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Cordados: animales bilaterales, deuteróstomos celomados, con notocorda (larvas).

Este curso se enfocará en el estudio de los vertebrados tetrápodos. Éstos constituyen un clado 
particular dentro los cordados.  
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Cordados: Contexto Filogenético-Evolutivo

Cordados: animales bilaterales, deuteróstomos celomados, con notocorda (larvas).

Este curso se enfocará en el estudio de los vertebrados tetrápodos. Éstos constituyen un clado 
particular dentro los cordados.  

Cordados: Plan Corporal Básico (ancestral)

Cordados: animales bilaterales, celomados, 
deuteróstomos, con notocorda (larvas).

Ø En vertebrados, todas estas características 
aparecen en estados embrionario.

Ø La notocorda se reduce y da lugar a diversas 
estructuras cartilaginosas en la columna 
vertebral (e.g. discos vertebrales).

Ø Los arcos faríngeos dan lugar a branquias (o a 
la glotis en tetrápodos), las mandíbulas y 
huesos del oído.



Cordados: Plan Corporal Básico (ancestral)
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Cordados: Plan Corporal Básico (ancestral)
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Cordados: Contexto Filogenético-Evolutivo

Cordados & Vertebrados: Contexto Filogenético

vertebrates are the jawless hagfishes and lampreys
(Fig. 2G–H), and the jawed gnathostomes. There has been
a long-standing debate over the relationships of these
three lineages, which impacts on this exercise, viz.
whether the lampreys are more closely related to hagfishes
(cyclostome monophyly) or gnathostomes (cyclostome
paraphyly). This debate appears to have lurched in favour
of cyclostome monophyly (Fig. 1), revealing the ancestral
crown vertebrate to have been more complex than either

hagfishes or lampreys, both of which lineages have lost
vertebrate characters (Heimberg et al. 2010).

Thus, vertebrate novelties include paired optic, otic and
nasal organs, a sensory line system, multifarious neurons
and glia, a differentiated brain, braincase, a sympathetic
nervous system, diverse pigment cells, cartilage, connec-
tive tissue, an adaptive immune system, a post anal tail,
fin rays, arcualia, and gills, among very many other char-
acters. The majority of these features are not unrelated,
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F IG . 1 . Phylogeny of living chordates and a representative selection of extinct vertebrates plotted against geological time. Relation-
ships are based upon Donoghue et al. (2000), Heimberg et al. (2010), Sansom et al. (2010) and Zhu et al. (2013). The spindles (dark
grey) reflect the crown group divergence of the respective lineages: amphioxus (Nohara et al. 2004); tunicates (Swalla and Smith 2008);
hagfishes and lampreys (Kuraku and Kuratani 2006); chondrichthyans (Inoue et al. 2010); and actinopterygians (Inoue et al. 2003).
Node dates, where applicable, correspond with divergence estimates from Erwin et al. (2011). Geological timescale based on Gradstein
et al. (2012). Abbreviations: Cryo, Cryogenian; Ord, Ordovician; Sil, Silurian; Carbonif, Carboniferous; Pg, Palaeogene; Ng, Neogene.

F IG . 2 . Soft-bodied invertebrate chordates and vertebrates. A–B, the tunicate Ciona intestinalis adult (A) and larva (B). C, Shankou-
clava shankouense (SK01001), a putative tunicate from the Cambrian Chengjiang Lagerst€atten of Kunming, Yunnan Province, South
China. D, Branchiostoma lanceolata adult male. E, Cathaymyrus diadexus (NWU 95-1405), a putative cephalochordate from the Cam-
brian Chengjiang Lagerst€atten of Kunming, Yunnan Province, South China. F, Myxinikela siroka (NEIU MCP 126), a putative hagfish
from the Pennsylvanian (Carboniferous) Mazon Creek Lagerst€atten of Illinois, USA. G, The inshore hagfish Eptatretus burgeri in dorsal
aspect. H, the Arctic lamprey Lethenteron camtschaticum in lateral aspect. I, Mayomyzon pieckoensis (FMNH PF 8167), a lamprey from
the Pennsylvanian (Carboniferous) Mazon Creek Lagerst€atten of Illinois, USA. J, Haikouella lanceolata (EC00213a), a putative chordate
that has been assigned to multifarious deuterostome (and nondeuterostome) clades, from the Cambrian Chengjiang Lagerst€atten of
Kunming, Yunnan Province, South China. K, Haikouichthys ercaicunensis (YKLP (RCCBYU)-00195), a total-group vertebrate from the
Cambrian Chengjiang Lagerst€atten of Kunming, Yunnan Province, South China. L–P, IGSE 13821 Clydagnathus winsorensis, a cono-
dont (total-group vertebrate) from the Mississippian (early Carboniferous) of Granton, Scotland; M–N, part and counterpart of the
head showing paired structures interpreted as eyes, as well as the characteristic phosphatic elements comprising the feeding apparatus;
O, detail of trunk showing v-shaped structures interpreted as shrunken muscle blocks; P, detail of caudal fin with fin rays. Scale bar
represents 25 mm (A); 150 lm (B); 3 mm (C); 6 mm (D–E); 11 mm (F); 24 mm (G); 45 mm (H); 1 mm (I, P); 3.5 mm (J); 4 mm
(K); 2.5 mm (L); 0.5 mm (M–N); 1.5 mm (O). Abbreviations: EC, Early Life Research Center, Jinning, China; FMNH, Field Museum
of Natural History; IGSE, Institute of Geological Science, Edinburgh, UK; NEIU, Northeastern Illinois University; NWU, Department
of Geology, Northwest University, Xi’an, China; YKLP (formerly RCCBYU), Yunnan Key Laboratory for Palaeontology, Kunming,
Yunna Province, China.
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Los cordados en general, y los vertebrados en particular, son muy antiguos, con su origen en el 
Precámbrico y Cámbrico, respectivamente.

Durante el Ordovícico se da una gran rediación, con la aparición de los principales grupos; la 
adquisición de mandíbulas representa uno de los principales hitos evolutivos en este período

Donoghue & Keating (2014) Palaeontology, 57(5):879-893
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Esqueleto totalmente mineralizado

Vertebrados & Tetrápodos: Contexto Filogenético

muchos caracteres comunes a todos los 
cordados se pierden o modifican en los adultos

Filogenia (simplificada) & principales caracteres derivados Clados con representantes actuales

Este curso
Este curso: se enfocará en los vertebrados tetrápodos, un clado particular dentro los Cordados.  

Vertebrados: ca. 52.000 spp. actuales

Ø Los “peces” (sensu lato) constituyen ca. 50% de la diversidad de vertebrados actuales.
Ø El resto son tetrápodos, la mayoría de ellos (ca. 40% de los vertebrados) amniotas.  

Vertebrados & Tetrápodos: Diversidad



Tetrápodos (‘Anamniotas’, ‘Amphibia’): Diversidad Presente y Pasada
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 Figure 2

 (a) Devonian tetrapods drawn to scale, illustrating anatomical diversity; all taxa are stem members. 1. Gooloogongia, a rhizodont;
 2. Osteolepis, an osteolepidid; 3. Koharalepis, an osteolepidid; 4. Canowindra, an osteolepidid; 5. Eusthenopteron, a tristichopterid;
 6. Tristichopterus, a tristichopterid; 7. Gyroptychius agassizi, an osteolepidid; 8. Gyroptychius dolichotatus, an osteolepidid;

 9. Cabonnichthys, a tristichopterid; 10. Mandageria, a tristichopterid; 11. Eusthenodon, a tristichopterid; 12. Glyptopomus, an osteolepidid;

 13. Tiktaalik, an elpistostegalid; 14. Panderichthys, an elpistostegalid; 15. Ichthyostega, a limbed stem tetrapod;

 16. Acanthostega, a limbed stem tetrapod. (b) Carboniferous tetrapods drawn to scale, illustrating anatomical diversity. Taxa shown
 include stem (1-5, 9, 11) and crown group (6-8, 10, 12-15) members. 1. Strepsodus, a rhizodont; 2. Megalichthys, a megalichthyid;
 3. Rhizodopsis, a megalichthyid; 4. Megalocephalus, a baphetid (stem tetrapod); 5. Crassigyrinus, a stem tetrapod; 6. Palaeomolgophis, an
 adelospondyl (stem amniote or stem tetrapod); 7. Brachydectes, a lysorophid (stem amniote); 8. Urocordylus, a nectridean (stem amniote);
 9. Greererpeton, a colosteid (stem tetrapod); 10. Proterogyrinus, an embolomere (stem amniote); 11. Pederpes, a whatcheeriid (stem
 tetrapod); 12. Westlothiana, a stem amniote; 13. Silvanerpeton, an embolomere (stem amniote); 14. Dendrerpeton, a temnospondyl (stem
 lissamphibian); 15. Gephyrostegus, a gephyrostegid (stem amniote).

 proximity to the crown) rhizodonts, a paraphyletic assemblage of osteolepidids, tristichopterids,

 and the clade uniting elpistostegalids and limbed tetrapods. One solution places the osteolepidid

 Gogonasus crownward of Eusthenopteron (Long et al. 2006), but this topology emerges from a limited

 taxon set (Friedman et al. 2007).

