Methods in Ecology and Evolution

Methods in Ecology and Evolution 2013 doi: 10.1111/2041-210X.12033

Using phylogenetic information and the comparative
method to evaluate hypotheses in macroecology

Cristian E. Hernandez", Enrique Rodriguez-Serrano’, Jorge Avaria-Llautureo’,
Oscar Inostroza-Michael', Bryan Morales-Pallero’, Dusan Boric-Bargetto’,
Cristian B. Canales-Aguirre’, Pablo A. Marquet®***° and Andrew Meade®

"Laboratorio de Ecologia Evolutiva and Filoinformética, Departamento de Zoologia, Facultad de Ciencias Naturales y
Oceanogréficas, Universidad de Concepcion, Casilla 160-C, Concepcion, Chile; 2Depan‘amento de Ecologia, Facultad de
Ciencias Bioldgicas, Pontificia Universidad Catdlica de Chile, Avda. Libertador Bernardo O’Higgins 340, Santiago, Chile;
3Instituto de Ecologia y Biodiversidad (IEB), Universidad de Chile, Casilla 653, Nufioa, Santiago, Las Palmeras, 3425, Chile;
“Santa Fe Institute, 1399 Hyde Park Road, Santa Fe, NM, 87501, USA; Laboratorio INternacional en Cambio Global
(LINCGlobal), Facultad de Ciencias Bioldgicas, Pontificia Universidad Catdlica de Chile, Avda. Libertador Bernardo O’Higgins
340, Santiago, Chile; and 8School of Biological Sciences, University of Reading, Reading, Berkshire, RG66BX, UK

Summary

1. It is widely recognized that macroecological patterns are not independent of the evolution of the lineages
involved in generating these patterns. While many researchers have begun to evaluate the effect of ancestor—
descendant relationships on observed patterns using the phylogenetic comparative method, most macroecologi-
cal studies only utilize the cross-sectional comparative method to ‘remove the phylogenetic history’, without con-
sidering the option of evaluating its effect without removing it.

2. Currently, most researchers use this method without explicitly evaluating three fundamental evolutionary
assumptions of the comparative method: (i) that the phylogeny is constructed without error (which implies evalu-
ating phylogenetic uncertainty); (i) that more closely related species tend to show more similar characters than
expected by chance (which implies evaluating the phylogenetic signal) and; (iii) that the model of the characters’
evolution effectively recapitulates their history (which implies comparing the fit of several evolutionary models
and evaluating the uncertainty of the estimating model parameters).

3. Macroecological studies will benefit from the use of the comparative method to assess the effect of phyloge-
netic history without removing its effect. The comparative method will also allow for the simultaneous analysis
of trait evolution and its impact on diversification rates; it is important to evaluate these processes together
because they are not independent. In addition, explicit evaluations of the assumptions of comparative methods
using Bayesian inferences will allow researchers to quantify the uncertainty of specific evolutionary hypotheses
accounting for observed macroecological patterns.

4. We illustrate the usefulness of the method using the phylogeny of the genus Sebastes (Pisces: Scorpaenifor-
mes), together with data on the body size-latitudinal range relationship to estimate the effect of phylogenetic his-
tory on the observed macroecological pattern.

Key-words: Bayesian inference, character evolution, directional comparative method, diversifica-
tion rate, PGLS, macroevolution, phylogenetics

through the study of their general properties and the use of

Introduction . s . . .
interdisciplinary questions, such as interactions between ecol-

Macroecology is a research program that focuses on the search
for general principles or natural laws underlying the organiza-
tion of ecological systems over distinct spatial and temporal
scales (Brown 1999; Marquet 2001; Marquet 2002) using eco-
logical statistics (Smith ez al. 2008). Macroecology is a synthe-
sis of multiple disciplines (Marquet 2001) that has emerged
over the last two decades (Brown 1999; Smith et al. 2008) with
the aim of improving understanding of ecological systems
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ogy, biogeography and macroevolution (Brown 1995; Gaston
& Blackburn 2000; Maurer 2000; Blackburn & Gaston 2002,
2006). In macroecological analyses, individual species function
as replicates in the search for emergent patterns (Brown &
Maurer 1987; Kelt & Brown 2000), such as patterns related to
geographic range, body size, population density, trophic status
and species number (e.g. Brown & Maurer 1989; Blackburn &
Gaston 2001). While this discipline has reported various con-
sistent patterns in nature, such as the positive relationship
between body size and range of distribution (Gaston &
Blackburn 1996a,b,c), in general it has been difficult to identify
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the macroevolutionary processes that underlie these patterns,
and, moreover, identify the cases in which it is necessary to
consider a macroevolutionary hypothesis.

Current macroecological patterns are not independent of
the evolutionary history of the lineages involved in generating
these patterns (e.g. Maurer, Brown & Rusler 1992; Taylor &
Gotelli 1994; Maurer 1998a,b; Gotelli & Taylor 1999;
Cumming & Havlicek 2002; Diniz-Filho 2004). In this sense,
the history of the lineages, or macroevolution (Futuyma 1998),
could play a fundamental role in the origin of current macro-
ecological patterns (Fig. 1) conferring a dynamic context to
macroecological analyses and a potential process through
which these patterns could originate.

The majority of traditional macroecological studies assumes
the importance of processes of evolution and diversification
(e.g. Brown 1995) as fundamental for the generation and main-
tenance of current macroecological patterns. Nevertheless, few
studies conduct explicit evaluations of this assumption as the
macroecological approach is generally static and does not
explicitly consider the cladogenetic and anagenetic history of
the taxa. For this reason-and because studies comparing
related species are confounded if they do not take into account
the phylogenetic relationships between taxa (Felsenstein 1985;
Harvey & Pagel 1991; Martins 1996)-macroecologists have
begun to evaluate the effect of ancestor—-descendant relation-
ships on observed patterns (e.g. Taylor & Gotelli 1994; Poulin
1995; Blackburn & Gaston 1998; Pyron 1999; Harvey 2000;

Diniz-Filho & Torres 2002; Freckleton, Pagel & Harvey 2003;
Knouft & Page 2003; Price 2003; Purvis, Orme & Dolphin
2003; Olifiers, Vieira & Grelle 2004; Herndndez-Fernandez &
Vrba 2005; Rodriguez-Serrano & Bozinovic 2009). This
approach, called the phylogenetic comparative method (PCM;
Felsenstein 1985; Pagel & Harvey 1988; Harvey & Pagel 1991)
has become a standard statistical approach for analysing inter-
specific data (Ashton 2004). It is based on the observation that
phylogenetically related species tend to resemble each other in
many aspects of their phenotype as well as in ecological charac-
teristics more than is expected by pure chance, and thus, they
cannot be considered to be independent points (e.g. Felsenstein
1985; Harvey & Pagel 1991). As a result, comparative studies
that do not take into account phylogenetic relationships can
present a high rate of Type I error in the evaluation of the
hypotheses (see Felsenstein 1985, 1988; Harvey & Pagel 1991;
Martins & Garland 1991; Garland, Harvey & Ives 1992;
Garland et al. 1993; Diaz-Uriarte & Garland 1996; Harvey &
Rambaut 1998). Because of this potential for error, the major-
ity of macroecological studies that incorporate the compara-
tive method have primarily aimed at solving the statistical
problem of non-independence to carry-out statistical analyses
on patterns utilizing the cross-sectional comparative method
(CSCM), which calculates the changes across the tips and
nodes of a phylogeny to remove its history from the data.
The CSCM includes phylogenetic independent contrasts
(PICs), a technique frequently used by ecologists. According to
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Fig. 1. Relationship between Macroevolution and Macroecology, where Macroevolution studies the process of diversification (i.e. production of
new species) while Macroecology studies the ecological patterns generated at the species level. The figure depicts the two fundamental evolutionary
assumptions of the comparative method that should be evaluated: (a) that the phylogeny is constructed without error (which implies evaluating the
degree of error of the tree); and (b, ¢ and d) that the model of evolution of the characters effectively recapitulates their history (which implies evaluat-
ing the phylogenetic signal, using an appropriate evolutionary model, and evaluating the correlated evolutionary change between macroecological

characters).
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Harvey & Pagel (1991), this is a statistical approach which
allows the removal of the effect of shared ancestry on the
variability in characters, such that the points (i.e. taxa) are
statistically independent. This method is based on the Brown-
ian-motion model of evolution (Felsenstein 1985; Pagel 1993).
However, most researchers utilize CSCM without considering
that if it is possible to ‘remove the phylogenetic history’ in the
observed variation in current characters, then it must also be
possible to evaluate the effect of history without having to
remove it. This idea was conceptualized in the directional com-
parative method (DCM,; i.e. using ancestral character states
estimated explicitly or implicitly through evaluating the evolu-
tion of characters along the branches of a phylogenetic tree,
sensu Pagel 1993) and recognizes that phylogenetic trees retain
information about the mechanisms of evolutionary events that
led to extant diversity (Harvey er al. 1991; Hey 1992; Nee,
Mooers & Harvey 1992; Harvey, May & Nee 1994; Nee, May
& Harvey 1994b; Nee et al. 1994a; Kubo & Iwasa 1995;
Mooers & Heard 1997; Nee 2001). However, Pagel (1993,
1997) showed that the distinction between CSCM and DCM is
unnecessary for the estimation of slope parameters under a
pure Brownian-motion evolutionary model. Moreover, Blom-
berg et al. (2012) demonstrated that estimations of the slope
parameters beyond PICs (CSCM) and PGLS (Phylogenetic
Generalized Least-Squares) methods are equivalent under a
pure Brownian-motion model of evolution, reinforcing the
idea that in this case the dichotomy is unnecessary. Neverthe-
less, PICs usually function only under Brownian motion evolu-
tion and not when there are deviations from the Brownian-
motion model. In this case, PGLS should be applied because
of its strong statistical performance and ability to account for
complex evolutionary models (Diniz-Filho & Torres 2002;
Revell 2010; Venditti, Meade & Pagel 2011).

Macroecologists who use PICs and similar methods gener-
ally do not evaluate the three fundamental evolutionary
assumptions of these approaches (Fig. 1a, 1b): (i) that the phy-
logeny is constructed without error, which implies taking into
account phylogenetic uncertainty and utilizing it in the analysis
(e.g. Huelsenbeck, Rannala & Masly 2000); (ii) that more clo-
sely related species tend to show more similar characters than
expected by chance, which implies evaluating the phylogenetic
signal of the variable or variables under study (see Revell
2010); and (iii) that the evolutionary model used is appropriate,
which requires the comparison of different models (e.g.
Brownian motion, Brownian motion-directional, Ornstein-
Uhlenbeck; e.g. Collar, Schulte & Losos 2011), and evaluating
the uncertainty of estimating model parameters (e.g. Ronquist
2004).

