 
NZ), Lars Werdelin (Swedish Museum of 
Natural History), and Tony Parker and 
Clem Fisher (World Museum Liverpool) 
for access to specimens. Shauna Price 
provided comments on previous versions 
of the manuscript. Support was provided 
by National Science Foundation support to 
G.J.S. (DDIG 0709792) and R.K.W. (OPP-
0352604 and DEB-0614585/0614098) and 
the Australian Research Council (20101413) 
to N.J.R., J.J.A. and A.C.

References 
 1.  Darwin, C. (1838). The zoology of the voyage 

of H. M. S. Beagle, under the command 
of Captain Fitzroy, R. N., during the years 
1832 to 1836 (London: Smith, Elder and Co, 
London).

 2.  Clutton-Brock, J., Corbet, G.G., and Hills, M. 
(1976). A review of the family Canidae, with 
a classification by numerical methods. Bull. 
Brit. Mus. Nat. Hist. 29, 119–199.

 3.  FitzRoy, R. (1839). Narrative of the surveying 
voyages of His Majesty’s Ships Adventure 
and Beagle between the years 1826 and 
1836, describing their examination of the 
southern shores of South America, and the 
Beagle’s circumnavigation of the globe. 
Proceedings of the second expedition, 1831-
36, under the command of Captain Robert 
FitzRoy, R.N. (London: Henry Colburn).

 4.  Gallagher, R.E. (1964). Byron’s Journal of his 
Circumnavigation 1764–1766 (Cambridge: 
Cambridge University Press).

 5.  Pocock, R.I. (1913). The affinities of the 
Antarctic wolf (Canis antarcticus). Proc. Zool. 
Soc. Lond. 382–393.

 6.  Tedford, R.H., Taylor, B.E., and Wang, X. 
(1995). Phylogeny of the Caninae (Carnivora: 
Canidae): the living taxa. Am. Mus. Nov. 
3146, 1–37. 

 7.  Berta, A. (1987). Origin, diversification, 
and zoogeography of the South American 
Canidae. Fieldiana: Zoology, 39, 455–471.

 8.  Wayne, R. K., Geffen, E., Girman, D. J., 
Koepfli, K.-P. Lau, L.M. and Marshall, C.R. 
(1997). Molecular systematics of the Canidae. 
Sys. Biol. 46, 622–653.

 9.  Wang, X., Tedford, R.H. and Anton, M. (2008). 
Dogs: Their Fossil Relatives and Evolutionary 
History (New York: Columbia University 
Press).

 10.  Jobling, M. A., Hurles, M.E., and Tyler-Smith 
C. (2004). Human Evolutionary Genetics: 
Origins, Peoples and Disease (New York: 
Garland Science).

1Department of Ecology and Evolutionary 
Biology, University of California, Los 
Angeles, 621 Charles E. Young Drive 
South, Los Angeles, CA 90095-1606, USA. 
2Estación Biológica de Doñana-CSIC, 
41092 Sevilla, Spain and Department of 
Evolutionary Biology, Uppsala University, 
75236 Uppsala, Sweden. 3Australian Centre 
for Ancient DNA, University of Adelaide, 
South Australia 5005, Australia. †These 
authors contributed equally to this work.  
*E-mail: gslater@ucla.edu

Red fox

Bush dog

Maned wolf

Falklands wolf

Hoary fox

Crab-eating fox

Sechuran fox

Pampas fox

Small-eared dog

Falklands wolf

Falklands wolf

Falklands wolf

0.02.55.07.510.012.515.017.5

0.98/78/-

0.97/74/73

1.00/100/100

1.00/99/100

0.99/83/100

Millions of years before present

Culpeo fox

0.86/-/96

Red fox

Bush dog
Maned wolf

Hoary fox
Crab-eating fox
Small-eared dog

C
H

21

V
T

N

G

G
G
G
G

G
A

A
A

C

C
C
C
C

C
T

T
T

G...C

A...T
A...T
A...T
A...T

G...C
A...T

A...T
A...T

Pseudalopex foxes

Canis spp.

Canis species

VA
N

G
L2

Falklands wolf

Current Biology

Figure 1. Chronogram showing phylogenetic relationships of the Falklands wolf.
Colour bars indicate phylogenetically informative polymorphisms shared by the Falklands wolf. 
The Falklands wolf also lacks an insertion (purple arrowhead) specific to the South American foxes. 
The shaded green bar indicates formation of the Panamanian isthmus. Node support values are 
Bayesian inference/maximum likelihood/neighbour-joining. Values < 70% are indicated by a hy-
phen. Canid images with permission from D.W. MacDonald and P. Barrett (1999). Mammals of 
Europe (London: Harper Collins); J.F. Eisenberg and K.H. Redford (1999). Mammals of the Neotrop-
ics, Volume 3 The Central Neotropics: Ecuador, Peru, Bolivia, Brazil (Chicago: Chicago University 
Press); and St. G. Mivart (1890). A Monograph of the Canidae: Dogs, Jackals, Wolves, and Foxes 
(London: Porter).
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Figure 2
Alternative approaches to the diagnosis of rapid adaptive radiation. In both cases, extraordinary adaptive radiations are indicated by
green bars, whereas clades that did not experience extraordinary diversification are in blue. (a) Extraordinary diversification diagnosed
as a burst at some point in the clade’s history. (b) Extraordinary diversification diagnosed when one clade is significantly more species
rich than the other.
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Figure 2
Alternative approaches to the diagnosis of rapid adaptive radiation. In both cases, extraordinary adaptive radiations are indicated by
green bars, whereas clades that did not experience extraordinary diversification are in blue. (a) Extraordinary diversification diagnosed
as a burst at some point in the clade’s history. (b) Extraordinary diversification diagnosed when one clade is significantly more species
rich than the other.
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Agaminae

Dendroica

Pythonidae

SPECIATION RATES DURING EXPLOSIVE RADIATIONS

Table 2. Results of fitting constant-rate (birth-death) and variable-rate (SPVAR, EXVAR, BOTHVAR) models to phylogenies of agamid
lizards, wood-warblers, and pythons. Maximum log-likelihoods and ∆AIC scores (parentheses) are shown for each model, where the
lowest ∆AIC indicates the best-fit model. For each phylogeny, the SPVAR model provided the best fit to the data. ∆! and ∆" indicate
net change in speciation and extinction rates between time of the basal divergence and present day under SPVAR and EXVAR models,
respectively.

Data Birth–death SPVAR EXVAR BOTHVAR !! !"

Agamids 207.9 (17.6) 217.7 (0) 207.9 (19.6) 217.7 (2.0) −7.89 0
Warblers 42.1 (19.6) 52.9 (0) 42.1 (21.6) 52.9 (2.0) −9.3 0
Pythons 49.2 (6.3) 53.3 (0) 49.2 (8.3) 53.3 (2.0) −7.53 0

is a special case of BOTHVAR, it is not possible to obtain !AIC in
favor of SPVAR greater than the observed value of 2.0. These pat-
terns suggest that the changes in net diversification rates through
time in these groups have been mediated almost entirely by de-
clining speciation rates and not by increasing extinction rates.

Figure 3. Maximum-likelihood estimates of speciation rates (!,
solid line, decreasing) and extinction rates (", dashed line) un-
der the BOTHVAR model for three phylogenies discussed in text:
(A) Australian agamid lizards, (B) North American wood-warblers,
and (C) Australo-Papuan pythons. The corresponding log-lineage
through time curves (solid line, increasing) are included in each
plot. Phylogenies were taken from original sources and rescaled
to a basal divergence of 1.0 time units before the present. Rates
are given in units of lineages per time unit. In each phylogeny,
the extinction rate is inferred to have undergone minimal or no
increase through time; in contrast, speciation rates consistently
show a large decline. Speciation rates declined most rapidly in
wood-warblers (B), as assessed by the slope of the speciation rate
curve.

SPECIATION AND EXTINCTION RATE SIMULATIONS

Our simulations show that patterns of lineage accumulation
through time during explosive-early radiations vary dramati-
cally depending on whether declining diversification rates are a
function of decreasing speciation or increasing extinction rates
(Fig. 4). When speciation rates decrease through time, the number
of surviving lineages in existence at any point in time is greater
than the expected number of lineages under a constant rate di-
versification process (Fig. 4A, B). However, this excess of lin-
eages is replaced by a sigmoidal relationship that much more
closely mimics the null pattern when comparable changes in the
net diversification rate are driven by increasing extinction rates
(Fig. 4C, D). Under both high extinction scenarios, a modest ex-
cess in the number of lineages during the earliest stages of a radia-
tion switches to a modest paucity of lineages later in the radiation,
where the LTT curve for more recent divergences shows the up-
turn thought to be characteristic of increasing diversification rates
through time or high relative extinction rates (Nee et al. 1994a;
Rabosky 2006b). This sigmoidal pattern in the simulated LTT plots
is especially striking when large increases in net diversification
rates are driven solely by increasing extinction rates through time
(e.g., Fig. 4D).

When phylogenies are simulated under a model of declining
speciation rates with no extinction, the # -statistic gives the ex-
pected result: larger declines in speciation rates result in lower #

values (Fig. 5A,B). However, when speciation rates decline under
high but constant extinction, the signature of explosive-early di-
versification is absent (Fig. 5C,D). For a modest fivefold decrease
in the speciation rate, # is significantly greater than zero when ex-
tinction is relatively high (t = 6.155; df = 999; P < 0.001). Under
a 15-fold decline in the net diversification rate with high but con-
stant extinction, the majority of the distribution of # lies within
the 95% confidence interval for a constant rate diversification pro-
cess with no extinction (Fig. 5D). No signature of declining net
diversification rates can be detected with the # -statistic when the
rate decrease is attributable to increasing extinction through time
(Fig. 5E,F); this is a particularly striking pattern when compared
to identical changes in net diversification rates attributable to de-
clining speciation only (Fig. 5A,B).

EVOLUTION AUGUST 2008 1871

Rabosky & Lovette 2008. Evolution
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Figure 2
Alternative approaches to the diagnosis of rapid adaptive radiation. In both cases, extraordinary adaptive radiations are indicated by
green bars, whereas clades that did not experience extraordinary diversification are in blue. (a) Extraordinary diversification diagnosed
as a burst at some point in the clade’s history. (b) Extraordinary diversification diagnosed when one clade is significantly more species
rich than the other.
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moleculares
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taxas de 

diversificação (%)

Arthropoda 37 57%
Chordata 94 51%

Magnoliophyta 22 41%

Mollusca 9 22%

TOTAL 162 49%
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Figure 2
Alternative approaches to the diagnosis of rapid adaptive radiation. In both cases, extraordinary adaptive radiations are indicated by
green bars, whereas clades that did not experience extraordinary diversification are in blue. (a) Extraordinary diversification diagnosed
as a burst at some point in the clade’s history. (b) Extraordinary diversification diagnosed when one clade is significantly more species
rich than the other.
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occurrences; this method avoids much of the bias associated with
incomplete sampling, just as the ‘range-through’ method has been
similarly employed for stratigraphic ranges in macroevolutionary
studies. Only 3.4% of genera in the data base have bimodal geo-
graphical ranges; these genera occur outside the tropics (here
defined as the region between 23.5

 

°

 

 north and south) in both
hemispheres. Antitropicality (Shi & Grunt, 2000), whether real
or due to sampling bias, was not common among late Palaeozoic
brachiopods. Using latitudinal ranges, rather than longitudinal
ranges, simplifies comparisons among variables and reduces the
total error, as palaeolatitudes can be determined with much greater
precision than palaeolongitudes. These brachiopod genera
occupied the continental margins of the supercontinent Pangaea
during late Palaeozoic time, which was oriented primarily along
a north–south axis. Therefore, for these data, latitudinal ranges
are an accurate proxy for total geographical range size (resam-
pled Pearson’s 

 

r

 

 = 0.88, 

 

P

 

 < 0.001). Following the procedures of
most global macroevolutionary studies, these derived variables
were calculated for 19 substages of late Palaeozoic time, with an
average substage duration of 5.7 Myr (Pre-ice age, 

 

c.

