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Abstract

The term adaptive radiation has been recurrently used to describe evolutionary pat-
terns of several lineages, and has been proposed as the main driver of biological
diversification. Different definitions and criteria have been proposed to distinguish
an adaptive radiation, and the current literature shows disagreements as to how radi-
ating lineages should be circumscribed. Inconsistencies increase when authors try to
differentiate a clade under adaptive radiation from clades evolving under ‘regular’
speciation with adaptation, a pattern anticipated and predicted by the evolutionary
theory in any lineage. The most important disagreement is as to which evolution-
ary rate (phenotypical or taxonomical) authors analyze to characterize a radiation; a
discussion embedded in a prevailing inability to provide mechanistic explanations of
the relationship among evolutionary rates. The union of pattern and process in the
same term, the inadequacy of reported null hypotheses, and the frequent use of ad
hoc comparisons between lineages have also contributed to the lack of consensus.
A rigorous use of available terms and the articulation of solid criteria with objec-
tive methodologies in distinguishing evolutionary patterns are imperative. Given the
difficulties in detecting adaptation, the use of the ‘adaptive’ term to qualify a radia-
tion should be avoided unless methodologically tested. As an unambiguous method
to distinguish radiating lineages, the statistical detection of significant increases in
taxonomic diversification rates on monophyletic lineages can be considered a dis-
tinctive signature of a radiation. After recognizing this pattern, causal hypotheses
explaining them can be stated, as well as correlates with other rates of evolution.
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“You have loaded yourself with an unnecessary difficulty in adopting a Natura non
facit saltum so unreservedly.”

Huxley to Darwin, Nov. 23, 1859, the day before publication of the Origin.
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Several taxa have been described as adaptive radiations: horses during the Neo-
gene (Hulbert 1993), Australian marsupials (Springer et al. 1997), passeriform birds
(Ericson et al. 2003), Darwin’s finches (Lack 1947), cichlid fishes in African lakes
(Seehausen 2006), drosophilid flies of the Hawaiian Islands (Kambysellis et al.
1995), Hawaiian silverswords (Baldwin and Sanderson 1998), microbes [Maclean
(2005) and for a summary of several other studies see Givnish and Systma (1997)
and Losos (2010)], amongst many others. Lineages that have been classified as adap-
tive radiations have included different numbers of species, have originated at differ-
ent ages in different regions of the world, possess markedly different morphological
and ecological characteristics, may or may not be monophyletic, and in some cases
are already extinct (Table 1). To state their study lineages as radiations, authors have
frequently used different criteria, based on empirical grounds.

Although the term ‘adaptive radiation’ was probably used for the first time in
the early 1900s (Osborn 1902), the emergence of molecular systematics promoted
its rediscovery and explosive popularity (Givnish and Sytsma 1997). Some authors
suggest most biodiversity in the planet is the product of adaptive radiation (Givnish
1997; Schluter 2000). Research programs are being developed and important
resources are being invested in studying these radiations. Modern next generation
sequencing techniques are being applied to study lineages that have been commonly
named adaptive radiations and the results are promising in revealing evolutionary
mechanisms where we currently have poor understanding (e.g. Brawand et al. 2014;
Marques et al. 2018; Almén et al. 2016).

An adaptive radiation is generally perceived as the divergent evolution of numer-
ous related lineages within a relatively short time, each evolving adaptations towards
distinct ecological niches [e.g. environments, diets, ways of escaping predation, etc.
see Futuyma (1998)]. The process has been intuitively understood using the analogy
of a “burst” of evolution at any taxonomic level (Futuyma 1998). However, given
enough time, evolutionary theory predicts most clades will diversify (accumulate
species) and evolve adaptations, and no quantitative thresholds or objective crite-
ria still exist to judge whether a clade is an adaptive radiation or not (Losos and
Miles 2002). There is no consensus on the definition of the ‘adaptive radiation’ term
and even less on the methods to distinguish these radiations (Soulebeau et al. 2015).
It has even been suggested that adaptive radiations do not exist at all (Olson and
Arroyo-Santos 2009). Without a clear definition of what an adaptive radiation is,
and consented criteria to distinguish it from other evolutionary patterns, the ‘adap-
tive radiation’ concept lacks analytical and explanatory power. The term lies within
the meaningful-useless category of concepts, making it inoperable for scientific pro-
gress (cf. Dymitrow and Brauer 2018). The excessive use of this term in its cur-
rent flexible status has promoted the emergence of disagreements and controversies
(Givnish 1997; Sanderson 1998; Losos and Miles 2002; Lieberman 2012; Olson and
Arroyo-Santos 2009) that certainly will increase with the predicted accumulation
of data and studies of non-model organisms using modern techniques in the near
future.

This essay aims to (1) explain the current ambiguity in both, the definition of the
term and the criteria that have been proposed to define a clade or group as an adap-
tive radiation, (2) to discuss the most appropriate and operationally useful criteria to
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define a radiation, and (3) to propose an adequate use of terminology and the use of
objective and unambiguous criteria to distinguish radiations. In ‘Many definitions,
different patterns’, 1 give a comprehensive analysis of the origin of the concept, and
review the disagreements amongst the most important available definitions or refer-
ences to adaptive radiations found in the literature. I explain how the term comes
from the integration of two ideas: adaptive evolution and explosive evolution, and 1
describe the apparently subtle differences amongst available interpretations. Albeit
all revolve around a similar idea, according to each author’s field of study, differ-
ent aspects of the process (e.g. speciation, the evolution of ecological diversity, the
presence of adaptation), and different rates of evolution are emphasized. Placing an
emphasis on different processes and evolutionary rates leads to different expected
evolutionary patterns.

Do adaptive radiations exist in nature? [see Olson and Arroyo-Santos (2009)].
Separately, the process of adaptation (adaptive evolution) and the pattern of explo-
sive evolution are widely accepted amongst biologists. Explosive evolution in par-
ticular, is a robust and recurrent pattern observed in the natural world, supported
by empirical observations and data both in extinct and extant organisms. On the
contrary, adaptive evolution, although widely accepted, has been extremely diffi-
cult to test in nature. In the “Adaptive, non-adaptive or nothing” section, I discuss
these issues more thoroughly. I review the different methods that could be applied
to detect adaptation in radiations. Unfortunately, the studies of adaptive radiation
generally lack explicit tests for adaptation. I question the suitability of labeling
radiations as adaptive, and encourage avoiding using the term ‘adaptive’ to label
radiations unless explicitly tested and detected. In ‘Phylogenies and monophyletic
radiations’, 1 discuss the advantages of using a phylogenetic approach to the study
of radiations. Although some authors undermine the requirement of monophyly to
define radiations, a solid hypothesis of phylogenetic relationships is fundamental for
their adequate study and more powerful formulation of hypothesis.

In ‘Evolutionary rates of diversification’ 1 explain the different evolutionary rates
that can be estimated in a lineage, and discuss how the most important disagreement
found in the literature of radiations lies on the fact that different authors, although
perhaps not explicitly, use either the phenotypic or the taxonomic rate of evolution
to define their lineages as radiations. I devote this and next section (“Intrinsic rela-
tion between speciation and phenotypic change in lineages”) to discuss how using
different rates of evolution to define adaptive radiations, while ignoring the relation-
ship amongst both rates through speciation and extinction, are the most disastrous
sources of confusion. I explain the mechanistic link between those two rates of evo-
lution in the context of the punctuational theory of evolution. Understanding this
relationship (between phenotypic and taxonomic rates of evolution), and the role of
speciation and extinction in shaping current patterns of diversity is essential to dis-
tinguish true radiating clades.