IMPORTANCE OF EVALUATING EVOLUTIONARY
ASSUMPTIONS

Phylogenetic uncertainty

With respect to the first assumption, researchers typically per-
form comparative analyses on a single phylogenetic tree under
the assumption that the phylogeny or the evolutionary history
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of the group under study is known without error (e.g. Huelsen-
beck, Rannala & Masly 2000; Rezende & Garland 2003). In
this sense, the PCM is based on the hypothesis that the phylo-
genetic tree being utilized is a valid representation of the his-
tory of hierarchical relationships between the species of a
monophyletic group and of the relative degree of divergence
between the species. Nevertheless, phylogenies are rarely
known with complete certainty (e.g. Schluter 1995) and are
usually inferred from groups of morphological or molecular
data (e.g. Stepien & Kocher 1997; Felsenstein 2004), which are
themselves subject to error and uncertainty (Revell, Harmon
& Glor 2005). This presents a problem when the phylogenetic
relationship or the hierarchical relationships between the spe-
cies show high uncertainty because different phylogenetic trees
could give different answers to the same comparative ques-
tions. As a result, all of the conclusions derived from the com-
parative analyses using a single phylogenetic tree are
conditional upon the particular phylogeny selected for
analysis.

It has been suggested that the Bayesian method using
Markov Chain Monte Carlo (hereafter BMCMC) offers a
solution to the problem of sampling phylogenies using a for-
mal statistical procedure to sample from the probability distri-
bution of phylogenetic trees (e.g. Larget & Simon 1999;
Huelsenbeck, Rannala & Masly 2000; Huelsenbeck et al.
2001; Holder & Lewis 2003; Pagel & Meade 2004, 2005a). This
method can be applied to comparative analyses aimed at
studying the evolution of characters (Huelsenbeck ez al. 2001;
Lutzoni, Pagel & Reeb 2001; Pagel & Lutzoni 2002; Pagel &
Meade 2004, 2006), such as macroecological traits at the spe-
cies level. Given a sample of the probability distribution of
phylogenetic trees, the phylogenetic uncertainty is dealt with
by estimating the parameters of interest in each tree and inte-
grating the estimations over all the trees (Pagel & Meade 2004,
2005a,b, 2006; Pagel, Meade & Barker 2004). Therefore,
BMCMC provides a method that accounts for the phyloge-
netic uncertainty of comparative studies by evaluating macro-
evolutionary hypotheses in a statistically justified sample of
phylogenetic trees. However, when the phylogenetic relation-
ship shows low uncertainty, the conclusions derived using a
single phylogenetic tree or a sample of trees are the same
(Avaria-Llautureo et al.2012).

Phylogenetic signal

Addressing the second fundamental assumption of the PCM
involves evaluating the phylogenetic signal of the variable or
variables under study. The use of approaches that incorporate
the PCM has greatly increased during the last years, and some
authors now suggest that analyses incorporating phylogeny
should be routinely used (Price 1997; Blomberg, Garland &
Ives 2003). Moreover, the need to evaluate when it is necessary
to incorporate phylogenetic information in the comparison of
characteristics at the species level has been emphasized many
times (Losos 1999; Freckleton, Harvey & Pagel 2002;
Blomberg, Garland & Ives 2003; Ashton 2004; Rheindt, Grafe
& Abouheif 2004; Freckleton 2009; Miinkemiiller ez al. 2012).
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This evaluation is based on determining the ‘phylogenetic sig-
nal’ (see Pagel 1997, 1999a, 2002; Blomberg, Garland & Ives
2003) of the characters under study, which allows researchers
to describe whether the similarity in the characteristics of the
species is influenced by the phylogenetic relationships of the
species. The option of evaluating the phylogenetic signal in
macroecological variables opens the door for studying the
effects of macroevolutionary processes on observed macroeco-
logical patterns, effectively evaluating the importance of pro-
cesses of evolution and diversification on these patterns
(Fig. 1c, 1d).

If macroecological variables are found to have a phyloge-
netic signal, then the comparative method uses the phylogeny
not only to investigate the ancestor—descendant relationships
between taxa but also to evaluate the evolution of the traits
that characterize the species and the relationships between
traits (Harvey & Pagel 1991; Martins & Housworth 2002;
Blomberg, Garland & Ives 2003). In this context, the DCM
allows researchers to infer the evolution of characters to deter-
mine the direction of diversification and the rate of evolution-
ary change in characters between ancestors and descendants
(e.g. Nee, Mooers & Harvey 1992; Pagel 1993, 1997, 1999a,b,
2002; Hansen 1997; Schluter er al. 1997; Mooers, Vamosi &
Schluter 1999; Knouft & Page 2003; Bokma 2008; Cooper &
Purvis 2010; Harmon ef al. 2010; Lartillot & Poujol 2010;
Laurin 2010; Monroe & Bokma 2010; Venditti, Meade & Pa-
gel 2011). These studies are especially useful in the absence of
fossil records, given that it is sometimes possible to use the
reconstruction of ancestral characters to estimate the evolution
of continuous and discrete characters (Hansen 1997; Pagel
1997, 1999a,b, 2002; Ronquist 2004; Bokma 2008). Conse-
quently, the DCM complements traditional paleontological
approaches in the study of the past and can shed new light on
understanding the origin of current macroecological patterns.
Specifically, the current implementation of the DCM in a
Bayesian framework (Pagel, Meade & Barker 2004; Ronquist
2004) allows researchers to combine information about the
uncertainty of the phylogeny with uncertainty in the estimation
of the model parameters. In fact, the implementation of this
new approach to the comparative method provides the oppor-
tunity to evaluate complex scenarios of correlated evolution
with continuous (Organ et al. 2007) and discrete (Organ et al.
2009) characters based on the robust probabilistic evidence
that Bayesian analyses can offer.

Models of trait evolution

The third fundamental assumption of the PCM is the evolu-
tionary model used to describe the evolution of a given trait. If
the model of trait evolution assumed by a phylogenetic com-
parative method is incorrect, subsequent comparative analyses
may be invalid (Harvey & Purvis 1991, Freckleton & Harvey
20006). It is possible to evaluate the accuracy of the chosen evo-
lutionary model by comparing the Brownian-motion model
with other models that are variations of the simple Brownian-
motion model, such as Ornstein-Uhlenbeck (OU), Early Burst
model (EB), Directional model, and other tree transformation

models (see The directional comparative method: character
evolution section). All these variations on the simple Brownian-
motion model involve the transformation of the parameter
oo (i.€. TOOt state) and the V matrix (6°C, or the product of
the multiplication between the Brownian rate parameter °
and the C matrix of variance-covariance given the phylogeny)

(see Harmon et al. 2010; Slater, Harmon & Alfaro 2012).

EVOLUTION OF MACROECOLOGICAL CHARACTERS:
SOMEHYPOTHESES TO EVALUATE USING DCM

A fundamental issue in macroecology is to understand how
patterns arise, as well as the evolutionary processes that gener-
ate these patterns (Losos 1994). For example, the frequently
reported positive relationship between body size and distribu-
tion range may be explained by the ability of larger bodied
species to disperse more rapidly and successfully than small-
bodied species. Alternatively, larger bodied species may be
evolutionarily older and therefore have had longer periods in
which to disperse, establish, and attain larger geographic
ranges (see Gaston & Blackburn 1996b,c) . The latter hypothe-
sis predicts an increase or decrease in body size and range of
distribution on an evolutionary scale (e.g. Burness, Diamond
& Flannery 2001; Diniz-Filho & Torres 2002; Olifiers, Vieira &
Grelle 2004; for reviews see Gaston & Blackburn 1996b,c). If
both variables are correlated over time (i.e. during the evolu-
tion of the focal taxon, larger bodied species disperse), then the
pattern is due to these species. Alternatively, if the observed
body size values of a lineage are product of its evolutionary
age, assuming that ancestors were bigger, then larger bodied
species disperse more during their long history, generating the
current pattern. This last evolutionary explanation suggests a
trend over time from large ancestors to small descendants (i.e.
miniaturization, see Stanley 1973; and Hanken & Wake 1993).
A further alternative explanation is that the ancestor of the
focal taxon was small and increased in body size through time
(i.e. Cope’s Rule, see Stanley 1973; and Avaria-Llautureo et al.
2012). Considering that species with large body sizes require
larger home ranges to obtain the minimal resources for sur-
vival, the distribution range may increase with time, resulting
in a positive correlation between body size and range size (e.g.
Marquet & Tarper 1998; Burness, Diamond & Flannery
2001).

The positive relationship between body and range size is one
of the most frequently described macroecological patterns (e.g.
Brown 1981; Diniz-Filho & Torres 2002; for a review see
Gaston & Blackburn 1996b,¢) and has been described by a tri-
angular polygon (e.g. Gaston & Blackburn 1996¢; Diniz-Filho
& Torres 2002; Olifiers, Vieira & Grelle 2004). According to
this model, the geographic range of a species tends to increase
with body size as does its probability of extinction, based on
the minimum geographic area required for a species to survive
given its body size (Gaston & Blackburn 1996¢; Marquet &
Tarper 1998; Rosenfield 2002). This suggests that minimum
geographic range is of great importance for conservation biol-
ogy (Gaston & Blackburn 1996¢) and implies that large species
cannot survive in restricted areas.
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The most integrative approach to the macroevolutionary
study of macroecological patterns is to evaluate the effect of a
given ecological trait on the diversification process of the taxon
under study (Fig. lc, d). This issue has important conse-
quences for understanding the origin and diversification of lin-
eages (e.g. Gould 1988; McShea 1994; Marquet 2001; Wang
2001; Gaston & He 2002). In this respect, the use of the DCM
to fit models of continuous trait evolution allows for the evalu-
ation of different models of character evolution, in addition to
evaluating their time and mode of evolution (Hansen 1997;
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Pagel 1997, 1999a,b, 2002; Knouft & Page 2003; but see Bo-
kma 2008 and Hadfield 2010 for other models of trait evolu-
tion). For example, with respect to the positive relationship
between body size and distribution range, we could evaluate
the hypothesis that this macroecological pattern is the result of
macroevolutionary processes associated with changes in these
variables throughout the history of the taxon (Fig. 1). In this
case one would expect that the macroecological variables
under study will show a phylogenetic signal (Fig. 1b; Table 1,
parameter A), and correlated evolutionary change (Fig. Ic;

Table 1. Summary of evolutionary processes that can be evaluated with the approaches discussed and implemented in this article, the based models

of the approaches, associates parameters and its significance, some key references, and some softwares that implement each approach

Evolutionary processes that

can be evaluated Model Parameters Key references Software

Species traits have evolved PGLS Ohroor: Trait value assigned to the root of Pagel 2002; BayesTraits*
through Random-Walk phylogenetic trees. : Direction and Harmon et al. 2008; GEIGER'
Model (i.e. pure Brownian magnitude of change in a trait (applicable
model) or by a Directional only Directional Model). > Is the
Model evolutionary rate of trait

Similarity in species traits is PGLS Lambda (A): A = 1 indicate that Pagel 1999a,b, 2002; BayesTraits
influenced by the phylogenetic relationship predict effectively GEIGER
phylogenetic relationships the patterns of similarity between species
of the species (i.. traits. A = 0 indicate that patterns of trait
Phylogenetic Signal) similarity amongst species are independent

of phylogeny. 0 < A< [ indicate different
levels of phylogenetic signal.

Species traits have evolved PGLS Kappa («): k = I indicate gradual evolution. ~ Pagel1994, 2002; BayesTraits
according to phyletic k < indicate proportionally more evolution GEIGER
gradualisms or punctuated in shorter branches. k > 1 indicate that
evolution through the longer braches contribute proportionally
history. more to trait evolution. k = 0 indicate that

amount of evolution is associate only with
speciation’s event (i.e. punctuated
evolution).