 

 359–327 Ma,

 

n

 

 = 4 substages; ice age, 

 

c.

 

 327–290 Ma, 

 

n

 

 = 10; post-ice age,

 

c.

 

 290–251 Ma, 

 

n

 

 = 5).

 

RESULTS

 

A latitudinal diversity gradient was present in both hemispheres
for every substage (Table 2). The steepness of the diversity gradient
was not constant, however, but varied through late Palaeozoic
time. During the late Palaeozoic ice age, the latitudinal diversity
gradient was distinctly gentle relative to the average slope before
and after the ice age (Fig. 1). Slopes were obtained for each
hemisphere of the 19 late Palaeozoic substages from a linear
regression of diversity on latitude (bootstrapped means 

 

±

 

 standard

error: pre-ice age 

 

x

 

 = 1.91 

 

±

 

 0.12, 

 

n

 

 = 8; ice age 

 

x

 

 = 1.52 

 

±

 

 0.07,

 

n

 

 = 20; post-ice age 

 

x

 

 = 2.46 

 

±

 

 0.18, 

 

n

 

 = 10). The difference in slope
between ice age and non-ice age intervals is statistically signi-
ficant (resampled 

 

t

 

-test: ice age vs. grouped pre- and post-ice age,

 

P

 

 < 0.001).
Examination of the latitudinal diversity gradients calculated

separately for the eight most diverse orders of brachiopods in this

Table 1 Temporal distribution of occurrence data that could be 
resolved to stage level or better. Because age data are much less 
precise than locality data, these data do not include all occurrences 
used to construct geographical ranges. The many occurrences in 
early Mississippian and late Permian periods reflect the attention 
given by palaeontologists to the late Devonian and end-Permian 
mass extinctions (Stephanian = Kasimovian and Gzhelian stages)

Period Stage Number of occurrences

Permian Lopingian 351
Guadalupian 130
Kungurian 65
Artinskian 191
Sakmarian 77
Asselian 61

Pennsylvanian Stephanian 351
Moscovian 130
Bashkirian 214

Mississippian Serpukhovian 198
Viséan 725
Tournaisian 1087

Table 2 Slope and strength (r 2) of the latitudinal diversity gradient 
through late Palaeozoic time. Slope and strength are derived from 
reduced major axis regression of diversity on 10° increments of 
latitude (P < 0.001 except for *P = 0.001 and **P = 0.002). Dashed 
lines approximate the onset and end of the late Palaeozoic ice age

Period Substage

Northern 
Hemisphere

Southern 
Hemisphere

Slope r 2 Slope r 2

Permian Lopingian −1.7 0.96 −1.4 0.84*
Guadalupian −3.1 0.98 −2.4 0.90
Kungurian −3.1 0.98 −2.5 0.90
Artinskian −3.2 0.98 −2.6 0.94
Late Sakmarian −2.9 0.98 −2.4 0.92
Early Sakmarian −2.3 0.92 −1.9 0.86
Asselian −2.2 0.90 −2.0 0.88

Pennsylvanian Gzelian −1.9 0.88 −1.7 0.85*
Kasimovian −1.8 0.88 −1.5 0.86
Late Moscovian −1.6 0.88 −1.4 0.86
Early Moscovian −1.5 0.88 −1.3 0.85
Late Bashkirian −1.3 0.86 −1.1 0.83**
Early Bashkirian −1.5 0.88 −1.4 0.86

Mississippian Late Serpukhovian −1.4 0.88 −1.3 0.85*
Early Serpukhovian −1.8 0.92 −1.7 0.86
Late Viséan −2.4 0.96 −2.4 0.92
Early Viséan −1.9 0.94 −2.0 0.90
Late Tournaisian −2.0 0.94 −2.0 0.92
Early Tournaisian −1.5 0.94 −1.4 0.94

Figure 1 Latitudinal diversity gradient for brachiopod genera 
through late Palaeozoic time, plotted as a contour plot. The 
preferential loss and regain of low-latitude diversity coincided with 
the onset and end of the late Palaeozoic ice age (LPIA).

ice age
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1- Interações bióticas: mais importantes nos trópicos 
(competição leva a divisão do nicho; predação diminuiu a 
exclusão competitiva).

2- Fatores abióticos: o clima determinaria a riqueza de 
espécies pois poucas espécies poderiam suportar climas 
desfavoráveis. Fatores chave: radiação solar, temperatura e 
disponibilidade de água.
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Distinguishing evolutionary cradles frommu-
seums requires separate estimates of origination
and extinction rates. Such estimates are currently
unavailable even for most large groups with a
good fossil record and may not be feasible for
groups lacking a fossil record without assuming
stochastically constant extinction rates (22), an
assumption often violated over the past 15 mil-
lion years of Cenozoic history (23, 24). Con-
sequently, attempts to quantify the evolutionary
underpinnings of the LDG have focused mainly
on latitudinal differences in net diversification
rates of living taxa [the composite value (O – E)],
a parameter more readily estimated from phylog-
enies of extant organisms (table S1) (25, 26).
Such differences in net diversification rates are
valuable for investigating many questions (26),
but their application to the cradle/museum prob-
lem is again limited by the many combinations
of O and E that can produce a given net value.
Realistically, areas with high net diversification
rates are more likely to be evolutionary cradles,
but those where such rates are low could have
experienced either high or low extinction rates.

Rate Differences and Range Shifts

The cradle/museum dichotomy, and the more
general hypothesis that attributes high tropical
diversity to higher net diversification rates, implic-
itly assume that the LDG derives largely from
differences in in situ origination and extinction
(16, 25, 26). However, this simplifying assump-
tion is contradicted by biogeographic data show-
ing that (i) many taxa shift their geographic range
limits substantially in response to climatic
changes [they have moved across latitudes to
track changing climates (27, 28)], and (ii) many
taxa have geographic distributions that encom-
pass both tropical and extratropical regions
[assuming origination in a single climate zone,
they have expanded across latitudes in the face of
climate differences (9, 29)]. Thus, the dynamics
underlying the LDG must involve not only lati-
tudinal differences in origination and/or extinc-
tion rates but also extensive changes in spatial
distributions of taxa over time.

Althoughmost analyses of the LDGbased on
present-day biogeography have ignored the role
of past distributional changes, the notion that
shifts in latitudinal distributions of taxa play an
important role in shaping the LDG is not new
(20, 30–33). Scenarios in which taxa preferen-
tially originate in tropical regions and spread
out from there (IT G IE) or the reverse (IT 9 IE)
have both been advocated (33), but attempts to
separate the contributions of O, E, and I to the
shape of the LDG have been undermined by a
lack of basic information on the time and place of
origin for the vastmajority of living taxa. Instead,
taxa occurring in both tropical and extratropical
regions are generally handled either by (i) in-
cluding each taxon in rate calculations for all
latitudinal bins within its geographic range (34)
or (ii) including each taxon only in the bin
corresponding to the center of its latitudinal

range (25, 26). Neither approach can separate
the effects of past distributional shifts from
those due to changes in diversification rates
with latitude, however. Protocol (i) is analyti-
cally problematic (owing to the autocorrelation
imposed by counting each taxon in multiple
bins) and allows a widespread taxon to influ-
ence the age distributions of more latitudinal
bins than a restricted taxon does, even though
each should contribute only to its latitude of
origin. In contrast, protocol (ii) makes the un-
realistic assumption that taxa originate near the
midpoint of their present-day geographic ranges.
The asymmetry of range expansion from the
true place of origin is likely to increase with the
geographic range of a taxon (26), and even
narrow-ranging taxa may abandon ancestral
distributions in response to large climatic
changes such as occurred during the Pleistocene
(27). Some progress has been made recently in
estimating origination, extinction, and immigra-
tion rates from the shapes of taxon age distribu-
tions, but such models also make a number of
important simplifying assumptions about the
underlying dynamics (35). Thus, direct tests of

the role of large-scale range expansion in shap-
ing the LDG are needed, and the fossil record
remains the best source of data for such tests.

Out of the Tropics: A Dynamic Model

One potential reason why published studies
have failed to produce a consensus on whether the
tropics are a biological cradle or museum (table
S1) is that this dichotomy is misleading. The
tropics could be a cradle, a museum, or both;
theoretically, so could the polar regions; and taxa
could predominantly remain in place or either
expand or contract their distributions (Fig. 1). We
suggest that the available data are most consistent
with an ‘‘out of the tropics’’ (OTT) model, in
which the tropics are both a cradle and a museum,
with taxa preferentially originating in the tropics
and expanding over time into high latitudes
without losing their initial tropical distributions.
Thus OT 9 OE, ET e EE, and IT G IE.

Until now, direct empirical tests of this model
have been lacking, although one biogeographic
model suggests that such a dynamic could explain
the age-frequency distributions of bivalve genera
found in polar oceans today (35), and some

Fig. 1. Simple hypothetical scenarios
illustrating the cradle, museum, and OTT
models. Red denotes lineages that origi-
nated in the tropics; blue denotes lineages
that originated outside the tropics. The
horizontal lines connecting sister lineages
also represent geographic distributions;
those extending from tropics to extra-
tropics denote clades that originated in
the tropics but have subsequently ex-
tended their ranges into extratropical
regions while retaining a tropical pres-
ence. Many other combinations of these
parameters are possible. The dashed hori-
zontal line indicates the present day.
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Distinguishing evolutionary cradles frommu-
seums requires separate estimates of origination
and extinction rates. Such estimates are currently
unavailable even for most large groups with a
good fossil record and may not be feasible for
groups lacking a fossil record without assuming
stochastically constant extinction rates (22), an
assumption often violated over the past 15 mil-
lion years of Cenozoic history (23, 24). Con-
sequently, attempts to quantify the evolutionary
underpinnings of the LDG have focused mainly
on latitudinal differences in net diversification
rates of living taxa [the composite value (O – E)],
a parameter more readily estimated from phylog-
enies of extant organisms (table S1) (25, 26).
Such differences in net diversification rates are
valuable for investigating many questions (26),
but their application to the cradle/museum prob-
lem is again limited by the many combinations
of O and E that can produce a given net value.
Realistically, areas with high net diversification
rates are more likely to be evolutionary cradles,
but those where such rates are low could have
experienced either high or low extinction rates.

Rate Differences and Range Shifts

The cradle/museum dichotomy, and the more
general hypothesis that attributes high tropical
diversity to higher net diversification rates, implic-
itly assume that the LDG derives largely from
differences in in situ origination and extinction
(16, 25, 26). However, this simplifying assump-
tion is contradicted by biogeographic data show-
ing that (i) many taxa shift their geographic range
limits substantially in response to climatic
changes [they have moved across latitudes to
track changing climates (27, 28)], and (ii) many
taxa have geographic distributions that encom-
pass both tropical and extratropical regions
[assuming origination in a single climate zone,
they have expanded across latitudes in the face of
climate differences (9, 29)]. Thus, the dynamics
underlying the LDG must involve not only lati-
tudinal differences in origination and/or extinc-
tion rates but also extensive changes in spatial
distributions of taxa over time.

