
Aula	4

Evolução	correlacionada	(Pagel’s method e	threshold)
Modelos	multi-regime e	multi-taxas – prática	SURFACE

Ajuste	matrizes	VCV	– rate	matrix



Correlações	entre	caracteres	discretos

• Perguntas	mais	comuns:
• Os	dois	caracteres	estão	evoluindo	de	forma	correlacionada?
• Quando	o	caracter A	muda	para	o	estado	1,	é	provável	que	o	B
também	mude	para	1?





Taxas	dos	caracteres	NÃO	dependem	do	estado	dos	outros	
caracteres



Taxas	dos	caracteres	DEPENDEM	do	estado	dos	outros	
caracteres





Método	taxa	de	correlação	Pagel

• Ajuste	dos	dois	modelos	aos	dados

• Verificar	qual	tem	mais	suporte
• Valor	”cru”	do	likelihood ou	AICc

• Se	o	modelo	mais	simples	(independente)	for	favorecido,	não	
podemos	dizer	que	as	taxas	de	evolução	dos	dois	caracteres	estão	
correlacionadas



Modelo	Threshold



• Adaptou	o	modelo	threshold (limiar)	da	genética	quantitativa	para	
análises	comparativas

• Estimar	a	matriz	VCV	entre	atributos	discretos	e	contínuos

• Diferença	entre	modelo	Mk
• Taxas	de	transição	entre	caracteres	são	instantâneas	e	constantes
• Quando	um	caracter muda	de	0->1,	ele	assume	a	mesma	probabilidade	de	
mudar	de	1->2.	Ou	seja,	fixação	do	caracter é	muito	rápido
• Não	é	um	bom	modelo	pra	caracteres	morfológicos	e	ecológicos	complexos



Modelo	threshold
• Wright	(1934,	Genetics)	modelo	para	entender	polidactilia em	
porquinhos	da	índia

• Fenótipos	discretos	(número	de	dedos)	são	determinados	por	um	
caracter contínuo	subjacente	e	não	observado	chamado	”liability”

• Se	esse	caracter contínuo	cruzar	um	determinado	liminar	(threshold)	
o	seu	estado	muda

• Proxy	para	caracteres	modulados	por	vários	genes	
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Threshold model

• Pode	ser	usado	pra	estimar	correlação	entre	caracteres	contínuos	e	
categóricos	ou	entre	2	caracteres	categóricos

• Correlação	entre	liabilities

• Implementação	num	framework	Bayesiano	no	phytools ou	por	ML	no	
software	’stand-alone’	threshml escrito	pelo	J.	Felsenstein





Destrinchando	o	modelo	OU



Dois	regimes	(ótimos)







George	Gaylord Simpson	
(1946)

Simpsonian landscape



Radiação	adaptativa
• Critérios	do	Simpson	para	detectar	radiações

• Dispersão	para	novas	áreas	geográficas

• Surgimento	de	um	atributo	chave	(key trait)

• Extinção	em	massa	de	competidores

• Ocupação	de	novos	”nichos”	ou	zonas	adaptativas
• Adaptação	novos	ambientes	– restrições	evolutivas

• Atributos	evoluem	com	taxas	diferentes	em	diferentes	linhagens
• Comparar	modelos	com	taxas	(𝝈2)	e	ótimos	(𝞱)	diferentes
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Abstract. Rates of phenotypic evolution have changed throughout the history of life, producing variation in levels
of morphological, functional, and ecological diversity among groups. Testing for the presence of these rate shifts is
a key component of evaluating hypotheses about what causes them. In this paper, general predictions regarding changes
in phenotypic diversity as a function of evolutionary history and rates are developed, and tests are derived to evaluate
rate changes. Simulations show that these tests are more powerful than existing tests using standardized contrasts.
The new approaches are distributed in an application called Brownie and in r8s.
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All five extant flamingo species are long-legged filter feed-
ers, whereas their sister group, consisting of twenty species
of grebes (Van Tuinen et al. 2001; Chubb 2004; Mayr 2004),
feed on prey ranging from fish and squid to minute inver-
tebrates (Fjeldså 1983), and show a variety of body and bill
shapes. Methods to test whether the difference in species
number between flamingos and grebes arose by chance or
reflects differences in diversification rates have been devel-
oped (Slowinski and Guyer 1989; Nee et al. 1992; Hey 1992;
Harvey et al. 1994). These methods are aimed at discovering
factors affecting diversification. But there are also undoubt-
edly factors that led to the difference in variability of eco-
logically important traits within these two groups. This paper
is concerned with hypotheses about factors that lead to dif-
ferences between groups in phenotypic and biological di-
versity, as opposed to species richness.
There are many potential hypotheses regarding factors that