Species traits evolution has PGLS Delta (8) in PGLS: 6 = 1 indicate gradual Pagel 1999a,b, 2002; BayesTraits
accelerate or slowed down EB evolution. 6 < 1 indicate temporally early Harmon et al. 2010; GEIGER
over time trait evolution or ‘early burst’, indicative of

adaptive radiation. >1 indicate temporally
latter trait evolution, indicative of species-
specific adaptation.

rin EB: a parameter describing the pattern
of rate change through time

Correlated evolution between ~ PGLS Correlation coefficient (r): indicate the Pagel 1997, 1999a,b; BayesTraits
two or more continuous PGLS; correlation of two variables through the Capellini, Venditti &
species traits phylogeny. In PGLS; phylogeny is Barton 2010, 2011;

incorporated as a variance-covariance Revell 2010;
matrix with A in the error term of the
regression equation.

Trait trend towards an ou o = describe the strength of selection. Hansen 1997, GEIGER

optimum value over time indicate the optimum value of a traits Butler & King 2004; OUwie?
Beaulieu et al. 2012;
Traits evolution dependency Birth-Death o Is the evolutionary rate of trait. , FitzJohn 2010; Diversitree

of diversification rates and
directional trends

directional trend ‘drift’ parameter, which
captures the deterministic or directional
component of character evolution. As, the
speciation rate. 1, extinction rate.

Abbreviations used for the model referred in this table. PGLS: Phylogenetic General Least Square; EB: Early Burst; OU: Ornstein—Uhlenbeck.

Software references:
*Pagel & Meade 2007,
+tHarmon et al. 2008;
iBeaulieu et al. 2012;
§FitzJohn 2012.
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Table 1, parameter r in PGLS). In addition, if these variables
show a phylogenetic signal, then we can evaluate other histori-
cal processes associated with the origin of the macroecological
variables (Fig. 1; Table 1) such as: (i) if the evolutionary forces
are homogeneous causing a directional evolutionary change
(parameter B, see Table 1); (ii) if evolutionary change accumu-
lates gradually or if evolution occurs in the speciation events of
lineages (i.e. punctuated equilibrium; parameter «, see
Table 1); (iii) if there is a non-constant rate of trait evolution in
adaptive radiations (i.e. if the evolution is fastest early in
clade’s history and slows through time using parameter Delta
d or r, see Table 1); (iv) if species’ traits are attracted, with a
strength of selection o, towards an optimum value through
time (parameter theta, 6 in OU model, Table 1); (v) the impor-
tance of trait evolution on diversification, taking into account
a possible evolutionary trend in the traits (i.e. trait-dependent
diversification using a Birth-Death model; Fig 1, Table 1).

These hypotheses can be evaluated by estimating specific
parameters of continuous trait evolution models (see Table 1),
that are based on the original pure Brownian-motion model
and its modifications; hence all these models can be compared
using different statistic such as the likelihood ratio test and
Akaike Information Criterion (Harmon ez al. 2008, 2010). In
particular, the evaluation of these hypotheses would allow
researchers to uncover the suite of macroevolutionary pro-
cesses that exist between the macroecological variables, such as
the potential correlated tendencies between range of distribu-
tion, body size and diversification proposed in the Taxon Cycle
Hypothesis (e.g. Wilson 1961; Ricklefs & Cox 1972, 1978;
Miles & Dunham 1996; Ricklefs & Bermingham 1999, 2002;
Ricklefs 2005).

In this study, we used the PCM to evaluate whether the vari-
ation in body size, range of distribution and also the relation-
ship between both characters, is explained by historical
processes, using rockfish in the genus Sebastes (Cuvier) as a
study model. The genus Sebastes is a monophyletic (Rocha-
Olivares, Rosenblatt & Vetter 1999; Rocha-Olivares et al.
1999), species-rich (currently 112 named species), ecologically
and morphologically diverse group of rockfishes (Magnuson-
Ford et al. 2009), and is phylogenetically well-characterized
(Love, Yoklavich & Thorsteinson 2002; Hyde & Vetter 2007).

Materials and methods

MACROECOLOGICALDATACOLLECTIONAND
EVALUATION OF PATTERNS

We built a database of the maximum body size (total length in centime-
tres) and latitudinal range extent (latitudinal degrees) reported for all of
the species of the genus Sebastes, mainly compiled from the interna-
tional database FishBase (Froese & Pauly 2010) as well as from other
sources (Appendix S1). We used latitudinal range extent because it is
the main factor in the distribution of marine animals, especially fishes
(Stevens 1989; Rohde 1992; Rohde, Heap & Heap 1993; Macpherson
& Duarte 1994; Smith & Gaines 2003; Alcaraz, Vila-Gispert & Garcia-
Berthou 2005) and consequently is a good descriptor of geographic
range size and the species’ habitats. The macroecological pattern was

determined by evaluating the relationship between body size and range
of distribution via regression analysis. The significance of this relation-
ship was evaluated using the Quantreg R package (Koenker 2012). We
fit an ordinary least squares regression (OLS) to the data and then used
the bootstrap approach (10 000 random matrices) to test the null
hypothesis that the slope was equal to 0 (a significance level of P = 0-05
was assumed in this study). Also, to evaluate the presence of a mini-
mum geographic range, we searched for an inferior limit to the distribu-
tional range-body size relationship, determining the linear regression
of the lowest significant quantile using Quantreg, which establishes the
significance of the slope (with the null hypothesis of a slope equal to 0)
using the rank score test for quantile regression (Koenker 1994;
Koenker & Machado 1999). This test evaluates the probability (P) of a
Chi-square distribution, using a bootstrap approach (for this analysis
we used 10 000 randomizations). Both analyses were performed using
natural logarithm transformations of the variables. The OLS analysis
was then done using a CSCM approach, removing the phylogenetic
effect in the macroecological variables based on PICs, which generated
a new data set (i.e. contrasts of body size and range of distribution)
using the ultrametric consensus tree (see below) based on the R package
Ape (Paradis, Claude & Strimmer 2004). With this new data set, it was
possible to apply any parametric statistic (e.g. OLS) without the effect
of phylogeny (Felsenstein 1985, 1988).

BAYESIAN PHYLOGENETICRECONSTRUCTION OF THE
SEBASTES GENUS

We use DNA aligned sequence data from eight loci for 99 of the 112
currently described species downloaded in NEXUS format from Tree-
BASE (http://treebase.org/treecbase-web/search/study/summary.html?
id=2031), which correspond to the species that were used by Hyde &
Vetter (2007) in the phylogenetic reconstruction of the Sebastes genus.
We applied a general likelihood-based mixed model (MM) of gene-
sequence evolution as described by Pagel & Meade (2004, 2005a), that
accommodates cases in which different sites in the alignment evolved in
qualitatively distinct ways, but does not require prior knowledge of
these patterns or partitioning of the data. The Reversible-Jump
Markov Chain Monte Carlo (RIMCMC) procedure (Pagel & Meade
2006) was used with the objective of finding the best MM that summa-
rizes the sequence evolution, using the BAYES PHYLOGENIES 1-1 software
(http://www.evolution.rdg.ac.uk/BayesPhy.html). ~ This  approach
enables researchers to explore the variety of possible models and
parameters, converging towards the model that best fits the data in the
posterior tree sample. Nine independent BMCMC analyses were run
using 46 580 000 generations of phylogenetic trees, sampling every
10 000th tree to assure that successive samples were independent. We
used the three independent runs which reached the same convergent
zone, from a mixed sample of trees. From the mixed sample of trees,
the first 200 trees of the sample were removed to avoid including trees
sampled before the convergence of the Markov Chain, and we re-
sampled every 25 trees to obtain a final sample of 544 independent
trees, which were used for the comparative analyses.

To obtain an ultrametric tree, to use QuaSSE method of character
evolution and diversification (see below), we analysed the sequence
alignment with BEAST 1-6-2 software (Drummond & Rambaut 2007).
This analysis was conducted using a BMCMC framework to estimate
the posterior probability of phylogenetic trees, to use the consensus tree
in the comparative analysis. As prior information, we used a
GTR + T' + I model of sequence evolution, the Yule process of specia-
tion and one point of fossil calibration: 8 4+ 2 millon years ago for the
origin of Sebastes genus (Hyde & Vetter 2007). Analyses were based on
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four models of mutation rate: (i) A strict molecular clock; (ii) an uncor-
related lognormal relaxed clock; (iii) an uncorrelated exponential
relaxed clock; and (iv) a random local clock. The MCMC chain was
run for 35 000 000 generations (1 000 000 generations were discarded
as burn-in before the posterior probabilities distribution of the selected
diversification model converged), with parameters sampled every
10 000 steps. Examination of MCMC samples using TRACER V. 1-5 soft-
ware (Rambaut & Drummond 2007) showed that effective sample sizes
for all parameters of interest were greater than 500. To find the best
molecular clock model, we used Bayes factor to compare the four clock
models, given that it is the soundest theoretical framework for model
comparison in a Bayesian framework (Drummond & Rambaut 2007).

THEDIRECTIONAL COMPARATIVE METHOD:
CHARACTEREVOLUTION

Using the PGLS model (Martins & Hansen 1997; Pagel 1997, 1999a,b,
2002) implemented in a Bayesian framework, we first evaluated the
form and mode of the evolutionary patterns using the five phylogenetic
scaling parameters defined by Pagel (1999a,b, 2002) (Beta B, alpha
Ooots 1ambda A, kappa k, and delta J; estimated from species data and
the BMCMC sample of non-ultrametric phylogenetic trees) to deter-
mine four aspects of trait evolution.

1 We evaluated whether a random-walk (Model A) or directional
change model (Model B) (Fig. Ic) was the most appropriate model
for explaining the evolution of macroecological variables. Model A
corresponds to the standard constant-variance (c%) random-walk
model (sometimes called Brownian motion). In this model, the o°
parameter of evolution is determined by choosing a value of o
from the random-walk model, where o is the trait value assigned
to the root of the tree based on the phylogenetic controlled mean
of the tip data (Pagel 2002). Model B is a directional random-walk
model. This model has two parameters, the o* parameter, as in
Model A, plus the directional change parameter, 3. This parameter
effectively measures the regression of trait values across species
against total path length (from the root of the tree to the tips),
which is interpreted as the direction and magnitude of change in a
character per unit of divergence (Pagel 2002). However, this model
can only be implemented with non-ultrametric trees where branch
lengths represent some measure of genetic divergence.

2 We evaluated the extent to which the phylogeny correctly predicts
patterns of similarity in body size and latitudinal range of Sebastes spe-
cies (i.e. phylogenetic signal, Fig. 1b) using the phylogeny scaling
parameter, A. In this approach, A reveals whether the phylogeny fits the
patterns of covariance among species for a given trait. This parameter
evaluates whether one of the key assumptions underlying the use of the
comparative method (i.e. that species are not independent), fits the data
for a given phylogeny and trait, assessing the strength of the phyloge-
netic signal. Values close to zero indicate there is no concordance
between phylogeny and the trait values of species (phylogenetic inde-
pendence). If traits are evolving as expected, given the tree topology
and branch lengths, A takes the value of 1 (i.e. pure-historical pattern or
pure Brownian-motion model; the observed pattern of trait variation
among the species is predicted by a model of evolution along the phy-
logeny; see Miinkemiiller er al. 2012). Intermediate values of A,
between 0 and 1, indicate different degrees of a phylogenetic signal.
Therefore, both non-historical and pure-historical patterns are not
ideal models, because they respectively underestimate and overestimate
the influence of phylogeny.

