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Abstract Adaptive radiation is one of the most emblematic
concepts in evolutionary biology. However, the current lack of
a consensual definition and the diversity of methods used to
assess the extent and speed of adaptive radiation indicate the
need for a reappraisal of this research field. In order to depict
how adaptive radiations have been studied in recent years, we
performed a scientometric assessment of 765 articles published between 2003 and 2012 in five journals known to serve
a broad audience. From each study, we extracted and analyzed
data relative to the taxon and geographical area investigated
and to the methodological setup, and we categorized its outcomes and conclusions. This scientometry-oriented work
allowed us to identify and discuss trends relative to the way
research about adaptive radiations was carried out during the
10-year period starting in 2003. We then provided some recommendations for how to conduct a reliable study of a
suspected adaptive radiation. The associated database
resulting from our study will be a valuable source of information for biologists as they design a study or put their results in
perspective. Our work may also inspire a critical assessment
of the relevance of this pivotal concept in evolutionary
biology.
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Introduction
Identifying and describing the processes underlying organismal diversity have long been of great interest to biologists.
Naturalists and evolutionary biologists have extensively studied the ecology and evolution of some iconic groups (e.g.,
Darwin’s finches in the Galápagos, African Rift Lake cichlids,
Anolis lizards in the Caribbean Islands, and Hawaiian
silverswords, see Schluter (2000) for a review), referring to
their evolutionary histories as stunning examples of adaptive
radiations (ARs). The concept of AR finds its origins in
Darwin’s and Wallace’s observations of species diversity in
the Galápagos and Malay archipelagos, respectively. The term
“adaptive radiation” was coined by Osborn (1902) to describe
the evolution of convergent forms of mammals on different
landmasses. However, it is Simpson (1953) who gave the first
modern definition of the AR concept: “[A]daptive radiation
strictly speaking refers to more or less simultaneous divergence of numerous lines all from much the same ancestral
adaptive type into different, also diverging adaptive zones”.
Simpson put into words the two biological phenomena generally considered to be the main features of AR: (i) the emergence from a common ancestor and in a short time lapse of
many new species and (ii) the ecological and phenotypic diversification of these species in a wide range of environments.
Simpson was strongly convinced that the diversity of life was
mainly generated by AR, combined with the geographic isolation that may produce duplicate adaptive types in different
lineages occurring in different regions. He identified three
factors that would hypothetically facilitate the colonization
of new adaptive zones: first, physical access (“be at the right
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place”), second, ecological access (availability of an “empty
niche” or a niche with underexploited resources), and third,
the intrinsic capacity of the group to adapt to a newly colonized zone (referred to as evolutionary access). Simpson introduced the key concepts that are still strongly associated
today with ARs: (i) ecological opportunity, as any extrinsic
biotic or abiotic trait, allowing ARs to emerge in new, welldelimited adaptive zones and (ii) key innovation, defined as
the acquisition of a novel intrinsic trait that favors an acceleration of species diversification by allowing the access to an
entirely new part of niche. Following Simpson’s work, ecological opportunities and key innovations have been widely
acknowledged as important putative triggers of adaptation
(Glor 2010; Schluter 2000; Yoder et al. 2010). Five decades
later, Schluter (2000) extended Simpson’s approach by linking
ecological diversification and phenotypic diversity to potential selective pressures that could promote speciation via reproductive isolation.
Between 2003 and 2012, several studies have focused on
providing reliable tools for quantifying the extent (in terms of
number of species) and the power (speed of species accumulation) of the so-called AR phenomenon (e.g., Alfaro et al.
2009; Fritz et al. 2011; Gavrilets and Losos 2009; Losos and
Miles 2002; Moore and Donoghue 2007; Rabosky 2006;
Rabosky et al. 2013, 2014). Concurrently, the field of theoretical biology that studies increases and slowdowns in diversification rates has undergone constant evolution (Moen and
Morlon 2014; Morlon 2014; Reddy et al. 2012; Shah et al.
2012; Stadler 2011). Slowdowns in diversification rates can
indicate the possible occurrence of an AR, as the speciation
rate usually decreases after an initial rapid diversification due
either to increased competition for resources or to niche filling
(Morlon et al. 2010; Phillimore and Price 2008; Rabosky and
Lovette 2008). Also, diversity- or time-dependent factors
must be considered as potential drivers of observed decreases
in the rates of diversification (Moen and Morlon 2014). The
study of how species adapt to their environment also benefitted from new tools and techniques such as niche modeling
(e.g., Burbrink et al. 2012a; Diniz-Filho et al. 2007) and genomics (e.g., Emelianov et al. 2004; Hodges and Derieg 2009;
Shaw and Lesnick 2009), neither of which was designed to
test the occurrence of ARs, but both of which allows for a
better understanding of the ecological and evolutionary signs
of ARs.
Despite the seminal pieces of work of Simpson and
Schluter, the concept of AR has not yet been clearly defined,
and although multiple methods are available for studying this
apparently important process, a consensual framework for
testing the AR hypotheses is still lacking. The term “radiation”
is often related to a whole array of qualifiers in addition to
“adaptive”, describing the intensity, speed, and geographical
amplitude of the phenomenon (Online Resource 1). This
vague description fails to serve as a definition, and attempts
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to provide a reliable and consensual definition of the phenomenon have failed (Gittenberger 2004; Glor 2010; Olson and
Arroyo-Santos 2009). Naming the clade resulting from an AR
is also challenging. In some cases, the term “species flock” has
been invoked, referring to a clade whose constituting species
occur in an isolated area and show differential adaptations to
diverse ecological conditions (Lecointre et al. 2013; Meyer
2005 and references therein). Although there is no agreement
to date on what exactly defines an AR, the literature on this
subject is very abundant (e.g., Erkens et al. 2012; Givnish
1997; Olson and Arroyo-Santos 2009; Rundell and Price
2009 and references therein). The persistent fascination of
evolutionary biologists for ARs was recently exemplified by
the meeting on “Evolutionary Plant Radiations: Where,
When, Why & How?” (Zurich, 13–14 June 2014), which
was followed by the publication of numerous papers
(Bouchenak-Khelladi et al. 2015; Gómez et al. 2015;
Hughes and Atchison 2015; Magallón et al. 2015; Schwery
et al. 2014).
Notwithstanding this epistemological controversy, the variety of ways to think about the AR process have resulted in a
profusion of approaches for testing, describing, and
explaining it (see “Material and methods” for a list of the most
commonly used approaches for testing radiation and adaptation). Often considered as an a priori acknowledged truth, the
AR hypothesis is hardly ever rigorously tested (Lieberman
2012 and references therein), and when it is discussed or tested, there is no agreement on what methodology or tools
should be adopted (Glor 2010; Losos and Miles 2002; Losos
and Mahler 2010; Olson and Arroyo-Santos 2009). In the
most exemplary cases, the AR is comparatively explored in
several independent lineages exhibiting similar adaptive traits
and growing in similar habitats (Burbrink et al. 2012a, b; von
Rintelen et al. 2004; Ryberg and Matheny 2012; Schnitzler
et al. 2011).
The diversity of the available descriptive and analytic tools
for the study of ARs, as well as the lack of consensus on the
definition of this concept, makes this field of research rather
awkward. What would be an appropriate taxonomic sampling
for the study of a possible AR? Which ecological and environmental data must be considered? And, which methods are
the most suitable for the available data? To provide answers to
these questions, we argue that the biologist community could
benefit from a scientometric approach centered on the analysis
of the AR phenomenon. Scientometric studies typically provide indicators of scientific practices in a given field of research (Carvalho et al. 2005; Neff and Corley 2009). These
tools have already been extensively applied to studies of species diversification, and we believe that the time has come for
a synthesis and reappraisal of the way in which research is
conducted on AR.
In order to display temporal trends and methodological
advances relative to the study of ARs, we analyzed a
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representative sampling of articles published between 2003
and 2012 that mentions the term “radiation”. We extracted
and synthesized the data and results presented in these studies
using a standardized system for classifying all information
into multistate categories. Interestingly, most of the remarkable examples of species diversification are spatially associated with insular systems. Whenever possible, we therefore
highlighted data relative to these systems in order to fuel the
discussion about the characteristics of insular diversification.
Due to their limited size and geographical isolation leading to
reduced gene flows, islands are often characterized by a strikingly high level of endemism. The study of insular environments has thus provided fundamental insights into the understanding of the ecological and evolutionary processes that
underlie the structure of biodiversity (Agnarsson and
Kuntner 2012; Emerson 2002; Givnish 1997; Losos and
Ricklefs 2009; Valente et al. 2014). Many island systems, both
small (e.g., Hawaii) and large (e.g., Madagascar), are regularly
selected as models for studying AR patterns (Parent et al.
2008; Vences et al. 2009). Other isolated habitats (e.g., the
African Great Lakes and Andean mountaintops) with contrasting environmental characteristics compared to the surrounding area have also been regarded as insular in studies about
ARs (Hughes and Eastwood 2006; Sturmbauer 1998).
Drawing from our experience in organismal evolution, we
have emphasized and cautiously discussed some trends relative to the way research has been conducted on ARs. This has
led to the formulation of some recommendations on how best
to conduct rigorous studies of a suspected AR. We believe that
our results and the associated database will help biologists and
ecologists to (i) design a sampling strategy, (ii) choose the
most appropriate methods to test the AR hypothesis, and (iii)
put their findings into perspective. We hope that this
scientometry-oriented work will eventually inspire further discussion on the relevance of this concept and on the most
appropriate way to study this intriguing evolutionary
phenomenon.

