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Abstract
Aim: Abiotic	 factors	such	as	global	 temperature	or	continental	 fragmentation	may	
favour	speciation	through	the	ecological	and	geographical	isolation	of	lineages,	but	
macroevolutionary	quantifications	of	such	effect	with	both	fossil	and	phylogenetic	
data	are	rarely	performed.	Here,	we	propose	to	use	biogeographical	estimations	and	
palaeo‐environmental	 diversification	models	 to	 estimate	whether	 and	 how	 palae‐
otemperature	 and	 the	 sequential	 break‐ups	 of	 Pangaea,	 Gondwana	 and	 Laurasia	
have	affected	the	diversification	of	amphibians	through	time.
Location: Global.
Methods: Using	 a	 time‐calibrated	 phylogeny	 for	 3,309	 amphibian	 species	 and	 a	
genus‐level	 fossil	 record,	we	estimated	 the	diversification	 rates	of	 the	group	with	
birth–death	models	allowing	rates	to	depend	on	the	temporal	variations	of	the	envi‐
ronment.	We	used	estimates	of	global	palaeotemperature	and	an	index	of	continental	
fragmentation	 through	time	to	 test	 the	association	between	speciation	and/or	ex‐
tinction	rates	and	past	temperature	and	fragmentation.	We	also	estimated	the	bio‐
geographical	history	based	on	a	 time‐stratified	parametric	model	 informed	by	 the	
global	 palaeogeography.	 We	 inferred	 whether	 vicariance	 or	 dispersal	 events	 ex‐
plained	the	ancient	and	current	geographical	distribution	of	amphibians.
Results: The	diversification	analyses	on	the	whole	amphibians	showed	that	tempera‐
ture‐dependent	 models	 are	 better	 supported	 than	 tectonic‐dependent,	 time‐de‐
pendent	 and	 constant‐rate	models	 for	 both	 the	 fossil	 and	 phylogenetic	 data.	 The	
best‐fitting	temperature‐dependent	model	indicated	a	positive	dependence	of	both	
speciation	and	extinction	rates	with	the	temperature	through	time.	Biogeographical	
analyses	indicated	a	Pangaean	origin	for	amphibians	and	also	showed	that	allopatric	
speciation	(vicariance)	explained	important	phases	of	the	evolution	of	geographical	
ranges	in	the	Mesozoic.
Main conclusions: Our	results	support	that	palaeotemperatures	have	positively	im‐
pacted	amphibian	diversification.	Our	study	provides	additional	insights	into	how	to	
quantify	the	effect	of	the	landmass	fragmentation	on	the	diversification	processes	
and	 shows	 with	 biogeographical	 reconstruction	 that	 continental	 fragmentation	 is	
linked	to	allopatric	speciation	in	the	early	history	of	the	clade.
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1  | INTRODUC TION

Current	species	diversity	has	originated	through	the	diversification	
process	of	ancestral	lineages	(Benton,	2015).	The	rates	at	which	spe‐
cies	originate	 and	vanish	have	drastically	 varied	 through	 time	and	
across	clades	(Alfaro	et	al.,	2009;	Morlon,	Parsons,	&	Plotkin,	2011;	
Rabosky,	Slater,	&	Alfaro,	2012;	Stadler,	2011).	Explaining	why	di‐
versification	 rates	 (speciation	minus	 extinction)	 vary	 through	 time	
is	 a	 challenging	 task	 because	 many	 factors	 can	 alter	 the	 pace	 of	
speciation	 and	 extinction	 (Benton,	 2009,	 2015).	 Factors	 affecting	
the	diversification	of	lineages	are	often	placed	in	two	categories:	(a)	
the	abiotic	factors	(Barnosky,	2001)	and	(b)	the	biotic	factors	(Van	
Valen,	 1973).	 Thanks	 to	 recent	methodological	 developments,	 the	
relative	contribution	of	abiotic	and	biotic	factors	to	the	variation	of	
speciation	and	extinction	rates	has	been	assessed	in	various	groups	
using	 fossil	 data	 (Ezard,	 Aze,	 Pearson,	 &	 Purvis,	 2011;	 Lehtonen	
et	al.,	 2017;	 Liow,	 Reitan,	 &	 Harnik,	 2015;	 Roalson	 &	 Roberts,	
2016;	 Silvestro,	 Antonelli,	 Salamin,	 &	 Quental,	 2015)	 or	 phyloge‐
netic	 data	 (Condamine,	 Rolland,	 Höhna,	 Sperling,	 &	 Sanmartín,	
2018;	 Condamine,	 Sperling,	Wahlberg,	 Rasplus,	 &	 Kergoat,	 2012;	
Lagomarsino,	Condamine,	Antonelli,	Mulch,	&	Davis,	 2016;	 Pérez‐
Escobar	et	al.,	2017).

Among	the	abiotic	factors	potentially	 impacting	diversification,	
one	can	distinguish	factors	related	to	geography	with	the	fragmenta‐
tion	and	the	movements	of	landmasses	(Valentine	&	Moores,	1970;	
Zaffos,	Finnegan,	&	Peters,	2017),	and	factors	related	to	climate	and	
palaeotemperature	(Erwin,	2009;	Hannisdal	&	Peters,	2011;	Peters,	
2008).	First,	plate	tectonics	and	continental	fragmentation	are	likely	
instrumental	for	understanding	species	diversification	since	evolu‐
tionary	 biologists	 often	 evidence	 the	 role	 of	 allopatric	 speciation	
at	small	scales	(Baselga,	Recuero,	Parra‐Olea,	&	Garcia‐Paris,	2011;	
Coyne	&	Orr,	 2004;	 Funk,	 1998),	while	 biogeographers	 stress	 the	
role	 of	 vicariance	 at	 large	 scales	 (Leprieur	 et	al.,	 2016;	 Lomolino,	
Riddle,	Whittaker,	&	Brown,	2010;	Losos	&	Glor,	2003;	Mao	et	al.,	
2012;	Orr	&	Smith,	1998).	The	break‐up	and	isolation	of	landmasses	
might	 trigger	 the	 divergence	 of	 spatially	 isolated	 populations.	 A	
positive	 association	 between	 geographical	 fragmentation	 and	 net	
diversification	 rates	 has	 already	 been	 proposed	 for	 global	 marine	
biodiversity	(Belanger	et	al.,	2012;	Jablonski	&	Bottjer,	1991;	Peters,	
2005;	Peters,	Kelly,	&	Fraass,	2013;	Valentine	&	Moores,	1970),	for	
mammalian	lineages	in	the	Late	Cretaceous	(100.5–66	million	years	
ago,	Ma;	Hedges,	Parker,	Sibley,	&	Kumar,	1996),	and	in	Cupressaceae	
(gymnosperms)	during	the	break‐up	of	Pangaea	(183–124	Ma;	Mao	
et	al.,	2012).	Despite	a	large	number	of	biogeographical	studies	sug‐
gesting	that	continental	fragmentation	might	impact	diversification	
(Cermeño,	Benton,	Paz,	&	Vérard,	2017;	Hedges	et	al.,	1996;	Jordan,	
Barraclough,	 &	 Rosindell,	 2016;	Mao	 et	al.,	 2012),	 the	 hypothesis	

linking	explicitly	the	speciation	rate	with	the	number	of	landmasses	
through	time	has	been	addressed	by	some	studies	with	fossil	data	
and	found	mixed	support	for	a	link	between	diversification	and	con‐
tinental	fragmentation	through	time	(Jordan	et	al.,	2016;	Lehtonen	
et	al.,	2017;	Leprieur	et	al.,	2016;	Vavrek,	2016;	Zaffos	et	al.,	2017).	
For	 example,	 Zaffos	 et	al.	 (2017)	 found	 a	 positive	 correlation	 be‐
tween	 global	 marine	 invertebrate	 generic	 richness	 and	 an	 inde‐
pendently	derived	quantitative	 index	describing	the	fragmentation	
of	continental	crust.	On	the	contrary,	Jordan	et	al.	(2016)	concluded	
that	continental	drift	is	not	sufficient	to	account	for	the	increase	in	
terrestrial	 species	 richness	 observed	 in	 the	 fossil	 record.	 Tectonic	
changes	have	also	been	examined	recently	by	studies	evaluating	the	
effect	of	mountain	orogeny	on	diversification	using	phylogenies	of	
plants	(Lagomarsino	et	al.,	2016;	Pérez‐Escobar	et	al.,	2017)	and	an‐
imals	(Condamine	et	al.,	2018;	Xu,	Kuntner,	Liu,	Chen,	&	Li,	2018).