Althoughmost analyses of the LDGbased on
present-day biogeography have ignored the role
of past distributional changes, the notion that
shifts in latitudinal distributions of taxa play an
important role in shaping the LDG is not new
(20, 30–33). Scenarios in which taxa preferen-
tially originate in tropical regions and spread
out from there (IT G IE) or the reverse (IT 9 IE)
have both been advocated (33), but attempts to
separate the contributions of O, E, and I to the
shape of the LDG have been undermined by a
lack of basic information on the time and place of
origin for the vastmajority of living taxa. Instead,
taxa occurring in both tropical and extratropical
regions are generally handled either by (i) in-
cluding each taxon in rate calculations for all
latitudinal bins within its geographic range (34)
or (ii) including each taxon only in the bin
corresponding to the center of its latitudinal

range (25, 26). Neither approach can separate
the effects of past distributional shifts from
those due to changes in diversification rates
with latitude, however. Protocol (i) is analyti-
cally problematic (owing to the autocorrelation
imposed by counting each taxon in multiple
bins) and allows a widespread taxon to influ-
ence the age distributions of more latitudinal
bins than a restricted taxon does, even though
each should contribute only to its latitude of
origin. In contrast, protocol (ii) makes the un-
realistic assumption that taxa originate near the
midpoint of their present-day geographic ranges.
The asymmetry of range expansion from the
true place of origin is likely to increase with the
geographic range of a taxon (26), and even
narrow-ranging taxa may abandon ancestral
distributions in response to large climatic
changes such as occurred during the Pleistocene
(27). Some progress has been made recently in
estimating origination, extinction, and immigra-
tion rates from the shapes of taxon age distribu-
tions, but such models also make a number of
important simplifying assumptions about the
underlying dynamics (35). Thus, direct tests of

the role of large-scale range expansion in shap-
ing the LDG are needed, and the fossil record
remains the best source of data for such tests.

Out of the Tropics: A Dynamic Model

One potential reason why published studies
have failed to produce a consensus on whether the
tropics are a biological cradle or museum (table
S1) is that this dichotomy is misleading. The
tropics could be a cradle, a museum, or both;
theoretically, so could the polar regions; and taxa
could predominantly remain in place or either
expand or contract their distributions (Fig. 1). We
suggest that the available data are most consistent
with an ‘‘out of the tropics’’ (OTT) model, in
which the tropics are both a cradle and a museum,
with taxa preferentially originating in the tropics
and expanding over time into high latitudes
without losing their initial tropical distributions.
Thus OT 9 OE, ET e EE, and IT G IE.

Until now, direct empirical tests of this model
have been lacking, although one biogeographic
model suggests that such a dynamic could explain
the age-frequency distributions of bivalve genera
found in polar oceans today (35), and some

Fig. 1. Simple hypothetical scenarios
illustrating the cradle, museum, and OTT
models. Red denotes lineages that origi-
nated in the tropics; blue denotes lineages
that originated outside the tropics. The
horizontal lines connecting sister lineages
also represent geographic distributions;
those extending from tropics to extra-
tropics denote clades that originated in
the tropics but have subsequently ex-
tended their ranges into extratropical
regions while retaining a tropical pres-
ence. Many other combinations of these
parameters are possible. The dashed hori-
zontal line indicates the present day.
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Distinguishing evolutionary cradles frommu-
seums requires separate estimates of origination
and extinction rates. Such estimates are currently
unavailable even for most large groups with a
good fossil record and may not be feasible for
groups lacking a fossil record without assuming
stochastically constant extinction rates (22), an
assumption often violated over the past 15 mil-
lion years of Cenozoic history (23, 24). Con-
sequently, attempts to quantify the evolutionary
underpinnings of the LDG have focused mainly
on latitudinal differences in net diversification
rates of living taxa [the composite value (O – E)],
a parameter more readily estimated from phylog-
enies of extant organisms (table S1) (25, 26).
Such differences in net diversification rates are
valuable for investigating many questions (26),
but their application to the cradle/museum prob-
lem is again limited by the many combinations
of O and E that can produce a given net value.
Realistically, areas with high net diversification
rates are more likely to be evolutionary cradles,
but those where such rates are low could have
experienced either high or low extinction rates.

Rate Differences and Range Shifts
The cradle/museum dichotomy, and the more
general hypothesis that attributes high tropical
diversity to higher net diversification rates, implic-
itly assume that the LDG derives largely from
differences in in situ origination and extinction
(16, 25, 26). However, this simplifying assump-
tion is contradicted by biogeographic data show-
ing that (i) many taxa shift their geographic range
limits substantially in response to climatic
changes [they have moved across latitudes to
track changing climates (27, 28)], and (ii) many
taxa have geographic distributions that encom-
pass both tropical and extratropical regions
[assuming origination in a single climate zone,
they have expanded across latitudes in the face of
climate differences (9, 29)]. Thus, the dynamics
underlying the LDG must involve not only lati-
tudinal differences in origination and/or extinc-
tion rates but also extensive changes in spatial
distributions of taxa over time.

Althoughmost analyses of the LDGbased on
present-day biogeography have ignored the role
of past distributional changes, the notion that
shifts in latitudinal distributions of taxa play an
important role in shaping the LDG is not new
(20, 30–33). Scenarios in which taxa preferen-
tially originate in tropical regions and spread
out from there (IT G IE) or the reverse (IT 9 IE)
have both been advocated (33), but attempts to
separate the contributions of O, E, and I to the
shape of the LDG have been undermined by a
lack of basic information on the time and place of
origin for the vastmajority of living taxa. Instead,
taxa occurring in both tropical and extratropical
regions are generally handled either by (i) in-
cluding each taxon in rate calculations for all
latitudinal bins within its geographic range (34)
or (ii) including each taxon only in the bin
corresponding to the center of its latitudinal

range (25, 26). Neither approach can separate
the effects of past distributional shifts from
those due to changes in diversification rates
with latitude, however. Protocol (i) is analyti-
cally problematic (owing to the autocorrelation
imposed by counting each taxon in multiple
bins) and allows a widespread taxon to influ-
ence the age distributions of more latitudinal
bins than a restricted taxon does, even though
each should contribute only to its latitude of
origin. In contrast, protocol (ii) makes the un-
realistic assumption that taxa originate near the
midpoint of their present-day geographic ranges.
The asymmetry of range expansion from the
true place of origin is likely to increase with the
geographic range of a taxon (26), and even
narrow-ranging taxa may abandon ancestral
distributions in response to large climatic
changes such as occurred during the Pleistocene
(27). Some progress has been made recently in
estimating origination, extinction, and immigra-
tion rates from the shapes of taxon age distribu-
tions, but such models also make a number of
important simplifying assumptions about the
underlying dynamics (35). Thus, direct tests of

the role of large-scale range expansion in shap-
ing the LDG are needed, and the fossil record
remains the best source of data for such tests.

Out of the Tropics: A Dynamic Model
One potential reason why published studies
have failed to produce a consensus on whether the
tropics are a biological cradle or museum (table
S1) is that this dichotomy is misleading. The
tropics could be a cradle, a museum, or both;
theoretically, so could the polar regions; and taxa
could predominantly remain in place or either
expand or contract their distributions (Fig. 1). We
suggest that the available data are most consistent
with an ‘‘out of the tropics’’ (OTT) model, in
which the tropics are both a cradle and a museum,
with taxa preferentially originating in the tropics
and expanding over time into high latitudes
without losing their initial tropical distributions.
Thus OT 9 OE, ET e EE, and IT G IE.

Until now, direct empirical tests of this model
have been lacking, although one biogeographic
model suggests that such a dynamic could explain
the age-frequency distributions of bivalve genera
found in polar oceans today (35), and some

Fig. 1. Simple hypothetical scenarios
illustrating the cradle, museum, and OTT
models. Red denotes lineages that origi-
nated in the tropics; blue denotes lineages
that originated outside the tropics. The
horizontal lines connecting sister lineages
also represent geographic distributions;
those extending from tropics to extra-
tropics denote clades that originated in
the tropics but have subsequently ex-
tended their ranges into extratropical
regions while retaining a tropical pres-
ence. Many other combinations of these
parameters are possible. The dashed hori-
zontal line indicates the present day.
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Distinguishing evolutionary cradles frommu-
seums requires separate estimates of origination
and extinction rates. Such estimates are currently
unavailable even for most large groups with a
good fossil record and may not be feasible for
groups lacking a fossil record without assuming
stochastically constant extinction rates (22), an
assumption often violated over the past 15 mil-
lion years of Cenozoic history (23, 24). Con-
sequently, attempts to quantify the evolutionary
underpinnings of the LDG have focused mainly
on latitudinal differences in net diversification
rates of living taxa [the composite value (O – E)],
a parameter more readily estimated from phylog-
enies of extant organisms (table S1) (25, 26).
Such differences in net diversification rates are
valuable for investigating many questions (26),
but their application to the cradle/museum prob-
lem is again limited by the many combinations
of O and E that can produce a given net value.
Realistically, areas with high net diversification
rates are more likely to be evolutionary cradles,
but those where such rates are low could have
experienced either high or low extinction rates.

Rate Differences and Range Shifts

The cradle/museum dichotomy, and the more
general hypothesis that attributes high tropical
diversity to higher net diversification rates, implic-
itly assume that the LDG derives largely from
differences in in situ origination and extinction
(16, 25, 26). However, this simplifying assump-
tion is contradicted by biogeographic data show-
ing that (i) many taxa shift their geographic range
limits substantially in response to climatic
changes [they have moved across latitudes to
track changing climates (27, 28)], and (ii) many
taxa have geographic distributions that encom-
pass both tropical and extratropical regions
[assuming origination in a single climate zone,
they have expanded across latitudes in the face of
climate differences (9, 29)]. Thus, the dynamics
underlying the LDG must involve not only lati-
tudinal differences in origination and/or extinc-
tion rates but also extensive changes in spatial
distributions of taxa over time.

Althoughmost analyses of the LDGbased on
present-day biogeography have ignored the role
of past distributional changes, the notion that
shifts in latitudinal distributions of taxa play an
important role in shaping the LDG is not new
(20, 30–33). Scenarios in which taxa preferen-
tially originate in tropical regions and spread
out from there (IT G IE) or the reverse (IT 9 IE)
have both been advocated (33), but attempts to
separate the contributions of O, E, and I to the
shape of the LDG have been undermined by a
lack of basic information on the time and place of
origin for the vastmajority of living taxa. Instead,
taxa occurring in both tropical and extratropical
regions are generally handled either by (i) in-
cluding each taxon in rate calculations for all
latitudinal bins within its geographic range (34)
or (ii) including each taxon only in the bin
corresponding to the center of its latitudinal

range (25, 26). Neither approach can separate
the effects of past distributional shifts from
those due to changes in diversification rates
with latitude, however. Protocol (i) is analyti-
cally problematic (owing to the autocorrelation
imposed by counting each taxon in multiple
bins) and allows a widespread taxon to influ-
ence the age distributions of more latitudinal
bins than a restricted taxon does, even though
each should contribute only to its latitude of
origin. In contrast, protocol (ii) makes the un-
realistic assumption that taxa originate near the
midpoint of their present-day geographic ranges.
The asymmetry of range expansion from the
true place of origin is likely to increase with the
geographic range of a taxon (26), and even
narrow-ranging taxa may abandon ancestral
distributions in response to large climatic
changes such as occurred during the Pleistocene
(27). Some progress has been made recently in
estimating origination, extinction, and immigra-
tion rates from the shapes of taxon age distribu-
tions, but such models also make a number of
important simplifying assumptions about the
underlying dynamics (35). Thus, direct tests of

the role of large-scale range expansion in shap-
ing the LDG are needed, and the fossil record
remains the best source of data for such tests.

