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Phylogenetic Analyses: Comparing Species to Infer

Adaptations and Physiological Mechanisms
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ABSTRACT

Comparisons among species have been a standard tool in animal physiology to understand how
organisms function and adapt to their surrounding environment. During the last two decades,
conceptual and methodological advances from different fields, including evolutionary biology
and systematics, have revolutionized the way comparative analyses are performed, resulting in
the advent of modern phylogenetic statistical methods. This development stems from the realiza-
tion that conventional analytical methods assume that observations are statistically independent,
which is not the case for comparative data because species often resemble each other due to
shared ancestry. By taking evolutionary history explicitly into consideration, phylogenetic statistical
methods can account for the confounding effects of shared ancestry in interspecific comparisons,
improving the reliability of standard approaches such as regressions or correlations in compara-
tive analyses. Importantly, these methods have also enabled researchers to address entirely new
evolutionary questions, such as the historical sequence of events that resulted in current patterns
of form and function, which can only be studied with a phylogenetic perspective. Here, we pro-
vide an overview of phylogenetic approaches and their importance for studying the evolution
of physiological processes and mechanisms. We discuss the conceptual framework underlying
these methods, and explain when and how phylogenetic information should be employed. We
then outline the difficulties and limitations inherent to comparative approaches and discuss po-
tential problems researchers may encounter when designing a comparative study. These issues
are illustrated with examples from the literature in which the incorporation of phylogenetic infor-
mation has been useful, or even crucial, for inferences on how species evolve and adapt to their

surrounding environment. © 2012 American Physiological Society. Compr Physiol 2:639-674,

2012.

Introduction

Explaining the diversity of form and function of living organ-
isms remains the ultimate goal of evolutionary biology, and
the comparative method one of its most powerful research
tools. Comparisons among organisms, focusing on their sim-
ilarities and differences, are fundamental to systematization
and classification: they enable researchers to contrast what
is unknown against well-established information, to identify
regularities in seemingly different biological processes and
mechanisms, to determine which attributes are unique to some
groups and ultimately to understand how this biological com-
plexity has evolved. Patterns of phenotypic similarity among
species led Darwin to propose his evolutionary theory of de-
scent with modification, laying the conceptual foundation for
fields such as systematics, paleontology, or biogeography. In
animal physiology, central concepts such as Krogh’s principle
and the choice of appropriate animal models for biomedical
studies are inherently comparative (143, 165,251,271,281),
and many of the accomplishments in the field during the last
century stem from a comparative framework. Interspecific
comparisons were crucial to understand how organisms work
and evolve in response to the ecological circumstances in
which they live, as summarized by Schmidt-Nielsen (274) in
his classic textbook on the subject:
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“The understanding of how organisms function is helped
enormously by using a comparative approach. By comparing
different animals and examining how each has solved its prob-
lem of living within the constraints of the available environ-
ment, we gain insight into the general principles that otherwise
might remain obscure. No animal exists, or can exist, inde-
pendently of an environment, and the animal that utilizes the
resources of the environment must also be able to cope with the
difficulties it presents. Thus, a comparative and environmental
approach provides deeper insight into physiology.”

Implicit in this view is a close correspondence be-
tween phenotypic and environmental variation, a pattern
that emerges from adaptive evolution where natural selec-
tion is the primary process behind evolutionary changes (note
that many other processes such as genetic drift, bottlenecks,
and founder effects also contribute for phenotypic evolu-
tion, but these processes are fundamentally stochastic and
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nonadaptive). Accordingly, in comparative studies the general
modus operandum to study evolutionary adaptations—i.e., re-
sponses occurring at the population level that involve multiple
generations and changes in gene frequencies, which should
not be confounded with phenotypic adaptations encompass-
ing plastic responses in an individual (see 20)—has involved
identifying associations between phenotypic characters and
environmental variables, as if species phenotypes have re-
sulted from a long-term natural experiment. As discussed
previously in the literature (75, 101, 150), this analogy entails
serious misconceptions because researchers only have access
to the final output of this so-called experiment, and virtually
no historical information on the “experimental conditions”
(the conditions lineages encountered during their evolution or
the contribution of alternative processes to observed patterns
of phenotypic variation).

To illustrate this problem, consider the difference between
groups in a drug trial under controlled conditions and infer-
ences based on a comparison between species to test adaptive
hypotheses. Whereas in the first case differences between
groups support a treatment effect because all other relevant
variables are (presumably) controlled, in the second case
species may simply differ because of their separate evolu-
tionary paths, irrespective of the trait, or traits, under study
(100). Similarly, adaptive inferences based on comparisons
between species inhabiting contrasting environments may be
impaired if these species also differ in taxonomic affiliation
(e.g., suppose they belong to different genera). Observed dif-
ferences among species may have been inherited from their
ancestors, hence it is not possible to determine if they reflect
recent evolutionary adaptations to contrasting environmental
conditions or result from shared ancestry. Importantly, adap-
tive explanations have not been refuted in either of the ex-
amples, neither have alternative scenarios. Ultimately, these
competing hypotheses cannot be appropriately addressed be-
cause analyses involve at least one confounding factor that
obscures comparisons.

The realization that interspecific comparisons must ex-
plicitly consider species evolutionary history resulted in pro-
found changes in comparative studies during the last decades
(82,101,137,226). Conceptual advances borrowed from evo-
lutionary biology are widely applied in current analyses,
which incorporate rigorous evolutionary perspectives and
phylogenetic information. These methods have greatly in-
creased the types and qualities of inferences that can be drawn
from comparative data, and opened new venues of research
in physiology that are still unfolding. From our own expe-
rience, one of the primary challenges for researchers with
a physiological background interested in comparative anal-
yses consists in understanding the evolutionary framework
inherent to phylogenetic statistical methods, hence here we
focus primarily on the conceptual basis that underlies the
study of physiological evolution from a comparative histor-
ical perspective. We consider the drawbacks of employing
conventional statistical techniques to analyze comparative
datasets and how phylogenetic statistical methods can cir-
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cumvent many of these issues (whereas others, such as low
statistical power associated with small sample sizes, remain
general to virtually all statistical approaches), and discuss the
inherent limitations of a comparative framework, its corre-
lational nature and the sources of phenotypic variation that
physiologists should take into consideration—and, hopefully,
control for—during a comparative study. Subsequently, we
explain how to employ phylogenetic information in compar-
ative analyses, discussing in more detail different analytical
methods that have been applied to many morphological, phys-
iological, biochemical, and behavioral investigations.

Adaptation in A Historical Context

Living organisms are related to each other in a hierar-
chical fashion, and these relationships are often repre-
sented by a branching tree structure (Fig. 1). A phyloge-
netic tree depicts the hypothesized evolutionary history of a
clade—that is, a group consisting of one ancestor and all its
descendants—starting from a single common ancestor in the
past (root) diversifying into different lineages that ultimately
give rise to extant species and/or populations (tips) (note that
a treelike structure is only adequate for multiple populations
within species when migration and gene-flow among them
are negligible; see 84,295). Intermediate nodes represent spe-
ciation events where one ancestral lineage splits into two
or more descendent lineages, and the length of each branch
roughly represents the expected amount of time that each lin-
eage had to evolve, which is often inferred from variation in
DNA sequences or other molecular data. Given that phyloge-
nies are employed to estimate (and often control for) patterns
of resemblance in comparative data due to shared ancestry,
researchers should always keep in mind two important consid-
erations that will be discussed in more detail subsequently:
(i) phylogenies depict hypothesized patterns of relatedness
among species, hence they are prone to error and uncertainty
(8,9, 85) and (ii) even though branch lengths, in principle,
reflect elapsed time and these estimates are perfectly suitable
for several analyses, branch length transformations are often
employed for practical purposes to emulate different evolu-
tionary processes underlying trait variation (below). These
points are crucial because the reliability of analyses depends
fundamentally on whether the phylogeny employed reflects
with some degree of accuracy the phylogenetic structure of
the phenotypic data.

Because lineages in different branches evolve indepen-
dently from one another, the overall phenotypic variation
observed between them tends to accumulate (hence increase)
with divergence time. Consequently, closely related species
will tend to resemble each other for historical reasons and
this will happen independently of any deterministic process,
such as natural selection, driving trait variation. Even though
this trend is pervasive in the tree of life and occurs at all levels
of biological organization, notable exceptions often result
from adaptive evolution. The intrinsic association between
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Figure 1 Ahypothetical phylogeny representing the evolutionary relationships among

five species, and its consequences at the level of phenotypic variation. The tips of the
phylogenetic tree represent extant species and nodes depict the most recent common
ancestor of a clade, that is, a hierarchically arranged, monophyletic group of species.
For illustrative purposes, only the separation between clades A and B are shown, but
note that these two clades belong to a larger clade that encompasses all species in
the phylogeny, with a common ancestor known as the root node of the tree. Given
the hierarchical patterns of relatedness among species, phenotypic data in comparative
studies may not necessarily provide independent sources of information, as shown for
the two pairs of closely related species that are phenotypically very similar. Consequently,
patterns of phenotypic resemblance may be interpreted as evidence of evolutionary
convergence (adaptation) when in fact they reflect common ancestry. For this particular
example, phenotypic evolution proceeded as a random walk (i.e., a Brownian motion
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model of evolution).

form and function can constrain the number of potential
solutions for any given problem and, consequently, different
lineages may adopt similar strategies to cope with similar
challenges (for instance, insects, pterosaurs, birds, and bats
employ wings for flying). An intuitive way to visualize
alternative evolutionary scenarios in this context involves
contrasting the degree of phenotypic resemblance between
species against their relatedness (Table 1). Whereas similar-
ity between relatives is expected from simple descent with
modification, natural selection might explain pronounced
differences between closely related species (divergence) or
phenotypic similarity between distant lineages (convergence).
Changes in osmotic tolerance during freshwater invasion

Table T Comparative Patterns and The Origin and Diversification
of Phenotypic Traits

Taxa
Traits Related Not related
Similar Shared ancestry** Convergent evolution
Not similar Divergent evolution Uninformative

Multiple evolutionary scenarios can account for differences and simi-
larities across taxa; hence consideration of how these taxa are related
is crucial to discriminate between adaptive explanations and common
descent.

** Note that the maintenance of a trait by natural selection may also
account for this pattern. Modified, with permission, from Brooks and
McLennan (33).
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by the copepod Eurytemora affinis provide an illustrative
example of both processes (172), where the high tolerance to
saltwater in ancestral populations shifted repeatedly to fresh-
water tolerance during separate colonization events (Fig. 2).
Thus, although a general correspondence between phe-
notypic and environmental variation is still necessary for
adaptive inferences, phylogenetic analyses can reveal which
characters are ancestral and consequently not adaptive in the
strict sense because, from a historical evolutionary perspec-
tive, adaptations encompass derived characters that evolved in
response to natural selection (20,51, 100, 123,137, 140). This
definition focuses primarily on the origin and diversification
of phenotypic traits, which tends to be the primary interest
of comparative physiologists, and emphasizes the importance
of a historical approach to falsify adaptive hypotheses. For
example, the hemoglobin of South American camelids has a
high affinity for O, that was presumed to have been favored
during the colonization of the Andes, though comparisons
with the distantly related lowland dromedary suggest that this
condition was ancestral in this lineage (245). Therefore, the
historical approach suggests that high O, affinity is an exap-
tation in camelids (123), because it may have enabled them
to invade high altitudes but its origin preceded the coloniza-
tion of these habitats. This highlights that, even though this
historical definition of adaptation may be adequate for most
comparative analyses, some phenotypic traits may be main-
tained by natural selection and are consequently adaptive in
a broader sense. The same applies to the sutures of the hu-
man skull, which may be considered adaptive for allowing

641



Phylogenetic Analyses

e
Yo

Comprehensive Physiology

Salinity

Figure 2 Evolution of osmotic tolerance across populations of Eurytemora affinis, a copepod that
invaded freshwater environments repeated times. Phylogenetic information suggests that tolerance to
low osmotic pressures has evolved at least three different times from a marine ancestral lineage, and
this adaptive response resulted in divergence between close relatives and convergence across distantly
related species. Adapted from Lee et al. (172) with permission of the University of Chicago Press.

the birth of large-brained offspring even when its origin pre-
ceded the evolution of an enlarged brain (102). Regardless
of the controversies involving the operational definition of
evolutionary adaptation, there is no doubt that a historical
perspective is crucial to understand how and when different
traits have originated, and may shed light on the evolution-
ary processes underlying the origin and maintenance of these
traits (36,100, 102,107,130,132,137,138,149,217,226,233).
For instance, recent phylogenetic studies that suggest a marine
origin of snakes (61, 174) and, consequently, that limb loss
might be associated with aquatic locomotion, illustrate how
the selective pressures involved in the origin of some traits
may only be inferred with a comparative approach. Addition-
ally, as noted by Darwin, the existence of vestigial structures
with presumably no function—for example, flight motor neu-
rons in flightless grasshoppers (76), the pelvic girdle in whales
or the appendix in humans—can only be understood from a
historical perspective.

Comparisons between ancestral and derived traits are in-
herent to the historical definition of adaptation. Analyses com-
paring ancestral and derived characters are often referred to
as “directional comparisons” because the direction and rate
of evolution along the phylogeny can be inferred (137, 138).
In physiological systems, directional studies have been em-
ployed to study the historical sequence underlying protein
evolution and molecular adaptation (97, 120, 208, 245), ther-
mal coadaptation between behavioral preferences and physi-
ological performance (106, 151), and the origin of evolution-
ary novelties such as heat exchangers (27) or the swimming
bladder in fishes (22,23) (Fig. 3). The main drawback of di-
rectional comparisons is that ancestral states are rarely known
with accuracy; hence they are generally inferred from current
data assuming a given model of evolution (see below). Al-
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ternatively, “nondirectional comparisons” between contem-
porary species are generally employed to analyze patterns
of covariation between phenotypic characters or the fit be-
tween these characters and environmental variables, which
has been the traditional analytical approach in comparative
physiology. Conventional and phylogenetic regressions and
correlations, for example, have been frequently employed
to study the interspecific variation of continuously varying
physiological traits such as metabolic rates, thermal toler-
ance, diving performance, costs of transport, and so on (e.g.,
31,39,50,140,152-154,162,164,212,224,274,275,303,315).
These statistical methods have now been expanded to consider
explicitly the role played by phylogeny; hence, alternative
evolutionary hypotheses can be rigorously tested employing
a comparative approach.