Material and methods
Selection of relevant articles
We selected five generalist journals that stand among the
leaders in the field of evolutionary biology: Journal of
Biogeography (our abbreviation: JB), Molecular
Phylogenetics and Evolution (MPE), Proceedings of the
National Academy of Sciences of the United States of
America (PNAS), Proceedings of the Royal Society B:
Biological Sciences (PRSB), and Systematic Biology (SB).
These five journals contain both theoretical and practical studies, targeting a large audience, and we estimate that they
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provide a representative sampling of the literature on the
topics relating to adaptive radiations.
The relevant articles were extracted from the Web of
Science™ database (Thomson Reuters, USA) following a
three-step procedure. First, an automatic request was made
for each journal over the 2003–2012 time period using “radiation” as a keyword. Our search focused on studies published
during or after 2003 because phylogenetic methods that provide baseline data for the study of ARs became routinely used
in the early 2000s. The hits needed to be refined for PNAS by
removing titles relating to physics and chemistry from the
Web of Science categories. Second, since the initial search
procedure looked for the keyword in the title, abstract, author
keywords, and KeyWords Plus® (additional keywords added
by the editors), we performed an additional sorting to keep
only the articles that contained the word “radiation” in one or
more of the first three categories. Finally, among the set of
retained articles, we discarded those dealing with fields outside organismal biology (e.g., solar radiation) and hence
retained only articles about evolutionary radiations in groups
of organisms.
In order to estimate the proportion of published papers on
AR represented by the set of articles that we examined, we
conducted a search of the Web of Science™ database of all
available studies dealing with radiations in evolutionary biology during the 2003–2012 time period. A total of ca 8000
published studies were found (in both journals and books),
and since our article selection protocol revealed that 25 % of
the papers did not have the word “radiation” in the title, abstract, or keywords, we conclude that a total of approximately
6000 papers were published between 2003 and 2012.
Building the database
Our database compiles information identified and extracted
from the articles found using the search procedure outlined
above. We classified this information in eight categories: editorial information, topic circumscription, taxonomic group
under study, its distribution, phylogenetic inference and
time-calibration methods, assessment of the hypothesis of radiation, assessment of the hypothesis of adaptation, and additional arguments supporting the hypothesis of radiation and/or
adaptation (e.g., the study of ecological niches; Burbrink et al.
2012a) or the use of morphospaces to investigate the evolution
of disparity through evolutionary time (Lovette et al. 2002;
Monteiro and Nogueira 2010; Ruta et al. 2013). The coding
options for each category are provided in Online Resource 2.
For review articles, data were entered for editorial information and topic circumscription only. Other data were not recorded (i) to avoid redundancy with the original articles that
were possibly already included in the database and (ii) to
refrain from including data documented in articles published
outside the target time period and/or journals.
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We categorized the descriptive methods and statistical tests
used to explore the radiation events, and we considered three
coding options: (1) graphical analyses (lineage through time
(LTT) plots) showing lineage accumulation through time
translated from a dated phylogeny as the logarithm of lineage
number at sequential time points (Nee et al. 1992), (2) statistical tests to detect shifts in diversification rates along the
branches of a phylogenetic tree (e.g., Alfaro et al. 2009), and
(3) arbitrary thresholds (number of speciation events from a
common ancestor). While our coding scheme accounts for the
most widely used approaches to test the radiation hypothesis,
we are aware that this list based on some methodologyoriented articles (Jønsson et al. 2012; Losos 2010; Losos
and Mahler 2010) is not exhaustive.
We also gathered data relative to tests of the adaptation
hypothesis. First, we considered that hypothesized adaptation
could be tested by detecting potential ecological opportunities
or key innovations. In our coding framework, we adopted a
broad definition of ecological opportunity including any extrinsic trait (e.g., colonization of a new environment or change
of environmental conditions, significant increase in available
resources, and extinction of antagonists and/or predators)
leading to the diversification of a given group. Reference to
a possible key innovation was detected by a keyword search in
the articles. We also considered that the hypothesis of adaptation could be tested by (1) experimental testing, (2) inferring
local adaptation from QST-FST comparisons, (3) studying the
evolution of disparification through time, (4) elucidating the
use, by members of a clade, of the same habitat or resources
through different means, or (5) demonstrating the use, by species of the same clade, of different habitats or resources.
We considered a study as comparative when it was a priori
designed to contrast evolutionary patterns observed, for instance, in co-occurring taxa (e.g., Burbrink et al. 2012b), in
phylogenetically closely related taxa inhabiting distinct areas
(e.g., Mahler et al. 2013), in a taxon and its coevolving parasites (e.g., Percy et al. 2004), or in insular species and their
mainland relatives (e.g., Stuart et al. 2012). A study was not
coded as comparative when it accounted for several radiating
clades that were detected in the course of the study of a given
group of interest.
To assess the importance of insular systems in studies on
radiations, the information related to the distribution of the
taxon was coded in two categories to distinguish (i) island
systems from mainland (the distributions of marine taxa were
coded as not applicable) and (ii) different types of islands. We
considered the following types of insular environments: “true”
islands (continental islands, i.e., of continental origin; oceanic
islands, of volcanic or coral origin, and archipelagos) and
islands sensu lato, i.e., isolated systems with ecological conditions different from the surrounding environment (e.g.,
lakes, isolated valleys, mountaintops, and inselbergs). For true
islands, the “archipelago” category was chosen only when at
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least two islands belonging to the same archipelago were
studied.
We coded the distribution of taxa according to the list of
biogeographic provinces developed by Miklos Udvardy
(1975) so that researchers could query the database according
to a reference classification system. However, as Udvardy’s
classification does not always make it possible to distinguish
islands from the surrounding areas, we used the names of the
geographic areas as indicated in column Q of our database
(Online Resource 3, available upon request) to highlight major
geographical areas investigated in studies dealing with radiations (Table 1). The sampling ratio of the group in which
radiation may have taken place was calculated by dividing
the number of sampled species by the total number of extant
species of the group (as specified in the article or as retrieved
from another source that was available to us). We assigned
studied organisms to easily intelligible and non-overlapping
categories commonly used to classify living beings.