In “Tempo of evolutionary radiations and selection of null hypotheses” section,
I discuss another major pitfall found in studies of radiating clades: the continuous
reference to inadequate comparisons or null hypothesis to determine the clade as a
radiation (having an elevated taxonomic or phenotypic rate of evolution). In other
words, authors report ad hoc comparisons amongst sometimes very different clades,
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to justify their clades possessing ‘elevated’ rates. How can we better decide whether
the clade under study has a truly elevated evolutionary rate? I suggest that the most
appropriate question (in terms of the potential information we can obtain from it) is
not if the clade under study has elevated taxonomic or phenotypic rates of evolution,
as it is usually reported in the literature. In the context of comparative biology, it is
better to ask if the evolutionary rate considered (either phenotypic or taxonomic) is
accelerating in the lineage under study. To find a significant increase or acceleration
in evolutionary rates, a temporal framework for the studied lineage is essential, as
well as considering the possible extinction scenarios (“The role of speciation and
extinction in evolutionary radiations” section). The interplay between speciation and
extinction over time can lead to different patterns of diversity, and without consid-
ering these parameters, a clade can be mistakenly considered a radiation (a signifi-
cant increase or acceleration on its evolutionary rates can be erroneously inferred).
Finally, in “Diversification models™ 1 explain several possible methods available to
the objective, unambiguous, statistical detection of significant increases in rates of
evolution in the lineages under study.

In summary, the increased popularity of the adaptive radiation term as a scientific
object of study urges a conceptual revision and the achievement of consensus in its
definition. In its current state, the concept lacks analytical value, compromises com-
munication in evolutionary biology, and might retard progress in understanding the
evolutionary processes leading to current biodiversity. The elaboration of method-
ologies to objectively detect distinct evolutionary patterns and radiating lineages is
compelling (Losos 2010), and although several studies point towards this direction
(Magallén and Sanderson 2001; Losos and Miles 2002; Gavrilets and Vose 2005;
Magallén and Castillo 2009; Ackerly 2009; Gavrilets and Losos 2009; Alfaro et al.
2009; Glor 2010; Rabosky 2014), a consensus rooted in a solid conceptual frame-
work is still pending. The analyses and proposals in this article aim to contribute to
solving this problem.

Many definitions, different patterns

The term “adaptive radiation” comes from the integration of two aged ideas, adap-
tive evolution and explosive evolution. The evolution by natural selection that moves
the population towards a phenotype that best fits the present environment is adap-
tive evolution (Futuyma 1998), and implies that selective pressures over individu-
als come from the physical or the biotic environment. This kind of evolution was
explained by Darwin as the main force driving diversification.

Explosive evolution, as early defined by paleontologists, occurs when a taxo-
nomic group appears within a comparatively short space of time, this episode then
being followed by a longer stretch of time during which evolution appears at a qui-
eter pace (Zeuner 1958). This geologically instantaneous origination and subsequent
stability of paleontological morphospecies has been acknowledged as the oldest and
most robust of the paleontological observations (Eldredge and Gould 1972; Gould
and Eldredge 1977). One example of this pattern can be found in the sclearctinian
corals, or hexacorals, which arose in the mid-Triassic about 215 Ma, after only about
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20 Myr of evolution (Stanley 1979). Other typical example are Trilobites, a lineage
that is unknown before the beginning of the Cambrian, but which during the Early
Cambrian, a period lasting between 15 and 30 Myr, diversified in thirty families
(Stanley 1979). The paradigmatic example of explosive evolution is the apparently
sudden appearance in the fossil record of the diverse classes of invertebrates dur-
ing the Cambrian, which Darwin found inexplicable and a valid argument against
the views [evolution by natural selection] (in Stanley 1979, p. 67). The essentially
simultaneous appearance of systematic units has also been found in the fossil regis-
ter of other groups like insects or fishes (Zeuner 1958), birds and mammals (Feduc-
cia 1995), and flowering plants (Lidgard and Crane 1988). In living taxa, a signa-
ture of explosive evolution is found as a species richness pattern called taxonomic
imbalance. It is observed at all taxonomic levels and groups across the tree of life,
and is the uneven distribution of species within higher classification units (genera,
family, order, etc.). The fact that some groups include thousands or millions of spe-
cies whereas their relatives have few is an intriguing pattern with still no explanation
(Wiens 2017).

An early integration of the ideas of adaptive and explosive evolution was pro-
posed by the paleontologist Osborn (1902), by defining adaptive radiation as “the
differentiation of habit in several directions from a primitive type”. Nevertheless,
the distinct modern definitions of adaptive radiation are derived from the definition
proposed by Simpson (1953): “... adaptive radiation strictly speaking refers to more
or less simultaneous divergence of numerous lines all from much the same ances-
tral adaptive type into different, also diverging adaptive zones” (p. 223). Since its
conception, the term adaptive radiation has been applied to taxa showing different
evolutionary patterns. An adaptive radiation pattern, as it happens with any evolu-
tionary pattern, is multicausal. Part of the evolutionary pattern can be, for example,
the morphological diversity among members of the group, the number of species
it includes, its age of origin and rate of diversification, or its current geographical
or climatic distribution. The processes generating those patterns include speciation,
extinction, migration, adaptation, etc.

According to their field of study (and perhaps, their group of study) authors have
emphasized different characteristics or aspects of the phenomenon (patterns or pro-
cesses) as definitional of an adaptive radiation. For example, from a paleontologi-
cal perspective, Simpson’s interest in the study of evolutionary rates took him to
consider as fundamental characteristics of the phenomenon both an increase in the
rate of species generation and an increase in the ecological and phenotypic diver-
sity (Simpson 1953). Additionally, by studying patterns in the fossil record, Stanley
(1979) emphasized the importance of speciation, by defining adaptive radiation as
the geometrical or exponential increase in species generation within a lineage, argu-
ing that speciation accounts for most large-scale phenotypical change.

Evolutionary biologists and ecologists studying extant lineages extended the
available macroevolutionary definition of adaptive radiation towards slightly dif-
fering directions. Besides the rapid appearance of numerous species and high mor-
phological diversity, Eldredge and Cracraft (1980) proposed that a monophyletic
status of the clade and confinement to an endemic area are also patterns expected
in a group undergoing an adaptive radiation. Later, ecologists took the definition

@ Springer



Evolutionary rates and adaptive radiations Page90f33 41

of adaptive radiation towards underlining the importance of the occurrence of mor-
phological and ecological diversity. In his foundational book, Schluter (2000) sug-
gested that an adaptive radiation is the evolution of ecological and phenotypic diver-
sity within a lineage that is rapidly speciating, including their differentiation from
a common ancestor in a group of species which inhabit a variety of environments
and which differ morphologically and physiologically to exploit these environments.
From his perspective, the number of species included in the lineage is secondary in
importance to the velocity of their appearance.

With even more emphasis placed on the ecological processes, Sudhaus (2004)
established that a radiation is characterized by the relatively rapid origin of diverse
ecological niches, established by repetitive speciation events within a lineage, giv-
ing place to a strong evolutionary and ecological divergence in a particular region.
In this case, species within the radiation must reflect the different ecological and
environmental variables under which they are evolving, and thus a fundamental
characteristic of a radiation is the ecological diversity amongst the lineage’s mem-
bers. Other proposed definitions extend this view, giving less importance to specia-
tion or monophyly. From an adaptationist-phenotypical stand point, Losos and Miles
(2002) suggested that the number of species within a lineage under adaptive radia-
tion is irrelevant as long as it is greater than one, and that the fundamental process
is the adaptive disparity (ecological and morphological diversity) between the spe-
cies included [see also Givnish (1997) and Losos (2010)]. Moreover, some authors
have considered that monophyly might be an irrelevant criterion in distinguishing an
adaptive radiation (Schluter 2004), or have questioned the possibility of accurately
detecting adaptation within radiations (Sanderson 1998), thus stating the inadequacy
of labeling the radiations as “adaptive”.