Pattern Versus Process

One criticism regarding comparative analyses that has been
routinely discussed in the literature involves the difference
between pattern and process, or correlation and causation
(75,101, 149, 176, 320). Comparative approaches in general,
and phylogenetic analyses in particular, are primarily correla-
tional because it is virtually impossible to know with certainty
the conditions in which the phenotypic traits of study have
evolved and, consequently, inferring causality and ruling out
alternative mechanisms that might explain observed patterns
in comparative data may be extremely difficult (182). Histori-
cally, any given association between environmental traits and
phenotypic variation was interpreted as evidence of adaptive
evolution driven by natural selection, and this adaptationist
program was severely criticized before and during the advent
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Figure 3 The evolutionary steps behind the origin of the swim blad-
der can be traced onto the phylogeny of jawed vertebrates. Some
fishes present complex vascular counter-current systems known as re-
tia mirabilia that are, among other functions, involved in the secretion
of gases by blood acidification (Root effect). Phylogenetic analyses sup-
port a single origin for the choroid rete mirabile, suggesting that the
physiology behind oxygen secretion first evolved within the ray-finned
fishes to maintain a metabolically active retina. This preceded the evo-
lution of the swimbladder rete mirabile, which occurred in four inde-
pendent lineages (gray arrows) and enabled them to control buoyancy
by physiological means. Symbols at the tips of the phylogeny indicate
the presence of the choroid or the swimbladder retia mirabilia in ex-
tant species, and different branches illustrate the hypothesized state of
ancestral lineages according to parsimony (evolutionary losses are not
shown in the phylogeny for clarity, but can be inferred from the tip
data). Modified, with permission, from Berenbrink (22).

of modern phylogenetic statistical methods because virtually
every pattern had an adaptive explanation provided a poste-
riori (102, 122). In many instances, these a posteriori expla-
nations entirely ignore the historical component involved in
the evolution of a trait, incorrectly interpreting associations
between form and function in a derived condition as evidence
supporting its adaptive origin; e.g., the observation that fly-
ing animals have wings should not be interpreted as evidence
that wings evolved as adaptations to fly (see 64-66 for studies
on the evolution of avian flight, and 338 on the evolution of
winged flight in insects). Certainly, wing morphology is likely
associated with flying performance in these animals and may
be under selection, but the evolutionary processes underlying
the maintenance of any given phenotypic character should not
be confounded with those behind the origin of this character.

Even when evolutionary history is taken into account, as in
the phylogenetic analyses discussed below, inferences regard-
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ing adaptive evolution should be performed with caution. It is
often the case that many different processes can give rise to
the same pattern, and diverse evolutionary mechanisms, such
as founder effects, migration, drift, constraints, genetic hitch-
hiking, and correlated evolution, among others, can result
in significant associations between genetic/phenotypic and
environmental variation (244). Comparative biologists must
therefore always consider which alternative nonadaptive ex-
planations might account for any observed pattern. For exam-
ple, two different hemoglobin haplotypes have been described
in the deer mouse Peromyscus maniculatus, their frequency
in the population being highly correlated with the altitude of
the collection site (282). This correlation may have emerged
in response to selection related with altitude or, alternatively,
it may have resulted from stochastic biogeographic processes
because altitude trends and geographic trends are confounded
(one haplotype is found in high frequency in central Colorado
and declines in all directions from this region). Discriminating
between adaptive and nonadaptive explanations behind cor-
relational patterns is not simple and must rely on a variety of
evidence. With regards to the hemoglobin polymorphism ob-
served in P. maniculatus, subsequent studies showed that the
hemoglobin haplotypes differed in their binding affinity for
O,, resulted in enhanced aerobic performance during stren-
uous exercise and cold exposure at their native altitude (i.e.,
performance in individuals with the “high-altitude” haplotype
was significantly higher at high altitudes and lower at low alti-
tudes) and showed contrasting patterns of geographic distribu-
tion when compared with other genetic markers (43,44,284).
Taken together, this information suggests that the altitudinal
gradient in hemoglobin haplotype frequencies has emerged
for adaptive reasons (see also 297,298).

Even though at this level some readers may be tempted to
dismiss comparative analyses to study adaptation, it is impor-
tant to recall that a lack of association between hemoglobin
haplotypes in deer mice and altitude would challenge any
speculation on the role of these haplotypes in altitude adap-
tation. Similarly, as discussed in the introduction, the high
hemoglobin affinity for O, in camelids across different conti-
nents is at odds with the hypothesized adaptive origin of this
trait during the colonization of the Andes. As eloquently stated
by Losos and Miles (183), “historical studies can unequivo-
cally falsify adaptive hypotheses, but, because experiments
are not possible, support for an adaptive hypothesis requires
building up a convincing case by integrating disparate lines
of evidence” (p. 66). In this context, the so-called revolu-
tion associated with the advent of phylogenetic comparative
methods lies in the development of analytical tools that have
enabled researchers to study, with unprecedented accuracy,
the emergence of biological patterns in a historical perspec-
tive. Nonetheless, the correlational nature of phylogenetic
analyses, and its inherent limitations, should always be kept
in mind (182). While a phylogenetic perspective provides a
more elaborate and detailed account of the historical patterns
that have resulted in the observed distribution of phenotypic
traits across species or other taxa, inferences on underlying
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evolutionary processes must always rely on complementary
sources of information (75, 149, 176). Consequently, mech-
anistic research on how organisms work and theoretical ap-
proaches such as optimization models remains of paramount
importance to study physiological evolution (140, 212,274),
and these studies can (and should) be complemented with ap-
proaches borrowed from evolutionary biology such as exper-
imental evolution, population and quantitative genetic analy-
ses, measurements of selection acting in natural populations,
studies of individual variation in physiological traits, and so
on (20,75,81,99,101,102, 149, 176, 183,212,244,284).

Phylogenetic Statistical Approaches

From a statistical point of view, a fundamental problem in
comparative analysis is that species do not provide indepen-
dent sources of information on how phenotypic traits have
originated and evolved (Fig. 4). Closely related species have
had less time to diverge than distantly related species, there-
fore conventional statistical methods treating species as inde-
pendent risk pseudoreplication, which can inflate the type
I error rate of significance tests (the null hypothesis will
be rejected too often), affect the statistical power to detect
relationships, and result in inaccurate estimates of correla-

00000000000000000O0O0OO

12

o
10 O
e}

Figure 4 The problem of analyzing phylogenetically structured data
with conventional statistical methods. Ignoring phylogeny, one would
conclude that X and Y are positively correlated (Pearson r = 0.48, 2-
tailed P = 0.034), when in fact this relationship emerges primarily from
the high divergence in X and Y between the two clades at the root of
the phylogeny. Modified from Felsenstein (86), with permission of the
University of Chicago Press.
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tions, slopes, and/or group differences (101,202,203,228,302)
(Fig. 5). Modern phylogenetic statistical methods circumvent
this problem by taking phylogenetic information into consid-
eration. They acknowledge that “the closer two species are in
the phylogeny, the more likely that they resemble each other”
and control for expected patterns of phenotypic covariation
due to shared ancestry. These methods differ from previous
analyses that incorporate taxonomic levels—e.g., nested de-
signs have been employed prior to the development of phylo-
genetic methods to deal, at least to some extent, with this issue
(80, 137)—in that they are able to incorporate more complete
information on the evolutionary history of the clade, such as
the shape of the phylogenetic tree and divergence time esti-
mates, as well as make explicit assumptions on the rates of
phenotypic (or genetic) evolution and the model of character
evolution (101).

Different sources of information such as gene sequences
and morphological traits can be employed to build a phy-
logeny, as long as these characters are independent from
the phenotypic traits analyzed (101). Nowadays, the topol-
ogy of the phylogeny is generally obtained from DNA se-
quences, and the degree of divergence across sequences then
provides an estimate of divergence times between species.
For instance, Sibley and Ahlquist (279) compiled the phy-
logeny of birds around the world employing DNA-DNA
hybridization and distance methods to estimate the prox-
imity between certain nodes, which was subsequently used
in many comparative studies (260,262, 323). More sophisti-
cated methods to statistically infer phylogenies from gene
sequences are currently available (85), and several clades
of Sibley and Ahlquist’s classification have been disputed
(10, 17). This emphasizes that, in a comparative study, phylo-
genies are working hypotheses on the true evolutionary rela-
tion among species and/or populations; hence, they are subject
to error (68, 69, 145,147,207,226,248,301). Although some
approaches have been developed to deal with phylogenetic
uncertainty (145, 147), most comparative analyses currently
employ one working phylogeny.

Phylogenetic information can be employed to estimate
and statistically remove the effects of nonindependence in
comparative data, and for most phylogenetic comparative
methods this involves knowledge of divergence times and
the incorporation of explicit models of character evolution.
Conceptually, it is important to distinguish between the evo-
lutionary history of a clade, described by a phylogeny with
its topology and divergence times, and the evolutionary pro-
cesses that may account for its phenotypic diversity. This
distinction is not entirely obvious during the implementa-
tion of some phylogenetic methods because they are ulti-
mately concerned about patterns of phenotypic resemblance,
which are not always associated with the degree of relatedness
among lineages. This is why several comparative analyses
have employed branch lengths in units of expected character
change (generally referred to as “expected variance of char-
acter change”) that may or may not be proportional to time
(29,82,87,98,104,105,107,109,132,146,220,226,236,267).
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Figure 5 Increased type | error rates of conventional statistics in analyses of interspecific data.
When two traits evolve independently along a phylogeny according to Brownian motion, the
probability of rejecting the null hypothesis of no correlation (type | error) increases with the
amount of phylogenetic structure of the data. The shaded area represents simulations where the
resulting ordinary Pearson coefficient falls above the tabular critical value of +0.476 (11 degrees
of freedom), which would incorrectly suggest that the two traits are correlated. Simulations with a
star phylogeny result in the error rates of 5%, which is the expected type | error rate if conventional
(nonphylogenetic) analyses are used. Type | error rates can be higher than 25% if the data shows
a strong phylogenetic structure (for one obvious example where the correlation between two traits
is incorrectly inferred, see Fig. 4). Modified, with permission, from Garland et al. (101).
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Even though intuitively one would expect that the degree of
phenotypic divergence increases with time, this is only true
for gradual evolutionary models where phenotypic changes
accumulate in direct proportion to elapsed time. A random
walk or Brownian motion model of phenotypic evolution (see
Fig. 1) emulates processes such as random genetic drift or
stochastic fluctuating selection (82, 101) that, in the absence
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of any additional process or boundaries for phenotypic evolu-
tion, results in a linear association between divergence times
and the expected phenotypic variance (Fig. 6). Other grad-
ual models, such as the Ornstein-Uhlenbeck model (OU) that
mimic the action of stabilizing selection toward a “pheno-
typic optimum,” or the ACDC model in which evolutionary
rates accelerate or decelerate in time, result in a nonlinear
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Figure 6 Branch lengths in comparative analyses. The branches of
a phylogeny indicate the elapsed time between speciation events, but
the degree of phenotypic similarity expected among species (which is
the main concern in a comparative dataset) will depend on the elapsed
time and on the evolutionary model of character evolution. Under an
evolutionary model of Brownian motion, the “expected variance of
character change” is proportional to elapsed time. Alternatively, the
expected variance is not directly proportional to time when rates of
character change accelerate (gray arrow) or decelerate in time (black
arrow), which affects the relative contribution of recent versus past
evolution to the overall distribution of phenotypes. Accelerating evo-
lutionary rates results in less phylogenetic signal than expected from
Brownian motion because most phenotypic variation reflects recent
evolutionary history, whereas decelerating rates generate the opposite
pattern. A star phylogeny depicts the extreme case in which all effects
of shared ancestry and past evolution have been blurred by recent
phenotypic evolution (at the tips of the phylogeny). Many evolutionary
processes, such as divergent or stabilizing selection, can account for a
nonlinear association between character change and time. Modified,
with permission, from Diniz-Filho (71).

relationship between evolutionary time and expected pheno-
typic variance among species (29, 36). Conversely, in models
such as the speciational model, in which phenotypic evolution
occurs only during speciation and the remaining periods are
characterized by evolutionary stasis, character evolution pro-
ceeds in jumps and is independent of divergence times (236).
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In practice, a speciational model can be emulated by setting
all branches to a constant and assuming Brownian motion,
which illustrates how branch length manipulation can be em-
ployed to mimic particular evolutionary processes (105). Pro-
cesses such as competition between close relatives, character
displacement following speciation and adaptive evolution as
species invade new niches may justify the saltational behavior
of these models. To summarize, researchers must keep in mind
that divergence times may not adequately describe patterns of
phenotypic resemblance in comparative data (e.g., in a recent
allometric analysis of mammalian basal metabolic rates, re-
gressions employing arbitrary branch lengths provided a bet-
ter fit to the data than divergence times; see 324), the primary
reason being that phenotypic traits may evolve in multiple
ways and at varying rates. Another possible reason is mea-
surement error, which may obscure and distort phylogenetic
patterns present in the data (see below). These alternatives
are not mutually exclusive, however, and the potential impact
of measurement error must always be taken into considera-
tion when proposing evolutionary explanations for observed
patterns of phenotypic distribution.

By now, the intricacies associated with phylogenetic sta-
tistical methods may be off-putting for those physiologists
interested primarily on analyzing their data. However, the
fundamental take-home message is that phylogenetic com-
parative methods lie on a robust conceptual basis that en-
compasses (i) an understanding of the processes underlying
phenotypic evolution and (ii) how these processes translate
into interspecific variation. Such a framework is fundamental
for reliable statistical inferences based on comparative data
and has enabled comparative biologists to rigorously test their
hypotheses in an evolutionary framework. While some of the
criticisms of these methods stem from the fact that we often
do not know—an may never know—in detail how phenotypic
evolution has occurred in the past, it is important to keep
in mind that drawing inferences based on comparative data
with a phylogenetic structure is primarily a statistical problem
(which conventional analyses are not able to circumvent). For
instance, recent comparative analyses can test the adequacy of
several alternative models to determine which branch lengths
best fit the analyzed dataset (53, 110, 171, 299, 324, 329).
This approach is particularly powerful because researchers
can compare a wide variety of evolutionary scenarios (i.e.,
whether evolution occurs gradually or in jumps, accelerates
or decelerates in time and so forth), and their adequacy will
depend primarily on whether they are good descriptors of past
phenotypic evolution of the clade under study (92).

Phylogenetic signal

The primary concept behind phylogenetic comparative anal-
yses is that of phylogenetic signal, or the tendency of
closely related species to resemble each other. Phyloge-
netic signal results from the simplest evolutionary models
that include hierarchical patterns of relatedness (28), hence
its presence should be pervasive across interspecific data.
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Accordingly, in comparative studies with large samples where
low statistical power to detect signal is not a major is-
sue (n > 20 species), more than 90% of the datasets ana-
lyzed exhibit significant phylogenetic signal (29); see also
(5,14,55,67,93,170,223,261,265,269,336). These analyses
include behavioral, physiological, morphological, life history,
and ecological traits measured in very disparate taxa (e.g.,
birds, insects, and plants), emphasizing the generality of this
pattern. In addition, significant phylogenetic signal has been
also detected in intraspecific datasets (14, 54), showing that
phenotypic variation across populations of a single species can
also exhibit a phylogenetic structure (importantly, if migration
and gene flow occurs across populations, standard phyloge-
nies may not be appropriate because patterns of relatedness
differ from a treelike genealogy; see 84,295). Nonetheless,
different factors such as the existence of evolutionary con-
straints (including boundaries to phenotypic evolution) or
adaptive evolution in response to natural selection may de-
crease and even disrupt patterns of resemblance (29,265). For
instance, as discussed previously, close relatives may diverge
rapidly due to local adaptation and distantly related species
may converge for the same reason (Fig. 2). In addition, other
factors such as measurement error and phenotypic plasticity
can obscure any phylogenetic signal that might exist. Given
that similarities due to common ancestry are probably the
primary reason accounting for the nonindependence of com-
parative data, testing for the presence of phylogenetic signal in
a comparative dataset is a crucial to diagnose if phylogenetic
correction is necessary during analyses (1, 28, 29, 93, 265).
Similarly, significant signal in the residual error of regression
models (not in the traits themselves) would also indicate that
phylogenetic analyses are more appropriate (256).

