Developing and applying tools to answer outstanding
biological questions using phylogenies, Il
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Teaching

2014-15  2013-14  2012-13  2011-12  2010-11 2009-10

Speciation 2 1 1
Macroevolution 1 1 1 1 1 1
Core: Evolution* 1 1 1 1 1 1
gl @ Pt<% 2 2 2 %

Bio130: Biodiversity 1 1

Seminar 1

 High performance computing for phylogenetics, NIMBioS tutorial. Organizer

* Species delimitation course, Gothenburg, Sweden. Instructor

* eFlower summer school, Vienna, Austria. Instructor

* Evolutionary quantitative genetics, NESCent. Instructor

* Markov processes, Lausanne, Switzerland. Instructor

« Computing in the cloud, NIMBioS tutorial. Co-organizer
 Evolutionary quantitative genetics, NIMBioS tutorial. Instructor

* Team taught courses



Teaching

nnovation

Lampyr

Welcome to Lampyr. For more information, see our

. There are 128,604 georeferenced species and
8,703,452 points in the database, so it may take a minute
to search once you hit the button below.

Find closest species

Options (scroll down Lampyr
Use only species witl
interpret, but fewer sj

The 25 closest species:

Yes Ties are broken randomly. Note that these points are where species were at some

time In the past. Species migrate, are cut down, paved over, etc. Also, sometimes
it eople
head and use that for all the species they collect on the trail. In short, f a given
Use enhanced speci( specles s reported as being 0.0 miles away, It might be right thers, but it might
not. Also note that fewer than 1% of all species are in this database, 5o the actual
diversity surrounding you Is far greater.

Number of Seiurus motacilla

species to Lousiana waterthrush >
return: 0.2 mi ENE

inind/ ™

o ot
u €0 Schistocerca damnifica

Carolina locust >
0.4 mi NE

Nycticorax nycticorax
black-crowned night-heron >
0.5 mi WSW

Cyprinella galactura
whitetail shiner >
0.8 mi ENE

Dendroica pensylivanica
chestnut-sided warbler
2.3 mi WSW

Home  Videos  Playlists nnels  About Q@

e 2013 Macroevoution EEB464

by Brian O'Meara « 32 videos * 138 views * 24 hours

» Playall < Share = Save

1 - Macroevolution: Evidence, 28 Aug 2013 Brian O'Meara
Macroevolution: Taphonomy, 30 Aug 2013 Brian O'Meara
Macroevolution n, 4 Sept 2013 Brian O'Meara
Macroevolution: Phylogenetics, 6 Sept 2013 Brian O'Meara

Macroevolution: Empirical Distributions, 9 Sept 2013 Brian O'Meara

Macroevolution: Biogeography and Phylogeography, 11 Sept
2013

Brian O'Meara



Teaching

* Bio130: Greatest contribution to learning: “The open dialogue we
had in every lecture”

* Macroevolution: “l found this class wonderfully stimulating and |
really appreciated that Prof. O’Meara would stop in the middle of

his lecture to answer any and all questions without it bothering
him”

» Core: “The subject is a difficult one, but O’Meara communicated
complex topics in a very understandable way. In short, he is a great
teacher with many great qualities (organized, attentive, intelligent
but relatable)”
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People

Students Postdocs
Sam Borstein Hugo Alamillo
Jenn Bosco Barb Banbury
Katie Massana Jeremy Beaulieu*
Orlando Schwery J] Chai*

Nathan Jackson
Tony Jhwueng*
Sandy Kawano*
Michelle Lawing*
Ryan Martin*
Nick Matzke*

* = NIMBioS postdocs | co-mentored, about 19% of all NIMBioS postdocs



EEB Network,
w/out O’Meara
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Williams Foy ¢
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Bailey Hughes
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EEB Network,
w/out O’Meara

Greenberg
Boake
Echternacht
Burghardt .
Hallam Gilchrist
Riechert Gavrilets
McCracken Sonall
Fitzpatrick Schilling
Williams Fordyce
Simberloff Hulsey Feild

Classen -~ Schweitzer

Sanders Ubeda Matheny

Bailey Hughes

Petersen

EEB Network,
with O’Meara

Boake
Bailey Ubeda
Sanders
[ L Petersen
Schweitzer Gavrilets
Classen
\ ‘ Hughes
Simbezloff Fordyce

‘e : R
Fitzpatrick M LAa Matheny
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Riechert
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Greenberg

Coauthorship
——— Coauthorship with me
Grant proposal with me
—— Serving on the committee of
another’s student
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Service & Outreach

Co-Organizer, Evolution 2014 (2000 participants)
Lightning talk organizer, Evolution 2013

Phylotastic Leadership Team (hackathons)

iEvoBio Leadership (satellite conference)

Elected member of Society of Systematic Biologists council

http://www.comicvine.com/forums/battles-7/akatsuki-vs-jedi-council-1451424/



Service & Outreach

Co-Organizer, Evolution 2014 (2000 participants)
Lightning talk organizer, Evolution 2013

Phylotastic Leadership Team (hackathons)

iEvoBio Leadership (satellite conference)

Elected member of Society of Systematic Biologists council
Darwin Day Tennessee advisor

Applications Editor, Methods in Ecology and Evolution
Reviewer for Science, NSF, Systematic Biology, and
numerous other journals

Maintainer of CRAN Task View for Phylogenetics in R
EEB Dept. web committee, head search committee,
undergrad affairs, grad admissions, Dean’s Advisory
Council, many grad student committees in four
departments




Service & Outreach

e Co-organized Women in Science seminar series in first year
~ at UTK, got funds from Haines-Morris and buy-in fror



Service & Outreach

» Co-organized Women in Science seminar series in first year
at UTK, got funds from Haines-Morris and buy-in from
multiple departments

» Highlighted twice in Science Careers for work helping grad
students prepare for NSF proposals during federal shutdown

FEEDBACK HELP LIBRARIANS All Science Journals A ADVANCED

SCience I — ALERTS | ACCESS RIGHTS | 8I IN

[, \W.VYXY NEWS SCIENCEJOURNALS CAREERS MULTIMEDIA COLLECTIONS JOIN / SUBSCRIBE

) 1 :
SClel'lce Careers From the journal Science Help Meetings & Events  About Science Careers ~ Contact

Find A Job Forum For Employers

Career Magazine My Science Career Graduate Programs Tools & Tips

Issues & Perspectives Career Advice ‘The Job Market Career Profiles Life & Career Diversity Issues

E— - T

Government Shutdown

The Latest Shutdown Information for NIH-
and NSF-Funded Researchers (UPDATE)

By Jim Austin

THIS HUII.DIN(.‘ 1S

commne phampn — ok

v, BeReadyMN.com

September 30, 2013

Do you have new shutdown-related information that's relevant to NSF- or NIH-funded investigators or those
seeking funding from the major agencies? Send us an email.