A	second	important	abiotic	factor	likely	playing	an	important	role	
in	species	diversification	 is	temperature.	Previous	palaeontological	
studies	have	already	 indicated	that	palaeotemperature	had	a	posi‐
tive	effect	on	biodiversity	(Erwin,	2009;	Ezard	et	al.,	2011;	Jaramillo,	
Rueda,	&	Mora,	2006;	Mayhew,	Bell,	Benton,	&	McGowan,	2012).	
Temperature	has	been	related	to	higher	rate	of	speciation	and	lower	
rate	of	extinction	in	plants	(Jaramillo	et	al.,	2006)	and	in	macroper‐
forate	planktonic	foraminifera	(Ezard	et	al.,	2011).	The	reasons	why	
temperature	 should	be	 related	 to	diversification	 rates	 are	 still	 de‐
bated.	The	metabolic	theory	proposes	that	temperature	is	associated	
positively	with	faster	rate	of	mutation,	smaller	generation	time	and	
ultimately	higher	speciation	 rate	 (Allen,	Gillooly,	Savage,	&	Brown,	
2006;	 Brown,	Gillooly,	 Allen,	 Savage,	 &	West,	 2004).	Hypotheses	
related	to	the	latitudinal	diversity	gradient	have	also	proposed	that	
warmer	 tropical	 regions	have	more	stable	climate	 through	geolog‐
ical	 scales,	which	might	 have	 considerably	 decreased	 the	 rates	 of	
extinction,	 comparatively	 to	 temperate	 regions	 at	 higher	 latitudes	
(Dynesius	&	Jansson,	2000;	Pianka,	1966;	Rohde,	1992).

Although	 the	 role	 of	 temperature	 has	 been	 already	 tested	 in	
several	 clades	 (Condamine,	 Rolland,	 &	 Morlon,	 2013;	 Condamine	
et	al.,	 2018;	Pyron	&	Wiens,	 2013;	Roalson	&	Roberts,	 2016),	 the	
link	between	diversification	and	continental	fragmentation	remains	
seldom	tested	empirically	with	birth–death	models.	Recent	develop‐
ments	in	the	field	of	diversification	models	permit	to	assess	the	role	
of	variables	that	vary	through	time	on	the	diversification	processes	
(Condamine	et	al.,	 2013;	Morlon	 et	al.,	 2016).	Given	 this	 progress,	
it	 is	 now	possible	 to	 test	whether	 the	palaeotemperature	 and	 the	
number	 of	 landmasses	 have	 affected	 speciation	 and/or	 extinction	
through	 time	 in	 a	 given	 clade.	 To	 address	 this	 question,	 amphibi‐
ans	(frogs,	salamanders	and	caecilians)	are	a	relevant	clade	because	
their	relatively	long	evolutionary	history	(ca.	300–270	Ma;	Feller	&	
Hedges,	1998;	Feng	et	al.,	2017;	Pyron,	2014)	has	allowed	long‐term	
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fluctuations	of	temperature	and	number	of	 landmasses	to	possibly	
affect	 their	 diversification.	 Indeed,	 amphibians	 have	 likely	 experi‐
enced	 the	 effect	 of	 continental	 fragmentation	 through	 time	 with	
the	 successive	break‐up	of	Pangaea,	Gondwana	and	Laurasia	 (San	
Mauro,	 Vences,	 Alcobendas,	 Zardoya,	 &	Meyer,	 2005).	Moreover,	
given	 that	 less	 than	5%	of	amphibians	can	 tolerate	 saline	habitats	
(Hopkins	&	Brodie,	2015;	Pyron,	2014),	they	are	likely	to	be	isolated	
by	continental	fragmentation.

Inspired	 by	 the	work	 of	 von	 Humboldt	 (1807),	 we	 attempt	 to	
test	 the	 evolutionary	 links	 between	 geology,	 climate	 and	 amphib‐
ian	diversification.	To	do	so,	we	rely	on	both	phylogenetic	and	fossil	
data	of	amphibians	to	estimate	the	relationship	between	tempera‐
ture,	geography	and	diversification	rates	using	a	combination	of	bio‐
geographical	 analyses	 and	 diversification	models.	We	 address	 the	
following	question:	How	and	to	which	extent	was	amphibian	biodi‐
versity	affected	by	fluctuations	of	palaeotemperature	and	the	frag‐
mentation	of	the	Earth's	landmasses?	We	expect	that	vicariance	has	
fostered	 amphibian	 diversification	 because	 studies	 have	 reported	
allopatric	speciation	at	different	stages	of	the	evolutionary	history	
of	the	clade	(Duellman,	Marion,	&	Hedges,	2016;	Frazão,	da	Silva,	&	
de	Moraes	Russo,	2015;	Kok	et	al.,	2018;	Portik	&	Papenfuss,	2015;	
Xavier,	Guedes,	&	Napoli,	2015).	Finally,	we	also	expect	amphibian	
diversification	 to	be	positively	 associated	with	 temperature,	 given	
that	previous	studies	have	found	that	their	diversification	rate	was	
higher	in	the	tropics	(Pyron	&	Wiens,	2013).

2  | MATERIAL S AND METHODS

2.1 | Fossil record and dated phylogeny

For	 estimating	 past	 amphibian	 diversity	 dynamics,	 we	 com‐
piled	 information	 on	 fossil	 occurrences	 of	 amphibians	 from	 the	
Paleobiology	 Database	 (PBDB:	 http://paleobiodb.org).	 Using	 the	
word	“Lissamphibia”,	we	included	only	fossil	occurrences	identified	
at	 the	 genus	 level	 and	we	 adopted	 the	 conservative	 approach	 of	
excluding	all	occurrences	that	were	not	explicitly	assigned	to	a	de‐
scribed	genus	in	the	PBDB.	To	visualize	the	raw	data,	we	computed	
the	lineages‐through‐time	plots,	that	is	the	number	of	living	species	
through	 time,	 with	 range‐through‐diversity	 trajectories.	 We	 then	
identified	whether	the	periods	of	higher	diversity	in	the	fossil	record	
were	also	corresponding	to	periods	of	continental	fragmentation.

We	used	the	molecular	time‐calibrated	phylogeny	of	amphibians	
including	3,309	species	(Pyron,	2014;	Pyron	&	Wiens,	2011,	2013).	
These	authors	performed	maximum‐likelihood	dating	analyses	with	
a	supermatrix	of	12,809	nucleotides	(9	nuclear	and	3	mitochondrial	
genes),	and	divergence	times	were	estimated	using	multiple	fossils	
that	provided	minimum	ages	for	the	deeper	nodes	(i.e.,	crown	of	su‐
perfamilies;	Appendix	S12).

2.2 | Biogeographical analyses

Biogeographical	analyses	were	performed	on	the	consensus	tree	
(outgroups	removed),	using	the	Dispersal–Extinction–Cladogenesis	

model	of	range	evolution	(DEC;	Ree	&	Smith,	2008)	implemented	
in	C++	(Beeravolu	&	Condamine,	2016;	Smith,	2009).	We	also	fit‐
ted	the	DEC+J	model	(Matzke,	2014)	but	did	not	compare	to	DEC	
because	of	concerns	with	statistical	validity	and	model	choice	 in	
BioGeoBEARS	 (Ree	&	Sanmartín,	 2018).	We	also	preferred	DEC	
to	 DEC+J	 because	 the	 latter	 often	 infers	 null	 or	 extremely	 low	
extinction	rates	 (Sanmartín	&	Meseguer,	2016),	and	because	the	
DEC+J	 model	 favours	 direct	 dispersal	 over	 widespread	 ranges,	
which	might	not	be	adequate	for	reconstructing	the	history	of	old	
groups.

The	species	distribution	ranges	were	categorized	based	on	the	
IUCN	 Global	 Amphibian	 Assessment	 (http://www.iucnredlist.org/
initiatives/amphibians).	 Definition	 of	 biogeographical	 units	 was	
based	on	the	present‐day	distribution	of	species	but	also	informed	by	
plate	tectonics	(Sanmartín,	Enghoff,	&	Ronquist,	2001;	Sanmartín	&	
Ronquist,	2004).	Species	ranges	were	defined	by	presence–absence	
in	each	of	the	eight	regions	defined:	NT	=	Neotropics	(South	America	
and	Central	America);	NEA	=	Nearctic	(North	America);	AF	=	Africa	
(sub‐Saharan	Africa	and	southern	Arabia);	PA	=	Palaearctic	(Europe,	
Asia,	North	Africa	and	northern	Arabia);	MG	=	Madagascar	(includ‐
ing	 surrounding	 islands);	 OA	=	Oceania	 (Australia,	 New	 Zealand,	
New	 Caledonia	 and	 surrounding	 islands);	 SEA	=	Southeast	 Asia	
(from	Myanmar	 to	 the	 Lesser	 Sunda	 Islands,	 including	 south‐east	
China,	Taiwan	and	the	Philippines,	separated	from	OA	by	Weber's	
Line);	and	SA	=	South	Asia	(India	and	adjacent	areas).