Even though the presence or absence of signal has little to
say about the evolutionary processes that underlie observed
patterns (257), it can be very informative on how the pheno-
typic variation is distributed across species and how it varies
over different time scales in the phylogenetic tree. This sort
of information is very important to understand, for example,
how different clades may respond to environmental stress, il-
lustrating the potential of comparative physiological studies
to improve the efficacy of biomonitoring and conservation
programs (34, 90, 331). Testing for phylogenetic signal can
be accomplished in different yet complementary ways, with
randomization procedures or by model fitting comparing phy-
logenies with varying degrees of hierarchy (1,28,29,93,196).
Even though the Mantel test has been commonly used to test
for phylogenetic signal (by testing if a matrix of pairwise
distances between trait values are correlated with a matrix
of phylogenetic distances; e.g., 7,55,59), it will not be dis-
cussed here given its poor statistical performance, that is, low
statistical power and inflated type I error rates (133).

In randomization analyses testing for phylogenetic signal,
the amount of phenotypic divergence in the actual dataset is
compared against a null distribution obtained from datasets
in which phenotypic values are randomly shuffled across
species, hence destroying any signal in the data (29, 196).
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Because indexes of phenotypic divergence—for example, the
minimum number of transitions for categorical data or the
mean squared error in phylogenetic linear models for con-
tinuous traits—are expected to be low when close relatives
resemble each other, one concludes that the studied dataset
exhibits significant phylogenetic signal with P < 0.05 when
the index of divergence calculated on the original dataset is
lower than 95% of the values estimated across multiple ran-
domizations (Fig. 7).

Alternative methods have been proposed to estimate the
optimal branch lengths that maximize the explained variance
of the character of study, providing a direct assessment of
its distribution and association with the phylogenetic struc-
ture. Hierarchical trees with long basal branches indicate that
the phenotypic variation of the descending clades tends to
be clustered, whereas trees with long branches leading to the
tips indicate that most of the variation occurs across species
rather than among groups at higher levels. The branch-length-
transformation approach to test for phylogenetic signal con-
sists in comparing the model fitness of the best phylogenetic
tree against that of a star phylogeny, where all species derive
from a single common ancestor without intermediate steps
(29,93,171,323). One can test if the phenotypic data presents
a significant hierarchical structure by contrasting the fit of al-
ternative models (35, 127,158,173, 185,309,310), which can
be quantified with measures of goodness of fit such as the
Akaike information criterion (AIC). This measure estimates
the relative support of each candidate model, rewarding over-
all goodness of fit given by its maximum likelihood L and
penalizing for its number of estimated parameters k (AIC =
2k — 2 InL): the smaller the AIC value, the better the relative
fit of the model (35,309, 310). Multiple model parameters
such as A (93,233) or d (29) can be employed during opti-
mization procedures to estimate the degree of phylogenetic
dependence of the comparative data and, even though they
differ in their underlying assumptions (while the parameter A
is not based on an explicit model of evolution, the parameter
d emulates the effects of a OU process in the phylogenetic
structure), the overall rationale is very similar. Values close
to 1 indicate that the phylogeny with optimal branch lengths
resembles the original (presumably hierarchical) phylogeny,
while values close to zero indicate little hierarchy and, con-
sequently, low phylogenetic signal (Fig. 8). For an expansion
of the OU branch-length transformation method to test for
signal in groups of traits, see Zheng et al. (339).

The star phylogeny (A = 0 and d = 0) describes the ex-
treme scenario where no resemblance exists among relatives
(Fig. 9); hence, they provide independent sources of informa-
tion on the evolution of the trait of study. In this case, trait will
display no phylogenetic signal and results from phylogenetic
analyses employing a star phylogeny converge to those of con-
ventional statistics because the mathematical assumptions of
these models are the same: independence and homogeneity of
variances. In the phylogenetic jargon, this respectively implies
that no covariation exists due to shared evolutionary history
(i.e., no intermediate nodes and branches) and that branch
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Figure 7 Randomization analysis to test for significant phylogenetic signal in continuous and categor-
ical traits, illustrated with the distribution of body mass and diet categories (white = omnivore, gray =
granivore, black = herbivore) of rodent species. Phylogenetic similarity was estimated as the variance of
phylogenetic independent contrasts for the continuous trait (logyg-transformed body mass) (29) and as
the minimum number of transitions according to unrestrained parsimony (i.e., all transitions are possible)
for the categorical trait diet (196). These indexes are then calculated after shuffling the phenotypic char-
acters across the tips of the phylogeny, breaking any phylogenetic structure and providing a null random
distribution of n replicates (n = 999 in this example) where phylogenetic signal is absent. The histograms
illustrate how both indexes calculated in the real dataset (represented by the arrows) fall consistently
below randomizations, hence one can conclude that the distribution of body mass and diet shows sig-
nificant phylogenetic signal across rodent species (P < 0.001 in both cases). Data and phylogeny, with
permission, from Rezende et al. (261).
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lengths from the common ancestor to the tips are identical
across all species (101,248) (see fop panel in Fig. 5). More
importantly, converging results as the degree of hierarchy de-
creases and eventually the phylogeny collapses into a star phy-
logeny emphasize that conventional statistical methods make
implicit assumptions on the phylogenetic structure of the data,
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and actually correspond to a subset of more generalized meth-
ods where these assumptions are relaxed (29, 101, 124, 171).
Consequently, whether phylogenetic or conventional statis-
tical methods are more appropriate in a comparative study
depends primarily on the amount of phylogenetic signal of
the trait (or traits) involved, and by now the long-standing
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Figure 8 Branch length transformation analyses to test for the presence of phylogenetic signal attempt to find the phylogenetic structure that best
fits the data. A phylogeny can be described as a matrix of variance-covariance describing the expected residual distribution of the comparative
data. The diagonals depict the expected phenotypic variance (i.e., how species are expected to differ from the overall mean) that, under Brownian
motion, corresponds to the total distance from the root to the tips. The off-diagonals provide the expected phenotypic covariance among species
(or how they are expected to resemble each other due to shared ancestry), which corresponds to the total amount of evolutionary history shared
by each pair of species. Because the amount of phylogenetic signal essentially encapsulates the amount of phenotypic covariance among species,
parameters such as A that affect the degree of hierarchy of a phylogeny by manipulating the length of the internal branches can be employed to
estimate which phylogeny best fits the data (see Fig. 9). In this hypothetical example, the phylogeny that best fits trait A is very hierarchical (A = 1)
suggesting that close relatives tend to resemble each other for this trait. Conversely, the phylogeny that best fits the distribution of trait B shows no
hierarchy (A = 0), suggesting that signal in trait B is negligible. A log-likelihood ratio test comparing the likelihoods of models when A = 0 versus
A =1 can be employed for significance testing (not shown). Adapted from Freckleton et al. (93) (see also 256), with permission of the University
of Chicago Press.

debate on this subject has shifted from a philosophical prob-
lem to a strictly statistical one. Importantly, the power to detect
phylogenetic signal drops dramatically at small sample sizes
(n < 20 species) (29,60), therefore caution is warranted when
signal is not detected in small datasets. When it is impossible
to differentiate between these alternative models, it is advis-
able to run both conventional and phylogenetic analyses and
ensure that studied patterns are qualitatively robust. Other-
wise, contrasting results should be reported and conclusions
tempered accordingly. Given the conceptual insights resulting
from an explicitly historical perspective and analytical rigor-
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ousness, we ultimately encourage the use of phylogenetic
information in comparative analyses whenever it is possible
(but see 182).

Phylogenetically independent contrasts

Since its introduction (82), the method of independent con-
trasts has been widely employed to analyze and control for
phylogenetic effects in comparative studies. It is considered
the first explicit phylogenetically based statistical method be-
cause it takes into consideration the branching pattern of the
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Figure 9 Varying degrees of hierarchy in phylogenetic trees ex-
pressed as matrices of phenotypic variance-covariance among species,
illustrated for the phylogeny in Figure 8. The expected amount of phe-
notypic similarity due to shared ancestry decreases as A approaches
zero, and as when A = 0 the matrix of phenotypic variance-covariance
converges to the identity matrix (i.e., the expected residual distribution
of conventional statistical analyses). In other words, comparative stud-
ies employing conventional analyses inherently assume that the data
does not exhibit phylogenetic signal and species provide independent
sources of information, which may or may not be true (compare traits
A and B in Fig. 8).

phylogenetic tree, divergence times, and an explicit model
of character evolution (Brownian motion). Succinctly, this
method converts the original data, with its phylogenetic struc-
ture, into a series of phenotypic divergences that are indepen-
dent from each other (82,98, 101, 105,107,137,203,231). To
calculate independent contrasts, the phenotypic divergence
between two related nodes is standardized by the “time” they
had to diverge (note that in the strict sense the branch lengths
do not necessarily reflect time, as discussed above). Start-
ing from the tips of a bifurcating phylogeny, this algorithm
transforms the N original measurements into N—1 contrasts
between sister lineages until it reaches the root node (Fig. 10).
Importantly, as phenotypic divergences are estimated deeper
in the phylogeny, the uncertainty associated with these esti-
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mations increases, resulting in an “extra’” amount of expected
variance in more ancestral nodes. In practice, this involves an
additional step in the computation of contrasts that has been
forgotten in several worked examples in the literature (see
101), which consists on adding extra variance during the stan-
dardization of contrasts—i.e., lengthening the branches by a
certain amount—that can be calculated assuming a Brown-
ian motion evolutionary model (Fig. 10). As demonstrated by
Garland and Ives (107) and Rohlf (267), independent con-
trasts can be understood with the generalized least-squares
regressions framework (below), ensuring strong theoretical
statistical foundations for the method and making its solution
well understood in this context. Several computer programs
readily available can calculate independent contrasts, and may
be employed in conjunction with any conventional statistical
package. Assuming that the topology and branch lengths are
correct, the resulting contrasts meet the requirements of in-
dependence and homogeneity of variances of conventional
parametric statistics, and can be analyzed with these tools.
Additional worked examples of how to appropriately calcu-
late contrasts are available in other references (95, 100, 101).

One major advantage of independent contrasts is that they
retain basic notions of phylogenetic thinking, because their
distribution ultimately represents a series of phenotypic di-
vergences over evolutionary time. The representation of evo-
lutionary patterns employing contrasts immediately follows
from the distribution of the raw data, but differs considerably
from bivariate plots in the original dimensions (Fig. 10). These
plots provide complementary information on the distribution
of the original data and the evolutionary trends that under-
lie this distribution. For instance, in mammals, the size and
shape of the ear bones are involved in stabilization and bal-
ance during locomotion (289, 290). Allometric plots clearly
show that variation in size of the semicircular canal system
is associated with body mass (Fig. 11), and the clustered dis-
tribution of the data suggests that both body mass and the
size of the semicircular canal exhibit phylogenetic signal (see
Fig. 1 in 289). Ignoring this fact, the allometry of the semi-
circular canal obtained with a conventional linear regression
employing logjo-transformed data equals 1.025 x Mass*%’
(95% CI for the exponent lying between 0.049 and 0.085).
However, it is clear that a grade shift in the size of the semi-
circular canal has occurred in cetaceans, presumably as an
adaptation associated with the colonization of aquatic envi-
ronments (289), resulting in a major impact on the scaling
relationship. When cetaceans and all other mammals are an-
alyzed separately, the allometric relationships equal 0.134 x
Mass®'®7 (95% CI of 0.131 and 0.202 for the exponent) and
0.640 x Mass®'7 (95% CI of 0.127 and 0.148), resulting
in over a 2-fold increase in the calculated scaling exponent.
Knowledge of patterns of relatedness among species provides
a more accurate historical perspective, with the analysis with
contrasts being able to control for phylogenetic effects both
across and within taxonomic groups and also indicating where
the grade-shift has occurred (Fig. 11). The resulting allometric
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Figure 10 Calculation of phylogenetic independent contrasts for two hypothetical variables X
and Y. Contrasts estimate the amount of phenotypic divergence across sister lineages standardized
by the amount of time they had to diverge (the square root of the sum of the two branches). The
algorithm runs iteratively from the tips to the root of the phylogeny, transforming n phenotypic
measurements that are not independent in n—1 contrast that are statistically independent. Because
phenotypic estimates at intermediate nodes (X' and Y’) are not measured, but inferred from the
tip data, divergence times employed to calculate these contrasts include an additional component
of variance that reflects the uncertainty associated with these estimates. In practice, this involves
lengthening the branches (dashed lines) by an amount that, assuming Brownian motion, can be
calculated as (daughter branch length 1 x daughter branch length 2) / (daughter branch length
1 + daughter branch length 2). As a result, the association between the hypothetical phenotypic
variables X and Y analyzed employing conventional statistics and independent contrasts may seem
remarkably different, as shown in the bottom panels. Because independent contrasts estimate
phenotypic divergence after speciation and are expressed as deviations from zero (i.e., the daughter
lineages were initially phenotypically identical), correlation and regression analyses employing
contrasts do not include an intercept term and must be always calculated through the origin
(82,105, 175). Note that the sign of each contrast is arbitrary; hence many studies have adopted
the convention to give a positive sign to contrasts in the x-axis and invert the sign of the contrast
in the y-axis accordingly (this procedure does not affect regression or correlation analyses through
the origin; see 105). Even though the classic algorithm to calculate contrasts neglects important
sources of uncertainty such as individual variation and measurement error, recent methods can
account for these sources of error (87,157,206).
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Figure 11 Correlated evolution and grade shifts in comparative
data, plotted in raw dimensions and employing independent contrasts.
The semicircular canal system in mammals (Rod = rodentia, Prim =
primates, Cet = cetacea, Art = artiodactyla, Car = carnivora, Chir =
chiroptera) contributes to stabilization and balances during locomo-
tion and varies positively with body size. The highly derived system
of cetaceans (close symbols) seems to have evolved as an adaptation
to an aquatic environment, and not taking this fact into account (i.e.,
pooling all species during analyses) would result in an underestima-
tion of the allometric slope of the semicircular canal system across
mammals. A regression with independent contrasts controls for this
problem during scaling analyses and also extracts the region of the
phylogeny where the grade shift has occurred (gray symbol), since the
node separating cetaceans from their artiodactyl sister lineage falls
outside the 99% prediction interval for a new observation when it is re-
moved from the analysis. Modified, with permission, from Spoor et al.
(289), the phylogeny was built employing the mammalian supertree
reconstructed by Beck et al. (19).

652

Comprehensive Physiology

exponent with contrasts equals Mass*!'!" (with 95% CI be-
tween 0.101 and 0.132), emphasizing that the effects of the
grade shift were appropriately removed in this analysis (for
other studies discussing grade shifts and differences among
clades, see 3,99, 104,107,197,209,227,262,277).