 The specialized rhizodonts (Figure 2a: 1; Figure 2b: 1) branch furthest from the tetrapod
 crown node. Rhizodont pectoral fins (see below, The Origin of Tetrapod Limbs: Morphological

 Novelty) are characteristic, and have featured in debates about tetrapod limb origin (Davis et al.

 2004a), although many limb-related similarities are probably homoplastic (Coates et al. 2002,
 Friedman et al. 2007). Few Devonian rhizodonts are known: Aztecia, Gooloogongia, Sauripterus
 (Johanson & Ahlberg 2001). The Frasnian Gooloogongia (Johanson & Ahlberg 2001) is proba-
 bly the most plesiomorphic rhizodont known, but it already exhibits most of the clade-specific

 Figure 1

 Evolutionary tree of early tetrapods, showing total group with taxon ranges, stem and crown taxa, and the distribution of limb-bearing
 (quadrupedal) clades. Important fossil localities are listed above the geological column (M: Miguasha, Quebec, Canada; EG: East
 Greenland; EK: East Kirkton, Scotland; J: Joggins, Nova Scotia, Canada). The interrelationships of finned tetrapods are adapted from
 Ahlberg & Johanson (1998), whereas those of limbed tetrapods are adapted from Ruta et al. (2003).
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Considerando la diversificación temprana 
de los tetrápodos, la distinción “peces” vs. 

tetrápodos es ambigua (e.g. “peces 
tetrapodomorfos”).

Considerando los taxa extintos, ‘Amphibia’ 
es un grupo parafilético y controvertido. 

Gran parte de la diversidad de tetrápodos 
y taxa relacionados se encuentra 

actualmente extinta.
Ahlberg & Milner (1994) Nature, 368:507-514;   Laurin et. al. (2000) Trends Ecol. Evol., 15(3):118-125;   Long & Gordon (2022) Physiol. Biochem. Zool. 77(5):700-719 
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Tetrápodos (Amniotas): Clasificación Tradicional vs. Cladística
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Este curso seguirá la clasificación tradicional de los tetrápodos en su estructura, pero 
sin perder de vista las relaciones evolutivas entre los distintos linajes (cladística).



Tetrápodos (Amniotas): Clasificación Tradicional vs. Cladística

Este curso seguirá la clasificación tradicional de los tetrápodos en su estructura, pero 
sin perder de vista las relaciones evolutivas entre los distintos linajes (cladística).

Tetrápodos: Plan Corporal, Extremidades “Caminadoras” (hito evolutivo)

Ø Los tetrápodos aparecen en el registro
fosil de los vertebrados asociados a la
colonización del ambiente terrestre.

Ø Esto involucra la aparición de una
serie de adaptaciones para la vida en
un medio físico completamente
distinto.

Ø Los distintos grupos se distinguen
entre sí fundamentalmente por
adaptaciones progresivas hacia una
mayor independencia del medio
acuático y un incremento en la
tolerancia a la variabilidad ambiental.

Ø La adaptación más distintiva, que da
nombre al grupo, es la aparición de
extremidades caminadoras, luego
modificadas para una diversidad de
funciones.
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 Figure 4

 Fin and limb skeletons. (a) Sauripterus, a rhizodont, after Davis et al. (2004a). (b) Barameda, a rhizodont, after
 Long (1989) and Garvey et al. (2005). (c) Tiktaalik, an elpistostegalid, after Shubin et al. (2006).
 (d) Eusthenopteron, a tristichopterid, after Andrews & Westoll (1970). (e) Gogonasus, an osteolepidid, after
 Long et al. (2006). (f) Sterropterygion, a megalichthyid (original). (g) Rhizodopsis, a megalichthyid, after
 Friedman et al. (2007). (h) Acanthostega, a limb-bearing stem tetrapod, after Coates (1996). (i) Tulerpeton, a
 limb-bearing stem tetrapod, after Lebedev & Coates (1995). (j) Greererpeton, a limb-bearing stem tetrapod,
 after Coates (1996). (k) Westlothiana, a stem amniote, after Smithson et al. (1994). Dermal fin skeleton,

 comprising fin rays and scales, are shown in light gray for Sterropterygion (f); similarly elaborate dermal
 skeletons are present, but not illustrated, in all taxa in the top two rows. These features are absent from the

 digit-bearing taxa in the bottom row. All skeletons are shown with leading edge to right of Figure; all are in
 dorsal aspect except for (a) and (f) (ventral aspect).

 582 Coates * Ruta * Friedman
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La existencia de un elemento óseo proximal (húmero 
o fémur) y seguido por otros dos elementos (radio-ulna 
o tibia-fíbula) son rasgos propios de los Tetrápodos.

Carpos-metacarpos, tarsos-metatarsos y falanges: 
inicialmente variables (número y estructura) en aletas 
de “peces tetrapodomorfos”; se estabiliza 
posteriomente en el desarrollo de la extremidad 
terrestre con dedos (soporte en ambiente terrestre).    

Tetrápodos: Plan Corporal, Extremidades “Caminadoras” (hito evolutivo)

t-tests (Zelditch et al. 2004, 222) with significance
levels corrected for multiple comparisons (Holm
1979). We also calculated marginal likelihoods for
variance (Edwards 1992; Royall 1997) as an addi-
tional test for significant changes in disparity across
adjacent time bins (Finarelli and Flynn 2007;
Friedman 2010; Anderson et al. 2011).

We evaluated differences among groups (both tem-
poral and taxonomic) in the mechanical morphospace
with a non-parametric multivariate analysis of variance
(npMANOVA; Anderson 2001) and an analysis of sim-
ilarity (ANOSIM; Clarke 1993) in PAST (Hammer and
Harper 2006), using PC scores on all axes. For both

methods, we applied a Bonferroni correction to
P-values. Significance levels were based on 10,000
permutations.

Analysis of evolutionary rates

Plots of disparity through time record temporal
changes in morphological variation, but provide no
direct indication of shifts in rates of phenotypic
evolution; thus, different evolutionary processes
can yield remarkably similar trajectories of disparity
(Foote 1996). Estimates of evolutionary rates
require a hypothesis of phylogeny. We assembled
an informal supertree by combining published

Fig. 3 (A) Biomechanical disparity (measured as sum of variances) through time. Mean disparity values (white circles) and associated

95% confidence envelope (gray region) are based on 10,000 bootstrap replicates. Disparity remains constant through most of the

Devonian and Carboniferous until an almost exponential increase characterizes the latest Carboniferous and earliest Permian. (B)

Partial disparity (sensu Foote 1993) graph. This shows the relative contributions of five groups to overall disparity: tetrapodomorph

fishes (black), digited stem tetrapods (dark gray), temnospondyls (stem amphibians; light gray), lepospondyls (herewith assigned to stem

amniotes; white), and amniotes (cross hatched). The overall increase in disparity reflects the dominant contribution of amniotes.

Diversification of tetrapod mandibular biomechanics 201

D
ow

nloaded from
 https://academ

ic.oup.com
/icb/article/53/2/197/801165 by guest on 17 August 2022

La mayor diversificación ecológica se dió 
posteriormente a la colonización del ambiente 

terrestre, principalmente en los amniotas

Anderson et al. (2013) Integr. Compar. Biol., 53(2):197-208

patterns are biased by poor-quality sampling of older
parts of the record, and have found correlations
between marine geological measures and biodiversity
(Smith 2007), these correlations are not clear in the
terrestrial fossil record (Fara 2002). There are three
lines of evidence that indicate the tetrapod fossil
record at family level is reasonably reliable. (i) Tetra-
pods have hard skeletons, and hence are more likely
to be preserved than entirely soft-bodied organisms.
It is unlikely that major groups have been missed,
even those with small, delicate skeletons such as the
first mammals and birds (Benton 1999; Foote et al.
1999). (ii) Intense collecting and description of tetra-
pod fossils over the past 150 years has not yielded
any major surprises: fossil vertebrates more often fill
gaps rather than create gaps (Benton & Storrs 1994).
(iii) Molecular phylogenies show good congruence
with the fossil record, suggesting that not many key
fossils are missing and that the fossil record of tetra-
pods is of comparable quality to that of fishes or of
echinoderms (Hitchin & Benton 1997; Benton et al.
2000).

