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Outline

1. Insights from studies of character evolution
2. Requirements for studies of character evolution
3. Data exploration
- Visualizing trait data on phylogenetic trees (R tutorial)
4. Trait evolution

ML and Bayesian methods for estimating ancestral states, rates, and
models of evolution (R & BayesTraits tutorials)

e Stochastic character mapping (R & SIMMAP tutorials)

e Correlations among characters (BayesTraits tutorial)
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Character evolution road map

Discrete Continuous

Trait evolution: ancestral
reconstruction, patterns of trait, Glor: Tuesday
rates of trait evolution, Landis: Tuesday
biogeographic analyses

Mahler: Wednesday
Wainwright: Thursday
Price: Thursday

Trait interactions: trait _ Mahler: Wednesday
: : : Glor: Tuesday L
correlations, impact of traits on . Wainwright: Thursday
Price: Thursday .
one another Price: Thursday

Impact of traits on taxonomic

diversification Moore: Thursday



Insight From Studies of Character Evolution
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* Trait evolution

- Reconstruction of ancestral traits Chemical Paleogenetics

Molecular ”Restoration Studies” of Extinct Forms of Life

* Proteins

LINUS PAULING and EMILE ZUCKERKANDL*
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Fig. 1. Different evolutionary relationships of the amino-acid residues o and ¢ found at
corresponding sites in the homologous polypeptide chains C, D, and E. See text.
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The posterior probability for the reconstructed amino acid at an interior node is calculated according to (4) and is indicated
using different typefaces: upper case bold for 0.9-1.0, upper case for 0.8-0.9, lower case bold 0.7-0.8, lower case 0.5-0.7, and

question mark (?) for <0.5. Only variable sites in the sequence data are shown.

Yang et al. 1995. Genetics
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Inferring the palaeoenvironment
of ancient bacteria on the
hasis of resurrected proteins

Eric A. Gaucher’, J. Michael Thomson>*, Michelle F. Burgan’
& Steven A. Benner'>’

'NASA Astrobiology Institute, *Department of Anatomy and Cell Biology, College
of Medicine, and >Department of Chemistry, University of Florida, Gainesville,
Florida 32611-7200, USA

CHAPTER 2

Ancestral sequence reconstruction
as a tool to understand natural
history and guide synthetic biology:
realizing and extending the vision
of Zuckerkandl and Pauling

Eric A. Gaucher

E Proteobacteria

4’; ’ Cyanobacteria

Mesophiles only

stem Bacteria —EC
(ML-meso)

(==

Firmicutes

Stem Bacteria
(ML-stem) (Alt-stem)
\ Actinobacteria (high G+C) \

| Deinococcus-Thermus
L— | Thermotogae
{_—— |Archaea
— Eukarya

.t | Spirochaetes

‘ Bacteroidetes (green sulphur)

Stem Bacteria
-stem

Proteobacteria

Spirochaetes
—:[ ‘Deinococcus—Thennus

-

fe=—

4’__1? ‘ Cyanobacteria

Bacteroidetes (green sulphur)

Firmicutes

Actinobacteria (high G+C)

——— | Thermotogae

[—: |Archaea
Eukarya

0.1 replacements per site per unit evolutionary time

Figure 1 The two unrooted universal trees used to reconstruct ancestral bacterial

sequences. Archaea and Eukarya serve to provide a node within the bacterial subtree from
which ancient sequences can be inferred. Thermophilic lineages are highlighted in bold.
Aquificaceae subfamily not shown. a, Maximum likelihood topology used to reconstruct

the stem elongation factors from bacteria (ML-stem), or most recent common ancestor
of bacteria, and the ancestral sequence for mesophilic lineages only (ML-meso).
b, Alternative topology used to reconstruct the stem elongation factors from bacteria

(Alt-stem).

Gaucher et al. 2003. Nature
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of ancient bacteria on the
basis of resurrected proteins

Eric A. Gaucher’, J. Michael Thomson’*, Michelle F. Burgan’
& Steven A. Benner>’
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'NASA Astrobiology Institute, >Department of Anatomy and Cell Biology, College
of Medicine, and > Department of Chemistry, University of Florida, Gainesville,
Florida 32611-7200, USA

* Present address: Department of Cell and Developmental Biology, University of North Carolina, Chapel
Hill, North Carolina 27599, USA
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Figure 3 GDP-binding assay to test thermostability of ancestral and modern EF proteins.
The amount of tritium-labelled GDP bound at 0 °C was subtracted from all other

temperature values for a given protein. Shown is the relative amount of GDP bound
compared with the amount bound at the optimal temperature for each protein.

Gaucher et al. 2003. Nature
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 Trait evolution Female Responses to Ancestral Advertisement
Calls in Tungara Frogs
* Reconstruction of ancestral traits Michael J. Ryan and A. Stanley Rand
- Behavior U
o W &F Y o i R &
¥ & 8 e ¢ F & P

~[ [N INTINTTUT NN ]

13.3L J13.1 91.7L _|93.9 as.gL _|41.1
58.4 \ \ \

a
335 2.6

\ 329 \

339

90.9 \

54 B

1250 _,

250
0

800

Ryan & Rand. 1995. Science (see also Losos 1999 and Ryan & Rand 1999 Animal
Behavior)



Insight From Studies of Character Evolution

* Trait evolution

 Reconstruction of ancestral traits

 Behavior

\’\&Q’ \\\\0‘,\)&J 5Y
& & %\&
& <
P Pe
|:l03m “ 0,001
p;ozsaJ
¢
Pe<
0.001
b
E 20 Pc
@ 0.001
g 10 Root
g
e 0
Con. Het.

Fig. 2. Phonotactic responses of female tingara frogs (P. pustulosus) to conspecific (Con.) versus
heterospecific (Het.) calls (8).

Female Responses to Ancestral Advertisement
Calls in Tangara Frogs

Michael J. Ryan and A. Stanley Rand
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Fig. 3. Phonotactic responses of female tingara frogs (P. pustulosus) to heterospecific calls versus no
response, which includes no phonotaxis and a response to white noise (8). In only four of the 280 tests

did females exhibit phonotaxis to noise.
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What Questions Can You Ask?

