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I. Introduction
One of the most striking features of Earth is the existence of life, and the most
striking feature of life is its diversity. This biological diversity is a source of wonderment
and scientific curiosity, and it also brings a wealth of questions concerning its richness
and its distribution, in particular.
As a biologist, I am observer. At first, species diversity patterns might seem
disparate. But biodiversity is not evenly distributed across biological groups and regions,
and this causes me headaches. Because I want to know why species (and biodiversity in
general) are distributed the way they are and why groups are so diverse whereas some are
on the brink of extinction. For instance, and perhaps one of the most fascinating
biodiversity patterns I can study is the latitudinal gradient of species richness, which is
observed as we move from temperate areas to the tropics that contain way more species
than toward the poles. And what about the beetles, the richest non-microbial clade, in
which some lineages (families) can be characterized by 10000-fold difference in extant
species richness depending on their trophic interactions compared to their sister lineages.
These observations, which are commonly called patterns, suggest us that species diversity
is not generated or assembled at random and that there exist underlying processes driving
these patterns, knowing that these patterns may have also evolved over time and space.
The diversity of life, which Charles Darwin and Alfred Wallace have sought to
explain in their pioneering and important works, emerged and evolved through a variety
of biological mechanisms (Darwin & Wallace 1858). Putting aside the time of origin, the
species richness in a taxonomic group is controlled by two processes : speciation and
extinction. A third, dispersal, controls the species richness of a group in a given region
with immigration and emigration. Hence, studying diversification – the balance between
speciation and extinction of species – is central to one of the most fundamental questions
in ecology and evolution: How is biodiversity generated and maintained?
Quantifying diversification is key to understanding how biodiversity varies over
geological time scales (Raup 1972; Benton 1995; Foote et al. 2007; Alroy 2010; Ezard et
al. 2011; Quental & Marshall 2013) and how it is distributed across the Earth’s surface
(Rosenzweig 1995; Gaston 2000; Wiens & Donoghue 2004; Mittelbach et al. 2007;
Lomolino et al. 2016), the tree of life (Stanley 1979; Alfaro et al. 2009; Rabosky et al.
2012; Lewitus & Morlon 2016b; Scholl & Wiens 2016) and ecological communities
(Webb et al. 2002; Wiens et al. 2010). Diversification is part of macroevolution, i.e.
evolutionary changes that occur at and above the level of species, which was originally
only studied using fossil evidence (Stanley 1979; Hautmann 2020). Indeed,
paleontologists seek to explain the changes in paleobiodiversity through time, and the
factors that have influenced these variations (Raup 1972; Raup & Sepkoski 1982;
Jablonski 1986; Benton 1997; Benton & Pearson 2001; Peters 2005; Foote et al. 2007).
Today it is thought that diversification may be continuous in time or proceeds by
successive bursts punctuated by mass extinctions and major diversification phases.
However comprehensive fossil data are lacking for numerous taxonomic groups (Benton
et al. 2000; Kidwell & Holland 2002).
Current biodiversity has a long evolutionary history, and “so species occur as
leaves on the tree of life” (Darwin 1859). Phylogenies – branching trees that represent the
evolutionary relationships among species – contain information about past diversification
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events. Phylogenetic trees of extant species are referred to as ‘reconstructed phylogenies’,
and can be inferred using molecular and/or morphological data. The paucity of the fossil
record for some groups has encouraged the development of alternative approaches to
study diversification (Raup et al. 1973; Hey 1992; Nee et al. 1992, 1994b, a; Harvey et
al. 1994). In turn, these trees can be used along with various models to draw inferences
about diversification dynamics (Pyron & Burbrink 2013; Stadler 2013; Morlon 2014).
Since their early developments, phylogenies have thus become prevailing tools for
studying diversification and such emphasis is further supported by the ever-increasing
availability of large-scale dated molecular phylogenies (Bininda-Emonds et al. 2007; Jetz
et al. 2012; Pyron & Wiens 2013; Pyron 2014b; Zanne et al. 2014; Leslie et al. 2018;
Rabosky et al. 2018; Stein et al. 2018; Upham et al. 2019).
A wealth of birth-death models has been developed to estimate birth (speciation)
and death (extinction) rates as a function of time (Morlon et al. 2010, 2011; Silvestro et
al. 2011; Stadler 2011; Rabosky et al. 2013; Maliet et al. 2019), of diversity (Phillimore
& Price 2008; Etienne et al. 2012), or even of species traits (Maddison et al. 2007;
FitzJohn 2010; Goldberg & Igić 2012; Beaulieu & O’Meara 2016). These approaches
successfully identify evolutionary patterns that fit historical ideas of evolution, such as
rapid diversification of a lineage that evolved adaptations enabling it to colonize new
areas/resources (Losos 2010; Mahler et al. 2013) or factors that are associated with
changes in diversification rates (Jablonski 2008; Rabosky & McCune 2010), such as
body size (Adams et al. 2009; Rabosky et al. 2013), reproductive modes (Goldberg et al.
2010; Goldberg & Igić 2012), colour polymorphism (Hugall & Stuart-Fox 2012; Maia et
al. 2013), or trophic strategies (Price et al. 2012; Burin et al. 2016). Thus studying
species in a phylogenetic perspective is a relevant approach to understanding the
determinants and causes of biodiversity dynamics.
Although these models are, at the time I write my memoir, completely shaken by
recent findings casting doubts on the reliability to actually infer speciation and extinction
(Louca & Pennell 2020), they provide statistical tools for testing mechanistic models of
evolution such as the common macroevolutionary hypotheses that attempt to explain
patterns of diversity through time (Revell et al. 2008; Reznick & Ricklefs 2009; Rabosky
& McCune 2010; Goldberg et al. 2011; Condamine et al. 2013a; Ng & Smith 2014;
Pennell et al. 2014; O’Meara & Beaulieu 2016; Maliet et al. 2019). Famously, in
macroevolution, there are two main hypotheses helping us to elaborate on a hypothesistesting framework (Benton 2009; Voje et al. 2015).
The Red Queen hypothesis is a term coined by Van Valen (1973), although the
ideas encompassed by this term were already largely developed in Darwin’s work (1859).
This hypothesis states that biotic pressures, most notably competition, predation,
mutualism, and symbiosis, primarily govern evolution. In other words, the Red Queen
predicts that the arms race of evolutionary developments and counter-developments
promote interacting species to mutually drive each other to adapt and ultimately cause
species diversification. Thus we would expect that species diversity in a Red Queen
world depends primarily on species intrinsic factors, such as body size, or resource use.
On the other hand, the Court Jester hypothesis, coined by Barnosky (2001), is built upon
paleontological evidence. It refers to the idea that abiotic forces including geology and/or
climate for instance are major driving forces of evolutionary changes. The Court Jester
model assumes that speciation and extinction rarely happen except in response to changes
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in the physical environment. In this case, we would expect that species diversity depends
on fluctuations in climate, geography, and sea level (Fig. 1).

Fig. 1. The Red Queen and the Court Jester as explanations for macroevolutionary dynamics of
biodiversity. (a) Biodiversity dynamics are ultimately driven by speciation (adding species to a system),
extinction (removing species), and dispersal (either adding or removing species). (b) The Red Queen is
often regarded as a driver of evolutionary changes at fine taxonomic (within species) and environmental
(local) scales, and the Court Jester is seen as a driver of changes at larger taxonomic (genus, family) and
environmental (continental, global) scales. (c) The links between these evolutionary processes is a major
source of division between population genetics and paleontology/phylogenetics. While the two models are
thought to operate over different geographic and temporal scales, their interactions are poorly understood
(as denoted by the question marks).

These hypotheses were not proposed as exclusive, and both Darwin (1859) and
Van Valen (1973) allowed for extrinsic influences on evolution in their primarily biotic
views (Raup 1975; Van Valen 1977). Traditionally, biologists have tended to think in a
‘Red Queen, Darwinian, biotic factors way’, and paleontologists in a ‘Court Jester,
extrinsic, physical factors way’. In fact, much of the divergence between the Red Queen
and Court Jester world views may depend on scale: biotic interactions drive much of the
local-scale success or failure of individuals, populations, and species (Red Queen), but
perhaps these processes are overwhelmed by substantial tectonic and climatic processes
at time scales above one million years, Myrs (Court Jester). In reality, of course, both
aspects might prevail in different ways and at different times, what could perhaps be
called the multilevel mixed model (Marx & Uhen 2010; Ezard et al. 2011; Liow et al.
2015; Silvestro et al. 2015a; Condamine et al. 2019b).
My research arises from the view that understanding the precise causes that
explain current patterns of species richness and distribution requires conciliating and
integrating both the Red Queen and the Court Jester theories in a common analytical
framework. Thanks to the advent of molecular data (notably via next-generation
sequencing) and progresses in analytical tools, we can now better understand what
govern species richness among groups and across regions. The goal of my research works
is to seek the determinants of species diversification and extinction over
macroevolutionary timescales by analysing the relative role of abiotic (extrinsic) vs.
biotic (intrinsic) factors and their spatiotemporal influences on species richness patterns.
3

II. Research activities
Seeking the causes of species diversification and extinction to understand the
biodiversity dynamics over macroevolutionary timescales represents my main motivation
as an evolutionary biologist. Many hypotheses have been proposed to explain these
species richness patterns, although the underlying causes are still unclear for most groups.
My research project attempts to study the causes and processes that generate and
maintain these biodiversity patterns and how they evolved over time and space.
In this section, I summarize the main results of several objectives of my CNRS
project proposed in 2015 for which I have been hired. These research focuses are: (1)
estimating ancestral areas of origin through historical biogeography at different spatial
scales, (2) unveiling the diversity dynamics of clades, (3) studying the process of
extinction, (4) modelling the effect of past environmental variables on diversification, (5)
changing paradigm on diversification, (6) identifying major environmental drivers of
diversification, (7) explaining why there is a latitudinal diversity gradient, (8)
highlighting the interplay between abiotic and biotic factors, and (9) integrating
neontological and paleontological data. I think this suite of objectives represent well the
progressive logic I adopted and developed these last years.
I am working on this project as a CNRS research scientist based at the Institut des
Sciences de l’Evolution de Montpellier (ISEM, UMR 5554). ISEM gathers several
internationally recognized teams and with a strong publication record in biomathematics,
ecology, evolution, and genomics. ISEM is the ideal place to develop my ideas on
macroevolution particularly because it includes two teams: “Phylogénie et Évolution
Moléculaires” (led by Benoit Nabholz) and “Paléontologie” (led by Lionel Hautier) that
work on macroevolutionary studies with neontological and paleontological data,
respectively. The objectives of my research are tightly linked to each team and I
ultimately envision creating a bridge between them by merging both types of data into a
common macroevolutionary framework.
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2.1.
Historical
biogeography:
geographic patterns of species richness

explaining

2.1.1 Global biodiversity pattern and the latitudinal
diversity gradient
Biodiversity is not evenly distributed on Earth. The ensuing question: ‘what
determines spatial patterns of species diversity?’ represents one of the key research
themes in biology (Gaston 2000). The latitudinal diversity gradient (LDG), usually
defined as an increase in species richness from the poles towards the equator, is a striking
ecological pattern that has fascinated biologists over centuries (Willig et al. 2003;
Mittelbach et al. 2007). As mentioned above, such geographic species richness patterns
are ultimately dependent on the time since the clade colonized the region, and three
evolutionary processes: speciation, extinction, and also dispersal, which directly change
the number of species. We can study these processes jointly using trait-dependent models
of diversification (Goldberg et al. 2011) or separately using more classical diversification
analyses (Wiens et al. 2006, 2009) combined to biogeographical analyses (Ree & Smith
2008). Nonetheless, a satisfying global explanation of how the three processes contribute
to the LDG remains elusive (Wiens & Donoghue 2004; Jablonski et al. 2006; Mittelbach
et al. 2007). It becomes especially complex because each process can be influenced by
environmental factors and/or species traits. Although some studies have pursued a search
for the ultimate primary process that underlies the LDG (Rohde 1992; Willig et al. 2003),
others suggest that this ecological pattern is better explained by a combination of several
contributing processes, including interactions among species, climate changes or
geological events that determine dispersal constraints as well as rates of speciation and
extinction of lineages (Benton 2009; Erwin 2009; Lomolino et al. 2016). Recent
integrative studies have paved the way for further research and have encouraged the
combination of multiple layers of data from ecology, distribution, fossils, and genetics as
well as paleogeographical and paleoclimatic histories (Ezard et al. 2011; Wiens et al.
2011; Condamine et al. 2012; Mannion et al. 2014).
Two main hypotheses related to dispersal dominate the literature. In the first,
known as the ‘out of the tropics’ hypothesis, lineages originate in the tropics, where they
massively diversify, and then disperse from the tropics to the temperate regions. Under
this hypothesis, dispersal is higher out than into the tropics, thus acting ‘against’ the
latitudinal diversity gradient. In the second hypothesis, known as the ‘tropical niche
conservatism’ hypothesis, lineages originate in the tropics and have difficulties to
disperse and adapt into temperate regions, thus accumulating in tropical regions (Losos
2008; Crisp et al. 2009; Wiens et al. 2010). Under both hypotheses, the origin of
diversity is tropical, such that intense dispersal from temperate to tropical regions is not
considered a plausible explanation for high tropical species richness.
Dispersal effects aside, two major factors remain: time and diversification rates.
The relative contribution of these two factors in explaining high tropical species richness
remains highly debated (Wiens & Donoghue 2004; Mittelbach et al. 2007). Some
hypotheses emphasize diversification rates as the main driving force underlying the
latitudinal diversity gradient: the ‘tropics as cradle’ hypothesis emphasizes the role of
high tropical speciation rates, while the ‘tropics as museum’ hypothesis emphasizes the
role of low tropical extinction rates (Stebbins 1974; Chown & Gaston 2000; McKenna &
Farrell 2006; Arita & Vázquez-Domínguez 2008). Other hypotheses instead emphasize
the role of time and historical contingencies (Stephens & Wiens 2003). Earth was mostly
5