3 Next, we contrasted punctuational vs. gradual trait evolution
(Fig. lc) using the branch-length scaling parameter «. In this test, k
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scales with the relationship between individual branch lengths and trait
evolution (Pagel 1994, 2002). If k is 1, trait evolution is directly propor-
tional to branch length, and the gradual mode of trait evolution is bet-
ter supported. Values of k greater than 1 indicate proportionally more
evolution in longer branches. Values of « less than | indicate propor-
tionally more evolution in shorter branches. In the extreme case of
k = 0, trait evolution is independent of branch length, which is consis-
tent with a punctuational mode of evolution.

4 Finally, we evaluated the non-constant rate of evolution through
time (Fig. Ic). using the path-length scaling parameter, 3. In this test, &
is a parameter that detects differential rates of evolution over time and
rescales the phylogeny based on whether the rate of evolution is con-
stant, 8 = 1 (gradual evolution). If the estimate of § < 1, this indi-
cates that shorter paths (i.e. earlier evolution of the trait in the
phylogeny) contribute disproportionately to trait evolution (‘early
burst’). If 8 > 1 longer paths contribute more to trait evolution; this is
the signature of accelerating evolution as time progresses, with tempo-
rally later changes (sensu Pagel 2002).

To evaluate the evolution of macroecological variables, we estimated
the phylogenetic scaling parameters using a Bayesian framework,
sampling the parameter values from the posterior probability for a par-
ticular model of evolution and sample of trees. We used the distribution
of parameter values over the sample of BMCMC to evaluate the devia-
tion of the estimated parameters from the null model of pure Brownian
motion (i.e. constant-variance model with A, k and 6 equal to 1), and a
non-historical model (i.e. A equal to 0). The BMCMC approach allows
us to integrate both parameter and phylogenetic uncertainty (Ronquist
2004). These analyses were conducted using the Continuous module
implemented in BAYESTRAIT 1-0 software (Pagel & Meade 2007). We
used the Bayes factor (Gelman et al. 1995) to compare the marginal
likelihood of the observed model (i.e. constant-variance model; with A,
k and O calculated in a Bayesian framework) with pure Brownian-
motion and non-historical models. Given that the marginal likelihood
of a model is the integral of the model likelihoods over all values of the
model’s parameters and over all possible trees, this marginal likelihood
is difficult to estimate. For this reason, we used the method proposed
by Newton & Raftery (1994) based on a weighted likelihood bootstrap
with modification by Suchard, Weiss & Sinsheimer (2001) implemented
in TRACER program v1-5. The estimates were obtained using importance
sampling in Tracer with 1000 bootstrap replicates (Suchard, Weiss &
Sinsheimer 2005).

We also compared the fit of Pagel’s models plus Ornstein-Uhlenbeck
(OU), and the Early Burst model (EB), to explore the best fitting model
to the macroecological variables (Table 3). The OU model describes
how a trait evolves away from its optimal value (0), and is pulled back
towards the optimum with a strength corresponding to o (or ‘rubber-
band’ parameter, Hansen 1997; Butler & King 2004). The EB is the
Random-Walk model in which the net rate of evolution slows exponen-
tially through time as radiation proceeds (Harmon et al. 2010) and has
the additional parameter r to describe the pattern of rate change
through time. The maximum likelihood estimation of parameters asso-
ciated with character evolution were done using the R package GEI-
GER (Harmon et al. 2008), and they were compared with Akaike
Information Criterion corrected by sample size (AICc).

THEDIRECTIONAL COMPARATIVE METHOD: USING
PGLS, TOEVALUATE CORRELATED EVOLUTIONARY
CHANGE

We evaluated the phylogenetic effect on the trends in character relation-
ships between taxa (i.e. the observed macroecological pattern), using
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the best model of evolution that was previously found for each charac-
ter. To do this, we evaluated the significance of the relationships
between the pair of characters using a measure of correlated evolution
in a Bayesian framework implemented in BAYESTRAIT 1-0 software (Pa-
gel & Meade 2007) (Fig. 1c). We introduced A in the regression analysis
(PGLS;, sensu Revell 2010), where phylogeny is incorporated as a vari-
ance-covariance matrix with A in the error term of the regression equa-
tion. The error term is then decomposed into a component that
represents the phylogeny and the remaining error term (Pagel 1997,
1999a; Freckleton, Harvey & Pagel 2002). In this approach, when A is
forced to be equal to 0, it is equivalent to OLS regression (i.e. a species-
level analysis in which the phylogeny is not considered). On the other
hand, when 2 is forced to be equal to 1, the results are similar to those
obtained with phylogenetically independent contrasts (PIC; Pagel
1999b; Garland & Ives 2000; Lavin et al. 2008). However, when the
estimation of X is between 0 and 1, neither OLS nor PIC methods are
suitable given that they underestimate or overestimate the influence of
phylogeny (see Capellini, Venditti & Barton 2010, 2011; Revell 2010).

As the null hypothesis we used a model in which the covariance
between characters was set to zero (i.e. complete character indepen-
dence), and the alternative hypothesis was the observed covariance
between characters (Pagel 1999a,b). If the null hypothesis was rejected,
then we concluded that the phylogenetic relationship and the models of
evolution of the characters did influence the observed macroecological
patterns. We used Bayes factor (Gelman ez al. 1995) to compare these
hypotheses. We summarized the parameters of all selected models using
the mean and the 95% highest posterior density interval (HPD). We fit-
ted three models: a model in which A was forced to equal 0, another
with A forced to equal 1, and finally another in which A was estimated.
To assess which model had the best fit, we used the Bayes factor
approach.

THE DIRECTIONAL COMPARATIVE METHOD:
DIVERSIFICATION MODELS AND CHARACTER
EVOLUTION

The evolution of traits is not independent of diversification rates (Para-
dis 2005; Maddison, Midford & Otto 2007; Freckleton, Phillimore &

(a) ..
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Pagel 2008), and inferring character evolution is problematic when
the character affects speciation or extinction (Maddison 2006; Paradis
2008), and even more if the evolution of the trait has a directional
tendency (FitzJohn 2010). For this reason, we compared the random
vs. random-directional models of evolution with the method pro-
posed by FitzJohn (2010) to evaluate the mode of macroecological
variables (Fig. 1d). This method takes an ultrametric tree and set of
trait measurements for the tip species and fits a series of birth-death
models in which the speciation and extinction probabilities are inde-
pendent of trait evolution or vary along branches as a function of a
continuous trait that evolves according to a diffusion process with or
without an evolutionary tendency (i.e. increase or decrease over
time). These models have the following parameters: the speciation
and extinction rate parameters (A, p1); the diffusion parameter (6°),
which is the expected squared rate of change and captures the sto-
chastic elements of character evolution; and the directional trend
‘drift’ parameter (0), which captures the deterministic or directional
component of character evolution; this is the expected directional
change in the character over time and may be due to selection or any
other within-lineage process that has a directional tendency (FitzJohn
2010). The analyses were performed in the R package Diversitree
(FitzJohn 2012) with the QuaSSE method (FitzJohn 2010). Finally,
we selected the best model of diversification using the Likelihood and
P values.

Results

MACROECOLOGICALPATTERNAND THECSCM
APPROACH

The macroecological pattern of the Sebastes genus indicated a
positive relationship between Ln of body size and range of dis-
tribution (P = 9-25E-10; r = 0-57; Fig. 2a), with a significant
lower limit to the geographic range at the 0-001 quantile
(P = 0-003; Fig. 2a), describing a triangular polygon. The
PICs of these variables showed a positive relationship
(P =0-001;r = 0-32; Fig. 2b).

(b) .

0-5 1-0 15
1

PICs (Ln latitudinal range)
0-0

-0-5
1

1-0

T T T T
-0-4 -0-2 0-0 0-2 0-4

PICs (Ln body size)

Fig. 2. Relationship between geographic range size and body size, following natural logarithmic transformation (Ln), for the 96 species of the genus
Sebastes. (a) Relationship without remove the phylogenetic history, or a species level analysis in which the phylogeny is not considered (simple
OLS); (b) relationship removing the phylogenetic history based on PICs. The dotted black line shows the ordinary least square regression (OLS)
fit to the data, and the solid black line shows the quantile regression for the lowest significant quantile. Tick labels in A represent the trait in

actual units.
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THE DIRECTIONAL COMPARATIVE METHOD:
CHARACTEREVOLUTION

The directional comparative method results, based on the sam-
ple of Bayesian trees, showed that the best predictor of body
size and latitudinal range evolution in the Sebastes genus was a
Random-Walk model (BF =1 002 and 1-005, for body size
and latitudinal range respectively), with oo = 42-46 centime-
tres, and 24-67° of latitudinal range. Both characters were sig-
nificantly influenced by phylogeny (A > 0; Table 2, Fig. 3),
but body size was more influenced by the phylogenetic rela-
tionships (A = 0-88, Table 2, Fig. 3) than latitudinal range of
distribution (A = 0-51, Table 2, Fig. 3). The evolution of body
size was gradual with short branch length having a major effect
in body size differences among species (0 < k < 1; Table 2,
Fig. 3), and the rate of evolution of the traits was constant over
time (6 = 1-26, not significantly different from 1; Table 2,
Fig. 3), so there was no early burst or later changes of this trait
in the history of this group. Given that the observed « is less
than 1 (0-27), proportionally more evolution occurred in
shorter branches (Table 2, Fig. 3). On the other hand, the evo-
Iution of range of distribution was consistent with a punctua-
tional model (x = 0; Table 2, Fig. 3), and the observed 6 is

Table 2. Bayes factors used to test the observed vs. expected values of
phylogenetic scaling parameters for different models of trait evolution.
The observed A were contrasted with values expected under the hypoth-
eses of no phylogenetic signal (A = 0) and the pure Random Walk
model (A = 1). The observed k were contrasted with expected values
for punctuated evolution (k = 0), and the pure Random-Walk model
(x = 1). The observed & were contrasted only with the expected values
for the pure Random-Walk model (3 = 1). When the Bayes factor was
less than 3, the simplest model was selected

Marginal
Trait Value Likelihood Bayes factor
Body size
Parameters
Lambda A
A Estimated 0-88 —430-27 - *
A Forced = 1 - —442.76 8 x 10E7
A Forced =0 - —449-89 1 x 10E11
Kappa k
k Estimated 0-27 —429-96 - *
k Forced = 1 - —442.76 4 x 10E8
k Forced = 0 - —430-92 3.27
Delta &
o Estimated 1.27 —459-28 -
S Forced = 1 - —442.76 3 x 10E7 *
Latitudinal range
Lambda A
A Estimated 0-51 —366-48 *
AForced = 1 - —407-04 4-12 x 10E17
A Forced = 0 - 36597 0-61
Kappa x
k Estimated 0-07 —369-79 -
k Forced = 1 - —407-04 1-5 x 10E16
k Forced = 0 - —368-17 —4.76 *
Delta &
4 Estimated 1.74 —397-96 -
d Forced = 1 - —407-04 1-62 *

*indicate the selected model
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1-74, but this value is not significantly different from 1, so the
rate of evolution of this trait was constant over time (Table 2,
Fig. 3).