» Testing trait correlation

- Adaptation and natural selection

What happens when we replay the tape of evolution?
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» Testing trait correlation

- Adaptation and natural selection

Life’s Solution
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What happens when we replay the tape of evolution?
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Repeated Origin and Loss of Adhesive Toepads in Geckos

Tony Gamble'?, Eli Greenbaum®’, Todd R. Jackman?®, Anthony P. Russell®, Aaron M. Bauer™
1 Department of Genetics, Call Biology and Development, Universsity of Minnesots, Minneapolis, Minnesota United States of Amerca, 2 Bel Museum of Natural Hzory,

Univemity of Minnesots, & Paul, Minne sota, United Sates of Amenca, 3 Department of Biology, Vilanova Univessity, Vilanova, Pennsyivania, United States of America,
4 Department of Biological Sciences, University Department of Calgary, Calgary, Canada

P(toepads)
= 0.997
Rhoptropus bowlton
Rhoptropus afer
Rhoptropus diporus
Elasmodactylus fetensis
Chondrodactylus fitzsimonsi
Chon
Colopus
Adhesive Colopus wahtbergif
toepads Pachydactylus kladarodemnma

puncfatus
Pachydactylus gaiasensis
Pachydactylus weberi ——
Pachydactylus austeni
Pachydactylus vanzyli
Pachydactylus rangei —

Figure 4. Two unambiguous losses of adhesive toepads in south African geckos. Maximum likelihood tree illustrating two independent
losses of the digital adhesive mechanism in the southern African geckos Chondrodaaylus angulifer and Pachydactylus rangei fin shaded boxes). Gircles
at nodes indicate bootstrap sup port. Bayesian posterior probabilities of the presence of toepads are shown for the most recent common ancestor of
the induded lineages, dearly indicating that the ancestor of this group possessed toepads. Representative species and their assocdlated digital
morphologies are illustrated. (A) Rupicolous habitat where padded members of this dlade typically occur. (B) Sand dune habitat where the padless
Chondrodactylus angulifer and the web-footed Pachydactylus rangei typically occur.
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Origin and Loss of Adhesive Toepads in Geckos
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Figure 1. Gecko phylogeny and the evolution of .dnshn bqna Madmum likedihood tree showing ptrytogeneﬂc rdaﬁonshlps among
gecko genera. Toepad traits, indluding the eof pad shape and the presence of p by colored
squares on the tips of the branches (squars Mmmoodorslnﬂcabepdymm:n within the dade). neamgls at memalnodes represent
ancestral presence or absence probabilities of adhesh p ferred using the 6-¢ binary-state speciation and extinction (BISSE) model.
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Gamble et al. 2012. PLoS ONE
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The evolution of nitrogen fixat

cyanobacteria

Phylogenetics

Fig. 1. Rooted phylogeny of cyanobacterial species. Bootstrap support is 100% for all nodes except where shown (vertical percentages). Pie charts represent

on branches indicate the most probable locations of trait loss according to stochastic mapping, and grey bars indicate the most probable sites of gain through

the posterior probability of the presence (black) and absence (white) of nitrogen fixation according to the Asymm.2 model of trait evolution. Grey crosses
horizontal transfer (frequency in mappings >12%, excluding change and reversal on the same branch; frequencies shown as horizontal percentages).

Latysheva et al. 2012. Bioinformatics
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Dynamic evolution of venom proteins
in squamate reptiles

Nicholas R. Casewell', Gavin A. Huttley® & Wolfgang Woster?
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Figure 3 | Bayeslan DNA gene tree of the kalllkreln toxin family. Multiple support values are given at key nodes In the following order: Bayesian DNA,
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Fii. 2 A representative ancestral state reconstruction of habitat affinities in Lasthenia using Lagrange (Ree and Smith 2008).
The presented phylogeny was randomly selected from all trees containing the most commonly observed habitat transition rates
(Table 3). Circled numbers represent independent transitions from termrestrial habitat into either vernal pool habitat or terrestnal/

squatic habitat (see Fig. 1) Emery et al. 2012. ECOIOgy



Insight From Studies of Character Evolution

Spiny frogs (Paini) illuminate the history of the
Himalayan region and Southeast Asia

Jing Che®®, Wei-Wei Zhou?, Jian-Sheng HW**, Fang Yan?, Theodore J. Papenfuss®, David B. Wake®', and Ya-Ping Zhang™?"'

Contributed by David B. Wake, June 15, 2010 (sent for review May 6, 2010)
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Bizarre frogs rafted atop
ancient continents

Well-muscled spiny frogs offer clues to evolution of continents, research finds

3State Key Laboratory of Genetic Resources and Evolution, Kunming Institute of Zoology, Chinese Academy of Sciences, Kunming 650223, People’s Republic of
China; PDepartment of Integrative Biology, Museum of Vertebrate Zoology, University of California, Berkeley, CA 94720; and “College of Life Sciences and
9YLaboratory for Conservation and Utilization of Bioresources, Yunnan University, Kunming 650091, People’s Republic of China
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Asian frogs of the tribe Paini (Anura: Dicroglossidae) range across  frogs belonging to the tribe Paini, ranoid frogs endemic to Asia—
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Insight From Studies of Character Evolution

- Trait evolution L J L L.

Molecula
change

« Patterns of trait evolution

VOL. 154, NO. 2 THE AMERICAN NATURALIST AUGUST 1999 A. Gradual B. Genetic Distance
Using Phylogenies to Test Macroevolutionary Hypotheses of I
Trait Evolution in Cranes (Gruinae) e I_J ] Change
C. Speciational D. Non-historical

Arne @. Mooers,">" Steven M. Vamosi,' and Dolph Schluter'

Observed
change

Figure 1: Characterization of five models for the evolution of quantitative
traits. Branch lengths represent the expected amount of change occurring
along that lineage. A, Gradual model, in which change is correlated with
time. This mirrors the inferred phylogenetic tree. B, Genetic distance
model, in which each branch is proportional to the amount of genetic
change that has occurred along it in the gene(s) used to make the tree.
C, Speciational change model, in which change is correlated with spe-
ciation events. D, Nonhistorical model, in which there is no phylogenetic
component to trait evolution, but each tip is equally divergent from all
others. E, Free model, in which the branches represent the best fit of the
observed data to the topology, rather than a priori hypotheses.