can affect the rate of evolution of phenotypic characters
(which include morphological, behavioral, physiological,
biochemical, and ecological traits). For example, once wings
replaced legs as the primary means of locomotion in birds,
newly less constrained legs may have begun to evolve new
shapes more rapidly (Gatesy and Middleton 1997). The evo-
lution of asexuality may reduce the rate of genome size evo-
lution. The invasion of a new, competitor-free island may
increase the rate of evolution of feeding structures. These
hypotheses all attempt to relate a change in some aspect of
the biology of the lineage with a change of the rate of evo-
lution of a continuous character based on an idea about how
evolution works. Hypotheses can also be generated from ob-
servations of patterns of diversity instead of predictions based
on a mechanism. Grebes appear to have more interspecific
variation in bill dimensions than flamingos: this may reflect
a faster rate of bill evolution, or perhaps the grebe species
have been evolving independently for more time than the
flamingo species.

In this paper, we develop and implement new methods to
make inferences regarding these questions. Basic results con-
cerning character evolution on trees are presented. Our meth-
ods are illustrated using an example of genome size evolution
in angiosperms.

SOME BASIC PROPERTIES OF CHARACTER EVOLUTION
ON TREES

Disparity is commonly measured as variance of the states
of the taxa (so higher disparity means the taxa are less similar
for that particular character). The observed disparity is a func-
tion of many factors, such as the rate of phenotypic evolution,
the amount of time the group has been evolving, and the
relationships of the taxa. To examine any one factor, such
as the evolutionary rate, a model must be used to control for
the other factors, such as the phylogeny. A reasonable model
to use in the case of phenotypic evolution is Brownian motion
(BM). This is the standard model for continuous character
evolution, used in independent contrasts (Felsenstein 1985)
and estimation of ancestral states (Schluter et al. 1997). In
Brownian motion, at each instant in time the state of a char-
acter can increase or decrease. The magnitude and direction
of these shifts are independent of the current state of the
character and have a net change of zero. Just as a bell curve
is often a good fit to the distribution of a character within a
population, because the state of the character for each indi-
vidual is the result of the addition of many independent fac-
tors (Central Limit Theorem), the change of the state of a
character as a result of the action of many displacements is
often approximated well by Brownian motion. Brownian mo-
tion does not necessarily imply a process of neutral evolution,
such as genetic drift (contra Butler and King 2004). Any
process that creates displacements meeting the Brownian mo-
tion assumption is appropriately modeled by a Brownian mo-
tion process. For example, processes such as fluctuating di-

Programa	BROWNIE

• Modelo	BM	com	
diferentes	taxas

• Identificar	a	priori	
os	clados



BROWNIE	com	detecção	automática	das	mudanças	de	taxas	
(rate	shifts)	baseado	no	framework	Bayesiano	(rjMCMC)



Vantagens	do	modelo	OU

• Tratável	matematicamente

• Parâmetros	podem	ter	interpretação	biológica

• Alpha	pode	ser	usado	pra	limitar/restringir	o	Movimento	Browniano

• Theta pode	representar	diferentes	regimes/ótimos/zonas	adaptativos









• Pacote	ouch

• Detecção	de	Múltiplos	
regimes	(precisa	de	
atribuição	a	priori	dos	
clados)

• 1a	implementação	do	modelo	
OU	(Hansen	model)



Pacote	OUwie

Estimativa	de	𝞱,	𝝈2 e	𝜶 pra	cada	regime



Ajustando	modelos	OU	com	múltiplos	picos

• Idéia de	paisagem	adaptativa



Metáfora	da	paisagem	adaptativa	de	S.	Wright



Sewall Wright	(1932)