tropical before temperate regions started to expand ~30-40 million years ago (Ma), such
that many groups likely have a tropical origin (Wiens & Donoghue 2004), and thus had
more time to diversify in the tropics (Wiens & Donoghue 2004; McKenna & Farrell
2006; Arita & Vázquez-Domínguez 2008).
Hence, the relative role of biogeographical history, speciation, and extinction in
the latitudinal gradient remains unclear, representing a major scientific challenge for
evolutionary biologists. After my study on the swallowtail butterfly LDG during my PhD
thesis, I wanted to continue investigating the underlying processes responsible for the
generation of such a global pattern, while taking advantage of biogeographic-based
methods of diversification with phylogenies and fossils.
Tropics as engine of diversification. Freshly arrived at the Ecole Polytechnique
(Paris), under the supervision of Hélène Morlon, I met Jonathan Rolland (the PhD
student of Hélène and Frédéric Jiguet, MNHN, Paris). He was working, painfully, on
developing a birth-death model, expanding trait-dependent models, to link rates of
diversification with two traits simultaneously (e.g. size and distribution). But this turned
out to be much more complicated than previously thought. I remember Jonathan was
quite desperate. As I was also “banging my head against the wall” while developing the
environment-dependent diversification model (see 2.3.1), Jonathan and I discussed about
doing empirical works. Quickly we reached the idea of testing the effect of latitude on
speciation, extinction, and dispersal rates in the charismatic, species-rich, and globally
distributed group of mammals, which displays a striking latitudinal diversity gradient
(Rolland et al. 2014).
For the first time, we made use of the recently, at that time, developed
biogeographic approaches (geographic state-speciation and extinction, GeoSSE) that
allow estimating speciation and extinction rates associated with specific biomes
(Goldberg et al. 2011). Mammals are over studied, and as a consequence we have a lot of
data available including near complete dated species-level tree and online database for
species traits and distributions. We first obtained the best phylogeny available at that time
(Fritz et al. 2009; Kuhn et al. 2011) and categorized each species as being distributed in
the tropics, or the temperate regions, or both (i.e. widespread).
Then we use the GeoSSE birth-death model including three parameters related to
speciation (λTemp, λTrop, λTempTrop), two parameters related to extinction and range
contraction (µTemp, µTrop), and two parameters related to range expansion (dTemp,
dTrop). We used two types of analyses: analyses in which the seven parameters were
allowed to vary freely, and analyses with constrained dispersal (i.e. dTemp = dTrop).
These resulted in 16 models from a geographic-independent rates model to geographicdependent model with all rates free to vary. We took into account phylogenetic and
dating uncertainties.
Overall, speciation rates are higher, and extinction rates lower, in the tropics than
in temperate regions. The diversity of the eight most species-rich mammalian orders
(covering 92% of all mammals) peaks in the tropics, except that of the Lagomorpha
(hares, rabbits, and pikas) reaching a maxima in northern-temperate regions. Latitudinal
patterns in diversification rates are strikingly consistent with these diversity patterns, with
peaks in species richness associated with low extinction rates (Primates and
Lagomorpha), high speciation rates (Diprotodontia, Artiodactyla, and Soricomorpha), or
both (Chiroptera and Rodentia). Rates of range expansion were typically higher from the
tropics to the temperate regions than in the other direction, supporting the ‘‘out of the
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tropics’’ hypothesis whereby species originate in the tropics and disperse into higher
latitudes (Fig. 2).

Fig. 2. Diversification rates are consistent with diversity patterns across mammalian orders. The eight most
species-rich mammal orders (92% of all mammals) and their global latitudinal diversity gradient are
represented. Posterior distributions of temperate (in blue) and tropical (in green) speciation, extinction, and
net diversification rates estimates, computed using the best-fitting model. The grey color indicates that the
best-fitting model had equal rates in the tropical and temperate biomes. The net diversification rate follows
a trend consistent with the latitudinal diversity gradient: the net diversification rate is higher in the tropics,
except in Lagomorpha, which shows an inverse diversity gradient, and in Carnivora, where the difference
in net diversification is not significant. Speciation rate refers to within-biome speciation; speciation by
biome divergence, which contributes to species richness in the tropical and temperate regions equally, is
not included in this figure.
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Overall, we advocate that diversification rates play a crucial role in driving
differences in species richness between the temperate and tropical biomes. We support
the hypothesis that higher mammalian species richness in the tropics results from faster
speciation and reduced extinction. This challenges previous suggestions that speciation in
mammals is faster in temperate regions (Weir & Schluter 2007; Soria-Carrasco &
Castresana 2012) or that the latitudinal gradient is linked to factors unrelated to
diversification rates, such as the ancient origin of the tropics, tropical niche conservatism,
or higher tropical carrying capacities (Wiens & Donoghue 2004; Mittelbach et al. 2007;
Crisp et al. 2009; Rabosky 2009). Mammals are one of the most charismatic and welldocumented groups of living organisms, yet our vision of mammalian macroevolution
continues to change drastically as new data are compiled and new methods are developed
(Meredith et al. 2011; Fabre et al. 2012; Springer et al. 2012; O’Leary et al. 2013; Gibb
et al. 2016; Rojas et al. 2016; Maestri et al. 2019; Upham et al. 2019). Similar
approaches have been applied to other vertebrates or plants (Kerkhoff et al. 2014; PulidoSantacruz & Weir 2016), which help us meet the challenge of evaluating the roles of
history, speciation, and extinction in the origin of the latitudinal diversity gradient. More
studies are needed before we can fully understand the proximal ecological and
evolutionary processes, correlated with latitude, which shaped current diversity patterns.
Finally, these results illustrate the usefulness of phylogenetic approaches for
understanding this famous yet mysterious pattern. Indeed, not all clades followed a
latitudinal diversification trend, and the Carnivora in particular cast doubt on these
results.
Dispersal matters. The mammalian order Carnivora displays the traditional LDG
seen in almost all mammalian orders. Yet the processes driving high species richness in
the tropics may be fundamentally different in this group from that in other mammalian
groups. Indeed, our previous study suggested that in Carnivora, unlike in all other major
mammalian orders, net diversiﬁcation rates are not higher in the tropics than in temperate
regions (Rolland et al. 2014). If speciation and extinction are not driving the differences
in species richness between the temperate and tropical areas, Jonathan and I were thus
wondering why there are more species of Carnivora in the tropics (Rolland et al. 2015).
We studied this order with a near complete time-calibrated phylogeny (Nyakatura
& Bininda-Emonds 2012) and the fossil record, and performed both biogeographic and
diversification analyses to independently estimate their ancestral areas through time as
well as speciation and extinction rates. We then examined the fossil dataset of carnivoran
genera to track how the latitudinal distribution of the group varied through time.
Our biogeographical analyses suggest that Carnivora originated in the East
Palaearctic (i.e. Central Asia, China) in the early Palaeogene. Multiple independent
lineages dispersed to low latitudes following three main paths: toward Africa, toward
India/Southeast Asia and toward South America via the Bering Strait. We also found that
these dispersal events were probably associated with local extinctions at high latitudes
(Fig. 3). Fossil data corroborate a high-latitude origin of the group, followed by late
dispersal events toward lower latitudes in the Neogene, further supporting high-latitude
extinctions (Fig. 4).
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Fig. 3. Summary statistics of the number of range expansions and number of extinctions in high and lowlatitude regions obtained from our biogeographical reconstruction. Expansions and extinction events were
counted directly at nodes and along branches of the tree after the inferences of the DEC model, considering
that Central America, South America, Africa, Madagascar, Southeast Asia and India were tropical and that
East and West Nearctic, and East and West Palaearctic were temperate.

Fig. 4. Paleolatitude reconstructions of 4346 fossils occurrences representing 381 genera of Carnivora.
Paleolatitudes tend to decrease through time since the origin of the group at high latitude, in agreement
with the 'into the tropics' hypothesis.

Unlike most other mammalian orders, which originated and diversiﬁed at low
latitudes and dispersed ‘out of the tropics’, it seems that Carnivora originated at high
latitudes, and subsequently dispersed southward ‘into the tropics’. This case study thus
argues for the important role of dispersal coupled to local extinction in contributing to
shape the LDG. This study finally provides an example of combining phylogenetic and
fossil data to understand the generation and maintenance of global-scale geographical
9

variations in species richness. Personally, this study was the onset of a paradigm shift to
study the LDG, see below.
Discordant ecological origins. But before, I was also interested in studying more
closely the ecological processes driving the LDG in New World swallowtail butterfly
diversity, belonging to the family Papilionidae for which I studied the global LDG during
my PhD thesis (Condamine et al. 2012b). In a separate study, we tested three
mechanisms commonly invoked to explain the LDG: ecological opportunity,
evolutionary rates and biogeographical history. We studied the New World swallowtail
butterfly clade of Papilio composed of the subgenera Agehana, Alexanoria, Chilasa,
Heraclides and Pterourus (Owens et al. 2017).
I worked with Hannah Owens, a post-doc student at the Florida Museum of
Natural History (Gainesville, Florida, USA). We integrated data from the most complete
current phylogeny of this clade with geographical distributions of each species inferred
from ecological niche models. The idea was to test for correlations between breadth of
available abiotic ecological niche space, latitude and differential rates of diversification
between tropical and non-tropical lineages. The history of climatic and geographical
occupancy of the clade was also reconstructed using both continuous ancestral character
reconstructions and biogeographical history inferred under a dispersal–extinction–
cladogenesis model. For this purpose, we considered both latitudinal and climatic
definitions of tropicality in our reconstructions.
There was no strong support for ecological opportunity or macroevolutionary
processes as the drivers of the LDG. Instead, we recovered discordant patterns in
phylogenetic reconstructions of latitudinal geographical range and suitable abiotic
climate conditions. Indeed, we found that Heraclides are likely to have originated and
diversified in climatically and latitudinally tropical environments before some lineages
dispersed to temperate habitats (out-of-the-tropics). On the contrary, we found the clade
of Alexanoria + Chilasa + Pterourus is likely to have originated in climatically and
latitudinally temperate habitat before dispersing and diversifying; some lineages are
likely to have dispersed into the latitudinal tropics via highland temperate-analogue
environments (Fig. 5).
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Fig. 5. Results of dispersal–extinction–cladogenesis biogeographical history reconstruction. Following the
DEC model, the common ancestor of the Heraclides clade was most likely to be climatically tropical and
occurred in the latitudinal tropics. However, the most recent common ancestor of the Alexanoria + Chilasa
+ Pterourus clade was more climatically intermediate and occurred in latitudinal tropics and the northern
temperate zone; subsequently, butterflies in the subgenus Chilasa dispersed to the latitudinal tropics and
shifted to climatic tropical abiotic niches, whereas ‘tropical’ Pterourus butterflies dispersed to the
latitudinal tropics, but many lineages retained temperate abiotic niches.

The LDG in New World swallowtails results from complex interactions between
ecological niche evolution and biogeographical history; both out-of-the-tropics and intothe-tropics processes have contributed to the LDG. Our results present an example where
temperate zones appear to be a source, instead of a sink, for biodiversity. Our results
emphasize the need to consider biogeographical history not only from the perspective of
shifts in geographical space, but also in terms of constraints enforced by ecological niche
conservatism.
Temperate or tropical extinctions? All these previous results in mind, especially
the fact that macroevolutionary LDG studies based on phylogenies often infer higher
extinction in temperate areas (Wiens 2007; Condamine et al. 2012b; Pyron & Wiens
2013; Kerkhoff et al. 2014; Pyron 2014b; Rolland et al. 2014), I was wondering if our
inferences could be misleading in attributing the extinction to the right
biome/latitude/region. All these models did not take into account the temporal variation
of rates and its impact on the regional diversification. Moreover, growing fossil evidence
suggests that the LDG could have been flat in the past (Powell 2007; Mannion et al.
2014, 2015; Crame 2020). I was very curious about assessing whether former tropical
regions notably in the Northern Hemisphere (Ziegler et al. 2003; Morley 2011; Pound et
al. 2012; Suan et al. 2017) have suffered high extinction rates in the past, and potentially
explaining the LDG. This hypothesis of tropical extinction is often underappreciated in
the formation of the LDG.
I remember this instructive small-sized conference in Zurich on Evolutionary
Plant Radiations in June 2014, where I met a lot of people. On my way back to
Montpellier, I was in the train with Andrea Meseguer, a post-doc student of
Emmanuelle Jousselin (CBGP, Montferrier-sur-Lez) at that time. Andrea has a solid
background in paleobotany, plant phylogenetics and historical biogeography. I expressed
my ideas to her and then had an inspiring discussion, which was quite long because of
train strikes. In this never-ending train, we set the whole framework of what follows.
As a result, we aimed at proposing a new hypothesis explaining the LDG with
tropical extinctions during climatic transitional periods that created differential extinction
patterns within the tropical biome and ultimately product a hump-shaped LDG also seen
as an ‘equatorial tropical refugium’. To actually show if there were extinctions in former
tropical regions, we could not only rely on phylogenies of extant species but we also
needed paleontological data. Fossils are the only direct evidence of past presence in a
given place at a given time. We first reviewed the fossil record and climate, which
suggest that the today’s hump-shaped LDG has not been persistent through time, with
similar diversity across latitudes flattening out the LDG during past greenhouse periods
(Fig. 6).
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Fig. 6. Changes in global temperatures and extension of the tropical belt during the Cenozoic, in relation
with the shape of the LDG. Early Cenozoic global temperatures were higher than today and paratropical
conditions extended over high latitudes. From the early Eocene climatic optimum (EECO; ca. 53-51 Ma), a
global cooling trend intensified and culminated with the Pleistocene glaciations. Warm-equable regimes got
then restricted to the equator. The LDG evolved following these global changes; during greenhouse periods
diversity was similar across latitudes, such that the LDG flattened, while in cold periods diversity peaked at
the equator (a steep LDG) (Mannion et al. 2014). The question mark denotes the focus of this study, which
is to unveil the processes that mediated the transition between a flat and steep LDG. The relative
temperature curve of the Cenozoic is adapted from (Zachos et al. 2008). Maps represent the extension of
the tropical belt and Earth tectonic changes as derived from (Ziegler et al. 2003; Morley 2011).
P=Pleistocene, Pli=Pliocene.