On Friday, 27 September, we described the likely impact on scientists funded by the National Institutes of Health
(NIH) and the National Science Foundation (NSF) if the government entered a period of partial shutdown. That

indeed came to pass the following Monday, at midnight. Here's what we've learned since then

10/06/2013

BOOKMARK

« More on accessing information from NSF's Web site--this via Twitter from Brian O'Meara, who, as we
mentioned on Wednesday, had archived some critical files on his Web site. O'Meara tweets

Internet Archive to the rescue: http/t.coMSvmF5A6qi .@SciCareerEditor #shutdown .@NSF

— Brian O'Meara (@omearabrian) October 5. 2013

You may need to be patient because it's slow, but that should get you to most of what you need from NSF. (I've
been using the Wayback Machine forever, so I'm surprised | didn't think of that earlier. Thanks Brian!)

40MNAMN12



Service & Outreach

S Co organlzed Women in Science seminar series in first year
o el laines-Morris and buy-in fro

oot tTunds from

Fortunately, there are workarounds. Start at the Web site of Brian O'Meara, an assistant professor at the
University of Tennessee, Knoxville, in the Department of Ecology and Evolutionary Biology. O'Meara has
located and stashed away some NSF forms likely to be in frequent demand: NSF's Grant Proposal Guide: the
program solicitation for Directorate for Biological Sciences Doctoral Dissertation Improvement Grants (Due
date: 10 October): and the program solicitation for the crosscutting Graduate Research Fellowship Program,
which has due dates in early November.

-m‘z:;st Shutdown Information for NIH-
= and NSF-Funded Researchers (UPDATE)

By Jim Austin

Do you have new shutdown-related information that's relevant to NSF- or NIH-funded investigators or those
seeking funding from the major agencies? Send us an email.

On Friday, 27 September, we described the likely impact on scientists funded by the National Institutes of Health
(NIH) and the National Science Foundation (NSF) if the government entered a period of partial shutdown. That
---indeed came to pass the following Monday, at midnight. Here's what we've learned since then:

10/06/2013

« More on accessing information from NSF's Web site--this via Twitter from Brian O'Meara, who, as we
mentioned on Wednesday, had archived some critical files on his Web site. O'Meara tweets,

Internet Archive to the rescue: httpJt. co/MSvmF5A6ai .@SciCareerEditor #shutdown .@NSF

— Brian O'Meara (@omearabrian) October 5, 2013

You may need to be patient because it's slow, but that should get you to most of what you need from NSF. (I've
been using the Wayback Machine forever, so I'm surprised | didn't think of that earlier. Thanks Brian!)

Ef:7: 7.7 : )



Service & Outreach

» Co-organized Women in Science seminar series in first year
at UTK, got funds from Haines-Morris and buy-in from
multiple departments

» Highlighted twice in Science Careers for work helping grad
students prepare for NSF proposals during federal shutdown

Fortunately, there are workarounds. Start at the Web site of Brian O'Meara, an assistant professor at the
University of Tennessee, Knoxville, in the Department of Ecology and Evolutionary Biology. O'Meara has
located and stashed away some NSF forms likely to be in frequent demand: NSF's Grant Proposal Guide: the

Progi 10/06/2013
datef
whick ¢ More on accessing information from NSF's Web site--this via Twitter from Brian O'Meara, who, as we

mentioned on Wednesday, had archived some critical files on his Web site. O'Meara tweets,

Internet Archive to the rescue: http/t.coMSvmF5A6ai .@SciCareerEditor #shutdown . @NSF

— Brian O'Meara (@omearabrian) October 5, 2013

'.: You may need to be patient because it's slow, but that should get you to most of what you need from NSF. (I've
been using the Wayback Machine forever, so I'm surprised | didn't think of that earlier. Thanks Brian!)

been using the Wayback Machine forever, so I'm surprised I didn't think of that earlier. Thanks Brian')




Service & Outreach

Co-organized Women in Science seminar series in first year
at UTK, got funds from Haines-Morris and buy-in from
multiple departments

Highlighted twice in Science Careers for work helping grad
students prepare for NSF proposals during federal shutdown
A representative from SSB on joint American Society of
Naturalists, Society for the Study of Evolution, and Society
of Systematic Biologists group to help gather data for
proposal to improve representation of women in those
socleties

Co-organizer of symposium at Evolution 2015 on “Women
in Science: Pairing Advances in the Theory and Application
of Phylogenetic Methods”

Outreach via social media and web (i.e., Google “Akaike
weight”)
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Continuous trait evolution

384

(a) Brownian motion

(b) OU, one sigma, one theta, one alpha (C) OU, one sigma, two theta, one alpha

(d) OU, two sigma, two theta, one alpha (3) OU, one sigma, one theta, two alpha (f) OU, one sigma, two theta, two alpha

B. C. O’Meara and J. M. Beaulieu

Trai
0
1

-1

-2

Table 2. The fit of alternative models of genome size evolution
in monocots. The best model, based on AAIC and Akaike weights,
was the OUnmva, which estimated a separate 6, o, and o2 for woody
and herbaceous monocot lineages.

Model -InLL

AIC

AAIC Wi

BM1 —227.6 459.1
BMS —203.0 412.0
OUl —160.0 326.1

156.2
109.1
23.2

<0.01
<0.01
<0.01

] \ “ “ OUym ~159.2 326.5 23.6 <0.01

. - | < | OUwmy —147.3 304.6 1.7 0.290

ol e - o OUwma ~159.2 328.5 25.6 <0.01

o o o OUwmva —145.3 302.9 0.0 0.678
ited 249 times Cited 63 times

TESTING FOR DIFFERENT RATES OF CONTINUOUS TRAIT EVOLUTION
USING LIKELIHOOD

BRIAN C. O'MEARA,' CECILE ANE,2 MICHAEL J. SANDERSON,** AND PETER C. WAINWRIGHT*S
\Center for Population Biology, University of California, Davis, One Shields Avenue, Davis, California 95616

ai

ail: beomeara@ucdavis.edu

Department of Statistics, University of Wisconsin-Madison, Medical Science Center, 1300 University Avenue, Madison,
sconsin 53706-1532

ane@stat.wisc.edu

mail:
3Section of Evolution and Ecology, University of California, Davis, One Shields Avenue, Davis, California 95616
*E-mail: mjsanderson@ucdavis.edu

SE-mail: pewainwright@ucda

edu

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
2 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 rSs.

Key words—Brownian motion, Brownie, comparative method, continuous characters, disparity, morphological evo-
1

lution, rate.
Received March 8, 2005.