Out of the Tropics: A Dynamic Model

One potential reason why published studies
have failed to produce a consensus on whether the
tropics are a biological cradle or museum (table
S1) is that this dichotomy is misleading. The
tropics could be a cradle, a museum, or both;
theoretically, so could the polar regions; and taxa
could predominantly remain in place or either
expand or contract their distributions (Fig. 1). We
suggest that the available data are most consistent
with an ‘‘out of the tropics’’ (OTT) model, in
which the tropics are both a cradle and a museum,
with taxa preferentially originating in the tropics
and expanding over time into high latitudes
without losing their initial tropical distributions.
Thus OT 9 OE, ET e EE, and IT G IE.

Until now, direct empirical tests of this model
have been lacking, although one biogeographic
model suggests that such a dynamic could explain
the age-frequency distributions of bivalve genera
found in polar oceans today (35), and some

Fig. 1. Simple hypothetical scenarios
illustrating the cradle, museum, and OTT
models. Red denotes lineages that origi-
nated in the tropics; blue denotes lineages
that originated outside the tropics. The
horizontal lines connecting sister lineages
also represent geographic distributions;
those extending from tropics to extra-
tropics denote clades that originated in
the tropics but have subsequently ex-
tended their ranges into extratropical
regions while retaining a tropical pres-
ence. Many other combinations of these
parameters are possible. The dashed hori-
zontal line indicates the present day.
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Distinguishing evolutionary cradles frommu-
seums requires separate estimates of origination
and extinction rates. Such estimates are currently
unavailable even for most large groups with a
good fossil record and may not be feasible for
groups lacking a fossil record without assuming
stochastically constant extinction rates (22), an
assumption often violated over the past 15 mil-
lion years of Cenozoic history (23, 24). Con-
sequently, attempts to quantify the evolutionary
underpinnings of the LDG have focused mainly
on latitudinal differences in net diversification
rates of living taxa [the composite value (O – E)],
a parameter more readily estimated from phylog-
enies of extant organisms (table S1) (25, 26).
Such differences in net diversification rates are
valuable for investigating many questions (26),
but their application to the cradle/museum prob-
lem is again limited by the many combinations
of O and E that can produce a given net value.
Realistically, areas with high net diversification
rates are more likely to be evolutionary cradles,
but those where such rates are low could have
experienced either high or low extinction rates.

Rate Differences and Range Shifts
The cradle/museum dichotomy, and the more
general hypothesis that attributes high tropical
diversity to higher net diversification rates, implic-
itly assume that the LDG derives largely from
differences in in situ origination and extinction
(16, 25, 26). However, this simplifying assump-
tion is contradicted by biogeographic data show-
ing that (i) many taxa shift their geographic range
limits substantially in response to climatic
changes [they have moved across latitudes to
track changing climates (27, 28)], and (ii) many
taxa have geographic distributions that encom-
pass both tropical and extratropical regions
[assuming origination in a single climate zone,
they have expanded across latitudes in the face of
climate differences (9, 29)]. Thus, the dynamics
underlying the LDG must involve not only lati-
tudinal differences in origination and/or extinc-
tion rates but also extensive changes in spatial
distributions of taxa over time.

Althoughmost analyses of the LDGbased on
present-day biogeography have ignored the role
of past distributional changes, the notion that
shifts in latitudinal distributions of taxa play an
important role in shaping the LDG is not new
(20, 30–33). Scenarios in which taxa preferen-
tially originate in tropical regions and spread
out from there (IT G IE) or the reverse (IT 9 IE)
have both been advocated (33), but attempts to
separate the contributions of O, E, and I to the
shape of the LDG have been undermined by a
lack of basic information on the time and place of
origin for the vastmajority of living taxa. Instead,
taxa occurring in both tropical and extratropical
regions are generally handled either by (i) in-
cluding each taxon in rate calculations for all
latitudinal bins within its geographic range (34)
or (ii) including each taxon only in the bin
corresponding to the center of its latitudinal

range (25, 26). Neither approach can separate
the effects of past distributional shifts from
those due to changes in diversification rates
with latitude, however. Protocol (i) is analyti-
cally problematic (owing to the autocorrelation
imposed by counting each taxon in multiple
bins) and allows a widespread taxon to influ-
ence the age distributions of more latitudinal
bins than a restricted taxon does, even though
each should contribute only to its latitude of
origin. In contrast, protocol (ii) makes the un-
realistic assumption that taxa originate near the
midpoint of their present-day geographic ranges.
The asymmetry of range expansion from the
true place of origin is likely to increase with the
geographic range of a taxon (26), and even
narrow-ranging taxa may abandon ancestral
distributions in response to large climatic
changes such as occurred during the Pleistocene
(27). Some progress has been made recently in
estimating origination, extinction, and immigra-
tion rates from the shapes of taxon age distribu-
tions, but such models also make a number of
important simplifying assumptions about the
underlying dynamics (35). Thus, direct tests of

the role of large-scale range expansion in shap-
ing the LDG are needed, and the fossil record
remains the best source of data for such tests.

Out of the Tropics: A Dynamic Model
One potential reason why published studies
have failed to produce a consensus on whether the
tropics are a biological cradle or museum (table
S1) is that this dichotomy is misleading. The
tropics could be a cradle, a museum, or both;
theoretically, so could the polar regions; and taxa
could predominantly remain in place or either
expand or contract their distributions (Fig. 1). We
suggest that the available data are most consistent
with an ‘‘out of the tropics’’ (OTT) model, in
which the tropics are both a cradle and a museum,
with taxa preferentially originating in the tropics
and expanding over time into high latitudes
without losing their initial tropical distributions.
Thus OT 9 OE, ET e EE, and IT G IE.

Until now, direct empirical tests of this model
have been lacking, although one biogeographic
model suggests that such a dynamic could explain
the age-frequency distributions of bivalve genera
found in polar oceans today (35), and some

Fig. 1. Simple hypothetical scenarios
illustrating the cradle, museum, and OTT
models. Red denotes lineages that origi-
nated in the tropics; blue denotes lineages
that originated outside the tropics. The
horizontal lines connecting sister lineages
also represent geographic distributions;
those extending from tropics to extra-
tropics denote clades that originated in
the tropics but have subsequently ex-
tended their ranges into extratropical
regions while retaining a tropical pres-
ence. Many other combinations of these
parameters are possible. The dashed hori-
zontal line indicates the present day.
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Gêneros tropicais 
e cosmopolitas

Gêneros
 “extra-tropicais”

A minoria dos gêneros, hoje presentes nos “extra-trópicos” 
se originaram ali. O resto se originou nos trópicos
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Gêneros se originam nos trópicos e expandem sua 
distribuição geográfica.
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1- Maiores taxas de 
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2- Menores taxas de 
Extinção nos trópicos

3- Migração preferencial 
dos trópicos para 
“extra-trópico”.
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Gradiente Latitudinal de Diversidade: “Out of the tropics”

Data from: Rolland et al 2014Drawing from: Maurice Anton
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Hipótese Histórica: os trópicos seriam mais ricos 
simplesmente por serem mais antigos.
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1- Hipóteses ecológicas: explicam gradiente 
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2- Hipóteses históricas: se baseiam na 
idade dos trópicos. 

3- Hipóteses evolutivas: taxas de 
diversificação.
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processing of the data files to produce digital tooth shapes for the
analyses. For efficient computation of the various GIS and other
complexity measures, a custom computer program was written
(available from the authors on request). Currently, the most time-
intensive step is the three-dimensional scanning (1–3 h) and initial
processing of data (less than 30min) into the GIS format, whereas
computations take only seconds for each tooth row. As scanning and
data processing technologies are developing at a rapid rate, this
approach will quickly become increasingly efficient.

Both upper and lower cheek tooth rows (carnassials and all molars
present) were digitized with a high-resolution laser scanner, and the
three-dimensional point files were converted into digital elevation
models of the tooth rows (Fig. 1). We used whole cheek tooth rows
because this gives a better estimation of the overall processing capacity
than single teeth. The results can be normalized for the number of
teeth in the row, but the basic pattern remains unchanged. Becausewe
were interested in shape apart from size, all tooth rows were scaled to
the same length.To approximate the number of ‘tools’ on the crown11,
we subdivided the surface of each digital elevationmodel into patches
based first on slope orientation and then on topographic elevation.
Orientation maps were generated by determining the orientation at
each grid point on the topographicmaps as beingoneof eight compass
directions (for example north and southwest). Themapswere divided
into patches by grouping contiguous points on the same contour level
or with the same orientation together as a ‘patch’. Next we used three
different methods for calculating dental complexity and information
content for both the orientation and the topographic patches: orienta-
tion and topographic patch count (OPC and TPC), orientation and
topographic patch diversity (a measure of Shannon information;
OPD and TPD), and image compression ratio of surface maps (OIC
and TIC; see Methods and Supplementary Information).

For carnivorans, OPC shows a relatively clear gradation in dental
complexity from low values in hypercarnivores, intermediate in the
omnivores, and highest in the herbivores (Fig. 2; P, 0.001 for all
tests) in both the upper and lower tooth rows. Significant differences
are also found between the dietary categories for TPC, OPD, TPD,
OIC and TIC (P, 0.05 for all tests). The rodents illustrate a similar
trend of dental complexity with diet (Fig. 2). Differences between the
dietary categories were significant for OPC (P, 0.01 for lower tooth
rows, P, 0.05 for upper tooth rows), but not for the other measures
(P. 0.05 for all tests). We note that the better resolving power of
OPC may be due to its identifying distinct functional surfaces (such
as wear facets), fitting with the concept of tooth crown consisting of
individual ‘tools’ for breaking down food11.

When the same comparisons were made within the murines and
the sigmodontines in the rodent sample, the OPC for the lower tooth
row remained significantly different between the dietary categories
(P, 0.01). This significant pattern of rodent OPC in relation to diet
indicates that there remain selective pressures on molar form despite
all rodents’ having continuously growing incisors. Omnivore cat-
egories tend to have the largest ranges and are the least well resolved
of the categories. This is perhaps expected, given that the diversity of
foods that members of these two classes consume is likely to be much
greater than at either end of the spectrum. Within the carnivorans,
several of the families have a limited dietary range (for example, felids
in hypercarnivores, and ursids in animal-dominated omnivores and
herbivores), but for families that span several dietary categories (for
example, mustelids) the patch count varies according to diet, indi-
cating intrafamily and interfamily resolution.

Furthermore, when we compare the absolute values of the com-
plexity measures between carnivorans and rodents, the ranges of
dental complexity values in the two taxonomic groups overlap one
another (Fig. 2). Only the carnivore diet category differs significantly
between the two taxonomic groups (except for upper OPC
(P5 0.439); Mann–Whitney U-tests; see Supplementary Informa-
tion). This may reflect the fact that the carnivorous rodents are
mostly invertebrate feeders, whereas the corresponding carnivorans
aremostly vertebrate feeders. Indeed, if the carnivoran species that do
not include moderate amounts of insects in their diet are excluded
(Crocuta crocuta, Gulo gulo, Mustela erminea, M. lutreola and M.
putorius), the mean OPC for the lower tooth row rises from 92 to
110, although this is still below that of carnivorous rodents (lower
OPC mean 156, P, 0.005). The higher OPC of insectivores is likely
to be linked to the greater development of shearing crests noted
previously13,14.