Beyond details and each definition’s particularities, in general all authors have
the tendency to consider three fundamental characteristics: lineage diversification
(speciation and extinction), character diversification (usually morphological) and
ecological diversification (measured directly in abiotic variables of the species niche
or as an extension of morphological attributes) (Sanderson 1998), but all of them
emphasize one or other. The different significance given to the different aspects of
an adaptive radiation leads to differences in the expected patterns. If we consider
that the most important process is speciation, a significant increase in species num-
ber or diversification events is expected. If the appearance of phenotypical adapta-
tions towards diverse ecological niches is the most important process, then we would
expect a pattern of elevated phenotypical disparity among members, regardless the
number of species considered. What aggravates the situation is that authors do not
propose an objective method and thresholds by which to distinguish a group as an
adaptive radiation from others resulting from distinct evolutionary processes. This
high interpretative flexibility has led to a situation where several lineages, possibly
evolving under different evolutionary processes, are labeled as adaptive radiations.
Worsening the situation, several kinds of radiations have been suggested as alterna-
tives to adaptive radiations (Simdes et al. 2016). The lack of consensus as to the
different definitions reveals the scarcity of criteria in objectively discerning between
different evolutionary patterns in lineages, and the prevailing lack of strict methods
and null hypotheses that help to distinguish them.
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Adaptive, non-adaptive or nothing

Another source of confusion in the definition of adaptive radiation is that the
term links together the pattern (explosive evolution; morphological or ecologi-
cal diversity) and the process (adaptive evolution) (Eldredge and Cracraft 1980;
Givnish and Sytsma 1997; Vogler and Goldstein 1997; Schluter 2000; Abe and
Lieberman 2009). The presence of adaptation or adaptive diversity within line-
ages has been proposed by some authors as a necessary criterion in distinguish-
ing an adaptive radiation. However, studies of adaptation in adaptive radiations
almost always have been insufficient or even speculative (Sanderson 1998;
Lieberman 2012), and the publications dealing with adaptive radiations barely
ever test the hypothesis of adaptation (Soulebeau et al. 2015).

An adaptation can be regarded as a phenotypic variant that results in the high-
est fitness (reproductive success) among a specified set of variants in a given
environment (Reeve and Sherman 1993; Futuyma 1998). Adaptation was inferred
by observing the structures of diverse organisms in their natural environments
early by naturalists in the eighteenth and nineteenth centuries. Since the proposal
of the idea of adaptation by Darwin, there has been a general tendency of evolu-
tionary biologists to assume rather than demonstrate adaptation through natural
selection, which has been acknowledged as the ‘adaptationist program’ (Gould
and Lewontin 1979). After the adaptationist program debate, it became clear that
intellectual rigor needs to be adopted in evolutionary biology to scientifically test
the processes leading to evolution by natural selection, and many approaches have
been proposed since then (Rose and Lauder 1996; Pigliucci and Kaplan 2000).

Most of the methodological proposals to test for adaptation are indirect indica-
tors that approximate the presence of adaptive traits in populations and lineages
(Larson and Losos 1996; Rose and Lauder 1996; Conner et al. 2009, see also
Pigliucci and Kaplan 2000 for an update on the adaptationist program debate).
Empirical methods to detect adaptation rely on the experimental study of char-
acters or the detection of fitness in populations. The first approach aims to detect
adaptation by directly studying the function of a trait, and how its variation
affects its function (Conner et al. 2009). In this case, however, the response vari-
able is not fitness, and so it cannot determine whether the trait is truly adaptive
(Conner et al. 2009). The second approach aims to measure selection of a trait
by estimating the relationship between variation in the trait and variation in fit-
ness (Wade and Kalisz 1990; Conner et al. 2009). However, these methods are
not very practical in detecting adaptation in radiations, because radiations usually
consider numerous species (with several populations each) that diverge in their
ecological and morphological characteristics.

In a phylogenetic context, the comparative method has largely been used to try
to detect adaptation in lineages (Martins 2000; Harvey and Pagel 1991; Hansen
2014). The traditional cladistic approach is to reconstruct putative ancestral char-
acters and determine whether evolutionary changes in the phenotype have been
associated with major shifts in the environment, a method that has been strongly
criticized on the grounds that estimates of ancestral characters can often be
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inaccurate (Losos 1999; Martins 2000). A similar approach is the search for sta-
tistical relationships between phenotypes and environments, taking phylogenetic
information into account (Harvey and Purvis 1991; Hansen 2014). Statistically,
these methods require a large number of taxa and evolutionary changes both in
the phenotypes and the environment (Martins 2000). The presence of conver-
gence or homoplasy has been also proposed as an indicator of adaptation, assum-
ing that a strong selective pressure will independently determine the origin of a
similar character on different clades (Coddington 1994). Nevertheless, the detec-
tion of convergence is only useful in some cases, because unique adaptive charac-
ters can arise within any single clade (Sanderson 1998).

Methods that compare lineages can be used in evaluating a possible correla-
tion of the presence of a character postulated as adaptation and their diversification
rates. These methods require that the compared clades are monophyletic, one pos-
sessing the character and the other lacking it, both interacting with the environment
in a similar way in order to adequately quantify the magnitude of the differentia-
tion (Losos and Miles 2002). One of the main deficiencies of these methods is their
poor statistical power, as the number of possible pairwise comparisons (compara-
ble clades) is usually very low. Moreover, these methods do not take into account
the amount of evolutionary divergence of sister clades from their common ancestor,
the potential differences between the ecological niches they inhabit or the necessity
of a functional explanation of the relationships between the organisms within the
different lineages and their niches (Sudhaus 2004). Whichever method is selected,
even the most elaborate statistical analysis for detecting adaptation or directional
natural selection can only determine a correlation and not a causal relation between
the environment and the trait (Wade and Kalisz 1990; Conner et al. 2009; Martins
2000), making it extremely difficult to try to interpret adaptation in radiations (or in
any lineage), and in determining whether it was a cause, a consequence, or a process
accompanying speciation. Is there any advantage, then, to call radiations adaptive if
it is not tested? Can we distinguish radiations that are adaptive from radiations that
are not?

In this context, and overlooking the methodological possibilities to detect adap-
tation, Gittenberger (2004) defends the use of adaptive and non-adaptive terms
applied to radiations. For him, adaptive refers to the nature of the speciation events.
When speciation in a lineage occurs in allopatry (or parapatry), genetic drift and
founder effects may result in divergence, without clear niche differentiation, thus
producing what he calls a non-adaptive radiation (Gittenberger 2004; Rundell and
Price 2009). These non-adaptive radiations have been postulated as the null hypoth-
esis of adaptive radiations. They consist of clades that are very rich in terms of num-
ber of species but that contain low levels of morphological diversity, suggesting few
adaptive differences between species (Gittenberger 1991). In any case, the problem
of defining adaptive radiations remains the same when trying to define non-adap-
tive radiations. How many species does a lineage need to include to be considered
a non-adaptive radiation? How should we measure allopatry in these cases? Can we
be certain that there is no adaptation if morphological variation is low? How much
morphological variation should a clade have to be classified as non-adaptive radia-
tion? As it is possible to define any character in adaptive terms (Gould and Lewontin
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1979) it is practically impossible to determine that a character or a set of characters
present in several species are not adaptive, that is, that the characters do not have
any function that contributes to the fitness of individuals possessing them (Sudhaus
2004).

As Losos and Miles (2002) have discussed, there exist no objective criteria to
judge if a clade conforms to an adaptive or a non-adaptive radiation, because given
sufficient time the majority of clades or lineages will diversify and develop adapta-
tions to their environments and niche differentiation to any degree. Although sev-
eral methods have been proposed to demonstrate adaptation, they are particularly
difficult to apply in the study of radiations, which usually are rich in species and
relatively recent in origin. That is the reason why the majority of studies on adaptive
radiations lack a rigorous detection of adaptation. Unless methodologically detected
in a lineage, adaptive evolution can be present in any (if not all) lineages. Moreover,
adaptive evolution can be present in some traits and not in others within a single
species. Operationally, it would be ideal to have a simpler measure to distinguish
radiating from non-radiating lineages, and to methodologically identify whether
the cause of the radiation is majorly adaptive evolution towards different ecological
niches. Seeking to avoid poorly supported scientific hypotheses, and considering the
importance of an academically rigorous use of available terms and a strict defini-
tion of evolutionary patterns, the use of the adaptive term on radiations should be
avoided, unless adaptation is methodologically demonstrated.

Phylogenies and monophyletic radiations

Despite not defining it explicitly, Simpson (1953) explained in detail the process of
an evolutionary radiation. Independently of the causes originating it “... a radiation
does not occur unless a prospectively adapted population exist, and it is an aspect
of their prospective adaptation that they have (as in fact do most populations, but in
these cases probably to an unusual degree) large pools of potential genetic variabil-
ity.” (Simpson 1953, p. 228). According to Simpson, an increase in the population
size is the first step; the second is a centrifugal pattern of selection away from the
ancestral condition and into a variety of diverging adaptive zones. These processes
would tend to release variation from existing pools of variability and also to increase
the probability and rate of fixation of new variability arising from mutation (Simp-
son 1953, p. 228). Thus, the process should start from a single large population, and
the emerging phylogenetic pattern after speciation must necessarily be represented
as a monophyletic clade within a phylogeny.