Al 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 (Fjeldsa 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.

Accepted March 4, 2006.

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

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 s 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 d
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use I diversification in dragon lizards

D. C. COLLAR*, J. A. SCHULTE I}, B. C. O'MEARAf & J. B. LOSOS*
“Department of Organismic and Evolutionary Biology and Museun of Comparative Zoology, Harvard Universiy, Cambridge, MA, USA
tDepartment of Biology, Clarkson Universs, Potsdam, NY, USA

$Department of Eeology and Evolutionary Bioogy, Univerity of Tennesee, Knaxvill, TN, USA

Keywords: Abstract

Agamidae; Habitat use may lead to variation in diversity among evolutionary lineages
Brownian motion; because habitats differ in the variety of ways they allow for species to make a
ecomorphology: living. Here, we show that structural habitats contribute to differential
Iguania; diversification of limb and body form in dragon lizards (Agamidae). Based on
Tocomotion; phylogenetic analysis and ancestral state reconstructions for 90 species, we
phylogenetic comparative method. find that multiple lineages have independently adopted each of four habitat

use types: rock-dwelling, terrestriality, semi-arboreality and arboreality. Given
these reconstructions, we fit models of evolution to species’ morphological
trait values and find that rock-dwelling and arboreality limit diversification
relative 1o terrestriality and semi-arboreality. Models prelerred by Akaike
information criterion infer slower rates of size and shape evolution in lincages
inferred to occupy rocks and trees, and model-averaged rate estimates are
slowest for these habitat types. These results suggest that ground-dwelling
facilitates ecomorphological differentiation and that use of trees or rocks
impedes diversification.

tion. In this study, we test the hypothesis that diversity
varies as a function of habitat

One of the great questions in evolutionary biology ~ For many reasons, some habitats may foster greater
concerns the causes of differences in diversity among  diversity than others. Some habitat types may be readily
clades. Ecological factors are often implicated o explain  subdivided, perhaps because of spatial complexity (e.g.
this pattern because the ecological circumstances avail-  coral reefs [Alfaro et al,, 2007]) or geographical area (e.g.
able to the members of a lineage contribute to the mode  arid habitats in Australia [Rabosky ef al,, 2007]) and may
of natural selection they experience and thus shape  thereby present evolutionary lineages with many alter-
ecological divergence, morphological adaptation and the ~ native means for microhabitat specialization or local
evolution of new species. Although much work has  adaptation. Other habitats may impose stringent func-
focused on the role of biotic interactions within commu-  tional constraints that lead to strong selection resisting
nities (c.g. competition-driven divergent selection in ecological and phenotypic divergence away from an
Anolis lizards [Williams, 1972; Losos, 2009], Hawaiian  adaptive peak (Butler & King, 2004; Collar et al., 2009).
silverswords [Carlquist et al., 2003] and Darwin’s finches  Habitat types may also contribute differently to diversi-
[Schluter, 1988; Grant & Grant, 2008]), other aspects ofa  fication because they vary in the number and type of

Introduction

lineage’s ecology may also be important for diversifica-  species interactions they present, such as the presence or
absence of predators (McPeek & Brown, 2000). In
Correspondence: Davd C. Collar, Department of Organismic and addition, some habitats may provide opportunities if

Evolutionary Biology and Museum of Comparative Zoology,
Harvard University, 26 Oxford Sireet, Cambridge, MA 02138, USA.
Tel: 617 496 9099; fax: 617 495 5667; e-mail: deollar@ocb harvard.edu
Re-use of this artcl is permitied in accordance with the

‘Terms and Conditions set out at b
authorresources/onlineopen.himl

they are variable across space in the strength of species
interactions (McPeek, 1996) or in their functional
demands.

e of habitat use for diversification
have been investigated primarily in the context of

© 2010 THE AUTHORS. . EVOL. BIOL. 23 (2010) 1033-1049
JOURNAL COMPILATION © 2010 EUROPEAN SOCIETY FOR EVOLUTIONARY BIOLOGY. 1033
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MODELING STABILIZING SELECTION:

EXPANDING THE ORNSTEIN-UHLENBECK
MODEL OF ADAPTIVE EVOLUTION

Jeremy M. Beaulieu," Dwueng-Chwuan Jhwueng,>* Carl Boettiger,® and Brian C. O'Meara®
"Department of Ecology and Evolutionary Biology, Yale University, PO. Box 208106, New Haven, Connecticut 065208106

2E-maf

remy.beaulieu@yale.edu

3National Institute for Mathematical and Biological Synthesis, 1534 White Ave, University of Tennessee, Knoxville,

Tennessee, 37996-1527

“Department of Statistics, Feng-Chia University, Taichung, Taiwan 40724, R.O.C.

SCenter for Population Biology, University of California, Davis, 1 Shields Avenue, Davis, California, 95616

“Department of Ecology and Evolutionary Biology, University of Tennessee, Knoxville, Tennessee, 37996-1610

Received September 2, 2011
Accepted February 6, 2012

Comparative methods used to study patterns of evolutionary change in a continuous trait on a phylogeny range from Brownian
motion processes to models where the trait is assumed to evolve according to an Omstein-Uhlenbeck (OU) process. Although
these models have proved useful in a variety of contexts, they still do not cover all the scenarios biologists want to examine. For

odels process,

uming that the rate of stochastic

motion and the strength of selection do not vary among selective regimes. Here, we expand the OU model of adaptive evolution

to include models that variously relax the assumption of a constant rate and strength of selection. I
methods described here can assign each selective regime a separate trait optimum, a rate of stochas

its most general form, the
motion parameter, and a

parameter for the strength of selection. We use simulations to show that our models can detect meaningful differences in the
evolutionary process, especially with larger sample sizes. We also llustrate our method using an empirical example of genome

size evolution within a large flowering plant clade.

KEY WORDS: Brownian motion, comparative method, conti

haracters Hansen model, in-Uhlenbeck.

Single-rate Brownian motion works reasonably well as a model
for evolution of traits. It models drift, drift-mutation balance, and
even stabilizing selection toward a moving optimum (Hansen and
Martins 1996). However, a single parameter model can certainly
not explain the evolution of traits across all life. There have been
extensions to the model, such as a single Omstein-Uhlenbeck
(OU) process that has a constant pull toward an optimum value, a
‘multiple mean OU process with different pos
ferent groups (Hansen 1997; Butler and King 2004), and multiple
rate Brownian motion processes allowing different rates of evo-
lution on different branches (O°Meara et al. 2006; Thomas et al.
2006). These models, while useful, still do not cover al the sce-
narios biologists want to examine. For example, existing models
witha value toward which species are being pulled all have a ixed

le means for dif-

strength of pull over the entire history of the group. It is possible
toallow the rate of stochastic motion to vary, o the value of the at-
tractor to vary, but not for both to vary. Such restrictions on model

mplexity may
dozen taxa. However, in an era where phylogenies can have over
55,000 taxa (Smith et al. 2011), we may be so bold as to attempt
to fit models that vary both rates and means of the evolutionary
process. This article develops and implements such models.