Tetrapods have a great ability for adaptation and
their taxonomic and ecological diversity have see-
mingly been shaped over the last 400 Myr primarily
by expansion. Initially tetrapods moved into empty
ecospace where no other large animal life existed.
They filled empty modes of life further away from
the water and began to burrow, climb, fly, take advan-
tage of specialized feeding strategies and then
continued to invade new habitats evolved by other
organisms such as forests, canopies and grasslands.
At the same time abiotic processes such as continental
breakup, geographical barriers, latitudinal temperature
differentiation and changing climate contributed to
greater complexity of Earth’s surface, creating
endemism.

The data show multiple lines of evidence for the role
of expansion as the main driver of tetrapod diversifica-
tion: (i) tetrapods have only explored a third of
habitable modes of life; (ii) tetrapods have occupied
an exponentially increasing number of modes; (iii) eco-
logical diversification has been driven at an increasing
rate by the different tetrapod classes; (iv) successively
dominant tetrapod classes have increased the maxi-
mum rate of mode utilization; and (v) Tetrapoda
exhibit ecological incumbency, observed by a limit at
which mode utilization decreased, except at times of
mass extinction.

Tetrapods have filled 36 per cent of habitable
modes. In contrast, Bambach et al. (2007) found that
marine animals have explored 78 per cent of habitable
modes, categorized by tiering position, motility level
and feeding strategy. This may be because the ocean
is in essence a giant Petri dish, whose diversity is satu-
rated and can only diversify further by packing more
species into already existing modes or subdividing
niches. The terrestrial realm does not appear to have
such restrictions or perhaps this limit has not yet
been reached.

The records of taxonomic and ecological diversity of
tetrapods are closely linked and are good reflections of
the expansion of tetrapods. Tetrapod taxonomic and
ecological diversity has increased dramatically through
time (figure 1) and the high correlation between these
two measures is in keeping with observations of the
marine realm, where the ecological and taxonomic
diversity histories of marine animals are broadly
parallel (Bambach et al. 2007).

Tetrapod ecological diversity, like taxonomic diver-
sity, is driven by the four tetrapod classes (figure 2a).
Mode utilization by multiple families has risen from a
single Devonian amphibious piscivore to four families
filling each mode today. During each of the three eras
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Figure 1. Global taxonomic diversity of monotypic tetrapod families and ecological diversity of modes used by tetrapod
families. These two measures of diversity correlate, with a Spearman’s rank correlation coefficient of r ¼ 0.9727, p , 0.001
and a linear regression of y ¼ 0.2518x. Mass extinctions are 1 end-Permian extinction, 2 end-Triassic extinction and
3 end-Cretaceous extinction (solid line, families; dashed line, modes).
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Biol. Lett. (2010)

familias

modos

Diversificación taxinómica (familias) vs. ecológica (modos ecológicos)

Sahney et al. (2010) Biol. Letters, 6:544-547

patterns are biased by poor-quality sampling of older
parts of the record, and have found correlations
between marine geological measures and biodiversity
(Smith 2007), these correlations are not clear in the
terrestrial fossil record (Fara 2002). There are three
lines of evidence that indicate the tetrapod fossil
record at family level is reasonably reliable. (i) Tetra-
pods have hard skeletons, and hence are more likely
to be preserved than entirely soft-bodied organisms.
It is unlikely that major groups have been missed,
even those with small, delicate skeletons such as the
first mammals and birds (Benton 1999; Foote et al.
1999). (ii) Intense collecting and description of tetra-
pod fossils over the past 150 years has not yielded
any major surprises: fossil vertebrates more often fill
gaps rather than create gaps (Benton & Storrs 1994).
(iii) Molecular phylogenies show good congruence
with the fossil record, suggesting that not many key
fossils are missing and that the fossil record of tetra-
pods is of comparable quality to that of fishes or of
echinoderms (Hitchin & Benton 1997; Benton et al.
2000).

Tetrapods have a great ability for adaptation and
their taxonomic and ecological diversity have see-
mingly been shaped over the last 400 Myr primarily
by expansion. Initially tetrapods moved into empty
ecospace where no other large animal life existed.
They filled empty modes of life further away from
the water and began to burrow, climb, fly, take advan-
tage of specialized feeding strategies and then
continued to invade new habitats evolved by other
organisms such as forests, canopies and grasslands.
At the same time abiotic processes such as continental
breakup, geographical barriers, latitudinal temperature
differentiation and changing climate contributed to
greater complexity of Earth’s surface, creating
endemism.

The data show multiple lines of evidence for the role
of expansion as the main driver of tetrapod diversifica-
tion: (i) tetrapods have only explored a third of
habitable modes of life; (ii) tetrapods have occupied
an exponentially increasing number of modes; (iii) eco-
logical diversification has been driven at an increasing
rate by the different tetrapod classes; (iv) successively
dominant tetrapod classes have increased the maxi-
mum rate of mode utilization; and (v) Tetrapoda
exhibit ecological incumbency, observed by a limit at
which mode utilization decreased, except at times of
mass extinction.

Tetrapods have filled 36 per cent of habitable
modes. In contrast, Bambach et al. (2007) found that
marine animals have explored 78 per cent of habitable
modes, categorized by tiering position, motility level
and feeding strategy. This may be because the ocean
is in essence a giant Petri dish, whose diversity is satu-
rated and can only diversify further by packing more
species into already existing modes or subdividing
niches. The terrestrial realm does not appear to have
such restrictions or perhaps this limit has not yet
been reached.

The records of taxonomic and ecological diversity of
tetrapods are closely linked and are good reflections of
the expansion of tetrapods. Tetrapod taxonomic and
ecological diversity has increased dramatically through
time (figure 1) and the high correlation between these
two measures is in keeping with observations of the
marine realm, where the ecological and taxonomic
diversity histories of marine animals are broadly
parallel (Bambach et al. 2007).

Tetrapod ecological diversity, like taxonomic diver-
sity, is driven by the four tetrapod classes (figure 2a).
Mode utilization by multiple families has risen from a
single Devonian amphibious piscivore to four families
filling each mode today. During each of the three eras
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Figure 1. Global taxonomic diversity of monotypic tetrapod families and ecological diversity of modes used by tetrapod
families. These two measures of diversity correlate, with a Spearman’s rank correlation coefficient of r ¼ 0.9727, p , 0.001
and a linear regression of y ¼ 0.2518x. Mass extinctions are 1 end-Permian extinction, 2 end-Triassic extinction and
3 end-Cretaceous extinction (solid line, families; dashed line, modes).
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Tetrápodos: Huevo Amniota (hito evolutivo)

Anfibios: huevos no amniotas
determinan alta dependencia del 
medio acuático para la 
reproducción

Ø La aparición del huevo amniota constituye un hito evolutivo principal en este clado.
Ø Las distintas capas protectoras del huevo amniota permiten el intercambio gaseoso y a la 

vez protegen contra la desecación, lo que independiza finalmente a los tetrápodos del 
medio acuático para la reproducción.

Tetrápodos: Respiración Aérea (hito evolutivo)

Ø Intercambio gaseoso en estructura interna cerrada (“pulmón”) con condiciones húmedas.
Ø Tendencia de complejización del sistema circulatorio: separción del circuito pulmonar del que abastece

el resto del cuerpo, e incremento en número de cámaras en corazón (mayor eficiencia).

Branquias

Capilares (cuerpo)

Pulmón

A

V

corazón con 3 o más cámaras
dos circuitos

ventrículo dividido en cámaras
(parcial o completamente)

pérdida de branquias
(adultos)

peces peces pulmonados anfibios testudinos, lepidosaurios

ventrículo 
totalmente dividido 

en dos cámaras
V: ventrículo
A: aurícula (atrio)

cocodrilos aves mamíferos

Capilares (cuerpo) Capilares (cuerpo) Capilares (cuerpo) Capilares (cuerpo) Capilares (cuerpo) Capilares (cuerpo)
1 circuito 

corazón bicameral
1-2 circuitos 

corazón tricameral
2 circuitos 

corazón tricameral
2 circuitos 

corazón pentacameral
2 circuitos 

corazón tetracameral

Branquias Pulmón Pulmón Pulmón Pulmón Pulmón
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seen in extant small terrestrial amphibians.
Although previously considered to be a stem
amniote (Smithson et al., ’94), Westlothiana is
now considered to be a basal lepospondyl (Ruta
et al., 2003). Other Carboniferous lepospondyls
were clearly aquatic, with well-developed external
gills and puny limbs (Carroll and Gaskill, ’78). At
the same time, the aistopod lepospondyls had
either greatly reduced or lost their limbs, and
adopted a snake-like body design that probably
represented an adaptation for an aquatic mode
of life (Anderson, 2002).