In spite of the early definitions of radiations by paleontologists like Simpson or
Stanley (which considered monophyletic clades), monophyly has been questioned as
a requisite in distinguishing radiations. Schluter (2000) for example, suggested that
it is not a necessary criterion for defining a radiation because certain radiations are
not monophyletic and several do not include all the descendants within a lineage.
This might be due to the fact that the details on the phylogenetic relationships for
several taxa assumed as adaptive radiations were not known until recently, with the
advent of molecular systematics. Paradigmatic examples of adaptive radiations like
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Darwin’s finches, anoles lizards or cichlid fishes were noticed long before the elu-
cidation of their phylogenetic relationships and the assessment of their monophyly
(Lack 1940; Fryer and Iles 1972; Greenwood 1974; Losos 1994; Williams 1972),
probably because radiations frequently lack enough morphological synapomorphies
to illuminate their evolutionary history at the morphological level.

The availability of a phylogenetic framework enhanced our understanding of the
evolution of iconic radiations. For example, the evolutionary processes behind the
African cichlid fishes, which can be considered the quintessential ‘adaptive radia-
tion’. Cichlid fish faunas of each of the largest East African lakes, (Victoria, Tan-
ganyika and Malawi) include several hundred species, almost all endemic, making
the Cichlidae one of the most species-rich vertebrate families (Meyer 1993). Similar
morphological and behavioral solutions to similar ecological problems have arisen
in each lake (Stiassny 1981; Greenwood 1983), and the scarcity of morphological
synapomorphies and possible convergences characterizing species inhabiting each
lake produced a large debate of whether species assemblages were monophyletic,
or para- or polyphyletic [see Meyer (1993) and Reinthal and Meyer (1997)]. The
availability of molecular data allowed a phylogenetic framework for cichlids with
yet another advantage: the chance to estimate a temporal framework for radiations
(Givnish and Sytsma 1997). Data from phylogenetic studies for African cichlids
proved that Lake Victoria and Lake Malawi species are part of monophyletic clades,
the majority included in the tribe Haplochromini, which arose recently within the
confines of each lake (Reinthal and Meyer 1997; Day et al. 2008; Brawand et al.
2014). By contrast, Lake Tanganyika represents a very different scenario regard-
ing its older geological history and cichlid fauna, assembled from species classified
in up to 16 distinct tribes derived from several invasions rather than from a single
ancestor (Salzburger et al. 2005). With a robust phylogenetic framework available,
Seehausen (2006) was able to study cichlid diversification in Lake Tanganyika by
considering each monophyletic tribe independently. He found that five tribes (Lim-
nochromini, Perissodini, Cyprichromini, Bathybatini, and Ectodini) show a specia-
tion burst around the same time followed by a period of stasis. Adopting a simi-
lar approach, Day et al. (2008) found that Tanganyika cichlids diversified six times
more slowly than endemic radiations in the other lakes, even during peak episodes
of diversification possibly coinciding with periods of changing lake levels or with
successive invasions and separate radiations. It seems that what scientist thought of
as a major cichlid radiation, was actually several smaller radiations occurring under
different dynamics and with different possible fosters.

Radiations are generally associated with geographical regions, and their study
on islands as restricted test sites has proven fruitful to better understand ‘bursts’
of diversification. Carlquist (1974) stated that the autochthonous development of a
monophyletic clade in an area is a relevant criterion by which to distinguish an adap-
tive radiation. This is clear when considering evolutionary radiations that occur on
islands. For Carlquist, to hypothesize an evolutionary radiation requires that diversi-
fication be monophyletic, or the assurance that it is the product of a single invasion
event, and not multiple invasion events or polyphily for the area (Carlquist 1974).
However, members of a radiating clade may expand or change the restricted area,
complicating a generalization.
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A paradigmatic lineage radiating on islands is the Caribbean Anoles lizards. At least
for a couple of decades they were studied as a polyphyletic assemblage (see early work
of Prof. J. Losos, Harvard University), but the availability of molecular phylogenies and
their study in a phylogenetic context allowed a clearer picture for their diversification.
Anoles comprise one of the most diverse vertebrate genera, including nearly 400 spe-
cies (Losos and Schneider 2009), but only the species inhabiting the Caribbean islands
(numbering about 150 species) were intensively studied as an emblematic example of
adaptive radiation (Jackman et al. 1999). On each island of the Greater Antilles (Cuba,
Hispaniola, Jamaica and Puerto Rico), species of Anoles morphologically specialized
to use a diversity of habitat types (Losos 1992) and showed high rates of morphological
disparity (Losos and Miles 2002; Losos et al. 2006). Caribbean Anoles were thought
to be a paraphyletic assemblage because early diverging lineages and a rich derived
clade within them inhabits the mainland, indicating a possible mainland origin and a
regression out from the islands (Pinto et al. 2008). However, lineages which diversi-
fied in Central America and northern South America include more species than in the
Caribbean (Nicholson et al. 2005 in Pinto et al. 2008). Analyses beyond the Caribbean
Anoles showed that mainland species display ecomorphological variety and rates of
evolutionary change equal to or greater than island species (Irschick et al. 1997; Pinto
et al. 2008), suggesting that the Anoles radiation includes the entire clade and is not an
island phenomenon (Pinto et al. 2008).

As we can see with the examples of cichlids and Anoles lizards, a phylogenetic
framework provides evidence to improve our hypothesis of diversification dynam-
ics and evolution when studying radiations. Well-supported phylogenies help to dis-
tinguish the process of phenotypic diversification from a common ancestor from the
process of convergent evolution of phenotypes to similar adaptive types in different lin-
eages, which can be observed, for example, in different regions with similar climatic
characteristics. The last have been named species flock (Greenwood 1984; Sage et al.
1984) usually present in diversity hotspots, rich in species of distinct lineages (Myers
et al. 2000).

The adequate procedure to study an evolutionary radiation must start with a phylo-
genetic analysis of the group under study, and the reconstruction of the possible charac-
ters in the ancestor of the lineage that fostered the radiation, in order to find an adequate
hypothesis regarding the internal or external causes that promoted the establishment of
several eco-niches (Sudhaus 2004). Several authors point out the necessity of a general-
ist or flexible ancestor in allowing for the posterior divergent transformations (Simpson
1953; Sudhaus 2004). In the case of radiations following colonization events (such as
in islands), the event can be searched for at the node in the phylogeny where the begin-
ning of the radiation is hypothesized, or where the geological or climatological event
that fostered the emergence and diversification of niches is located.

Evolutionary rates of diversification
In the literature on adaptive radiations, different authors have defined their study

lineages as radiations by remarking on the high rates of taxonomic or phenotypic
(extended to ecological) evolution. In his classic work, for example, Stanley (1979)
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proposes that an adaptive radiation is a phenomenon of geometric or exponential
increase in the rate of diversification (speciation minus extinction per unit of time).
In contrast, some modern researchers propose recognizing adaptive radiations based
on the degree of diversification in ecologically relevant morphological traits (Losos
and Miles 2002; Losos 2010). Discrepancies here might be due to a misunderstand-
ing of the mechanistic relationship amongst the different evolutionary rates.