We	defined	the	model	M0	in	which	the	biogeographical	history	
of	species	was	reconstructed	without	any	constraint.	We	followed	
the	 approach	 of	 Pyron	 (2014),	 such	 that	 the	 inferred	 ancestral	
ranges	can	only	be	composed	of	a	maximum	of	two	areas.	First,	we	
ran	 the	DEC	and	DEC+J	models	using	 the	 files	provided	by	Pyron	
(2014,	 Dryad:	 https://doi.org/10.5061/dryad.jm453).	 Second,	 we	
imposed	 a	 time‐stratified	 biogeographical	model	 covering	 the	 lin‐
eage	diversification	history	of	amphibians	 from	the	present	 to	 the	
past	 270	Ma,	 which	 we	 refer	 to	 as	 model	 M1.	 Based	 on	 palaeo‐
geographical	 reconstructions	 (Blakey,	 2008;	 Scotese,	 2004;	 Seton	
et	al.,	2012),	we	constructed	a	time‐stratified	model	(Appendix	S1)	
with	five	time	slices	that	specified	constraints	on	area	connections	
and	spanned	the	amphibian	evolutionary	history;	each	interval	rep‐
resents	a	period	bounded	by	major	changes	in	tectonic	and	climatic	
conditions	thought	to	have	affected	the	distribution	of	amphibians.	
The	 five	 time	 intervals	 are	 as	 follows:	 (a)	 0–34	Ma,	 (b)	 34–90	Ma,	
(c)	90–120	Ma,	(d)	120–170	Ma	and	(e)	170–270	Ma.	Note	that	the	
“maximum	 of	 two	 areas”	 constraint	 applies	 to	 the	 M1	 model	 as	
well.	As	 the	 latter	 constraint	might	 seem	unreasonable,	 especially	
for	ancient	clades	which	may	have	had	a	geographical	spread	over	
wide	 continental	 landmasses	 (e.g.,	 Pangaea,	 Gondwana,	 Laurasia),	
we	extend	the	M1	model	to	have	a	maximum	number	of	areas	per	
ancestral	range	to	four,	which	will	be	referred	to	as	the	M2	model.	
Biogeographical	 ranges	 larger	 than	 two	 or	 four	 areas	 were	 disal‐
lowed	as	valid	biogeographical	states	if	they	were	not	subsets	of	the	
terminal	 species	 ranges;	widespread	 ranges	 comprising	 areas	 that	
have	never	been	geographically	connected	(Sanmartín	et	al.,	2001)	
were	also	removed.

http://paleobiodb.org
http://www.iucnredlist.org/initiatives/amphibians
http://www.iucnredlist.org/initiatives/amphibians
https://doi.org/10.5061/dryad.jm453
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Biogeographical	estimates	based	on	extant	data	only	may	con‐
flict	with	the	fossil	record	of	the	group.	To	overcome	this	bias,	we	
also	performed	DEC	analyses	including	“fossil	constraints”	(DEC+FC)	
by	introducing	information	on	the	distribution	of	fossil	taxa,	 in	the	
form	of	“soft”	geographical	constraints,	placed	at	specific	nodes	ac‐
cording	to	the	range	of	distribution	of	fossil	occurrences	assigned	to	
a	particular	taxon	during	the	relevant	time	frame	(Appendix	S2).	We	
consider	this	as	a	“soft”	constraint	because	other	areas	different	to	
that	of	the	fossil	could	be	included	in	the	ancestral	states.	We	per‐
formed	DEC+FC	analyses	with	the	C++	version	using	the	command	
“fossil”.

2.3 | Global palaeotemperature and 
palaeofragmentation

We	tested	the	effect	of	two	abiotic	variables	on	diversification:	the	
past	global	variations	of	temperature	and	the	number	of	landmasses	
through	 time.	 The	 palaeotemperature	 curve	was	 obtained	 from	 a	
compilation	of	 studies	measuring	oxygen	 isotopes	 (δ18O)	as	meas‐
ured	from	the	benthic	foraminiferal	shells	preserved	in	oceanic	sedi‐
ments	(Prokoph,	Shields,	&	Veizer,	2008;	Zachos,	Dickens,	&	Zeebe,	
2008).	 δ18O	 were	 transformed	 into	 deep‐sea	 temperature	 esti‐
mates	using	the	approach	of	Epstein,	Buchsbaum,	Lowenstam,	and	
Urey,	(1953).	The	curve	from	Zachos	et	al.	(2008)	was	used	for	the	
Cenozoic	(0–66	Myr),	and	the	curve	from	Prokoph	et	al.	(2008)	was	
used	for	the	Mesozoic.	The	number	of	landmasses	through	time	was	
obtained	as	a	fragmentation	index	estimated	from	palaeogeographi‐
cal	maps	while	assuming	a	plate	tectonics	model	 (see	Zaffos	et	al.,	
2017,	for	details).	The	data	were	used	to	build	penalized	smoothing	
splines	 for	 each	environmental	 variable	 as	 an	 input	 in	 the	diversi‐
fication	analyses	using	 the	R	package	 “pspline	1.0‐18”	 (Heckman	&	
Ramsay,	1996)	with	a	default	degree	of	freedom	for	each	environ‐
mental	variable.

2.4 | Diversification analyses with the phylogeny

To	 test	 the	 hypothesis	 that	 speciation	 was	 linked	 to	 continental	
break‐up,	 we	 designed	 and	 applied	 four	 types	 of	 diversification	
models:	 constant‐rate	 models,	 time‐dependent	 models,	 tempera‐
ture‐dependent	 models	 and	 tectonic‐dependent	 models.	 These	
models	 rely	 on	 the	 maximum‐likelihood	 framework	 originally	 de‐
veloped	by	Morlon	et	al.	(2011)	and	implemented	in	the	R	package	
“rpanda	 1.3”	 (Morlon	 et	al.,	 2016).	 We	 accounted	 for	 the	 missing	
species	 in	 the	phylogeny	 in	 the	 form	of	a	global	 sampling	 fraction	
that	 is	the	ratio	of	sampled	species	diversity	(3,309)	over	the	total	
described	species	diversity	(6,990)	based	on	Frost	(2018).	Given	that	
the	heterogeneity	of	rates	between	clades	may	bias	our	results,	we	
ran	all	diversification	analyses	with	the	whole	dataset	and	indepen‐
dently	 for	 the	 three	main	 orders:	 Anura	 (2,785	 of	 6,990	 species),	
Caudata	 (469	 of	 722	 species)	 and	 Gymnophiona	 (55	 of	 209	 spe‐
cies).	We	designed	 and	 fitted	 a	 total	 of	 26	diversification	models.	
We	first	fitted	two	constant‐rate	models,	considered	as	references	
for	model	 comparison:	 one	with	 speciation	 rate	 constant	 through	

time	 with	 no	 extinction	 (BCST)	 and	 one	 with	 speciation	 and	 ex‐
tinction	 rates	constant	 through	 time	 (BCSTDCST).	Second,	we	 fit‐
ted	 six	 time‐dependent	 models:	 two	models	 with	 only	 speciation	
rate	 varying	 exponentially	 or	 linearly	 through	 time	 and	no	extinc‐
tion	 (BtimeVar_EXPO/LIN),	 two	models	with	 speciation	 rate	 vary‐
ing	exponentially	or	 linearly	 through	 time	and	constant	extinction	
(BtimeVarDCST_EXPO/LIN),	 and	 two	 models	 with	 speciation	 rate	
and	extinction	 rate	both	 varying	exponentially	 or	 linearly	 through	
time	(BtimeVarDtimeVar_EXPO/LIN).	We	then	fitted	16	models	with	
speciation	and	extinction	rates	varying	according	to	an	external	en‐
vironmental	 variable,	 of	 which	 eight	models	 had	 the	 temperature	
curve	and	eight	had	 the	 continental	 fragmentation	 index	 curve	as	
follows:	four	models	with	speciation	varying	exponentially/linearly	
as	 a	 function	 of	 the	 environmental	 variable	 (BtemperatureVar_
EXPO/LIN	 and	 BcontinentVar_EXPO/LIN),	 four	 models	 with	 spe‐
ciation	varying	exponentially/linearly	 as	 a	 function	of	 the	 variable	
with	 constant	 extinction	 rate	 (BtemperatureVarDCST_EXPO/LIN	
and	 BcontinentVarDCST_EXPO/LIN),	 four	 models	 with	 extinction	
rate	varying	exponentially/linearly	as	a	function	of	the	variable	and	
constant	 speciation	 rate	 (BCSTDtemperatureVar_EXPO/LIN	 and	
BCSTDcontinentVar_EXPO/LIN),	and	four	models	with	both	specia‐
tion	and	extinction	rates	varying	exponentially/linearly	as	a	function	
of	 the	 variable	 (BtemperatureVarDtemperatureVar_EXPO/LIN	 and	
BcontinentVarDcontinentVar_EXPO/LIN).