Generalizing the Hansen Model

Hansen (1997) described a model where quantitative characters
are assumed to evolve according to an OU process. The Hansen
model, as it has become known, expresses the amount of change

volution © 2012 The Society for the Study of Evolution.

Chapter 15

Modelling Stabilizing Selection:

The Attraction of Ornstein—Uhlenbeck
Models

Brian C. O’Meara and Jeremy M. Beaulien

Abstract Ornstein—Uhlenbeck models are a generalization of Brownian motion
models that allow trait values to evolve to follow optima. They have become
broadly popular in evolutionary studies due to their ability to better fit empirical
data as well as for the biological conclusions which can be drawn based on their
parameter estimates, especially optimum trait values. We include a survey of
available software implementing these models in phylogenetics as well as cautions
regarding the use of this software.

15.1 Introduction

The mean value of a trait in a species is affected by multiple factors: physical
constraints on evolution, lack of variation, change due to finite population size, and
trade-offs between different optima. From one generation to the next, a trait value
could change due to processes such as genetic drift, selection towards an optimum,
or mutational pressure. If these movements are independent and identically dis-
tributed and have an additive effect through time, by the central limit theorem,
evolution will fit a Brownian motion process (if the movements have a multipli-
cative effect through time, the log of the trait value will be evolving under Brownian
motion). An Ornstein-Uhlenbeck (OU) process would better describe the process if
these movements tended to be in the direction of a particular trait value (such that
species with a trait value larger tend to evolve a smaller trait value).

B. C. O"Meara (i)
Department of Ecology and Evolutionary Biology, Knoxville, TN, USA
e-mail: bomeara@utk.edu

J. M. Beaulicu
National Institute for Biological and Mathematical Synthesis, University of Tennessee,
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Continuous trait evolution, ongoing

Brownian motion on phylogenetic networks, not trees
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Abstract.—Species delimitation and species tree inference are difficult problems in cases of recent divergence, especially
when different loci have different histories. This paper quantifies the difficulty of |0mtly fmd.mg the d]vls]on of samples
to species and estimating a species tree without the possible assi
and a nonparametric method, including new heuristic search strategies, to o this delumtatmn and tree mference using
individual gene trees as input. The new methods were evaluated using thousands of simulations and 4 empirical data
sets. These analyses suggest that the new methods, especially the nonparametric one, may provide useful insights for
systematists working at the species level with molecular data. However, they still often return incorrect results. [Brownie;
gene tree parsimony; gene tree species tree; speciation; species delimitation.]

Two of the main goals of systematics are divid- Verbeken 2007), and Melanoplus grasshoppers (Carstens
ing the diversity of life into species and discovering and Knowles 2007), to evaluate the performance of the
the phylogenetic relationships of these species. Both new methods.
can be difficult to achieve. Processes such as lineage
sorting, introgression, and undetected gene duplication
may cause gene trees to disagree with the true tree of —
spc{ics, po?entially obscuri.ngg;-rthe species tree signal Problem Definition
(Fitch 1970; Goodman et al. 1979; Avise 1983; Tajima Given a set of sequences from multiple individuals,
1983; Pamilo and Nei 1988; Doyle 1992; Hudson 1992; the general problem is to allocate those individuals into
Maddison 1997). For species delimitation, a systematist ~putative species and estimate the species tree. This so-
must choose both a species concept and a criterion to  lution, the species tree with assignment of samples to
apply this species concept to data. Even if speciation species, is termed the “delimited species tree.” Opti-
itself is effectively instantaneous, the time required for ~mally, a method will assign species and estimate the
sufficient evolutionary changes to appear to allow 2 dis-  species tree correctly, in a statistically and computa-
tinct lineages to be recognized will not be (De Queiroz  tionally efficient manner. An estimate of the delimited
2007). This causes delimitation of species to be difficult. ~ species tree may differ from the true delimited species

These two questions are biologically linked but rarely tree in topological error and/or through assignment
methodologically coupled. If intervals between speci- of individuals to the wrong species. The latter might
ation events were long enough that all species were happen by merging 2 species that should be 1, splitting
monophyletic for all their genes, once the species were 1 true species into 2, having an individual of 1 species
correctly delimited, any species could be adequately assigned to a different species, or a complex mixture of
represented by a single individual on a phylogeny. In  these. This is a more difficult problem than is typically
reality, putatively independently evolving lineages are addressed in DNA barcoding approaches (Hebert et al.
often not monophyletic (Funk and Omland 2003). The 2003; Tautz et al. 2003), where 1 or more unknown in-
phylogeny of species, unless they are defined under dividuals are assigned to existing species (Manel et al.
a strict genealogical species concept (GSC; Baum and  2005; Matz and Nielsen 2005; Abdo and Golding 2007;
Shaw 1995; Hudson and Coyne 2002), will have an as-  Zhang et al. 2008).
sortment of independent evolutionary lineages, which Most methods in systematics work on restrictions
will probably include paraphyly for at least some of of this general problem, such as assuming that assign-
their genes. Here, I attempt to unite these two questions ments to species are known (Nielsen and Wakeley 2001;
as the more general one of jointly inferring the species Carstens and Knowles 2007; Edwards et al. 2007; Liu
boundaries and the species tree. I calculate the com- and Pearl 2007) or assuming that the gene tree matches
putational complexity of the problem, develop and the species tree (Hebert et al. 2003; Pons et al. 2006).
implement methods for addressing it, and perform sim- I follow the approach of several recent authors (Pons
ulations and analyses across hundreds of parameter et al. 2006; Carstens and Knowles 2007; Knowles and
combinations to evaluate the feasibility. I also anal- Carstens 2007; Mossel and Roch 2007; Kubatko et al.
yse 4 empirical data sets, Drosophila (Machado et al. 2009), in restricting the problem using estimated gene
2002; Machado and Hey 2003), Manacus (Passeriformes) trees as input rather than by integrating across a set of
(Brumfield et al. 2008), Lactarius fungi (Nuytinck and  possible gene trees. The restricted problem still makes
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Chapter 16

Hidden Markov Models for Studying
the Evolution of Binary Morphological
Characters

Jeremy M. Beaulieu and Brian C. O’Meara

Abstract Biologists now have the capability of building large phylogenetic trees
consisting of tens of thousands of species, from which important comparative

t be However, to th that biologists have applied these
largc trees to comparative data, it is clear that current methods, such as | those that. deal
with the evolution of binary make

about how these characters are modeled. As phylogenies increase both in size and
scope, it is likely that the lability of a binary character will differ significantly among
lineages. In this chapter, we describe how a new generalized model, which we refer
to as the “hidden rates model” (HRM), can be used to identify different rates of
evolution in a discrete binary character along different branches of a phylogeny. The
HRM is part of a class of models that are more broadly known as Hidden Markov
models because it presupposes that unobserved “hidden” rate classes underlie each
observed state and that each rate class represents potenually different transition rates
toand from these ob d Aswe di the and

of this heterogeneity can provide a mbllst picture of binary character evolution.