The general pattern of evolution of a lineage can be deconstructed into compo-
nents of evolutionary rates (Stanley 1979; Gilinsky and Bambach 1987; Vrba 1987,
Sepkoski 1998; Abe and Lieberman 2009). The principal exponent of the discus-
sion about evolutionary rates—or the amount of evolution over time—was Simp-
son, who discussed the different kinds of rates of evolution (Simpson 1944, 1953).
He named “phylogenetic rates” as the morphological amount of change involved in
descent lineages in relation to their ancestors, and “taxonomic frequency rates” as
the changes in numbers or frequencies of taxonomic groups existing in a lineage at a
given time (Simpson 1944 pp. 4-5). Considering extant taxa and with slight differ-
ences in their definitions, phylogenetic rates have been named morphological variety
(Foote 1992), morphological diversity (Foote 1997) or disparity (Runnegar 1987,
Gould 1991; Wills et al. 1994), while taxonomic frequency rates have alternatively
been named richness, or diversification rates (Foote 1992; Magalléon and Sander-
son 2001). Modern studies of evolutionary rates followed the two directions early
defined by Simpson, one towards the estimation of phenotypic amounts of change
over evolutionary time (for example, see Ackerly 2009; Gingerich 1983, 2001; War-
heit et al. 1999) and the other towards the estimation of taxonomic diversification
rates (for example Magall6n and Sanderson 2001; Rabosky and Lovette 2008).

Phenotypic rates of evolution are particularly challenging to study, because we
would like to compare the rates of change between sometimes very different kinds
of traits and organisms. The ideal estimator of phenotypic rates would be one that
quantitatively measures the amount of phenotypic or ecological change within sev-
eral traits in a group, but that is also comparable between different, even distantly
related groups. Some methods have been developed to measure and compare phe-
notypic diversification rates between lineages and characters (Ridley 1996, see
Chapter 20, Gittleman et al. 1996; Schluter et al. 1997; Ackerly 2009). They rely
on the measurement and comparison of discrete or continuous variables in a sam-
ple of species (Foote 1997). Haldane (1949) proposed the ‘darwin’ as a standard
unit to measure rates of morphological evolution. Other units have been proposed,
such as the ‘felsen’ (Ackerly 2009), to allow for a comparison between different lin-
eages. The determination of diversification rates in morphological change can be
difficult, because it requires the development of particular methodologies to measure
each character and to compare its change between different lineages on a tempo-
ral scale (Gingerich 1983; Ackerly 2009), statistically requiring an adequate sample
size (Foote 1997) usually not available for smaller clades. Moreover, the phenotypic
approach to measure diversity is easily criticized as subjective, because it relies
upon the choice of a finite number of organismic traits under the assumption that
they can approximate the total character diversity (Foote 1997).

Rates of taxonomical diversification, on the contrary, are easier to obtain, and
their comparison between any lineages is straightforward. The simplest estimator of
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taxonomic rates is richness, or the number of species each group includes. Although
several studies use richness to understand radiations (e.g. Ricklefs and Renner 1994),
this parameter does not consider the dynamics of diversification. Two clades with
similar richness values can be the result of very different evolutionary processes. For
example, an increase in richness (taxonomic diversity) can be caused by unusually
high rates of speciation, but it can also be the result of average rates of speciation
coupled with exceptionally low rates of extinction (Abe and Lieberman 2009). The
rate of taxonomical diversification within a clade is given by its speciation minus its
extinction rate (Morlon 2014). The interplay between these two parameters within
an interval of time gives the net diversification of a lineage in terms of the number
of taxonomic identities it includes, considering a temporal scale (Foote 2000; Nee
2006). “Birth—Death”, branching processes and random walk mathematical models
have been used to approach the processes of speciation and extinction (Nee 2006).
Some of the developed models take into account the number of species and the
absolute age of the clade, and allow the implementation of speciation and extinction
probabilities, considering the possibility of extinct, unobserved diversity by being
conditional on the survival of the clade up to a given time after its origin (Nee 2006;
Doyle and Donoghue 1993; Magallén and Sanderson 2001).

Molecular data provide the opportunity to study yet another rate of evolution,
namely the molecular rate of change within genetic regions. For Simpson, the ideal
measurement of evolution was the amount of genetic change in continuous (ancestral
and descendant) populations per year or other unit of absolute time (Simpson 1944
p. 4). However, modern studies on the genetical basis of development and compar-
ative genomics have questioned the past belief of a direct lineal relation between
genetic change, which is usually measured in a restricted number of molecular
markers, and morphological change. For example, studies have shown that small,
single mutational changes in regulatory key genes can produce large morphological
changes (e.g. Dietrich 2000; Hintz et al. 2006; Hernandez-Hernandez et al. 2007).

Could we distinguish a radiation by using only taxonomic diversity values? It has
been stressed that the species number within a clade (taxonomic diversity) may not
correlate with the range of ecological or morphological diversity it exhibits (Stan-
ley 1979; Foote 1991, 1992), or that taxonomic and phenotypic rates are decou-
pled. Indeed, many species-rich clades contain species that differ little ecologically
(Warheit et al. 1999). This suggested the importance of considering the observation
of high rates of phenotypical diversity between species inhabiting different avail-
able habitats as a basic criterion to determine adaptive radiations (Sudhaus 2004;
Carlquist 1974; Losos and Miles 2002) in spite of the number of species found in
the study group (Losos and Miles 2002, see also Jackman et al. 1997). These phe-
notypical definitions of radiations tend to underestimate the taxonomical diversifi-
cation rates as a useful tool in determining radiation patterns. For example, from
Givnish’s perspective, the number of species within a lineage is irrelevant as long as
it is greater than one, and he criticizes efforts to quantify diversification (taxonomi-
cal) rates within lineages, arguing that these would reduce an evolutionary radiation
to a simple lineage diversification (Givnish 1997, see also Sanderson 1998). Barrett
and Graham (1997) suggest that the number of lineages emerging in an adaptive
radiation is secondary in importance to the diversification pattern (morphological,
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anatomical, physiological) of characters within lineages, and Jackman et al. (1997)
propose that the relevant criterion in defining a radiation is not the number of spe-
cies but the adaptive disparity between these species, because even clades with very
few species can constitute a radiation if their ecological and morphological disparity
is significant. Could clades with few species be considered radiations?

It is important to note that the studies of lineages without a large number of spe-
cies but considered as radiations because of their high phenotypical diversity (for
example, Darwin’s finches or Anoles lizards; see Table 1) frequently lack a consid-
eration of the lineage’s age, as well as its speciation and extinction rates. Although
evolutionary rates in the same lineage can depict a different amount of diversity rate
(morphological, ecological, taxonomical, molecular; see Davies et al. 2004; Smith
et al. 1992; Foote 1993), all evolutionary rates are correlated (Eldredge 1979). As
I discuss in detail in the following section, the morphological diversity present in
a clade may be correlated with the clade’s age (high morphological diversity accu-
mulated over long periods of time) as well as with elevated extinction rates that
can erase intermediate taxa (see Fig. 1). Although several authors have noted that
phenotypic rates during evolutionary radiations are generally associated with high
speciation rates (Eldredge and Cracraft 1980; Lieberman et al. 1991; Hulbert 1993;
Lieberman 2001), a mechanistic link between these two rates has unfortunately been
omitted.

Intrinsic relation between speciation and phenotypic change
in lineages

As we mentioned earlier, paleontologists and evolutionary biologists found the
pattern of explosive evolution in several taxa, extant and fossil (e.g. Smart 1963;
Feduccia 1995; Kocher 2004), and they discussed profusely about the processes
leading to this kind of evolution. Simpson (1944) described the explosive pattern
in the generation of lineages as “quantum evolution”, and suggested that it might
reflect rapid evolution from one adaptive phenotype to another, by way of intermedi-
ate stages that were less adaptive and therefore too brief to leave fossil traces. The
botanist Verne Grant (1963) (in Futuyma 1998) coined the term “quantum specia-
tion” to describe the very rapid evolution of some species and Mayr (1954) sug-
gested that most species originate by rapid evolution in small colonies (peripatric
speciation), proposing that this process accounts for many of the gaps in the fossil
record. Eldredge and Gould (1972) and Gould and Eldredge (1977) reinterpreted the
explosive patterns found in the fossil data, and suggested the theory of punctuated
equilibria, considering it to be the main driver of the evolution of life (Fig. 1; Gould
and Eldredge 1977). For them, morphological characters evolve rapidly in concert
with speciation, following Mayr’s ideas on peripatric speciation (Futuyma 1998).
The punctuational theory suggests that speciation in small populations peripherally
isolated from a parental stock would yield stasis and punctuation in morphological
or ecological attributes when properly scaled into the vastness of geological time
(Fig. 1; Gould and Eldredge 1993). Thus, they clearly explained the mechanisms
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Fig. 1 Three-dimensional sketch contrasting a pattern of relative stability (A) with a trend (B), where
speciation (dashed lines) is occurring in both major lineages. This figure was modified from Figs. 5-10
in Eldredge and Gould (1972), which was presented to explain the theory of punctuated equilibrium;
where speciation accounts for the morphological trends in each lineage. (B) has a higher speciation rate,
however, it also has a high extinction rate, thus at the hypothesized present 1 (blue line) both lineages
A and B include the same number of species (richness). If we hypothesize the present at 3 (green line)
we can see that both lineages include the same number of species, however in B the diversity (disparity)
between them is larger, as a result of the higher speciation and extinction rates of lineage B. If the present
was at 2 (red line) we would see that lineage B includes more living species than A, and represents an
extant evolutionary radiation

driving the intrinsic relation between morphological changes and speciation and
extinction, or between phenotypic and taxonomic evolutionary rates.