The skeletal evidence provided by the fossil
record is quite variable in quality, some taxa being
represented only by partial or complete skulls, or
partial postcranial skeletons, making biological
interpretations sometimes very difficult. In a
few cases, the skeletal anatomy is based on the
preservation of several articulated skeletons. It is
fortunate therefore that the dentition is most

commonly well preserved, and even when incom-
plete can be very informative and easily inter-
pretable. It is partly for this reason that much
of mammalian phylogeny and systematics is
heavily reliant on dental anatomy and patterns
of occlusion (Carroll, ’88).

The available evidence provided by the fossil
record indicates that the Late Devonian and Early
Carboniferous tetrapods and their closest sarcop-
terygian relatives had relatively simple, conical
teeth arranged in single rows along the labial
edges of the upper jaw elements, the premaxillary
and maxillary bones, and along the lower jaw
element, the dentary. In addition, there were
large, tusk-like teeth attached to the palate, on
the vomer, palatine, and ectopterygoid, and a large
pair of teeth were also present anteriorly on the
lower jaw close to the medial symphysis. These
large, tusk-like teeth extended far into the oral
cavity, well beyond the level of the upper and

Fig. 1. Phylogeny of Paleozoic amniotes within a temporal framework. Modified from Reisz and Sues (2000). Solid thin
vertical lines indicate the known fossil record of particular lineages. Thick vertical lines denote those lineages that evolved
dental occlusion. (!) Denotes time when dental occlusion appears within each lineage. Capital letters above particular taxon
names refer to examples shown in Figure 3. For example, Eutherapsida includes anomodonts like Suminia (Fig. 3H),
dicynodonts like Diictodon (Fig. 3G), and the dinocephalians discussed in the text, both extinct and extant mammals, as well
as other extinct groups. Dotted lines indicate ghost lineages, as reconstructed from minimum divergence times associated with
this phylogeny. The major clade of reptiles Eureptilia includes Protorothyrididae, Captorhinidae, and Diapsida, and is the sister
taxon of Parareptilia, representatives are also shown in Figures 3 and 8.
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La oclusión dentaria aparece independientemente en varios clados amniotas; incrementa la eficiencia y 
especialización dietaria (e.g. herbivoría).

three parts to the crown, rather than the simple
conical structure that characterizes the primitive
condition for tetrapods.

The most primitive diadectid condition is seen in
Ambedus, where the tooth row is long, dental wear
is minimal, and the bulbousness in the cheek teeth
is modest (Kissel and Reisz, 2004a). Nevertheless,
some of the cheek teeth show clear evidence of
tooth on tooth wear, the labial shoulder of the
lower teeth occluding against the lingual shoulder
of the upper teeth. It is therefore possible to
postulate that the tooth on tooth wear of the cheek
teeth in diadectids is made possible by the

transverse expansion of the crowns. It is the
labial and lingual shoulders that occlude and show
extensive wear on the lower and upper teeth,
respectively. The available evidence indicates
that the transverse expansion of the teeth and
the occlusion with wear is an ontogenetic
phenomenon in at least one of the diadectids
(Berman et al., ’98a). Teeth appear to be relatively
simple structures in small juveniles and these
teeth do not occlude or show evidence of
tooth wear. Larger juveniles have modestly
expanded cheek teeth, and only the lingual and
labial shoulders of the teeth show tooth wear,

Fig. 5. Dental patterns in synapsids. (A,B) The caseid
Cotylorhynchus; (C,D) the edaphosaurids Edaphosaurus;
(E,F) the anomodont eutherapsid Suminia, in lateral
and palatal views. Not to scale. Shaded areas represent
the marginal dentition and the associated bones, maxilla
and premaxilla above, dentary below. Teeth of Cotylorhynchus
are modified from the primitive condition in the presence
of a slight lingual shoulder and expansion of the crown for

cutting vegetation. However, there is no occlusion. The
teeth represent the primitive amniote condition. Edapho-
saurus and Suminia represent two independently evolved
cases of dental occlusion, using palatal teeth in the
former, and marginal dentition in the latter. Suminia lacks
teeth on the palate, whereas Edaphosaurus has a greatly
expanded field of teeth on the palate arranged in a dense
pattern.
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(dientes palatales)

oclusión

Tetrápodos: Homeostasis (Termorregulación y Costo Metabólico)
Ø Los ambientes terrestres son extremadamente variables en sus condiciónes físicas en comparación con

los acuáticos. Esto representa una desafío para el mantenimiento de la homeostasis (termorregulación,
osmoregulación, balance de agua) en tetrápodos.

La temperatura incide directamente en los procesos metabólicos y el desempeño de los individuos, y varía 
temporal y espacialmente (a distintas escalas) mucho más en ambientes terrestres que acuáticos.

Mantener la temperatura corporal dentro de límites definidos, independientemente de la temperatura 
ambiental, tiene ventajas y costos.
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EFFECT OF DIEL ACTIVITY ON BODY TEMPERATURES

We tested for significant differences in body temperatures
between the different diel-activity states using phylogenetic
ANOVA. We first tested the effect of diel activity for all
species, and primarily focused on comparing nocturnal and diur-
nal species (those in which we predict that body temperatures will
differ). Thus, species with other states were initially excluded.
We also performed the same analysis within each clade (mam-
mals, birds, lepidosaurs, turtles, amphibians). We did not ana-
lyze crocodilians separately, since all sampled species are noc-
turnal. We also performed analyses separately among endother-
mic species (birds, mammals) and ectothermic species (all other
tetrapods). We also performed supplementary analyses including
all four diel-activity states.

EFFECTS OF INCOMPLETE TAXON SAMPLING

We note that many readers may have reasonable concerns about
the limited taxon sampling relative to the large size of the clades
analyzed here. Therefore, we performed a series of analyses in
which we randomly sampled only 10% of the species in the tree
(details in Appendix S5). However, we ensured that major clades
were represented (as in the main analyses). The results (Results,
Appendix S5) were generally similar to those from the main anal-
yses. Some phylogenetic ANOVA results were non-significant in
some replicates, consistent with simulations suggesting that lim-
ited taxon sampling reduces statistical power, but rarely leads to
false positives (Ackerly 2000).

Results
Body temperatures showed very strong phylogenetic signal
across tetrapods (λ = 0.98), with a value very close to the max-
imum possible (λ = 1.00). Phylogenetic signal was also high
within most clades (λ = 0.849−0.948; Table S2). However, it
was substantially lower in amphibians (λ = 0.744). The value in
crocodilians was very low (λ = 0.0) but this was mostly likely
an artifact of the small number of crocodilian species (n = 11;
see Table S2). These overall results were robust using alternative
trees (Table S3).

We inferred ancestral body temperatures for major clades
(Fig. 1) based on a multiple variance Brownian Motion model.
The estimated body temperature for the crown-node ancestor of
tetrapods was 28.0°C (95% highest posterior density interval,
HPDI = 23.7−32.4). The crown-node ancestors of crocodilians
(θ = 30.1°C [27.3−32.9]), lepidosaurs (θ = 28.5°C [24.0−32.9])
and turtles (θ = 27.5°C [23.6−31.3]) had estimated body tem-
peratures similar to the inferred tetrapod ancestor (Fig. 1). The
ancestors of mammals (θ = 32.3°C [28.8−35.6]) and birds (θ =
39.4°C [37.5−41.4]) evolved higher body temperatures, whereas

Figure 1. Evolution of body temperatures across tetrapod phy-
logeny. Reconstructions are based on themultiple variance Brown-
ianMotionmodel on the primary tree (n= 1721). Temperatures are
given in Dataset S1. Time is in millions of years before the present
(Myr). Lepidosaurs include lizards, snakes, and the tuatara. Silhou-
ettes courtesy of PhyloPic: T. Michael Keesey (mammal; Public Do-
main Dedication 1.0 license), B. Kimmel (crocodilian; Public Domain
Dedication 1.0 license), George Edward Lodge (bird; Public Domain
Dedication 1.0 license), Scott Hartman (turtle; Creative Commons
Attributions 3.0 Unported license), Michael Scroggie (lepidosaur;
Public Domain Dedication 1.0 license) and Steven Traver (amphib-
ian; Public Domain Dedication 1.0 license)

the ancestor of amphibians (θ = 24.0°C [20.2−27.9]) evolved
lower body temperatures (Fig. 1). There was then the evolution
of much lower and higher temperatures within many of these
groups, including much colder temperatures in some amphibians
and a few lepidosaurs (e.g., tuatara) and much higher body tem-
peratures in birds and some mammals and lepidosaurs (Fig. 1).
These results were largely consistent using alternative trees (Ap-
pendix S3) and using alternative approaches for reconstructing
character evolution (Appendix S4).