We thus wondered when and how diversity declined at high latitudes to generate
the modern LDG. Although diversity-loss scenarios have been proposed, they remain
undemonstrated especially in light of the LDG. In the study, we used comparative
methods for both phylogenies and fossils to estimate the evolutionary processes behind
the LDG of Testudines, Crocodilia and Lepidosauria, and test alternative predictions
explaining why there is more tropical diversity today. They are typical tropical clades that
have an extended fossil record in former tropical areas, and are now more species-rich in
current tropical regions.
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Using phylogenies and fossils of these groups, we find that the hump-shaped
LDG could be explained by (1) disproportionate extinctions of high-latitude tropicaladapted clades when climate transitioned from greenhouse to icehouse, and (2) equatorward biotic dispersals tracking their climatic preferences when tropical biomes became
restricted to the equator. Conversely, equivalent diversification rates across latitudes can
account for the formation of an ancient flat LDG. Our time-variable diversification
analyses support ‘Holarctic diversity loss’ scenarios to explain the LDG of turtles and
crocodiles. Diversification rates estimated in the Holarctic and equatorial regions (Fig. 7)
were similar during the equable greenhouse period of the Cretaceous-early Cenozoic for
all groups studied here, consistent with the idea of the existence of a flattened LDG
during this phase (Rose et al. 2011; Mannion et al. 2014; Crame 2020).

Fig. 7. Global pattern of turtle, lepidosaur and crocodile diversification between Holarctic and equatorial
regions, based on the fossil record. Diversification dynamics are compared between fossils distributed in
Holarctic and equatorial regions. Origination (blue) and extinction (red) rates were estimated using time
bins as defined by the main climatic intervals since the Mesozoic (on the top, climatic periods are shown as
follows: Greenhouse, Tran. = climatic transition, and I. = icehouse). Solid lines indicate mean posterior
rates, whereas the shaded areas show 95% credibility intervals. Net diversification rates (green) are the
difference between origination and extinction. The vertical lines indicate the boundaries between climatic
intervals. Tr=Triassic; J=Jurassic; K=Cretaceous; Pg=Paleogene, and Ng=Neogene.

We hypothesize that the expansion of tropical conditions to higher latitudes
during greenhouse periods might have induced species diversification in the new
paratropical areas and facilitated movements within the broad ‘tropical belt’, such that
tropical equatorial clades were able to disperse ‘out of the equator’ (Jablonski et al.
2006). By contrast, the contraction of the tropical biome following climate cooling
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provoked periods of declining diversity at high latitudes, where climate change was more
intensively felt, and mediated dispersal ‘into the equator’. We found that diversification
rates of turtles and crocodiles decreased in all regions during the transition to colder
climates – they decreased since the Cretaceous in the analyses with time intervals defined
by the main geological periods (Fig. 8). The slowing of diversification was much stronger
in the Holarctic than at the equator, with extinction exceeding speciation in this region
(i.e. Holarctic diversity loss). In addition, using phylogenetic-based biogeographic
models informed by fossils, we inferred that all groups had a widespread ancestral
distribution that subsequently contracted toward the equator. This result is in agreement
with previous fossil investigations for turtles (Nicholson et al. 2015, 2016; Joyce et al.
2016) and crocodiles (Mannion et al. 2015; De Celis et al. 2019). Range contraction in
our study started in the Cretaceous, intensifying during the late Paleogene cooling. They
resulted from range extirpations at higher latitudes combined with ‘into the equator’
dispersals (Condamine et al. 2012b; Rolland et al. 2015).

Fig. 8. Global pattern of turtle, lepidosaur and crocodile diversification across temperate and tropical
climates, based on the fossil record. Diversification dynamics are compared between fossils inhabiting
under temperate and tropical macroclimates, by considering macro-conditions in the Holarctic to be
(para)tropical until the end of the Eocene, and temperate from this period to the present. Origination (blue)
and extinction (red) rates were estimated using time bins as defined by the main climatic intervals since the
Mesozoic (on the top, climatic periods are shown as follows: Greenhouse, Tran. = climatic transition, and I.
= icehouse). Solid lines indicate mean posterior rates, whereas shaded areas show 95% credibility intervals.
Net diversification rates (green) are the difference between origination and extinction. Vertical lines show
boundaries between climatic intervals. Tr=Triassic; J=Jurassic; K=Cretaceous; Pg=Paleogene,
Ng=Neogene.
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Hence, our results suggest that climate change has likely driven the development
of an “asymmetric gradient of extinction and dispersal” (AGED) within the tropical
biome, and could have mediated the formation of a steep LDG (Fig. 9). The inclusion of
fossils in macroevolutionary studies allows revealing time-dependent extinction rates
hardly detectable from phylogenies only. This study underscores that the prevailing
evolutionary processes generating the LDG during greenhouses differed from those
operating during icehouses. We outline the AGED hypothesis that contextualizes
previous ideas behind the LDG under a time-variable scenario. The AGED hypothesis
reconciles previous contending ideas on the origin of the LDG by placing them in a
temporal scenario. For instance, there is controversial support around the tropics being
‘cradle’ or ‘museum of diversity’ (Stebbins 1974), and dispersal prevailing ‘out of’
(Jablonski et al. 2006) or ‘into the tropics’ (Condamine et al. 2012b; Rolland et al. 2015).
The interpretation of our results alternatively invokes the ‘museum of diversity’
regarding the equatorial tropics as refuge during icehouse transitions, but also the ‘cradle
of diversity’ during greenhouse periods. Similarly, our hypothesis invokes ‘out of the
equator’ dispersals during greenhouse transitions and ‘into the equator’ dispersals during
icehouse transitions.

Fig. 9. Prevalent evolutionary processes behind the LDG under the AGED model. It shows the hypothetical
change in evolutionary dynamics between temperate and equatorial regions through different climatic
intervals: the greenhouse, icehouse and transitions. For each climatic interval, inset plots represent the
hypothetical distribution of species richness across latitudes (LDG shape).

Speciation, extinction and dispersal shape the LDG but the contribution of these
processes remains a debated topic in evolutionary ecology. Our results indicate these
processes operated at different rates over time and space as climate changed. The current
LDG of turtles and crocodilians can be explained by ancient high-latitude tropical
diversity loss and range contractions as a consequence of the retraction of the tropical
biome due to climate cooling. During greenhouse periods, equivalent diversification rates
across latitudes prevailed, explaining the formation of a flattened LDG. Changes in
global diversification and dispersal dynamics imposed by large-scale climatic transitions
could represent a mechanism that shapes the LDG. This ‘asymmetric gradient of
extinction and dispersal’ hypothesis might account for the LDG of tropical-adapted
groups that were once diverse at high latitudes, but might not be fully applicable to all
organisms currently displaying a LDG, as shown here for lepidosaurs.

2.1.2. Regional and island biogeography
As interesting as they may be, global biogeographic studies can, however, lack
fine-scale resolution for our understanding of more biological processes. Focussing on a
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more restricted area is sometimes more rewarding in a sense. I actually started studying
regional biogeography as a Master 2 student with Gaël Kergoat (CBGP, Montferrier-surLez) with the beetle genus Blaps of which a clade of more than 60 species is spread all
around the Mediterranean Basin (Condamine et al. 2013b). This was my pioneering work
in historical biogeography, and it was exactly the kind of research I wanted to work on.
From that point, I did not really deviate much during my career, except with Hélène
Morlon (see below 2.2). During my second post-doc with Alexandre Antonelli at the
University of Gothenburg (Sweden), I took advantage of my knowledge on historical
biogeography coupled with diversification models to study the role of dispersal in
shaping the current species distribution patterns at the regional scale.
Role of islands. Islands have fascinated evolutionary biologists since Darwin and
Wallace revealed their value as model systems for understanding biological processes
(Losos & Ricklefs 2009). Because of their isolation, islands exemplify the mechanisms of
species colonization and radiation because biodiversity develops as a dynamic between
age, dispersal, speciation and extinction (Warren et al. 2015). During periods of drastic
environmental changes on mainland areas, it is possible that islands act as refugia for
biodiversity. Islands are often topographically and environmentally heterogeneous, and
therefore species may not have to move far during periods of climate change to maintain
their optimal environment (Sandel et al. 2011).
In my PhD thesis I had the great chance to do quite a lot of fieldworks in amazing
places like Southwest Pacific (New Caledonia, New Zealand, and surrounding islands).
New Caledonia and New Zealand (hereafter jointly called NCNZ) constitute a suitable
area for assessing the potential role of islands as biodiversity refugia. Their biodiversity is
outstanding, which together with a high level of endemism and threat makes them two
biodiversity hotspots (Mittermeier et al. 1999). The combined conifer flora of these two
islands, despite comprising less than 0.2% of the world’s total landmass, is home to more
than 10% of the world’s conifer diversity (Condamine et al. 2017).
NCNZ are remnants of Zealandia, an ancient continent that sank after breaking
away from Australia about 60–85 Ma. The isolation of Zealandia’s remnant islands has
been thought to give rise to a relictual biota (Raven & Axelrod 1974), although more
recent work suggests these islands may be home to more recent radiations or dispersals
from other landmasses than traditionally assumed. The geological and evolutionary
history of NCNZ is complex. Over recent decades, three major hypotheses have emerged.
The first one postulates that as Zealandia separated from Australia and drifted to their
present positions, the newly formed continent carried with it a number of species. The
second hypothesis posits that the current biota of NCNZ derive from trans-oceanic
dispersals following their separation from Gondwana. This hypothesis formed in
response to the development of molecular phylogenies and methods for estimating
divergence times, which soon began to challenge the “Gondwanan vicariance”
hypothesis. The third hypothesis posits that while Zealandia was at least partially
submerged, ephemeral islands remained and served as refugia for the old Gondwanan
biota.
We started this work with the expectation that island species are extinction-prone
because of small population sizes, restricted geographical distribution and limited
dispersal ability. However, we also supposed that the topographical and environmental
heterogeneity, geographical isolation and stability of islands over long timescales could
create refugia for taxa whose source area is threatened by environmental changes. We
address the aforementioned hypotheses by inferring the evolution of the NCNZ conifer
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diversity by estimating speciation and extinction rates in relation to the presence/absence
on these islands, and dispersal rates between the islands and surrounding areas. We also
test the Eocene submersion of NC and the Oligocene drowning of NZ by comparing the
fit of biogeographical scenarios using ancestral area estimations and episodic geographicdependent diversification models including a punctual change of diversification as these
islands are supposed to appear.
Our results ruled out the “Gondwanan vicariance” hypothesis, as we found that
models including allopatric speciation were not supported and biogeographic models
taking into account the past tectonic evolution of the region did not infer vicariant events
within conifers. In addition, our results did not provide convincing evidence for the “late
Eocene NC re-emergence” nor the “late Oligocene NZ drowning” hypothesis. Although
we found phylogenetic evidence in the diversification of conifers supporting a scenario
with a diversification rate shift around 32 Ma (close to the supposed late Eocene reemergence), we estimated low dispersal rates into NCNZ, and did not detect high
speciation rates following island’s colonizations (once NC surfaced again). Before this
shift, diversification did not differ among species within and outside Zealandia, likely
because Zealandia was part of the Australian plate for most of the evolutionary history of
conifers.
Instead, our data and analyses favour the “island refugia” hypothesis. First, the
estimated timing for the origin of NCNZ conifers exceeds the geological ages of the
extant emerged islands. Second, we estimated high dispersal rates ‘out of NCNZ’, in
opposition of the expected island colonization rate. Third, contrary to expectations of the
theory of island biogeography, we found that the extinction rate was much lower within
the islands, corroborated by the results obtained with different models. In addition, a
model including a diversification shift when NC emerged better explains the
diversification dynamics (Fig. 10).

Fig. 10. Diversification patterns of speciation (a), extinction (b), transition (c), and net diversification (d)
rates for conifer species living outside or inside New Caledonia and New Zealand. Results show lower rates
of species extinction in the islands and higher transition rates ‘out of the islands’. Bayesian posterior
distributions were computed using MCMC analyses with the best-fitting model on the conifer tree. Bars
below each distribution correspond to the shaded area and represent the 95% credibility interval of each
estimated parameter.
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Fourth, an explicit time-stratified biogeographic model including island refugia
while NCNZ were underwater or submerged was better than a model reflecting only the
submersion and re-emergence of NCNZ. Biogeographical analyses corroborate that
conifers experienced high continental extinctions, but survived on islands (Fig. 11).

Fig. 11. Biogeographic estimations of ancestral areas for Podocarpaceae as inferred with the ‘island
refugia’ scenario, which relied on a time-stratified model taking into account the submersion of NC and
drowning of NZ as well as a region to represent the possible presence of ephemeral (now sunken) islands in
the region while NC and/or NZ were submerged.
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Taking this evidence together, we favoured the scenario that today’s submerged
islands in the vicinity of NCNZ existed above sea level, while NCNZ were underwater or
drowned, and probably allowed conifers to survive. To some extent, NC and NZ have
thus contributed to the world’s conifer diversity as “island refugia”, by maintaining earlydiverging lineages from continents during environmental changes on continents. These
ancient islands also acted as “species pumps”, providing species into adjacent areas.
Although the scenario of today’s submerged islands may be difficult to validate given the
lack of definitive support for the presence of ancient islands, several recent phylogenetic
studies have also suggested the presence of ancient (now sunken) islands in different
archipelagos as temporary refugia for biodiversity. This study highlights the important
but neglected role of islands in promoting the evolution and conservation of biodiversity.
Amazonia, Amazonia, always Amazonia. If there is a region on Earth a biologist
should go to contemplate the rich tropical biodiversity, this is the Amazon rainforest.
Amazonia lies in the heart of the Neotropical realm as defined by Alfred Wallace, which
spans from Mexico to southern South America and including the West Indies. Arguably,
this vast region is one of the most biodiverse on Earth and comprises many different
biomes and habitats such as seasonally dry forests, arid zones, high-altitude grasslands,
young and old mountain systems, and extensive rainforests, such as the Atlantic
rainforests and Amazonia. For centuries, scientists have attempted to understand the
origins and evolution of their biodiversity. It is now clear that different regions and
taxonomic groups have responded differently to geological and climatic changes.
However, we still lack a basic understanding of how Neotropical biodiversity was
assembled over evolutionary timescales.
While in the Antonelli’s group in the University of Gothenburg, many students
were interested in estimating the timing and origin of the living biota in all major
Neotropical regions. The work I am going to present below is part of a major
brainstorming Antonelli’s students had during a bi-annual meeting in 2014 led by
Fernanda Carvalho and I. The idea was to perform a cross-taxonomic biogeographic
analysis based on the Neotropical biomes and dated phylogenies (Antonelli et al. 2018c).
Such an ambitious project requires the involvement of several students, especially
Alexander Zizka (former PhD student of Alex Antonelli, now a post-doc student in
Germany).
Within the Neotropics, Fernanda defined and delimited 10 regions, broadly
corresponding to environmentally and biologically different terrestrial biomes (Fig. 12).
Alexander downloaded occurrence records for all species from the Global Biodiversity
Information Facility (GBIF), and classified each species as present or absent in each
Neotropical region. We retrieved published large-scale time-calibrated phylogenies for all
study groups, from which we extracted predominantly Neotropical clades (≥85% of the
species). In total, we were able to work on 4450 species from six major clades across the
tree of life (angiosperms, birds, ferns, frogs, mammals, and squamates), and integrate
>1.3 million species occurrences with large-scale phylogenies.
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Fig. 12. Neotropical regions used in the biogeographic analyses, grouped by major biome category and
plotted together with the abbreviations used for subsequent analyses. These regions are derived from the
classification of terrestrial biomes and ecoregions, but adapted to differentiate disjunct biomes and to
simplify the complexity in Mesoamerica and the West Indies, which comprise both forested and open
habitats.