& Scott Marfun

Mooers et al. 1999. American Naturalist
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Insight From Studies of Character Evolution

* Trait evolution

* Trait interactions
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Pollinator shifts drive increasingly long nectar spurs

in columbine flowers
Justen B. Whittall'+ & Scott A. Hodges'
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Figure 3 | Phylogenetic analysis of pollination syndrome evolution in

Whittall & Hodges.
Nature. 2007



Insight From Studies of Character Evolution

* Trait evolution

* Trait interactions

Spur length contrast

namre Vol 447 |7 June 2007| dok10.1038/nature05857
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Insight From Studies of Character Evolution

- Impact of traits on taxonomic diversification
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Did Pollination Shifts Drive Diversification in Southern
African Gladiolus? Evaluating the Model of

Pollinator-Driven Speciation

Luis M. Valente,"** John C. Manning,’ Peter Goldblatt,' and Pablo Vargas'

Valente et al. 2012. American Naturalist
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Trophic evolution and mammal diversification

Tempo of trophic evolution and its impact on

mammalian diversification

Samantha A. Price®™?, Samantha S. B. Hopkins®™', Kathleen K. Smith®, and V. Louise Roth®

*Department of Evolution and Ecology, University of California, Davis, CA 95616 "Department of Geological Sciences, Clark Honors College, University of

Oregon, Eugene, OR 97403; and Department of Biology, Duke University, Durham NC 27708-0338

Edited by David B. Wake, University of California, Berkeley, CA and approved March 20, 2012 {received for review Octaber 20, 2011)
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Coral reefs and fish diversification

ECOLOGY [LETTERS

doi: 10.1111/j.1461-0248.2011.01607.x

Ecology Letters, (2011) 14: 462-469

LETTER

Coral reefs promote the evolution of morphological diversity

and ecological novelty in labrid fishes
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Coral reefs and fish diversification

ECOLEOGNNNERERS

Ecology Letters, (2011) 14: 462-469 doi: 10.1111/j.1461-0248.2011.01607.x

LETTER

Coral reefs promote the evolution of morphological diversity
and ecological novelty in labrid fishes
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Ecological opportunity and anole diversification
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Outline

1. Insights from studies of character evolution
2. Requirements for studies of character evolution
3. Data exploration
- Visualizing trait data on phylogenetic trees (R tutorial)

4. Trait evolution

ML and Bayesian methods for estimating ancestral states, rates, and
models of evolution (R & BayesTraits tutorials)

e Stochastic character mapping (R & SIMMAP tutorials)

e Correlations among characters (BayesTraits tutorial)



Why is it Necessary to Use the Phylogeny?

Vol. 125, No. 1 The American Naturalist January 1985

PHYLOGENIES AND THE COMPARATIVE METHOD

JOSEPH FELSENSTEIN
Department of Genetics SK-50, University of Washington, Seattle, Washington 98195
Submitted November 30, 1983; Accepted May 23, 1984
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Phylogenetic Signal

+ “tendency for related species to resemble each other more than they resembile
species drawn at random from the [phylogenetic] tree” - Blomberg & Garland 2002

+ “Phylogenetic signal is a measure of the statistical dependence among species’ trait
values due to their phylogenetic relationships.” - Revell et al. 2008
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Phylogenetic Signal

« “tendency for related species to resemble each other more than they resemble
species drawn at random from the [phylogenetic] tree” - Blomberg & Garland 2002

* “Phylogenetic signal is a measure of the statistical dependence among species’ trait
values due to their phylogenetic relationships.” - Revell et al. 2008

* On the one hand...

* Phylogenetic signal suggests that phylogenetic analyses are necessary.

* On the other hand...

 Lack of phylogenetic signal means that the history of traits cannot be inferred.



What Do You Need to Investigate Trait Evolution®?

1. Phylogeny for the taxa of interest

2. Trait values for the taxa of interest

3. A model to describe trait evolution



What Do You Need to Investigate Trait Evolution®?

1. Phylogeny for the taxa of interest



Phylogenetic Trees for Comparative Analyses

- Preferably trees with meaningful branch lengths and sets of trees that

account for uncertainty in branch length and topology.

A. Gradual

B. Genetic Distance
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What Do You Need to Investigate Trait Evolution®?

1. Phylogeny for the taxa of interest

2. Trait values for the taxa of interest



Types of Character

Data

* Discretely-coded traits

* Intrinsically discrete traits
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Data

* Discretely-coded traits
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Types of Character Data

* Discretely-coded traits

* Discretize continuous traits

4 -
3]
#(r) 2-
11

o — Y T '7._'L‘ ™ -

0 0.5 1 1.5 2

Fig. 1. Discrete approximation to the gamma distribution G(a,p),
with @ = B = Y,. Four categories are used to approximate the con-
tinuous distribution, with equal probability for each category. The
three boundaries are 0.1015, (.4549, and 1.3233, which are the per-
centage points corresponding to p = ‘4, 24, */4. The means of the four
categories are 0.0334, 0.2519, 0.8203, 2.8944. The medians are
0.0247, 0.2389, 0.7870, 2.3535, and these are scaled to get 0.0291,
0.2807, 0.9248, and 2.7654, so that the mean of the discrete distri-
bution 1s one.

Yang 1994



Types of Character Data

* Discretely-coded traits

* Discretize continuous traits
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Outline

1. Insights from studies of character evolution
2. Requirements for studies of character evolution
3. Data exploration
- Visualizing trait data on phylogenetic trees (R tutorial)
4. Trait evolution

ML and Bayesian methods for estimating ancestral states, rates, and
models of evolution (R & BayesTraits tutorials)

e Stochastic character mapping (R & SIMMAP tutorials)

e Correlations among characters (BayesTraits tutorial)



Dollo’s Law and snake reproduction
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The serpent and the egg: unidirectional evolution of reproductive mode in vipers?
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Dollo’s Law and snhake reproduction
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Dollo’s Law and snake reproduction

Table 1. Maximum likelihood models tested. All models have some support under AIC, optimal model is bold. Parameter values are averages

taken over the sample of 600 trees including standard deviations. Eggs symbolize rates under oviparity; snakes symbolize viviparity

Model Parameters

Character state transition rate (q)

e el AlIC AAIC
Variable rates 2: Qovip to vivip # Uvivip to ovip -49.30 = 0.83 0.0340 = 0.0037 0.00323 £+ 0.000 102.6 0
Equal rates 1: Govip to vivip = Qvivip to ovip -5342 + 0.84 0.0136 £ 0.0014 0.0136 = 0.0014 108.8 6.244
Dollo 1: @vivip to ovip = 0 -5421 + 1.45 0.0487 + 0.0057 0 110.4 7.824

AIC, Akaike information criterion.