Metáfora	da	paisagem	adaptativa	de	S.	Wright



• Formato	da	mandíbula

• Especialização	dieta
• Especialistas	em	
caramujos	
diversificam	+	rápido

Multiple Fitness Peaks on the
Adaptive Landscape Drive
Adaptive Radiation in the Wild
Christopher H. Martin* and Peter C. Wainwright

The relationship between phenotype and fitness can be visualized as a rugged landscape. Multiple
fitness peaks on this landscape are predicted to drive early bursts of niche diversification during
adaptive radiation. We measured the adaptive landscape in a nascent adaptive radiation of
Cyprinodon pupfishes endemic to San Salvador Island, Bahamas, and found multiple coexisting
high-fitness regions driven by increased competition at high densities, supporting the early
burst model. Hybrids resembling the generalist phenotype were isolated on a local fitness peak
separated by a valley from a higher-fitness region corresponding to trophic specialization. This
complex landscape could explain both the rarity of specialists across many similar environments
due to stabilizing selection on generalists and the rapid morphological diversification rate of
specialists due to their higher fitness.

Adaptive radiation, the rapid evolution
of ecological and phenotypic diversity
within a clade, may account for much of

life’s diversity (1, 2). The ecological theory of
adaptive radiation is founded on the unifying
concept of the adaptive landscape, the topograph-
ical relationship between fitness and a continu-
ous phenotypic space (1). This theory predicts
early bursts of niche diversification due to rapid
invasion of multiple, unoccupied fitness peaks
after colonization, the evolution of a key inno-
vation, or mass extinction (1–5). This “early burst”
model is supported by microbial evolution (4),
the fossil record (6), and species diversification
in some clades (7), but the pattern is rare in com-
parative data (8). Indeed, observations of dis-
ruptive selection suggest that many populations
are constrained from ascending fitness peaks
(9, 10).

Most studies of selection estimate its local
form—directional, stabilizing, or disruptive (1, 9)—
but few investigate the broader topography of
the fitness surface, particularly among multiple
species (11–13) or traits (14), or by manipulating
phenotypes to measure the fitness of interme-
diates between species (12, 15–17). However,
measurement of the broader multivariate fitness
landscape is necessary to demonstrate a local
maximum and to visualize the selective surface
during early bursts of niche diversification. Mul-
tipeak fitness landscapes have been demonstrated
in laboratory microcosms (4) and inferred from
resource availabilities (18), foraging performance
(13), and mark-recapture (11) in the field, but not
from fitness measurements of manipulated phe-
notypes. Thus, the key early burst prediction of
multiple fitness peaks has never been experi-
mentally tested in the wild.

We measured fitness landscapes directly from
growth and survival of F2 hybrids from crosses
among the three species in a sympatric adaptive
radiation of Cyprinodon pupfishes on San Salvador
Island, Bahamas. F2 hybrids spanned the range
of morphological diversity represented in the
three parental species. This small island radia-
tion contains ecologically novel species and dis-
plays rapid morphological diversification rates
similar to those of classic adaptive radiations
(19), yet is less than 10,000 years old (20). The
endemic radiation contains two trophic specialist
species, a scale-eater and a hard-shelled–prey spe-
cialist (durophage), both novel ecological niches
within Cyprinodon, and a third generalist species
similar to the wide-ranging species C. variegatus.
The three species co-occur in all habitats within
the island’s shallow saline lakes containing only
two other fish species. Although generalist popu-
lations are ubiquitous across similar environments
in the Caribbean with identical fish commu-
nities, the San Salvador clade is one of only two
sympatric radiations of Cyprinodon and exhibits
morphological diversification rates up to 51 times
faster than those of other young clades for func-
tional trophic traits (19).