Data transformed into independent contrasts can be em-
ployed in tests of correlation, regression, and other linear
models. Because contrasts ultimately correspond to estimates
of divergence of continuous phenotypic traits, many statisti-
cal properties require some discussion. First, the sign of each
contrast is arbitrary, depending solely of how sister nodes
are ordered during calculations, yet it is imperative that the
ordering of species remains identical during calculations of
contrasts for separate traits. Otherwise, the sign of one asso-
ciation between two traits may change its sign if the contrast
for one trait is calculated between species A — B while the
contrast for the other trait is computed as B — A. Second, cor-
relation and regression analyses must be always calculated
though the origin (Fig. 10), because the expected average
phenotypic divergence equals zero under Brownian motion
(failing to calculate correlations and regressions through the
origin when working with contrasts is a relatively frequent
mistake of many published studies) (82, 105, 175). As a re-
sult, hypothesis testing with contrast involve N — 1 data and
no intercept, ultimately resulting in the same degrees of free-
dom of conventional statistics (100). Even though analyses
with contrasts do not include an intercept term, intercepts
can be calculated by remapping the origin to the ancestral
state estimated for the root node (107), which mathematically
corresponds to the phylogenetically corrected mean of x and
y from phylogenetic generalized linear models (see below).
Importantly, multivariate analyses with contrasts can include
categorical predictor variables (104), hence standard analysis
of variance (ANOVA) and covariance (ANCOVA) may also
be performed with this method. In these analyses, categori-
cal variables with n categories are included in the regression
model employing n — 1 dummy variables of O — 1, whose
effect is tested together in the model (121,261). This is mathe-
matically equivalent to a phylogenetic ANOVA or ANCOVA,
hence the n — 1 degrees of freedom in the numerator of the F’
statistic of these analyses.

As with any other statistical model, analyses based on
contrasts and statistical inferences will be affected by viola-
tions of underlying assumptions (115,203,207,249). Impor-
tantly, some analyses are more sensitive than others to vio-
lations of underlying assumptions; hence researchers should
always take into account the adequacy and reliability of these
methods in the context of the study (i.e., the application be-
ing used and the question being investigated, see 160). For
instance, inferred ancestral states calculated with contrasts
for the root node (see below) will be affected by directional
trends, such as the increase in body size during the evolu-
tion of horses, yet independent contrasts may still adequately
account for phylogenetic effects and result in data that are
statistically independent if the primary goal is to study the
correlation between characters during the evolution of a clade
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(230). Computer simulations suggest that tests of correlated
evolution employing contrasts are relatively robust to de-
viations of Brownian motion and equivocal branch lengths
(68,69), particularly when diagnostic and remedial measures
are taken prior to analyses (3,29,74,93,98, 105, 107, 109).
Before we discuss these diagnostic measures, we recall that
performing tests for the presence of phylogenetic signal in the
comparative data and in the residual error of linear models is
highly recommended (incidentally, when phylogenetic signal
is absent, analyses with independent contrasts can be per-
formed on a star phylogeny and the slope and the P-value will
be mathematically identical to those of conventional analyses;
see 101,248).

When phylogenetic correction is necessary, the resulting
contrasts must be normally distributed and appropriately stan-
dardized, which may be accomplished with a variety of trans-
formations on both the phenotypic traits and/or on the branch
lengths (105). For instance, body mass is log-normally dis-
tributed and such a distribution cannot be obtained from Brow-
nian motion in the original scale, hence many comparative
analyses employ log;-transformed estimates of body mass
(Fig. 11). In addition, adequately standardized estimates of
phenotypic divergence should be homogeneously distributed
across short and long branches. Plotting and correlating the
absolute contrasts against their standard deviation (the square
root of the sum of their branch lengths) is often employed to
diagnose if this is the case, and the standardization is con-
sidered appropriate if no significant correlation is observed
(105). Significant negative (or positive) correlations in this
diagnostic imply that contrasts calculated between closely re-
lated sister lineages are consistently higher (or lower) than
those calculated for distantly related sister lineages, hence
it would not be possible to determine in subsequent analy-
ses if observed patterns reflect a biological phenomenon or
an artifact resulting from inadequate standardization. Addi-
tionally, studying the distribution of the absolute contrasts is
important for reasons discussed in more detail below: out-
liers and potentially influential points can indicate regions of
the phylogeny where evolutionary divergences were particu-
larly large, while differences in distribution of contrasts across
clades would suggest that the rates of phenotypic evolution
differ between them (98, 107).

Phylogenetic Analyses

Phylogenetic regression

The phylogenetic regression is a generalization of standard
regression techniques developed by Grafen (124) to deal with
the non-independence of comparative data. A detailed histor-
ical account of the development of phylogenetic generalized
least-squares methods, which is now a routine comparative
tool (e.g., see 29, 38,74,93,107, 146,206,267, 324), is pro-
vided in Appendix A of Lavin et al. (171). While the standard
regression assumes that the residual errors for each species are
equal and there is no covariation between them, the general-
ized model includes a matrix of expected variance-covariance
between residuals that is based on phylogenetic distances
(Fig. 9). Data in the diagonal of this matrix provide the ex-
pected residual phenotypic variance for each species, which
roughly corresponds to the total amount of evolutionary time
available for each species from the root node to the tip of the
tree. The degree of resemblance or covariance among species,
described in the off-diagonals, corresponds to the amount of
time these species evolved together as a single lineage (Fig. 9).
While close relatives are expected to be very similar due to
shared ancestry, distantly related species are more likely to
differ given the increase in divergence time. By accounting for
the expected variance-covariance between residuals, parame-
ter estimation, and hypothesis testing in these regressions take
into consideration the evolutionary relations between species
(107, 124,125,267, 268,299, 324). These generalized linear
methods are very versatile and can be employed to perform
the phylogenetically correct version of many standard com-
parative techniques, such as ANOVA and ANCOVA.
Importantly, under a Brownian motion model of character
evolution, phylogenetic regression analyses yield parameter
estimates that are numerically identical to those obtained by
independent contrasts (e.g., compare Table 2 with analyses
listed in Section ‘“Phylogenetically independent contrasts”).
However, in spite of being functionally equivalent for most
purposes, both approaches can be nonetheless complementary
(101, 107,267). Phylogenetic thinking is retained with inde-
pendent contrasts, which facilitates identification of clades
with contrasting rates of phenotypic evolution (e.g., 30, 107)
and the calculation of ancestral phenotypes or predicted phe-
notypes for unmeasured species by manipulating (reroot-
ing) the phylogeny (107). Additionally, outliers in contrast

Table 2 Allometry of the Semicircular Canal in Mammals, Comparing Models with Different
Phylogenetic Structures (Star Versus Hierarchical Phylogeny)

Evolutionary model Intercept + SE

0.011 £ 0.040
—0.167 + 0.083

Nonphylogenetic
Phylogenetic

Slope + SE AIC Wi

0.067 + 0.009
0.117 + 0.008

—73.42 0.000
—277.78 1.000

Results from phylogenetic generalized linear regressions employing logg-transformed data. The
best-fitting model was determined with the Akaike information criterion (AIC), and corresponds to
the one with the smallest AIC value shown in bold. Akaike weights (wi) suggest that the model with
a hierarchical structure has 100% support given the two models tested, hence one can conclude
that the radius of the semicircular canal exhibits high phylogenetic signal and that the phylogenetic
regression is more reliable. Data, with permission, from Spoor et al. (289).
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Figure 12 The general approach to study the evolution of categor-
ical traits. Different evolutionary models can be emulated by varying
the rates of transitions g1 and g2 between categorical states: evolution
is reversible when transitions in both directions are possible (i.e., the
probability that a transition occurs is different from zero for q1 and
q2), and irreversible when the probability of a transition in one of the
directions is constrained. Different set of rules about transformations
between states can have a major impact on the analytical results, as
shown for the ancestral reconstruction performed with maximum like-
lihood assuming a Markov model of evolution (see text). In the first
case, transition rates are assumed to be identical (q1 = g2), resulting
in equiprobable ancestral states in all nodes, which contrasts dramati-
cally with the outcome of the same analysis assuming that evolution is
irreversible.

analyses may point to regions of the phylogeny where evolu-
tionary divergence is seemingly fast or in a different direction
from the general trend (Fig. 12; see also references 67, 100
[Fig. 4], 108 [Fig. 4c], 167 [Fig. 7]). Conversely, phylogenetic
regressions may easily accommodate a variety of alternative
evolutionary scenarios and compare their adequacy employ-
ing maximum likelihood or any other criterion for model
choice (e.g., 171,299,323,324).

Different traits may contain contrasting amounts of phy-
logenetic signal, that is, the best-fitting phylogenies would
have different hierarchical structures; hence testing for the
presence of phylogenetic signal in the residual variation of
the regression model has been recently recommended as a
diagnostic tool to assess the adequacy of the model and en-
sure appropriate phylogenetic correction (256). As with in-
dependent contrasts, branch length transformations can be
done from a purely statistical perspective to ensure that phy-
logenetically structured data provide independent sources of
information (68, 69, 93, 105, 124). Regression models may
include independent categorical factors (e.g., diet or taxo-
nomic group), continuous variables and phylogenies with dif-
ferent levels of hierarchy, including star phylogenies. Con-
sequently, alternative regression models may be compared
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while also testing for the presence phylogenetic signal in
the dataset (171,299,323). Computer programs can currently
determine the optimal branch-lengths that fit the data, assum-
ing different models of phenotypic evolution such as the OU
process—a model with a stochastic component such as a ran-
dom walk and a deterministic term that mimics the action of
selection—and other processes that include evolutionary rates
accelerating or decelerating in time and speciational models
of evolutionary change (29, 36, 68, 83, 104, 131, 202, 206).
This flexibility has made phylogenetic regressions particu-
larly compelling for comparative studies of scaling, that is,
estimating the parameters of allometric scaling relationships
(129,261,262, 280, 324), comparing these estimates against
theoretical predictions (280, 288, 324), or testing whether a
single allometry fits better the data than separate estimations
for different clades (e.g., 129, 171,280,299, 324).

Partition approaches

An entirely different set of statistical approaches to com-
parative analyses was developed based on quantitative ge-
netics and spatial autocorrelation techniques for decoupling
variation into environmental and phylogenetic components
(46,72,114,115,146,187). Importantly, these approaches dif-
fer from the previous methods in that they do not assume any
a priori evolutionary model (such as Brownian motion or OU)
and are based instead on the ability to empirically fit trait val-
ues to phylogenetic relatedness contained in the phylogeny.
Although, some researchers have criticized these methods on
this ground (91, 204, 267) (see also 137, p. 137), it is im-
portant to recall that phylogenetic linear models and indepen-
dent contrast analyses employing branch length that are trans-
formed primarily for statistical purposes—that is, for appro-
priate standardization—have the same problem since they do
not necessarily reflect any known evolutionary model. For in-
stance, Reynolds and Lee (260) raised the branch lengths esti-
mated from DNA hybridization to the power —0.2 to obtain in-
dependent contrasts of basal metabolic rates in birds that were
statistically adequate according to diagnostic tests (see Sec-
tion “Phylogenetically independent contrasts”). This protocol
transforms the longest branches in the shortest ones, which
is difficult to reconcile with any known model of phenotypic
evolution (107). Similarly, several authors have developed al-
gorithms to assign arbitrary branch lengths into phylogenies in
which divergence times are not known (124,237,247), which
may be adequate for statistical purposes even when no evo-
lutionary model was envisioned. Consequently, even though
we emphasize that an explicit consideration of the model of
character evolution behind comparative analyses is certainly
beneficial (and crucial in some instances), statistical methods
based on variance partitioning may be useful when analyzing
real datasets due to the inherent complexity of phenotypic
evolution (202).

Methods based on variance partitioning are mathemati-
cally different from independent contrasts and phylogenetic
linear models (115,267), and they usually do not outperform
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model-based methods in simulations (in which evolutionary
models that generated the data are known). In these analyses,
which can be collectively called “partition” methods, the main
idea is that trait values can be decomposed into a phylogenetic
(inherited) component and a component resulting from inde-
pendent evolution unique for each tip of the phylogeny (the
specific component). Several techniques can be employed to
achieve this, and the first approach was the autoregressive
method proposed by Cheverud et al. (46) (see also 45). Em-
ploying maximum likelihood to estimate the autoregression
coefficient p, this method maximizes the correlation between
the studied phenotypic trait and a matrix representing ex-
pected phenotypic similarities predicted from phylogenetic
distances. This matrix differs from the variance/covariance
matrix discussed previously (Fig. 9) and is generally calcu-
lated as 1 — D or 1/D, where D is the phylogenetic pairwise
distance between species (scaled between 0 and 1; diago-
nals equal 1 given that D is by definition zero in this case).
The autoregressive coefficient p expresses the fraction of the
observed variation in the phenotypic trait explained by the
expectation based solely on phylogenetic relationships, while
the model fit given by the coefficient > can be used to esti-
mate phylogenetic signal. If the model fits the data well, the
predicted value of the model represents the expected value
of the trait under the pure historical divergence of the trait
along the phylogeny (for improvements that allow taking into
account more complex models, see 114,239).

Conversely, residuals from the model (the specific compo-
nent) express the deviations from phylogenetic expectations.
As with independent contrasts, the specific component of dif-
ferent phenotypic traits can be employed to study correlated
evolution, the idea being that a significant correlation between
different components—that are presumably statistically inde-
pendent of phylogeny—indicates that when one trait deviates
from the ancestor in a given direction, the other trait tends
to deviate in the same direction. Several simulation studies
showed that the correlation among specific components is an
estimate of the input correlation (74,200, 202), which is also
estimated by the correlation employing Felsenstein’s (82) in-
dependent contrasts. Although one simulation study indicates
that autocorrelation residuals often perform less well than
contrasts for estimating and testing correlation between char-
acters (248), results from the two methods are generally quite
similar (104, 198,240,319).

The autoregressive model does not allow much flexibil-
ity because it is based on a direct relationship between the
phenotypic trait studied and the phylogeny (expressed in the
matrix of phylogenetic similarity), mediated exclusively by
the autoregressive coefficient p. More complex and flexible
methods have been developed (63, 146, 187), and they all ulti-
mately attempt to decompose the variation into a phylogenetic
component and a residual variation independent of phylogeny.
As has been recently recommended for the residuals of phy-
logenetic regressions (256), assessing if residuals from the
model show significant phylogenetic signal is a useful di-
agnostic to determine if phylogenetic effects were effectively
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controlled during analyses (70,72, 114). Importantly, one pro-
posed method, the phylogenetic eigenvector regression (72),
has been correctly criticized on the grounds that it may con-
found variation due to phylogeny with the species-specific
component (91, 267). Succinctly, the method partitions the
phenotypic variation into a set of eigenvectors and eigenval-
ues (which reflect the nested relations in the phylogeny, from
root to tips), yet how many eigenvectors are necessary to
extract all phylogenetic effects remains uncertain (73). Con-
sequently, the coefficient 7> may not be as informative on the
phylogenetic structure of the data as its relative change follow-
ing the sequential introduction of eigenvectors in the analysis.
Nonetheless, in spite of the mathematical shortcomings of the
method, residuals may be employed for comparative analyses
after they are properly tested for phylogenetic independence
(see 73).