Dollo’s Law and snhake reproduction

Table 2. BiSSE models tested. Model name includes number of parameters for that model. Model 5d has some support under AIC, optimal
model is bold. Parameters not mentioned in models were allowed to vary independently of each other. Parameter values are harmonic means
taken over the sample of 600 trees. Eggs symbolize rates under oviparity; snakes symbolize viviparity

Speciation Extinction rate () Character state
rate (4) transition rate (g)

Model Parameters LnL FA e O e 2.0 AIC  AAIC
6 All rates variable 646.7 0.113 0.196 2.33e-6 3.62e-7 0.0282 0.0031 -1283 19.13
Sa Speciation rates equal (Aovip = Avivip) 647.8 0.193 0.193 3.874e-6 6.350e-6 6.770e—=7 0.0102 -1286 16.39
5b Extinction rates equal (Hovip = Hvivip) 647.8 0.093 0.193 4925e-6 4.925¢e-6 1.355¢-6 0.0104 -1286 16.45
Sc Character state transition rates equal 646.7 0.113 0.197 2.635e-6 1.350e-6 0.0031 0.0031 —-1283  18.65

(qovip to vivip = ‘Ivivip to ovip)
5d Dollo transition rates (¢vivip to ovip = 0) 654.0 0.122 0.196 1.039e-6 1.042e-6 0.0416 1.000e-7 —1298 4.00
4a Aovip = Avivips Hovip = Myivip 646.7 0.196 0.196 2.493e-6 2.493e-6 0.0282 0.0031 -1285 16.65
3a Aovip = Avivips Povip ™ Wvivips 646.7 0.197 0.197 1.159e-6 1.159e-6 0.003 0.003 -1287 14.65

qovip to vivip = qvivip to ovip
3b Aovip = Avivips Hovip = Hvivips @vivip to ovip = 0 654.0  0.196 0.196 1.328¢—6 1.328e—6 0.042 1.000e-7 -1302 0

AIC, Akaike information criterion.



Dollo’s Law and snhake reproduction
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Visualizing body size In mammals

el Hﬁkm

|
Xenarthra F+_
|
1 S N— ! *
Afrotheria |
. 10
1
e 100 | r.
1 = p=
® 1000 il —-——
|
e —_—_,— e
@® 10000 |
| N————)
Euarchontogli
@ 100000 N ;
—t— =
.oooooo t E_
|
.
—*

Laurasiatheria

T
o

JL

ys
. icugna =
ora
tamus
uS
|
| msls -
| t lerma
e feeus
+

i

:

3
-
-
.

3 " " 3 s
T T T T T

100

0 Myrs

Pilosa
Cingulata

Pacnungulata

Macroscelidea
Afosoricida
Tubulidentata
Lagomorpha

Rodentia

Eulipotyphla

Cetartiodactyla

Chiroptera

Penissodactyla

Camivora

Pholidota

Figure 1. Joint reconstruction of divergence times and adult body mass (in grams) under the covariant model. Horizontal bars indicate
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Visualizing morphological data from PCA
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Egg laying strategies in darter fish

Fig. 1 Time-calibrated maximum-clade credibility phylogeny con-

taining 245 of 248 recognized darter species inferred from a three-

gene DNA sequence data set (see Near ¢ef al. 2011). Species that were
included in our analysis and thus for which we have egg-deposition
mode data are marked with a black circle.

Kelly et al. 2012. J. Evol. Biology



Egg laying strategies in darter fish
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Diet In mammals
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Lunch break



Outline

1. Insights from studies of character evolution
2. Requirements for studies of character evolution
3. Data exploration
- Visualizing trait data on phylogenetic trees (R tutorial)
4. Trait evolution

ML and Bayesian methods for estimating ancestral states, rates, and
models of evolution (R & BayesTraits tutorials)

e Stochastic character mapping (R & SIMMAP tutorials)

e Correlations among characters (BayesTraits tutorial)



What Do You Need to Investigate Trait Evolution®?

1. Phylogeny for the taxa of interest

2. Trait values for the taxa of interest

3. A model to describe trait evolution



Parsimony

- The Fitch-Wagner down-pass/up-pass method
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Alternative Parsimony Models

- Unordered (Fitch parsimony)

« Ordered (Wagner parsimony)

- Irreversible (Camin-Sokal parsimony)

* Dollo

« Step matrix
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— 7~ Once only\
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Limitations of Parsimony

- Doesn’t take branch lengths into account (limited to one change per branch,
regardless of how long)

» Performs poorly with rapidly evolving traits, tending to push divergence
toward the tips of the tree

- Underestimates variance of rate parameters and ancestral reconstructions
and doesn’t provide estimates of error

ANIMAL BEHAVIOUR, 1999, 58, 1319-1324 ®
anbe.1999.1261, avallabie onlng at hitp://www.idsalibrary.com on I'!%I

Articie No.

1999 POINTS OF VIEW 665

Syst. Biol. 48(3):665-674, 1999 C O MM ENTA RI ES

Some Limitations of Ancestral Character-State Reconstruction When
Testing Evolutionary Hypotheses

CLIFFORD W. CUNNINGHAM
Zoology Department, Duke University, Durham, North Carolina 27708-0325, USA; E-mail: cliff@duke.edu




Maximum Likelihood Analysis of Trait Evolution

Detecting correlated evolution on phylogenies: a

general method for the comparative analysis of discrete

characters 5
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Maximum Likelihood Analysis of Trait Evolution

Detecting correlated evolution on phylogenies: a
general method for the comparative analysis of discrete
characters

MARK PAGEL

Sehoo! of Mathematical Seerces, Queen Mary and Wentfeld Colfege, Elniversity of London, Londor Ei 48NS, U1K

1. The Markov model for evolution of discretely
coded traits

2. Using maximum likelihood to estimate rates of
character evolution and ancestral character
states

]:;j(t+d[> = P, (1) 9ij dt+])ij(t) (1 —%‘z‘) d, (1)
P(t+dt) = P(t) (I1+Qdi), (2)

1 =P, (t+dt) Py (t+di)

P, (t+dt) | =P, (t+di)
_ [Poo(l) P01(t)] [(1 —qo1) Al gy, di ]
Py(t)  Py(t) ]| g10d (1 —q,) dt ’
Xandy 1 1 1 1
L= I X X X X P(s8,59,8)
£9=0) $8<0 57=0 560

X P(53,58,13) P(s7,58,(7) P(s5,57,15)
X P(s4,57,t4) P(s6, 59, 16)
X P(sl,s6,t1) P(s2,56,(2),

L(I) = f] > [( 2 P(s58,59,18) P(s3,58,13)

59=0 L \58~0

1
x % P(s7,58,(7) P(s5,s7,(5) P(s4,s7, z4))

§7=0

1
X 2 P(56,59,16) P(sl,s6,t1)

56=0

x P(52, 56, zz)]. (6)



for branches leading to the tips of the tree because u
will be a constant. For all other branches both « and »
can vary from O to 1 so four possibilities arise in each
variable. Then the likelihood for this tree will be given
by,

XNandyY 1

1 1 1
n 2 X > P(s8,59,18)

89=0 s8=0 §7=0 86=0
X P(s3,58,13) P(s7,58,(7) P(s5,57,15)
X P(s4,57,t4) P(s6, 59, (6)
X P(sl,s6,t1) P(s2,56,12), (5)

L(I) =

where the summations are from 0 to 1 at each node.