We tested the effects of competition in the
wild on the topography of fitness landscapes dur-
ing Cyprinodon adaptive radiation by measuring
the fitness of 1865 hybrids placed in high- and
low-density field enclosures. Wild-caught breed-
ing colonies of all three species were used to
generate outbred F2 hybrid populations for this
experiment from F1 hybrid intercrosses and back-
crosses (20). Hybrid populations from two iso-
lated lakes, Crescent Pond (CP) and Little Lake
(LL), were generated independently. First, these
laboratory-reared juvenile F2 hybrids were mea-
sured for 16 morphological traits and implanted
with coded wire tags. Next, we transported the
hybrids to San Salvador Island and introduced
them into a low- or high-density field enclo-
sure in the respective lake from which their
grandparents originated (CP: high/low-density

n = 796/96 hybrids; LL: n = 875/98 hybrids).
After 3 months, we recovered all surviving hy-
brids and assigned a fitness of 1 relative to 0 for
unrecovered hybrids. Fitness was also estimated
from the growth (the increase in standard length)
of survivors in enclosures.

To provide a biologically relevant frame of
reference for hybrid morphology, we laboratory-
reared and measured a purebred F1 generation
of all three species from each lake. We then plotted
the hybrids in a discriminant morphospace sep-
arating the F1 purebred species in each lake and
visualized fitness landscapes for survival (Fig. 1)
and growth (fig. S1). Morphospace coverage was
reduced in LL, probably due to missing a back-
cross to the durophage.

Fitness landscape topography was complex
but largely congruent between high-density en-
closures in each lake for both survival and growth
(Fig. 1 and fig. S1). A local fitness peak in the
high-density CP enclosure, isolated by declining
fitness in all directions, corresponded to the phe-
notype of the generalist species (Fig. 1, A, C, and
E). Phenotypic similarity between hybrids on this
local fitness peak and the laboratory-reared gen-
eralist species cannot be attributed to familial re-
latedness or shared environments (20). Instead,
this correspondence demonstrates strong stabiliz-
ing selection on hybrid phenotypes closely re-
sembling generalists. There was a similar trend in
LL (Table 1 and Fig. 2). Survival also declined
with increasing total phenotypic distance from
the generalist in both high-density enclosures
(fig. S2).

A second region of increased fitness [linear dis-
criminant axis 1 (LD1) < 0 and LD2 < 0 in Fig.
1A: n = 120 hybrids, logistic z-score = –2.33, P =
0.020] corresponded to the phenotype and the
diet (inferred from d15N stable isotopes) of the
hard-shelled–prey specialist (durophage; Figs.
1 and 2, figs. S3 and S4, and table S1). In the
CP high-density enclosure, increased survival in
this region was supported by parametric and per-
mutation tests (20), although less strongly than
the generalist peak. This fitness region was also
significantly higher (permutation test, n = 796
hybrids, P = 0.044) than the generalist peak (Fig.
1E) and was robust to alternative calculations of
the discriminant morphospace (figs. S5 and S6).
A similar trend of increased survival of hybrids
resembling the durophage specialist was observed
in LL (Figs. 1 and 2 and Table 1). Furthermore,
CP hybrid survivors in this region occupied a
higher trophic position than those on the gen-
eralist peak (d15N stable isotope ratios: n = 64
hybrids, permutation test, P = 0.048; fig. S3 and
table S1), reflecting the relative trophic positions
of wild-caught durophage and generalist pup-
fishes (F1,22 = 8.78, P = 0.007; table S1). Thus,
trophic divergence between hybrids mirrored troph-
ic divergence in wild-caught species.

Hybrids resembling generalist and durophage
phenotypes were separated by a valley of re-
duced fitness in both lakes (Fig. 2). Transects
between species indicated significant disruptive
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Conexões	entre	paisagem	adaptativa	(Wrightian landscape)	e	radiação	
adaptativa	(Simpsonian landscape)





Ajustando	modelos	OU	com	múltiplos	picos

• Idéia de	paisagem	adaptativa
• Ajuste	de	modelos	com	vários	picos	(OU1,	OU2	...	OUn)
• Detecção	automática	=>	SURFACE
• conjuntos	de	espécies	que	compartilhem	um	regime/ótimo	adapativo
• Mudança	de	regime
• Parâmetros	do	modelo:	valor	ótimo	do(s)	atributo(s)
• Ajuste	de	modelos,	adicionando	regimes
• Duas	fases:	forward e	backward (detecção	de	convergência)
• Seleção	de	modelos
• Teste	de	”significância”	para	convergência





• Convergência	em	Anolis no	caribe
• Padrões	repetidos	de	convergência	
em	ecomorfos nas	ilhas

• Espécies	distantes	ocupando	os	
mesmos	habitats	

• Desenvolvendo	mesma	morfologia	
• Restrições	do	hábitat
• Preenchimento	espaço	de	nicho
• Evolução	pode	ser	predita?