Based on phylogenetic ANOVA of data for individual
species, body temperatures (Fig. 2; Dataset S1) differed signifi-
cantly among the major tetrapod clades (F = 1272.55, P = 0.032;
n = 1721). Surprisingly, the difference between ectotherms and
endotherms was not strictly significant (F = 1421.56, P = 0.058).
Instead, the overall differences among groups were mainly re-
lated to the high mean body temperatures of birds (x ̅ = 41.4°C;
n = 474) and mammals (x ̅ = 36.4°C; n = 571) relative to low
values in amphibians (x ̅ = 17.0°C; n = 117; Table S4).
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Figure 2. Distribution of body temperatures among major tetra-
pod clades. Density plots are shown for each clade, includingmam-
mals (n = 571), crocodilians (n = 11), birds (n = 474), turtles (n =
30), lepidosaurs (n= 518), and amphibians (n= 117). Data for each
species are in Dataset S1. Lepidosaurs include lizards, snakes, and
the tuatara

Rates of body-temperature evolution within each clade
(Fig. 3) were also estimated using the multiple-variance
Brownian-motion model. Rates were much lower in mammals
(σ2 = 0.084) and birds (σ2 = 0.078) than amphibians (σ2 =
0.165). Crocodilians (σ2 = 0.116), lepidosaurs (σ2 = 0.115),
and turtles (σ2 = 0.128) showed intermediate rates, similar to
the overall rate across the full tree (σ2 = 0.107). These results
were robust to using alternative trees (Appendix S3). Based on
a phylogenetic ANOVA of these clade-level rates, rates in ec-
totherms and endotherms were significantly different (F = 8.16,
P = 0.040). The difference was stronger after excluding amphib-
ians (F = 40.51, P = 0.023), thus comparing only among amniote
clades.

Mean body temperatures among species were consistently
lower for nocturnal than diurnal species across tetrapods, and
in all major groups (Table 1). Nevertheless, using phylogenetic
ANOVA, we did not find significant differences between body
temperatures of nocturnal and diurnal species across tetrapods (F
= 204.33, P = 0.311, n = 1505), nor within turtles (F = 3.64,
P = 0.211, n = 23) or amphibians (F = 2.13, P = 0.519, n =
106). Note that crocodilians are all nocturnal. There were signif-
icant differences within birds (F = 45.71, P = 0.003, n = 407)
and lepidosaurs (F = 98.79, P = 0.034, n = 489), and mam-
mals approached significance (F = 38.1, P = 0.054, n = 469).

Figure 3. Distribution of estimated rates (density) at the clade-
level for rates of body temperature evolution (σ2) in the major
tetrapod clades. The distribution of estimated rates is based on all
internal and terminal branches for each clade. Lepidosaurs include
lizards, snakes, and the tuatara

Importantly, there were significant differences between noctur-
nal and diurnal species (Fig. 4) across ectotherms (F = 504.29,
P = 0.004; n = 629) and across endotherms (F = 855.81, P
= 0.008; n = 876). We also performed analyses including all
four diel-activity states (Table S5 and S6), which yielded similar
results.

These analyses were performed on our primary phylogeny.
We also addressed the robustness of the results to using alter-
native phylogenies within each of the most species-rich tetrapod
groups (i.e., amphibians, birds, lepidosaurs, mammals). Analyses
using these alternative trees gave very similar results. The details
of the trees and the results of these analyses are given in Ap-
pendix S3.

We also performed analyses using only 10% of the sam-
pled species (Appendix S5). Based on 10 random selections of
species, our conclusions were generally upheld, including the
overall strong phylogenetic signal, the approximate ancestral val-
ues for major clades, the difference in rates between endotherms
and ectotherms, and the differences in body temperatures be-
tween diurnal and nocturnal species (e.g., in endotherms and
ectotherms).

Discussion
In this study, we examined large-scale patterns in the evolution
of body temperatures in tetrapods. Our results revealed several
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Importantly, there were significant differences between noctur-
nal and diurnal species (Fig. 4) across ectotherms (F = 504.29,
P = 0.004; n = 629) and across endotherms (F = 855.81, P
= 0.008; n = 876). We also performed analyses including all
four diel-activity states (Table S5 and S6), which yielded similar
results.

These analyses were performed on our primary phylogeny.
We also addressed the robustness of the results to using alter-
native phylogenies within each of the most species-rich tetrapod
groups (i.e., amphibians, birds, lepidosaurs, mammals). Analyses
using these alternative trees gave very similar results. The details
of the trees and the results of these analyses are given in Ap-
pendix S3.

We also performed analyses using only 10% of the sam-
pled species (Appendix S5). Based on 10 random selections of
species, our conclusions were generally upheld, including the
overall strong phylogenetic signal, the approximate ancestral val-
ues for major clades, the difference in rates between endotherms
and ectotherms, and the differences in body temperatures be-
tween diurnal and nocturnal species (e.g., in endotherms and
ectotherms).

Discussion
In this study, we examined large-scale patterns in the evolution
of body temperatures in tetrapods. Our results revealed several
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Table 1. Mean body temperatures are higher among diurnal species than nocturnal species, across tetrapods and within major groups.
Crocodilians are excluded here because they are all nocturnal. Note that most (but not all) species in each group are either primarily
nocturnal or primarily diurnal (Table S1). Mean temperatures for other states are given in Dataset S7. Lepidosaurs include lizards, snakes,
and the tuatara.

Group Diel activity Mean body temperature (°C) Sample size
(species)

Tetrapods Nocturnal 31.6 556
Diurnal 36.7 949

Amphibians Nocturnal 16.5 98
Diurnal 19.5 8

Mammals Nocturnal 36.1 357
Diurnal 37.3 112

Lepidosaurs Nocturnal 27.6 64
Diurnal 32.9 425

Turtles Nocturnal 22.8 3
Diurnal 27.2 20

Birds Nocturnal 39.7 23
Diurnal 41.5 384

Ectotherms Nocturnal 21.5 176
Diurnal 32.4 453

Endotherms Nocturnal 36.4 380
Diurnal 40.6 496

surprising findings. We found that body temperatures show a
strong phylogenetic signal despite the very deep timescale of
tetrapod evolution (350 million years). Contrary to expectations,
we found that endotherms do not have significantly higher body
temperatures than ectotherms. However, endotherms did have
significantly lower rates of body-temperature evolution than ec-
totherms, especially when amphibians were excluded. Amphib-
ians were highly divergent in having lower mean body tempera-
tures and higher rates of body-temperature evolution than other
tetrapods. Thus, a crucial but unappreciated dichotomy in body-
temperature evolution in tetrapods is between amphibians and
amniotes. We also found significant differences in mean body
temperatures between nocturnal and diurnal species in many
tetrapod groups (Table 1; Fig. 4). This pattern represents another
important but underemphasized dichotomy in body-temperature
evolution. Intriguingly, this dichotomy occurs in both ectotherms
and endotherms. We also estimated the overall patterns of body-
temperature evolution across tetrapod phylogeny. We discuss
each of these patterns below and how they are interrelated.

THE DAY-NIGHT DIVIDE

The divergence between body temperatures of nocturnal and di-
urnal species across all ectothermic tetrapods has not been pre-
viously documented, but does make intuitive sense. Attaining
high body temperatures at night may be difficult for ectotherms
(Crompton et al. 1978). Thus the highest body temperatures
among ectotherms should be confined to diurnal species (i.e.

Figure 4. Body temperatures of endotherms and ectotherms dif-
fer between diurnal and nocturnal species. Sampled endotherms
include 876 species and ectotherms include 629 species. Boxplots
show the median (thick horizontal line), 25th and 75th percentiles
(upper and lower edges of box), range (highest and lowest val-
ues excluding outliers; vertical lines), and outliers (black circles).
Lepidosaurs include lizards, snakes, and the tuatara
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Tetrápodos: Homeostasis (Termorregulación y Costo Metabólico)

La endotermia tiene un costo metabólico



Ø Los ambientes terrestres son extremadamente variables en sus condiciónes físicas en
comparación con los acuáticos. Esto representa una desafío para el mantenimiento de la
homeostasis (termorregulación, osmoregulación, balance de agua) en tetrápodos.