The comparison of the continuous models using maximum
likelihood, based on the Bayesian consensus tree, showed that
the kappa-based model had the best fit with body size evolu-
tion (Table 3), with shorter branch lengths contributing more
to body size variability (k = 0-21; Table 2). In contrast, the
lambda-based model had the best fit with latitudinal range evo-
lution (Table 3), actually the intermediate value of lambda
parameter (A = 0-51; Table 2) indicates that neither a Pure
Brownian-motion (A = 1) nor a non-historical model (A = 0),
are suitable given that they overestimate or underestimate the
influence of phylogeny respectively.

PGLS, TOEVALUATE THE RELATIONSHIP OF BODY SIZE
AND LATITUDINAL RANGE

The comparisons between models of phylogenetic regression
analysis (i.e. with A = 1, 0, and estimated) indicated that the
PGLS; model provided a better fit to the data than both the
OLS model and PIC. Under this model, the variables pre-
sented an R* = 0-15, with a slope (B) = 0-74 and intercept
(9root) = 49-95, and the residuals had a phylogenetic signal of
A =0-74. This suggests that both traits were correlated
through the phylogeny, indicating that a significant historical
relationship between the characters exists, with body size sig-
nificantly predicting the values of latitudinal ranges through-
out the evolutionary history of this group.

DIVERSIFICATION MODELS AND CHARACTER
EVOLUTION

The results of the analysis of body size and latitudinal range
evolution and its relationship with speciation rate showed that
for these two variables the best fitting model is a Drift Linear
model with a positive trend (Ln Lik = —283-73, P = 0-0004,
for body size; LnLik = —363-82, P = 0-0006, for latitudinal
range; Table 4). The positive trends for body size and latitudi-
nal range were described by 6 = 0-347 and 0 = 0-705 respec-
tively (Table 4). On the other hand, the relationships between
the speciation rates and the two variables showed a negative
relationship, with values of —0-124 and —0-063 for body size
and latitudinal range respectively (Table 4). These results indi-
cate that both traits have a general tendency to increase over
time, and species that have a larger body size and/or larger lati-
tudinal ranges have lower speciation rates.

Discussion

Our results showing a positive relationship between body size
and range of distribution agree with the commonly observed
macroecological pattern described in the literature (e.g. Gaston
& Blackburn 1996b,c). The observed macroecological pattern
is greatly influenced by the phylogenetic history of the genus
Sebastes, probably because both traits increased together dur-
ing the species’ diversification (Table 2). On the basis of our
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Observed parameter mean
. . . Range of Pure random
N;r;g:t;‘)zcaal Body size distribution walk model
A =0-88 A=0-51 (\, kand 3 =1)
Punctuational
mode of K= 0-27 k=0
evolution
K=0
5=0 6=1 65=1
ND

Fig. 3. Bayesian consensus tree of the Sebastes genus modified by the observed and expected values of the phylogenetic scaling parameters for differ-
ent evolutionary models of body size and range of distribution. N.D = Non-defined in an evolutionary sense.

results, we propose that the triangular shape and the positive
relationship that describes the current macroecological pattern
in the Sebastes genus could be explained in an historical con-
text by the following logic, which offers a testable hypothesis
for future work (Fig. 4): (i) Given that body size had a stronger
phylogenetic signal than range of distribution, throughout his-
tory changes in body size were likely more affected by the
ancestor—descendant relationship than by the ecological con-
text experienced by species, while the changes in range of distri-
bution were more related to the ecological context; (ii) The
evolution of body size likely began with a small-bodied ances-
tor (i.e. directional change model with a positive trend) that
had a narrow range of distribution given the minimum geo-
graphic size that allowed the species to survive; (iii) During the
diversification of the genus, body size and ranges of distribu-
tions increased (i.e. directional change model with a positive
trend); (iv) this resulted in a net positive trend associated with a

decreasing speciation rate (i.e. both large body size and wide
distributions tend to diversify less), but given that body size
significantly predicted the values of latitudinal ranges and
showed a stronger phylogenetic signal, the ranges of distribu-
tion follow the evolutive changes of body size, but are highly
influenced by the ecological context; (v) The minimum
geographic size that allowed the species to survive restricted
the changes in ranges of distributions throughout history. This
logic, together with an observed increase in body size during
evolution, is hypothesized to have produced the current body
size-latitudinal range diversity, and the macroecological
pattern observed for the Sebastes genus. Moreover, when PICs
are utilized to analyse the data, the power of the macroecologi-
cal relationship tends to disappear (Fig. 2b). indicating that
the current macroecological pattern described by a triangular
polygon (i.e. positive relationship and a minimum geographic
range, Fig. 2b). arises as product of macroevolutionary
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Table 3. Summary of comparisons of model fit to log Body Size and Latitudinal range of distribution of the Sebastes genus. kK = Number of model
parameters; InLik = Natural logarithm of Maximum likelihood; AICc = Corrected Akaike Information Criterion; BM = Pure Brownian motion,
Lambda = Pagel’s lambda, Delta = Pagel’s delta, Kappa = Pagel’s kappa, OU = Ornstein-Uhlenbeck model, EB = early burst model and Direc-

tional = Pagel’s Directional model

Body size Latitudinal range

Model k InLik AlCc Model k InLik AlCc
BM 2 —66-99 138-11 BM 2 —226-49 457-12
Lambda 3 —562 118-67 Lambda 3 —11376 23378
Delta 3 —66-46 13917 Delta 3 —248-83 503-91

Kappa 3 —53-14 112.55 Kappa 3 —115-1 236-46
ou 3 —56:56 119-39 Oou 3 —113-86 23398
EB 3 —66-99 140-25 EB 3 —226-49 459.25
Directional 3 —65-79 137-83 Directional 3 —225-39 457-04

In bold show the best fitting model

Table 4. Maximum likelihood parameter estimation used to select the
best model of speciation rate based on the Consensus tree obtained
from Bayesian approach for Body Size and Latitudinal Range. d.
f. = Degrees of freedom of each model; InLik = Natural logarithm of
Maximum likelihood; Drift = trait evolutionary trend; Chi-Sq = Chi-
Square value; and Pr(.[Chi]) = Chi-square probability value. In bold
font is indicated the best model

Body Size d.f. LnLik Drif(6) Chi-Sq  Pr(> fChil)
Constant 3 —297.63 - - -
Linear 4 —-297.09 - 1.0890  0.2967
Sigmoidal 6 —294.48 — 6.3103  0.0975
Hump 6 —29345 - 8.3680  0.0390

Drift Linear 5 —289.73 0.3473 15.8034 0.0004
Drift Sigmoidal 7 —289.73 0.3474 15.8151 0.0033
Drift Hump 7 —290.07 0.3160 15.1361 0.0044

Latitudinal Range
Constant 3 -371.17 - - -
Linear 4 —371 - 0.3442  0.5574
Sigmoidal 6 —368.35 - 5.6548  0.1297
Hump 6 —368.26 — 5.8185  0.1208

Drift Linear 5 —363.82  0.7048 14.7109  0.0006
Drift Sigmoidal 7 —364.83 0.2206 12.6924 0.0129
Drift Hump 7 —364.15 0.6969 14.0435 0.0072

processes. In fact, the PGLS; (R? = 0-15) approach showed
that neither the OLS nor the PIC method are suitable, given
that they respectively overestimate (R* = 0-21) and underesti-
mate (R>=0-01) the relationships between body size and
range of distribution given the phylogeny. This logic, based on
the results of DCM, allows us to propose a new evolutionary
mechanism that explains the current macroecological pattern
considering the correlated evolutionary change and the mode
of evolution of body size and range of distribution.
Considering that macroecological patterns are affected by
historical processes, the phylogenetic comparative method
constitutes an extremely useful approximation for exploring
the processes associated with these patterns through the study
of character evolution and the relationship between characters
(e.g. Losos 1994; Diniz-Filho & Torres 2002; Knouft & Page
2003; Olifiers, Vieira & Grelle 2004) when the two fundamental
evolutionary assumptions of the comparative method (i.e. that

>

0-51)

(a) Range of distribution (A

>

(a) Body size (. = 0-88)

Fig. 4. Bivariate macroecological space formed by geographical range
size and body size. Where: black dots indicate the species; white arrows
indicate the directional trend of evolution, affected by the minimum
geographic size that allowed the species to survive throughout history;
black arrows indicate the directional process of evolution; the size of
the letter (a) represents the amount of phylogenetic signal observed; the
letter (b) indicates the ancestral state of body size and range of distribu-
tion; the letter (c) indicates the general diversification process of body
size and ranges of distributions (grey arrows); (d) indicates the net posi-
tive trend associate with an decreasing speciation rate (black arrows);
(e) the minimum geographic size that allows a given species to survive
given its body size.

the phylogeny is constructed without error and that the model
of evolution of the characters effectively recapitulates their his-
tory) are explicitly evaluated. The correct evaluation of the
effects of macroevolutionary processes on macroecological
patterns first requires estimation of the phylogenetic signal of
the variables involved with the purpose of determining whether
the given model of evolution accounts for the evolution of the
variable. With this information, further exploration of the
macroevolutionary processes which may contribute to macro-
ecological patterns can be justified (Fig. 1b). Moreover, it has
recently been shown that using A to evaluate phylogenetic sig-
nals would be more appropriate than other parameters
because it facilitates choosing between a chronogram and a
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phylogram to infer ancestral states, and it has a stronger rela-
tion with the inference accuracy (Litsios & Salamin 2012;
Miinkemiiller ez al. 2012). When macroecological variables
have a phylogenetic signal, the DCM allows for the evaluation
of a variety of historical processes (Fig. 1c; 1d). For example,
evolutionary tendency (Fig. lc), and whether this tendency is
related to the diversification rate of the group under study, can
be determined (Fig. 1d). However, the use of ultrametric or
non-ultrametric trees is fundamental for inferring and inter-
preting trends. Particularly, the directional model of Pagel
(2002) can only be evaluated using trees with different root to
tip lengths or non-ultrametric trees and provides direct evi-
dence of the direction and amount of change per unit of diver-
gence and not time. Consequently, Pagel’s directional change
model should only be used in studies where the branch lengths,
obtained from a given genetic marker, are potentially related
to the evolution of the macroecological variables. However,
the QuaSSE method (FitzJohn 2010) of diversification is most
appropriate for evaluating the hypothesis of directional trends
of character evolution, as it combines seven models that use
the amount of change over time and also incorporates and tests
the effects of speciation and extinction processes. A similar
method to evaluate directional trend with ultrametric trees was
proposed by Bokma (2008); however, his method does not
have an associated software that allows researchers in macroe-
cology to easily to apply this method to macroecological ques-
tions.

We suggest that order to improve our ability to explain cur-
rent macroecological patterns, CSCM and DCM approaches
should be integrated. This will allow researchers to disentangle
the current and historical processes underlying macroecologi-
cal patterns. In this context, some DCM approaches, like
Pagel’s model, complement the use of CSCM approaches, like
PICs, and effectively measure the phylogenetic signal of contin-
uous variables (e.g. Miinkemiiller er al. 2012), the mode of
character evolution (see Pagel 2002) and the correlated evolu-
tion between characters (e.g. Revell 2010). Overall, it is impor-
tant to evaluate the existence of correlated evolution if the
macroecological pattern under study is related to a trait, such
as body size, which is also correlated with other individual level
traits that present a phylogenetic signal (e.g. metabolism;
Capellini, Venditti & Barton 2010), the pattern shows scaling
with other traits of the species in general (e.g. range of distribu-
tion; McKinney 1990), and/or if the pattern presents a clear
phylogenetic signal (Freckleton, Harvey & Pagel 2002;
Blomberg, Garland & Ives 2003; Ashton 2004).