16.1 Introduction

¢ ing many important in ecology, cvoluuon, and behavior is the
use of a ic tree. Phyl ies allow for the of taxa to
be accounted for while also opening up new ways of examining how traits change

J. M. Beaulieu (5)
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The Evolution of Plant Habit in Campanulid Angiosperms

]mmv M. BEAULIEU™*, BRIAN C. O'MEARAZ, AND MICHAEL J. DONOGHUE!

1 sy and

0. Box 208106, New Haven, CT 10620-8106, USA; and 2Department of Ecology and

swrummvy Biology, lewvsvky o Tennesse, Knavvll, TN 379961610, USA

“C Institute

thesis, University of Tennessee, 1122 Volunteer Blod, Ste. 106

Ko, T %6, 154, E lbzauhn@mmbms

Receiced 14 January 2013; reviews returned 18 March 2013; accepted 6 May 2013
Associate Editor: Mark Fishbein

Alstrct—The growth of phylogenetictres in scope and in size is promisin from the standpoint of undentanding »

‘wide variety of evolutionar

itis hly tht e iy of a binary chamner will .m« significanty among l.mques whlch could lead to errors in
‘method

o e e it st of evataion i bnary

ry Fa phylogeny.
approach by exploring the evolution of growth habit in Campamnhdae, a flowering plant clade contai
ies. The distribution of into

woody versus herbaceous

g Pl ining so
juestion the use of traditional models of fbmary

species. question
Saracer cvstution. The recogrition and sccommodaion of dunges in'the rate of growth form evolution in different
lineages demonstrates, for the first time, a robust picture of growth form evolution across a very large, very old, and very

‘widespread
herbaceous; Hidden rates model; woody]

 With the availability of larger and larger

models of evolution. Considerable attention has been
focused on continuously varying characters, and it is
now possible to apply complex, parameter-rich models
for the tree
in the processes associated with phenotypic evolution

under Brownian motion (O'Meara et al. 2006; Thomas
et al. 2006) or the Ornstein-Uhlenbeck process (Butler
and King 2004; Beaulieu et al. 2012a). In contrast,
discrete binary characters, which are often the focus of
evolutionary studies, have received little attention, and
we are continually forced to rely on relatively simple
models that apply the same rates of state change to all
branches in a tree (but see O'Meara 2007).

Simple models of binary character evolution may
make sense for small clades, but they are not likely
to adequately explain the evolution of such characters
in larger, older, and globally distributed clades. In
these instances one m.g,m expect the lability of a
trait—or the p: to undergo state chang
differ sxgnlﬁcamly among clades. In flowering planl‘s,

55,000 tips; Smith et al. 2011) we should have the power
to fit models with more than a few parameters.

Here we develop and implement a new method
for identifying different rates of evolution in a bin.
character along different branches of a phylogeny, and
we bring this to bear on the inference of ancestral states.
We illustrate this approach by exploring the evolution
of growth form in Campanulidae, an angiosperm clade
containing some 35,000 species, including the familiar
composites (sunflowers and relatives), umbels (carrots

and_ relatives), and Dipsacales (honeysuckles and
relatives). As we
of woody versus herbaceous species calls into question
the use of traditional models of binary character
evolution, and the recognition and accommodation of
changes in the rate of growth form evolution in different
lineages casts a new light on the diversification of
campanulids.

METHODS AND DATA
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AJB CENTENNIAL REVIEW

REPEATED EVOLUTION OF TRICELLULAR (AND BICELLULAR)
POLLEN'
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mately 30% of f Tull
{1967 American Jourl of Botan 54: 10691083 provided a powerfl conrmation of e Joog saning hypomsls that
ticellular pollen had many parallel and within angiosperms. f that
study with modern comparative phylogenetic methods.

« Methods: pan set
2511 which ac-
counts . (2)th ). which
i tes variation i transition rates across a phylogeny.

+ Key resuls: Seventy percent of species BiSSE found a 1.9-fold hig! it

1 HRM

+ Conclusions: The tricellular condition is not irreversibie. Pollen cell numbers are maintained a intermediate frequencies be-
. \ !

Tabilty
Key words: i te; Dollo's heteroch
paralclism; pollen germination; trade-off
At ity, the flowering plan
is tricellular, consisting of a single somatic cell that forms a pol to be restricted to aquatics, grasses, and some herbs (Elfving,
len tube that carries in its cytoplasm two free sperm cells. The  1879; Strasburger, 1884). Schiirhoff (1926) proposed that ri-

first microscopic studies of angiosperm pollen anatomy found

that male gametophytes were immature and binucleate at the

time of pollen dispersal (Strasburger, 1877; Elfving, 1879). In

such species, the generative nucleus undergoes mitosis to form

two sperm nuclei afier pollination, within the pollen tube cyto-

plasm. Hereafter, we refer to male gametic nuclei as generative
1l i i h

not free nuclei within the tube cell cytoplasm (Maheshwari,
1950; Knox, 1984a). The pollen tube tself was first observed in
Portulaca oleracea (Amici, 1824), a species that later was found
o form its two sperm ceils before pollen dispersal (Cooper,
1935). It was soon apparent that specics that formed their
sperm pollen) were idespread,

*Manuscript received 27 November 2013; revision acceped 4 March
2014,

“The authors thank J. Jenstedt for the invitation, A. E. Zanne and co-
authosfo sharing his “in pres” hylogny. . Bali o sistance

cellular pollen was independently derived numerous times and

as . eys of m
more species strengthened that hypothesis (Schnarf, 1939:
Rudenko, 1959), but it was the massive study of J. L. Brewbaker
(1967), published in American Journal of Botany, that seemed
so elegantly and powerfully to settle the matter once and for all.
he landmark Brewbaker study stands as one of the first
large-scale tests of an evolutionary developmental hypothesis
using character mapping onto an explicit phylogenetic tree, The
data came from his studies of 812 species and an additional
1096 species from the Itersture, represnting 1219 geners
Based on the species-level data, 265 families were cod
Taving eiher biallular, icelhlc, o polymosphic polen dis-
persal states. Coded families were then placed onto a bifurcat-
ing ordinal-level tree constructed from what was known of
angiosperm relationships at the time. The resulting two-page
phylogeny displayed a pattern in which families with tricellular
pollen repeatedly appeared in nested (or potentially nested) po-