We	 chose	 either	 a	 linear	 or	 an	 exponential	 dependence	 with	
time,	continental	fragmentation	or	temperature	and	diversification	
rates	because	these	functions	can	take	a	very	broad	range	of	shapes	
depending	on	the	strength	and	direction	of	the	dependence	to	the	
fitted	variable.	Speciation	rate	(λ)	and	extinction	rate	(μ)	are	param‐
eterized	by	 the	 set	of	 following	parameters:	when	λ and μ can be 
drawn	as	linear	functions	of	the	number	of	landmasses	through	time	
denoted	C(t),	λ(C(t))	=	λ0	+	αC(t) and μ(C(t))	=	μ0	+	βC(t),	where	λ0 and μ0 
are	respectively	the	speciation	rate	and	the	extinction	rate	expected	
when	fragmentation	 is	at	 its	minimum	(e.g.,	supercontinent),	and	α 
and β	are	the	coefficients	that	measure	the	strength	and	the	sign	of	
the	relationship	with	continental	fragmentation	(e.g.	α > 0 and β > 0 
indicate	that	speciation	and	extinction	rates	increase	with	continen‐
tal	fragmentation).	When	speciation	and	extinction	rates	are	expo‐
nential	 functions	 of	 the	 number	 of	 landmasses	 through	 time,	 the	
equations	 are	 the	 following:	 �(C(t))=�0×e

�C(t) and �(C(t))=�0×e
�C(t)

.	 Similar	 equations	 can	be	written	 for	 a	 linear	 and	exponential	 re‐
lationship	 between	 temperature	 through	 time	 and	 speciation	 and	
extinction	rates:	λ(T(t))	=	λ0	+	αT(t) or �(T(t))=�0×e

�T(t),	where	T(t)	is	the	
temperature	at	time	t and λ0	is	the	speciation	rate	at	the	temperature	
of	0°C.	All	 speciation	and	extinction	 rates	were	constrained	 to	be	
between	0	and	+∞.	The	models	were	compared	with	the	corrected	
Akaike	 information	 criterion	 (AICc)	 and	 the	Akaike	weight	 (AICω).	
The	model	with	the	lowest	AICc	and	highest	AICω	was	considered	as	
the	best‐fitting	model	for	the	phylogeny.

We	assessed	whether	the	K‐Pg	transition	has	affected	amphib‐
ian	diversification	with	two	other	models:	(a)	a	two‐parameter	model	
including	two	constant	speciation	rates	separated	with	a	shift	at	the	
K‐Pg	transition	(66	Ma)	and	no	extinction,	and	(b)	a	four‐parameter	
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model	including	two	constant	speciation	rates	and	two	constant	ex‐
tinction	rates	separated	with	a	shift	at	66	Ma.	Finally,	we	assessed	
the	 robustness	 of	 the	 best	 palaeo‐environment‐dependent	model	
by	fitting	this	model	using	a	smoothed	environmental	curve	(with	a	
degree	of	freedom	of	3)	to	test	whether	and	to	which	extent	speci‐
ficities	of	the	environmental	curve	matter	in	explaining	support	for	
an	environmental	effect	on	diversification	when	features	of	the	en‐
vironmental	curve	are	removed.

2.5 | Diversification analyses with the fossil record

To	 assess	 the	 diversification	 dynamics	 of	 amphibian	 fossils,	 we	
used	 a	Bayesian	 approach	 (Silvestro,	 Schnitzler,	 Liow,	Antonelli,	&	
Salamin,	2014)	in	which	fossil	occurrences	are	modelled	as	the	result	
of	two	processes:	preservation	and	diversification.	This	method,	im‐
plemented	in	pyrate	(Silvestro,	Salamin,	&	Schnitzler,	2014),	uses	all	
fossil	occurrences	of	a	given	taxon	to	estimate	the	parameters	of	the	
preservation	process,	the	times	of	speciation	and	extinction,	the	spe‐
ciation	and	extinction	rates	and	rate	shifts	through	time.	Assuming	
that	 preservation	 is	 a	 stochastic	 process,	 it	 can	 be	modelled	 as	 a	
non‐homogeneous	Poisson	process	in	which	the	rate	parameter	is	a	
function	of	time	and	the	expected	number	of	fossil	occurrences	per	
lineage	per	million	years	 is	given	by	the	preservation	rate	q,	which	
is	estimated	from	the	data	(Silvestro,	Schnitzler,	et	al.,	2014).	Thus,	
times	 of	 speciation	 and	 extinction	 are	 estimated	while	 taking	 the	
preservation	 process	 into	 account,	 instead	 of	 assuming	 that	 first	
and	last	appearances	in	the	fossil	record	represent	the	true	specia‐
tion	and	extinction	times.	A	birth–death	process	 (with	constant	or	
variable	rates)	is	set	as	a	prior	on	the	times	of	speciation	and	extinc‐
tion	of	all	taxa	and	is	itself	estimated	from	the	data.	pyrate	has	been	
tested	with	simulations	and	shown	to	provide	accurate	estimates	of	
preservation,	speciation	and	extinction	rates	under	a	range	of	diver‐
sification	scenarios	and	preservation	regimes	 (Silvestro,	Schnitzler,	
et	al.,	2014).	It	is	robust	against	incomplete	taxon	sampling	and	vari‐
ations	of	the	preservation	process	across	lineages	and	through	time	
(Silvestro,	Schnitzler,	et	al.,	2014).

We	 used	 a	 birth–death	 Markov	 chain	 Monte	 Carlo	 algorithm	
(BDMCMC)	 to	 estimate	 diversification	 rates	 (Silvestro,	 Schnitzler,	
et	al.,	2014).	Fossil	occurrences	 in	the	raw	data	are	often	assigned	
to	a	temporal	range,	which	depicts	the	uncertainty	on	their	age.	To	
account	for	this	uncertainty,	we	randomly	selected	fossil	ages	within	
the	range	of	each	occurrence,	which	generated	10	randomized	data‐
sets	 for	 the	clade,	and	we	replicated	the	analyses	on	the	random‐
ized	datasets	 (Silvestro,	Schnitzler,	et	al.,	2014).	For	each	replicate,	
we	 ran	10	million	BDMCMC	 iterations,	discarded	 the	 first	20%	as	
burn‐in	and	sampled	every	1,000	iterations	to	obtain	posterior	pa‐
rameter	estimates.	We	used	tracer	1.7.1	to	monitor	chain	mixing	and	
effective	sample	sizes	(Rambaut,	Drummond,	Xie,	Baele,	&	Suchard,	
2018).

We	then	used	the	estimated	times	of	speciation	and	extinction	
of	all	taxa	as	estimated	in	the	BDMCMC	analyses	to	carry	out	ad‐
ditional	 analyses	 and	 test	 whether	 origination	 and/or	 extinction	
rate	dynamics	correlate	with	either	temperature	or	the	continental	

fragmentation	through	time.	We	ran	a	temperature‐dependent	and	
a	 tectonic‐dependent	 diversification	 model	 using	 default	 gamma	
priors	 on	 the	 baseline	 speciation	 and	 extinction	 rates	 and	 normal	
priors	 on	 the	 correlation	 parameters	 α and β,	 for	 speciation	 and	
extinction,	respectively	(Silvestro	et	al.,	2015).	For	each	model,	we	
ran	10	million	MCMC	iterations	with	a	sampling	frequency	of	1,000	
and	combined	the	posterior	samples	of	the	parameters	from	the	10	
replicates	after	excluding	 the	 first	20%	of	 the	 samples	as	burn‐in.	
We	monitored	chain	mixing	and	effective	sample	sizes	by	examin‐
ing	the	log	files	in	tracer.	Posterior	samples	of	the	parameters	were	
summarized	over	all	 replicates	as	mean	values	and	95%	credibility	
interval.	We	considered	the	correlation	to	be	statistically	significant	
when	0	was	not	included	within	the	95%	credibility	interval	of	α and 
β.	To	summarize	the	results	on	diversification	dynamics,	we	gener‐
ated	rates‐through‐time	(origination	and	extinction)	plots	to	identify	
the	periods	of	higher	net	diversification	 in	 the	 fossil	 record	corre‐
sponding	to	periods	of	continental	fragmentation.	To	rank	compet‐
ing	diversification	models,	we	estimated	the	marginal	likelihoods	of	
the	 different	models	 using	 thermodynamic	 integration	 (Lartillot	 &	
Philippe,	2006)	to	compute	Bayes	factors	and	relative	probabilities.

3  | RESULTS

3.1 | Raw genus‐level palaeodiversity

In	total,	we	obtained	1,885	fossil	occurrences	for	195	genera	(mean	
of	9.6	occurrences	per	genus)	 including	135	extinct	and	60	extant	
genera.	The	raw	counts	of	amphibian	genera	through	time	indicated	
that	amphibian	diversity	has	not	been	constant	through	time,	with	
the	 number	 of	 genera	 increasing	 rapidly	 during	 the	 Jurassic	 and	
peaking	in	the	mid‐Cretaceous	and	also	during	the	Neogene,	which	
is	a	recovery	after	the	decrease	in	the	Late	Cretaceous	(results	not	
shown).