Future research in macroecology should consider recent
DCM methods that improve some specific points of historical
inferences of the macroecological patterns. Some examples
include evaluating the correlated evolution between continu-
ous and binary characters (Ives & Garland 2010), evaluating
temporal shifts in the rate of evolution of macroecological
characters in different clades of a tree over time (Harmon et al.
2010; Revell et al. 2012; Venditti, Meade & Pagel 2011), and
potentially incorporating in the analysis of character evolution
those nodes of the phylogeny that are hidden due to extinction
(Bokma 2002, 2008; Ingram 2011). Finally, macroecological

studies will benefit from the use of the DCM to assess the effect
of phylogenetic history without removing this effect. This
approach complements the traditional CSCM; together with
explicit evaluations of the assumptions of the comparative
methods using Bayesian approaches this will allow researchers
to quantify the uncertainty of specific evolutionary hypotheses
accounting for observed macroecological patterns.

Acknowledgements

This study was funded by FONDECYT Grant # 11080110 to C.E.H. Also, the
authors are very grateful to Luke Harmon, Paula E. Neill and Tara Massad, and
anonymous reviewers for comments and suggestions that greatly improved the
final version of the manuscript. Previous versions of this manuscript were greatly
improved by comments from Marcelo Rivadeneira, Marco Mendez and F. Patricio
Ojeda. D.B-Band C.B.C-A were supported by Doctoral Fellowships for the ‘Prog-
rama de Doctorado en Sistemédtica y Biodiversidad’, from the graduate school of
the Universidad de Concepcion, and CONICYT Doctoral Fellowship respec-
tively. J.A-Lland B. M-P were supported by CONICY T Master Fellowship.

References

Alcaraz, C., Vila-Gispert, A & Garcia-Berthou, E. (2005) Profiling invasive fish
species: the importance of phylogeny and human use. Diversity and Distribu-
tions, 11, 289-298.

Ashton, K.G. (2004) Comparing phylogenetic signal in intraspecific and interspe-
cific body size datasets. Journal of Evolutionary Biology, 17, 1157-1161.

Avaria-Llautureo, J., Hernandez, C.E., Boric-Bargetto, D., Canales-Aguirre, C.
B., Morales-Pallero, B. & Rodriguez-Serrano, E. et al. (2012) Body Size
Evolution in Extant Oryzomyini Rodents: Cope’s Rule or Miniaturization?
PLoS ONE,7,¢34654 doi:10.1371/journal.pone.0034654.

Beaulieu, J.M., Jhwueng, D.-C., Boettiger, C & O’Meara, B.C. (2012) Modeling
stabilizing selection: Expanding the Ornstein- Uhlenbeck model of adaptive
evolution. Evolution, 66(8), 2369-2383.

Blackburn, T.M. & Gaston, K.J. (1998) The distribution of mammal body
masses. Diversity and Distributions, 4, 121-133.

Blackburn, T.M. & Gaston, K.J. (2001) Linking patterns in macroecology. Jour-
nal of Animal Ecology, 70, 338-352.

Blackburn, T.M. & Gaston, K.J. (2002) Macroecology is distinct from biogeogra-
phy. Nature, 418, 723.

Blackburn, T.M. & Gaston, K.J. (2006) There’s more to macroecology than
meets the eye. Global Ecology and Biogeography, 15, 537-540.

Blomberg, S.P., Garland T. Jr & Ives, A.R. (2003) Testing for phylogenetic signal
in comparative data: behavioral traits are more labile. Evolution, 57, 717-745.

Blomberg, S.P., Lefevre, J.G., Wells, J.A. & Waterhouse, M. (2012) Independent
contrasts and PGLS regression estimators are equivalent. Systematic Biology,
61,382-391.

Bokma, F. (2002) Detection of punctuated equilibrium from molecular phyloge-
nies. Journal of Evolutionary Biology, 15, 1048-1056.

Bokma, F. (2008) Detection of “punctuated equilibrium” by bayesian estimation
of speciation and extinction rates, ancestral character states, and rates of ana-
genetic and cladogenetic evolution on a molecular phylogeny. Evolution, 62,
2718-2726.

Brown, J.H. (1981) Two decades of homage to Santa Rosalia: toward a general
theory of diversity. American Zoologist, 21, 877-888.

Brown, J.H. (1995) Macroecology. The University of Chicago Press, Chicago.

Brown, J.H. (1999) Macroecology: progress and prospect. Oikos, 87, 3-14.

Brown, J.H. & Maurer, B.A. (1987) Evolution of species assemblages: effects of
energetic constraints and species dynamics on diversification of the North
American avifauna. The American Naturalist, 130, 1-17.

Brown, J.H. & Maurer, B.A. (1989) Macroecology: the division of food and space
among species on continents. Science, 243, 1145-1150.

Burness, G.P., Diamond, J. & Flannery, T. (2001) Dinosaurs, dragons, and
dwarfs: the evolution of maximal body size. Proceedings of the National Acad-
emy of Sciences USA, 98, 14518-14523.

Butler, M.A. & King, A.A. (2004) Phylogenetic comparative analysis: a modeling
approach for adaptive evolution. American Naturalist, 164, 683-695.

Capellini, I., Venditti, C. & Barton, R.A. (2010) Phylogeny and metabolic scaling
in mammals. Ecology, 91, 2783-2793.

Capellini, I., Venditti, C. & Barton, R.A. (2011) Placentation and maternal invest-
ment in mammals. The American Naturalist, 177, 86-98.

© 2013 The Authors. Methods in Ecology and Evolution © 2013 British Ecological Society, Methods in Ecology and Evolution



Collar, D.C., Schulte, J.A. & Losos, J.B (2011) Evolution of extreme body size
disparity in monitor lizards (Varanus). Evolution, 65, 2664-2680.

Cooper, N. & Purvis, A. (2010) Body size evolution in mammals: Complexity in
tempo and mode. The American Naturalist, 175, 727-738.

Cumming, G.S. & Havlicek, T.D. (2002) Evolution, ecology, and multimodal dis-
tributions of body size. Ecosystems, 5, 705-711.

Diaz-Uriarte, R. & Garland T. Jr (1996) Testing hypotheses of correlated evolu-
tion using phylogenetically independent contrasts: sensitivity to deviations
from Brownian motion. Systematic Biology, 45,27-47.

Diniz-Filho, J.A.F. (2004) Macroecology and the hierarchical expansion of evolu-
tionary theory. Global Ecology and Biogeography, 13, 1-5.

Diniz-Filho, J.A.F. & Torres, N.M. (2002) Phylogenetic comparative methods
and the geographic range size-body size relationship in new world terrestrial
Carnivora. Evolutionary Ecology, 16,351-367.

Drummond, A.J. & Rambaut, A. (2007) BEAST: Bayesian evolutionary analysis
by sampling trees. BM C Evolutionary Biology,7,214.

Felsenstein, J. (1985) Phylogenies and the comparative method. The American
Naturalist, 125, 1-15.

Felsenstein, J. (1988) Phylogenies and quantitative characters. Annual Review of
Ecology and Systematic, 19, 445-471.

Felsenstein, J. (2004) Inferring Phylogenies. Sinauer Associates, Sunderland, Mas-
sachusetts, USA.

FitzJohn, R.G. (2010) Quantitative traits and diversification. Systematic Biology,
59, 619-633.

FitzJohn, R.G. (2012) Diversitree: comparative phylogenetic analyses of diversifi-
cation in R. Methods in Ecology and Evolution, 3, 1084-1092.

Freckleton, R.P. (2009) The seven deadly sins of the comparative analysis. Jour-
nal of Evolutionary Biology, 22, 1367-1375.

Freckleton, R.P. & Harvey, P.H. (2006) Detecting non-brownian trait evolution
in adaptive radiations. PLoS Biology, 4, ¢373. doi:10.1371/journal.
pbio.0040373.

Freckleton, R.P., Harvey, P.H. & Pagel, M.D. (2002) Phylogenetic analysis and
ecological data: a review of the evidence. The American Naturalist, 160, 712—
726.

Freckleton, R.P., Pagel, M.D. & Harvey, P.H. (2003) Comparative methods for
adaptive radiations. Macroecology: Concepts and Consequences (eds T.M.
Blackburn & K.J. Gaston), pp. 391-407. Blackwell Science Ltda. Oxford, UK.

Freckleton, R.P., Phillimore, A.B. & Pagel, M. (2008) Relating traits to diversifi-
cation: a simple test. The American Naturalist, 172, 102-115.

Froese, R. & Pauly, D. (2010) FishBase. World Wide Web electronic publication.
www.fishbase.org, version (09/2010).

Futuyma, D.J. (1998) Evolutionary Biology. Sinauer Associates Inc., Sunderland,
Massachusetts, USA.

Garland, T. Jr, Harvey, P.H. & Ives, A.R. (1992) Procedures for the analysis of
comparative data using phylogenetically independent contrasts. Systematic
Biology, 41, 18-32.

Garland, T. Jr & Ives, A.R. (2000) Using the past to predict the present: Confi-
dence intervals for regression equations in phylogenetic comparative methods.
American Naturalist, 155, 346-364.

Garland, T. Jr, Dickerman, A.W., Janis, C.M. & Jones, J.A. (1993) Phylogenetic
analysis of covariance by computer simulation. Systematic Biology, 42, 265—
292.

Gaston, K.J. & Blackburn, T.M. (1996a) Global scale macroecology: interactions
between population size, geographic range size and body size in the Anserifor-
mes. Journal of Animal Ecology, 65, 701-714.

Gaston, K.J. & Blackburn, T.M. (1996b) Range size - body size relationships: evi-
dence of scale dependence. Oikos, 75, 479-485.

Gaston, K.J. & Blackburn, T.M. (1996¢) Conservation implications of geo-
graphic range size-body size relationships. Conservation Biology, 10, 638-646.

Gaston, K.J. & Blackburn, T.M. (2000) Pattern and Process in Macroecology.
Blackwell Science Ltd., Oxford.

Gaston, K.J. & He, F. (2002) The distribution of species range size: a stochastic
process. Proceedings of the Royal Society of London, Series B, 269, 1079-1086.

Gelman, A., Carlin, J.B., Stern, H.S. & Rubin, D.B. (1995) Bayesian Data Analy-
sis. Chapman and Hall, London.

Gotelli, N.J. & Taylor, C.M. (1999) Testing macroecology models with stream-
fish assemblages. Evolutionary Ecology Research, 1, 847-858.

Gould, S.J. (1988) Trends as changes in variance: a new slant on progress and
directionality in evolution. Journal of Paleontology, 62,319-329.

Hadfield, J.D. (2010) MCMC methods for multi-response generalized linear
mixed models: The MCMCglmm R Package. Journal of Statistical Software,
33,1-22.

Hanken, J. & Wake, D.B. (1993) Miniaturization of body size: organismal conse-
quences and evolutionary significance. Annual Review of Ecology and System-
atics, 24, 501-519.