Results
In total, 765 articles were retrieved thanks to our three-step
search procedure (Online Resource 4), all of which were examined and included in our database (Online Resource 3).
The annual number of articles published dealing with ARs
increased moderately and steadily between 2003 and 2012,
more than doubling over the 10-year period (Fig. 1a).
During this time, the proportion of articles in which the hypothesis of radiation was effectively assessed was always low
(17 % over the full 10 years), but it increased through time,
with a peak in 2011 (32 %) (Fig. 1b). The proportion is even
lower for articles dealing with adaptation, which was hardly
ever tested as a hypothesis, especially between 2003 and 2007
(Fig. 1b). A relatively small number of studies (less than 20 %
each year) did not make any use of a molecular phylogenetic
tree. Forty percent of the studies published in 2003 involved a
time-calibrated phylogenetic tree, and this proportion doubled
during the following 10 years (Fig. 1c).
Between 2003 and 2008, LTT plots (with or without statistical tests) were the preferred method to assess the hypothesis
of radiation. After 2009, however, the majority of the articles
(from 37 to 58 %) used arbitrary thresholds to assess the existence and/or the importance of a radiation (see Wagner et al.
2012 for an example), and this was the most widely used
method in 2010 and 2011 (Fig. 1c). The hypothesis of adaptation was assessed using a variety of approaches, without any
noticeable temporal or methodological trend (Fig. 1d). In the
large majority (83 %) of articles for which the hypotheses of
radiation and adaptation were assessed, they were not rejected
(Fig. 2).
Most of the organisms investigated belong to five broad
categories: three of them, tetrapods, angiosperms, and
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Table 1 The different
geographical areas investigated in
studies dealing with radiations.