SURFACE

• Abordagem	baseada	em	seleção	de	modelos	step-wise
• Semelhante	ao	MEDUSA	(Alfaro et	al.	2009)	para	detectar	mudanças	em	
diversificação

• Problemas
• Tende	a	superestimar	o	número	de	mudanças



• Dificuldade	em	se	estimar	os	parâmetros	do	modelo	OU,	especialmente	
mudanças	nos	regimes	seletivos
• Razão	entre	número	de	espécies	e	número	de	atributos
• Problemas	com	o	estimados	por	ML
• Detecção	da	posição	mudanças	de	regimes	depende	pouco	do	tamanho	
da	árvore
• Seleção	de	modelos	por	AIC	e	BIC	tendem	a	favorecer	modelos	mais	
complexos
• Recomendações:	1)	usar	BIC	corrigido	pela	filogenia	



• 2)	Implementações	Bayesianas	sofrem	menos	do	que	baseadas	em	step-
wise model selection
• 3)	compare	a	meia	vida	filogenética	(ln(2)/alpha)	com	o	comprimento	
total	da	árvore
• Se	meia	vida	for	muito	alta,	alpha	pode	ser	superestimado

• 4)	Ausência	do	shift	pode	ser	devido	à	falta	de	poder,	mesmo	para	
árvores	grandes
• 5)	abordagem	Bayesiana

• Testar	a	influência	do	prior



• Erro	do	tipo	I é	alto	quando	tamanho	da	amostra	é	pequeno
• Likelihood ratio tests devem	ser	evitados

• Prefira	abordagens	de	seleção	de	modelos	bayesiano

• Erro	de	medida	inflam	erro	do	tipo	I
• Alpha	é	difícil	de	estimar	a	partir	dos	dados

• Verifique	se	o	valor	de	alpha	faz	sentido	para	os	seus	dados
• Use	uma	medida	derivada,	tal	como	phylogenetic half-life (ln(2)/alpha)



• Para	dados	com	pouco	erro	de	medida	(ou	quando	se	ignora	variação	
intraespecífica),	o	modelo	OU	tende	a	se	ajustar	melhor	aos	dados	
mesmo	com	um	parâmetro	a	mais,	já	que	pode	acomodar	mais	
variância	em	direção	aos	tips da	filogenia,	e	não	necessariamente	
devido	a	uma	causa	biológica
• Leitura	cuidadosa	antes	de	utilizar	os	métodos	no	R
• Sempre	ser	crítico	sobre	os	resultados
• Importância	de	se	reportar	as	análises	utilizando	ferramentas	de	
reprodutibilidade	(R Markdown,	LaTeX etc)





• Implementação	bayesiana	(MCMC)

• Prior	para	estimativa	do	número	de	mudanças	de	regime

• Pode	detectar	convergência

• Só	implementa	um	atributo	por	vez
• Desvantagem:	complexidade	da	abordagem	Bayesiana



Ajuste	de	matrizes	VCV







Matrizes	VCV
de	cada	linhagem	

Clados precisam	ser	
definidos	à	priori



Matrizes	VCV
de	cada	linhagem	

• Correlação	entre	2	atributos	contínuos
• Maneira	de	incorporar	não-
estacionaridade na	correlação	ao	longo	
da	filogenia