As Futuyma pointed out, phenotypical change may accumulate anywhere along the
geological trajectory of a species, but unless that change is “locked up” by acquisi-
tion of reproductive isolation (speciation), it cannot persist or accumulate because it is
washed out during the interdigitation through time among varying populations of a spe-
cies (Futuyma 1987). “In the absence of reproductive isolation, differentiation is bro-
ken down by recombination ... speciation can facilitate morphological change not by
liberating a population from genetic homeostasis or accelerating the response to selec-
tion, but by enabling a gene pool to remain subject to consistent selection pressures
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even as it moves about in space. By isolating gene pools that they encounter as they
move about, speciation enables them to retain characters that evolved in a localized
context. It provides them, as Simpson (1961) pointed out, with a distinct evolution-
ary trajectory” (Futuyma 1987, p. 467). There is a fundamental role for speciation or
reproductive isolation in the origin of the phenotypical diversification in a lineage (but
see Burbrink et al. 2012). Therefore, it is impossible to dissociate the phenotypical and
taxonomical diversification rates of evolution without reverting to saltationist explana-
tions, which suggest the possibility that a mutational event during the reproduction of a
single organism can lead to the origin of a new higher taxon.

In support of saltationism, some experimental evidence shows that subtle genetic
changes can actually have vast effects on the developmental mechanisms of an organ-
ism (Chouard 2010; Hernandez-Hernandez et al. 2007), thus allowing for the possibil-
ity of a sudden emergence of characters with high adaptive values, or what Goldshmidt
termed “hopeful monsters” (Dietrich 2000; Chouard 2010). Is this enough to explain a
clade with high morphological diversity but low richness? Although the possibility of a
hopeful monster exists, thus to give support for a saltationist hypothesis of the origin of
morphological diversity in species-poor clades, there is a low probability that the ‘mon-
ster’ will find a mate and produce fertile offspring, or in the case of self-fertilization,
that this emerging phenotype will in fact increase instantaneously its fitness. Therefore,
it is more probable that a lineage including few species but large morphological diver-
sity be the result of elevated extinction rates, with the loss of intermediate lineages over
geologic time. On the other hand, the scarce morphological diversity found in a clade
rich in number of species may represent a decrease in extinction rates or suggest that
the clade is relatively young and has had no time for recently appeared species to go
extinct. Can these two examples of lineages with very different patterns and evolution-
ary processes behind them be considered as radiations?

To achieve unambiguous criteria to determine a clade as a radiation, it is nec-
essary to have a temporal framework for the studied lineage. It is also required to
have some grounded evidence about its ancestor’s rates and its current rates of evo-
lution, to know if there was a change in the rates in concordance with the origin of
the lineage, and if that change in rate is actually a significantly higher increase. In
other words, the appropriate question when studying radiations is not only if the lin-
eage under study possesses an elevated evolutionary rate, but if the evolutionary rate
(either phenotypic or taxonomic) became accelerated at the origin of the lineage. It
is fundamental to pay attention on how we define that increase or acceleration. With
reference to what parameter we decide that there is an increase in rates, or that the
rates are actually accelerated. The lack of an adequate null hypothesis or comparison
in the definition of a clade as a radiation has had perhaps the most harmful effect in
the controversies surrounding adaptive radiations.

The role of speciation and extinction in evolutionary radiations
Species richness patterns in lineages are ultimately caused by speciation and extinc-

tion. Speciation creates new species and increases species richness, while extinction
eliminates them (either locally or globally) and decreases species richness (Wiens
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2011). Speciation and extinction are also major determinants of the amount of phe-
notypic (or ecological) diversity within lineages, or their morphological dispar-
ity patterns. Let’s say that we compare two hypothetical extant lineages. Let’s say
these lineages share a recent common ancestor, and in consequence are ecologically
similar. If one of them possesses increased speciation rates (or decreased extinction
rates, for example due to the presence of certain trait amongst its members), after
enough time it would end up with higher richness than its sister lineage, leading to
a pattern of taxonomic imbalance (Fig. 1). Studies in several lineages have shown
that the unequal distribution of the number of species among taxa is ubiquitous (e.g.
Sanderson and Donoghue 1994; Barraclough and Savolainen 2001; Magallén and
Sanderson 2001; Sims and McConway 2003; Alfaro et al. 2009; Wiens 2017), being
that some taxonomic entities include a large number of species in comparison to
related taxa. Taxonomic imbalance is a conspicuous characteristic of nearly all line-
ages (for example, angiosperms or insects, see Fig. 2), and if the increase in the
number of species in a lineage is not due to the age of the lineage, (because an old
lineage has had more time to accumulate species) it could be regarded as evidence
of explosive evolution in an extant taxa (Magall6n and Sanderson 2001).

Suppose that the two hypothetical lineages mentioned earlier (Fig. 1) originally
include species with a similar amount of phenotypical and ecological change or dis-
parity between them. Suppose that extinction rates increase in the richest lineage
and remain the same in the poorest lineage (for example, due to a certain geologi-
cal event). Given enough time, the lineage that originally had an increased number
of species will diminish its richness. If extinction is random, this lineage will also
increase the phenotypical disparity among the survivor species, leading to a lineage
more diverse in terms of phenotypic change than its sister lineage. As shown by this
example, extinction and speciation alone can change the phenotypic diversity pat-
terns of lineages. Without considering a time frame and the extinction and specia-
tion rates, it is not possible to discern different patterns for the evolution of lineages
or to state solid hypotheses of the causes leading to these patterns.

Nevertheless, since the fossil record is relatively scarce for most taxa, how could we
elucidate extinction scenarios for extant lineages? Several methods have been devel-
oped by which to estimate taxonomical diversification rates considering extinction
(Hey 1992; Mooers and Heard 1997; Raup 1985; Nee et al. 1994a; Nee 2006; Ricklefs
2007; Magallén and Sanderson 2001; Morlon 2014) and to compare them in order to
detect radiations from background cladogenesis (Sanderson and Donoghue 1996; Para-
dis 1998; Chan and Moore 2002; Rabosky 2006). I discuss more these methods in the
“Diversification models” section of this article. When studying evolutionary radiations,
once an increase in taxonomical diversification rates is detected (a taxic approach sensu
Eldredge 1979), explanatory hypotheses can be stated, and some of them might point
towards adaptationist explanations if enough evidence is provided to support a testable
hypothesis. Sudhaus (2004) distinguishes three different sorts of evolutionary radia-
tions that represent the different possible explanations for clades showing an increase in
their net taxonomic diversification rates: (1) radiations following successful coloniza-
tion events, (2) radiation of survivors of mass extinctions and (3) radiations following
the evolution of key innovations. Two of these three causes of radiation are external
and the last one obeys mainly internal forces, but for all three of them a crucial element
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Fig.2 Plots showing estimated age versus number of species included (standing species diversity)
in angiosperm and hexapod (insects) orders. No correlation exists between the age of the clade and its
standing species diversity. As can be seen, some orders include an exceedingly large number of species
while the majority includes a reduced number. Data taken from Magallén and Castillo (2009) and May-
hew (2002)

is the so called “ecological opportunity”. Ecological opportunity is provided by niche
opening (colonization of new areas), the appearance of a character that allows for the
colonizing of new niches (key innovation) or environmental heterogeneity within a dis-
crete geographic region that contributes to niche diversity. The development of meth-
odologies for testing and differentiating these explanatory hypotheses is necessary in
order to explain the evolutionary mechanisms leading to each radiation (for example,
see Abe and Lieberman 2009; Mattila and Bokma 2008).
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Tempo of evolutionary radiations and selection of null hypotheses