3.2 | Historical biogeography and geographical 
mode of speciation

We	performed	biogeographical	analyses	with	DEC,	DEC+J	(jump	dis‐
persal)	 and	DEC+FC	 (fossil	 constraints)	models	 (Table	1).	Dispersal	
rates	 were	 similar	 in	 the	 three	models,	 but	 extinction	 rates	 were	
different,	with	 an	 extinction	 rate	 equal	 to	 zero	 in	DEC+J.	Despite	
these	differences,	the	biogeographical	reconstructions	were	similar	
(Figure	1;	Appendices	 S3,	 S4	 and	 S10).	 Figure	1	 displays	 the	most	
likely	ancestral	ranges	at	each	node	for	the	DEC	analysis	(DEC	M2	
model).	We	chose	this	model	because	it	includes	a	stratification	tak‐
ing	into	account	the	palaeogeographical	changes	though	time	and	is	
less	constrained	for	the	estimates	of	ancestral	ranges	(with	four	pos‐
sible	areas	at	each	node).	A	discussion	of	the	other	DEC	inferences	is	
presented	in	Appendix	S13.

The	DEC	M2	 analysis	 estimated	 that	 the	most	 likely	 ancestral	
area	 of	 origin	 of	 amphibians	 is	 a	 range	 encompassing	 Africa,	 the	
Neotropics,	 the	 Nearctic	 and	 the	 Palaearctic.	 Two	 hundred	 sev‐
enty	 million	 years	 ago,	 such	 a	 distribution	 range	 was	 covering	 a	
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large	 part	 of	 the	 Pangaea.	 The	 second	most	 likely	 range	 included	
the	 Neotropics,	 the	 Nearctic,	 the	 Palaearctic	 and	 Oceania,	 and	
the	 third	was	composed	by	 the	Neotropics,	 the	Nearctic,	Oceania	
and	India.	From	this	origin,	we	inferred	vicariance	events	between	
Laurasia	and	Gondwana	 in	 the	 Jurassic	and	Cretaceous	 leading	 to	
the	divergence	of	Gymnophiona	with	the	rest	of	amphibian	clades	
(Figure	1;	Appendices	S3	and	S4).	Our	biogeographical	estimations	
also	 supported	 that	 speciation	 events	 in	 the	 Jurassic	 and	 Early	
Cretaceous	were	congruent	with	the	subsequent	separation	of	the	
main	lineages	of	amphibians	following	the	break‐up	of	Laurasia	into	
North	America,	Europe/Asia	(that	then	split	again	into	European	and	
Asian	 landmasses)	and	Gondwana,	which	also	got	 fragmented	and	
led	to	the	formation	of	South	America,	Africa,	India	and	Australia–
Antarctica	(Figure	1;	Appendices	S3	and	S4).

When	comparing	the	ancestral	 ranges	estimated	with	the	DEC	
M2	 model	 and	 the	 fossil	 record,	 we	 found	 that	 seven	 out	 of	 26	
nodes	(27%;	corresponding	to	major	orders	or	families)	had	conflict‐
ing	results	(Appendix	S2).	These	nodes	were	then	used	to	constrain	
the	DEC+FC	model.	Figure	1	also	displays	the	most	likely	ancestral	
ranges	at	each	node	for	the	DEC+FC	analysis	(estimated	ranges	are	
depicted	just	above	DEC	inferences	when	different).	On	the	whole	

tree,	 ancestral	 ranges	 reconstructed	with	DEC	 and	DEC+FC	were	
extremely	similar	given	 that	only	44	nodes	out	of	3,308	were	dif‐
ferent	 (1.3%;	Appendix	S5).	We	found	that	the	ancestral	origin	for	
amphibians	was	an	area	encompassing	the	Nearctic,	the	Neotropics	
and	Australasia	for	the	DEC+FC	M2	model	(including	an	adjacency	
matrix)	 (Table	1,	 Figure	1).	 This	 same	model	 estimated	 that	 Anura	
originated	 in	 the	 Neotropics,	 Caudata	 originated	 in	 Nearctic,	 and	
Gymnophiona	 had	 a	 widespread	 area	 of	 origin	 comprising	 the	
Neotropics,	Africa,	Australasia	and	India.

3.3 | Diversification dynamics with the 
phylogeny and the fossil record

The	 best‐fitting	 model	 among	 constant,	 temperature‐dependent	
and	 tectonic‐dependent	 models	 includes	 both	 speciation	 and	 ex‐
tinction	 rates	 varying	 linearly	 according	 to	 temperature	 through	
time	(∆AICc	=	1.92	with	the	second	best‐fitting	model,	AICω	=	0.72;	
Table	2).	 This	 temperature‐dependent	 model	 indicates	 that	 tem‐
perature	 is	 positively	 associated	 with	 speciation	 (α	=	0.006)	 and	
negatively	associated	with	extinction	rates,	that	is	although	we	es‐
timate	a	low	extinction	rate	for	the	most	part	of	amphibian	history	

TA B L E  1  Results	of	DEC,	DEC+J	and	DEC+FC	models	for	the	amphibian	phylogeny

Model Analysis Description lnL NP d e j Inferred origin

DEC Pyron	(2014) M0	unconstrained,	
max.	2	areas

−1721.2 2 0.00075 0.00075 0 NEA	+	NT

DEC This	study M0	unconstrained,	
max.	2	areas

−1617.95 2 0.00036 4.726e‐6 0 NEA	+	NT

DEC+FC This	study M0	unconstrained,	
max.	2	areas

−1707.55 2 0.00035 0.00029 0 NT	+	AF	+	MG	+	SA

DEC+J Pyron	(2014) M0	unconstrained,	
max.	2	areas

−1804.3 3 0.00099 0.00098 0.000997 NEA	+	NT

DEC+J This	study M0	unconstrained,	
max.	2	areas

−1550.96 3 0.00024 1e‐12 0.0015 NEA	+	NT

DEC This	study M1	strat.	adjacency,	
max.	2	areas

–1670.22 2 0.00175 0.00057 0 NEA	+	AF

DEC+J This	study M1	strat.	adjacency,	
max.	2	areas

−1571.13 3 0.00022 1e‐12 0.001961 NEA	+	NT

DEC This	study M2	strat.	adjacency,	
max.	4	areas

–1587.86 2 0.00148 0.00051 0 NEA	+	NT	+	AF	+	PA

DEC+FC This	study M2	strat.	adjacency,	
max.	4	areas

−1709.25 2 0.00149 0.00062 0 NEA	+	NT	+	OA

DEC+J This	study M2	strat.	adjacency,	
max.	4	areas

−1572.84 3 0.00021 1e‐12 0.0019297 NEA	+	AF	+	PA

Note.	For	each	model,	the	log‐likelihood	(lnL)	value,	the	number	of	free	parameters	(NP),	and	the	parameter	estimates	for	d	(dispersal),	e	(extinction)	
and j	(founder‐event	speciation)	are	reported.	The	ancestral	origin	of	the	clade	is	also	indicated.
Abbreviations:	AF,	Africa;	MG,	Madagascar;	NEA,	Nearctic;	NT,	Neotropics;	OA,	Australasia;	PA,	Palaearctic;	SA,	South	Asia	(India).