Gaskett and P. Oliveira for help in the field, and S. Furches, N. B\mklcy
and B. Lawong for their efforts on an earlier version of this review. This
work was supported by National Science Foundation award 10S 1052291

sitions in both dicots, whereas
were never clearly nested within tricellular groups. This distri-
bution was consistent with Schiirhoff’s (1926) proposal of many
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corHMM: Analysis of binary character evolution

Fits a hidden rates model that allows different transition rate classes on
different portions of a phylogeny by treating rate classes as hidden states in a
Markov process and various other functions for evaluating models of binary

character evolution.
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Summary
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1. Plant traits vary widely across species and underpin differences in ecological strategy. Despite
E-mail: chulsey@utki

centuries of interest, the contributions of different evolutionary lineages to modern-day functional
diversity remain poorly quantified.

©2013 Blackwell Pub 2. Expanding data bases of plant traits plus rapidly improving phylogenies enable for the first time
a data-driven global picture of plant functional diversity across the major clades of higher plants.
‘We mapped five key traits relevant to metabolism, resource competition and reproductive strategy
onto a phylogeny across 48324 vascular plant species world-wide, along with climate and biogeo-
graphic data. Using a novel metric, we test whether major plant lineages are functionally distinctive.
We then highlight the trait-lineage combinations that are most functionally distinctive within the
present-day spread of ecological strategies.

3. For some trait-clade combinations, knowing the clade of a species conveys little information to
neo- and palaeo-ecologists. In other trait—clade combinations, the clade identity can be highly reveal-
ing, especially informative clade-trait combinations include Proteaceae, which is highly distinctive,
representing the global slow extreme of the leaf economic spectrum. Magnoliidae and Rosidae con-
tribute large leaf sizes and seed masses and have distinctively warm, wet climatic distributions.

*C author. E-mail: m

© 2014 The Authors. Journal of Ecology © 2014 British Ecological Society
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Developmental evolution of flowering plant
pollen tube cell walls: callose synthase (CalS)
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Three keys to the radiation of angiosperms into

freezing environments

Amy E. Zanne"2, David C. Tank>*, William K. Cornwell>°, Jonathan M. Eastman®*, Stephen A. Smith’, Richard G. FitzJohn®®,
Daniel J. McG].mnm Brian C. O’ Meara” Ange]aT Moles®, Peter B. Remh12 13 DanalL. R()yer14 Douglas E. Soltis''*"7,

Peter F. Stevens'®, Mark Westoby®, lan J. erght Lonme Aarssen®, RobcrtI Bertin®’, Andre Calaminus™, Rafaél Govaerts
Frank Hemmmgs Mlche]leR Leishman®, Jacek Oleksyn12 22 Pamela . Soltis'”, Nathan G. Swenson®, Laura Warman®

& Jeremy M. Beaulieu®

Early flowering plants are thought to have been woody species
restricted to warm habitats'~. This lineage has since radiated into
almost every climate, with manifold growth forms®. As angiosperms
spread and climate changed, they evolved mechanisms to cope with
episodic freezing. To explore the evolution of traits underpinning
the ability to persist in freezing conditions, we assembled a large
species-level database of growth habit (woody or herbaceous, 49,064
species), as well as leaf pt logy (evergreen or deci
of hydraulic conduits (that is, xylem vessels and tracheids) and climate
occupancies (exposure to freezing). To model the evolution of spe-
cies’ traits and climate occupancles, we combined these data with an
lleled dated mol hyl (32,223 species) for land

plants. Here we show that woody dades successfully moved into freezing-
prone environments by either possessing transport networks of small
safe conduits® and/or shutting down hydraulic function by dropping
leaves during freezing. Herbaceous species largely avoided freezing
periods by senescing cheaply constructed aboveground tissue. Growth
habit has long been considered labile®, but we find that growth habit
was less labile than climate occupancy. Additionally, freezing envir-
onments were largely filled by lineages that had already become herbs
or, when remaining woody, already had small conduits (that is, the
trait evolved before the climate occupancy). By contrast, most decldu-
ous woody lineages had an evoluti y shift to h
their leaves only after exposure to freezing (that is, the climate occu-
pancy evolved before the trait). For angiosperms to inhabit novel
cold environments they had to gain new structural and functional
trait solutions; our results suggest that many of these solutions were
probably acquired before their foray into the cold.

Flowering plants (angiosperms) today grow in a vast range of envir-
I conditions, with this breadth probably related to their diverse

© 2010 THE AUT
JOURNAL COMP!

morphology and physiology’. However, early angiosperms are gen-
erally thought to have been woody and restricted to warm understory
habitats' %, Debate continues about these assertions, in part because of
the paucity of fossils and uncertainty in reconstructing habits for these
first representatives®'". Nevertheless, greater mechanical strength of
woody tissue would have made extended lifespans possible at a height
necessary to compete for light'>. A major challenge resulting from
increased stature is that hydraulic systems must deliver water at tension

to greater heights: as path lengths increase so too does resistance®.
Among extant strategies, the most efficient method of water delivery
is through large-diameter water-conducting conduits (that is, vessels
and tracheids) within xylem®.

Early inangiosperm evolution they probably evolved larger conduits
for water transport, especially compared with their gymnosperm cousins'.
Although efficient in delivering water, these larger cells would have
impeded angiosperm colonization of regions characterized by episodic
freezing'*', as the propensity for freezing-induced embolisms (air bub-
bles produced during freeze/thaw events that block hydraulic pathways)

agnoliidae

Figure 1 | Time-calibrated maximum-likelihood estimate of the molecular

phylogeny for 31,749 species of seed plants. The four major angiosperm

lmmges chscussed in the text are highlighted: Monocotyledoneae (green),
(blue), idae (brown) and idac (yellow).

Non-seed plant (that s, bryophytes, lycophytes and

were removed for the purposes of visualization.
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ABSTRACT

Summary: Ever larger phylogenies are being constructed due to the
explosion of genetic data and development of high-performance
phylogenetic reconstruction algorithms. However, most methods for
calculating divergence times are limited to datasets that are orders of
magnitude smaller than recently published large phylogenies. Here,
we present an algorithm and implementation of a divergence time
method using penalized likelihood that can handle datasets of thou-
sands of taxa. We implement a method that combines the standard
derivative-based optimization with a stochastic simulated annealing
approach to overcome optimization challenges. We compare this
approach with existing software including r8s, PATHd8 and BEAST.
Availability: Source code, example files, binaries and documentation
for treePL are available at https://github.com/blackrim/treePL.
Contact: eebsmith@umich.edu

Supplementary information: Supplementary data are available at
Bioinformatics online.