This likelihood is a function of four parameters, two for
the X variable and two for the Y variable. One then
searches the likelihood surface to find the maximum
likelihood solution to L(7). This is the set of four
parameters that makes L(/) largest.

Although the likelihood in equation (5) is found over
all possible assignments of the ancestral character
states, this is not strictly necessary. One may have prior
information or beliefs about the ancestral values at the
root of the tree. In such instances, the root of the tree

Proc. R. Soc. Lond. B {1994)

Felsenstein (1993) encountered this problem in
connection with estimating tree topologies and de-
veloped his ‘pruning’ algorithm (1983; pp. 251-252)
to reduce the computational effort. Felsenstein’s
pruning algorithm can be applied in this instance (I
refer the reader to his article for further details) by
recognizing that the four nested summations in (5) can
be distributed along the product terms:

XandVY 1 1
L= 1 I [( > P(s8,59,(8) P(s3, 58, (3)

§9=0 88=0

1
x X P(s7,s8,(7) P(s5,57,5) P(s4, 57, z4))

§7=0

1
x Y P(s6,59,6) P(sl,s6, (1)

§6=0

x P(52, 56, z2)] . (6)

No expression of the form P(u,v,t) can appear to the
left of a summation over w. Applying the pruning
algorithm makes the computing task linear rather than
exponential in n: that is, proportional to 4(n—1).



for branches leading to the tips of the tree because u
will be a constant. For all other branches both « and »
can vary from 0 to 1 so four possibilities arise in each
variable. Then the likelihood for this tree will be given

(9)

where the summations are from 0 to 1 at each node.
This likelihood is a function of four parameters, two for
the X variable and two for the Y variable. One then
searches the likelihood surface to find the maximum
likelihood solution to L(7). This is the set of four
parameters that makes L(/) largest.

Although the likelihood in equation (5) is found over
all possible assignments of the ancestral character
states, this is not strictly necessary. One may have prior
information or beliefs about the ancestral values at the
root of the tree. In such instances, the root of the tree

Proc. R. Soc. Lond. B {1994)

Felsenstein (1993) encountered this problem in
connection with estimating tree topologies and de-
veloped his ‘pruning’ algorithm (1983; pp. 251-252)
to reduce the computational effort. Felsenstein’s
pruning algorithm can be applied in this instance (I
refer the reader to his article for further details) by
recognizing that the four nested summations in (5) can
be distributed along the product terms:

3,58, 13)

(54, 57, 14))

(6)

No expression of the form P(u,v,t) can appear to the
left of a summation over u«. Applying the pruning
algorithm makes the computing task linear rather than
exponential in n: that is, proportional to 4(n—1).



Advantages of Maximum Likelihood

* Incorporates branch length information and permits multiple changes along a
single branch

« Superior performance with rapidly evolving traits

* Provides estimates of variance and error
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The Markov Model

1. Probability of change at a point in time along any branch of the tree depends
only on the character state at that time, not on prior character states

2. Transitions along each branch are independent of changes elsewhere on the
tree

3. Rates of change are constant throughout time and along branches

4. Rates are estimated only from the tree and the data available for extant
species, not on prior knowledge or belief

Bull Market
.25

.025

Recession




Parameters for Likelihood Evaluation

qgo: = rate at which character changes from 0 to 1

over a short interval dt O O O . .

qi0 = rate at which character changes from 1 to 0O
over a short interval dt

t: = branch lengths

s; = ancestors

Xy = set of possible ancestral reconstructions



Parameters for Likelihood Evaluation
O OO0 0 O

qgo: = rate at which character changes from 0 to 1
over a short interval dt O OO0 0 O

qi0 = rate at which character changes from 1 to 0O
over a short interval dt
e O 0O0O@ © 0 o000 O

t: = branch lengths

s; = ancestors O OO0 o

Xy = set of possible ancestral reconstructions K}YO OO O ©



Likelihood Calculation

O OO0 @ O

go:1 = rate at which character changes from 0 to 1
over a short interval dt

qi0o = rate at which character changes from 1 to 0O
over a short interval dt

t: = branch lengths

s; = ancestors

L(I) =3 3 3 ) P(s8,s9,t8)

s9=0 s8=0 s7=0 s6=0

(3)

X P(s3,s8,t3)P(s7,s88,t7)P(s5,s7,th)
X P(s4,s7,t4)P(s6,s9,thb)
X P(sl,s6,tl)P(s2,s6,t2)



Likelihood Calculation

L(I) = 2 P(s8,s59,t8)

0 s8=0 s7=0 s6=0

X P(s3,s8,t3)P(s7,s8,t7)P(s5,s7,t5) (5)
X P(sd4,s7,td4)P(s6,s9,t6)
X P(sl,s6,tl)P(s2,s6,t2)

2n-1 calculations

n # Calculations
5 16

10 512

50 5.63E+14

100 6.3383E+29



Felsenstein’s Pruning Algorithm

L(I) = ) P(s8,s9,t8)
59=0 s8=0 s7=0 s6=0 tl

X P(s3,s8,t3)P(s7,s88,t7)P(s5,s7,t5) (5)

X P(sd4,s7,td4)P(s6,s9,t6)

X P(sl,s6,tl)P(s2,s6,t2)

L(I) = Zl:[ (Zl:P(SS,s9,t8) P(s3,s8,t3)

s9=0 s8=0

1
X 2P(s7,s8,t7)P(s5,s87,t5) P(s4,s7,t4)) ’
s7=0 ( )
1
x YP(s6,s59,t6)P(sl,s6,tl) |

s6=0

X P(s2,s6,t2) ]



Likelihood Calculation

('1'1:21) 4 (:3 4 (‘4:1!5:) )

L(I) = io[ (zlp(ss,s9,t8) P(s3,s8,t3)

s8=0

1
x| )P(s7,s8,t7)P(s5,s7,t5) P(s4,s7,t4))
s7=0 65
—_— (6)
x YP(s6,59,t6)P(sl,s6,tl) [

s6=0

X P(s2,56,t2) ]




Likelihood Calculation

1 2 3
L(I) = )[().P(s8,s9,t8) P(s3,s8,t3)
x SP(s7,58,t7)P(s5,57,t5) P(s4,s,td))
s7=0
X »P(s6,s9,t6)P(sl,s6,tl)]
6=0