With all the data in hand, Fernanda, Alex, and I performed the biogeographic
analyses using the DEC model. We developed two sets of analyses: one in which biotic
connectivity among all regions was allowed at any point in time, and one in which we
modeled connectivity based on paleogeographic and geological evidence. We identified
shifts between regions in 5-My time bins and computed the absolute number of dispersal
events through time by extracting the areas and ages of all nodes from each phylogeny.
The results showed an unprecedented level of biotic interchange among all
Neotropical regions, totaling 4525 dispersal events (Fig. 13). About half of these events
involved transitions between major environmental types, with a predominant
directionality from forested to open biomes. For all taxonomic groups surveyed in this
study, Amazonia was by far the most important source of diversity, providing 2855
lineages (63% of all dispersal events) to other Neotropical regions. Most of these
dispersal events were to Mesoamerica (>1500 lineages), followed by dispersals into open
regions of northern South America and the Cerrado and Chaco biomes. Biotic
interchange has taken place for >60 million years and generally increased toward the
present. The total amount of time lineages spend in a region appears to be the strongest
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predictor of migration events. It is also quite important to note that we found a general
congruence in the main results obtained under the unconstrained and the time-constrained
connectivity matrices between regions. Both the area size and total branch length of a
region were strongly and positively correlated with emigration. The positive relationship
between the total branch length and the number of immigration events in a region
suggests that Neotropical regions are not yet saturated with species, as would have been
predicted under a scenario of competitive exclusion and niche filling.

Fig. 13. Clade-specific lineage interchange among Neotropical regions, estimated from dated molecular
phylogenies, comprising 4450 species in six taxonomic groups (angiosperms, ferns, birds, frogs, mammals,
squamates). Arrows indicate the direction and number of dispersal events, with line thickness proportional
to the number of events. Only connections with more than 10 events are shown. The position of the circles
in the layout reflects the biotic connection among regions. Dispersals out of Amazonia are highlighted in
red. The color of the circles corresponds to those above. AMA: Amazonia, AGL: Andean Grasslands, ATF:
Atlantic Forests, CAA: Caatinga, CEC: Cerrado and Chaco, DNO: Dry Northern South America, DWE:
Dry Western South America, MES: Mesoamerica, PAS: Patagonian Steppe, WIN: West Indies.

As we may have expected, our study shows that Amazonia is the primary source
of Neotropical biodiversity: not only did it generate enormous in situ diversity but it also
provided lineages to all other Neotropical regions, across all studied taxonomic groups,
and throughout the Cenozoic. But these results also demonstrate the complex origin of
tropical ecosystems and the key role of biotic interchange for the assembly of regional
biotas.

2.1.3. An extended process-based biogeographic model
Inference of ancestral areas is now based on rigorous statistical frameworks, such
as maximum likelihood or a Bayesian approach, and used for testing alternative
hypotheses of geographical range evolution (Ree & Sanmartín 2009; see the review of
Ronquist & Sanmartín 2011). Of all phylogeny-based methods, the most popular has
undoubtedly been LAGRANGE, an implementation of the maximum-likelihood
framework DEC (Ree et al. 2005; Ree & Smith 2008), which models ancestordescendant range evolution based on stochastic dispersal and local extinction. The main
reason for the success of DEC is its versatile statistical framework allowing the
incorporation of various types of spatial and temporal information as constraints, such as
from fossils, sea levels, climate, and continental drift (Clark et al. 2008; Clayton et al.
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2009; Mao et al. 2012; Wen et al. 2013; Chacón & Renner 2014; Cusimano & Renner
2014; Meseguer et al. 2015). These features have further been the basis for the
development of several biogeographic models (e.g. GeoSSE, SHIBA, BayArea and
DEC+J) with the aim of answering some of the theoretical and/or computational
shortcomings of the DEC approach.
An important and yet unaddressed drawback in the original DEC model resides in
its range inheritance assumptions that exclude ‘classical vicariance’ or allopatry as a
possible cladogenetic event (see Fig. 4a in Ronquist & Sanmartín 2011). The current
version of the DEC model only allows for situations when speciation is restricted to a
very local scale that translates into one of the daughter lineages covering no more than a
single area even if its ancestral range was widespread (i.e. covering several areas). Ree et
al. (2005) have justified this exclusion from the range inheritance scenario by stating that
classical vicariance invokes a historical area without considering the spatial and temporal
context of that event. Hence, without a priori knowledge of the connectivity between the
areas than can constitute an ancestral range one cannot easily attribute biologically
plausible ranges to daughter lineages for vicariant events. However, the assumption of
classical vicariance currently lacking in DEC could be essential, especially for ancient
clades that might have thrived on wide landmasses (e.g. Pangea, Gondwana), which are
currently isolated as continents (Mao et al. 2012).
Another important and missing component of DEC lies in its time-stratified
model. In its current version, the time-stratified model accounts for temporal changes of
dispersal rates among the component areas included in the model, but does not correctly
account for tectonic evolution through time (i.e. the adjacency matrix is constant over
time). Yet, studies have shown that the connectivity/adjacency matrix is paramount in
explaining the historical biogeography of a given clade (Buerki et al. 2011; Chacón &
Renner 2014).
With Champak R. Beeravolu, a post-doc student I met while I was in PhD thesis
in the CBGP, we wanted to improve the classical DEC model based on an efficient C++
implementation (Smith 2009) by addressing the issues of vicariance, geological
connectivities evolving through time and the possibility of a rapid anagenesis of
geographic states (Beeravolu & Condamine 2016). This model will be referred to as the
DEC eXtended model (DECX). Simulations and empirical analyses were performed to
demonstrate its robustness and reliability, while also compared to classical models.
This work is based on a long-lasting collaboration initiated during the first postdoc fellowship of Champak and my PhD thesis, while I was questioning the limits of the
DEC model. Unfortunately, after two thorough review at Systematic Biology that did not
raise major flaws, the paper is not yet published and I have no news from Champak
despite my repeated emails to reach him. This study is thus only available in bioRxiv at
the moment.
I am not going to explain in details the methodological developments of the
DECX framework, but instead provides a summary of its possibilities (Fig. 14). Without
changing the number of free parameters to estimate, DECX shares all the attributes of
DEC in terms of model flexibility but has been made computationally more efficient. For
instance, analyzing the amphibian tree containing 3309 species distributed in eight areas
took less than 9 minutes for the most complex models. Such an efficiency should be of
immense help in accounting for phylogenetic and divergence time uncertainties, as has
been previously demonstrated (Smith 2009), and for analysing large phylogenies where
this problem is exacerbated.
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Fig. 14. Description of all possible geographic events considered by the DEC and DECX approaches for
modelling range evolution on a phylogeny. The red, blue and green colors represent species identities while
the bold squares/rectangles represent the entire region of study and the dotted lines within delimit
contiguous land units or areas which can be grouped to form a species range. On a phylogeny, anagenetic
events occur along the branches while cladogenetic events correspond to branching events or speciation.

Perhaps the most important innovation lies on the integration of an evolving
geological connectivity matrix, i.e. a time-stratified connectivity matrix (Fig. 15).
Starting with Ree and Smith (2008), the incorporation of varying dispersal opportunity
over time has been greatly facilitated by adopting a framework allowing the userspecified dispersal matrix D to parameterize the between-area transition probabilities.
Consequently, a drawback appears when constructing complex biogeographic scenarios
and relying only on the D matrix as has already been highlighted by Buerki et al. (2011).
By viewing connectivity between areas as an evolving graph over time intervals we have
overcome a methodological and a conceptual issue, the latter helping us better specify the
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spatial context and thus account for an additional cladogenetic event, namely ‘classical
vicariance’. The other advantage of implementing an evolving geological connectivity is
its increased computational efficiency as the state transitions in the matrix for every time
interval are now conditioned by the respective adjacency matrix. However, one needs to
keep in mind that the evolving geological connectivity is a type of hard constraint on the
state transitions and we still need to know more on the sensitivity of the biogeographic
inferences to these paleogeographic model assumptions (sensu Chacón & Renner 2014).

Fig. 15. Illustration of an evolving geological connectivity over three equally spaced time intervals (a, b
and c). For a given interval, the spatial configuration between areas is defined by the nodes of the graph
representing the land units or areas and the lines between them represent their connectivities. Each time
interval can also be fully defined by an adjacency matrix composed of zeros and ones respectively
specifying the absence or presence of connectivity between any two given nodes.

Evolution along branch lengths can have a significant impact on the
reconstruction of ancestral states (Cusimano & Renner 2014). The incorporation of fossil
lineages along with contemporaneous lineages can also have a profound effect on the
conclusions, particularly when the fossil ranges do not overlap with the extant ranges
(Crisp et al. 2011). When correctly accounting for the branch lengths of extinct lineages
we would intuitively expect ancestral nodes neighboring the fossil branching points to be
influential in two ways as a result of pruning algorithm. First, conditional likelihoods at
nodes immediately ancestral to the fossil branching points would register a stronger
probability for those states of the species ranges overlapping with the fossil states. Also,
the shorter the fossil branch lengths (or the earlier the fossil went extinct), the stronger
would be the propagation of this signal. Second, conditional likelihoods for nodes
immediately descendant of the fossil branching points would register a relative decrease
in the biogeographic signal being propagated from the extant tips. As expected, our C++
DEC implementation did not infer the same ancestral areas as a classic DEC model for
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the palpimanoid spiders because the latter forcefully renders the phylogenies to be
ultrametric thereby reducing the biogeographic signal from the fossil tips. Although
parameter inferences are typically biased under DEC-based models, they can still be used
to evaluate the relative importance of the underlying processes between two different
analyses. For instance Wood et al. (2013) found a smaller extinction rate with respect to
dispersal, while using DECX we estimated an extinction and dispersal rates to be similar.
We assess the performance of DECX with simulations, which are generated for
12 lineage diversification scenarios and with an evolving biogeographic context with
eight areas and three time intervals. Performance of DEC and DECX was evaluated by a
relative comparison between the inferred dispersal (d) and extinction (e) parameters and
their true values. Overall, the plots of true model versus inferred model scenarios show
that both parameters are underestimated and seem to follow a general hyperbolic
relationship where the performance of one of the parameters relates inversely to the other.
Model performance was also evaluated in terms of the proportion of accurately inferred
ranges. Here, accuracy is defined as an exact match of the inferred species range to the
true range at an internal node. Globally, over approximately half a million inferred
histories, the true underlying models are also consistently the models with the highest
proportion of accurately inferred ranges. With DEC as the true model of range evolution,
all models are above 90% and the proportions concur with their respective differences in
model likelihoods. However, when DECX is the true model, all inference models are less
accurate (above 80%) and the proportions between models differ but slightly. We also
explored the effect of the number of simulated ranges and the size of the phylogeny (i.e.
number of tips) on the proportion of accurately inferred ranges.
Empirically, we compared model fits of DEC, DEC+J (J is an extra parameter
allowing for jump dispersal), and DECX on islands clades. Previously, Matzke (2014)
indicated that 51/53 (96%) island clades analyses support the DEC+J model over the
DEC model. Our study finds a more nuanced pattern depending on the model
assumptions and incorporation or not of the evolving geological connectivity. Out of the
44 considered analyses, we find that 48% (i.e. 21/44) were better explained by the DECX
model whereas 52% of the analyses (23/44) are in favor of the DEC+J model.
Since the conceptual gap between models of character and geographic evolution
was bridged (Ree et al. 2005; Ree & Smith 2008; Goldberg et al. 2011), there has been a
notable increase in the number of probabilistic approaches inferring ancestral ranges
using phylogenies (Landis et al. 2013; Quintero et al. 2015). As a result, it has been
challenging to keep track of all the methodological developments and equally be able to
select an approach based on its merits. This has also typically resulted in peer-review
pressure that strongly favors the use of the latest methodological development. I would
like to take this opportunity to emphasize my opinion that the choice of a set of methods
should primarily depend upon the biological question along with the type and quality of
data at hand. As such, it is preferable to start with parsimonious models, in terms of free
parameters, before any further complexification. While, analytical challenges remain with
the increase in large phylogenies, comprehensive geographic sampling of clades and the
integration of extrinsic information, the integrative nature of current progress is inspiring.
Parametric biogeography has certainly hastened the arrival of more integrative
approaches (Ree & Sanmartín 2009). The basic statistical flexibility of the DEC model
has made it a relevant approach for hypothesis testing and model comparison, and the
DECX model pursues this spirit and should provide an interesting perspective for future
biogeographic studies.
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2.2.
Diversification
macroevolutionary scales