Received on April 14, 2012; revised on July 31, 2012; accepted on
August 1, 2012

1 INTRODUCTION

Divergence times make phylogenetic hypotheses easier to inter-
pret in light of other information on geology, biogeography and
co-diversification. A number of methods exist for transforming
branch lengths to be proportional to time. However, many of
these methods do not scale well for phylogenies with thousands
of taxa. The number of species included in published phylogenies
has exploded (Goloboff et al., 2009; Smith ez al., 2009). With the
increase in the size of phylogenies, there is the need to develop
divergence time methods that are capable of handling larger
datasets. Here, we present a method, implemented in the soft-
ware treePL, for calculating divergence time estimates using
penalized likelihood (Sanderson, 2002) on large phylogenies.
Penalized likelihood uses a semi-parametric approach that
allows for different rates on different branches but has a smooth-
ing parameter, set using cross-validation, that affects how much
rate differences over the tree are penalized. Our approach at-
tempts to overcome the problem of local minima, a problem
amplified by including more taxa.

*To whom correspondence should be addressed.

2 METHODS

2.1 Penalized likelihood

The optimality criterion used in this article is the penalized likelihood
framework described in Sanderson (2002). Note that though this is
framed as a likelihood method, it is possible to interpret this as a max-
imum a posteriori estimate in a Bayesian context given particular priors
(Thorne and Kishino, 2005). It is also possible, following Sanderson’s
modifications to r8s, to use a related penalty that uses the differences
of log rates rather than differences of untransformed rates (the additive
penalty). This has been implemented in treePL, but analyses below use
the original additive penalty.

2.2 The algorithm

Divergence time estimation, and penalized likelihood especially, presents
a number of optimization challenges. One challenge is the large number
of parameters and the ratio of free parameters to observations. This can
be dampened by a large penalty function, but still presents a parametric
optimization problem. The second challenge is the presence of barriers
placed by both the user and the hierarchical nature of phylogenies. We
present a first step to overcoming these problems with extremely large
phylogenies. Our algorithm includes two main phases: a greedy
hill-climbing phase and a stochastic phase. This combination is meant
to both speed optimization and avoid local optima.

The greedy phase of the optimization step consists of two gradient-
based optimization rounds. The first round of optimization uses gradient
values from an exact gradient calculator with math derived from Sander-
son (2002). The second round of optimization uses auto-differentiation
(Gay, 2005; Griewank et al., 1996). Auto-differentiation, because it has
the same complexity as the original function, often continues hill climbing
after the exact gradient calculator fails. However, we have found, empir-
ically, that alone it is not as efficient and requires more rounds and
restarts than combining exact gradients and auto-differentiation.

‘We found that a stochastic phase, in this case a partial simulated an-
nealing procedure, is helpful in easing the parameters away from local
optima. We consider it partial as the step does not consist of a full
simulated annealing run. Instead, the phase consists of thousands of sto-
chastic optimization generations followed by intermittent greedy phases.
Although this additional step may lengthen convergence time, the result
will often improve.

The performance of optimization methods can vary dramatically by
dataset. We have provided a ‘priming’ step that will run through each
optimization option and report those that show the greatest difference in
starting and stopping likelihood scores. Although this can help, re-
searchers should replicate analyses and experiment with settings to
assure convergence. We have also provided a ‘wiggle’ option that will
report divergence times that are within two log likelihood units of the best
likelihood, suggested by Edwards (1992) as a confidence window. This
allows for the visualization of nodes that are particularly uncertain, but
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Figure 3: Instantaneous substitution rates from amino acid on row to amino acid in column under our preliminary model.
The left panel is when cysteine is the optimal amino acid, the right is when lysine is the optimal amino acid. These are just
two of the substitution matrices that are present in a given SAC,, model. Bubble area (not diameter) shows the relative
substitution rate from the amino acid listed on the left to the amino acid listed above. Red highlights the substitutions
moving towards the optimal amino acid, purple those moving away from the optimal amino acid.
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Large scale syntheses of the field

Evolutionary Inferences
from Phylogenies: A Review
of Methods

Brian C. O’Meara

Department of Ecology and Evolutionary Biology, University of Tennessee, Knoxville,
Tennessee 37996; email: bomeara@utk.edu, http://www.brianomeara.info

Keywords
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Abstract

There are many methods for making evolutionary inferences from phyloge-
netic trees. Many of these can be divided into three main classes of models:
continuous-time Markov chain models with finite state space (CTMC-FSS),
multivariate normal models, and birth-death models. Numerous approaches
are just restrictions of more general models to focus on particular questions
or kinds of data. Methods can be further modified with the addition of tree-
stretching algorithms. The recent realization of the effect of correlated trait
evolution with diversification rates represents an important advance that is
slowly revolutionizing the field. Increased attention to model adequacy may
lead to future methodological improvements.

THEORETICAL
ECOLOGY

adaptation in a nonplastic) genotype.

scenario, individuals having genetic variation for phenotypic
plasticity will be favored. Whether the population will adapt
by increasing its capacity for phenotypic plasticity ultimately
depends on the costs and physiological limits associated with
the plastic phenotype. Finally, it is worth noting that already
in 1881 (in a letter to Karl Semper) Charles Darwin, clearly
before his time, was able to envision the possibility of plastic
phenotypes evolving in response to environmental changes:
“I speculate whether a species very liable to repeated and
great changes of conditions might not assume a fluctuating
condition ready to be adapted to either condition.”

SEE ALSO THE FOLLOWING ARTICLES
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PHYLOGENETIC
RECONSTRUCTION

BRIAN C. O'MEARA

University of Tennessee, Knoxville

A phylogeny is a depiction of the evolutionary history of
a set of organisms. Typically, this is a branching diagram
showing relationships between species, but phylogenies
can be drawn for individual genes, for populations, or
for other entities.

WHAT DO PHYLOGENIES MEAN?

A phylogeny represents a history of populations. Take the
example of Figure 1. Starting at the bottom (root) of the
tree, one population splits into two. The population on the
left speciates again, but one of the descendant species even-
tually goes extinct without leaving any descendants. Vari-
ous other processes occur: population sizes (width of the
tree’s branches) vary, speciation happens through a gradual
rather than instant reduction of gene flow, populations de-
velop and lose subdivision, one species forms as a hybrid
of two other species, a few genes introgress from one spe-
cies to another, and so forth. The history of genes evolving
within these populations may be even more complex, with
selective sweeps, ancestral polymorphisms persisting across
speciation events, gene copies being duplicated and lost
within the genome, and recombination shuffling histories
within and between genes. All of this complex history is
typically summarized by a figure like that of Figure 1, with
most of the complex history abstracted away to leave only
a simplified history of populations.