• Ajustar	modelos	com	diferentes	matrizes	
e	testar	ajuste	(likelihood ratio test)







https://github.com/Caetanods/ratematrix

Implementação	bayesiana	do	evol.vcv (Revell &	Collar 2009	Evolution)
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Abstract
1.		Evolutionary	integration	occurs	when	two	or	more	phenotypes	evolve	in	a	corre-
lated	fashion.	Correlated	evolution	among	traits	can	happen	due	to	genetic	con-
straints,	ontogeny,	and	selection	and	have	an	important	impact	on	the	trajectory	of	
phenotypic	 evolution.	 Phylogenetic	 trees	 can	 be	 used	 to	 study	 such	 pattern	 on	
macroevolutionary	time	scales	by	estimating	the	strength	of	evolutionary	covari-
ance	among	traits	through	time	and	across	clades.	However,	only	few	applications	
implement	models	to	conduct	comparative	analyses	of	evolutionary	integration.

2.		We	introduce	a	Bayesian	Markov	chain	Monte	Carlo	approach	to	estimate	the	evo-
lutionary	correlation	among	two	or	more	traits	using	the	evolutionary	rate	matrix	
(R).	R	is	a	covariance	matrix	that	represents	both	the	rates	of	evolution	of	each	trait	
and	the	structure	of	evolutionary	correlation	among	traits.

3.		Here,	 we	 present	 the	 R	 package	 ratematrix,	 a	 resource	 to	 test	 hypotheses	
of	evolutionary	 integration	 using	 multivariate	 data	 and	 phylogenetic	 trees.	
ratematrix	provides	a	flexible	framework	allowing	for	any	number	of	evolution-
ary	rate	matrix	regimes	fitted	to	the	same	phylogenetic	tree	and	it	incorporates	the	
uncertainty	 associated	with	 parameter	 estimates,	 ancestral	 state	 reconstruction	
and	phylogenetic	estimation	in	the	analyses.

4.		The	ratematrix	 package	uses	 a	 novel	 pruning	 algorithm	 that	 significantly	 im-
prove	computational	time.	We	also	provide	specific	functions	that	facilitate	users	
to	conduct	long	MCMC	analysis	when	computational	resources	are	limited.

K E Y W O R D S

Anolis,	comparative	methods,	evolutionary	integration,	evolutionary	rates,	modularity

1  | INTRODUCTION

Evolutionary	changes	in	one	trait	are	often	associated	with	changes	in	
other	traits,	such	that	species	traits	often	do	not	vary	independently	of	
each	other	(Olson	&	Miller,	1958).	This	pattern	can	be	observed	in	the	
covariation	 among	 traits	 both	within	 and	among	populations	 (Arnold,	
1992;	Arnold,	Pfrender,	&	Jones,	2001;	Revell	&	Collar,	2009;	Revell	&	
Harmon,	2008).	The	pattern	of	correlated	evolutionary	changes	among	
two	or	more	 traits	 is	known	as	evolutionary	 integration	and	can	be	a	
result	 of	 genetic	 constraints	 (e.g.	 pleiotropy),	 ontogenetic	 integration,	
or	 correlated	 selection	 (Arnold,	 1992;	 Arnold	 et	al.,	 2001;	 Goswami,	

Binder,	 Meachen,	 &	 O’Keefe,	 2015;	 Hansen	 &	 Houle,	 2004;	 Melo,	
Porto,	Cheverud,	&	Marroig,	2016).	Although	evolutionary	 integration	
is	ubiquitous	across	the	tree	of	life,	only	few	comparative	methods	and	
associated	 software	 applications	 to	 date	 implement	 models	 that	 can	
estimate	 evolutionary	 correlations	 among	 traits	 using	 phylogenetic	
trees	 (Adams	 &	 Otárola-Castillo,	 2013;	 Bartoszek,	 Pienaar,	 Mostad,	
Andersson,	 &	 Hansen,	 2012;	 Clavel,	 Escarguel,	 &	 Merceron,	 2015;	
Goolsby,	Bruggeman,	&	Ané,	2017;	Hohenlohe	&	Arnold,	2008;	Revell	&	
Collar,	2009;	Revell	&	Harmon,	2008).

Here,	we	describe	the	R	package	ratematrix,	which	implements	
a	Bayesian	estimate	of	evolutionary	rate	matrices	(R;	Revell	&	Harmon,	
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