751

Category

Name

Frequency

Mainland

Africa
America (north)
America (south)
Asia
Australia
Europe
Mediterranean Basin
Antarctic
Atlantic
Indian
Mediterranean Sea
Pacific
Azores Archipelago
Canary Islands
Cape Verde Islands
Caribbean Basin islands
Channel Islands of California
Comoros Archipelago
Fiji Archipelago
Galápagos Islands
Hawaiian Archipelago
Indian Ocean Islands (excluding Comoros and Mascarene Archipelagos)
Indonesian Archipelago (including Wallacea, excluding Papua)
Japan
Madeira Islands
Marquesas Archipelago
Mascarene Archipelago
Mediterranean islands
Melanesian islands (excluding New Guinea, New Caledonia, Solomon Islands,
and Fiji Archipelago)
Micronesian Islands
Philippine Archipelago
Polynesian Islands (excluding New Zealand, the Hawaiian Archipelago, and
the Marquesas Islands)
Solomon Archipelago
Lord Howe
Madagascar
New Caledonia
New Guinea
New Zealand
African Great Lakes
Baikal (Russia)
Matano (South Sulawesi)
Ohrid (Macedonia and Albania)
Poso (Central Sulawesi)
Tana (Ethiopia)
The Andes
Himalayas and Qinghai-Tibetan Plateau
Andean
Himalayan and Southeast Asian
Inselberg in the Eastern Brazilian Atlantic forest

74
53
60
53
63
36
11
1
1
4
4
16
15
16
4
14
1
2
13
5
32
5
19
5
13
12
2
1
24

Ocean/Sea

Archipelago

Island s.s.

Lake

Mountaintop
Isolated valley
Inselberg

2
20
3
13
21
53
16
29
33
21
3
1
1
1
1
5
15
1
1
1

The categories that the areas belong to, and the frequency of occurrence in the set of articles surveyed, are
specified. The information about the geographical location of the group under study was extracted from column
Q of the Online Resource 3

752

A. Soulebeau et al.

a

b

c

d

a

b

c

d

Fig. 1 Various metrics relative to the study of adaptive radiations over
the 2003–2012 time period. a Number of articles extracted from the Web
of Science™ database, after the third step of our search procedure (see the
“Material and methods” section for details), for each journal and for each
year. b Percentage of articles that examined the hypotheses of radiation

and/or adaptation, per year. c Percentage of articles using each of the
methods listed to test the hypothesis of radiation, along with the
percentage of articles based on phylogenetic trees and chronograms, per
year. d Percentage of articles using each of the methods listed to test the
hypothesis of adaptation, per year

hexapods account for ca 75 % of the articles surveyed, followed by non-tetrapod vertebrates and non-hexapod invertebrates
(Fig. 3a). The smaller groups, fungi and non-angiosperm terrestrial plants, were studied to a lesser extent. Studies were
most often performed at the genus (43 %) or family level
(30 %), although some articles (4 %) examined radiation below the species level (Fig. 3b). Regarding the first three most
represented taxonomic categories, the sampling ratio was
specified in the text or could easily be retrieved in 60 % of
the articles. The distribution of sampling ratio values is clearly
bimodal, with most values being either low (<50 %) or very
high (>85 %) and only a few studies (ca 15 %) having an
average sampling ratio (Fig. 4). Most studies were limited to
one taxonomic group, and only 11 % of the studies were
designed as comparative, i.e., they discussed or tested the
radiation and/or adaptation hypotheses by analyzing contrasting evolutionary patterns in different groups of organisms.
A high proportion of studies involved an insular system
(42 %), while the remainder (58 %) focused on potential radiations exclusively on mainland (oceans having been included in this category; Fig. 5a). The main insular systems