This high-level similarity between carnivoran and rodent denti-
tions reported here is noteworthy because the extensive differences in
the low-level details of cheek tooth shape (number and position of
cusps, crests and folds), number of teeth, tooth classes represented
(muroids do not have canines or premolars), replacement (muroids
do not have a deciduous dentition) and chewing motion15,16 make it
difficult to identify comparable landmarks and features in carnivoran
and rodent teeth. In addition, body sizes, and consequently tooth
sizes, are greatly different in the two groups, ranging from 5 g to 1 kg
in rodents and from 90 g to 380 kg in carnivorans included in this
sample. Despite these fundamental differences, our results show not
only a similar tendency in relation to diet but also comparable com-
plexity values in rodents and carnivorans for each dietary category.
We interpret these results as being strongly indicative of scale-inde-
pendent and phylogeny-independent effects of diet on general
aspects of dental shape. It has been shown that tooth shapes can
diverge relatively rapidly between populations as long as the occlusal
fit is maintained17,18, and it remains to be tested how evolutionarily
labile OPC is with respect to other shape parameters.

Several anatomical and physiological characteristics have recently
been shown to reflect the degree of carnivory and herbivory in
disparate ranges of livingmammals (for example, intracellular target-
ing of alanine:glyoxylate aminotransferase19 and salivary gland
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Figure 1 | Dental and dietary diversity in carnivorans and rodents. Three-
dimensional buccal–occlusal and occlusal reconstructions of two carnivoran
tooth rows (top left, red fox Vulpes vulpes; bottom left, giant panda
Ailuropoda melanoleuca) and two rodent tooth rows (top right, golden-
bellied water rat Hydromys chrysogaster; bottom right, Rothschild’s woolly
rat Mallomys rothschildi) for the GIS analysis. Determination of surface
orientation (below each three-dimensional reconstruction, with orientation
indicated by colour as shown on the colour wheel) allows the measurement
of OPC (the number of coloured patches is indicated under each figure).
These measures are compared with diets, namely carnivorous and
herbivorous. Clumps smaller than three grid points are coloured black.
Lower right tooth rows; anterior towards the right. Scale bars, 1mm.
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processing of the data files to produce digital tooth shapes for the
analyses. For efficient computation of the various GIS and other
complexity measures, a custom computer program was written
(available from the authors on request). Currently, the most time-
intensive step is the three-dimensional scanning (1–3 h) and initial
processing of data (less than 30min) into the GIS format, whereas
computations take only seconds for each tooth row. As scanning and
data processing technologies are developing at a rapid rate, this
approach will quickly become increasingly efficient.

Both upper and lower cheek tooth rows (carnassials and all molars
present) were digitized with a high-resolution laser scanner, and the
three-dimensional point files were converted into digital elevation
models of the tooth rows (Fig. 1). We used whole cheek tooth rows
because this gives a better estimation of the overall processing capacity
than single teeth. The results can be normalized for the number of
teeth in the row, but the basic pattern remains unchanged. Becausewe
were interested in shape apart from size, all tooth rows were scaled to
the same length.To approximate the number of ‘tools’ on the crown11,
we subdivided the surface of each digital elevationmodel into patches
based first on slope orientation and then on topographic elevation.
Orientation maps were generated by determining the orientation at
each grid point on the topographicmaps as beingoneof eight compass
directions (for example north and southwest). Themapswere divided
into patches by grouping contiguous points on the same contour level
or with the same orientation together as a ‘patch’. Next we used three
different methods for calculating dental complexity and information
content for both the orientation and the topographic patches: orienta-
tion and topographic patch count (OPC and TPC), orientation and
topographic patch diversity (a measure of Shannon information;
OPD and TPD), and image compression ratio of surface maps (OIC
and TIC; see Methods and Supplementary Information).

For carnivorans, OPC shows a relatively clear gradation in dental
complexity from low values in hypercarnivores, intermediate in the
omnivores, and highest in the herbivores (Fig. 2; P, 0.001 for all
tests) in both the upper and lower tooth rows. Significant differences
are also found between the dietary categories for TPC, OPD, TPD,
OIC and TIC (P, 0.05 for all tests). The rodents illustrate a similar
trend of dental complexity with diet (Fig. 2). Differences between the
dietary categories were significant for OPC (P, 0.01 for lower tooth
rows, P, 0.05 for upper tooth rows), but not for the other measures
(P. 0.05 for all tests). We note that the better resolving power of
OPC may be due to its identifying distinct functional surfaces (such
as wear facets), fitting with the concept of tooth crown consisting of
individual ‘tools’ for breaking down food11.

When the same comparisons were made within the murines and
the sigmodontines in the rodent sample, the OPC for the lower tooth
row remained significantly different between the dietary categories
(P, 0.01). This significant pattern of rodent OPC in relation to diet
indicates that there remain selective pressures on molar form despite
all rodents’ having continuously growing incisors. Omnivore cat-
egories tend to have the largest ranges and are the least well resolved
of the categories. This is perhaps expected, given that the diversity of
foods that members of these two classes consume is likely to be much
greater than at either end of the spectrum. Within the carnivorans,
several of the families have a limited dietary range (for example, felids
in hypercarnivores, and ursids in animal-dominated omnivores and
herbivores), but for families that span several dietary categories (for
example, mustelids) the patch count varies according to diet, indi-
cating intrafamily and interfamily resolution.

Furthermore, when we compare the absolute values of the com-
plexity measures between carnivorans and rodents, the ranges of
dental complexity values in the two taxonomic groups overlap one
another (Fig. 2). Only the carnivore diet category differs significantly
between the two taxonomic groups (except for upper OPC
(P5 0.439); Mann–Whitney U-tests; see Supplementary Informa-
tion). This may reflect the fact that the carnivorous rodents are
mostly invertebrate feeders, whereas the corresponding carnivorans
aremostly vertebrate feeders. Indeed, if the carnivoran species that do
not include moderate amounts of insects in their diet are excluded
(Crocuta crocuta, Gulo gulo, Mustela erminea, M. lutreola and M.
putorius), the mean OPC for the lower tooth row rises from 92 to
110, although this is still below that of carnivorous rodents (lower
OPC mean 156, P, 0.005). The higher OPC of insectivores is likely
to be linked to the greater development of shearing crests noted
previously13,14.

This high-level similarity between carnivoran and rodent denti-
tions reported here is noteworthy because the extensive differences in
the low-level details of cheek tooth shape (number and position of
cusps, crests and folds), number of teeth, tooth classes represented
(muroids do not have canines or premolars), replacement (muroids
do not have a deciduous dentition) and chewing motion15,16 make it
difficult to identify comparable landmarks and features in carnivoran
and rodent teeth. In addition, body sizes, and consequently tooth
sizes, are greatly different in the two groups, ranging from 5 g to 1 kg
in rodents and from 90 g to 380 kg in carnivorans included in this
sample. Despite these fundamental differences, our results show not
only a similar tendency in relation to diet but also comparable com-
plexity values in rodents and carnivorans for each dietary category.
We interpret these results as being strongly indicative of scale-inde-
pendent and phylogeny-independent effects of diet on general
aspects of dental shape. It has been shown that tooth shapes can
diverge relatively rapidly between populations as long as the occlusal
fit is maintained17,18, and it remains to be tested how evolutionarily
labile OPC is with respect to other shape parameters.

Several anatomical and physiological characteristics have recently
been shown to reflect the degree of carnivory and herbivory in
disparate ranges of livingmammals (for example, intracellular target-
ing of alanine:glyoxylate aminotransferase19 and salivary gland
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Figure 1 | Dental and dietary diversity in carnivorans and rodents. Three-
dimensional buccal–occlusal and occlusal reconstructions of two carnivoran
tooth rows (top left, red fox Vulpes vulpes; bottom left, giant panda
Ailuropoda melanoleuca) and two rodent tooth rows (top right, golden-
bellied water rat Hydromys chrysogaster; bottom right, Rothschild’s woolly
rat Mallomys rothschildi) for the GIS analysis. Determination of surface
orientation (below each three-dimensional reconstruction, with orientation
indicated by colour as shown on the colour wheel) allows the measurement
of OPC (the number of coloured patches is indicated under each figure).
These measures are compared with diets, namely carnivorous and
herbivorous. Clumps smaller than three grid points are coloured black.
Lower right tooth rows; anterior towards the right. Scale bars, 1mm.
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processing of the data files to produce digital tooth shapes for the
analyses. For efficient computation of the various GIS and other
complexity measures, a custom computer program was written
(available from the authors on request). Currently, the most time-
intensive step is the three-dimensional scanning (1–3 h) and initial
processing of data (less than 30min) into the GIS format, whereas
computations take only seconds for each tooth row. As scanning and
data processing technologies are developing at a rapid rate, this
approach will quickly become increasingly efficient.

Both upper and lower cheek tooth rows (carnassials and all molars
present) were digitized with a high-resolution laser scanner, and the
three-dimensional point files were converted into digital elevation
models of the tooth rows (Fig. 1). We used whole cheek tooth rows
because this gives a better estimation of the overall processing capacity
than single teeth. The results can be normalized for the number of
teeth in the row, but the basic pattern remains unchanged. Becausewe
were interested in shape apart from size, all tooth rows were scaled to
the same length.To approximate the number of ‘tools’ on the crown11,
we subdivided the surface of each digital elevationmodel into patches
based first on slope orientation and then on topographic elevation.
Orientation maps were generated by determining the orientation at
each grid point on the topographicmaps as beingoneof eight compass
directions (for example north and southwest). Themapswere divided
into patches by grouping contiguous points on the same contour level
or with the same orientation together as a ‘patch’. Next we used three
different methods for calculating dental complexity and information
content for both the orientation and the topographic patches: orienta-
tion and topographic patch count (OPC and TPC), orientation and
topographic patch diversity (a measure of Shannon information;
OPD and TPD), and image compression ratio of surface maps (OIC
and TIC; see Methods and Supplementary Information).

For carnivorans, OPC shows a relatively clear gradation in dental
complexity from low values in hypercarnivores, intermediate in the
omnivores, and highest in the herbivores (Fig. 2; P, 0.001 for all
tests) in both the upper and lower tooth rows. Significant differences
are also found between the dietary categories for TPC, OPD, TPD,
OIC and TIC (P, 0.05 for all tests). The rodents illustrate a similar
trend of dental complexity with diet (Fig. 2). Differences between the
dietary categories were significant for OPC (P, 0.01 for lower tooth
rows, P, 0.05 for upper tooth rows), but not for the other measures
(P. 0.05 for all tests). We note that the better resolving power of
OPC may be due to its identifying distinct functional surfaces (such
as wear facets), fitting with the concept of tooth crown consisting of
individual ‘tools’ for breaking down food11.

When the same comparisons were made within the murines and
the sigmodontines in the rodent sample, the OPC for the lower tooth
row remained significantly different between the dietary categories
(P, 0.01). This significant pattern of rodent OPC in relation to diet
indicates that there remain selective pressures on molar form despite
all rodents’ having continuously growing incisors. Omnivore cat-
egories tend to have the largest ranges and are the least well resolved
of the categories. This is perhaps expected, given that the diversity of
foods that members of these two classes consume is likely to be much
greater than at either end of the spectrum. Within the carnivorans,
several of the families have a limited dietary range (for example, felids
in hypercarnivores, and ursids in animal-dominated omnivores and
herbivores), but for families that span several dietary categories (for
example, mustelids) the patch count varies according to diet, indi-
cating intrafamily and interfamily resolution.

Furthermore, when we compare the absolute values of the com-
plexity measures between carnivorans and rodents, the ranges of
dental complexity values in the two taxonomic groups overlap one
another (Fig. 2). Only the carnivore diet category differs significantly
between the two taxonomic groups (except for upper OPC
(P5 0.439); Mann–Whitney U-tests; see Supplementary Informa-
tion). This may reflect the fact that the carnivorous rodents are
mostly invertebrate feeders, whereas the corresponding carnivorans
aremostly vertebrate feeders. Indeed, if the carnivoran species that do
not include moderate amounts of insects in their diet are excluded
(Crocuta crocuta, Gulo gulo, Mustela erminea, M. lutreola and M.
putorius), the mean OPC for the lower tooth row rises from 92 to
110, although this is still below that of carnivorous rodents (lower
OPC mean 156, P, 0.005). The higher OPC of insectivores is likely
to be linked to the greater development of shearing crests noted
previously13,14.