A “recent diversification” or “rapid speciation” has been generally implicit in the
definition of adaptive radiations (e.g. Sudhaus 2004), given that several model
lineages held to be radiations are relatively recent. The Hawaiian islands are less
than 800,000 years old, and at least 24 species of Drosophila have apparently
originated there (Futuyma 1998). About 300 species of cichlid fishes in Lake
Victoria are thought to have evolved from one ancestor over about 200,000 years
and several species are restricted to a small neighboring lake thought to be only
4000 years old (Fryer and Iles 1972). However, other lineages classified as adap-
tive radiations are much older, like Anoles lizards (~35 My; Warheit et al. 1999)
or flowering plants (350-130 My; Magallén and Castillo 2009; Magallén et al.
2015). In detecting a radiation, the age of a lineage or its number of species alone
are less informative criteria than taking into account the dynamics of its evolu-
tion via its diversification rates, making the mentioned parameters secondary in
importance. For example, flowering plants (Angiosperms) have been estimated
to date from around 241-130 My old (Magallén and Castillo 2009), but have a
similar diversification rate to the Nerita snails, which are estimated to be 55 My
old (see Table 1). Darwin’s finches (Geospizini, Fringillidae, Passeriformes) are
estimated to originate about 2.3 Ma (Sato et al. 2001; see Table 1); slightly ear-
lier than the dates of origin of white-eye birds (Zosterops [griseotinctus] species,
1.4-1.8 My old; see Moyle et al. 2009); however, the latter have a much higher
diversification rate (2.24 species/My; Moyle et al. 2009) in comparison with Dar-
win’s finches (0.35 species/My; see Table 1).

Net taxonomic diversification rates (i.e. speciation minus extinction rate per
lineage per unit of time) have been widely used to detect radiating lineages, as a
possible comparable measure of the speciation and extinction processes among
clades. For example, Baldwin and Sanderson (1998) report a diversification rate
of 0.56+0.17 species/My for the Hawaiian silversword alliance, and in a similar
study, Klak et al. (2003) estimated a rate of 0.77 +1.75 (assuming zero extinc-
tion) and 0.58 +1.32 species/My (when incorporating a high rate of extinction)
for the ice plants in the African Succulent Karoo. The authors considered these
rates high when they compare them with average rates of continental radiations
such as in angiosperm families (0.12 species/My; Eriksson and Bremer 1992), or
with rates of other lineages such as fossil Neogene horses (0.5 + 1.4 species/My;
Hulbert 1993). However, silverswords and ice plants diversification rates would
be considered regular or low if compared to other such as the Hawaiian island
drosophilids (ca. 1.21 species/My; Klak et al. 2003) or the Lake Tanganyika cich-
lids (ca. 2.09 species/My; McCune 1997).

Although comparing amongst taxa provides more information than studying
a lineage isolated, the lack of thresholds in defining a clade as a radiation pro-
motes the report of ad hoc comparisons that contribute to generate confusion.
A methodological mistake when comparing diversification rates between differ-
ent lineages is the assumption that they are comparable. This has been proba-
bly the most disastrous mistake leading to the severe lack of consensus in the
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adaptive radiations literature. For example, Hughes and Eastwood (2006) studied
the diversification rates of the genus Lupinus, inhabiting the high-altitude Andes
with the objective of comparing a plant diversification over a similar time period
to the cichlid fish radiations, which are an order of magnitude faster than other
documented radiations. Is it reasonable to compare diversification rates between
clades with completely different ecological characteristics and generation times?
Inhabiting different geographic regions and with a different time frame for their
evolution?

The geological record shows that there is large variation in the generation of
lineages both in space and time (Sepkoski 1998). Regarding extant biodiversity, a
relationship between geographic range sizes and speciation has been studied (Gas-
ton 1998), and it has been suggested that habitat parameters may affect the risk of
extinction (Hanski and Gyllenberg 1997). For example, Mitter et al. (1988) dem-
onstrated an increased species richness in phytophagous insects relative to their
non-phytophagous sister groups. Other widely recognized correlations include
that between body size and species richness (see Vogler and Ribera 2003), and the
increased diversity of clades inhabiting the tropics (see Clarke and Crame 2003).
It is important to consider that speciation (as well as extinction) is a multivariate
caused process, where different internal and external variables characterizing each
clade play important roles (Sepkoski 1998). Dispersal rates, the isolation of popu-
lations (afforded by topographic or other variables), strong selection, growth rates,
competition, ecological opportunities, bottlenecks in population sizes, and dif-
ferences in genetic and developmental systems are just some of the variables that
contribute to the process of speciation (Futuyma 1998). Under this scenario of high
variation, how could we make better comparisons in order to detect clades with
significant increases in diversification rates? Jablonski’s work with fossil mollusks
showed that the different rates of speciation and longevity tend to be heritable at
the level of clades (Jablonski et al. 1986). In his analyses, the underlying cause of
characteristic speciation rates is evident from modes of reproduction. In other cases,
characteristic speciation rates may relate to ecological factors, such as physiology
and function, which affect population structure and density and which are shared by
common descent within higher taxa (for example, Martin 1992; Lawton et al. 1994).
This indicates that a good comparison should be made between closely related line-
ages (Brooks and McLennan 1993) that have similar age and ecology (Losos and
Miles 2002; Warheit et al. 1999).

Comparing similar taxa has proven conceptually more useful to study radiations.
For example, Mayhew (2002) compares species richness between sister taxa in a
Hexapods phylogeny to detect significant increases, under the null hypotheses of
equal rates of cladogenesis. Magallén and Sanderson (2001) detected exceedingly
species-rich or species-poor angiosperm clades, by comparing their standing diver-
sity with expected species diversity according to a background rate of diversifica-
tion, obtained by assuming a hypothetical clade which diversifies with a rate equal
to that obtained for the angiosperms as a whole (Magallén and Sanderson 2001).
Following this approach, Sauquet et al. (2008) found that Proteaceae, a model plant
group for the Mediterranean hotspots in the Southern Hemisphere, diversified under
higher rates in the Cape Floristic Region and Southwest Australia than in any other
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area of their total distribution. Such comparisons are more useful in distinguish-
ing clades with accelerated diversification rates, and lead to a richer formulation of
hypotheses explaining that acceleration.

The use of net diversification rates within the context of the comparative method
(i.e. comparing diversification rates among lineages that share similar ages and ecol-
ogy) provides numerous methodological advantages. A criticism could be that it
considers only taxonomic rates of diversification. However, taxonomic diversity has
been suggested as an indirect indicator of the global extent of phenotypic change
or morphological diversity among generally higher taxa (phyla, classes, and orders)
(e.g. Cherry et al. 1978, 1979, 1982; Hafner et al. 1984; Wilson et al. 1984; Foote
1991). Although this taxonomic proxy may be criticized on the grounds that taxa
are artificial, subjective, non-monophyletic, or erected on the basis of criteria other
than morphological distinctiveness, the biological meaning of the acknowledgment
of higher taxonomic categories relies on the amount of information within line-
ages (Foote 1997). Comparing diversification rates instead of richness or taxonomic
diversity provides yet another advantage: including different scenarios of speciation
and extinction, or the diversification dynamics. Extreme care has to be taken when
selecting null hypotheses or lineages for comparison when testing for an increase
in diversification rates. In the next section, we discuss methodologies proposed to
find statistically significant increases in diversification rates within lineages, which
avoids the possible issues of subjectively selecting taxa to compare.

Diversification models

Although the use of net diversification rates to find clades that are radiating has been
widely used, it has been subject to the criticism that it does not take into account the
dynamics of the evolutionary process over the duration of a clade (Rabosky 2009).
Some studies approach the detection of significant increases in diversification rates
by analyzing their dynamics in phylogenetic trees (e.g. Sanderson and Donoghue
1996; Rabosky 2006; Morlon 2014) or by analyzing tree shape (Chan and Moore
2002, see also revision of Mooers and Heard 1997; Morlon 2014), under the null
hypotheses of random or background cladogenesis.