investigated were “true” islands, i.e., continental and oceanic
islands, as well as archipelagos. Taxa found in lakes were also
extensively studied, whereas mountaintops, isolated valleys,
and inselbergs were more rarely explored (Fig. 5b, c). The
sampling ratio of taxa distributed on islands s.l. was mostly
high, whereas the ratio for mainland taxa was either low or
high, an average sampling ratio being less commonly found
(Fig. 5d). Regarding mainland areas, America, Africa, Asia,
and Australia were more often studied than Europe and the
Mediterranean Basin. The Pacific Ocean was more frequently
investigated than the Atlantic, Antarctic, and Indian Oceans.
Four islands or island groups with potential radiations were
relatively more studied, each with at least 26 case studies,
between 2003 and 2012: Madagascar, the Hawaiian
Archipelago, New Guinea, and New Zealand (Fig. 6).
Fourteen other islands (or groups of islands) were studied
between 5 and 25 times each during this time period: the
Marquesas Islands, the Caribbean Basin islands, the Azores,
the Canary Islands, Madeira Islands, the African Great Lakes,
the Qinghai-Tibetan/Himalayan Plateau, the Indonesian
Archipelago, the Philippine Archipelago, New Caledonia,
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Fig. 2 Outcome of the tests of the
radiation (a) and adaptation (b)
hypotheses, between 2003 and
2012. The ordinate axis
corresponds to the number of case
studies (potentially several case
studies per article) where the
hypothesis is tested, accepted, and
rejected
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Solomon islands, the Fiji Archipelago, the other Melanesian
islands (excluding New Guinea, New Caledonia, Solomon
islands, and Fiji Archipelago), and Lord Howe Island
(Fig. 6). The list of the islands that were studied less than five
times can be found in Table 1 and are represented by light blue
ellipses in Fig. 6.

Discussion
Studying adaptive radiations: reappraisal as a need,
scientometrics as a means
Our scientometric study of adaptive radiations was triggered
by our realization that the term was usually used in a misleading way, implying a range of hypotheses and corollaries in the
best case and serving as an “empty bag” in many others. Our
purpose was not to revisit the definition of the AR concept but

to describe and discuss the manner in which this kind of research has been conducted. We hold that a scientometric approach applied to published evolutionary/systematic data (see
Fontaine et al. 2012 for an earlier application) is a powerful
tool that can provide an unbiased and accurate description of
scientific trends in a particular field. We analyzed the methodological trends that characterized the study of radiations during the 10-year period between 2003 and 2012. As a comparison with the abundant literature referenced between 2003 and
2012 in the Web of Science™ database (Thomson Reuters,
USA), it led us to estimate that our set of articles represents ca
15 % of the total published articles in journals or books dealing with radiations (of various kinds, not necessarily just adaptive radiations). Our aim was to categorize the taxa and the
geographical areas studied as well as the hypotheses,
the methods, and the conclusions of the articles dealing
with AR extracted from a careful selection of journals
over this time period.
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a
b

k

Fig. 3 Systematic characteristics of the groups having possibly radiated.
a Number of case studies (potentially several case studies per article)
recorded for each category of organism: angiosperms (n=210), nonangiosperm terrestrial plants (n = 36), “algae”, non-terrestrial
chlorophyllian lineages (n = 9), tetrapods (n = 381), non-tetrapod
vertebrates (n=121), hexapods (n=153), non-hexapod invertebrates (n=
90), fungi, Eumycetes (n=22), non-metazoan heterotrophic eukaryotes

Fig. 4 Sampling ratio of the
group having possibly radiated
for the three most frequently
studied taxa. NA case studies for
which the sampling ratio was not
specified in the article or could
not be retrieved easily.
Percentages are relative to case
studies (potentially several case
studies per article) between 2003
and 2012. Color boxes follow the
clockwise succession of
categories in the pie chart

k

(e.g., “protozoa”, oomycetes; n=11), prokaryotes (n=7), and viruses
(n=2). b Systematic rank of the group having possibly radiated, the
rank X including the exact rank X and all the ranks between X and X −
1, X − 1 excluded (e.g. the “superfamily” and “suborder” ranks go within
the “order” rank). Color boxes follow the clockwise succession of
categories in the pie chart

The hypothesis of adaptive radiation in evolutionary biology

a

c

755

b

d

Fig. 5 Features of the insular systems investigated in studies about
radiations between 2003 and 2012. Numbers and percentages are
relative to case studies (potentially several case studies per article). a
Location of the possible radiation. b Percentage of case studies for each
of the island types identified in the dataset. c The Suski Inselberg,
Maripasoula, French Guiana (credit: Corinne Sarthou). d Number of

case studies in each of the four levels of sampling ratio of the group
having possibly radiated, for each of the area categories listed in a
(same color codes). Color boxes follow the clockwise succession of
categories in the pie chart. Background picture: Wizard Island in the
Crater Lake (caldera lake), Oregon, USA (credit: Julien Ratelade)

In studies of groups that show the characteristics of AR but
for which this phenomenon has not previously been suggested, AR is generally advanced as a hypothesis to explain

the “fast” and/or “extensive” cladogenesis without any serious
questioning or testing. The simultaneous examination of the
double hypothesis—radiation and adaptation—is even more