In spite of the widespread use of partition methods in areas
such as conservation biology and ecology, few examples are
available in the physiological literature (ironically, this seems
to be the case primarily for historical reasons). On one notable
exception, Withers et al. (336) employed partition methods,
independent contrasts, and phylogenetic regression to ana-
lyze the allometry and environmental correlates of physiolog-
ical variation in marsupials, and showed that these analyses
generally—but not always—provide qualitatively similar re-
sults (see also 202,240). Another study employed more com-
plex variation partition analysis (described in 63) to determine
to what extent phylogeny accounted for the observed varia-
tion of body mass, bone-growth rate, and resting metabolism
across 13 species representing different groups of amniotes
(mammals, birds, lizards, and turtles) (218). These authors
showed that phylogeny accounted for a large fraction of the
variation in the data (i.e., high phylogenetic signal); hence
they subsequently employed independent contrasts to test for
correlated evolution between these phenotypic traits (impor-
tantly, a more appropriate procedure employed nowadays in-
volves determining the error structure that best fits the data
during analyses; see 256).

Categorical and Continuous Traits

Phenotypic characters employed in phylogenetic analyses can
be discrete, such as the presence or absence of a given struc-
ture, or continuous, such as body size and most morphologi-
cal and physiological traits (e.g., organ size, blood pressure,
enzyme activity, or metabolic rate). Even though all phy-
logenetic statistical methods ultimately share common con-
cepts of phylogenetic thinking, whether characters are con-
tinuous or categorical will partly determine what kind of
analytical approach is more appropriate (82, 126, 156, 191,
194,203,232,234). For instance, randomization analyses to
test for the presence of phylogenetic signal in categorical
(196) and continuous traits (29) employ different algorithms
and test statistics to estimate the amount of phenotypic evolu-
tion in each replicate—e.g., ordered or unordered maximum
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parsimony may be employed to infer the minimum number
of evolutionary transitions in categorical data, while the vari-
ance of independent contrasts or the mean squared error of
generalized least squares can be used for continuous traits
(Fig. 7). Nonetheless, these methods are conceptually very
similar. Note that both analyses work primarily in the same
way: the statistic of the real dataset is compared against a null
distribution obtained from multiple replicates where tips have
been randomly reshuffled; hence both methods ultimately test
if phenotypic evolution inferred in the real dataset is signifi-
cantly lower than what is observed from randomized tip data.

Similarly, for obvious reasons, models of character evo-
lution for categorical traits differ from evolutionary models
employed to analyze continuous phenotypic traits. However,
all models ultimately attempt to mimic some pattern of evo-
lutionary change. For instance, the Markov process employed
to model transitions between discrete states can simulate ran-
dom walks in continuous time (177, 232, 234, 273), being
analogous to Brownian motion for continuous traits (see 273
for a brief discussion on the similarities between both mod-
els). This model works with the probability that, at a given
time interval, a transition between character states can occur
(Fig. 12), being the categorical equivalent of the evolutionary
rates discussed previously for continuous phenotypic traits.
Multiple variants of the Markov model can be obtained by
defining different set of rules about transformations between
states (190,232,234,273)—for example, symmetrical charac-
ter state change can be simulated by assuming equiprobable
transitions from a character state O to 1 or vice-versa, differ-
ent probabilities will result in asymmetrical transition rates,
and setting one of the probabilities of transition to zero ac-
tually mimics irreversible evolution (Fig. 12). Additionally,
accelerating (or decelerating) rates of evolution for categori-
cal transitions can be obtained by increasing (or decreasing)
the probability of a transition within any given time interval.
In summary, even though many of the algorithms employed
to analyze comparative categorical or continuous data dif-
fer, the fundamental premises behind these different methods
are quite similar. And as with continuous variables, results,
and inferences may drastically change depending on the evo-
lutionary model employed during analyses with categorical
data (Fig. 12), hence a fundamental take-home message is
to always keep in mind (and understand) the underlying as-
sumptions of each statistical procedure.

Analyses with continuous and discrete variables have dif-
ferent strengths and limitations that should be kept in mind
when designing a comparative study. For example, categori-
cal traits that ultimately describe continuous variation in one
(or many) environmental or physiological character are com-
mon practice in comparative studies (5, 121, 184,261), even
though this procedure can potentially affect the outcome and
interpretation of analyses (176, 330). Categorizations tend to
decrease the statistical power to detect associations as they
ignore quantitative differences within categories and often
involve ambiguous criteria to place species in different cat-
egories. This procedure may also result in high collinearity
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between phylogeny and the independent variable of study, as
observed in many comparative studies that condense the vari-
ation in diet across species into categorical variables as, for
instance, herbivores, omnivores, or carnivores (see 223,261
for a detailed discussion on the subject). Furthermore, many
categories reflect the interaction of multiple variables with
effects that are virtually impossible to discern. For instance,
differences between species from “arid” and “mesic” environ-
ments may reflect the combined effects of contrasting environ-
mental temperatures, precipitation, and primary productivity
(67,308).

Although in these instances, it is preferable to employ
quantitative estimates of phenotypic and environmental vari-
ation (49,67,223), qualitative differences across species may
prevent the use of continuously varying characters in other
occasions. For example, in studies focusing on the evolu-
tion of complex evolutionary novelties, analyses of the evo-
lutionary sequence underlying the origin of highly derived
conditions may require approaches based on categorical vari-
ables. Some interesting examples in this context involve the
evolution of the swimming bladder (22,23), heat-production
organs (27) and the placenta in fishes (216,264), the venom
system in lizards and snakes (97), baleen in mysticete whales
(62), electric organs in electric fishes, ballistic tongue pro-
traction in frogs, sound localizations in owls (225), and so
forth. Some studies also analyze categorical data as contin-
uous when categories can be traced to a single phenotypic
dimension (see 330). For example, Birdsey et al. (25) em-
ployed a code from 1 to 5 to classify diet of different mam-
malian species as carnivorous, carnivorous/omnivorous, om-
nivorous, omnivorous/herbivorous, and herbivorous, which
described with some degree of accuracy the variation in diet
across these species, and treated this variable as continuous
in subsequent analyses. The same approach was employed
to study the association between agility and locomotor per-
formance in primate species and the size of the semicircular
canal (a structure in the ear associated with balance in mam-
mals), which employed categorical variables from 1 to 6 to
describe species as fast, medium/fast, medium, medium/slow,
slow and extra slow, and subsequently employed this variable
as a continuous trait in the regression model (290).

Another important area of research that deals primar-
ily with categorical data involves molecular evolution, since
gene sequences or amino acid composition vary qualitatively.
Molecular and biochemical evolution can also be analyzed
with comparative approaches (120,306), providing important
insights on the evolution of physiological systems, cooptation
and the origin of evolutionary novelties. In essence, changes in
amino acid composition and their phenotypic effects at other
levels of organization can be studied as any other categorical
variable, as has been done in research of hemoglobin evolu-
tion during the colonization of high altitudes (208, 245). It is
important to note that these comparative studies go one step
beyond merely describing the stepwise evolution of amino
acid composition along the phylogeny, primarily because
the physiological basis underlying hemoglobin function is
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becoming better understood. Consequently, a direct associ-
ation between observed interspecific patterns and the evolu-
tionary processes underlying these patterns (e.g., adaptation
to hypoxic environments) may eventually be established (see
140,245,296). A similar approach has been employed to study
the association between amino acid sequences and the evo-
lution of hemoglobin buffer function and the Root effect in
fishes (23, see Fig. 3). Other studies of protein evolution
often involve methodological tools borrowed from compara-
tive genomics and systematics, such as maximum parsimony,
maximum likelihood and bootstrap analyses that are beyond
the scope of this chapter (for a detailed discussion regard-
ing these methods, see 85). Nonetheless, these methods can
provide very interesting insight on the origin of evolutionary
novelties at the biochemical level. Phylogenetic analyses of
venom evolution suggest, for instance, a single evolutionary
origin of the venom system in squamate reptiles (97) and
striking similarities in protein composition of several types of
venom families across a variety of taxa [for a review on the
subject, see Fry et al. (96); for a phylogenetic analysis of the
evolutionary origin of fangs in snakes, see Vonk et al. (312)].
Importantly, comparative studies focusing on molecular evo-
lution share the same conceptual basis and “tree-thinking” of
more traditional phylogenetic approaches such as independent
contrasts, in spite of the differing analytical approaches and
areas of expertise required to study biochemical evolution.
Many phylogenetic statistical methods—including inde-
pendent contrasts, generalized linear models and phylogenetic
eigenvector regressions—can accommodate both categorical
and continuous independent variables; hence their concomi-
tant effects may be studied in a single statistical model or by
means of model comparisons (e.g., 5,171,184,238,261,299).
Categorical data may be included as factors in phylogenetic
regressions, or transformed into binary (0 or 1) dummy vari-
ables in analyses with contrasts (e.g., 121,261). Some cat-
egorical or discrete traits reflect continuous variation under-
lying them—for example, carnivores and herbivores differ
on the relative contribution of meat to their diets, which is
continuous—and can be analyzed with a phylogenetic ex-
tension of the threshold model borrowed from quantitative
genetics (86). This is advantageous because lineages can be
polymorphic and have more than one state. Recently devel-
oped phylogenetic logistic regression (156) allows researchers
to perform comparative analyses of binary dependent vari-
ables controlling for species phylogenetic affiliation, and also
compare the adequacy of alternative models, that is, differ-
ent set of branch lengths, independent factors and covariables
included in the model, and so forth (see also 238). Analy-
ses such as principal components for phylogenetically struc-
tured data (255) can be employed to study the evolution of
quantitative traits in multivariate space, as in morphomet-
ric analyses (48, 134), while a phylogenetic paired z-test can
be employed to study the effects of sex (males vs. females)
or treatment (control vs. treatment) within each species in a
phylogenetic comparative framework (179). Computer sim-
ulations provide an additional powerful and quite flexible
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tool to obtain phylogenetically correct null phenotypic dis-
tributions of categorical and continuous data and to study
the performance of different statistical methods (e.g., see
68,609,104, 115,135,196,202,203,228). In summary, a wide
range of phylogenetic methodological approaches is available
for hypothesis testing and evolutionary inferences based on
different sorts of phenotypic data.

Designing a Comparative Study

What kind of characters can be studied with phylogenetically
based statistical methods? In principle, any measurable envi-
ronmental and physiological trait. Even though phylogenetic
analyses implicitly assume some sort of inheritance between
ancestral to descendent lineages, phenotypic characters do
not have to be inherited in a conventional (genetic) sense.
Environmental characteristics such as ambient temperature,
humidity, soil, or water pH, are often inherited from parents
to offspring (105, 181,331, 332) and cultural traits such as
language may be passed on from generation to generation
by means of imitation (189, 226). Accordingly, many stud-
ies have reported significant phylogenetic signal in environ-
mental conditions (67,261, 333), suggesting that statistical
analyses including these variables should take into account
the phylogenetic relation among species. Regardless of the
nature of the process behind phenotypic inheritance across
generations, the fundamental point is that such inheritance
may eventually result in a phylogenetically structured dataset
where species data do not provide independent sources of in-
formation (28,257). Although the adequacy of phylogenetic
comparative analyses have been historically questioned given
their implicit assumption that phenotypic variation partly cor-
responds to patterns of relatedness among species (1,265), the
general modus operandum nowadays consists in determining
which explanatory model bests fits the data while simultane-
ously estimating and controlling for phylogenetic signal (see
171,256).

As occurs with any analysis, the accuracy of inferences
from phylogenetic comparisons across species and/or popu-
lations will depend primarily on the quality of the compar-
ative data. Three main aspects must be considered in this
context: (i) how reliable estimates of trait values are and the
potential impact of uncontrolled factors, such as measurement
error, phenotypic plasticity in response to environmental con-
ditions or sampling variation, (ii) the adequacy of the sam-
pled species to perform hypothesis testing and to discriminate
between alternative evolutionary scenarios, and (iii) the ac-
curacy of the phylogenetic hypothesis (topology and branch
lengths) employed to perform analyses. These factors will
have an impact on the outcome of statistical tests and po-
tentially on the evolutionary inferences made from the data
(e.g., for contrasting inferences based on conventional versus
phylogenetically informed approaches, see 4,121,261,329),
and their relative contribution in this context will depend on
the phenotypic traits of study, the source of the data, the
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information employed to infer phylogenetic relations and so
forth. For instance, measurement variation in morphologi-
cal traits is probably lower than for physiological or behav-
ioral traits (29), and potential effects of experimental protocol
should be more pronounced in comparative studies that have
compiled their datasets from multiple sources of information
(205).

Sources of phenotypic variation

Comparisons among species inherently assume that observed
differences have a genetic basis, even though a multitude of
other factors contribute to the observed phenotypic distribu-
tion across species. Environmental effects and measurement
error can provide an important source of variation in com-
parative studies, as illustrated by recent analyses of interspe-
cific variation in metabolism of birds and mammals. Com-
parative studies have reported significant effects of thermal
acclimation on maximum thermogenic capacity of rodents
(327) and of measurement protocol and captivity on avian
basal metabolism (209, 210), emphasizing that researchers
must consider the confounding role of environmental effects
during comparative analyses. To remove potential environ-
mental effects, it is imperative that species and/or populations
are maintained under common conditions, even though some
factors such as diet or age can be difficult or virtually impossi-
ble to standardize across distantly related species (100, 101).
Additionally, confounding effects can be partly accounted for
statistically, by including factors such as details of measure-
ment or calculation methods that differ among studies as nui-
sance variables in the model (e.g., 261,323,337). Importantly,
even though environmentally induced phenotypic variation is
often considered a confounding factor in comparative studies,
the evolution of phenotypic plastic responses across lineages
is a relevant problem in itself that can be studied with a com-
parative approach (128, 178, 188,222,241,311).

Individual variation provides another important source of
phenotypic variability within a species or population. This ef-
fect has generally been dismissed in most empirical compar-
ative studies, which consequently work with the assumption
that within-species variation is negligible (for more detailed
discussions on the subject, see 87, 101,206, 266,267). Dif-
ferences among individuals and environmental effects can
have an important impact on phenotypic estimates and af-
fect the performance of statistical phylogenetic methods (see
87, 135, 157). Proposed remedies to account for this prob-
lem consist of including estimates of within-species variation
(such as the variance of the mean) in analyses with phylo-
genetic regression and independent contrasts (87, 157). This
may be also accomplished by including individuals at the tips
of the phylogeny separated from each other by branches of
length zero, which assume that they are independent sam-
ples from each population (87). In practice, these approaches
ultimately involve lengthening the branches leading to the
species/populations at the tip to compensate the inflated vari-
ance in phenotypic data due to within-species variation and
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sampling effects (87,157). Similarly, branch-length optimiza-
tion procedures can partly circumvent the confounding effects
of intraspecific variation when no data is available in this
context (Figs. 8 and 9), but working with some measure of
within-species variation is always preferable given the infor-
mation it conveys on the quality of the comparative dataset
and reliability of statistical analyses.