XSE(SZ,S6,t2)]

2n-1 calculations v. 2 (n-1)

n # Calculations # Calculations

5 16 8

10 512 18 ( 6 )
50 5.63E+14 98

100 6.3383E+29 198



The Transition Matrix

- Exponentiate the rate matrix (Q) times the length of the interval to obtain the
probabilities over longer intervals

0 1
o= 0|-g g
1l g -g

P P



Probability of Change

P;i(t+dt) = probability of change fromtoj over
interval t+dt =
Probability that i remains i overt Probability that / goes to j over t
Pii(t)jgijdt |+ Pij(t)|(1-gji)dt

Rate forj toj overt Rate for Staying j




Likelihood Calculation
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Likelihood Calculation
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Likelihood Calculation
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Likelihood Calculation
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Likelihood Calculation
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Likelihood Calculation
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Likelihood Calculation
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Likelihood Calculation
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Likelihood Calculation
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. —> 0.081- = 0.10 x 0.81 + 0.90 x 0.01 = 0.081 + 0.009 = 0.0747
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Likelihood Calculation

0 (yellow) 0.9 0.1

- 0.1 0.9

— 0.0802 x 0.730 = 0.0585

. = 0.0657 x 0.0747 = 0.0049

0.0585

ZT[LO

InL, = 1In(0.0585 x 0.5 + 0.0049 x 0.5)
In(0.029 + 0.002)

In(0.031)

-3.459



Interpreting Ancestral Reconstructions

Time before present (Rogers distance)
o o

L(goi,qi0) = ), P(S1,82...5n)

Obtain rate parameter(s) with highest likelihood among
all possible reconstructions for a given tree topology
and branch lengths.



Justification for the Markov Model & Some
Potential Problems

 Although not necessarily the most realistic models possible, Markov
processes are “simple ways to represent unpredictability.” - Schluter et al.

1997

- Assumption of rate constancy cited by Schluter et al. 1997 as “the most
glaring weakness,” but other problems exist as well

- Good news: new methods permit alternative models

- Assumes that the tree topology and branch lengths are known with certainty
* More good news: Bayesian methods to the rescue!

- Assumption that traits do not drive diversification.

« BiISSE model and extensions



Another Important Limitation

- May not be able to accurately estimate multiple rates (e.g., 901 v. q10)

 “Limiting the number of parameters is more crucial when estimating ancestor
states than when estimating phylogenetic trees because here we are
iInterested in a single character. In contrast, likelihood estimates of trees use
information on many characters (i.e., base pairs) simultaneously.”

- Often assume a single rate
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Examples

- Marginal likelihoods and rates

* Ancestral reconstruction

- Rate comparison and variation



Bayesian Analysis of Trait Evolution

Syst. Biol. 53(5):673-684, 2004

Copyright (© Society of Systematic Biologists
ISSN: 1063-5157 print / 1076-836X online
DOI: 10.1080/10635150490522232

Bayesian Estimation of Ancestral Character States on Phylogenies
MARK PAGEL, ANDREW MEADE, AND DANIEL BARKER

School of Animal and Microbial Sciences, University of Reading, Whiteknights, Reading RG6 6A] England;
E-mail: m.pagel@rdg.ac.uk (M.P.)

Pagel et al. 2004. Systematic Biology



Bayesian Analysis of Trait Evolution

Klopfstein et al. BMC Evolutionary Biology 2010, 10218
http/Avww biom edcentral com/1471-2148/10/218

RESEARCH ARTICLE

The evolution of antennal courtship in

BMC
Evolutionary Biology

Open Access

diplazontine parasitoid wasps (Hymenoptera,

Ichneumonidae, Diplazontinae)

Seraina Klopfstein'?", Donald LU Quicke®*, Christian Kropf'
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. no coiling
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Bayes Theorem for Tree Reconstruction

T = 1ree
S = alighed sequences

_ - Likelihood Function Prior
Posterior Probability \_p
p(Ti|S) = > (1)

Unconditional Probability



Bayes Theorem for Rate Coefficients

0 = set of rate coefficients
D = dataset of trait values for species in our tree

, . Likelihood Function Prior
Posterior Probability D
p(Qi|D,T) = T (3)
0

Unconditional Probability




Accounting for Phylogenetic Uncertainty

0 = set of rate coefficients
D = dataset of trait values for species in our tree

w H~

- N

p(Qi|D,T) = c (3)
1 YV 4 fQ
I
p(Qi|D) = (4)



Accounting for Phylogenetic Uncertainty

0 = set of rate coefficients

D = dataset of trait values for species in our tree

p(Qi|D,T) = 2 (3)
1 V4 fQ

Integrate over all trees

S

p(Qi|D) =

Jo

b ol
!

L ‘
L ‘



The Ancestral States

si; =/ Is the character state at node i
7 =0 or 1 for a binary trait
p(sij| D) ;.. = Posterior probability of j at node i given that

node / appears in the tree (1eT)

p(Sij|D);p = Js (5)

J




The Ancestral States

This equation only works when the node is present.

This is problem because we’re going to end up over-
estimating p(sij| D).

p(Sij|D);p = Js (5)

J




The Ancestral States

This equation only works when the node is present.

This is problem because we’re going to end up over-
estimating p(sij| D).

J

pP(Sij|D) ;e =

J

p(sij|D) T

(5)



Bayesian MCMC for Character Reconstruction

1. Start with random parameters and tree sampled from posterior distribution of
Bayesian phylogenetic analysis.

2. At each generation propose a new combination of rate parameters and a new
tree from the posterior of our previous phylogenetic analyses



Bayesian MCMC for Character Reconstruction

1. Start with random parameters and tree sampled from posterior distribution of
Bayesian phylogenetic analysis.

2. At each generation propose a new combination of rate parameters and a new
tree from the posterior of our previous phylogenetic analyses

3. If new tree has higher posterior probability, accept the move

4. If the new tree has a lower probability, accept with probabilty new/current

5. Save parameters every n generation

~ Pr(T411D)
~ Pr(T21 D)




The Acceptance Ratio

Pr(T1 I D) —

R =

Pr(T+11 D)

Pr(T. | D)

PI‘(T1) PI’(D | T1)

> 1Pr(Ti) Pr(D | Ty)
PF(T1) PI’(D | T1)

2 7Pr(Ti) Pr(D | Ti)

R =

Pr(T2) Pr(D | T2)

Pr(T2| D) =

Pr(Tz) PF(D | T2)