This high-level similarity between carnivoran and rodent denti-
tions reported here is noteworthy because the extensive differences in
the low-level details of cheek tooth shape (number and position of
cusps, crests and folds), number of teeth, tooth classes represented
(muroids do not have canines or premolars), replacement (muroids
do not have a deciduous dentition) and chewing motion15,16 make it
difficult to identify comparable landmarks and features in carnivoran
and rodent teeth. In addition, body sizes, and consequently tooth
sizes, are greatly different in the two groups, ranging from 5 g to 1 kg
in rodents and from 90 g to 380 kg in carnivorans included in this
sample. Despite these fundamental differences, our results show not
only a similar tendency in relation to diet but also comparable com-
plexity values in rodents and carnivorans for each dietary category.
We interpret these results as being strongly indicative of scale-inde-
pendent and phylogeny-independent effects of diet on general
aspects of dental shape. It has been shown that tooth shapes can
diverge relatively rapidly between populations as long as the occlusal
fit is maintained17,18, and it remains to be tested how evolutionarily
labile OPC is with respect to other shape parameters.

Several anatomical and physiological characteristics have recently
been shown to reflect the degree of carnivory and herbivory in
disparate ranges of livingmammals (for example, intracellular target-
ing of alanine:glyoxylate aminotransferase19 and salivary gland
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Figure 1 | Dental and dietary diversity in carnivorans and rodents. Three-
dimensional buccal–occlusal and occlusal reconstructions of two carnivoran
tooth rows (top left, red fox Vulpes vulpes; bottom left, giant panda
Ailuropoda melanoleuca) and two rodent tooth rows (top right, golden-
bellied water rat Hydromys chrysogaster; bottom right, Rothschild’s woolly
rat Mallomys rothschildi) for the GIS analysis. Determination of surface
orientation (below each three-dimensional reconstruction, with orientation
indicated by colour as shown on the colour wheel) allows the measurement
of OPC (the number of coloured patches is indicated under each figure).
These measures are compared with diets, namely carnivorous and
herbivorous. Clumps smaller than three grid points are coloured black.
Lower right tooth rows; anterior towards the right. Scale bars, 1mm.
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processing of the data files to produce digital tooth shapes for the
analyses. For efficient computation of the various GIS and other
complexity measures, a custom computer program was written
(available from the authors on request). Currently, the most time-
intensive step is the three-dimensional scanning (1–3 h) and initial
processing of data (less than 30min) into the GIS format, whereas
computations take only seconds for each tooth row. As scanning and
data processing technologies are developing at a rapid rate, this
approach will quickly become increasingly efficient.

Both upper and lower cheek tooth rows (carnassials and all molars
present) were digitized with a high-resolution laser scanner, and the
three-dimensional point files were converted into digital elevation
models of the tooth rows (Fig. 1). We used whole cheek tooth rows
because this gives a better estimation of the overall processing capacity
than single teeth. The results can be normalized for the number of
teeth in the row, but the basic pattern remains unchanged. Becausewe
were interested in shape apart from size, all tooth rows were scaled to
the same length.To approximate the number of ‘tools’ on the crown11,
we subdivided the surface of each digital elevationmodel into patches
based first on slope orientation and then on topographic elevation.
Orientation maps were generated by determining the orientation at
each grid point on the topographicmaps as beingoneof eight compass
directions (for example north and southwest). Themapswere divided
into patches by grouping contiguous points on the same contour level
or with the same orientation together as a ‘patch’. Next we used three
different methods for calculating dental complexity and information
content for both the orientation and the topographic patches: orienta-
tion and topographic patch count (OPC and TPC), orientation and
topographic patch diversity (a measure of Shannon information;
OPD and TPD), and image compression ratio of surface maps (OIC
and TIC; see Methods and Supplementary Information).

For carnivorans, OPC shows a relatively clear gradation in dental
complexity from low values in hypercarnivores, intermediate in the
omnivores, and highest in the herbivores (Fig. 2; P, 0.001 for all
tests) in both the upper and lower tooth rows. Significant differences
are also found between the dietary categories for TPC, OPD, TPD,
OIC and TIC (P, 0.05 for all tests). The rodents illustrate a similar
trend of dental complexity with diet (Fig. 2). Differences between the
dietary categories were significant for OPC (P, 0.01 for lower tooth
rows, P, 0.05 for upper tooth rows), but not for the other measures
(P. 0.05 for all tests). We note that the better resolving power of
OPC may be due to its identifying distinct functional surfaces (such
as wear facets), fitting with the concept of tooth crown consisting of
individual ‘tools’ for breaking down food11.

When the same comparisons were made within the murines and
the sigmodontines in the rodent sample, the OPC for the lower tooth
row remained significantly different between the dietary categories
(P, 0.01). This significant pattern of rodent OPC in relation to diet
indicates that there remain selective pressures on molar form despite
all rodents’ having continuously growing incisors. Omnivore cat-
egories tend to have the largest ranges and are the least well resolved
of the categories. This is perhaps expected, given that the diversity of
foods that members of these two classes consume is likely to be much
greater than at either end of the spectrum. Within the carnivorans,
several of the families have a limited dietary range (for example, felids
in hypercarnivores, and ursids in animal-dominated omnivores and
herbivores), but for families that span several dietary categories (for
example, mustelids) the patch count varies according to diet, indi-
cating intrafamily and interfamily resolution.

Furthermore, when we compare the absolute values of the com-
plexity measures between carnivorans and rodents, the ranges of
dental complexity values in the two taxonomic groups overlap one
another (Fig. 2). Only the carnivore diet category differs significantly
between the two taxonomic groups (except for upper OPC
(P5 0.439); Mann–Whitney U-tests; see Supplementary Informa-
tion). This may reflect the fact that the carnivorous rodents are
mostly invertebrate feeders, whereas the corresponding carnivorans
aremostly vertebrate feeders. Indeed, if the carnivoran species that do
not include moderate amounts of insects in their diet are excluded
(Crocuta crocuta, Gulo gulo, Mustela erminea, M. lutreola and M.
putorius), the mean OPC for the lower tooth row rises from 92 to
110, although this is still below that of carnivorous rodents (lower
OPC mean 156, P, 0.005). The higher OPC of insectivores is likely
to be linked to the greater development of shearing crests noted
previously13,14.

This high-level similarity between carnivoran and rodent denti-
tions reported here is noteworthy because the extensive differences in
the low-level details of cheek tooth shape (number and position of
cusps, crests and folds), number of teeth, tooth classes represented
(muroids do not have canines or premolars), replacement (muroids
do not have a deciduous dentition) and chewing motion15,16 make it
difficult to identify comparable landmarks and features in carnivoran
and rodent teeth. In addition, body sizes, and consequently tooth
sizes, are greatly different in the two groups, ranging from 5 g to 1 kg
in rodents and from 90 g to 380 kg in carnivorans included in this
sample. Despite these fundamental differences, our results show not
only a similar tendency in relation to diet but also comparable com-
plexity values in rodents and carnivorans for each dietary category.
We interpret these results as being strongly indicative of scale-inde-
pendent and phylogeny-independent effects of diet on general
aspects of dental shape. It has been shown that tooth shapes can
diverge relatively rapidly between populations as long as the occlusal
fit is maintained17,18, and it remains to be tested how evolutionarily
labile OPC is with respect to other shape parameters.

Several anatomical and physiological characteristics have recently
been shown to reflect the degree of carnivory and herbivory in
disparate ranges of livingmammals (for example, intracellular target-
ing of alanine:glyoxylate aminotransferase19 and salivary gland
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Figure 1 | Dental and dietary diversity in carnivorans and rodents. Three-
dimensional buccal–occlusal and occlusal reconstructions of two carnivoran
tooth rows (top left, red fox Vulpes vulpes; bottom left, giant panda
Ailuropoda melanoleuca) and two rodent tooth rows (top right, golden-
bellied water rat Hydromys chrysogaster; bottom right, Rothschild’s woolly
rat Mallomys rothschildi) for the GIS analysis. Determination of surface
orientation (below each three-dimensional reconstruction, with orientation
indicated by colour as shown on the colour wheel) allows the measurement
of OPC (the number of coloured patches is indicated under each figure).
These measures are compared with diets, namely carnivorous and
herbivorous. Clumps smaller than three grid points are coloured black.
Lower right tooth rows; anterior towards the right. Scale bars, 1mm.
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FIGURE 2. Changes in the average relative abundances (based on specimen counts) of tiering (A), motility (B), and
feeding types (C) between mid-Paleozoic (461–359 Ma) and late Cenozoic (23–0.01 Ma) fossil assemblages. First
row: temperate Cenozoic assemblages. Second row: tropical Cenozoic assemblages from the Panama Paleontology
Project. Third row: Paleozoic assemblages. For the two Cenozoic data sets, the 95% error bars represent simple
sampling uncertainty, and they were calculated by a two-stage bootstrap procedure that resampled (with replace-
ment) both the specimens in each sample and the samples used to calculate each mean, thus adding together the
uncertainty generated by both stages of sampling (number of iterations ! 50,000). For the Paleozoic data (third
row), the error bars represent the range of values resulting from different assumptions about the strength of the
bias against aragonite preservation. The shaded bars show the bias-simulated results assuming that 40% of the
individuals in the average original community were aragonitic, a value we consider reasonable. The ‘‘taphonomic
error bars’’ encompass the raw data (bases of triangles; assumes no dissolution bias) and the bias-simulated data
for 70% aragonitic specimens (uncapped ends of lines). Although we consider this value to be unlikely as an average
case, we include it to be conservative and note that most of the patterns we describe would hold even if this value
were correct. The Paleozoic data do not have sampling error bars, but they would be of the same magnitude as
those shown for the Cenozoic data. Examples of the ecologic groups are shown below (from left to right: nautiloid,
crinoid, tabulate coral, bivalve, bivalve, bivalve; trilobite, gastropod, bivalve, bivalve, bivalve, brachiopod; bryozoan,
bivalve, bivalve, echinoid, gastropod; the ‘‘other’’ feeding type is not illustrated since it includes a variety of feeding
types).