It is important to interpret phylogenies correctly.
Chimpanzees (Pan troglodytes) and bonobos (Pan paniscus)
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Dwueng-Chwuan Jhwueng, Snehalata Huzurbazar, Brian C. 0’Meara and Liang Liu*

Investigating the performance of AIC in
selecting phylogenetic models

Abstract: The popular likelihood-based model selection criterion, Akaike’s Information Criterion (AIC), is
a breakthrough mathematical result derived from information theory. AIC is an approximation to Kullback-
Leibler (KL) divergence with the derivation relying on the assumption that the likelihood function has finite
second derivatives. However, for phylogenetic estimation, given that tree space is discrete with respect to tree
topology, the assumption of a continuous likelihood function with finite second derivatives is violated. In
this paper, we investigate the relationship between the expected log likelihood of a candidate model, and the
expected KL divergence in the context of phylogenetic tree estimation. We find that given the tree topology,
AIC is an unbiased estimator of the expected KL divergence. However, when the tree topology is unknown,
AIC tends to underestimate the expected KL divergence for phylogenetic models. Simulation results suggest
that the degree of underestimation varies across phylogenetic models so that even for large sample sizes,
the bias of AIC can result in selecting a wrong model. As the choice of phylogenetic models is essential for
statistical phylogenetic inference, it is important to improve the accuracy of model selection criteria in the
context of phylogenetics.

Keywords: AIC; Kullback-Leibler divergence; model selection; phylogenetics.
DOI10.1515/sagmb-2013-0048

1 Introduction

Probabilistic models are fundamental to statistical phylogenetic inference (Johnson and Omland, 2004;
Sullivan and Joyce, 2005; Kelchner, 2009). A phylogenetic model assumes that the evolution of molecular
sequences follows a substitution process along the branches of a phylogenetic tree. The random process of
nucleotide substitutions over time is described probabilistically by a substitution model; over the years many
such substitution models have been developed. The parameters in a phylogenetic model include the branch
lengths and topology of the phylogenetic tree, as well as the parameters in the substitution model (Bos and
Posada, 2005).

One of the major goals of phylogenetic model selection is to select a good substitution model for estimat-
ing phylogenetic trees from sequence data (Shapiro et al., 2006). Since statistical approaches for phyloge-
netic inference are based on particular models, model choice may significantly affect the resulting estimates
of the phylogenetic parameters (Buckley and Cunningham, 2002; Posada and Buckley, 2004). Standard
model selection criteria have been introduced for selecting phylogenetic models, but the biggest challenge in
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Abstract

The Encyclopedia of Life is a website that hosts information about life on
Earth. Its mission is to increase awareness and understanding of living nature
through a freely accessible digital source. Information is publicly available
through graphical webpages (browser interface) or through an application pro-
gramming interface (API). We developed Reol, an open-source package for the
R environment, which downloads data from the EOL API, searches for and
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Morphogenera, monophyly,

and macroevolution

Jablonski and Finarelli (1) suggest that morphogenera, even

value of a superset of those measurements is to be expected
(as is briefly mentioned in the methods section of ref. 1).
To demonstrate this, we correlated the median values of In
body mass from random sets of 3, 7, and 15 mammal spe-
cies and 0-30 additional species for 45 simulated genera,
using data from ref. 2 (Fig. 14). Even when the median of
3 species is correlated with those 3 plus 15 additional spe-
cies, the correlation is significant. Moreover, slightly better

when they are nonmonophyletic, serve as good representa- than random assignment of species to genera increases the
tives for large-scale evolutionary studies. We feel there are expected correlation. To show this, we compare the results

two issues that warrant further discussion. First, the test
used to evaluate the effect of using nonmonophyletic

of figure 34 from ref. 1 with simulations where 45 genera
of 3 species each were created from species chosen ran-

groups for macroevolutionary studies was not conservative domly from (i) the same family (Fig. 1B) and (ii) the same
and thus does not provide strong evidence about the impact order (Fig. 1C) (data from refs. 2 and 3). Correlations be-
of nonmonophyly on evolutionary studies. Their test exam- tween morphogenus median and the smallest clade contain-

ined whether the median trait value for the species in a
nonmonophyletic genus correlated with the median trait

ing the morphogenus species were significant (P < 0.0001).
Thus, the observed correlations presented in ref. 1 are not

value for those same species plus the additional species surprising.

needed to make the set monophyletic. Correlation of the
median value of a set of measurements with the median

A,

04 06 08

p-value for correlation

02

Second, ref. 1 also appears agnostic as to whether the mor-
phogenera should be used together with a phylogeny when

B

0

Total Body Mass

n=45,1 =095,p<0.0001
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]

Total Body Mass
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10 12

10 15 20 25 20 2 . 6 s
Number of random species added Genus Body Mass
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=451 =0.836,p <0.0001
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Genus Body Mass InBody Mass

Fig. 1. Correlation analyses of morphogenera and comparative analysis of body mass and gestation. (4) Significance (Spearman correlation, as in ref. 1) of
correlation of means of /n body mass of a set of X species with a set of X + Y species (solid lines), where X is 3 (closed circles), 7 (triangles), or 15 (open circles)
and Yis0,5, 10, 15, 20, 25, 30, where the larger set includes all the species in the smaller set. Dotted lines correspond to correlating a set Xwith asetZ + ¥ species,
where the size of Z and X are the same, but the species differ. The dark solid line represents P = 0.05. For each point, 2,000 replicates, each with 45 randomly
generated sets, were used. The masses came from ref. 2, pruned down to the set of species also in the tree of ref. 3. (8 and C) Plots of /n body mass 45 simulated
morphogenera, as in figure 3A of ref. 1, where genera consist of 3 species chosen at random from within mammal families (8) or orders (C) (species chosen without
replacement within genera but with replacement between genera, and genera simulated until 45 nonmonophyletic ones were recovered). The x axis shows the
median value for the morphogenus, the y axis shows the median for the smallest clade containing all of the species (based on the tree of ref. 3). No distinction

between or paraphyletic generawas

(opentriangle used for both). Otherwise, plot and analysis as in figure 3A of ref. 1. (D) Generalized

least-squares analyses of /n gestation period against /n body mass for all mammal species and genera. The thick black line shows the fit of these variables for
all genera. The medium grey line shows the fit for all mammal species, and the light grey lines show the 95% confidence interval. The thick dashed line shows
the it for the genera without correcting for the phylogeny. Grey dots represent data using species-level values and black crosses represent generic-level data.
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