2 7Pr(Ti) Pr(D | Ti)

Pr(T+1) Pr(D | T4)

Pr(T2) Pr(D | T2)



A Worked Example

- The evolution of pancreatic Hamster (G)
ribonuclease Pe (@)

Camel (G)

° Shlft from G tO D at the base Of the 9 Hippopotamus (D)
ruminants PWen 1 Whale (G)

_ _ — Harbor Porpoise (G)

* Previous analyses support this Faise Kiler Whale (G)
scenario, but with considerable —@3 ﬂomhin(@
uncertainty | = .....- B T X chevrotain (D)

&5 Roe Deer (D)
— Hog Deer (D)
S Giraffe (D)
7 Pronghorn (G)
8 Goat (D)
—[Sheep (D)
| —— Buffalo (D)

0.1

L Cow (D)




Priors for Bayesian Character Reconstruction

- “Priors are the soft underbelly of Bayesian analyses.” - BayesTraits manual




Priors for Bayesian Character Reconstruction

- “Priors are the soft underbelly of Bayesian analyses.” - BayesTraits manual

- Because we’re concerned with only a single character, the priors can have a
stronger impact than they might in a dataset with hundreds or thousands of

nucleotides. Small sample Large sample

Likelihood
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A lL e PR | 4IJ_A — i
0 02 04 06 08 1 0 02 04 06 08 1
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|
|
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I
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I
1
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|

b - —————

0 02 04 06 08 1 0 02 04 06 08 1

P ' p From Felsenstein 2004



Priors for Bayesian Character Reconstruction

- “Priors are the soft underbelly of Bayesian analyses.” - BayesTraits manual

- Because we’re concerned with only a single character, the priors can have a
stronger impact than they might in a dataset with hundreds or thousands of
nucleotides.

 In Pagel et al.’s worked example, the uniform or uninformative prior produces
poor log-likelihood scores and rate posteriors with large variances and

means. TABLE 2. Posterior distributions derived from three different prior
distributions. All priors are beta distributed. The uniform prior as-
sumes that the two parameters of the beta distribution area = g = 1;
the ‘maximum likelihood” prior bases the beta distribution on the mean
and variance across trees of the maximum likelihood values of the rate
parameters; the ‘likelihood surface” prior bases the beta distribution on
the mean and variance of the likelihood surface of the rate parameters
on the consensus tree.

Average + SD of posterior distribution

Prior qcp qpG Log-likelihood
Uniform qcp, qpg: 0-100  11.47 +£6.28 13.28+9.13 —16.63 £ 1.50
Maximum likelithood 582+090 6.63+1.01 —-15.224+0.59

qcp: beta(5.82 £ 0.75)
qoc: beta(6.63 + 1.17)

Likelihood surface qgp, 7.42+348 8.05+3.77 —15.82+0.89
qoc: beta(8.2 +5.39)




Priors for Bayesian Character Reconstruction

- First calculate the rate parameter of the model on each tree in the dataset
using maximum likelihood and derive a prior that emulates this distribution

- The “empirical Bayes estimator”

TABLE 2. Posterior distributions derived from three different prior
distributions. All priors are beta distributed. The uniform prior as-
sumes that the two parameters of the beta distribution are« = g = 1;
the ‘maximum likelihood” prior bases the beta distribution on the mean
and variance across trees of the maximum likelihood values of the rate
parameters; the ‘likelihood surface’ prior bases the beta distribution on
the mean and variance of the likelihood surface of the rate parameters
on the consensus tree.

Average * SD of posterior distribution

Prior qcp qpG Log-likelihood
Uniform qgp, qpg: 0-100 1147 £6.28 13.28+9.13 —16.63 +1.50
Maximum likelihood 582+090 6.63+1.01 —-15.22+0.59

qcp: beta(5.82 + 0.75)
qoc: beta(6.63 £ 1.17)

Likelihood surface qgp, 7.42+348 8.05+3.77 —15.82+0.89
qoc: beta(8.2 + 5.39)




Fine Tuning Bayesian Inference of Character
Evolution

- Obtaining a suitable estimate of the prior
« Ensuring proper mixing during MCMC
* Assessing burn-in

« Assessing variation among independent runs



Fine Tuning Bayesian Inference of Character
Evolution: MCMCMC?

« “Our (unpublished) experience is that MCMCMC is of limited value in a
phylogenetic context. Swapping of states is rare before convergence when
the chains might be in different regions of the universe; and yet it is in these
parts of the runs when exchanging information could be most valuable.”

- “By comparison, some number of independent MCMC chains begun from
random starting points, requires the same computing power as one
MCMCMC run with the same number of chains, but each chain can be used
for inference. This makes the MCMC procedure, other things equal, more
efficient. If all of the independent runs converge to the same region of the tree
space, this provides evidence that the chains have explored the tree space
effectively.”

Pagel et al. 2004
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Within Versus Between Tree Variance

TABLE3. Estimates of the between- and within-tree components of

variance in ancestral state reconstructions. The MS between has 499 df
and the MS within has 50,000 — 499 or 49,501 df (see text).

Mean square  Mean square

Measure between trees  within trees F = MSB/MSW  P-value
dcp 34.2 11.9 2.87 <0.001
qpG 65.7 13.7 4.81 <0.001

Log-likelihood 32.85 0.45 73.35 <0.0001




BayesTraits

* Investigating trait evolution in a plant radiation

- Estimating forward and reverse rate parameters

 Ancestral character state reconstruction



Stochastic Character Mapping

Syst. Bol 52(2)131-158, 2003
DOIL: 10,1080/ 106351 501300192780

Stochastic Mapping of Morphological Characters
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Abstract — Many questions in evolutionary blology are best addressed by comparing traits in different spectes. Often such
studies involve mapping characters on phylogenetic trees. Mapping characters on trees allows the nature, number, and #imin
of the transformations to be denttfied. parstmony method is the only method avatlable for mapping morph
characters on phylogentes. Although the parsimony method often makes reasonable reconstructions of the history of a
character, it has a number of imitations. These limitations include the tnabtlity to consider more than a single change along a
branch on a tree and the unoouglzlgf of evolutionary time from amount of character change. We extended a method described
by Nielsen (2002, Syst. Biol. 51:729-739) to the mapping of morphological characters under continuous-ttme Markov models
and demonstrate here the utility of the method for mapping characters on trees and for identifying character correlation.
[Bayesian estimation; character correlation; character mapping; Markov chain Monte Carlo.]
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SIMMAP: Stochastic character mapping of discrete traits on
phylogenies
Jonathan P Bollback*