Kidney Phylogeny: Tetrapods 
• Larval amphibians: 

pronephros 
• Adults: 

Remnants+Meso, 
Opistho 

• Amniotes: 
• Transient 

pronephros 
• Metanephros 

Function: Excretion 

• Removal of byproducts 
of metabolism 

• Carbon dioxide, water 
• Nitrogenous waste 

(ammonia) 

• Ammonotelism 
• Uricotelism 

• Ureotelism 

Tetrápodos: Homeostasis (Osmorregulación y Excresión)

difusión pasiva en agua

excresión sólida

concentración en orina

Necesidad de conservación del agua
+-

Biogeografía de Vertebrados: Patrones Globales de Diversidad

Ø Las diversidad de especies muestra marcado patron latitudinal y asociación con la 
productividad. 

Ø La región Neotropical se destaca por su alta diversidad de tetrápodos.



Simon Y. W. Ho et al. Biol. Lett. 2015;11:20150194

Vicarianza
(formación de una barrera)

Geodispersión
(remosión de una barrera)

Dispersión Biológica ocasional
(dispersión a través una barrera)

Tiempo

Biogeografía de Vertebrados: conceptos generales

Ø La Biogeografía estudia los patrones de distribución y diversidad de los taxa y los procesos
históricos y ecológicos que los generan. 

Ø Estos procesos interactúan con procesos evolutivos (especiación, extinción, adaptación) en 
la determinación de los patrones de distribución actual.

Ø Deriva Continental: Las masas continentales formaron inicialmente un continente 
único (Pangea), del que se subdividieron y migraron.

Ø Explica en gran medida la distribución de los grandes Dominios Biogeográficos.

Biogeografía de Vertebrados: Deriva Continental & Vicarianza

(Alfred Wegener; 1880-1930) 

Ø Tectónica de Placas (1960’s): La corteza terrestre 
subdividida en placas que flotan sobre el manto.



netic inference. Elsewhere, avian gigantism and
flightlessness are almost exclusively observed in
island environments in the absence of mam-
malian predators and competitors (e.g., the
dodo). However, each of the landmasses occu-
pied by ratites (excluding New Zealand) is now
home to a diverse mammalian fauna. We sug-
gest that the initial evolution of flightless ra-
tites began in the ecological vacuum after the
KPg mass-extinction event and the extinction
of the dinosaurs (12, 21). Most mammals appear
to have remained relatively small and unspe-
cialized for up to 10 Ma after the KPg extinc-
tion (23), potentially providing a window of
opportunity for the evolution of large flight-
less herbivores in continental bird lineages.
The early Tertiary fossil record supports this
interpretation, with geographically widespread
flighted palaeognath fossils (Fig. 3A) (22) and
the appearance of other flightless avian her-
bivores such as gastornithids in Europe and
North America, dromornithids in Australia, and
Brontornis from South America (21). After the
early Tertiary, the increasing prevalence of
morphologically diverse mammalian compet-
itors is likely to have prevented flightlessness
from developing in other continental bird
lineages.
The kiwi and tinamous are the only recent

palaeognath lineages to not exhibit gigantism,
and both taxa co-occur with a second palae-
ognath lineage (moa and rhea, respectively) that
is both much larger and not their closest rela-
tive. We suggest that the disparity in size between
co-occurring lineages may be a result of the
relative timing of arrival of ancestral flighted
palaeognaths coupled with competitive exclu-
sion: The first palaeognath to arrive on each land-
mass monopolized the available niche space

for large flightless herbivores and omnivores,
forcing subsequent arrivals to adopt an alter-
native role and remain much smaller. For ex-
ample, the South American ancestors of the
rhea lineage (Diogenornis) were already large
and flightless at 55 Ma (21) when the tinamou
lineage originated. The absence of sympatric
lineages of small palaeognaths on other land-
masses in the recent past may reflect un-
availability of alternative niches upon arrival
(e.g., due to diversification of herbivorous mam-
mals during the early Tertiary) or subsequent
competition with mammals and/or neogna-
thous birds. It is presumably the latter that has
necessitated the maintenance of flight in the
tinamous.
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Fig. 3. Conflict between inferred palaeognath
phylogeny and the topology predicted by conti-
nental vicariance. (A) Relative position of con-
tinents during the Late Cretaceous and Tertiary.
Continental landmasses are colored according to
order of severance from the remaining Gondwanan
landmass: Africa and Madagascar first (dark gray;
100 to 130 Ma), followed by New Zealand (red; 60
to 80 Ma), then finally Australia, Antarctica, and
South America (green; 30 to 50 Ma). Palaeognath-
bearing fossil localities from the late Palaeocene
and Eocene (21, 22) are represented by circles
(flighted taxa) and triangles (flightless taxa). (B)
Predicted phylogeny of ratites under a model of
speciation governed solely by continental vicar-
iance. (C) Palaeognath phylogeny as inferred in the
present study (see Fig. 1).
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La distribución de los
tinamiformes y las ratites
(Palaeognatha) es un caso
paradigmático de la interacción
entre vicarianza y dispersión en la
determinación de las distribución
de los clados.

Baker, A. J., Haddrath, O., McPherson, J. D., &
Cloutier, A. (2014). Genomic support for a moa-
tinamou clade and adaptive morphological
convergence in flightless ratites.Mol Biol Evol, 31(7),
1686-1696. doi: 10.1093/molbev/msu153

Escenario vicariante Interacción vicarianza-dispersión

Tradicional Reciente

Biogeografía de Vertebrados: Interacción Vicarianza-Dispersión, Ejemplo

Biogeografía de Vertebrados: El papel de la extinción, dos ejemplos

Ø Los eventos de extinción generan discontinuidades en la distribución de los taxa, y dificultan 
la interpretación de los eventos de vicarianza y dispersión.

Camélidos Marsupiales

Ø Los camélidos y los marsupiales se originaron en América del Norte, en donde luego se 
extinguieron. 

Ø Los camélidos dispersaron hacia Asia, África y Sudamérica, donde permanecen 
actualmente.

Ø Los marsupiales dispersaron hacia el resto del mundo, extinguiéndose en la mayor parte de 
su distribución excepto Australia y Sudamérica, recolonizando desde ésta última América 
del Norte.



Biogeografía de Vertebrados: Evolución del Continente Sudamericano

Ø La diversidad y el carácter distintivo de la biota del continente Sudamericano resulta en 
primer primer lugar de su origen gondwánico, y de su marcado aislamiento durante gran 
parte del Cenozico. 

Biogeografía de Vertebrados: Evolución del Continente Sudamericano

Ø Al aislamiento de otros continente, se suman períodos de gran fragmentación territorial 
interna debido a introgresiones marinas y cambios en el clima y la distribución de los 
biomas, dando cuenta de altos niveles de provincialismo biogeográfico. 

Pleistocene

• When the Earth is in its "Ice House" climate

mode, there is ice at the poles.  The polar

ice sheet expands and contacts because of

variations in the Earth's orbit (Milankovitch

cycles).

• The last expansion of the polar ice sheets

took place about 18,000 years ago.

~ 60 Ma. ~ 10 Ma.



Biogeografía de Vertebrados: Regionalización de la Fauna Sudamericana

Ø La evolución histórica del continente se 
evidencia en una fuerte regionalización 
biogeográfica.

Ø A esto se suma en la actualidad una gran 
diversidad de ambientes y los efectos de la 
Cordillera de los Andes y la diagonal árida 
sudamericana. 

Vertebrate richness 
patterns in the 

Neotropical realm.

Biogeografía de Vertebrados: Patrones Continentales de Diversidad

Ø Los distintos taxa muestran patrones consistentes de riqueza taxonomica, destacándose 
fuertes gradientes latitudinales, y ‘hotspots’ en la alta Amazonía y la Mata Atlántica.

Ø Nótese la situación trancisional de Uruguay.



Biogeografía de Vertebrados: Contexto Global

Table 2, the total area exceeds 5% of the planet’s land area
because the centers of diversity for different taxa do not com-
pletely overlap. Also, centers of diversity between groups do not
overlap. For example, the centers of diversity for small-ranged
species are largely nonoverlapping with those for species richness
overall (Fig. 2 A and C). This lack of congruence is a widely
observed law: Large-ranged species drive patterns of overall
richness, obscuring diversity patterns that may be more impor-
tant for conservation (1, 21).