Fig. 6 Frequency at which the
different regions of the world
were investigated. The number of
occurrences for each area between
2003 and 2012 corresponds to the
number of case studies
(potentially several case studies
per article) where a taxon has
likely radiated in this given area
(see Table 1). Mainland: light
brown ≤50 and dark brown >50.
Oceans: light green = [1–5] and
dark green = ]5–20]. Islands s.l.
(ellipses): light blue (light gray in
the printed version) = [1–5], dark
blue (dark gray) = ]5–25], and
purple (medium gray) >25
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rarely done in a thorough manner but is instead performed by
simply testing whether the increases in diversification and
disparification rates in the group considered are significantly
higher than in its sister group or in phylogenetically closely
related groups.
Our database (Online Resource 3) was built in order to
analyze how studies of ARs had been designed over the
10 years starting in 2003. Querying our database will allow
a user, regardless of his or her level of knowledge of AR, to
retrieve accurate data on a given group of organisms, a specific geographical area, or a particular methodological aspect.
For example, a researcher interested in studies focusing on the
Cape region of South Africa would find eight references on
potential adaptive radiations in this geographical area (JB31,
JB58, MPE198, MPE214, MPE218, MPE219, PRSB36, and
SB61, Online Resource 3). One can thus access, for different
groups of organisms (in the case of the Cape region, tetrapods,
terrestrial plants, and fungi), information on the ecological and
evolutionary processes investigated as potential drivers of radiation events. Our hope is that this database will be helpful to
(1) initiate new research projects on less-studied taxonomic or
geographical models, (2) help design future studies of ARs,
and (3) put results into perspective.
Some of the information that we compiled (e.g., methods
for building and dating phylogenetic trees), while important
for assessing the reliability and comparability of the studies, is
not discussed in this paper as it is not relevant to the focus of
our work. Nevertheless, this information is valuable when
investigating other matters such as the influence of a radiation
on the estimation of diversification rates and the behavior of
the molecular clock (Bromham and Woolfit 2004).
A snapshot of 10 years of studies on adaptive radiations
The subject of AR is of ever-growing interest for evolutionary
biologists (Fig. 1a). The hypotheses of radiation and adaptation are assessed in a small (up to ca 30 %) though increasing
number of studies dealing with AR (Fig. 1b), and it is striking
to notice that when one of these hypotheses is examined,
authors generally end up accepting (or not rejecting) it
(Fig. 2). This may be due to the way that thresholds are set
or tests are designed.
The methods used to assess the hypothesis of radiation
evolved between 2003 and 2012. Even if arbitrary thresholds
are still widely used, the use of statistical tests increased, and
while exploring our dataset as well as other articles relative to
ARs, we noted some articles that used a sound and thorough
methodological approach (Brock et al. 2011; Fiz-Palacios
et al. 2011; Jønsson et al. 2012; Losos and Miles 2002;
Steeman et al. 2009).
During the 10 years covered by our study, a multitude of
phylogeny-based approaches have been used to develop a
better understanding of the patterns and drivers of ARs
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(Gavrilets and Losos 2009; Kassen 2009; Losos and Mahler
2010). First, phylogenetic methods were used to study diversification, after Hey (1992) and Nee et al. (1992, 1994a, b)
presented arguments in favor of using phylogenies to infer
speciation as well as extinction rates. A common (and some
might say simplistic) way to visualize the evolution of diversification through time is to build LTT plots (Nee et al. 1992).
This graphical representation portrays the logarithm of the
number of lineages in a phylogeny as a function of time, by
comparing the observed rates to those simulated under basic
evolutionary models (e.g., Yule, birth-death model). The slope
of the LTT plot offers insights into the overall pattern of diversification during the evolution of the group considered.
Novel likelihood approaches have recently been designed to
include more complex evolutionary models that allow rates to
vary through time and among lineages, such as MEDUSA and
BAMM (see Morlon 2014 for review). These newer methods
take into account tree topology, species richness, and lineage
age.
Surprisingly, our analyses show that the number of studies
dealing with radiation that do not rely in any way on a phylogenetic tree (time-calibrated or not) was appreciable (Fig. 1c).
Although the methods developed by Magallón and Sanderson
(2001) and by Rabosky et al. (2012) make it possible to study
diversification independently of phylogeny, through the comparison of the average diversification rates among clades, the
studies that we identified as not relying on a phylogenetic tree
did not propose any alternative method to test whether an AR
had taken place.
The second feature of an AR is the adaptation of the
resulting species to contrasted environments. Adaptive traits
can be diagnosed using functional or experimental protocols
(Nosil and Crespi 2006), such as common garden experiments
(Givnish and Montgomery 2014), without any phylogenetic
information. However, comparative analyses that identify correlations between phenotypic disparity and environmental
characteristics require phylogenies, as it has been shown that
significant correlations obtained from non-phylogenetic tests
are not sustained when the common evolutionary origin of
taxa is taken into account (Felsenstein 1985; Harvey and
Pagel 1991). The phylogenetically independent contrasts
(PIC) developed by Felsenstein (1985) reconstruct the evolution of quantitative traits under a Brownian model: Change in
phenotype through time is expected to occur randomly at a
constant rate, driven by genetic drift. Although this method
remains widely used, other approaches have been developed
using the Ornstein-Uhlenbeck (OU) model (e.g., Beaulieu
et al. 2012), which reflects more accurately the evolution of
traits under natural selection by constraining the divergence
from trait optima (Butler and King 2004). In parallel, alternative analytical frameworks were developed in order to perform
similar tests with discrete traits (Pagel 1999; Schluter et al.
1997). Likelihood methods have been designed to model
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trait-dependent diversification, as phenotypic traits have long
been hypothesized to influence speciation and extinction rates
(Ng and Smith 2014; Rabosky and Goldberg 2015).
Maddison et al. (2007) first described the binary-state speciation and extinction (BiSSE) model, which determine whether
speciation and extinction rates depend on the state of a particular binary character. This model was expanded in subsequent
versions, considering a discrete trait with two states or more
(BiSSE and MuSSE), or a continuous trait (QuaSSE)
(FitzJohn 2010) and depending on whether traits evolve according to anagenetic or cladogenetic modes (GeoSSE,
Goldberg et al. 2011; ClaSSE, Goldberg and Igić 2012;
BiSSE-ness, Magnuson-Ford and Otto 2012).
Sampling ratios are low in a large proportion of the articles
that we surveyed (Fig. 4) but reached more than 85 % in 36–
50 % of the studies focusing on tetrapods, angiosperms, and
hexapods (Fig. 4). The sampling ratio was generally high in
studies focusing on an insular system, probably because it is
easier to assemble a representative sample of a group when its
members are distributed on an island compared to a mainland
area, where sampling ratios are often lower (Fig. 5d). Four
percent of the articles surveyed studied radiation below the
species level, indicating that this term is not restricted to species diversification but is also used for populations within a
single species.
A large number of insular systems were investigated, with
examples in all oceans and seas and on all continents. The
most studied of these are “true” islands (Fig. 6), both oceanic
(the Hawaiian Archipelago) and continental (Madagascar,
New Guinea, and New Zealand). Unsurprisingly, each of them
is considered to be a biodiversity hotspot (Kier et al. 2009;