The pioneering work of Raup et al. (1973) and Gould et al. (1977) sparked the
idea of random cladogenesis. By using a random model they built evolutionary trees
that branch and become extinct at equal probabilities, and obtained patterns strik-
ingly similar to real phylogenetic trees. A model where speciation and extinction
probabilities are constant through time (time homogeneous) and within taxonomic
groups became a common type of null model of taxonomic diversity (Raup 1985).
Other models have been elaborated as an extension of the time homogeneous model,
aiming to reflect more accurately the empirical data observed in the fossil record,
like the “time inhomogeneous” model or the kinetic model, where speciation and
extinction rates are density dependent phenomena (Sepkoski 1978, 1979). The
“birth—death” model is an analog of the “time homogeneous” model, but instead of
a single value for the number of species at time ¢, there is a probability distribution
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(Sanderson and Donoghue 1996). Variations of this model are the “pure birth”,
“pure death” or the Markov model (Sanderson and Donoghue 1996; Nee 2006).

By using birth—death models, Nee et al. (1994a) developed what they called a
“reconstructed process”. They derived the geometric distribution of lineages at
any particular time in the phylogeny and the distribution of waiting times between
cladogenetic events, constructing a likelihood function to estimate birth and death
rates. In this context, Rabosky (2006) proposed something that entails a tremendous
advance in the study of the dynamics of diversification rates in a lineage. He used
the Akaike information criterion to select between a set of rate-variable and rate-
constant models of speciation and extinction, to statistically detect temporal varia-
tion in diversification rates over phylogenies. An alternative for the likelihood-based
approach is survival analysis (Paradis 1997, 1998), where a speciation event in the
reconstructed phylogeny is a failure event in survival. This method has been used to
test for temporal increases in net diversification rates (Near et al. 2003); however,
because survival models do not include an extinction term, it is unclear whether they
can distinguish it from constant background extinction rates (Rabosky 2006).

Several studies have attempted first to statistically reject homogeneity of diver-
sification rates within the phylogeny and second, to detect clades showing shifts
in diversification rates. For example, Sanderson and Donoghue (1994) found that
shifts in diversification rates within angiosperms are not coincident with several
hypothesized “key innovations”. By analyzing a phylogeny of Primates, Purvis et al.
(1995) detected an increase in the diversification rate of the lineage leading to the
Old World monkeys, which might be related to habitat changes, land bridges, and
dietary adaptations (Fleagle 1988; Conroy 1990). Alfaro et al. (2009) identify nine
periods in vertebrate history where the tempo of diversification changes; the most
significant of these lying at the base of a clade that includes most of the coral-reef
associated fishes as well as cichlids and perches. By analyzing tree symmetry in a
dinosaur supertree, Lloyd et al. (2008) rejected the long-held belief that dinosaurs
radiated during the mid-Cretaceous, when medium to large herbivores and carni-
vores appeared, suggesting that hypothesis to be a sampling artifact. As we can find
in modern literature, models of evolution with phylogenetic trees have proven to be
a powerful tool to objectively detect (or reject) radiations as increases in taxonomic
diversification rates within lineages.

Lineages through time plots (LTT plots) have also been widely used to detect
increases in diversification rates within the same lineage over time, avoiding the
possible bias of comparisons with different lineages. Mathematical models consid-
ering only speciation generate the null hypotheses of clades growing linearly; how-
ever, when extinction rate is incorporated, the plot changes, with an apparent accel-
erated rate of cladogenesis when approaching the present (Nee 2006). This occurs
because the species that have generated more recently have less time to go extinct
(Nee 2006), originating what has been termed the “pull of the present” (Nee et al.
1994b) which can mislead researchers who conclude that a clade shows an increase
in the net taxonomical diversification rate (Nee et al. 1994b; Kubo and Iwasa 1995;
Rabosky 2006). Nee et al. (1992) used LTT plots to study the dynamics of the
taxonomic diversification rates of birds through time. They found that the Passeri
(song birds) and the Ciconiiformes (shore birds, waders, flamingos, gulls, etc.) were
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statistical outliers with exceptionally high rates (Nee et al. 1992; Nee 2006). More
recently, Moyle et al. (2009) used LTT plots to study the dynamics of diversifica-
tion within the Zosteropidae bird family. They showed that its taxonomic diversifica-
tion significantly increases in the clade including the Zosterups genus, considered a
“great speciator”, and that these hyperdiversifications occurred early in the Pleisto-
cene and subsisted towards the present.

Although still under development, the work with statistical methods to detect sig-
nificant shifts in diversification rates is very promising in allowing a better under-
standing of evolutionary processes under mathematical rigor. Avoiding the use of
subjective terms and qualifiers of clades will allow for progress in evolutionary biol-
ogy rather that revolving around decades old debates.

Conclusions

The term ‘adaptive radiation’ links together both the pattern of explosive evolution
and the process of adaptive evolution. In moving towards a rigorous scientific defi-
nition of evolutionary patterns, the use of the term adaptive to classify radiations
requires methodological detection, and we recommend its use be avoided based on
empirical grounds. Even though in some cases it seems that adaptation is evident
by looking at the traits of organisms within radiations, labeling them as adaptive
without any formal scientific test takes us back to the debate on adaptationism sev-
eral decades ago (Gould and Lewontin 1979). In the same line, the use of the terms
adaptive and non-adaptive to distinguish radiations does not benefit the understand-
ing of evolutionary patterns, and contributes to generate confusion. Available ter-
minology is sufficient to clearly designate the proposed non-adaptive radiations (for
example, allopatric lineages rich in species number).

A source of disagreement in the literature of radiations results from the considera-
tion of either elevated taxonomic or phenotypic rates of evolution in the definition of
a radiation. Belittling the taxonomic rates of evolution, several authors have argued
in favor of high phenotypic diversification in lineages as a basic criterion in detect-
ing radiations, underlining the importance of richness or taxonomic diversification.
These phenotypic definitions of radiations usually do not take speciation and extinc-
tion into account, nor the age of the lineage, and entail saltationist explanations for
the generation of morphological diversity. Following the punctuated equilibrium
theory, I explain the relationship between taxonomic and phenotypic diversity in
a lineage, where morphological (or ecological) diversity patterns are generated in
lineages by means of speciation and extinction. Large extinction rates can produce
lineages with high morphological diversity and few species, because intermediate
morphs are eliminated. In this context, the consideration of taxonomic diversifica-
tion rates under different possible extinction scenarios is crucial in understanding
the dynamics generating observed evolutionary patterns producing radiations.

The frequent use of subjective qualifications of the diversity of a clade and the
use of ad hoc comparisons to designate a clade as ‘highly diverse’ importantly drive
to the lack of consensus surrounding the definition of an adaptive radiation. I advise
not to compare phenotypic or ecological diversity (disparity), taxonomic diversity
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values (richness) or net diversification rates among randomly or ad hoc selected
taxa as evidence of elevated evolutionary rates. It is preferred to compare between
lineages that are ecologically similar and that originated in a similar time frame.
I explain that the best strategy is to statistically test for an increase in evolution-
ary rates within a lineage, using a phylogenetic framework. Once the shift increase
is detected, well-grounded hypothesis of the possible causes of the increase can be
proposed. Several methods have been suggested to statistically detect significant
shifts in diversification rates that avoid the subjective qualification of clades and
changes in their rates.

Evolutionary biologists must make efforts to rigorously use available terms to
qualify their study lineages, towards a better understanding of the processes origi-
nating the diversity of life on earth. Efforts must be made both theoretically and
methodologically to discern between evolutionary patterns, but also to review past
controversies to avoid their resurrection. I propose that an adaptive radiation is a
monophyletic lineage that underwent a significant increase in its taxonomic diversi-
fication rate in its origin, and whose members show adaptive traits towards different
ecological niches. Adaptation in this case must be explicitly tested. Clades showing
significant increases in diversification rates (but without a former test of adaptation)
can be called evolutionary radiations.
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