dynamics

over

2.2.1. Models of diversification rates
Explanations for the variability in diversity across taxonomic groups and
geographic regions fall in two categories of diversification models: equilibrium and nonequilibrium hypotheses (Phillimore & Price 2008; Rabosky 2009; Morlon et al. 2010;
Wiens 2011; Rabosky et al. 2012; Cornell 2013; Harmon & Harrison 2015; Rabosky &
Hurlbert 2015). First, under the hypothesis that diversity is at equilibrium (i.e. diversity
stays at a constant level, new species can emerge only by driving others to extinction),
the diversity of a given clade is constrained by ecological limits (the amount of space,
resources or niches available to species), and explanations for differences in diversity
may be found in differences in these ecological constraints across clades and regions
(Phillimore & Price 2008; Rabosky 2009, 2013; Etienne et al. 2012; Rabosky & Hurlbert
2015). Second, under the hypothesis that diversity is not at equilibrium (i.e. diversity is
expanding), present-day diversity is constrained by evolutionary processes: the time since
a lineage started its diversification and the rate at which it diversified become essential,
and explanations for differences in diversity may be found in differences in these
evolutionary constraints across clades and regions (Stephens & Wiens 2003; Morlon et
al. 2010; Harmon & Harrison 2015; Manceau et al. 2015; Scholl & Wiens 2016).
When diversity is modelled as a function of speciation and extinction using a
birth-death model, a geometric distribution of clade sizes results (Ricklefs 2007; Pyron &
Burbrink 2012; Morlon 2014). Rate-limited process, such as in the non-equilibrium
hypothesis, produces a positive relationship between clade age and diversity. This general
mechanism has been used to explain patterns in biodiversity at numerous scales (Wiens et
al. 2009; Wiens 2011; Scholl & Wiens 2016). However, many groups lack a positive agediversity relationship (Rabosky et al. 2012) prompting some authors to suggest that clade
size may be diversity-regulated under diversity-limited processes, potentially involving
factors limiting the total number of species that can exist (Rabosky 2009; Etienne et al.
2012). Models now account for such controls on diversity, independent of clade age, by
comparing rate-limited process to diversity-limited process (Morlon et al. 2010; Etienne
& Haegeman 2012; Rabosky et al. 2013). Long-term diversity dynamics have long been
studied using the fossil record (Benton & Pearson 2001; Alroy et al. 2008; Rabosky &
Sorhannus 2009; Ezard et al. 2011). However, the sampling bias inherent to the fossil
record of many groups remains problematic (Benton et al. 2000; Kidwell & Holland
2002), although some methods can circumvent these issues (Alroy et al. 2001; Silvestro
et al. 2014, 2019; Close et al. 2018). With the advent of molecular dated phylogenies,
methodological progresses have been achieved in the understanding of diversity
dynamics through time since the nineties with the mathematical foundations of the birthdeath models (Hey 1992; Nee et al. 1992, 1994b, a; Harvey et al. 1994). In the following
decade an explosion of methods emerged to compute the likelihood of observing a given
phylogeny, and associated branching times, under specific models of diversity dynamics
(Pybus & Harvey 2000; Chan & Moore 2002; Rabosky 2006; Rabosky et al. 2007;
Ricklefs 2007; Alfaro et al. 2009; Stadler 2009; Morlon et al. 2010). By comparing the
relative likelihood of these models, one can test competing hypotheses on the pattern and
process of diversification.
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Since my PhD thesis, I am interested in assessing the relative importance of
equilibrium and non-equilibrium processes in shaping patterns of species richness
(Condamine et al. 2012b, a, 2013d, b; Toussaint et al. 2012). Estimating speciation and
extinction rates to explain how clades’ diversity dynamics change through time
(trajectory of diversity over long time scales), whether diversity is at equilibrium or
expanding, yields fundamentally different explanations for the disparity in species
richness across taxonomic groups and geographic regions. Indeed, one can unravel the
past diversity and its dynamics through time and whether diversity is currently saturated
or still expanding. Such knowledge might have implications in conservation strategies
(Morlon et al. 2010; Cornell 2013; Harmon & Harrison 2015; Rabosky & Hurlbert 2015).
A toolkit for macroevolutionary biologists. A number of approaches for studying
macroevolution using phylogenetic trees have been developed in the last few years. After
my PhD thesis, I had the great opportunity to work with Hélène Morlon for my first postdoc, who was freshly hired by the CNRS (Ecole Polytechnique, Paris). Hélène is a
renowned expert in birth-death modelling (Morlon et al. 2010, 2011; Morlon 2014). In
particular, her new method of diversification allowing more accurate estimations of
extinction rate and shifts of diversification in phylogenies blew my mind at the end of my
PhD thesis (Morlon et al. 2011). This was exactly the kind of study I wanted to realize.
During my two years with Hélène, I was outside of my comfort zone while learning all
these methods and trying to develop new ones. Among other projects detailed below, I
took the lead on her 2011 method to improve our ability to infer rates of diversification
through time and eventually declines of diversity.
Along with other Hélène’s students: Julien Clavel, Jonathan Drury, Eric
Lewitus, and Marc Manceau, each working on different models, we presented an R
package, RPANDA, that implements model-free and model-based phylogenetic
comparative methods for macroevolutionary analyses (Morlon et al. 2016). The modelfree approaches implemented in RPANDA are recently developed approaches stemming
from graph theory that allow summarizing the information contained in phylogenetic
trees, computing distances between trees, and clustering them accordingly (Lewitus &
Morlon 2016a). They also allow identifying distinct branching patterns within single
trees. RPANDA also implements likelihood-based models for fitting various
diversification models to phylogenetic trees. It includes birth–death models with constant,
time-dependent and environmental-dependent speciation and extinction rates (Morlon et
al. 2010, 2011; Condamine et al. 2013a). It also includes models with equilibrium
diversity derived from the coalescent process, as well as a likelihood-based inference
framework to fit the individual-based model of Speciation by Genetic Differentiation,
which is an extension of Hubbell’s neutral theory of biodiversity (Manceau et al. 2015).
RPANDA can be used to (1) characterize trees by plotting their spectral density profiles
(2) compare trees and cluster them according to their similarities, (3) identify and plot
distinct branching patterns within trees, (4) compare the fit of alternative diversification
models to phylogenetic trees, (5) estimate rates of speciation and extinction, (6) estimate
and plot how these rates have varied with time and environmental variables and (7)
deduce and plot estimates of species richness through geological time. With this userfriendly package, we hope RPANDA provides a set of tools for exploring patterns in
phylogenetic trees and fitting various models to these trees, thereby contributing to the
ongoing development of phylogenetics in the life sciences. Over time, the package has
been expanded to include more models like for testing the effect of competition on trait
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evolution (Drury et al. 2016) or for testing if and how clade-wide rates of phenotypic
evolution vary with abiotic drivers (Clavel & Morlon 2017).
Ancient, extinction-prone, but still diversifying. I have previously worked on
several clades to test these hypotheses (insects, mammals, birds and plants) (e.g.
Condamine et al. 2012, 2013b, 2015). For some of them I reconstructed the dated
phylogenies myself, and I collaborated for others. When I arrived at the ISEM lab in
January 2016, I started working with Frédéric Delsuc (CNRS, ISEM), and his post-doc
student Gillian Gibb (now in New Zealand). We studied the Xenarthra (armadillos,
sloths, and anteaters) that constitutes one of the four major clades of placental mammals
(Gibb et al. 2016). Despite their phylogenetic distinctiveness in mammals, a reference
phylogeny has long been still lacking for the 31 described species. Gillian and Frédéric
used Illumina shotgun sequencing to assemble 33 new complete mitochondrial genomes,
establishing Xenarthra as the first major placental clade to be fully sequenced at the
species level for mitogenomes. The resulting data set allowed the reconstruction of a
robust phylogenetic framework and timescale that are consistent with previous studies
conducted at the genus level using nuclear genes.
Incorporating the full species diversity of extant xenarthrans points to a number of
inconsistencies in xenarthran systematics and species definition. We proposed to split
armadillos into two distinct families Dasypodidae (dasypodines) and Chlamyphoridae
(euphractines, chlamyphorines, and tolypeutines) to better reflect their ancient
divergence, estimated around 42 Ma. Species delimitation within long-nosed armadillos
(genus Dasypus) appeared more complex than anticipated, with the discovery of a
divergent lineage in French Guiana. Note that further ongoing studies combining
morphometrics and DNA sequencing on a large number of specimens are uncovering the
presence of new species endemic to the Guiana Shield.
It was previously proposed that xenarthran diversiﬁcation has been inﬂuenced by
paleoenvironmental changes triggered by Andean uplift and sea level ﬂuctuations in
South America during the Cenozoic (Delsuc et al. 2004). A suite of diversification
analyses was applied to Xenarthra. Contrary to the main models explaining diversity
through time, we found the net diversification rate tends to increase through time driven
by a higher speciation rate in the last 15 Myrs. This is corroborated by the results
obtained with the two independent models. Furthermore, time-dependent diversification
analyses also portray Xenarthra as an old and species-poor, but nevertheless successful
clade with a low diversification rate throughout the Cenozoic characterized by a high
species turnover driven by an intermediate, but constant extinction rate. The models are
thus congruent on inferring no detectable diversification rate shift and constant extinction
through time, and also agree on the speciation rate inference for which an increase over
time is detected. The inference of extinction on the xenarthran phylogeny seems to in
agreement with the fossil record, which documents a relatively high rate of extinction in
this clade.
This pattern of speciation increase may be explained by the fact that a number of
rapid speciation events in the xenarthran tree and especially within armadillos occurred in
the last 10–15 Ma, during a period of intense cooling (Zachos et al. 2001). This
continuous drop in temperature since the middle Miocene, followed by the setup of the
circum Antarctic current and the last Andean uplift phase (Garzione et al. 2008), caused
the aridiﬁcation of South America and the formation of dry biomes such as Caatinga and
Cerrado in the North, and Chaco and pampas in the Southern Cone (Simon et al. 2009;
Hoorn et al. 2010). Indeed, we also estimated a significant negative correlation between
speciation rate and past temperature fluctuations with an increase in speciation rate
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corresponding to the general cooling observed during the last 15 Myrs. Biogeographic
reconstructions identified the tropical rainforest biome of Amazonia and the Guiana
Shield as the cradle of xenarthran evolutionary history with subsequent dispersions into
more open and dry habitats, in agreement with our meta-analysis (Antonelli et al. 2018c).
Mountains as islands. In parallel, I worked on exploring the mechanisms for
rapid evolutionary radiations and I wanted a limited biogeographic and ecological context
eventually facilitated and limited by ecological opportunity, whereby speciation is most
likely when resources are abundant and potential competitors are scarce. As the radiation
progresses, ecological and/or geographical ‘niche space’ becomes increasingly saturated
resulting in fewer opportunities for speciation.
Mountainous areas contain a substantial part of the world species richness, but the
evolutionary origins and diversification of this biodiversity remain elusive (Hoorn et al.
2013; Antonelli et al. 2018b; Rahbek et al. 2019). Diversification may result from
differences in clade age (longer time to diversify), net diversification rates (faster
speciation rate) or carrying capacities (number of niches). The likelihood of these
macroevolutionary scenarios was assessed for the radiation of Parnassius (Papilionidae:
Parnassiinae) and its six clades (Condamine 2018). Parnassius is a genus of northern
circumpolar and mountain (Alpine and Himalayan) butterflies usually known as Apollos,
is an ideal candidate for testing the role of diversification processes to explain the
assembly of mountain-adapted butterfly communities. The genus has diversified during
the last 15 Myrs into ca. 60 species of which most occur in the Himalayan and Tibetan
mountains, some species even occur at the Everest Base Camp.
The purpose was to identify the nature of diversification processes that better
explains the independent mountain swallowtail radiations by comparing a series of birthdeath models accounting for time-dependent processes to a series of models including
diversity-dependent processes. The analyses suggest that neither the clade age nor the
speciation rate could explain the mountain butterfly diversification. Instead diversitydependence models were strongly supported for each of the six clades. Diversitydependent models further estimated clades’ carrying capacities, which approximate to the
current number of species, indicating that diversity equilibrium has been reached (or
close to being reached). Overall, the results suggest that diversification of mountain
butterflies was controlled by ecological limits, which governed the number of niches, and
provide macroevolutionary justification for regarding mountains as islands (Fig. 16).
This work shows that diversity-dependent processes can govern independent
mountain radiations, and that ecological limits may have been reached today. Island
systems often illustrate the processes of rapid initial diversification just after a migrant
successfully colonized and established into a vacant island, followed by a slowdown of
species formation as the island became occupied (Scantlebury 2013). Mountain ranges
act in similar ways as islands, because they constitute finite geographical and ecological
spaces that offer limited opportunities for diversification as the group invades the
mountain range (Kennedy et al. 2012; Madriñán et al. 2013; Luebert & Weigend 2014;
Price et al. 2014). Despite all the geographical space and potential ecological niches
proposed by the Holarctic mountains, it seems that the roof of the world constitutes
ecological and evolutionary limits to the current Apollo mountain radiations, and
probably for other groups as well.
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Fig. 16. Diversification pattern of Apollo butterflies. The time-calibrated phylogeny (a) shows the Miocene
origin, while the lineage-through-time plots (b-g) suggest independent slowdowns of diversification
potentially due to ecological limits as estimated by diversity-dependent models. For each clade, a
horizontal dashed line denotes the estimated carrying capacity (K) from the best diversity-dependent model,
displayed in the bottom-right corner.
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2.2.2. Studying the role of extinction with species-poor
clades
Taxonomic groups comprise clades with vast disparities in species richness, even
among closely related lineages (Rosenzweig 1995). Among many biological examples,
some may be very appealing such as: (1) the Lepidosauria which only contains today the
tuataras (Rhynchocephalia), represented by only one or two extant species, and their
sister group, the lizards and snakes (Squamata), with more than 10000 species; and (2)
the angiosperms in which the family Amborellaceae currently represented by a single
species endemic to New Caledonia confirmed as the sister group of all angiosperms (with
at least 300000 described species). This pattern applies to many groups (vertebrates,
invertebrates, plants) and at different taxonomic levels (phylum, family, genus). I am
fascinated by these non-random and drastic differences in species richness, as is the
community of evolutionary biologists discussing, sometimes fiercely, the reasons for
such biases (Magallón & Sanderson 2001; Stephens & Wiens 2003; Alfaro et al. 2009;
Rabosky 2009; Wiens 2011; Pyron & Burbrink 2012; Rabosky et al. 2012; Cornell 2013;
Harmon & Harrison 2015; Rabosky & Hurlbert 2015; Scholl & Wiens 2016).
Interestingly, phylogenetic studies tend to focus on species-rich clades because, I
think, we want to understand what fostered such a high diversity in a given group
(Hughes & Eastwood 2006; Rabosky et al. 2007; Alfaro et al. 2009; Valente et al. 2010;
Mahler et al. 2013; Maestri et al. 2017; Drury et al. 2018). In particular most of these
studies focused on deciphering the factors responsible for elevated or low speciation rate.
However, most of these studies ignored the rate of species extinction, probably because
some authors have advocated that extinction should not (or can not) be estimated using
phylogenies of extant species (Paradis 2004; Quental & Marshall 2010; Rabosky 2010,
2016). Although early demonstrations of the birth-death models (Harvey et al. 1994; Nee
et al. 1994a; Purvis 2008) and more recent methodological and/or empirical works
(Morlon et al. 2011; Stadler 2011; Beaulieu & O’Meara 2015; Laurent et al. 2015; May
et al. 2016; Culshaw et al. 2019) show the possibility to recover extinction rates, it is true
that extinction remains complicated to estimate from molecular phylogenies of extant
species (Quental & Marshall 2009; Burin et al. 2019). Yet, extinction cannot be ignored.
This is part of biological evolution since 99.9% of all species that ever lived are now
extinct (Raup 1992, 1994; Peters & Foote 2002; Jablonski 2005). Moreover, we have
now unprecedented high-resolution diversity curves clearly showing episodes of
extinction (including mass extinctions) that punctuated the evolutionary history of life
(Fan et al. 2020). Finally, extinction rate is a central component of the net diversification
rate estimated with birth-death models (Nee 2006; Ricklefs 2007; Pyron & Burbrink
2013; Stadler 2013; Morlon 2014).
Explaining variation in diversity has typically relied on the group of models
presented above (see 2.2.1), potentially limiting our ability to adequately characterize the
diversification processes through time. Yet, neither rate- nor diversity-limited processes
typically account for deterministic extinction (where extinction exceeds speciation),
despite its apparent role in the clades’ diversification. Such a process would lead to a
hump-shaped or declining diversity through time. A negative relationship between clade
age and diversity has been noted in several groups (Rabosky, 2009; Rabosky et al.,
2012), which has been attributed to low speciation or sudden extinction (Crisp & Cook
2009; Antonelli & Sanmartín 2011a). Deterministic extinction could also account for the
prevalence of old, depauperate lineages in many groups (Jablonski 2002; Donoghue &
Sanderson 2015). Hence, ‘relict’ species or species-poor clades are relevant to address the
question of extinction, and consideration of a relict within a molecular phylogeny permits
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estimation of extinction rates (Grandcolas et al. 2014; Near et al. 2014), although they
may be often considered as historical samples that are of little interest in evolutionary
biology and biogeography, but not always (Crisp & Cook 2011; Crisp et al. 2011).
When I presented my CNRS project in March 2015, I argued that estimating
extinction rates and past diversity dynamics is an important focus to take. I thought about
studying species-poor clades (in comparison with their sister clades) assuming that the
extinction process and its temporal dynamic would have played a significant role in these
evolutionary histories. However, since extinction is obviously hard to estimate I wanted
to rely on both molecular phylogenies and the fossil record for selected groups. The fossil
record would be the “witness” of extinction events in which I could trust (Fritz et al.
2013). There is actually a plethora of biological models to which such selection criteria
and evolutionary scenario might apply, especially when working at ISEM with both
neontologists and paleontologists mostly specialists of vertebrates. Using modern and
sophisticated birth-death models (Morlon et al. 2011; Stadler 2011; Silvestro et al. 2014,
2015b; May et al. 2016) coupled to nearly complete phylogenies or fossil data for focal
clades, my aim was to unveil that extinction can actually be estimated with phylogenies
when heterogeneity of diversification rate is taken into account and that fossil data would
confirm the inferred pattern of diversity. Ultimately, I hope this might result in a more
widespread use of these models to infer extinction using phylogenies when fossil data are
lacking.
Tiny rodents are not always successful. A relevant biological comparison in
terms of clade diversity is the sister relationship between Muroidea (>1500 species) and
the Dipodoidea (53 species). Dipodoids are a species-poor clade of rodents distributed
mainly in desert habitats of the Northern Hemisphere (with few colonizations of Africa).
The clade has developed physiological adaptations to arid regions like deserts, semideserts and steppes, such as water-saving strategies or bipedal locomotion permitting to
cover long distances to access resources in arid habitats. As tested in other mammal
groups, we expect that the diversification dynamics of the group may have been related to
those key innovations and to the onset of desert habitats. In the Northern Hemisphere,
desert areas appeared in the mid-Cenozoic (30 to 10 Ma) potentially providing ecological
opportunities for evolutionary radiations of warm or desert-adapted clades. Deserts and
arid regions are generally perceived as low-diversity areas but they have also been shown
to be related to micro-hotspots of diversity.
Julie Pisano (PhD student at the CBGP, Montferrier-sur-Lez) worked on
dipodoid evolution using phylogenetics. Together, when I was in post-doc, we published
the historical biogeography of the group based on a newly reconstructed and dated
phylogeny for the clade (Pisano et al. 2015). We wanted to study their diversification
dynamics to uncover the evolutionary tempo and the factors explaining the low diversity
of the clade. For that purpose, we adopted an approach analyzing phylogeny, fossil
occurrences, morphological traits, and paleoclimatic history to infer the ecological and
evolutionary origins of Dipodoidea. Unfortunately, upon completion of her PhD thesis,
Julie decided to stop doing science and research. I pursued alone with all the data Julie
gathered for this study. In 2019, I proposed Jonathan Rolland and Nathan Mazet (my
PhD student at ISEM who started October 2019 at ISEM) to contribute and help moving
forward. I think this was worthwhile.
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We found that Dipodoidea experienced a wax-and-wane dynamic, with an early
expansion followed by a decline in diversity since ~25 Myrs ago, which may explain the
low extant diversity as compared to its sister group (Fig. 17). This result is noteworthy
because it represents one of the rare examples for which a declining diversity is recovered
using a time-calibrated phylogeny. Similarly to these previous studies, we were able to
recover a decline only when accounting for the heterogeneity of diversification rates in
the phylogeny by isolating species-rich and recently diverged subclades. When we did
not account for this heterogeneity, we found support for a model with an expanding
diversity under constant speciation and no extinction, which was inconsistent with
extinction events recorded in fossil data. By taking into account the heterogeneity of
diversification across clades, our study unveils a decline in diversity, which is in
agreement with our diversification analyses of the fossil record.