Macroecology and the comparative method 13

Hansen, T.F. (1997) Stabilizing selection and the comparative analysis of adapta-
tion. Evolution, 51, 1341-1351.

Harmon, L.J., Weir, J., Brock, C., Glor, R.E. & Challenger, W. (2008) GEIGER:
Investigating evolutionary radiations. Bioinformatics, 24, 129-131.

Harmon, L.J., Losos, J.B., Davines, T.J., Gillespie, R.G., Gittleman, J.L.,
Jennings, W.B., Kozak, K.H., McPeek, M.A., Moreno-Roark, F., Near, T.J.,
Purvis, A., Ricklefs, R.E., Schluter, D., Schulte, J.A. II, Seehausen, O., Sidl-
auskas, B.L., Torres-Carvajal, O., Weir, J.T. & Mooers, A.O. (2010) Early
bursts of body size and shape evolution are rare in comparative data. Evolu-
tion, 64, 2385-2396.

Harvey, P.H. (2000) Why and how phylogenetic relationships should be incorpo-
rated into studies of scaling. Scaling in Biology(eds J.H. Brown & G.B. West),
pp- 253-265. Oxford University Press. New York, USA.

Harvey, P.H., May, R.M. & Nee, S. (1994) Phylogenies without fossils. Evolution,
48, 523-529.

Harvey, P.H. & Pagel, M.D. (1991) The Comparative Method in Evolutionary
Biology. Oxford University Press, Oxford, Oxford Series in Ecology and
Evolution.

Harvey, P.H. & Purvis, A. (1991) Comparative methods for explaining adapta-
tions. Nature, 351, 619-624.

Harvey, P.H. & Rambaut, A. (1998) Phylogenetic extinction rates and compara-
tive methodology. Proceedings of the Royal Society of London, Series B, 265,
1691-1696.

Harvey, P.H. & Rambaut, A. (2000) Comparative analyses for adaptive radia-
tions. Philosophical Transactions of the Royal Society of London, Series B, 355,
1599-1605.

Harvey, P.H., Nee, S., Mooers, A.O & Partridge, I. (1991) These hierarchical
views of life: phylogenies and metapopulations. Genes in ecology In: (eds RJ
Berry, TJ Crawford & GM Hewitt), pp. 123-137. The 33rd symposium of the
British Ecological society. Blackwell Sientific, Oxford.

Herndndez-Ferndndez, M. & Vrba, E.S. (2005) Body size, biomic specialization
and range size of African large mammals. Journal of Biogeography, 32, 1243~
1256.

Hey, J. (1992) Using phylogenetic trees to study speciation and extinction. Evolu-
tion.46, 627-640.

Holder, M.T. & Lewis, P.O. (2003) Phylogeny estimation: traditional and
Bayesian approaches. Nature Reviews Genetics, 4,275-284.

Huelsenbeck, J.P., Rannala, B. & Masly, J.P. (2000) Accommodating phyloge-
netic uncertainty in evolutionary studies. Science, 288, 2349-2350.

Huelsenbeck, J.P., Ronquist, F., Nielsen, R. & Bollback, J.P. (2001) Bayesian
inference of phylogeny and its impact on evolutionary biology. Science, 294,
2310-2314.

Hyde, J.R. & Vetter, R.D. (2007) The origin, evolution, and diversification of
rockfishes of the genus Sebastes (Cuvier). Molecular Phylogenetic and Evolu-
tion, 44, 790-811.

Ingram, T. (2011) Speciation along a depth gradient in a marine adaptive radia-
tion. Proceedings of the Royal Society of London, Series B, 278, 613-618.

Ives, A.R. & Garland, T. Jr. (2010) Phylogenetic logistic regression for binary
dependent variables Systematic Biology, 59, 9-26.

Kelt, D.A. & Brown, J.H. (2000) Species as units of analysis in ecology and bioge-
ography: are the blind leading the blind? Global Ecology and Biogeography, 9,
213-217.

Knouft, J.H. & Page, L.M. (2003) The evolution of body size in extant groups of
North American freshwater fishes: speciation, size distributions, and Cope’s
rule. The American Naturalist, 161, 413-421.

Koenker, R. (1994) Confidence intervals for quantile regression. Proccedings of
the 5th Prague Symposium on Asymptotic Statistics (eds P. Mandl & M. Husk-
ova). pp. 349-359. Physica-Verlag, Heidelberg.

Koenker, R. (2012) quantreg: Quantile Regression. R package version 4.79. http://
CRAN.R-project.org/package = quantreg

Koenker, R. & Machado, J.AF. (1999) Goodness of fit and related inference pro-
cesses for quantile regression. Journal of American Statistical Association, 94,
1296-1310.

Kubo, T. & Iwasa, Y. (1995) Inferring the rates of branching and extinction from
molecular phylogenies. Evolution, 49, 694-704.

Larget, B. & Simon, D.L. (1999) Markov Chain Monte Carlo algorithms for the
Bayesian analysis of phylogenetic trees. Molecular Biology and Evolution, 16,
750-759.

Lartillot, N. & Poujol, R. (2010) A phylogenetic model for investigating corre-
lated evolution of substitution rates and continuous phenotypic characters.
Molecular Biology and Evolution, 28, 729-744.

Laurin, M. (2010) Assessment of the relative merits of a few methods to detect
evolutionary trends. Systematic Biology, 59, 669-704.

Lavin, S.R., Karasov, W.H., Ives, A.R., Middleton, K.M. & Garland, T. (2008)
Morphometrics of the avian small intestine compared with that of non-flying

© 2013 The Authors. Methods in Ecology and Evolution © 2013 British Ecological Society, Methods in Ecology and Evolution



14 C. E. Herndndez et al.

mammals: a phylogenetic approach. Physiological and Biochemical Zoology,
81, 526-550.

Litsios, G. & Salamin, N. (2012) Effects of phylogenetic signal on ancestral state
reconstruction. Systematic Biology, doi:10.1093/sysbio/syr124.

Losos, J.B. (1994) Integrative approaches to evolutionary ecology: Anolis
lizards as model systems. Annual Review of Ecology and Systematic, 25,
467-493.

Losos, J.B. (1999) Uncertainty in the reconstruction of ancestral character states
and limitations on the use of phylogenetic comparative methods. Animal
Behaviour, 58, 1319-1324.

Love, M.S., Yoklavich, M. & Thorsteinson, L. (2002) The Rockfishes of the
Northeast Pacific. University of California Press, Berkeley and Los Angeles,
California.

Lutzoni, F., Pagel, M.D. & Reeb, V. (2001) Major fungal lineages derived from
lichen-symbiotic ancestors. Nature, 411, 937-940.

Macpherson, E. & Duarte, C.M. (1994) Patterns in species size, size, and latitudi-
nal range of East Atlantic fishes. Ecography, 17,242-248.

Maddison, W.P. (2006) Confounding asymmetries in evolutionary diversification
and character change. Evolution, 60, 1743-1746.

Maddison, W.P., Midford, P.E. & Otto, S.P. (2007) Estimating a binary charac-
ter’s effect on speciation and extinction. Systematic Biology, 56, 701-710.

Magnuson-Ford, K., Ingram, T., Reding, D.W. & Mooers, A.O. (2009)
Rockfish Sebastes that are evolutionarily isolated are also large, morpho-
logically distinctive and vulnerable to overfishing. Biological Conservation,
142, 1787-1786.

Marquet, P.A. (2001) Ecology goes macro, Taking a bird’s-eye view reveals the
hidden order of ecosystems. Nature, 412, 481-482.

Marquet, P.A. (2002) The search for general principles in ecology. Nature, 418,
723.

Marquet, P.A. & Tarper, M.L. (1998) On size and area: patterns of mammalian
body size extremes across landmasses. Evolutionary Ecology, 12, 127-139.

Martins, E.P. (1996) Phylogenies and the Comparative Method in Animal Behav-
ior. Oxford University Press.

Martins, E.P. & Garland, T. Jr (1991) Phylogenetic analyses of the correlated evo-
lution of continuous characters: a simulation study. Evolution, 45, 534-557.
Martins, E.P. & Hansen, T.E. (1997) Phylogenies and the comparative method:
general approach to incorporating phylogenetic information into the analysis

of interspecific data. The American Naturalist, 149, 646-667.

Martins, E.P. & Housworth, E.A. (2002) Phylogeny shape and the phylogenetic
comparative method. Systematic Biology, 51, 873-880.

Maurer, B.A. (1998a) The evolution of body size in birds. I Evidence for non-
random diversification. Evolutionary Ecology, 12, 925-934.

Maurer, B.A. (1998b) The evolution of body size in birds II. The role of reproduc-
tive power. Evolutionary Ecology,12,935-944.

Maurer, B.A. (2000) Macroecology and consilience. Global Ecology and Biogeog-
raphy, 9, 275-280.

Maurer, B.A., Brown, J.H. & Rusler, R.D. (1992) The micro and macro in body
size evolution. Evolution, 46, 939-953.

McKinney, M.L. (1990) Trends in body-size evolution. Evolutionary Trends (ed
K.J. McNamara), pp. 75-118. University of Arizona Press, Tucson.

McShea, D.W. (1994) Mechanisms of large-scale evolutionary trends. Evolution,
48, 1747-1763.

Miles, D.B. & Dunham, A.E. (1996) The paradox of the phylogeny: character dis-
placement of analyses of body size in island Anolis. Evolution, 50, 594-603.

Monroe, M.J. & Bokma, F. (2010) Little evidence for Cope’s rule from Bayesian
phylogenetic analysis of extant mammals. Journal of Evolutionary Biology, 23,
2017-2021.

Mooers, A.O. & Heard, S.B. (1997) Inferring evolutionary process from phyloge-
netic tree shape. The Quarterly Review of Biology, 72, 31-55.

Mooers, A.9., Vamosi, S.M. & Schluter, D. (1999) Using phylogenies to test
macroevolutionary hypotheses of trait evolution in Cranes (Gruinae). The
American Naturalist, 154, 249-259.

Miinkemiiller, T., Lavergne, S., Bzeznik, B., Dray, S., Jombart, T., Schiffers, K.
& Thuiller, W. (2012) How to measure and test phylogenetic signal. Methods
in Ecology and Evolution, 3, 743-756.

Nee, S. (2001) Inferring speciation rates from phylogenies. Evolution, 55, 661—
668.

Nee, S., May, R.M. & Harvey, P.H. (1994b) The reconstructed evolutionary pro-
cess. Philosophical Transactions of the Royal Society B, 344, 305-311.

Nee, S., Mooers, A. & Harvey, P.H. (1992) Tempo and mode of evolution

revealed from molecular phylogenies. Proceedings of the National Academy of

Sciences USA, 89, 8322-8326.

Nee, S., Holmes, E.C., May, R.M. & Harvey, P.H. (1994a) Extinction rates can
be estimated from molecular phylogenies. Philosophical transactions of the
royal society B, 344, 77-82.

Newton, M.A. & Raftery, A.E. (1994) Approximate Bayesian inference by the
weighted likelihood bootstrap. Journal of the Royal Statistical Society, Series
B, 56,3-483.

Olifiers, N., Vieira, M.V. & Grelle, C.E.V. (2004) Geographic range and body size
in Neotropical marsupials. Global Ecology and Biogeography, 13, 439-444.