In summary, multiple factors account for the observed
phenotypic distribution across populations and species. Phe-
notypic variation across individuals, differences in sample
sizes, environmental conditions, and methodology across
studies are a general problem that comparative biologists
must deal with. In physiological studies, this problem is ex-
acerbated because physiological traits are inherently plastic
(see 161,241 for expanded discussions on the subject), with
some traits exhibiting seasonal or circadian rhythms and oth-
ers being very sensitive to experimental conditions (although
plasticity is the norm in physiological systems, plastic re-
sponses can contribute to overall measurement uncertainty
when their effects are ignored in a comparative study). For
instance, many species show a dramatic increase in free corti-
costerone levels during an acute stress response, presumably
to mobilize glucose and react to avoid chronic stress. How-
ever, estimating and comparing acute stress responses among
species is difficult because animals exhibit a sharp increase in
free corticosterone levels during handling, which may resultin
a several-fold difference between blood samples taken within
minutes in the same individuals (32). Similarly, measurement
protocol can have a dramatic impact on estimates of critical
thermal limits in ectothermic species (47,221,304), which has
impaired broad-scale comparisons aimed at studying thermal
adaptation in these lineages (see also 11,263). The impact of
uncontrolled factors is particularly relevant with the increas-
ing amount of information available for large-scale datasets,
as in recent analyses of basal and field metabolic rates of
birds and mammals (40, 184,213,280,287,324). To improve
the accuracy of evolutionary inferences from the data, these
comparative studies must control for as many confounding
variables as possible, which can be partly accomplished with
more rigorous criteria for data inclusion based on the qual-
ity of phenotypic estimates—for example, estimates based
on n > 3 individuals (210)—by including additional factors
and covariables in the statistical model, and employing branch
length optimization methods to remove confounding phyloge-
netic effects and maximize the residual variation independent
from phylogeny.

Selecting species

Studies in evolutionary physiology combine different fields
of knowledge, including organism physiology and its under-
lying functional principles with phylogenetic thinking and a
historical perspective. In spite of the new and more advanced
statistical methods and increased computing power, reliable
evolutionary inferences ultimately depend on the adequacy of
the data compiled to test alternative hypotheses. Comparative
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analyses involve measurements encompassing at least a few
species and can eventually comprise hundreds of species and
are, needless to say, inherently limited by the range of species
that can ultimately be sampled—for example, researchers may
rely on data from the literature or have problems measuring
species that are rare or inhabit remote areas, some experi-
mental methods are only applicable to organisms within a
limited phenotypic range, such as a small body size or fast
generational times.

Besides this obvious limitation, many other aspects should
be taken into consideration when choosing species for a com-
parative study. For example, the statistical power of phyloge-
netic analyses increases with sample size; therefore inferences
based on datasets involving many species are generally more
reliable. Although a minimum of two species/populations is
required for a comparative study, any evolutionary inference
based on this sort of comparison will be severely limited
(100, 102, 149). Different species are expected to eventually
diverge simply because they have followed separate evolu-
tionary paths, and virtually no observation can reject this
null hypothesis in the absence of additional information. For
the same reason, there is a 50% probability that the diver-
gence between two species occurs in the expected direction
when testing directional hypotheses, and consequently sign
tests based on multiple independent paired comparisons may
be employed to test adaptive hypotheses or trait associations
(82,100, 137). For example, pairwise comparisons between
closely related species of birds, mammals, turtles, and fishes
suggest that hypoxia tolerance is partly explained by increased
hemoglobin affinity for oxygen (144), which is also supported
by comparisons among deer mice populations (283). Even
though paired comparisons have appropriate type I error rates,
this approach ignores divergence times among species and fo-
cuses on only a subset of possible comparisons, which entails
aconsiderable loss of statistical power and incorrect estimates
of trait associations (3, 126). In contrast, phylogenetic statis-
tical methods such as independent contrasts impinge no loss
of information.

The nonindependence of comparative data due to shared
evolutionary history should be considered in every step of
a comparative study, including during the choice of species
(3,12,101,149,150,226). Even though increased sample sizes
may improve the statistical power to detect associations, how
much information is gained with the inclusion of any addi-
tional species and/or population may vary considerably de-
pending on its phylogenetic affiliation (12,226). In principle,
evolutionary inferences based on datasets where the inde-
pendent variable of study and phylogeny are orthogonal are
substantially more robust than those datasets where these fac-
tors are confounded (320). Consider the differences between
two comparative studies (Fig. 13), the first one testing for the
effects of temperature on thermal conductance (276) and the
second one for effects of diet on home-range area (104). In
both studies, effects are estimated by comparing two groups
of mammals, arctic versus tropical and carnivore versus her-
bivore species. However, hypothesized environmental effects
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under investigation are partly independent from phylogenetic
history in the first study, while in the second any potential
effect of diet will be confounded with phylogeny (Fig. 13).
According to maximum parsimony, at least seven transitions
between arctic and tropical environments are necessary to re-
sult in the observed pattern, corresponding to 21% of the 33
nodes of the working phylogeny. Conversely, differences in
diet between carnivores and artiodactyls are highly collinear
with their phylogenetic affiliation, with a single transition (2%
of the 48 nodes) being enough to account for the observed
distribution. Consequently, it may be difficult or even impos-
sible to discriminate between phylogenetic affiliation and the
effects of diet, in spite of the large sample of 49 species. Al-
though some methods can improve inferential power in this
type of scenario and statistically significant differences can
eventually be detected (e.g., see analyses testing for diet ef-
fects in this dataset in 101), inferences should be performed
with caution given the overwhelming influence of a single
evolutionary event (75,82, 105,168,169, 176).

On the same basis, an ideal comparative scenario to in-
crease analytical power would include groups of organisms
that are closely related (low phylogenetic variation) and ex-
perience a wide range of environmental conditions (a high
environmental variation) (e.g., 25,57,67,121, 172,208, 245,
261,276,285,308). Working with closely related taxa is pre-
ferred because patterns of phenotypic distribution are more
likely to reflect recent evolutionary events, while analyses in-
volving distantly related species include a longer temporal
window for divergence at many different (and uncontrolled)
phenotypic levels (101). This comparative design increases
the statistical power (i.e., lower probability of a type II error)
to detect associations between phenotypic and environmental
variation, and decreases the likelihood that observed associ-
ations are spurious and reflect the effect of other factors that
have not been considered in the analysis (low type I error). For
example, recent analyses suggest that the allometry of basal
metabolic rates varies significantly among lineages within
mammals (40, 280, 324), hence scaling relationships based
on distantly related species and evolutionary inferences stem-
ming from the observed residual variation may eventually be
incorrect. Itis important to keep in mind that, because environ-
mental variation and phylogeny history are often intrinsically
associated, in practice it may be difficult to effectively select
species with this criterion (and this is why analyses that take
into account the potential confounding effects of evolutionary
history are important).

Phylogenetic hypotheses

Working phylogenetic hypotheses may be obtained from a
variety of different sources, which include DNA sequences,
morphological or taxonomic information, the only require-
ments being that the information employed to build the
phylogenies should be unrelated to (independent of) the
phenotypic traits of study to avoid circularity and, hope-
fully, that it recapitulates with some degree of accuracy the
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Figure 13 The statistical power to detect associations will depend on the degree of over-
lap between the independent variable of study and phylogeny relations among species. Left
panel. Hypothesized phylogenetic relationships between arctic (open symbols) and tropi-
cal (black symbols) mammalian species (276), where it is relatively simple to discriminate
between phylogenetic and environmental effects. Right panel. The worst-case scenario for
a comparative analysis, because all carnivore species (black symbols) are clustered within
Carnivora while all herbivores (open symbols) are ungulates (98) (adapted, with permis-
sion, from the University of Chicago Press). In this case, any potential effect of diet will be

highly confounded with phylogeny.

true branching patterns during the evolution of the clade
being studied. As emphasized by many authors, phyloge-
netic comparative analyses may perform relatively poorly
when their underlying assumptions are severely violated
(68,69,74,93,103,139,146,202,203,246,294,301), and virtu-
ally all phylogenetic statistical methods share the same basic
assumptions that the phylogenetic topology used for analyses
is correct. In addition, methods such as independent con-
trasts also assume that the branch lengths are known in units
proportional to expected variance of character evolution. Hy-
pothesized patterns of relationships among taxa involve an
additional source of error that may affect the outcome of a
comparative analysis and, as discussed above, conventional
statistical methods provide no alternative to this issue given
that they implicitly assume that relationships among species
resemble a star phylogeny (101). Consequently, any evolu-
tionary inference from a comparative analysis is susceptible
to modification or falsification if the phylogenetic hypothesis
is eventually revised.

Inaccuracies in the phylogeny fall in three broad cate-
gories: topological errors, incorrect branch lengths (i.e., in-
accurate estimates of divergence and/or the assumed model
of character evolution), and unresolved nodes. The impact
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of these factors is highly variable, as well as the strategies
proposed to circumvent these sources of uncertainty. While
methods to estimate optimal branch lengths—for example,
by estimating A so that the resulting branches more accu-
rately reflect expected amounts of evolutionary change along
them (Figs. 8 and 9)—have relaxed the requirements of accu-
rate a priori information on divergence times among species
(29, 68, 69,93, 124, 139, 146, 202, 233, 294), gross errors in
topologies clearly must be minimized. Topological errors will
obviously have an impact on the outcome of analyses, yet
its magnitude will depend on the nature of the error (e.g.,
whether disruptions are located closer to the root or the tips
of the phylogeny, whether they involves multiple taxa, and
so forth), the distribution of the data and the comparative
method of choice (207, 294, 301). This is particularly im-
portant when taxonomic classification is employed as surro-
gate of phylogeny because, even within a well-studied clade
such as mammals, several taxonomic groups are seemingly
not monophyletic (291, 292). Another drawback of employ-
ing taxonomic information is that, depending on the infor-
mation employed, the resulting phylogeny will have many
unresolved nodes and branch lengths that do not necessar-
ily correspond to divergence times. Phylogenetic information
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inferred from DNA sequences should in principle be more
reliable than taxonomy, hence the general strategy employed
by most researchers is to build a composite tree based on
phylogenies inferred from sequences reported in the litera-
ture (with the increased availability of sequencing technology
and computer programs, some physiologists are building phy-
logenies ad hoc for their comparative dataset; for example,
27,49,159,308). Additionally, statistical methods to infer the
phylogenetic relations across large sets of species from the
combination of several phylogenies (19,24,41) or disparate
information such as gene sequences and morphological traits
(61) are in ongoing development, and may be particularly
useful for comparative analyses.

Despite the increasing amount of phylogenetic informa-
tion available, hypothesized patterns of relatedness contain
many nodes with little statistical support, and inferred re-
lationships based on different sequences may also differ.
Possible solutions depend on the degree of discrepancies
between alternative topologies, and involve working with
multiple topologies and analyzing the robustness of results
under contrasting evolutionary scenarios (18, 141,302,321),
including phylogenetic uncertainty in the analyses (145, 147,
148,186,234,235) or leaving unresolved relations as soft poly-
tomies in the phylogeny (103,248). The last approach has been
adopted in most comparative studies in the physiological lit-
erature, hence some practical considerations must be consid-
ered. Polytomies are nodes that lead to more than two descen-
dent lineages, which may reflect the true evolutionary history
of a clade (hard polytomy) or simply our lack of knowledge of
how species of populations within this clade are actually re-
lated (soft polytomy) (124, 191,248), and can be included in a
phylogenetic hypotheses as a series of bifurcations with some
branch lengths equal to zero (82,87,103,248). The underlying
nature of hard and soft polytomies differs, and so does their
statistical repercussions. While no corrections are necessary
for hard polytomies because they reflect true patterns of re-
latedness among species, the uncertainty associated with soft
polytomies impinge on the same statistical problems of con-
ventional statistics—to a lesser degree, though, because some
phylogenetic relationships are actually known (or strictly
speaking, assumed to be true) (294). Different approaches
have been suggested to account for their potential impact in
comparative analyses (124, 125, 145, 183,200). For example,
one possibility consists in testing the comparative hypothesis
across the set of possible phylogenies that are fully resolved
and weighting the results by the probability distribution of
these candidate phylogenies, which can be estimated with
randomization or Bayesian analyses (145, 148,186,234,235).
Another proposed solution involves reducing the degrees of
freedom employed for hypothesis testing by an amount that
corresponds to the number of unresolved relationships (i.e.,
internal branch lengths equal to zero; 103,248). This approach
can be very conservative, and the power to detect an associa-
tion is expected to decrease when the phylogenetic hypothesis
contains many soft polytomies, therefore the number of soft
polytomies should be minimized (particularly in compara-
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tive analyses involving only a few species). In conclusion,
although several approaches have been proposed to accom-
modate phylogenetic uncertainty in comparative analyses, the
primary recommendation before performing a comparative
study is to spend some time and effort building moderately
well resolved, accurate phylogenetic hypotheses.

Comparative Analyses and
Evolutionary Inferences

Phylogenetic statistical methods can be employed in a wide
range of analyses, such as correlation, multiple regres-
sion, analysis of variance and covariance, canonical cor-
relations, principal components analysis, and meta-analysis
(4,82,104,105,111,124,166,255,258). Compared with con-
ventional methods, phylogenetic analyses include a tempo-
ral component that can increase the inferential accuracy and
scope of evolutionary questions studied with comparative
data. For instance, analyses with contrasts allow for the ob-
jective recognition of divergent subsets in the data (e.g., the
allometric grades in Fig. 11), reconstructing phenotypic at-
tributes of hypothetical ancestors, comparing evolutionary
rates across different clades and/or contrasting alternative evo-
lutionary scenarios against the inferred temporal sequence of
events. Nonetheless, as discussed previously, the evidence
provided by comparative analyses is primarily correlational,
hence inferences on adaptive evolution based on comparative
analyses must be repeatedly contrasted against—and comple-
mented with—information stemming from other approaches
such as optimality models, experimental evolution and so
forth (see Section “Pattern Versus Process”). In addition, re-
searchers should always keep in mind how nonadaptive evolu-
tionary processes, such as founder effects and migration, may
contribute to observed trends in comparative data. Below,
we discuss some of the most frequent evolutionary questions
addressed with phylogenetic statistical methods, and review
some comparative studies in the literature where the use of
phylogenetic information has contributed to our understand-
ing of physiological evolution.