F I G U R E  1  Historical	biogeography	of	Amphibia.	Comparison	of	the	biogeographical	histories	as	inferred	by	the	best	DEC	and	DEC+FC	
models	for	the	amphibians	based	on	the	dated	phylogeny	of	Pyron	(2014).	The	most	likely	ancestral	ranges	are	shown	at	each	node	(DEC	
estimates	are	depicted	at	nodes,	and	DEC+FC	results—when	different	from	DEC—are	depicted	just	above).	The	biogeographical	model	
includes	a	time‐stratified	palaeogeographical	model	and	restricts	the	ancestral	range	size	to	maximum	four	areas.	Important	vicariance	
events	are	highlighted	by	grey	triangles,	which	are	also	shown	on	palaeogeographical	maps	(sensu	Blakey,	2008).	The	detailed	results	are	
available	in	Appendices	S3	and	S4.	A	comparison	between	DEC	and	DEC+FC	is	provided	in	Appendix	S5
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(β	=	−0.009;	Figure	2).	 Past	 temperature	has	 impacted	 the	diversi‐
fication	dynamics	of	amphibians	with	periods	of	elevated	diversifi‐
cation	associated	with	periods	of	warming.	Interestingly,	speciation	
rate	 shows	 a	 peak	 during	 the	 Cretaceous	 when	 the	 number	 of	
landmasses	was	maximal	 (Figure	2).	The	 second	best‐fitting	model	
is	a	time‐dependent	model	for	which	speciation	and	extinction	are	
negatively	associated	with	time	(α	=	0.005	and	β	=	0.005).	The	first	
tectonic‐dependent	model	 is	 the	 third	best	model	 and	 is	 not	 sup‐
ported	(∆AIC	=	47.2	with	the	best‐fitting	model,	and	AICω	=	0),	even	
if	 it	shows	that	continental	fragmentation	is	strongly	positively	as‐
sociated	with	speciation	and	negatively	associated	with	extinction	
(α	=	0.419,	 β	=	−0.277).	 At	 the	 order	 level,	 we	 find	 that	 the	 tem‐
perature‐dependent	model	is	supported	for	Anura	(∆AIC	=	5.5	with	
the	 second	model).	Consistent	with	 the	 results	 for	 all	 amphibians,	
temperature	 is	positively	associated	with	 temperature	and	specia‐
tion	(α	=	0.005,	β	=	−0.008;	Appendix	S6).	A	time‐dependent	model	
is	supported	for	Caudata,	with	a	decrease	in	speciation	and	extinc‐
tion	rates	thought	time	(α	=	0.0149	and	β	=	0.01543;	Appendix	S7).	
Identifying	the	best‐fitting	model	is	unclear	for	Gymnophiona	given	
that	a	 time‐dependent	 (first),	a	 tectonic‐dependent	 (second)	and	a	
constant‐rate	(third)	model	had	close	AICc	within	a	range	of	∆AIC	=	2	
(Appendix	S8).	AICω	 is	0.23	 for	 the	 time‐dependent	model	with	a	
decrease	in	both	speciation	and	extinction	through	time	(α	=	0.006	
and β	=	0.006),	0.16	 for	a	model	with	a	positive	effect	of	 tectonic	
dependence	on	speciation	rate	(α	=	0.396)	and	0.11	for	a	model	with	
constant	speciation	and	no	extinction	through	time.

The	inclusion	of	a	shift	in	speciation	and	extinction	rates	at	the	
K‐Pg	boundary	(66	Ma)	did	not	improve	the	likelihood	of	the	mod‐
els	(Appendix	S11),	which	suggests	that	we	did	not	detect	any	sig‐
nal	for	a	shift	in	diversification	rates	at	the	K/T	boundary.	We	also	
found	that	smoothing	the	temperature	curve	strongly	decreased	the	
support	for	temperature‐dependent	model	(∆AIC	=	99.6	between	a	
model	with	a	smoothed	curve	and	the	original	curve),	which	suggests	
that	the	overall	trend	of	the	temperature	curve	(linear	decline)	was	
not	 sufficient	 to	 explain	 the	 support	 for	 temperature‐dependent	
model	and	that	fine‐scale	fluctuations	of	temperature	had	an	impact	
on	the	likelihood	(Appendix	S11).

The	 pyrate	 analyses	 of	 the	 fossil	 record	 with	 constant,	 tem‐
perature‐dependent	and	tectonic‐dependent	models	also	indicate	
that	 a	 temperature‐dependent	 model	 best	 explains	 the	 diver‐
sification	 of	 amphibians	 (relative	 probability	=	1;	 Table	3).	 This	
temperature‐dependent	 model	 estimates	 that	 both	 origination	
and	 extinction	 rates	 are	 positively	 associated	 with	 temperature	
(γλ	=	0.039	and	γμ	=	0.054;	Table	3).	Increasing	temperature	led	to	
higher	 origination	 and	 extinction	 rates	 in	 amphibians	 reaching	 a	
peak	in	the	Late	Cretaceous	(Figure	3).	Time‐dependent	and	tec‐
tonic‐dependent	models	are	not	supported	by	our	data.	We	find	
consistently	that	the	temperature‐dependent	model	is	selected	as	
the	best‐fit	model	in	Anura	and	Caudata	(Table	3).	Temperature	is	
also	positively	associated	with	origination	and	extinction	in	these	
two	groups	(for	Anura:	γλ	=	0.024	and	γμ	=	0.040;	and	for	Caudata:	
γλ	=	0.057	and	γμ	=	0.057;	Table	3).	We	did	not	run	diversification	
analyses	on	Gymnophiona	because	the	quality	of	the	fossil	record	

is	 currently	 too	 scarce	 (only	 three	occurrences	 for	 three	extinct	
genera).

4  | DISCUSSION

Identifying	 the	 relative	 effect	 of	 different	 environmental	 factors	
to	 clades’	 diversification	 is	 an	 emerging	 goal	 in	 macroevolution	
(Benton,	 2015;	 Condamine	 et	al.,	 2012,	 2018;	 Ezard	 et	al.,	 2011;	
Roalson	&	Roberts,	2016).	In	this	context,	it	is	important	to	combine	
palaeontological	 and	 phylogenetic	 approaches	 and	 to	 test	 a	 wide	
range	of	diversification	models.	Here,	we	show	that	temperature	is	
likely	the	most	important	factor	associated	with	the	diversification	
of	amphibians	compared	to	other	factors,	such	as	time	or	landmass	
fragmentation.

We	 found	 an	 association	 between	 temperature	 and	 diversifi‐
cation	rates	in	amphibians	with	both	the	whole	phylogeny	and	the	
fossil	record.	Similar	results	were	found	at	the	order	level	with	the	
Anuran	phylogeny	and	with	the	fossil	record	of	Anura	and	Caudata.	
We	detected	a	positive	association	between	temperature	and	spe‐
ciation	 in	 all	 of	 these	 clades:	 speciation	 increased	when	 tempera‐
ture	 increased.	 This	 result	 is	 consistent	 with	 a	 previous	 study	 of	
amphibians	 showing	 higher	 speciation	 in	 tropical	 regions,	 where	
temperature	is	warmer	(Pyron	&	Wiens,	2013).	It	is	also	consistent	
with	 palaeontological	 studies	 predicting	 that	 temperature	 is	 pos‐
itively	 associated	with	 species	diversity	 (Erwin,	 2009;	Ezard	et	al.,	
2011;	Jaramillo	et	al.,	2006;	Mayhew	et	al.,	2012).	This	result	can	be	
also	potentially	explained	by	the	metabolic	theory	of	ecology,	which	
stipulates	that	rates	of	mutations	and	speciation	are	accelerated	in	
warmer	climate	(Allen	et	al.,	2006;	Brown	et	al.,	2004),	and	there	is	
evidence	that	substitution	rates	are	accelerated	in	amphibians	at	low	
latitude	and	low	elevation	(Wright,	Gillman,	Ross,	&	Keeling,	2010).

The	 dependence	 between	 temperature	 and	 extinction	 rate	
was	 less	 clear	 given	 that	 temperature	was	negatively	 associated	
with	extinction	in	phylogenies	(although	extinction	was	low	during	
the	 entire	 history	 of	 the	 group;	 Figure	2),	 but	 positively	 associ‐
ated	with	extinction	in	the	fossil	record	for	the	whole	clade	or	at	
the	order	level.	Most	theories	propose	that	lineages	distributed	in	
warmer	(tropical)	regions,	with	more	stable	climate,	have	a	lower	
extinction	rate	(Dynesius	&	Jansson,	2000;	Pianka,	1966;	Rohde,	
1992).	Very	few	examples	of	high	extinction	rate	in	warm	regions	
have	been	documented,	even	if	one	case	has	been	described	in	the	
Early	Triassic	(Sun	et	al.,	2012).	We	cannot	assert	that	temperature	
was	 the	 leading	 factor	 explaining	 the	 diversification	 of	 Caudata	
and	Gymnophiona	given	that	we	only	found	support	for	tempera‐
ture‐dependent	model	with	the	fossil	record	but	not	with	the	phy‐
logeny.	The	alternative	hypothesis	(the	best‐fitting	model	in	both	
groups	with	phylogenies)	is	a	decreasing	speciation	and	extinction	
rate	through	time.	Given	that	we	only	found	this	result	in	the	two	
poorest	sampled	groups,	it	is	also	possible	that	the	results	are	less	
robust.	Phylogenetic	and	age	uncertainties	and	the	estimation	of	
extinction	process	are	potential	biases	that	could	affect	the	infer‐
ences	and	results	of	the	study.
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Our	 second	 main	 result	 was	 that	 the	 landmass	 fragmentation	
did	not	appear	to	be	a	major	factor	affecting	the	diversification	of	
amphibians.	This	 result	was	 surprising	given	 that	 the	 raw	amphib‐
ian	palaeodiversity	 substantially	 increased	during	 the	 Jurassic	 and	
Cretaceous	 (results	 not	 shown),	 two	major	 periods	 of	 continental	
fragmentation	 (Blakey,	 2008;	 Seton	 et	al.,	 2012).	 The	 tectonic‐de‐
pendent	 model	 was	 never	 the	 best‐fitting	 model	 in	 our	 analyses,	
suggesting	that	if	continental	fragmentation	had	an	effect	on	diversi‐
fication,	this	effect	was	weaker	than	the	effect	of	temperature.	One	
possible	reason	to	explain	this	result	is	that	continental	fragmenta‐
tion	was	low	when	the	group	began	to	diversify	in	the	Triassic	and	
Jurassic,	and	landmass	fragmentation	might	thus	have	fostered	the	
diversification	of	amphibians	in	the	Cretaceous	but	was	not	found	as	
the	most	important	factor	through	the	whole	history	of	the	clade.