Organ, C., Shedlock, A., Meade, A., Pagel, M. & Edwards, E. (2007) Origin of
avian genome size and structure in non-avian dinosaurs. Nature, 446, 180-184.

Organ, C., Janes, D., Meade, A. & Pagel, M. (2009) Genotypic sex determination
enabled adaptive radiations of extinct marine reptiles. Nature, 461, 389-392.

Pagel, M.D. (1993) Seeking the evolutionary regression coefficient: an analysis of
what comparative methods measure. Journal of Theoretical Biology, 164,
191-205.

Pagel, M.D. (1994) Detecting correlated evolution on phylogenies: a general
method for the comparative analysis of discrete characters. Proceedings of the
Royal Society of London, Series B, 255, 37-45.

Pagel, M.D. (1997) Inferring evolutionary processes from phylogenies. Zoologica
Scripta, 26,331-348.

Pagel, M.D. (1999a) Inferring the historical patterns of biological evolution. Nat-
ure, 401, 877-884.

Pagel, M.D. (1999b) The maximum likelihood approach to reconstructing ances-
tral character states of discrete characters on phylogenies. Systematic Biology,
48, 612-622.

Pagel, M.D. (2002) Modelling the evolution of continuously varying characters
on phylogenetic trees. Morphology, shape and phylogeny (eds N. MacLeod &
P.L. Foley), pp. 269-286. Taylor and Francis, London.

Pagel, M.D. & Harvey, P.H. (1988) Recent developments in the analysis of com-
parative data. Quarterly Review of Biology, 63, 413-440.

Pagel, M.D. & Lutzoni, F. (2002) Accounting for phylogenetic uncertainty in
comparative studies of evolution and adaptation. 4 Biological Evolution and
Statistical Physics (eds M. Lissig & A. Valleriani), pp. 148-161. Springer-
Verlag, Berlin.

Pagel, M.D. & Meade, A. (2004) A phylogenetic mixture model for detecting pat-
tern-heterogeneity in gene sequence or character-state data. Systematic Biol-
0gy,53,571-581.

Pagel, M.D. & Meade, A. (2005a) Mixture models in phylogenetic inference.
Mathematics of Evolution and Phylogeny (ed O. Gascuel), pp. 121-142. Oxford
University Press, Oxford.

Pagel, M.D. & Meade, A. (2005b) Bayesian estimation of correlated evolution
across cultures: a case study of marriage systems and wealth transfer at mar-
riage. The Evolution of Cultural Diversity: a Phylogenetic Approach, (eds R.
Mace, C.J. Holden & S. Shennan), pp. 235-256. University College London
Press, London.

Pagel, M.D. & Meade, A. (2006) Bayesian analysis of correlated evolution of
discrete characters by reversiblejump Markov chain Monte Carlo.
The American Naturalist, 167, 808-825.

Pagel, M.D. & Meade, A. (2007) BayesTraits version 1.0 computer package. Soft-
ware avalaible from: http://www.evolution.reading.ac.uk/BayesTraits.html.
Pagel, M.D., Meade, A. & Barker, D. (2004) Bayesian estimation of ancestral

character states on phylogenies. Systematic Biology, 53, 673-684.

Paradis, E. (2005) Statistical analysis of diversification with species traits. Evolu-
tion, 59, 1-12.

Paradis, E. (2008) Asymmetries in phylogenetic diversification and character
change can be untangled. Evolution, 62,241-247.

Paradis, E., Claude, J. & Strimmer, K. (2004) APE: analyses of phylogenetics and
evolution in R language. Bioinformatics, 20, 289-290.

Poulin, R. (1995) Phylogeny, ecology, and the richness of parasite communities in
vertebrates. Ecological Monographs, 65, 283-302.

Price, T. (1997) Correlated evolution and independent contrasts. Philosophical
Transactions of the Royal Society of London, Series B, 352, 519-529.

Price, P.W. (2003) Macroevolutionary Theory on Macroecological Patterns.
Cambridge University Press, Cambridge.

Purvis, A., Orme, C.D.L & Dolphin, K. (2003) Why are most species small-
bodied? A phylogenetic view. Macroecology: Concepts and Consequences, (eds
T.M. Blackburn & K.J. Gaston), pp. 155-173. Blackwell Science Ltd, Oxford.

Pyron, M. (1999) Relationships between geographical range size, body size, local
abundance, and habitat breadth in North American suckers and sunfishes.
Journal of Biogeography, 26, 549-558.

Rambaut, A. & Drummond, A.J. (2007) Molecular evolution, phylogenetics and
epidemiology website. Available: http://beast.bio.ed.ac.uk/Tracer. Accessed
2011 August 10.

Revell, L.J. (2010) Phylogenetic signal and linear regression on species data.
Methods in Ecology and Evolution, 1, 319-329.

Revell, L.J., Harmon, L.J. & Glor, R.E. (2005) Underparameterized model of
sequence evolution leads to bias in the estimation of diversification rates from
molecular phylogenies. Sistematic Biology, 54, 973-983.

© 2013 The Authors. Methods in Ecology and Evolution © 2013 British Ecological Society, Methods in Ecology and Evolution



Revell, L.J., Mahler, D.L., Peres-Neto, P.R. & Redelings, B.D. (2012) A new
method for identifying exceptional phenotypic diversification. Evolution, 66,
135-146.

Rezende, E.L. & Garland, T. Jr. (2003) Comparaciones interespecificas y
métodos estadisticos filogenéticos. Fisiologia Ecolégica y Evolutiva, Teoria y
Casos de Estudio en Animales (ed F. Bozinovic), pp. 79-98. Ediciones Universi-
dad Catdlica de Chile, Santiago, Chile.

Rheindt, F.E., Grafe, T.U. & Abouheif, E. (2004) Rapidly evolving traits and the
comparative method: how important is testing for phylogenetic signal? Evolu-
tionary Ecology Research, 6,377-396.

Ricklefs, R.E. (2005) Taxon cycles: insights from invasive species. Species Inva-
sions: Insights into Ecology, Evolution, and Biogeography, (eds D.F. Sax, J.J.
Stachowicz & S.D. Gaines), pp 165-199. Sinauer Associates, Sunderland,
Massachusetts, USA.

Ricklefs, R.E. & Bermingham, E. (1999) Taxon cycles in the lesser Antillean avi-
fauna. Ostrich, 70, 49-59.

Ricklefs, R.E. & Bermingham, E. (2002) The concept of the taxon cycle in bioge-
ography. Global Ecology Biogeography, 11, 353-361.

Ricklefs, R.E. & Cox, G.W. (1972) Taxon cycles in the West Indian avifauna.
The American Naturalist, 106, 195-219.

Ricklefs, R.E. & Cox, G.W. (1978) Stage of taxon cycle, habitat distribution, and
population density in the avifauna of the West Indies. The American Natural-
ist, 112, 875-895.

Rocha-Olivares, A., Rosenblatt, R.H. & Vetter, R.D. (1999) Molecular evolu-
tion, systematics, and zoogeography of the rockfish subgenus Sebastomus
(Sebastes, Scorpaenidae) based on mitochondrial cytochrome b and control
region sequences. Molecular Phylogenetic and Evolution, 11, 441-458.

Rocha-Olivares, A., Kimbrell, C.A., Eitner, B.J. & Vetter, R.D. (1999) Evolution
of a mitochondrial cytochrome b gene sequence in the species-rich genus Se-
bastes (Teleostei, Scorpaenidae) and its utility in testing the monophyly of the
subgenus Sebastomus. Molecular Phylogenetic and Evolution, 11, 426-440.

Rodriguez-Serrano, E. & Bozinovic, F. (2009) Interplay between global patterns
of environmental temperature and variation in nonshivering thermogenesis of
rodents species across large spatial scales. Global Change Biology, 15, 2116~
2122.

Rohde, K. (1992) Latitudinal gradients in species diversity: the search for the pri-
mary cause. Qikos, 65, 514-527.

Rohde, K., Heap, M. & Heap, D. (1993) Rapoport’s rule does not apply to
marine teleosts and cannot explain latitudinal gradients in species richness.
American Naturalist, 142, 1-16.

Ronquist, F. (2004) Phylogenetics Series: Bayesian inference of character evolu-
tion. Trends in Ecology and Evolution, 19, 475-481.

Rosenfield, J.A. (2002) Pattern and process in the geographical ranges of freshwa-
ter fishes. Global Ecology and Biogeography, 11, 323-332.

Schluter, D. (1995) Uncertainty in ancient phylogenies. Nature, 377, 108-109.

Schluter, D., Price, T., Mooers, A.9. & Ludwig, D. (1997) Likelihood of ancestor
states in adaptive radiation. Evolution, 51, 1699-1711.

Macroecology and the comparative method 15

Slater, G., Harmon, L. & Alfaro, M. (2012) Integrating fossils with molecular
phylogenies improves inference of trait evolution. Evolution, doi:10.1111/
J.1558-5646.2012.01723 x.

Smith, K.F. & Gaines, S.D. (2003) Rapoport’s bathymetric rule and the
latitudinal species diversity gradient for Northeast Pacific fishes and Northwest
Atlantic gastropods: evidence against a causal link. Journal of Biogeography,
30, 1153-1159.

Smith, F.A., Lyons, S.K., Ernest, S.K.M. & Brown, J.H. (2008) Macroecology:
more than the division of food and space among species on continents. Pro-
gress in Physical Geography, 32, 115-138.

Stanley, S.M. (1973) An explanation for Cope’s rule. Evolution, 27, 1-26.

Stepien, C.A. & Kocher, T.D. (1997) Molecules and morphology in studies of fish
evolution. Molecular Systematics of Fishes (eds T.D. Kocher & C.A. Stepien),
pp. 1-11. Academic Press, San Diego.

Stevens, G.C. (1989) The latitudinal gradient in geographical range: how so many
species coexist in the tropics. The American Naturalist, 133, 240-256.

Suchard, M.A., Weiss, R.E. & Sinsheimer, J.S. (2001) Bayesian selection of con-
tinuous-time Markov chain evolutionary models. Molecular Biology and Evo-
lution, 18, 1001-1013.

Suchard, M.A., Weiss, R.E. & Sinsheimer, J.S. (2005) Models for estimating
Bayes factors with applications to phylogeny and tests of monophyly. Biomet-
rics, 61, 665-673.

Taylor, C.M. & Gotelli, N.J. (1994) The macroecology of Cyprinella: correlates
of phylogeny, body size, and geographical range. The American Naturalist,
144, 549-569.

Venditti, C., Meade, A. & Pagel, M. (2011) Multiple routes to mammalian diver-
sity. Nature, 479, 393-396.

Wang, S.C. (2001) Quantifying passive and driven large-scale evolutionary
trends. Evolution, 55, 849-858.

Wilson, E.O. (1961) The nature of the taxon cycle in the Melanesian ant fauna.
The American Naturalist, 95, 169-193.

Received 30 December 2011; accepted 6 December 2012
Handling Editor: Luke Harmon

Supporting Information

Additional Supporting Information may be found in the online version
of this article.

Appendix S1. List of species and two macroecological traits (i.e. maxi-
mum body size in centimetres, and latitudinal range extent in latitudi-
nal degrees) used to determine the macroecological pattern and to
apply the directional comparative method.

© 2013 The Authors. Methods in Ecology and Evolution © 2013 British Ecological Society, Methods in Ecology and Evolution