Myers et al. 2000) reflecting the high species endemism exhibited by its biota. Moreover, the over-representation of
islands in studies relating to AR could be due to other reasons
that have less to do with biology. Speciose groups may be
heavily studied in some areas because (i) the local biodiversity
is particularly well described and/or (ii) they have been the
focus of significant, well-supported efforts involving large
international or local research teams (e.g., many recent studies
on Madagascar involving teams of Malagasy and American
scientists). In contrast, other regions with many isolated habitats that would be well suited to illustrating the phenomenon
of AR are comparatively poorly studied because the local
biodiversity is less well documented (e.g., Papua New
Guinea, the tropical rainforest in Central Africa, and the
Mariana Trench).
Suggestions for the rigorous study of a suspected adaptive
radiation
As observers and users of the AR concept and based on our
experience with species diversification in plants, we conceived the study presented here in order to provide an
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objective analysis of this research field and also help other
researchers develop a robust framework for their own work
on AR. With this in mind, we present here some recommendations on what we would regard as the key elements of a
reliable study of AR. While some of them may seem standard
and unanimously accepted, our scientometric survey shows
that they are seldom actually put into practice. We propose
that following the basic guidelines set out below may help to
reduce both type I and type II errors when testing the hypothesis of AR.
Use a relevant and substantial sampling of the study group
A good sampling ratio that captures most of the taxonomic
and morphological/ecological diversity of the study group is
essential for making robust inferences of evolutionary relationships, macroevolutionary processes, and diversification
trends (for discussion, see Brock et al. 2011; Plazzi et al.
2010; Rosenberg and Kumar 2001 and references therein).
As indicated above, studies of ARs should assess species diversification as well as their adaptation to various environments. Biologists should explore a wide range of potential
adaptive traits in order to understand their putative role as
triggers of AR. For example, Bouchenak-Khelladi et al.
(2015) developed a conceptual framework that allows for
the identification of the potential drivers of AR by characterizing the nature of variables (extrinsic or intrinsic) and their
contribution to AR (background, triggers, or modulators). We
also recommend making a clear statement on which classification system has been adopted (as well as on the authors who
conducted the corresponding taxonomical revision) for the
group being investigated and, in this context, providing an
indication of the sampling ratio.
Develop a comparative design that includes judiciously
chosen biological groups
In the age of “big data”, scientists are beginning to grapple
with massive datasets, providing ever-increasing amounts of
information on taxonomy, morphology, ecology, genomics,
and other features of species around the world (Losos et al.
2013). This phenomenon has been triggered not only by a
profusion of national and international projects, most of which
enable the general public to contribute to the process of compiling and providing data of various kinds, but also by the
creation of very large databases that can store, manage, and
make data available to the scientific community. Some tools
have recently been developed, such as large-scale
georeferencing (e.g., GBIF), next-generation sequencing,
and large-scale genomics, all of which provide valuable new
insights for researchers regarding the evolution and diversity
of life, along with access to information on other groups of
organisms, which can help with the design of comparative
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studies. However, despite this abundance of biological information, scientists conduct studies on selected lineages without
comparing them to groups that are related. Researchers should
give priority to investigating groups in which the species-level
taxonomic framework is robust and informative and for which
distributional, morphological, and ecological data are available, keeping in mind that only 11 % of the studies published
between 2003 and 2012 in the five journals that we reviewed
were designed as comparative studies, a surprisingly low proportion given that the AR concept is intrinsically based on a
comparative foundation.
The study of ARs is also fundamentally comparative because the goal of such research is to determine whether the
members of a lineage have adapted to a range of environments. The group that has possibly radiated must thus be
compared not only (i) to other groups evolving in the same
environment in order to understand the local factors that may
stimulate adaptation (e.g., Givnish et al. 2014; BouchenakKhelladi et al. 2015) but also (ii) to groups evolving in similar
environments in order to understand the effects of individual
factors on distinct lineages (e.g., comparison of alpine plant
radiations, see Hughes and Atchison 2015).
Select and use an appropriate methodological framework
From 2003 to 2012, a set of methods for testing the hypotheses of radiation and adaptation began to emerge (Alfaro et al.
2009; Glor 2010; Losos and Mahler 2010; Pisani et al. 2012;
Revell et al. 2012; Stadler 2011). However, these methods
were not widely adopted, and we see two limitations that
could have constrained this: (a) Researchers are not aware of
these methods and (b) they are not able to apply them to their
data due to a lack of adequate experience in applying the tests
and/or to having adopted an inappropriate study design.
While these methods may appear too numerous and/or too
complex to some users, our aim in this scientometry-oriented
study was not to compare methods or to discuss their relative
merits but rather to point to excellent recent papers written by
specialists on the subject that addressed precisely this point
(see Morlon 2014 for a review) and moreover to provide
readers with a large database of articles illustrating the diversity of possible approaches. Analysis of this database allowed
us to identify methodological trends in the treatment of ARs
over the last decade, and we attempted to remain pragmatic
when proposing guidelines for what we consider to be a rigorous study of AR. As there is clearly no consensus about the
best method to test for an AR, our recommendation would be
to apply several methods to a given dataset and to compare the
results obtained. If they are incongruent, one would then need
to interpret them with much caution or perhaps even to refrain
interpreting them at all.
A fundamental prerequisite, which was not uniformly
followed in all the studies that we considered, is to ensure that
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the methods chosen are applicable to the particular group under study. For example, testing for changes in diversification
rates requires a phylogenetic tree with a minimum number of
terminals. Failing to meet this condition could lead to a nonsignificant signal or to an absence of signal. Building a chronogram is compulsory when testing the hypothesis of a
change in the temporal evolution of diversification rates
(Alfaro et al. 2009; Shah et al. 2012; Rabosky et al. 2013,
2014; Rabosky 2014). The robustness of subsequent inferences is determined by the quality of this time calibration.
The potential drawback of the rapid success of the methods
developed between 2003 and 2012 is that we are not yet able
to evaluate them with any hindsight. Indeed, some authors
have recently criticized the theoretical foundations of the more
widely used approaches and have revealed some important
weaknesses that challenge whether their use is appropriate,
as is currently the case with the BiSSE-like algorithms
(Rabosky and Goldberg 2015).
The choice of the geographical area is also crucial in designing a study on AR, as this can influence the taxonomic
and morphoecological representativeness of the taxa that are
sampled. For instance, evaluating the disparity of organisms
within an island without taking as a reference the morphological variation exhibited by the rest of the group occurring
elsewhere may lead to erroneous conclusions (Burns et al.
2002).