How Concentrated Are Species Distributions? The Amazon, south-
eastern Brazil, and parts of central Africa dominate as centers of
total diversity, defined as the top 5% richest cells on the planet
for each taxon (Fig. 2A). Collectively, these areas cover 7.2% of
the global land area but include ∼50% of all species, with similar
percentages for the richness centers of individual taxa (Table 2).
By including a species, we mean that all or a portion of a species’
range overlaps the region.
Amphibians are the most geographically concentrated taxon,

with a mere 2.2% of the world’s area (2.97 million km2) containing
the entire known ranges of 50% of the world’s amphibians (Fig. 1
Bottom Row, Right and Tables S1 and S2). Those areas also contain
a portion of the ranges for 46.6% of the remaining amphibians,
for 96.6% of all amphibian species.
Combined, the centers of diversity for small-ranged vertebrates

cover 8.2% of the world’s land area, slightly more than the centers
for species overall, but include an astounding 93% of all vertebrate
species. This concentration has an inordinate importance for
conservation planning, because it means that nearly all vertebrate
species conceivably might be protected in less than 10% of the
world’s land area, assuming the area is chosen correctly.
As a comparison, the 25 Myers hotspots cover ∼12.5% of the

land area and include ∼78% of the vertebrate species considered
here (Table 2). This area is significantly larger than the area

identified using small-ranged vertebrates and captures sub-
stantially fewer species (Table 2). However, as Myers realized
when creating the hotspots concept, the hotspots include many
more species than are captured using simple species richness to
guide priorities (Table 2). Notice that habitat loss is included in
the definition of hotspots; habitat loss is likely one of the reasons
that hotspots cover more area but harbor fewer species. Some
places with small-ranged species do not yet face severe habitat
loss, but those places are few. The often-quoted number for the
area covered by hotspots (e.g., <2% of the planet’s area) refers
to the estimated amount of habitat remaining within the hotspot
regions, not to the original extent of the habitat.

Where Are Species Threatened? The centers of small-ranged
species diversity also differ substantially from those for currently
threatened species (Fig. 1 Middle Row). Thus the localities of
species at future risk of extinction may differ from those of species
currently considered at risk. For example, the island of New
Guinea has many small-ranged birds, mammals, and amphibians,
but relatively few of these species presently are threatened. For
mammals, the islands of Sulawesi and Madagascar also appear to
hold a disproportionate number of small-ranged species relative to
the number of species presently considered threatened.
Richness patterns for threatened species also differ dramatically

from those for richness overall (Fig. 1 Top Row). Moreover, the
patterns differ substantially among taxa. Threatened birds con-
centrate in the Andes, southeast Brazil, and Southeast Asian is-
lands (Fig. 1 Middle Row, Left), whereas threatened mammals
are concentrated on the Southeast Asian mainland and islands
(Fig. 1 Middle Row, Center). Threatened amphibians are glob-
ally scattered, but, because of their generally small ranges, they
occupy in total a tiny fraction of the global land area (Fig. 1
Middle Row, Right).

Fig. 1. Global maps of species richness for different categories of species. The top row shows the richness of all species in the taxon. For birds, we used
breeding ranges only. The middle row shows the richness of threatened species (vulnerable, endangered, or critically endangered in the IUCN Red List). The
bottom row shows the richness of species whose geographic ranges are smaller than the median range size for that taxon. Maps use a 10 × 10 km grid and the
Eckert IV equal-area projection.
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How Similar Are Vertebrate Priorities to Plant-Based Hotspots? How
do these findings compare with other schemes for prioritizing the
planet for conservation? The best-known scheme is the bio-
diversity hotspots of Myers, originally delineated in the late
1980s before global digital databases of species ranges were
available (4–6). We found substantial disagreement in the locations
of the Myers hotspots and our priority areas defined using small-
ranged vertebrates. In Fig. 3, bright green indicates an overlap
between the two priority schemes, and thus agreement. Dark green
indicates an area that is a Myers hotspot but that is not ranked as
a priority using small-ranged vertebrates. That is, Myers designated
the area as a priority based on plant endemism and habitat loss,
but we do not categorize it as such when using small-ranged
vertebrates. Also shown in Fig. 3 are the additional hotspots (blue)
proposed by Mittermeier and colleagues (22). Although these
identifications are not as widely accepted as Myers’ original find-

ings, they do overlap with centers of small-ranged diversity in some
instances (yellow).
The redareas inFig. 3 are themost critical result. They arepriority

areas for small-ranged vertebrates that coincide with no biodiversity
hotspot.Theyare theareasmissing fromglobal prioritydesignations.
Differences in scale account for part of the differences between

Myers’ hotspots and our priority areas. The hotspots as currently
mapped are delineated using the Olson ecoregions (23), limiting
their potential for fine-scale prioritizing. For a fairer comparison,
we redid our vertebrate-based map using the ecoregions as our
spatial units. We selected those ecoregions with high concen-
trations of small-ranged vertebrates while trying to minimize the
total area (Fig. 4). That set of ecoregions still has less total area
and many more vertebrate species than does the set of hotspot
ecoregions (Table 2). Nonetheless, the set of chosen ecoregions
still substantially underperforms the direct identification of areas

Fig. 2. Overlap of global species richness centers. Richness centers include cells that are among the globally richest 5% for at least one of the taxa. (A) All
species, (B) IUCN listed threatened species, (C) Small-ranged species.

4 of 9 | www.pnas.org/cgi/doi/10.1073/pnas.1302251110 Jenkins et al.

superposición de áreas

Los Andes orientales, la amazonía y la mata atlántica son áreas de alta diversidad y endemismo 
de vertebrados a nivle global.

Jenkins et al. 2013 Proc. Nat. Acad. Sci., 110(28):E2602-E2610 
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FIGURE 1 Percentage of threatened (red) and nonthreatened (yellow) species for all terrestrial vertebrate species in the study together and separately by
terrestrial vertebrate group and ecological niche (order is descending) (*, ecological trait in each ecological niche with the lowest percentage of threatened species set
as the reference level in the phyloglm analysis)

mammals (Upham et al., 2019), and birds (Jetz et al., 2012) in
logistic regression analyses. The binary red-list extinction risk
status (threatened or nonthreatened) was the response variable
and the ecological traits were categorical predictor variables.
Therefore, the associations between the likelihood of extinction
and the ecological traits were tested while accounting for shared
evolutionary history within each clade.

Taxon sampling

A nearly comprehensive list of 34,194 species names of ter-
restrial vertebrates (10,499 reptiles, 7628 amphibians, 10,548
birds, and 5519 mammals) was manually compiled and
curated from the following sources: AmphibiaWeb (Amphib-
iaWeb, 2020); Reptile Database (Uetz et al., 2020); Mam-
mal Species of the World checklist (Wilson & Reeder, 2005);
and Clements Checklist from the Cornell Lab of Ornithology

(Clements et al., 2016). The IUCN Red List is based on the
BirdLife International Checklist (BirdLife International, 2020).
Therefore, when we encountered a species with multiple syn-
onyms, we used the IUCN Red List as the final determining
name.

Ecological traits

Our ecological framework was modeled after the ecospace
framework developed by Bambach et al. (2007) to classify
marine animals and adapted for terrestrial vertebrates (Table 1).
We assigned habitat association, mode of locomotion, and feed-
ing mode to each terrestrial vertebrate species. Motility refers
to the mode of locomotion (e.g., arboreal quadrupedal, slith-
ering, etc.), rather than the level of motility in the frame-
work outlined in Bambach et al. (2007) (e.g., nonmotile
attached, fully motile fast, etc.) (Table 1). Because the func-

Munsterman et al. (2021) Conserv. Biol., 36(3):e13852
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FIGURE 4 The primary extinction drivers and the sum of extinction drivers for (a) all 18,016 terrestrial vertebrate species together and separately by terrestrial
vertebrate group: (b) amphibians, (c) reptiles, (d) mammals, and (e) birds. The total number of species threatened by each extinction driver for those classified as near
threatened or worse by the International Union for the Conservation of Nature is shown in decreasing order for all terrestrial vertebrates. Threat order is the same
(from the all-species analysis) in all graphs to facilitate direct comparisons between groups (y-axes values vary in range based on the number of species)

(e.g., Cooke et al., 2019), our results highlight another, equally
important aspect of the biodiversity crisis: the ecological func-
tions that are at risk of being lost. Our study also emphasizes
the novel terrestrial ecospace concept, the varied importance of
ecological traits as extinction risk predictors, and the threat types
(and total number of threat types) associated with these traits in
each of the four terrestrial vertebrate groups.