Although	 continental	 fragmentation	 was	 not	 as	 important	 as	
temperature	 in	 our	 diversification	 analyses,	 the	 biogeographical	

analyses	 with	 time‐stratified	 DEC	models	 suggest	 that	 vicariance	
events	 related	 to	 tectonic	plates	dynamics	 are	 associated	with	 vi‐
cariance	 (allopatric	 speciation)	 in	 the	 early	 evolutionary	history	of	
amphibians	 (Figure	1).	Our	ancestral	area	estimations	 indicate	that	
the	Western	Gondwana	break‐up	 triggered	vicariance	events	 sep‐
arating	 the	 main	 lineages	 of	 Neobatrachia	 and	 Pipidae	 (150	Ma),	
both	having	a	lineage	in	Africa	sister	to	a	lineage	in	South	America	
(Figures	1	 and	 4).	We	 also	 found	 several	 vicariance	 events	within	
Gymnophiona	(109	Ma)	due	to	the	successive	break‐up	of	Western	
and	Eastern	Gondwana	in	the	Cretaceous,	and	even	a	vicariance	be‐
tween	India	and	Madagascar	in	the	Palaeocene	(Figure	4).	Another	
example	involves	a	vicariance	within	Salamandridae	(Pleurodelinae)	
between	 Nearctic	 and	 Palaearctic	 lineages	 in	 the	 early	 Eocene	
(Figure	4).	Our	results	are	consistent	with	previous	studies	on	am‐
phibians	proposing	that	the	divergences	of	the	main	amphibian	and	
anuran	 lineages	 may	 be	 related	 to	 vicariance	 events	 (Feng	 et	al.,	

TA B L E  2  Diversification	analysis	of	Amphibia	based	on	the	phylogeny

Models NP logL AICc ∆AICc AICω λ α μ β

BtemperatureVarDtemperatureVar_LIN 4 −13661.9 27331.8 0.0 0.72 0.035 0.006 0.044 −0.009

BTimeVarDTimeVar_LIN 4 −13662.8 27333.7 1.9 0.28 0.039 0.005 0.005 0.005

BcontinentVarDcontinentVar_LIN 4 −13685.5 27379.0 47.2 0 0.122 0.419 0.102 −0.277

BCSTDtemperatureVar_LIN 3 −13687.5 27381.1 49.3 0 0.067 — 0.021 −0.003

BCSTDTimeVar_LIN 3 −13693.1 27392.2 60.5 0 0.065 — 0.004 0.000

BCSTDtemperatureVar_EXPO 3 −13698.7 27403.4 71.7 0 0.066 — 0.002 0.130

BTimeVar_LIN 2 −13702.8 27409.7 77.9 0 0.068 0.000 — —

BTimeVarDCST_LIN 3 −13702.8 27411.7 79.9 0 0.068 0.000 0.000 —

BcontinentVarDCST_LIN 3 −13705.4 27416.9 85.1 0 0.070 0.303 0.026 —

BTimeVar_EXPO 2 −13707.3 27418.6 86.8 0 0.069 −0.005 — —

BTimeVarDCST_EXPO 3 −13707.3 27420.6 88.8 0 0.069 −0.005 0.000 —

BTimeVarDTimeVar_EXPO 4 −13707.3 27422.6 90.8 0 0.069 −0.005 0.000 0.001

BcontinentVarDCST_EXPO 3 −13709.0 27424.0 92.2 0 0.010 4.345 0.029 —

BCSTDTimeVar_EXPO 3 −13715.0 27436.1 104.3 0 0.067 — 0.007 0.012

BcontinentVarDcontinentVar_EXPO 4 −13718.9 27445.9 114.1 0 0.019 2.773 0.125 −4.187

BtemperatureVar_LIN 2 −13721.8 27447.7 115.9 0 0.073 −0.001 — —

BtemperatureVarDCST_LIN 3 −13721.8 27449.7 117.9 0 0.073 −0.001 0.000 —

BcontinentVar_LIN 2 −13725.0 27454.0 122.3 0 0.034 0.196 — —

BtemperatureVar_EXPO 2 −13726.5 27457.0 125.3 0 0.073 −0.022 — —

BtemperatureVarDCST_EXPO 3 −13726.5 27459.0 127.3 0 0.072 −0.021 0.000 —

BtemperatureVarDtemperatureVar_EXPO 4 −13725.9 27459.8 128.0 0 0.073 −0.019 0.002 0.036

BcontinentVar_EXPO 2 −13729.4 27462.9 131.1 0 0.016 2.754 — —

BCST 1 −13746.6 27495.3 163.5 0 0.061 — — —

BCSTDCST 2 −13745.8 27495.7 163.9 0 0.064 — 0.005 —

BCSTDcontinentVar_LIN 3 −13744.9 27495.9 164.1 0 0.066 — 0.051 −0.088

BCSTDcontinentVar_EXPO 3 −13746.1 27498.2 166.4 0 0.064 — 0.004 0.008

Note.	Models	are	ranked	based	on	AICc	and	AICω.	The	best‐fitting	model	is	in	bold.	This	model	shows	a	positive	dependence	(α > 0 and β	>	0)	
between	past	temperature	and	speciation	and	extinction.
Abbreviations:	AICc,	corrected	Akaike's	information	criterion;	ΔAICc,	the	difference	in	AICc	between	the	model	with	the	lowest	AICc	and	the	others;	
AICω,	the	Akaike	weight	of	each	model;	B,	birth	(speciation);	continent,	rate	varies	as	a	function	of	the	landmass	fragmentation	index	through	time;	
CST,	constant	rate;	D,	death	(extinction);	EXPO,	exponential	relationship;	LIN,	linear	relationship;	logL,	log‐likelihood;	NP,	number	of	parameters;	
temperature,	rate	varies	as	a	function	of	the	palaeotemperature	through	time;	Time,	time‐variable	rate	(see	Section	2	for	more	details	on	the	models).
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2017;	Frazão	et	al.,	 2015;	Pyron,	2014).	The	biogeographical	 anal‐
yses	 further	suggest	 that	vicariance	was	 frequent	and	widespread	
across	 the	 amphibian	phylogeny	when	 the	 continental	 fragmenta‐
tion	 increased	during	 the	 Jurassic	 and	 throughout	 the	Cretaceous	
(Figure	4),	and	the	frequency	of	these	events	tends	to	decrease	after	
continental	fragmentation	slowed	down	in	the	Cenozoic	(Appendix	
S9).	We	found	in	our	biogeographical	estimations	a	number	of	allo‐
patric	speciation	events	 temporally	associated	with	the	successive	
fragmentation	of	Pangaea,	Gondwana	and	Laurasia	in	the	Mesozoic.	
These	 results	 are	 consistent	with	 several	 studies	 proposing	 a	 role	
of	geography,	topography	and	vicariance	 in	the	dynamics	of	diver‐
sification	and	divergence	between	populations	(Baselga	et	al.,	2011;	
Hedges	 et	al.,	 1996;	 Jordan	 et	al.,	 2016;	Mao	 et	al.,	 2012;	Vavrek,	
2016;	Zaffos	et	al.,	2017),	and	also	consistent	with	previous	studies	
on	 amphibians	 reporting	 that	 geographical	 fragmentation	explains	
the	 divergence	 of	 lineages	 (Fouquet	 et	al.,	 2012;	Vences	&	Wake,	

2007).	Amphibian	diversification	might	be	particularly	prone	to	be	
associated	with	continental	fragmentation	as	it	has	been	shown	that	
amphibian	 species	 have	 smaller	 distribution	 ranges,	 low	 dispersal	
abilities	across	salt	water	(Hopkins	&	Brodie,	2015;	Pyron,	2014)	and	
narrower	climatic	niches	 than	other	groups,	 for	example	mammals	
and	birds	 (Rolland	&	Salamin,	2016;	Rolland	et	al.,	2018).	An	alter‐
native	explanation	for	a	positive	correlation	between	speciation	and	
continental	fragmentation	is	that	continental	fragmentation	and	the	
subsequent	creation	of	epicontinental	seas	likely	increase	hygrome‐
try	and	pluviometry	in	large	areas	and	may	increase	the	size	of	suit‐
able	habitats	for	amphibians.