Fig. 17. The diversity dynamics of dipodoids through time. Diversification models suggest an expansion
phase with an increase of diversity to a maximum of ca. 450 species in the Eocene-Oligocene (from 48 to
25 Myrs ago) followed by a declining phase with a decrease in species diversity from 23 Ma to the present.
(a) The time-calibrated phylogeny of Dipodoidea showing the subclades where shifts of diversification
rates were tested (red circles) and the subclades where significant shifts are found (colored branches) with
their corresponding best fitting model. (b) The best fitting diversification model for the backbone, after
isolating the subclades, shows a slowdown of speciation through time and a constant extinction, with
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extinction exceeding speciation in the late Oligocene. (c) The diversity trajectories inferred for each of the
four dipodoid groups (Allactaginae, clade Dipus + Eremodipus, Sminthidae, and Zapodidae) and the
diversity trajectory inferred for the rest of dipodoids (backbone) when different diversification rates are
assigned to the subclades. (d) The total diversity curve inferred for the Dipodoidea obtained by summing
the five diversity trajectories for the subclades, and the backbone phylogeny. Pli: Pliocene, P: Pleistocene.

Several hypotheses can be formulated to explain the decline in dipodoid diversity
through time due to a substantial decrease of speciation rates. Additional analyses
indicates that the two clades having respectively only quadrupedal species (Sminthidae)
or bipedal species (Dipodidae) had similar net diversification rates, suggesting no effect
of locomotion on the diversification of dipodoids. Other analyses suggested that past
warm periods have fostered speciation in dipodoids. A positive temperature-dependence
on speciation rates indicate a decrease in diversification during the expansion of desert
regions since the mid-Miocene climatic optimum. According to this result, the climate
may have played a role on the diversification of the clade such that the decrease of net
diversification, detected with time-dependent models, could be due to the global cooling
since 25 Myrs, which marked a shift in Earth’s climate from a warm to cool period. This
is consistent with recent results on tetrapod families showing a link between decrease in
diversification and the global cooling in the Cenozoic (Condamine et al. 2019). We
expected diversification to be negatively linked with temperatures, because colder
temperatures were associated to the expansion of dry and desert ecosystems, which
correspond to new habitats and new niches to colonize, but found the opposite pattern in
dipodoids. Phylogenetic ancestral estimates reconstructed the habitats of early jerboas in
forested environments in the Oligocene and early Miocene, which seems to have favored
the evolution of bipedalism as an adaptation to humid woodlands or forests for vertical
jumping. Under such a scenario, we thus hypothesize that the global Cenozoic cooling
may be responsible for the slowdown in speciation rates for dipodoids, which eventually
led to the declining diversity because forested environments were shrunk (Pound et al.
2012).
Live slow, die old. Applying a similar approach to the Dipodoidea, Livia
Rodrigues De Da (a Master 1 Darwin) wanted to work with me on turtles to study their
macroevolutionary dynamics. We used phylogenetic approaches of diversification to
provide a better understanding of the global diversification dynamics of turtles, paying
particular attention to identifying putative factors and understand their extinction. We
aimed at detecting the presence of variations in the pace of species diversification and
extinction over time and across the turtle tree of life. Given the previous analyses of the
fossil record (Nicholson et al. 2015), we expected to unveil periods of declining diversity,
with clades that experienced past extinction events, but also clades that have recently
diversified. We also tested whether there are macroevolutionary correlations between
life-history traits (biological, ecological and geographical) and the diversification
dynamics of turtles, but I will not present these results.
The diversity through time of turtles has seldom been inferred (but see Nicholson
et al. 2015), likely due to a lack of methodological tools rather than a lack of
phylogenetic or fossil data. Using a phylogenetic inference method of diversification
(Morlon et al. 2011), a hypothetical diversity dynamic for Testudines have been
reconstructed and complemented to fossil-based analyses. The first Testudines appeared
in the Middle Jurassic, which is in line with our estimates of PyRate dating the crown at
the boundary between Early and Middle Jurassic, although stem lineages (not considered
here) date back to Late Triassic (Joyce et al. 2016). Testudines then diversiﬁed from the
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Late Jurassic onwards, and expanded particularly rapidly in the Cretaceous with
emerging lineages in Cryptodira and Pleurodira. A revision of the global distribution of
fossil and recent turtles showed that the primary lineages of turtles can be traced back to
the Middle Jurassic of Euramerica, Gondwana, and Asia (Joyce et al. 2016). The
paleontological study revealed that the early diversification of turtles from the Middle
Jurassic to Early Cretaceous was driven by vicariance (Joyce et al. 2016). Interestingly, a
biogeographic analysis based on the phylogeny of extant species estimated an early
vicariance event leading to Cryptodira and Pleurodira, caused by the dislocation of
Pangea at that time (Pereira et al. 2017). Cryptodira then evolved mostly in the
Paleotropics and as a Laurasian clade, while Pleurodira remained in the Neotropics and
colonized Australasia as a typical Gondwanan clade (Joyce et al. 2016; Pereira et al.
2017). These biogeographic events were likely the onset of the observed rapid JurassicCretaceous diversiﬁcation we infer with the molecular phylogeny and fossil record.
Both the fossil-based and phylogeny-based diversity estimates indicated that the
diversity of turtles peaked in Late Cretaceous (Figs. 18 & 19), in agreement with a
paleontological study (Nicholson et al. 2015). More importantly, the two approaches also
unveiled a period of diversity decline initiated at the Cretaceous-Paleogene boundary.
While this may be tempting to attribute such a decline to the mass extinction event, we
remain cautious because, up to our knowledge, there have been no previous study on how
turtles have coped with this biological crisis contrary to other tetrapod groups. In
addition, fossil-based estimates indicate a more sudden drop of diversity than phylogenybased estimates, which show a prolonged decline to the present. Fossil-based estimates
still show that turtle diversity did not bounce back to pre-extinction level, but rather
stabilized in the Cenozoic with slight increases of diversity in the early Eocene, at the
Eocene-Oligocene boundary, and in the middle Miocene, but also decreases of diversity
in the mid-late Eocene, late Oligocene, and Pliocene onwards. Both types of data and
models recover the decline and suggest a real diversity pattern, rather than an artifact,
which is worth studying with thorough species-level analyses of the fossil record.
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Fig. 18. The diversity dynamics of turtles through time as estimated with the molecular phylogeny. (a) The
time-calibrated phylogeny of Testudines showing the subclades where shifts of diversification rates were
found (colored subclades) and the backbone (black branches) with their corresponding best fitting model.
(b) The best fitting diversification model for the backbone, after isolating the subclades, shows a slowdown
of speciation through time and a constant extinction, with extinction exceeding speciation at the end of the
Late Cretaceous. (c) The diversity trajectories inferred for each of the turtle families and the diversity
trajectory inferred for the rest of turtles (backbone) when different diversification rates are assigned to the
subclades. For the backbone, the diversification model suggests an expansion phase with an increase of
diversity to a maximum of ca. 100 species in the Late Cretaceous followed by a declining phase with a
decrease in species diversity until the present. Each geological period and epoch are delimited (time in
million years).

Fig. 19. The diversification dynamic of turtles as inferred with the genus-level fossil record. Bayesian
inferences of speciation (a) and extinction (b) rates with analyses at the genus level under the birth–death
model with constrained shifts of PyRate. (c) The net diversification rates are the difference between
speciation and extinction rates (rates below 0 indicate declining diversity). Solid lines indicate mean
posterior rates and the shaded areas show 95% CI. (d) The turtle diversity trajectories incorporating
uncertainties around the age of the fossil occurrences. The results indicate that the diversification of turtles
was (1) punctuated by peaks of diversification in the Late Jurassic, Early Cretaceous, and Late Cretaceous;
and (2) punctuated by high extinction peaks at the Jurassic-Cretaceous and K-Pg boundaries. The species
diversity slightly bounced back after the K-Pg event but did not recover to pre-extinction levels, and the
turtles are declining since the last 10 Myrs.