In our data, the ecological modes that best predicted extinc-
tion risk varied among the major taxonomic groupings. For
example, in squamates, mode of locomotion and feeding mode
best predicted extinction risk. In birds, however, habitat asso-
ciation, in addition to mode of locomotion, and feeding mode
were the best predictors. In amphibians and mammals, habitat
association and mode of locomotion were the best predictors.
Because, thus far, there has been relatively less effort devoted
to examining how these types of ecological traits shape extinc-
tion risk in extant lineages, there were fewer opportunities for
direct comparison between our findings and previous research
on extinction risk. However, Atwood et al. (2020) examined a
subset of mammals, birds, and reptiles and found that diet (in
particular herbivory) was an important determinant of extinc-
tion risk across these taxa. In contrast, we found that feeding
mode was not a top predictor of mammal extinction risk. This
difference may be due to differences between their categoriza-
tion of feeding as diet (i.e., what is eaten) versus our catego-
rization of a feeding mode (i.e., how feeding is performed). For
example, in our analysis, the mining feeding mode (i.e., searches
for and captures immobile subterranean prey) was a mix of her-
bivorous and carnivorous feeding behavior. Overall, our find-
ing that extinction risk and ecological trait relationships varied
among taxonomic groups parallels findings made based on dif-

ferent trait types and analytical methods, which highlights the
diversity of pathways through which different taxa can become
endangered (Davidson et al., 2009; Young et al., 2016).

The assembly of this new ecological-trait database provides
insight into how habitat association, mode of locomotion, and
feeding mode can affect extinction risk in different lineages.
Results from this effort can usefully be compared with previ-
ous work examining relationships between extinction risk and
other classic species traits (e.g., geographic range size and body
size [Young et al., 2016]). The association between small geo-
graphic range and elevated extinction risk (e.g., Purvis et al.,
2000; Manne & Pimm, 2001) may have some connection mech-
anistically (at least in certain groups) to some of the relation-
ships we documented. For example, perhaps the elevated risk
observed in cave dwelling or semifossorial amphibians drives
the relationship for certain species between small geographic
range size and extinction risk. However, because geographic
range size is one of the categories used to determine a species’
IUCN Red-list category (IUCN, 2020), some degree of circu-
larity is inherent in any analysis in which geographic range size
is used as a predictor when it is also an input to the response
variable. In addition to range size, body size has received a great
deal of attention as a predictor of extinction risk in extant and
extinct taxa (e.g., Payne et al., 2016; Smith et al., 2018; Payne
& Heim, 2020). Body size extinction selectivity in the current
marine biodiversity crisis, with larger species at greater risk,
appears unlike any prior mass extinction for marine vertebrates
and molluscs (Payne et al., 2016). Similarly, on land, hominins
appear to have imposed extreme size selectivity on the largest
species of mammals over the past ∼40,000 years, unlike the 66-
million-year remainder of the Cenozoic (Smith et al., 2018). The
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Figura 3.3. Mapeo de la riqueza de especie de peces de Uruguay a dos resoluciones espaciales: cuadrícula 
de ~66.000 ha (panel izquierdo) y parche de hábitat de 102 -103 ha (panel derecho).

3.3.3. An!bios
Los an!bios presentaron una importante variabilidad geográ!ca en la riqueza 
especí!ca a escala de cuadrícula (Rango: 18-35 especies) (Fig. 3.4). Los núcleos de 
máxima riqueza potencial son: (1) Franja costera Platense y especialmente la Atlántica, 
(2) Cuenca de la Laguna Merín (Rocha, Treinta y Tres y Cerro Largo), (3) Región de 
serranías del noreste (Cuchilla de Haedo y Santa Ana) en Rivera, y (4) Litoral oeste, 
especialmente el sector norte (Artigas y Salto). El mapeo de alta resolución con!rma 
estas áreas de alta diversidad.

Figura 3.4. Mapeo de la riqueza de especie de an!bios de Uruguay a dos resoluciones espaciales: cuadrícula 
de ~66.000 ha (panel izquierdo) y parche de hábitat de 102 -103 ha (panel derecho).
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3.3.4. Reptiles
La riqueza de reptiles por cuadrícula varió moderadamente, entre 32 y 45 especies 
(Fig. 3.5). En general, el Norte y Este presentaron alta riqueza potencial, especialmente: 
(1) El área asociada a la Cuchilla Grande (Maldonado, Lavalleja, Treinta y Tres y Cerro 
Largo), (2) Cuchilla de Haedo y Santa Ana (Tacuarembo, Rivera y Cerro Largo) y (3) 
Extremo norte del Litoral Oeste (Artigas y Salto). En el mapeo de alta resolución la 
escasa variabilidad geográ!ca se atenúa aún más.

Figura 3.5. Mapeo de la riqueza de especie de reptiles de Uruguay a dos resoluciones espaciales: cuadrícula 
de ~66.000 ha (panel izquierdo) y parche de hábitat de 102 -103 ha (panel derecho).

3.3.5. Aves
La riqueza especí!ca de aves presentó una moderada variabilidad geográ!ca (Rango: 
235-280 especies) a escala de cuadrícula (Fig. 3.6). Se destacan 3 núcleos de alta 
riqueza potencial: (1) Costa Atlántica (Maldonado y Rocha), (2) Cuenca de la Laguna 
Merín y Sierra de Ríos (Rocha, Treinta y Tres y Cerro Largo) y (3) Litoral Oeste (Paysandú, 
Salto y Artigas). El patrón de riqueza que surge del mapeo de alta resolución, con!rma 
los núcleos 1 y 2. A alta resolución, y posiblemente como consecuencia de la pérdida 
de hábitats, el núcleo 3 de riqueza parece acotarse a escasos relictos de hábitat. 
Asimismo, se destacan otras áreas de elevada diversidad como las Sierras del Este, Isla 
Cristalina de Rivera, y Norte de Artigas y Salto. Sin embargo, el modelo señaló zonas 
de baja diversidad en el centro de los departamentos de Paysandú, Salto y Artigas 
que, a priori, no se corresponden con lo esperado según opinión de los expertos. Una 
evaluación del modelo con datos de campo en estos sitios permitirá ajustar y mejorar 
la capacidad predictiva del modelo.
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Figura 3.6. Mapeo de la riqueza de especie de aves de Uruguay a dos resoluciones espaciales: cuadrícula de 
~66.000 ha (panel izquierdo) y parche de hábitat de 102 -103 ha (panel derecho).

3.3.6 Mamíferos
Los mamíferos también presentaron una considerable variabilidad geográ!ca en 
la riqueza de especies (Rango: 33-51 especies) a escala de cuadrícula (Fig. 3.7). En 
términos generales, la riqueza es alta en los bordes fronterizos del país y baja en el 
centro. Se destacan 3 núcleos de alta riqueza potencial: (1) Extremo norte de la 
Cuchilla Grande (Treinta y Tres, Cerro Largo y Tacuarembó), (2) Cuchilla de Santa Ana 
y de Haedo (Tacuarembó y Rivera) y (3) Extremo Norte del Litoral oeste (Artigas). El 
mapeo de alta resolución de la riqueza muestra que las tendencias antes descritas se 
mantienen en general, pero con menor contraste. 

Figura 3.7. Mapeo de la riqueza de especie de mamíferos de Uruguay a dos resoluciones espaciales: 
cuadrícula de ~66.000 ha (panel izquierdo) y parche de hábitat de 102-103 ha (panel derecho).
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Figura 3.6. Mapeo de la riqueza de especie de aves de Uruguay a dos resoluciones espaciales: cuadrícula de 
~66.000 ha (panel izquierdo) y parche de hábitat de 102 -103 ha (panel derecho).

3.3.6 Mamíferos
Los mamíferos también presentaron una considerable variabilidad geográ!ca en 
la riqueza de especies (Rango: 33-51 especies) a escala de cuadrícula (Fig. 3.7). En 
términos generales, la riqueza es alta en los bordes fronterizos del país y baja en el 
centro. Se destacan 3 núcleos de alta riqueza potencial: (1) Extremo norte de la 
Cuchilla Grande (Treinta y Tres, Cerro Largo y Tacuarembó), (2) Cuchilla de Santa Ana 
y de Haedo (Tacuarembó y Rivera) y (3) Extremo Norte del Litoral oeste (Artigas). El 
mapeo de alta resolución de la riqueza muestra que las tendencias antes descritas se 
mantienen en general, pero con menor contraste. 

Figura 3.7. Mapeo de la riqueza de especie de mamíferos de Uruguay a dos resoluciones espaciales: 
cuadrícula de ~66.000 ha (panel izquierdo) y parche de hábitat de 102-103 ha (panel derecho).

Biogeografía de Vertebrados: Contexto Nacional

Ø La situación ecotonal y transicional de Uruguay favorece una marcada regionalización 
interna, en una superficie relativamente reducida.

Ø Ello a su vez, determina gradientes en diversidad de tetrápodos fuertes y contrastantes.
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