Evolutionary adaptation

The concept of adaptation inherently involves a functional
correspondence between phenotype and environment, imply-
ing that adaptive variation across taxa can be identified by
seeking associations between particular traits, or set of traits,
and environmental characteristics (33, 75,77, 149). To ad-
dress whether putative functional traits vary consistently with
a selective regime, statistical comparative tests analyze if ob-
served patterns of association are likely to have been produced
by chance or reflect a nonrandom distribution consistent with
the hypothesis of adaptation. For example, the hypothesis of
increased thermogenic capacities in endothermic species in-
habiting cold environments has been tested in mammals and
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Figure 14 Relationship between maximum metabolic rates during
thermogenesis (MMR), body mass, and environmental temperature for
rodents across the world. The residual variation in MMR—obtained
from a regular regression because this trait did not exhibit phyloge-
netic signal—is significantly correlated with ambient temperature, sug-
gesting that interspecific variation in this trait may be partly explained
by thermal adaptation. Modified, with permission, from Rezende et al.
(261).

birds, and is supported by the significant negative association
between mass-independent maximum metabolic rates and en-
vironmental temperatures in both groups (261,299,335). Con-
sequently, cold-adapted endothermic species seem to have
evolved higher thermogenic capacities than their counterparts
from warmer regions (Fig. 14), which is expected from a func-
tional perspective because heat production must compensate
for increased heat loss in the cold (assuming that body temper-
ature is similar across species and that variation in insulation
cannot fully compensate for differences across thermal envi-
ronments). A comparative approach can also be employed to
study the evolutionary origin of presumably adaptive traits, as
recently demonstrated for the evolution of defensive mecha-
nisms in poison frogs (57). There was a recurrent association,
observed in different regions of the dendrobatid phylogeny,
between containing defensive alkaloids in the skin and being a
diet specialist consuming primarily ants. This pattern strongly
suggests that these alkaloids are exogenous, and have been
coopted by many ant-eating species as a defensive mecha-
nism in the course of their evolution.
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The recent incorporation of model comparisons in phy-
logenetic analytical methods has provided a valuable tool to
weigh the evidence supporting alternative adaptive hypothe-
ses. The model comparison approach consists in fitting al-
ternative models that might explain the phenotypic variation
observed in a comparative dataset, and assessing which of
these scenarios best fits the data (35,127, 158, 160, 173, 185,
309, 310). Evolutionary models incorporating multiple envi-
ronmental variables can be employed to weigh the evidence in
favor of different adaptive scenarios (as well as different phy-
logenetic hypotheses to test for the presence of phylogenetic
signal, see above). Consider, for example, the lower basal
metabolic rates of birds and mammals inhabiting hot deserts
(42,211,214,307,308,321), which may have evolved as a re-
sponse to different selective pressures: lower metabolic rates
may be favored in these environments to reduce the risk of hy-
perthermia, or to minimize water loss. Previous comparative
analyses among lark species strongly support an adaptive vari-
ation in basal metabolism associated with aridity (308), but
discriminating between these hypotheses was virtually impos-
sible given the strong correlation between maximum ambient
temperatures and precipitation (r = —0.93, P < 0.001) (see
discussion in 261). Employing a model comparison approach,
White et al. (323) has shown that the model including max-
imum temperature fits the data substantially better than the
model with precipitation, as suggested by its lower AIC val-
ues (Table 3). One might be tempted to conclude that low
metabolic rates have evolved in desert environments as an
adaptation to reduce both energy expenditure and endogenous
heat load, while the reduction in water loss probably emerged
as a correlated (and very convenient) response. Nonetheless,
two caveats are worth emphasizing regarding this conclu-
sion. First, these alternative hypotheses are not mutually ex-
clusive; hence the observed interspecific variation in basal
metabolism may reflect selection associated with both tem-
perature and precipitation (in fact, the intraannual coefficient
of variation of precipitation remained statistically significant
when included in the model with temperature; 323). Second,
inferences based on a given comparative study are limited to
the dataset analyzed, and extrapolations to other taxa must be
always performed with caution. Another illustrative study of
this sort investigated the repeated evolution of discontinuous
respiratory gas-exchange cycles (DGC) in insects (325).

Contrasting with these examples where the primary ev-
idence supporting an adaptive explanation stems from a
correlation between continuously varying physiological at-
tributes and ecological data, other patterns may also be in-
dicative of adaptive evolution. For example, based on some
prior information suggesting that exceptional evolution might
have occurred in that particular region of the phylogeny, re-
searchers may be interested on determining whether a single
species or clade has diverged from the allometric pattern
observed among their close relatives (254). Single evolu-
tionary events of disproportionally large effects may result
from rapid adaptive evolution following an ecological transi-
tion in traits such as habitat or diet (215,293), and different
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Table 3  Environmental and Phylogenetic Effects on Avian Basal Metabolism, Comparing The Fit of Models
With Different Independent Variables And Phylogenetic Structures (Star Versus Hierarchical Phylogeny)

Statistical model Evolutionary model AICS Wi
Mass Nonphylogenetic —-120.7 < 0.001
Phylogenetic —150.42 < 0.001
Mass + productivity Nonphylogenetic —125.12 < 0.001
Phylogenetic —149.68 < 0.001
Mass + mean temperature Nonphylogenetic —137.32 < 0.001
Phylogenetic —-169.52 0.999
Mass + temperature range Nonphylogenetic —120.69 < 0.001
Phylogenetic -150.2 < 0.001
Mass + precipitation Nonphylogenetic —121.67 < 0.001
Phylogenetic —148.89 < 0.001
Mass + precipitation variability Nonphylogenetic —-120.79 < 0.001
Phylogenetic —148.53 < 0.001

Results from separate phylogenetic generalized linear regressions including logig-transformed basal
metabolic rate of 92 populations (representing 90 species) of birds as the dependent variable. The best
model to fit the data was inferred with the Akaike information criterion (AIC) and is shown in bold. Lower
AIC values indicate models with a better fit, and the support to each model given all models analyzed is
computed with Akaike weights (wi). Modified, with permission, from White et al. (323).

methods can be employed to analyze whether this is the case
(100, 107,215,229, 254, 305). These methods can address if
the rates of phenotypic divergences observed during hypoth-
esized transitions correspond to outliers falling outside the
intervals observed from the remaining dataset (which provide
the null distribution of how much lineages can diverge in
the absence of transitions), and are applicable to hypotheses
concerning the evolutionary rate along a single or multiple
isolated branches in a phylogeny. The large divergence in the
size and shape of the semicircular canal in cetaceans, that
coincides with the colonization of aquatic environments and
falls outside the prediction interval of contrasts observed for
the remaining mammalian clades (Fig. 11), illustrates how
this approach can be employed to test an adaptive hypoth-
esis. A similar approach has been employed to show that
the desert ringtail Bassariscus astutus has evolved signif-
icantly lower basal metabolic rates than predicted for its
body mass, presumably due to the colonization of deserts
(100, 107).

Because single or isolated evolutionary events are being
compared against the general null distribution inferred from
the comparative data, the branches in which exceptional diver-
gences are hypothesized must be defined a priori and based
on independent sources of information (215,254). In this con-
text, the adaptive explanation proposed for the evolution of the
semicircular canal stems primarily from a functional knowl-
edge of how this structure works and its association with
ecologically relevant traits such as balance during locomo-
tion, which might be under selection during the evolution-
ary transition to an aquatic environment (289). The analysis
with contrasts is congruent with this possibility, providing
additional evidence supporting an adaptive response under-
lying the observed pattern. The opposite approach—that is,
searching a posteriori for adaptive explanations to any outlier
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observed in the distribution of contrasts—should be avoided
because, in a statistical sense, no hypothesis defined a priori
has been tested.

Correlated evolution and scaling

Phenotypic traits do not involve independently from one an-
other, and studying patterns of association among traits can
be very important to understand the evolutionary processes
underlying phenotypic variation. Correlated evolution may
result in general associations between physiological and en-
vironmental traits when these traits were in fact not subject
to selection (75, 169, 176). For example, the aerobic capac-
ity model for the evolution of endothermy proposes that in-
creased metabolic rates (and heat generation) during resting
conditions have evolved in mammals and birds as a byprod-
uct of selection on increased maximum aerobic performance
(21). Even though testing this hypothesis in the ancestral lin-
eages leading to mammals and birds may be virtually impos-
sible, interspecific comparative analyses suggest that basal
metabolic rates are associated with maximum metabolic rates
during cold exposure in birds and mammals (79,261, 262)
and during sustained activity in birds (335). From a strictly
physiological perspective, these results suggest a functional
association between basal and maximum levels of metabolism
(that may also be studied with a comparative framework; for
example, see 112, 152-154). From an ecological and evolu-
tionary perspective, analyses indicate that these traits may
evolve in a correlated fashion in response to selection. Con-
sequently, adaptive explanations based on the association be-
tween any of these traits and environmental characteristics
(184,214, 307,321, 336) must acknowledge the possibility
that observed patterns reflect correlated responses to selec-
tion (261) and, if possible, analyze the adequacy of these
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alternative scenarios (for a comparative phylogenetic method
that explicitly incorporates information on how traits are ge-
netically correlated, see 142).

Another pervasive example of correlated evolution in-
volves body size effects and allometric scaling. Many phys-
iological, ecological and life-history traits vary predictably
with body size (39, 129,253,275), and the form of these allo-
metric relationships have been a subject of intense research in
the comparative literature for decades. Allometric exponents
obtained from comparative data have been employed to test
the adequacy of different mechanistic hypotheses attempting
to explain universal trends (78,116,117,272,288), to support
functional associations between physiological traits at differ-
ent levels of organization (26,58,112,152,153,314-316) or to
analyze potential differences in interspecific scaling among
clades (40, 104, 171,262,280, 324). Analyses of many rela-
tionships employing phylogenetic comparative methods often
differ from those of conventional analyses (107, 262), hence
allometric estimates obtained with regular regressions should
be reanalyzed with phylogenetic statistical tools and infer-
ences revised accordingly (see also 227). For example, sev-
eral theoretical models have postulated alternative functional
explanations for the 3/4 power scaling relationship observed
across many taxa (15,16,317,318). In endotherms, geomet-
ric expectations based on surface area suggest that the 2/3
exponent may be more adequate (324, 326), whereas recent
calculations of maximum heat dissipation capacities predict
a 1/2 exponent (288). Several empirical studies have focused
on the scaling exponent of basal or field metabolic rates with
body mass to test the predictions of these theoretical mod-
els, which generally involves estimating the exponent from
empirical data and determining if the theoretical expectation
(exponents of 0.75, 0.67, or 0.50) falls within the confidence
interval of these estimates (e.g., 78,280,288,324,326). Results
of these studies are by no means conclusive, but it is currently
evident that the phylogenetic hypotheses and the taxa em-
ployed in these analyses have a major impact on estimates of
allometric relationships (280,302,324).

Importantly, a framework for model comparison can
shed light on which evolutionary model best fits the data
and, consequently, on the adequacy of different allomet-
ric exponents when testing alternative hypotheses (e.g.,
6,78,89,110,171,299,322,324). For instance, a comparison of
AIC values obtained with ordinary least squares versus a phy-
logenetic regression to calculate how the semicircular canal
system in mammals scales with body mass strongly suggests
that results from the phylogenetic regression are more reli-
able (Table 2). A model comparison approach is particularly
powerful because multiple scenarios can be tested simultane-
ously, which includes testing if the data exhibits significant
phylogenetic signal (as seems to be the case with the semi-
circular canal system). More flexible model-fitting methods,
in which the strength of phylogenetic signal in the residual
variation is estimated simultaneously with the regression co-
efficients, go one step further and allow researchers to study
allometric relationships and find the optimal branch lengths
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in a single analysis (171). In situations in which no single
model is clearly superior to some of the other models tested,
a model averaging approach can be employed to reduce the
effects of model selection bias on parameter estimates (35).
For example, if AIC values did not allow to discriminate
which of the models in Table 2 is estimated to be best, an
allometric equation employing a weighted average estimate
of the slope and intercept, weighting these parameters by the
Akaike weights (w;) of each model, would provide a more
robust scaling relationship.

Phylogenetic comparative analyses can also be employed
to study how complex phenotypes involving multiple traits at
different levels of organization evolve in response to selection.
Natural selection is thought to act most directly on ecolog-
ically relevant performance abilities, with behavioral vari-
ation ultimately determining which aspects of performance
may be favored (13, 102). For example, the choice to fight
or flight in the presence of a predator will result in different
selective regimes associated with these behaviors and poten-
tially divergent evolutionary responses to the same selective
pressure (i.e., predation). Because behavior and performance
are ultimately determined by variation in morphological and
physiological traits at lower levels (e.g., neuronal circuits,
cardiac performance, muscle fiber types, and so on), selection
should result in concerted responses and ultimately coadapta-
tion at these lower levels. Interspecific comparative analyses
in ectothermic species partly support coadaptation between
thermal physiology and thermal preferences (18, 149, 151).
Similar correlational analyses have shown that interspecific
variation in jumping performance in anurans can be partly
explained by differences in hind limb length. Pronounced
differences in jumping performance and morphology across
habitats suggest that these traits evolved in a correlated fashion
during ecological adaptation (121), illustrating how correlated
evolution at different levels can be studied from a comparative
perspective to draw inferences on how complex phenotypes
evolve and adapt in response to natural selection.

Rates of evolution

Phylogenetic statistical methods can also be employed to
study how rates of evolutionary change differ across phe-
notypic traits, biological levels of organization, and/or taxo-
nomic groups. For instance, comparisons between quantita-
tive estimates of phylogenetic signal across traits mapped onto
the same phylogeny can suggest that some traits evolve faster
than others (as long as other potential sources of variation
such as measurement error are not involved). Intuition leads
us to expect that higher rates of evolution result in less sig-
nal, and a study that compared signal in different traits shows
that body size and morphological traits, which are thought to
evolve more slowly, tend to have more phylogenetic signal
than physiological traits such as metabolic rates or behavioral
traits such as home range (29). The same pattern is appar-
ent in Rezende et al. (261), that reported high phylogenetic
signal for body size across rodent species and no signal for
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mass-independent maximum metabolic rate. However, these
results must be interpreted with caution for two reasons. First,
it is plausible that physiological and behavioral traits are in-
trinsically more variable and/or prone to higher measurement
error (see above), hence differences in phylogenetic signal per
se may not conclusively indicate that traits at different levels of
organization evolve at different rates (note that these alterna-
tives are not mutually exclusive). And second, the relationship
between phylogenetic signal and evolutionary rates is com-
plex and depends on the model of character evolution—for
example, in some models such as random walk, the amount
of phylogenetic signal is independent of the rates of evolu-
tionary change (Fig. 6), while in other models phylogenetic
signal decreases with increased evolutionary rates (2,257).
Another aspect to keep in mind is that phenotypic evolution
may resemble a random walk within some limits—for ex-
ample, hummingbirds and shrews are probably close to the
smallest viable body size for a continuously endothermic ani-
mal because endothermy may not be sustained at substantially
smaller sizes (243)—which would be reached more often
by fast evolving traits (the result being that the evolutionary
model would deviate from strict Brownian motion). Thus,
even though one might intuitively expect that traits evolving
faster would consistently show low phylogenetic signal, this
is not always the case.

Statistical analyses of evolutionary rates can also be em-
ployed to study how character evolution proceeded in time,
supporting different scenarios of adaptive phenotypic evolu-
tion (36, 199). One example involves contrasting the magni-
tude of phenotypic divergence across sister lineages to deter-
mine if evolution proceeded unusually fast in specific regions
of the phylogeny. This can be readily done with phylogenetic
independent contrasts (98,215) or using likelihood (229,305).
Fast evolutionary rates may reflect adaptive responses to di-
rectional selection, as explained above for the desert ring-
tail population and the evolution of the semicircular canal in
cetaceans. Similarly, in adaptive radiations, phenotypic evo-
Iution may proceed very fast in early stages and decrease
in subsequent stages, as the available niches become occu-
pied (29, 118). This matches a decelerating model of pheno-
typic evolution, where rates of evolution decrease toward the
present. Employing phylogenetic methods and model com-
parison analytical tools, a recent study has shown that the
observed interspecific variation in body size in different taxa
(squamates, birds, fishes, insects, mammals, and amphibians)
provides little support to the early burst model of adaptive
radiation (136). Instead, analyses show that body size evolu-
tion across these groups was more or less continuous through
time, supporting evolutionary models that assume a random
walk and/or a selective optimal (OU model of stabilizing
selection). This study provides a good example of the de-
gree of flexibility of modern comparative approaches, and the
scope of new venues of research that are only possible with a
phylogenetic perspective (see also 53). Similar analyses may
eventually shed light on how the origin of morphological and
physiological novelties, such as wings, lungs, or eyes, might
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be associated with the occupation of new niches, and conse-
quently with the radiation and evolutionary success of certain
lineages (e.g., bats or birds). For example, a comparative anal-
ysis of phenotypic divergence during the radiation of dusky
salamanders (genus Desmognathus) shows that the evolution
of species with aquatic larvae was followed by a high rate
of lineage accumulation (163), suggesting an association be-
tween phenotypic variation and diversification in this group
(see also 52,94, 155, 195,250,252,286).