Studying	the	impact	of	temperature	and	tectonic	change	on	spe‐
cies	diversification	 is	an	active	area	of	 research	 (Condamine	et	al.,	
2013;	 Jordan	 et	al.,	 2016;	 Lewitus	 &	 Morlon,	 2018;	 Zaffos	 et	al.,	
2017).	We	currently	use	deep‐sea	temperatures	from	a	compilation	
of	 studies	 measuring	 δ18O	 from	 the	 oceanic	 sediments	 (Prokoph	

F I G U R E  2  Effect	of	temperature	
changes	on	the	amphibian	diversification	
estimated	from	the	phylogeny.	(a)	The	
index	of	continental	fragmentation	
through	time	as	calculated	with	
palaeogeographical	maps	(Zaffos	et	al.,	
2017),	and	the	temperature	profile	
through	time	as	estimated	from	oxygen	
isotopes	(Prokoph	et	al.,	2008;	Zachos	
et	al.,	2008).	(b)	Rates‐through‐time	plot	
for	the	best	diversification	model.	We	
found	support	for	a	positive	dependence	
of	both	speciation	and	extinction	
rates	with	temperature	through	time.	
Amphibians	diversified	faster	when	
temperature	increased.	Neog.,	Neogene;	
Palaeog.,	Palaeogene

(a)

(b)
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et	al.,	 2008;	 Zachos	 et	al.,	 2008).	 However,	 sea‐level	 fluctuations	
and	 ice	volumes	might	bias	 temperature	estimates	during	cold	pe‐
riods	when	ice	sheets	formed	at	the	poles	(Cramer,	Miller,	Barrett,	
&	Wright,	2011;	Hansen,	Sato,	Russell,	&	Kharecha,	2013).	There	is	
currently	no	palaeotemperature	curve	that	accurately	accounts	for	
these	biases	during	the	Phanerozoic	(but	see	Hansen	et	al.,	2013,	for	
the	Cenozoic).	We	thus	acknowledge	that	another	palaeotempera‐
ture	curve	could	potentially	 improve	our	diversification	estimates.	
We	 encourage	 future	 studies,	 especially	 those	 focusing	 on	 clades	
diversifying	in	the	Cenozoic,	to	account	for	measurement	and	con‐
version	errors	between	δ18O	and	temperature	by	taking	into	account	
the	variations	of	sea	level	and	atmospheric	CO2	in	the	deep‐sea	tem‐
perature	estimates	(Hansen	et	al.,	2013).	There	are	also	methodolog‐
ical	limitations	when	reconstructing	ancestral	ranges	and	estimating	
rates	 of	 speciation	 and	 extinction.	 For	 example,	 our	 analyses	 nei‐
ther	accounted	for	the	distribution	of	entire	extinct	clades,	nor	ac‐
counted	for	uncertainty	in	the	phylogenetic	tree	given	that	they	were	
based	on	a	 single	maximum‐likelihood	 tree	 (Pyron,	2014;	Pyron	&	
Wiens,	2011,	2013).	Ancestral	range	analyses	also	currently	assume	
static	set	of	predefined	regions,	while	continental	fragmentation	is	

a	dynamic	continuous	process	over	time.	Probabilistic	biogeographi‐
cal	models	based	on	discrete	state	spaces	relied	on	continuous‐time	
Markov	chains,	implying	that	the	geographical	mode	of	speciation	is	
not	modelled	as	a	continuous‐time	stochastic	process.	For	all	these	
reasons,	DEC‐based	inferences	focusing	on	these	scenarios	should	
be	treated	with	utmost	caution	(Ree	&	Sanmartín,	2018).

Our	study,	nonetheless,	brings	new	insights	 into	the	spatiotem‐
poral	 roles	 of	 temperature	 and	 geological	 changes	 in	 shaping	 the	
diversity	of	one	of	the	major	vertebrate	clades,	suggesting	that	the	
impact	of	temperature	and	geographical	factors	on	species	diversifi‐
cation	may	have	been	overlooked	compared	to	biotic	interactions	and	
adaptive	divergence	(Losos	et	al.,	2003;	Lamichhaney	et	al.,	2015,	but	
see	Wang,	Glor,	&	Losos,	2013).	Our	study	suggests	that	the	temporal	
variations	of	 temperature	and	continental	 fragmentation	should	be	
included	more	often	in	studies	looking	for	the	causes	of	clades’	diver‐
sification	at	the	global	scale,	as	they	may	be	major	factors	affecting	
macroevolutionary	dynamics.	In	particular,	we	suggest	that	the	role	
of	vicariant	speciation	should	be	tested	in	other	groups	such	as	mam‐
mals	 and	 birds	 that	 also	 experienced	 a	 Cretaceous	 interordinal	 di‐
versification	when	the	continental	fragmentation	was	maximal	(Jetz,	

F I G U R E  3  Effect	of	temperature	
changes	on	the	amphibian	diversification	
estimated	from	the	fossil	record.	Plots	of	
origination	and	extinction	rates	through	
time	for	the	best	pyrate	model	(Table	3),	
which	supports	a	positive	dependence	
of	both	origination	and	extinction	rates	
with	the	temperature	variations	through	
time.	Amphibians	diversified	faster	during	
warming	periods.	The	shaded	areas	
represent	the	95%	credibility	intervals	of	
the	parameters,	estimated	with	pyrate. 
Pictured	is	a	specimen	of	†Eopelobates 
(50	Ma),	belonging	to	Pelobatidae	(©	
Wikimedia	Commons).	Neog.,	Neogene;	
Palaeog.,	Palaeogene

(a)

(b)

F I G U R E  4  Evidence	of	vicariance	events	in	three	amphibian	clades.	The	biogeographical	histories	of	Gymnophiona	(a),	Pleurodelinae	
(b)	and	Pipidae	(c)	are	inferred	with	the	DEC	M2	and	DEC+FC	models,	and	the	most	likely	ancestral	ranges	are	shown	at	each	node	
(estimates	of	DEC	M2	and	DEC+FC	M2	were	the	same	for	those	clades).	Grey	triangles	highlight	vicariance	events,	which	are	also	shown	on	
palaeogeographical	maps	(sensu	Blakey,	2008).	The	detailed	results	of	the	DEC	and	DEC+FC	M2	models	are	available	in	Appendices	S3	and	
S4.	K,	Cretaceous;	Q,	Quaternary;	Pl,	Pliocene
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Thomas,	 Joy,	 Hartmann,	 &	 Mooers,	 2012;	 Meredith	 et	al.,	 2011).	
Detecting	 the	 effect	 of	 environmental	 factors	 on	 diversification	 is	
nonetheless	a	difficult	 task,	given	 that	 the	many	 lineages	 that	may	
have	kept	the	traces	of	Cretaceous	diversification	have	gone	extinct	
during	the	Cretaceous–Palaeogene	mass	extinction.	Recent	diversifi‐
cation	of	lineages,	not	related	to	temperature	or	continental	break‐up,	
may	have	also	blurred	the	phylogenetic	signal	of	speciation	and	ex‐
tinction.	Consistent	with	the	increase	of	the	proportion	of	sympatric	
speciation	events	detected	in	the	late	history	of	the	clade	(Appendix	
S9),	recent	speciation	events	are	likely	less	associated	with	continen‐
tal	fragmentation	because	the	number	of	landmasses	has	decreased	
during	the	Cenozoic	but	 instead	within‐continent	speciation	events	
were	paramount,	 like	 in	the	Neotropics	 (Hutter,	Lambert,	&	Wiens,	
2017;	Santos	et	al.,	2009).	Although	this	study	aimed	at	testing	the	
role	 of	 temperature	 and	 geological	 changes	 on	 the	 diversification	
processes	of	the	amphibians,	we	do	not	rule	out	the	possibility	that	
the	diversification	of	the	group	was	also	influenced	by	other	factors	
not	 studied	here,	 such	as	 intrinsic	 species’	 traits	or	 the	 increase	of	
wet	 environments	 over	 a	 large	 latitudinal	 range	 in	 the	 Cretaceous	 
(Ziegler	et	al.,	2003).

5  | CONCLUSION

von	 Humboldt	 (1807)	 envisioned	 a	 link	 between	 geological,	 cli‐
matic	and	biodiversity	changes	over	time	and	space.	In	this	study,	
we	show	that	temperature	has	played	an	important	role	on	the	di‐
versification	 of	 amphibian	 diversity	 through	 time.	We	 think	 that	
combining	neontological	and	palaeontological	data	provides	an	op‐
portunity	to	detect	and	analyse	the	effect	of	temperature	on	the	
diversification	of	a	given	clade.	We	also	think	that	analysing	these	
data	in	the	light	of	the	ancestral	biogeography	of	the	group	might	
ultimately	 lead	 to	 understand	 the	 emergence	 of	 global	 biodiver‐
sity	 patterns,	 proposing	 here	 the	major	 role	 of	 temperature	 and	
landmass	 fragmentation	 as	 predictors	 of	 species	 diversification.	
Further	 studies	may	 consider	 analysing	 the	effect	of	 continental	
fragmentation	and	temperature	on	more	clades	at	the	global	scale,	
and	to	ultimately	better	understand	the	combined	role	of	abiotic	
factors	on	biological	evolution,	such	as	the	relative	contribution	of	
geographical	speciation	event	and	ecological	speciation	on	current	
diversity.
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