ficial fauna (average of 39–44%), over half of
the individuals were semi-infaunal or infau-
nal by this time, with at least 46% in the shal-
low infauna in each Cenozoic data set (Fig.
2A). Numerically, bivalves drive this pattern
in our data, but by the Cenozoic, representa-

tives of many other groups also had adopted
infaunal modes of life (Thayer 1983). The low
abundance of pelagic animals in all data sets
(0–1%) reflects in part a preservational bias;
pelagic animals would have been present in
these settings, but they did not preserve as
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in our data, but by the Cenozoic, representa-

tives of many other groups also had adopted
infaunal modes of life (Thayer 1983). The low
abundance of pelagic animals in all data sets
(0–1%) reflects in part a preservational bias;
pelagic animals would have been present in
these settings, but they did not preserve as
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FIGURE 2. Changes in the average relative abundances (based on specimen counts) of tiering (A), motility (B), and
feeding types (C) between mid-Paleozoic (461–359 Ma) and late Cenozoic (23–0.01 Ma) fossil assemblages. First
row: temperate Cenozoic assemblages. Second row: tropical Cenozoic assemblages from the Panama Paleontology
Project. Third row: Paleozoic assemblages. For the two Cenozoic data sets, the 95% error bars represent simple
sampling uncertainty, and they were calculated by a two-stage bootstrap procedure that resampled (with replace-
ment) both the specimens in each sample and the samples used to calculate each mean, thus adding together the
uncertainty generated by both stages of sampling (number of iterations ! 50,000). For the Paleozoic data (third
row), the error bars represent the range of values resulting from different assumptions about the strength of the
bias against aragonite preservation. The shaded bars show the bias-simulated results assuming that 40% of the
individuals in the average original community were aragonitic, a value we consider reasonable. The ‘‘taphonomic
error bars’’ encompass the raw data (bases of triangles; assumes no dissolution bias) and the bias-simulated data
for 70% aragonitic specimens (uncapped ends of lines). Although we consider this value to be unlikely as an average
case, we include it to be conservative and note that most of the patterns we describe would hold even if this value
were correct. The Paleozoic data do not have sampling error bars, but they would be of the same magnitude as
those shown for the Cenozoic data. Examples of the ecologic groups are shown below (from left to right: nautiloid,
crinoid, tabulate coral, bivalve, bivalve, bivalve; trilobite, gastropod, bivalve, bivalve, bivalve, brachiopod; bryozoan,
bivalve, bivalve, echinoid, gastropod; the ‘‘other’’ feeding type is not illustrated since it includes a variety of feeding
types).

ficial fauna (average of 39–44%), over half of
the individuals were semi-infaunal or infau-
nal by this time, with at least 46% in the shal-
low infauna in each Cenozoic data set (Fig.
2A). Numerically, bivalves drive this pattern
in our data, but by the Cenozoic, representa-

tives of many other groups also had adopted
infaunal modes of life (Thayer 1983). The low
abundance of pelagic animals in all data sets
(0–1%) reflects in part a preservational bias;
pelagic animals would have been present in
these settings, but they did not preserve as

Definição (Bush & Bambach 2011): o espaço ecológico no qual cada 
organismo poderia ser classificado de acordo com 3 parâmetros 

ecológicos fundamentais: posição no substrato, mobilidade e 
estratégia de alimentação.
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FIGURE 2. Changes in the average relative abundances (based on specimen counts) of tiering (A), motility (B), and
feeding types (C) between mid-Paleozoic (461–359 Ma) and late Cenozoic (23–0.01 Ma) fossil assemblages. First
row: temperate Cenozoic assemblages. Second row: tropical Cenozoic assemblages from the Panama Paleontology
Project. Third row: Paleozoic assemblages. For the two Cenozoic data sets, the 95% error bars represent simple
sampling uncertainty, and they were calculated by a two-stage bootstrap procedure that resampled (with replace-
ment) both the specimens in each sample and the samples used to calculate each mean, thus adding together the
uncertainty generated by both stages of sampling (number of iterations ! 50,000). For the Paleozoic data (third
row), the error bars represent the range of values resulting from different assumptions about the strength of the
bias against aragonite preservation. The shaded bars show the bias-simulated results assuming that 40% of the
individuals in the average original community were aragonitic, a value we consider reasonable. The ‘‘taphonomic
error bars’’ encompass the raw data (bases of triangles; assumes no dissolution bias) and the bias-simulated data
for 70% aragonitic specimens (uncapped ends of lines). Although we consider this value to be unlikely as an average
case, we include it to be conservative and note that most of the patterns we describe would hold even if this value
were correct. The Paleozoic data do not have sampling error bars, but they would be of the same magnitude as
those shown for the Cenozoic data. Examples of the ecologic groups are shown below (from left to right: nautiloid,
crinoid, tabulate coral, bivalve, bivalve, bivalve; trilobite, gastropod, bivalve, bivalve, bivalve, brachiopod; bryozoan,
bivalve, bivalve, echinoid, gastropod; the ‘‘other’’ feeding type is not illustrated since it includes a variety of feeding
types).

ficial fauna (average of 39–44%), over half of
the individuals were semi-infaunal or infau-
nal by this time, with at least 46% in the shal-
low infauna in each Cenozoic data set (Fig.
2A). Numerically, bivalves drive this pattern
in our data, but by the Cenozoic, representa-

tives of many other groups also had adopted
infaunal modes of life (Thayer 1983). The low
abundance of pelagic animals in all data sets
(0–1%) reflects in part a preservational bias;
pelagic animals would have been present in
these settings, but they did not preserve as
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TABLE 1. Ecologic categories for tiering, motility level, and feeding mechanism.

Ecologic category Description Examples

Tiering
1. Pelagic In the water column Many graptolites and fish
2. Erect Benthic, extending into the water mass Crinoids, some corals
3. Surficial Benthic, not extending significantly upward Most gastropods
4. Semi-infaunal Partly infaunal, partly exposed The bivalve Modiolus
5. Shallow infaunal Living in the top !5 cm of the sediment Many clams
6. Deep infaunal Living more than !5 cm deep in the sediment The clam Panope

Motility Level
1. Freely, fast Regularly moving, unencumbered Most fish and arthropods
2. Freely, slow As above, but strong bond to the substrate Gastropods, echinoids
3. Facultative, unattached Moving only when necessary, free-lying Many clams
4. Facultative, attached Moving only when necessary, attached Mussels
5. Non-motile, unattached Not capable of movement, free-lying Reclining brachiopods
6. Non-motile, attached Not capable of movement, attached Pedunculate brachiopods

Feeding Mechanism
1. Suspension Capturing food particles from the water Brachiopods, bryozoans
2. Surface deposit Capturing loose particles from a substrate Tellinid bivalves
3. Mining Recovering buried food Nuculid bivalves
4. Grazing Scraping or nibbling food from a substrate Many gastropods
5. Predatory Capturing prey capable of resistance Cephalopods
6. Other e.g., photo- or chemosymbiosis, parasites

FIGURE 1. Theoretical ecospace use cube. Each of the
216 boxes represents a ‘‘mode of life’’—a unique com-
bination of the tiering, motility, and feeding categories.

sil record, some ecologic properties of fossil
taxa can be determined with good reliability
from functional morphology and, when need-
ed, by analogy with living relatives in cases in
which the ecologic property can be considered
a synapomorphy for the higher taxon to which
the fossil belongs (e.g., palp probiscide feed-
ing for nuculid bivalves). We have chosen
three such variables that are essential for un-
derstanding how animals live and function in
ecosystems (and that are potentially deter-

minable for fossils) to define the axes of eco-
space (Table 1, Fig. 1). The first is tiering, the
position of an (adult) organism relative to the
sediment/water interface. This identifies the
setting where the animal lives and seeks re-
sources. Tiering is generally interpretable
from fossil material because the physical con-
ditions associated with a tier determine many
of the morphological features necessary for
success in that setting. The second variable in
our system is motility, the capability of an or-
ganism to move under its own power. Motility
is a prime factor governing the interactions
among organisms and the methods by which
an organism copes with stresses and distur-
bances. The ability to attach to a substrate was
considered as part of motility, because attach-
ment is a major way organisms control their
own movement. The abilities to move and at-
tach are often interpretable from analyses of
the functional morphology of fossil material
because they require physical structures that
often can be preserved or interpreted. All or-
ganisms require an input of energy and nu-
trients, so feeding mechanism is the final var-
iable that defines an axis in our ecospace. An
animal’s diet may be difficult to determine
from fossil material, but the mechanism by
which that food is acquired is a physical pro-
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FIGURE 2. Changes in the average relative abundances (based on specimen counts) of tiering (A), motility (B), and
feeding types (C) between mid-Paleozoic (461–359 Ma) and late Cenozoic (23–0.01 Ma) fossil assemblages. First
row: temperate Cenozoic assemblages. Second row: tropical Cenozoic assemblages from the Panama Paleontology
Project. Third row: Paleozoic assemblages. For the two Cenozoic data sets, the 95% error bars represent simple
sampling uncertainty, and they were calculated by a two-stage bootstrap procedure that resampled (with replace-
ment) both the specimens in each sample and the samples used to calculate each mean, thus adding together the
uncertainty generated by both stages of sampling (number of iterations ! 50,000). For the Paleozoic data (third
row), the error bars represent the range of values resulting from different assumptions about the strength of the
bias against aragonite preservation. The shaded bars show the bias-simulated results assuming that 40% of the
individuals in the average original community were aragonitic, a value we consider reasonable. The ‘‘taphonomic
error bars’’ encompass the raw data (bases of triangles; assumes no dissolution bias) and the bias-simulated data
for 70% aragonitic specimens (uncapped ends of lines). Although we consider this value to be unlikely as an average
case, we include it to be conservative and note that most of the patterns we describe would hold even if this value
were correct. The Paleozoic data do not have sampling error bars, but they would be of the same magnitude as
those shown for the Cenozoic data. Examples of the ecologic groups are shown below (from left to right: nautiloid,
crinoid, tabulate coral, bivalve, bivalve, bivalve; trilobite, gastropod, bivalve, bivalve, bivalve, brachiopod; bryozoan,
bivalve, bivalve, echinoid, gastropod; the ‘‘other’’ feeding type is not illustrated since it includes a variety of feeding
types).

ficial fauna (average of 39–44%), over half of
the individuals were semi-infaunal or infau-
nal by this time, with at least 46% in the shal-
low infauna in each Cenozoic data set (Fig.
2A). Numerically, bivalves drive this pattern
in our data, but by the Cenozoic, representa-

tives of many other groups also had adopted
infaunal modes of life (Thayer 1983). The low
abundance of pelagic animals in all data sets
(0–1%) reflects in part a preservational bias;
pelagic animals would have been present in
these settings, but they did not preserve as
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TABLE 1. Ecologic categories for tiering, motility level, and feeding mechanism.

Ecologic category Description Examples

Tiering
1. Pelagic In the water column Many graptolites and fish
2. Erect Benthic, extending into the water mass Crinoids, some corals
3. Surficial Benthic, not extending significantly upward Most gastropods
4. Semi-infaunal Partly infaunal, partly exposed The bivalve Modiolus
5. Shallow infaunal Living in the top !5 cm of the sediment Many clams
6. Deep infaunal Living more than !5 cm deep in the sediment The clam Panope

Motility Level
1. Freely, fast Regularly moving, unencumbered Most fish and arthropods
2. Freely, slow As above, but strong bond to the substrate Gastropods, echinoids
3. Facultative, unattached Moving only when necessary, free-lying Many clams
4. Facultative, attached Moving only when necessary, attached Mussels
5. Non-motile, unattached Not capable of movement, free-lying Reclining brachiopods
6. Non-motile, attached Not capable of movement, attached Pedunculate brachiopods

Feeding Mechanism
1. Suspension Capturing food particles from the water Brachiopods, bryozoans
2. Surface deposit Capturing loose particles from a substrate Tellinid bivalves
3. Mining Recovering buried food Nuculid bivalves
4. Grazing Scraping or nibbling food from a substrate Many gastropods
5. Predatory Capturing prey capable of resistance Cephalopods
6. Other e.g., photo- or chemosymbiosis, parasites

FIGURE 1. Theoretical ecospace use cube. Each of the
216 boxes represents a ‘‘mode of life’’—a unique com-
bination of the tiering, motility, and feeding categories.