Syst. Biol. 51(5):729-739, 2002
DOI: 10.1080/10635150290102393

Mapping Mutations on Phylogenies

Address: Bloinformatics Center, University of Copenhagen, Universitetsparken 15, Butlding 10, 2100 Copenhagen @, Denmark

Email: Jonathan P Bollback* - bollback@binf ku.dk
R ASM US N I ELSEN * Corresponding author

Department of Biological Statistics, Cornell University, 439 Warren Hall, Ithaca, New York 14853-7801, USA;
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Abstract —Mapping of mutations on a phylogeny has been a commonly used analytical tool in phylo-
genetics and molecular evolution. However, the common approaches for mapping mutations based
on parsimony have lacked a solid statistical foundation. Here, I present a Bayesian method for map-
ping mutations on a phylogeny. I illustrate some of the common problems associated with using
parsimony and suggest instead that inferences in molecular evolution can be made on the basis of
the posterior distribution of the mappings of mutations. A method for simulating a mapping from
the posterior distribution of mappings is also presented, and the utility of the method is illustrated
on two previously published data sets. Applications include a method for testing for variation in the
substitution rate along the sequence and a method for testing whether the dy /d; ratio varies among
lineages in the phylogeny. [Data augmentation; DNA sequence evolution; Markov chain Monte Carlo;
phylogeneﬁcs.r



Stochastic Character Mapping

* Advantages over parsimony
- 1. (most importantly) only one change per branch

2. underestimates variance by only considering the most parsimonious
reconstruction

3. no framework for accommodating uncertainty in the phylogenetic
reconstruction

* Bollback 2006



Evolution of venom proteins in reptiles

ARTICLE
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Dynamic evolution of venom proteins
In squamate reptiles

Nicholas R. Casewell, Gavin A. Huttley® & Wolfgang Waster?

Galus gallis 32160281
Thamnoghis alagans cortigs375

— Fythonbivittans contign2483

Donaghisrodn acuus 57701680

Bothmops jammca 6601472

Prosobothmops lavoviridis 2114117

Gbydus halys 20203574

Gbydlus ussudorsls 2407644

Caastos comstos 32320781

Maoovpom lobating 22417111

Froidbothmps mucmosguamabs 602601

_E Crotdus adamantous 18072834
Viridovipom stojnogod 33307 100

Protobothmps josdond 996778

Tdmarosurus graminous 2114121

Gloydius ussuribng's 18380600

Bothrops jpmm cussy 32308013

Bits gabonica 38570050

Magovipora loboting 6562043

Lachosdls muta BB851963
—C Crotabis atrox 18662052
Lapomis hardwl ok 56566178
Phiodryas oforsi 73348383

Philodnas oforsi 73348307
Phibdryas olforsl 73348246
1.00 Phibdryas olforsl 7 3348340
09gEE Phibbdryas offorsl 73348403
'— Thamnqphis alagans contig77142 —

— Vamnus scalbds 300872874 —

Vamnus madansl 30067 2870

—EE Vamnus gouldl 300872868
Varanus panoptos 300872882

L— Vamnus ghuort! 300872854
E Vamnus acanthurus 73347833
Vamnus gllon 30067 2852
— Vamnus micholl 73347670
Vamnus gouldl 30067 2872
Vamnus gouldl 300872880
Vamnus gouldl 300872
Vamnws ihdicus 300872866 .
Vamnus saalads 30067 2884 — Lzasd
Varanus gavedi 30087267 6
Varanus tists 300672878
Vamnus kamodoand's 165798230
Vamnus indaus 300872850
Vararus komodoonsk 166708237
Varanus gouldil 300872858

Garshorotus infomalls 300872802
1.00/0s/ Colastus waran 30087 2806
1,; E Colastus waran/ 30087 2808
G infornalis 300872804 GU441406
1.00/ 100V 4%51—‘_— Holodorna horridum 301071100
1.00/100 05646 Holbdorna suspoctum ain ctum 190700086 -
Thamnophis alogans contig? 5037
1 Galus gallus 603002
Thamnophis dogans contig 8052
Homo saplons 3028429 Homo
mplons 2558011
08445 u fasdaulak 296140
Mus s 12834000
Homo saplons 3540700
Homo maplens 77863172

{ Rattus norveglows 5295880
Homo saplons 1015006

1.00/08/
1.00/100

01

Figure 3 | Bayeslan DNA gene tree of the kalllkreln toxin family. Multiple support values are given at key nodes In the following order: Bayesian DNA,
ML DNA, Bayesian aa, ML aa; x indicates no support for the node in that analysis. Tips of the tree coloured In red indicate Toxicoferan sequences sourced
from the venom gland and those coloured In blue Indicate the ones sourced from non-venom gland tissues (‘physiological’ non-toxins). Ple charts
represent the bpp of ancestral state reconstructions at that node: red = venom, blue =non-venom. The numbered codes for each sequence presented In

the genetree represent GenBank Gl accession numbers.

Casewell et al. 2012. Nature Communications



Number of iterations

400000

Evolution of Pharyngognathy

800000 1000000 1200000

600000

200000

0

\!
\
N
)

Systematic Biology Advance Access published June 27, 2012

Running Head: EVOLUTION OF PHARYNGOGNATHOUS PERCOMORPH FISHES

The Evolution of Pharyngognathy: A Phylogenetic and Functional Appraisal of the
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Figure 2. Phylogenetic relationships, habitat reconstruction, and distribution of body size for Varanus species. The phylogeny depicted
is the maximum cdade credibility tree resulting from Bayesian inference on mtDNA sequences for 37 species. Nodes are supported by at
least 0.99 posterior probabilities unless otherwise noted. The history of habitat mapped onto this tree is a single stochastic character
map given the observed states for species and this phylogeny. Colors on branches indicate inferred habitat state and colored boxes next
to spedes names represent species habitat states; orange is terrestrial, green is arboreal, and dark gray is rock-dwelling. Spedes values
for adult SVL are based on data for measurements on preserved adult spedmens (see Materials and Methods for details).



Stochastic mapping

* The basic algorithm
- 1. Calculate conditional likelihood for each state at each node
- 2. Simulate ancestral states at internal nodes by sampling from posterior

- 3. Simulate substitution history by sampling from posterior conditional on
reconstructions from step 2 and observed states at the tips of the tree.
Waiting times from exponential distribution with rate from diagonal of Q
matrix conditioned on current state



Stochastic mapping in R

- make.simmap function

 Primitive functionality relative to SIMMAP, but easier to learn with

* Line by line through make.simmap