Another level of inquiry involves comparing rates of phe-
notypic evolution across taxa (98,229). These analyses are
on one hand necessary to ensure the appropriate standard-
ization of the data—otherwise, phylogenetic effects may not
be appropriately removed, entailing the statistical problems
described above (105, 107)—while on the other hand they are
informative of the distribution of the phenotypic data across
the studied dataset (which may be employed to test alterna-
tive evolutionary hypotheses 229). One well-known exam-
ple involves the differences in evolutionary rates in body
mass observed between passerine and nonpasserine birds
(107, 210, 262), which result in a more homogeneous dis-
tribution of body sizes across passerines than nonpasserines
(Fig. 15). The difference between groups is evident when
absolute standardized independent contrasts within passer-
ines and nonpasserines are compared, with the former group
having significantly lower evolutionary rates (as explained
above, phylogenetic independent contrasts ultimately express
rates of phenotypic divergence through time). It is impor-
tant to notice that differences in evolutionary rates between
groups ultimately result in differences in dispersion of pheno-
typic values, but not necessarily in mean values across these
groups. Passerines are on average smaller than nonpasser-
ines according to a phylogenetic ANCOVA (2-tailed P =
0.037), but this pattern resulted primarily from the large basal
divergence between passerines and their nonpasserine sister
group, which should be mathematically independent from
the other contrasts if the phylogenetic correction is adequate.
Also note that, this interpretation relies on the assumption that
the branch-length estimates obtained from DNA hybridization
(279) are accurate estimations of divergence times, which may
not necessarily be the case because rates of DNA evolution
can vary significantly across clades. Regardless of the evolu-
tionary processes underlying this pattern, diagnostic analyses
testing whether evolutionary rates differ between clades is ad-
visable to ensure that effects within each clade is appropriately
weighted in subsequent analyses.

Reconstruction of ancestral states

Ancestral reconstruction is another aspect of comparative bi-
ology and physiology that—by definition—requires a phylo-
genetic perspective, which can subsequently be used to study
a wide variety of evolutionary problems (e.g., quantifying and
testing for character change along the branches; see 151,259).
A large number of methods are available for reconstruct-
ing ancestral attributes, and generally fall within two broad
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Figure 15 Phylogenetic analyses can detect differences in rates of phenotypic evolution between clades, as illustrated
for body mass in passerines (open symbols) and nonpasserines (black symbols). Passerines show a more homogeneous
distribution (i.e., lower variance) of body mass than nonpasserines, which is supported by statistical comparisons between
absolute standardized contrasts (P < 0.001) after excluding the contrast between passerines and their nonpasserine sister
clade (gray symbol). Assuming that branch lengths accurately reflect elapsed times, this pattern supports a lower rate of
evolution of body mass in passerines. Modified from Garland and Ives (107), with permission of the University of Chicago

Press, original data from Reynolds and Lee (260).

categories, parsimony, and model-based. These methods can
be employed to reconstruct ancestral phenotypes for both con-
tinuous and categorical traits. However, these approaches are
fundamentally different, they differ greatly in their assump-
tions and can lead to contrasting reconstructions. Parsimony
analyses attempt to minimize the amount of evolutionary
change mapped onto the phylogeny of the studied clade, based
on the principle of minimum evolution (or maximum parsi-
mony), searching for the combination of ancestral values that
minimizes statistics such as the sum of squared evolutionary
changes across branches for continuous traits, or the number
of transitions for categorical traits (37,56, 190, 192,193,300).
Conversely, model-based methods calculate the likelihood of
alternative ancestral character states, estimated as the proba-
bility that each distribution would have been generated by a
specific evolutionary model on the tree (190,219,273). Even
though the rationale behind parsimony and maximum likeli-
hood is considerably different, in some circumstances these
analyses yield very similar results. For example, for quantita-
tive phenotypic traits, ancestral character estimates obtained
with weighted squared changes parsimony converge to values
obtained with maximum likelihood under a Brownian motion
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model of evolution (192,201, 206). One major advantage of
maximum likelihood, however, is that this method also pro-
vides estimates of the standard errors of those ancestral states,
such as confidence intervals when traits are continuous or the
likelihood of each character state in analyses with categorical
traits (e.g., see Fig. 12).

In addition to these two general approaches, independent
contrasts and phylogenetic generalized least square regres-
sions can also be employed to estimate ancestral values of con-
tinuously varying traits, resulting in estimates that are highly
correlated to those with weighted parsimony and maximum
likelihood when the evolutionary model resembles Brownian
motion (107,109,201, 206). The ancestral trait value for the
root (basal) node of the phylogeny calculated with indepen-
dent contrasts is identical to the phylogenetic mean calcu-
lated with generalized least-square methods (107,206) and
also corresponds to the most parsimonious (optimal) value
of the common ancestor of the clade studied, according
to weighted squared changes parsimony (109, 192). Ances-
tral trait values for the remaining nodes, on the other hand,
are not optimal and merely reflect intermediate steps in the
tip-down algorithm employed to calculate contrasts (205).
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For this reason, a rerooting procedure—that is, placing the
intermediate node of interest in the base of the phylogeny
while maintaining the patterns of relatedness among the re-
maining nodes unchanged—is advisable when performing
ancestral reconstruction with contrasts (107, 109). This pro-
cedure is adequate from a statistical perspective because phe-
notypic evolution is assumed to proceed as a random walk
and, consequently, the amount of evolutionary change across
lineages depends solely on the divergence times among them
and is independent of where the phylogeny is rooted. A related
problem that can be addressed with this approach is predict-
ing the value of a hypothetical unmeasured species (extant
or extinct) with prediction intervals (107). Importantly, nei-
ther independent contrasts nor phylogenetic regressions are
suitable to estimate ancestral states of categorical traits, even
though both methods may include categorical traits in lin-
ear analyses and contrasts can even provide estimates of node
values. These values are, strictly speaking, statistical averages
computed as part of the algorithm, which may be interpreted
as ancestral character values in very particular conditions.
For example, a phylogenetic regression including a binary
character O or 1 that codes for diet (herbivory vs. carnivory)
as an independent variable corresponds mathematically to an
ANOVA between these groups where the data is phyloge-
netically structured, and yields identical results to contrast
analyses calculated for this character (101, 107). However,
the trait value at the root node will correspond to the phyloge-
netic mean and fall between 0 and 1, which is not an estimate
of the diet of the hypothetical last common ancestor of the
species in the dataset (strictly speaking, in this example the
ancestral trait value might be interpreted as a probability of
the ancestor being a carnivore or a herbivore, but, in analy-
ses including multiple categories, these estimates are really
meaningless).

Given that estimates of ancestral character states roughly
correspond to mean values weighted by the phylogenetic dis-
tance, it is clear that directional trends will have a major im-
pact on the accuracy of ancestral estimates (88, 109, 230).
Computer simulations show that ancestral reconstructions
with parsimony, generalized linear methods and maximum
likelihood can be fairly accurate when evolutionary models
resemble a random walk, but suggest that results may not be
so reliable if traits are under directional or stabilizing selec-
tion during their evolution (201,230). Even under a Brownian
motion model of phenotypic evolution, the confidence inter-
vals provided by methods such as maximum likelihood and
independent contrasts often exceed the range of variation ob-
served in extant species (109,242). Researchers should there-
fore keep in mind that results of multivariate analyses employ-
ing contrasts and phylogenetic generalized least squares are
substantially more robust to deviations of Brownian motion
and sampling effects, being able to adequately account for
the nonindependence of the data due to phylogenetic history
while failing to provide accurate estimates of ancestral trait
values (see 230). Nonetheless, detecting directional trends
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in comparative data is possible with other phylogenetic ap-
proaches (233) and ancestral values can be estimated with
increased accuracy incorporating data from the fossil record
(88, 170). Even though most physiological and behavioral
traits do not leave any traces on fossilized specimens, recent
studies have applied the use of proxies commonly preserved
in fossils to study physiological and behavioral evolution.
For instance, the reduction of the semicircular canal during
the evolution of whales and dolphins (Fig. 11) is evident in
the fossil record and predates the evolution of the modern
cetacean body plan (289). Because the size of the canal is as-
sociated with balance in other mammals and is significantly
correlated with agility and locomotor performance in extant
primates, this trait can be employed to estimate with some de-
gree of accuracy whether ancestral species in the fossil record
were agile or not (290). Similarly, patterns of deposition of
bone layers, ontogenetic growth trajectories obtained from
fossil bones or the presence of nasal turbinates have been
proposed as proxies for increased metabolic rates, which may
be employed to study the evolution of endothermy in the
avian and mammalian lineages (113,218,270). Since this sort
of evidence is indirect, comparative studies of physiological
evolution employing fossil data must always (i) establish a
functional association between the morphological proxies and
the physiological/behavioral traits of interest and (ii) estimate
the degree of association between these traits and determine
if they are indeed significantly related in extant species. Even
when these conditions are met, researchers must keep in mind
the assumptions and limitations associated with this sort of
approach (e.g., that relationships observed in extant species
hold for extinct lineages).

To summarize, most methods developed to estimate an-
cestral trait values or characters can perform relatively well
in simple evolutionary scenarios that encompass just a few
transitions for categorical traits or when the phenotypic evo-
lution of a quantitative trait actually resembles a random walk
(201,242). The origin of complex traits can often be stud-
ied with these approaches, as elegantly demonstrated for the
stepwise phenotypic evolution of baleen in mysticete whales
from an ancestor with mineralized teeth (62), which sug-
gests that the hypothetical common ancestor of this lineage
may have presented a transitional form with the simultaneous
occurrence of teeth and baleen (the same applies to the evo-
lution of the swim bladder in teleosts, as shown in Fig. 3).
In other evolutionary scenarios that involve multiple evolu-
tionary transitions, reversions and more complex models of
phenotypic evolution, it is debatable to what extent ances-
tral states inferred from phylogenetic analyses are reliable
(119,180,182,273,313,328,334). Consequently, results from
ancestral reconstruction obtained with these methods should
always be contrasted against information from complemen-
tary sources, such as the fossil record (62, 170, 242, 289),
biogeographical patterns (278) and developmental evidence
(62,312), and importantly, estimates of error on reconstruc-
tions should always be provided.
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Conclusion

Comparative analyses have been radically restructured during
the last decades, with the development of new statistical meth-
ods that incorporate phylogenetic information and explicit
models of phenotypic evolution into the design and analysis
of interspecific data. This revolution in comparative method-
ology has had repercussions in virtually all areas of biology,
with phylogenetic statistical approaches being currently em-
ployed on a regular basis in seemingly disparate fields such as
molecular biology, physiological and community ecology, an-
imal behavior, conservation biology, and linguistics. Phyloge-
netic statistical methods currently come in many flavors; they
can be implemented in a large variety of statistical packages
and are becoming increasingly flexible to deal with different
types of data, evolutionary models, phylogenetic uncertainty,
and so forth (see Section “Further Reading”). Nonetheless,
in spite of the methodological advances resulting from the
advent of the phylogenetic comparative methodology, under-
standing the conceptual framework behind these methods re-
mains a condition sine qua non for adequate interpretation of
results following a comparative analysis (320).

As outlined by Blomberg and Garland (28), several as-
pects are general to all phylogenetic analyses and should be
considered in every step of a comparative study. First, adap-
tation by natural selection should not be casually inferred
from comparative data, taxa are expected to differ simply be-
cause of their separate evolutionary paths hence a posteriori
adaptive explanations based solely on observed differences
should be generally avoided. Second, given the hierarchical
patterns of relatedness among organisms due to evolutionary
history, comparative data cannot be assumed to be indepen-
dent as required by conventional statistical methods. Whether
phylogenetic or conventional analyses are more appropriate
will depend both on the question being investigated and the
amount of phylogenetic signal detected in the data. Third,
comparative methods allow explicit inferences about evolu-
tionary history that are not possible with traditional statistical
analyses (e.g. studying the origin of a phenotypic character or
inferring the character state of hypothetical ancestors). Fourth,
phylogenetic analyses make explicit assumptions about char-
acter evolution, which will have an impact on the outcome
of a comparative study. That is, most phylogenetic statis-
tical methods ultimately deal with how and how fast phe-
notypic traits evolve in time (i.e., evolutionary models and
evolutionary rates of phenotypic evolution). Fifth, taxa used
in comparative analyses should be chosen in regard to their
phylogenetic affinities as well as the area of functional inves-
tigation. Finally, phylogenetically based comparisons remain
strictly correlational, therefore inferences on the evolutionary
processes underlying observed patterns must always be con-
trasted against information stemming from complementary
approaches, that include functional and mechanistic studies,
experimental evolution, etc.

On a broader context, we believe the incorporation of
an explicit evolutionary perspective into comparative physi-
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ological studies has been highly beneficial, not only from a
practical perspective but also (primarily) from a conceptual
point of view. We encourage colleagues and students con-
cerned about the intricacies of phylogenetically comparative
methods to look beyond the technicalities of the evolutionary
jargon and the inherent complexity of statistical procedures,
the fundamental goal of these analyses is to obtain a more
accurate representation of reality: organisms evolve, and all
their functional characters are the products of evolution. The
diversity of form and function of living organisms is the result
of millions of years of continuous change, and the incorpo-
ration of phylogenies in the comparative method continually
reminds us of this fact.
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Further Reading

Phylogenetic statistical methods are becoming increasingly flexible and com-

plex, and considerable information regarding these approaches, available
softwares and forums of discussion, is currently available of the Internet.
Even though these sources are not peer-reviewed, they can be very helpful
for researchers and students that are not familiar with the field and look
for some guidance. Here we list a few web pages that may be useful in
this context.

http://en.wikipedia.org/wiki/Phylogenetic_comparative_methods
Lists of software packages
http://evolution.genetics.washington.edu/phylip/software.html

h

ttp://bioinfo.unice.fr/biodiv/Tree_editors.html

http://cran.r-project.org/web/views/Phylogenetics.html

http://mesquiteproject.org/mesquite/mesquite.html
Discussion forums, courses and miscelaneous information

http://bodegaphylo.wikispot.org/

h

ttp://informatics.nescent.org/wiki/Main_Page

http://phytools.blogspot.com/

http://www.r-phylo.org/wiki/Main_Page
Mailing lists (R-phylo and Mesquite)

https://stat.ethz.ch/mailman/listinfo/r-sig-phylo

h

ttp://mesquiteproject.org/mailman/listinfo/mesquitelist

Volume 2, January 2012