sil record, some ecologic properties of fossil
taxa can be determined with good reliability
from functional morphology and, when need-
ed, by analogy with living relatives in cases in
which the ecologic property can be considered
a synapomorphy for the higher taxon to which
the fossil belongs (e.g., palp probiscide feed-
ing for nuculid bivalves). We have chosen
three such variables that are essential for un-
derstanding how animals live and function in
ecosystems (and that are potentially deter-

minable for fossils) to define the axes of eco-
space (Table 1, Fig. 1). The first is tiering, the
position of an (adult) organism relative to the
sediment/water interface. This identifies the
setting where the animal lives and seeks re-
sources. Tiering is generally interpretable
from fossil material because the physical con-
ditions associated with a tier determine many
of the morphological features necessary for
success in that setting. The second variable in
our system is motility, the capability of an or-
ganism to move under its own power. Motility
is a prime factor governing the interactions
among organisms and the methods by which
an organism copes with stresses and distur-
bances. The ability to attach to a substrate was
considered as part of motility, because attach-
ment is a major way organisms control their
own movement. The abilities to move and at-
tach are often interpretable from analyses of
the functional morphology of fossil material
because they require physical structures that
often can be preserved or interpreted. All or-
ganisms require an input of energy and nu-
trients, so feeding mechanism is the final var-
iable that defines an axis in our ecospace. An
animal’s diet may be difficult to determine
from fossil material, but the mechanism by
which that food is acquired is a physical pro-
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Figure 1
Change in ecospace use of marine metazoa based on the theoretical ecospace of Bush et al. (2007). Each box in panels a–c represents a
unique combination of ecological characteristics (tiering with respect to the sediment-water interface, motility level, and feeding
mechanism). (a) Ediacaran Period. Black boxes mark lifestyles that are inferred for animals in both early and later assemblages; red
boxes are inferred only for later assemblages. (b) Early-Middle Cambrian. Red boxes include both skeletal and soft-bodied assemblages.
(c) Recent marine metazoa. Red boxes indicate lifestyles inferred for animals that have a diverse fossil record; blue boxes indicate
animals that do not. (d ) Change in the number of modes of life through time based on these data. Panels a–d adapted from Bambach
et al. (2007), with permission from the Palaeontological Association. (e) Mercenaria mercenaria, a shallow-infaunal, unattached,
facultatively motile suspension feeder. Recent, Cape Cod, USA. ( f ) The jaws of the bat ray Myliobatis longirostris, a pelagic, fully motile,
fast predator. Its flat tooth plates are used to crush shellfish. Santa Rosalia, Baja California, Mexico. Specimen provided by Janine Caira.
Timescale abbreviations: E, Ediacaran; C− , Cambrian; and O, Ordovician.

The ability to disturb other animals is thus an important ecological characteristic to track through
time.

Finally, we make note of potential changes through time in the amount of energy used by
animals (e.g., Vermeij 1987, 1995; Bambach 1993, 1999; Martin 1996, 2003; see sidebar, Energy
Use). The amount of primary productivity needed to support an animal depends on factors such as
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Figure 1
Change in ecospace use of marine metazoa based on the theoretical ecospace of Bush et al. (2007). Each box in panels a–c represents a
unique combination of ecological characteristics (tiering with respect to the sediment-water interface, motility level, and feeding
mechanism). (a) Ediacaran Period. Black boxes mark lifestyles that are inferred for animals in both early and later assemblages; red
boxes are inferred only for later assemblages. (b) Early-Middle Cambrian. Red boxes include both skeletal and soft-bodied assemblages.
(c) Recent marine metazoa. Red boxes indicate lifestyles inferred for animals that have a diverse fossil record; blue boxes indicate
animals that do not. (d ) Change in the number of modes of life through time based on these data. Panels a–d adapted from Bambach
et al. (2007), with permission from the Palaeontological Association. (e) Mercenaria mercenaria, a shallow-infaunal, unattached,
facultatively motile suspension feeder. Recent, Cape Cod, USA. ( f ) The jaws of the bat ray Myliobatis longirostris, a pelagic, fully motile,
fast predator. Its flat tooth plates are used to crush shellfish. Santa Rosalia, Baja California, Mexico. Specimen provided by Janine Caira.
Timescale abbreviations: E, Ediacaran; C− , Cambrian; and O, Ordovician.

The ability to disturb other animals is thus an important ecological characteristic to track through
time.

Finally, we make note of potential changes through time in the amount of energy used by
animals (e.g., Vermeij 1987, 1995; Bambach 1993, 1999; Martin 1996, 2003; see sidebar, Energy
Use). The amount of primary productivity needed to support an animal depends on factors such as
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occupied the erect tier on the seafloor during the Cambrian (Figure 3b); bilaterian animals did
not evolve tall, erect forms until the Ordovician (Ausich & Bottjer 2001, Yuan et al. 2002).

An increase in predation was also a hallmark of the Cambrian (Figure 3c; Vermeij 1987,
Babcock 2003)—in fact, the advent of predation and other forms of carnivory has been implicated
as a trigger of the Cambrian Explosion (e.g., Stanley 1973, Vermeij 1990, Bengtson & Zhao 1992,
Bengtson 2002, Marshall 2006). Predators during the Cambrian included a variety of trilobites
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occupied the erect tier on the seafloor during the Cambrian (Figure 3b); bilaterian animals did
not evolve tall, erect forms until the Ordovician (Ausich & Bottjer 2001, Yuan et al. 2002).

An increase in predation was also a hallmark of the Cambrian (Figure 3c; Vermeij 1987,
Babcock 2003)—in fact, the advent of predation and other forms of carnivory has been implicated
as a trigger of the Cambrian Explosion (e.g., Stanley 1973, Vermeij 1990, Bengtson & Zhao 1992,
Bengtson 2002, Marshall 2006). Predators during the Cambrian included a variety of trilobites
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Extinção em Massa: papel da especiação e extinção

Ordoviciano: extinção elevada
Devoniano: especiação baixa
Permiano: extinção elevada
Triássico: especiação baixa
Cretáceo: extinção elevada
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FIGURE 8. Relationship between origination and extinction for the two mass diversity depletions that are not ex-
clusively extinction driven. Arrows as in Figure 7. Diversity loss indicated by the vertical thin box between the
origination and extinction values. A, Late Frasnian, in the Late Devonian. Note that several preceding intervals also
have lower origination than extinction, indicating continuous diversity loss, although a drop in origination plus a
small peak of extinction concentrates more diversity loss in the late Frasnian. B, Late Norian/Rhaetian, at the end
of the Triassic. In this case, proportion of origination decreased through most of the Triassic as diversity rebounded
from the end-Permian mass depletion, but exceeded extinction except at the end of the Triassic, when origination
was at its low point and there was a small peak of extinction.

the Silurian, but in both instances origination
also nearly balanced extinction. Events that
record moderate extinction over short time in-
tervals in some regions, like the Kacák/oto-
mari episode, deserve close attention, but they
are simply not comparable to the end-Permian
or end-Cretaceous devastations, nor were they
associated with diversity depletions on a glob-
al scale similar to those of the late Frasnian or
end-Triassic.

Mass Depletions during the Cambrian. The
Cambrian and Early Ordovician are unusual
in having very low diversity and very high
rates of faunal turnover. Figures 3A, 4, and 9B
illustrate the preponderance of high propor-
tional origination and extinction in this inter-
val: 87% of the intervals in the Phanerozoic
with genus origination greater than 50% and
68% of all intervals with genus extinction
greater than 40% occur during the Cambrian
and Early Ordovician. As noted above, it is
statistically highly unlikely that the prepon-
derance of high extinction magnitude was
produced by chance alone. What makes this
even more unusual is that the durations of
many subdivisions during this interval are
much shorter than the average through the

rest of the Phanerozoic, yet taxonomic turn-
over is greater (as can be seen by the relative
size of the turnover peaks compared with the
boundary-crossing [minimum] diversity plot
in Figs. 1 and 9A). Sepkoski’s (1996) strati-
graphic subdivisions of Cambrian time may
be unrealistically small (e.g., Landing 1994),
raising questions about the accuracy of his de-
tailed correlations and calling his diversity
numbers for these fine-scale intervals into
question; however, combining these intervals
into larger time divisions more comparable in
duration to those characteristic of younger pe-
riods would result in even more pronounced
turnover rates because of the short ranges of
many Cambrian taxa. As an example, propor-
tion of origination in the Middle Cambrian as
a whole was 0.691 and proportion of extinc-
tion was 0.676, whereas origination averaged
0.461 and extinction averaged 0.467 for each of
the four intervals of the Middle Cambrian tab-
ulated here. Thus, regardless of any over-op-
timism in the designation of stratigraphic bins
used by Sepkoski, the Cambrian and Early Or-
dovician was an interval of unusual turnover.

Important extinctions have, of course, been
recognized in the Cambrian. Signor (1992)

Devoniano Triássico

Especiação
Extinção

Especiação
Extinção

535ORIGINATION, EXTINCTION, AND DIVERSITY DEPELETIONS

FIGURE 7. Relationship between origination and extinction for the three mass diversity depletions that are true
mass extinctions. Arrow marked O indicates the difference between the mean origination for the larger interval to
which each is assigned (Table 1), shown by a dashed horizontal line, and the actual origination in the mass depletion
interval. Arrow marked E indicates the difference between the mean extinction for the larger interval to which each
is assigned (Table 1), shown by a horizontal solid line, and the actual extinction magnitude in the mass depletion
interval. Diversity loss indicated by the vertical thin box between the origination and extinction values. A, Late
Ashgillian, at the end of the Ordovician. B, Djhulfian, at the end of the Permian (with marked diversity loss in the
preceding Guadalupian stage, as well). C, Maastrichtian, at the end of the Cretaceous.

nation during these intervals been no more
than average, diversity losses would actually
have been somewhat greater than they were
(Table 2). The noticeably higher-than-average
proportion of origination in the Djhulfian
(10% higher than the mean for the Late Car-
boniferous and Permian) may reflect recovery
from the diversity loss in the Guadalupian,
but the other two intervals have proportions
of origination only one to two-and-a-half per-
cent higher than the average for their strati-
graphic neighborhoods.

In contrast, the two remaining ‘‘big five’’
mass depletions—the late Frasnian and the
end-Triassic—reflect a more complicated im-
balance between origination and extinction
(Fig. 8). During both intervals, origination was
markedly lower than average for their strati-
graphic neighborhoods. Although each inter-
val registered somewhat elevated extinction,
about two-thirds of the diversity loss in the
late Frasnian and almost 60% in the end-Tri-
assic can be ascribed to origination failure, not
elevated extinction (Table 2). McGhee (1988)
originally emphasized that low origination
was a major factor in the Frasnian diversity
depletion, but it is only with this paper that

the role of origination failure is brought to the
fore for both the Frasnian and the end-Trias-
sic. Neither was an extinction event of the
magnitude of the end-Ordovician, end-Perm-
ian, and end–Cretaceous events, yet each qual-
ifies as one of the ‘‘big five’’ post-Cambrian di-
versity depletions because of moderately ele-
vated extinction in concert with marked orig-
ination failure.

Other intervals that have relatively high
magnitude of extinction are occasionally la-
beled ‘‘mass extinctions,’’ but they do not
show dramatic losses of diversity. For exam-
ple, the Kacák/otomari event near the end of
the Eifelian in the Middle Devonian has been
associated with impact ejecta in Morocco (Ell-
wood et al. 2003), but the cited extinction of
‘‘as many as 40% of all marine animal genera’’
is actually 37% extinction for the entire 11-mil-
lion-year-long Eifelian stage, not just the Ka-
cák/otomari event (Sepkoski’s data, cited by
Ellwood et al. is only resolved to the full stage
level for the Eifelian), and is nearly balanced
by 33% origination, resulting in a net Eifelian
diversity loss of only 4%. Extinction was equal
to the Eifelian level in the preceding Emsian
and was actually greater in the Ludlovian of
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Taxa de originação e 
extinção muitas vezes 
está correlacionada
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Trajetória da diversidadeGradiente Latidudinal 
de Diversidade
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