Similarly to Cetaceans and Archaeobatrachia, we concur on the idea that radiating
clades mask the signal of extinction in the phylogeny (Morlon et al. 2011; Billaud et al.
2020), and that we can estimate extinction rates from phylogenies of extant species
(Harvey et al. 1994; Morlon 2014). Moreover, the diversification dynamics inferred for
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each of the seven families reject the hypothesis that clade ages alone explain the
differences in extant diversity observed between families (originally proposed for turtles,
Stephens & Wiens 2003). The Geoemydidae family, for example, is more recent than the
Trionychidae family and yet has twice as many species. These results underline the fact
that the clade-specific rates of diversiﬁcation may be more important on determining
clade diversities (Rabosky et al. 2012).
Threatened one day, threatened all days. Assuming the phylogenetic methods of
diversification are robust to detect extinction, we can fit these models to clades that have
a poor fossil record. Hence, Heather Hines (Associate Professor in Penn State
University, USA) and I investigated how the bumblebees, genus Bombus (Insecta:
Hymenoptera: Apidae), which comprised of 250 mostly cold-adapted species, diversified
through time (Condamine & Hines 2015). Bumblebees are an iconic insect group
sensitive to current global changes (Kerr et al. 2015; Soroye et al. 2020). Through a
likely combination of habitat loss, pathogens, and climate change, bumblebees have
experienced major population declines and several species are threatened with extinction
(Goulson et al. 2015; Stanley et al. 2015).
Using a time-calibrated tree of Bombus (Hines 2008), we analyse their
diversification dynamics and test hypotheses about the role of extinction, notably during
major environmental changes in their evolutionary history that dates back to more than
30 million years. These analyses support a history of fluctuating diversification dynamics
with two periods of diversity declines (negative diversification rates): the first of these
events started after the mid-Miocene climatic optimum and prolonged during the late
Miocene, and the second during the early Pliocene. Interestingly, the first period of
decline is attributed to increase of extinction, while the second is due to a decrease of
speciation. Both periods are coincident with adverse environmental changes, like climate
and vegetation shifts (Zachos et al. 2001; Pound et al. 2012), that may have extirpated
species. In the Pliocene, the cooling trend had eliminated warm-temperate-mixed forests
and had formed mid-latitude cool temperate habitats (Pound et al. 2012). These
environments were likely favourable to these primarily cold-temperate bees, which may
have undergone an ‘evolutionary lag’ in speciation because of increased gene flow in an
expanding niche.
As expected, we found that bumblebees experienced high diversification rates
during the Plio-Pleistocene glaciations. For these cold-adapted bees, climatic oscillations
are likely to have isolated populations in refugia, leading to allopatric differentiation
during glacial periods and recolonizations during post-glacial periods. This may have
been especially facilitated by the largely alpine distribution of bumblebees, which may
have become isolated on mountain-tops in warm phases and moved down into valleys
and expanded their ranges in cold periods.
We found evidence of past shifts in extinction rates and a potential ongoing
extinction period in bumblebees, each quite synchronous with environmental shifts. I
would like to highlight that these findings are not isolated: exceptional extinction patterns
were also found in other insect clades without a good fossil record (Rehan et al. 2013;
Toussaint et al. 2015; Toussaint & Condamine 2016; Condamine et al. 2018b).
Altogether, these results demonstrate how several clades have experienced drastic periods
of extinction during environmental changes, which we may explore in the next section.
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Fig. 20. Diversification pattern of bumblebees. (a) A circular tree showing the evolutionary timeline of the
clade with the inferred shifts of diversification rates through time indicated with red circles.
Biogeographical reconstructions from Hines (2008). (b) A synthetic view is provided for the possible
evolutionary and ecological determinants of the Bombus diversification.

I have also worked on biological examples such as the striking difference in
species richness between gymnosperms (≈1000 species) and angiosperms (≈300000
species) through collaborations with Andrew Leslie (Stanford University, USA) for
conifers, and Nathalie Nagalingum (California Academy of Sciences, USA) for cycads.
Both groups have a good fossil record and periods of extinction, making those groups
particularly relevant for quantifying extinctions using phylogenies and compare these
estimates to the fossil record. Two Master students, Iris Prigent (M1 Darwin) and Agnès
Orsoni (M2 Darwin) studied their diversification, and these works are in progress.
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2.3. The impact of past environments on diversity
dynamics
2.3.1. A
diversification

model

to

estimate

environment-dependent

Earth’s history has been punctuated by major environmental changes.
Environments have changed as a result of biotic and abiotic factors such as the
colonisation of land by plants, geological events (e.g. volcanism and tectonics) and global
warming and cooling events (Barnosky et al. 2012). Many studies have suggested a
prominent role of these environmental changes on diversification (Peters 2005, 2008;
Erwin 2009; Hannisdal & Peters 2011; Condamine et al. 2012b). In addition,
understanding the role that changing abiotic factors had in shaping biodiversity dynamics
can help predict the potential effect that current changes will have on biodiversity
(Barnosky et al. 2011; Harnik et al. 2012; Blois et al. 2013; Condamine et al. 2013a;
Finnegan et al. 2015).
Phylogenies have been used to understand diversification in light of underlying
environmental changes. For instance, phylogenies in combination with the Cenozoic
climate (Zachos et al. 2001, 2008) or sea level (Miller et al. 2005, 2011) curves have
shown the synchronicity of warming or cooling events for instance with important
phylogenetic events or periods of diversification (Mercer & Roth 2003; Delsuc et al.
2004; Clarke et al. 2007; Antonelli & Sanmartín 2011a). Among many others, these
studies, however, have mostly relied on purely visual and descriptive inspections of
phylogenies in parallel to paleoenvironmental curves.
Birth-death likelihood methods have been used to test the hypothesis that a shift
in speciation rate occurred at specific Cenozoic climatic events (Winkler et al. 2009;
Condamine et al. 2012b). In these studies, climatic events were modelled as punctuated
events, for instance a shift is tested at 25 Ma in the case of the late Oligocene warming
event (Zachos et al. 2008). To do so, the authors tested support for a two-rates model
with a shift coinciding with the climatic event vs. a one-rate model corresponding to the
null hypothesis of no rate shift (Winkler et al. 2009; Condamine et al. 2012b). While
these analyses were performed with a likelihood expression that assumed no extinction,
likelihood expressions including extinction rate are since then available (Stadler 2011;
May et al. 2016). In addition, these approaches are not restricted to a single rate shift and
could thus be used to test support for multiple shifts in speciation or extinction rates over
the time-series and their concordance with environmental shifts (Condamine & Hines
2015; Toussaint & Condamine 2016; Letsch et al. 2018). However, the ‘shift’ approach
might not always be well adapted to analysing the effect of environmental change, in
particular when warming or cooling events are not short. The Oligocene warming event
lasted about 3 Myrs, and other events, such as the one that occurred during the Permian
(Chen & Benton 2012), lasted even longer. In addition, these approach are mostly
correlative and thus does not allow quantifying how an environmental variable (e.g.
temperature) influences diversification rates.
To quantify the effect past environments had on diversification rates, during my
first post-doc with Hélène Morlon (CNRS, Paris), I have developed an approach that
explicitly link speciation and extinction rates to the fluctuations of the paleoenvironment.
This birth-death approach builds on time-dependent diversification models (Nee et al.
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1992, 1994b; Nee 2006; Morlon et al. 2010, 2011), and assumes that clades evolve under
a birth-death process. Speciation (λ) and extinction (µ) rates can depend not only on time
t but also on an external variable, the environment (denoted E hereafter), itself depending
on time (Condamine et al. 2013). In this model, the observations of E are discrete and
therefore environmental data is transformed into a continuous function of time using a
smoothing (spline) function to allow the modelling of diversification rates in continuous
time before being plugged into parametric functions describing how speciation and
extinction rates vary with the environment (Fig. 21).

Fig. 21. Environmental changes over the last 40 million years. (a) Trends in global climate change
estimated from relative proportions of different oxygen isotopes (Zachos et al. 2008). (b) Trends in
Himalayan-Tibetan elevation for the last 40 Myrs, compiled from data from a literature survey; our
compilation shows that the HTP was as high as 3000 m in the Eocene, congruent with recent reviews.

In this model, speciation and extinction rates vary as a function of the past
environmental variable(s), hence denoted λ(E) and µ(E). We consider the phylogeny of n
species sampled from the present, and allow for the possibility that some extant species
are not included in the sample by assuming that each extant species was sampled with
probability f ≤ 1. Time is measured from the present to the past such that t1 > t2 > ... > tn
denote branching times in the phylogeny, where t1 is the stem age and t2 the crown age of
the phylogeny.
The probability density of observing such a phylogeny, conditioned on the
presence of at least one descendant in the sample, was already available (Morlon et al.
2011). The approach can be used to derive likelihoods for any functional form of λ and µ.
We can consider linear and exponential dependencies as in time-dependent models, but
with t replaced by E. In this case λ0 (µ0) is the expected speciation (extinction) rate under
a value of of 0 for the measured environment, and α (β) measures the sign and strength of
the temperature dependence (Fig. 22).
A positive α (β) indicates that speciation (extinction) rates are higher with an
increase of the environmental value, while a negative α (β) indicates that speciation
(extinction) rates are higher with a decrease of the environmental value (Condamine et al.
2013a).
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Fig. 22. Illustration of the model parameters and expected estimates. For a given environmental variable
(green) for which we know the temporal values, the model links speciation (λ) and extinction (µ) to this
variable through two parameters that measure the dependency to this variable through time: α for speciation
and β for extinction.

Since then, after testing the model with simulations and empirically (Claramunt &
Cracraft 2015; Condamine et al. 2015b, 2018b; Gibb et al. 2016; Lagomarsino et al.
2016; Kong et al. 2017; Pérez-Escobar et al. 2017; Kergoat et al. 2018; Lewitus &
Morlon 2018; Esquerré et al. 2019), we improved this environment-dependent model to
take into account phylogenetic and dating uncertainties associated with the reconstruction
of evolutionary history of clades, and make it user-friendly through its implementation in
the RPANDA package (Morlon et al. 2016). We hope it allows evolutionary biologists to
rely on a maximum-likelihood framework to test several birth-death models with any
environmental variables. To promote a broader use of this model, I wrote a book chapter
to lay the foundation of such a statistical framework allowing to test simple hypotheses
(constant diversification) to increasingly complex diversification models including
environment-dependent diversification models (Condamine et al. 2018a). After a review
of phylogenetic diversification models, we proposed a unified phylogenetic framework
that explicitly disentangles the influences of mountain orogeny, climate change and intraclade ecological interactions. Relying on recently developed birth-death models, we build
a model-testing approach that compares various diversification scenarios. Our approach
includes a series of biologically realistic models to estimate speciation and extinction
rates using a phylogeny, while assessing the relationship between diversification in the
focal clade with an environmental variable, with growing species diversity within the
focal clade or with the diversity of interacting clades. Other than spurring the use of these
models, the idea was also to demonstrate how one can combine phylogenies and Earthscience models to untangle the complex interplay of geology, climate and ecology in
generating biodiversity.
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2.3.2. Paradigms on the causes of diversification slowdowns
Most biologists and geologists have a general sense that climate and climate
change have played a signiﬁcant role in the evolution of life (Erwin 2009). Conﬁrming
this suspicion and identifying the mechanistic basis of the relationship prove to be much
more difﬁcult (Currie et al. 2004). In many cases the estimation of the impact of climate
is indirect (Winkler et al. 2009; Davis et al. 2016), through abiotic changes in weathering
rates, circulation patterns, and similar effects (Lomolino et al. 2016; Antonelli et al.
2018b). Looking for a relationship between climate and evolution through a broader
temporal perspective emphasizes uncertainties over whether climate exerts its inﬂuence
on evolution through climatic change, climatic variability, or long periods of climatic
stasis (Currie et al. 2004; Sandel et al. 2011; Rangel et al. 2018; Saupe et al. 2019b).
Over the past four billion years, the Earth has experienced great climatic variability
(Hönisch et al. 2012; Veizer & Prokoph 2015; Foster et al. 2017). The best-studied mass
extinction events are associated with sharp changes in climate and support the contention
that shifts in climate can reduce global diversity in at least three of the ‘Big Five’: the
end-Ordovician (443 Ma) with a glaciation, and the end-Permian (252 Ma) and the endCretaceous (66 Ma) with global warming (Raup & Sepkoski 1982; Alroy et al. 2008;
Barnosky et al. 2011).
Among the climatic variables that may have influenced diversification,
temperature is one of the most likely. Global temperatures have substantially varied
during Earth’s history (Zachos et al. 2008; Cramer et al. 2011; Hansen et al. 2013; Veizer
& Prokoph 2015), and these past climatic changes are thought to have played a major role
in determining the fate of clades (Jaramillo et al. 2006; Mayhew et al. 2008, 2012; Erwin
2009; Ezard et al. 2011; Hannisdal & Peters 2011; Condamine et al. 2012b). Present-day
biodiversity patterns also suggest an important effect of temperature on diversification
rates: species richness is typically higher in warm areas such as the tropics than in cold
areas such as the Northern Hemisphere (Rosenzweig 1995; Gaston 2000), which,
provided present-day richness reflects past diversification events rather than current
ecological constraints, suggests that diversification rates are higher under warm climates.
Phylogenetic analyses have indeed found higher speciation rates in the tropics (Wiens et
al. 2009; Condamine et al. 2012b; Pyron & Wiens 2013; Pyron 2014b; Rolland et al.
2014).
Phylogenetic models of diversification directly accounting for environmental
changes have been developed only recently (Condamine et al. 2013a; Cantalapiedra et al.
2014; Lewitus & Morlon 2018), and they have only been applied to few empirical
studies. So I take advantage of the environment-dependent diversification model,
explained above (see 2.3.1), explicitly accommodating the influence of changing
environment over time to assess corresponding patterns of the species diversification. We
tested whether and how past climatic (temperature) variations have influenced the
diversification of tetrapods, including endotherms and ectotherms. We compile a dataset
of 218 well-sampled species-level phylogenies covering more than half of tetrapod
diversity and assess the relative support, in a maximum-likelihood framework, of a series
of 26 birth-death models reflecting different hypotheses about diversification. These
models assume either that speciation and/or extinction rates remain constant, that they
vary through time, that they vary according to diversity-dependent processes with limits
that are temperature-independent, or that they vary according to past temperature
variations (Condamine et al. 2019a). This has been a 7-year long project that started
during my first post-doc with Hélène Morlon.
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This empirical meta-analysis of the environment-dependent diversification
approach with temperature variations through time applied to tetrapod families identified
several important results (Condamine et al. 2019a). First, we found that models including
variation in the diversification rates (either time-dependent, temperature-dependent or
diversity-dependent models) outperformed models with constant-rate diversification in
72% of the phylogenies (157 of 218); this number increased to 86% when considering
only phylogenies with more than 50 species (Fig. 23). Consistent with previous studies,
we thus confirmed a general trend for a slowdown in speciation rate through time across
clades (McPeek 2008; Phillimore & Price 2008; Morlon et al. 2010). Models with a
decrease of speciation rate through time have often been used as an approximation to
diversity-dependent models, and interpreted as evidence of “niche-filling” processes,
including competition for limited resources (Pigot & Tobias 2013), adaptive radiations
(Glor 2010), and potential ecological limits on the number of species within a clade
(Rabosky 2009).