Conclusion
Using a scientometric approach, we have characterized and
discussed the evolution of research focusing on adaptive radiations during the 10-year period starting in 2003. We provide a
database that (i) is a valuable reference for evolutionary biologists who are designing a study or placing their results in
perspective and (ii) could eventually inspire a critical assessment of the relevance of this pivotal concept in evolutionary
biology.
Olson and Arroyo-Santos (2009) suggested that the term
“adaptive radiation” should be discarded because they felt that
this popular concept had rarely been proven in a thorough manner. They advised instead to describe more precisely the evolutionary trends observed in a group by using a vocabulary related
to the modern methodological improvements in the study of
diversification rate evolution and disparification through time.
We do not concur with them and instead advocate retaining the
emblematic term “adaptive radiation”, which conveys in two
words a series of long-recognized and widely used concepts in
evolution and ecology. We propose that a conservative definition of an AR be used: the emergence, in a short period of time,
of many new species from a common ancestor accompanied by
an ecological and phenotypic diversification of these species in
contrasted environments.
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We suggest, however, that the term “adaptive radiation” be
used with parsimony and caution, and we wish to reemphasize
the fact that adaptation and radiation remain hypotheses as long
as they are left untested. We are convinced that indicating the
magnitude and speed of an adaptive radiation is relevant as long
as it is supported by the outcomes of tests that assess the characteristics of cladogenesis and the modalities of adaptation to environment. Beyond just identifying clades that have adaptively
radiated, a future challenge will be to examine the underlying
causes and modes of ARs and in particular the adaptation processes that have led to them. We have shown that between 2003
and 2012, in the five journals that we selected for our
scientometric survey, there was a sufficiently large, contrasted,
and mutually enlightening set of case studies to investigate subtle
processes (e.g., selection of particular traits involving specific sets
of genes and regulators, environmental and intrinsic constraints;
see Givnish and Montgomery 2014) that lead to phenotypic
divergence in a radiating clade.
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