Fig. 23. Temperature-dependency of speciation rates across tetrapods. The histograms report, for all groups
together (Global) and for speciﬁc sub-groups, the percentage of phylogenies best supported by a model
with speciation rates that are constant (in grey, 28% of the phylogenies), time-dependent (in blue, 18% of
the phylogenies), diversity-dependent (in yellow, 19% of the phylogenies), or temperature-dependent (in
red, 35% of the phylogenies). 30 of the 99 phylogenies that were better supported by time-constant than
time-variable speciation models are even better supported either by temperature-dependent speciation
models (20 of the phylogenies), or diversity-dependent speciation models (10 of the phylogenies). 87 of the
119 phylogenies that were better supported by time-variable than rate-constant models are even better
supported either by temperature-dependent speciation models (56 of the phylogenies), or diversitydependent speciation models (31 of the phylogenies). Numbers in parentheses indicate the number of
phylogenies in each group.

Second, and perhaps more importantly, when all models are compared together,
we found that temperature-dependent models better explained diversification in 35% of
the phylogenies (44% of the phylogenies with more than 50 species), time-dependent
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models in 18% (29%), and diversity-dependent models in 19% (13%). The remaining
phylogenies (28%, 14% of the large phylogenies) are still explained by constant
diversification rates.
Third, we identified a clear relationships between speciation rates and
temperature. When a temperature-dependent diversification model was selected (which
was the case in 76 of the 218 phylogenies), temperature-dependency affected only
speciation in 68%, only extinction in 5%, and both speciation and extinction in 26% of
the clades. Of the 72 families where speciation was inferred to vary with temperature,
most (68) had speciation rates that depend positively on temperature. A positive
dependence of speciation to past temperatures indicates that speciation rates tend to be
higher under warm climates (Fig. 24), in agreement with the general idea that higher
temperatures foster diversification (Allen et al. 2006; Jaramillo et al. 2006; Gillooly &
Allen 2007; Erwin 2009; Mayhew et al. 2012). In addition, this trend of faster speciation
and extinction during warm geological periods was consistent across endotherms versus
ectotherms, and across tetrapod groups.

Fig. 24. Speciation rates of tetrapods tend to decline towards the present as a result of climatic cooling. The
curves represent the speciation rate of each of the 76 tetrapod families supporting a temperature-dependent
speciation model, as estimated by the best-ﬁt temperature-dependent model. Results are similar across
endotherms and ectotherms. A colour pattern at the top of each panel indicates the succession of past warm
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and cool periods previously identiﬁed (e.g. Zachos et al. 2008; Veizer & Prokoph 2015), based on a
sustained increase or decrease in Earth’s average temperature relative to the preceding and succeeding
periods. A geological time scale at the bottom indicates the geological periods. Abbreviations: K:
Cretaceous, P: Paleocene, E: Eocene, O: Oligocene, M: Miocene (the two last periods, Pliocene and
Pleistocene, are shown but not labelled).

To me this study shakes established and long-standing ideas for explaining why
and how diversification rates vary over time. The factors driving these variations remain
unclear, but it is clearly apparent in the literature that temporal declines in speciation
rates are often interpreted as the effect of ecological limits, competition, and diversity
dependence, emphasising the role of biotic factors (McPeek 2008; Phillimore & Price
2008; Rabosky & Lovette 2008; Rabosky 2009, 2013; Glor 2010; Etienne et al. 2012;
Jønsson et al. 2012; Scantlebury 2013). Abiotic factors, such as climate change, are also
supposed to have affected diversification rates over geological time scales, yet direct tests
of these presumed effects have mainly been limited to few clades well represented in the
fossil record.
Although it is difficult to discriminate the different models with confidence,
temperature-dependence finds at least as much support than diversity-dependence. Most
phylogenies (89%) supporting temperature-dependent speciation suggest that speciation
rates have been higher during warm geological periods, consistent with temporal trends
observed in the fossil record and latitudinal trend in speciation rates. If speciation rates
are positively correlated with temperature, then the global climatic cooling of the
Cenozoic would result in coordinated slowdowns in speciation rates across clades. Thus,
at least part of the diversification-rate slowdowns widely described in the literature may
be linked to global climatic cooling. These results call for a better integration of these two
processes in studies of diversification dynamics.

2.3.3. Environmental drivers of diversification
In the preceding, we have considered only temperature as a potential determinant
of speciation and extinction rates, such that the inferred time-variation in speciation rate
matches the time-variation in global temperature (Condamine et al. 2019a). More
elaborate applications of the approach considering other paleoenvironmental data alone
or in combination might provide valuable insights for understanding the drivers of
diversification (Hannisdal & Peters 2011; Lehtonen et al. 2017). Having introduced this
important environmental variable, I was interested in testing the effect of several
environmental variables like sea level fluctuations, the mountain orogeny (in different
places: Andes and Himalaya), the atmospheric carbon concentration often suggested as a
good proxy for climate change (Royer et al. 2004; Royer 2016), the number of continents
through time (at global scale using paleogeographical data, or at regional scale for
instance an archipelago or insular system), the relative proportion of a clade (e.g.
angiosperm proportion begins from zero in the Early Cretaceous and reached 80% at the
end of the Late Cretaceous), the apparition and growth in abundance of grasslands in the
middle Miocene. Obviously, there is much less theory about the effect of those variables
on diversification and diversity dynamics. Yet they are important components of the
biotic environment (Peters 2005, 2008; Cárdenas & Harries 2010; Hannisdal & Peters
2011; Liow et al. 2015). Using the maximum-likelihood framework introduced just
above, I wanted to assess how important is the role of some of these environmental
variables. Perhaps some of them did not play a significant role, and others are proved to
be paramount drivers of diversification.
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This idea might be well illustrated by a study I conducted on the evolution of
birdwing butterflies (Papilionidae) that comprise ca. 40 species, most of them are islanddwelling in the Indomalayan-Australasian Archipelago (Condamine et al. 2015b). A large
number of birdwing butterfly species are threatened to extinction (Collins & Morris
1985). Despite their popularity, we know so little about their evolutionary history
(Scriber et al. 1995; Braby et al. 2005). After estimating a molecular dated phylogeny of
the group, we used paleoenvironmental diversification models that unveil, to my surprise,
high extinction rates during periods of global warming and elevated sea level. Following
the mid-Miocene climatic optimum, a global cooling period seems to have fostered the
diversification of birdwing butterflies probably due to the release of environmentally
mediated extinction (Fig. 25). Coupled with historical biogeography showing a high
frequency of island colonizations, we hypothesize on a pattern of ‘temporal niche
dynamics’ (Tan et al. 2013) that continuously created or erased habitats (due to sea level
variations) to explain the evolutionary history of these butterflies.

Fig. 25. Evaluation of the effect of environmental changes on diversification processes in the evolutionary
history of birdwing butterflies. (a) Major trends in global climate change (Zachos et al. 2008), and (b)
major trends in global sea level (Miller et al. 2005) during the last 26 Myrs, estimated from relative
proportions of different oxygen isotopes. (c) Best model for temperature-dependent diversification with a
positive relationship between extinction rate and palaeo-temperatures. (d) Best model for a sea level-
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dependent diversification with a positive relationship between extinction rate and past sea levels. Dotted
lines indicate the maximum and minimum limits of the confidence interval obtained from 500 phylogenies,
and the continuous line represents the average. (e) The Indomalayan-Australasian Archipelago when sea
level varied in the past, and under two projections of sea-level decrease. Pictured is Ornithoptera
alexandrae, a threatened species living in the coastlines of Southeast Papua New Guinea. Oligo.,
Oligocene; Pli., Pliocene; and Q, Quaternary.

Since 2016, when I became a CNRS researcher, studying the role of past
environments on diversification was a key part of my proposed CNRS project, and has
always been of great interest to me. As a consequence, I worked on searching and
compiling paleoenvironmental data while I was questioning myself on the role of
environmental drivers. I needed students and collaborators to test the model first, and also
defy the implications such modelling could have. I have then collaborated or supervised
students to test the role of these variables on rates of species diversification and/or
extinction. Some examples of these results are listed below.
Monsoon activity. With Hanghui Kong, a Chinese post-doc in the South China
Botanical Garden (Chinese Academy of Sciences, China), we were wondering about the
impact on species diversification of the onset and change of monsoon activity in
Southeast Asia (Kong et al. 2017). Hanghui works on the angiosperm plant family
Gesneriaceae, and in particular with the species-rich genera Oreocharis (ca. 140 species)
and Primulina (ca. 170 species). Both are endemic to Southeast Asia and show high
levels of ecological (edaphic) specialization, providing an exceptional model to study the
plant diversification. Here we focus on the genus Primulina that is adapted to karst
environments. Karst ecosystems in southern China are species-rich and have high levels
of endemism (Mittermeier et al. 1999; Myers et al. 2000), yet little is known regarding
the evolutionary processes responsible for the origin and diversification of karst
biodiversity.
Hanghui accomplished a tremendous work in sampling all described species
(while discovering new ones) and sequenced nine chloroplast and 11 nuclear regions to
reconstruct a dated phylogeny for the genus. Primulina originated in the mid Miocene (15
Ma), a warm period (Zachos et al. 2001). We then applied macroevolutionary analyses to
assess the origin and cause of species diversification due to paleoenvironmental changes
and also evaluate edaphic specialization on diversification. Interestingly, we found that
speciation was positively associated with changes in past temperatures and East Asian
monsoons through the evolutionary history of Primulina. Regarding the monsoondependent model, this result suggests that the more intense monsoon activity was the
higher speciation rates were. This was the case in the middle Miocene, when climatic
change likely triggered an early burst followed by a slowdown of diversification rate
towards the present with the global cooling and drying. Our findings suggest that both
global temperature changes and East Asian monsoons have played crucial roles in plant
diversification within the karst ecosystems in southern China, such that speciation was
higher when climate was warmer and wetter.
Up to our knowledge, these results are the first showing a positive association
between speciation and monsoon activity, which calls for further empirical tests on the
origin and diversification of biodiversity in global karst ecosystems, most of which are
under threat. It is also important to note that we detected different speciation rates among
edaphic types, suggesting karst soils provide heterogeneous diversification, perhaps due
to different ecological niches that suit or not the physiological requirements of Primulina.
Hanghui and I continue to collaborate and we are now studying the diversification
of the genus Oreocharis showing a similar distribution in Southeast Asia. Hanghui has
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also realized an important sampling including 93% of the described species and
transcriptomic data (2396 genes).
Mountain orogeny. Concerning the effect of mountain building on diversity, I
have first focused on the Andes because there is a fierce debate on whether the Andean
uplift has promoted the diversification of the most species-rich region of the world
(Drummond et al. 2012; Hoorn et al. 2013; Hutter et al. 2013; Antonelli et al. 2018b;
Rahbek et al. 2019). However, there are few explicit tests of this hypothesis, with most
studies stating a link but without showing an effect (Hughes & Eastwood 2006; Antonelli
et al. 2009; Madriñán et al. 2013; Luebert & Weigend 2014). With Laura Lagomarsino,
a PhD student at Harvard University (Cambridge, USA), we proposed a proof of concept
testing the Andean orogeny and its impact on diversification of bellflowers (Lagomarsino
et al. 2016), and better explained below (see 2.4 below). In summary, we found higher
speciation during major episodes of Andean uplift, and as above for the monsoon activity
this study called for a broader investigation of the effect of Andes on Neotropical
diversification.
With Andrea Meseguer, a post-doc student hired in the context of the
NeotroPhyl project (Labex CEBA), we studied the macroevolutionary processes
underlying the world’s most biodiverse region, the Neotropics. We also built up a team
including botanists, paleobotanists, zoologists, and paleontologists, and Alice Michel at
the time a Master 1 Erasmus Mundus.
We decided to address such a topic through the lens of “stability versus
instability” as envisioned through paleoenvironment-dependent models that aim at
estimating a link with changing environment and diversification. The tropics, and by
extensions the Neotropics, are traditionally considered the result of long-term
environmental stability (Wallace 1878; Pianka 1966; Rohde 1992; Willig et al. 2003;
Mittelbach et al. 2007; Mannion et al. 2014). In the last decades, studies suggest that
environmental “instability” instead, specially the dramatic modifications caused by the
uplift of the Andes, is responsible of the Neotropical diversity (Hoorn et al. 2010;
Antonelli & Sanmartín 2011b; Hoorn & Wesselingh 2011; Antonelli et al. 2018a). Yet,
we think that a comprehensive understanding has been hindered by a lack of large-scale
comparative data across wide phylogenetic and ecological contexts.
We therefore evaluated the timing and drivers of Neotropical diversification in a
large sample of Neotropical clades to get a better understanding of macroevolutionary
processes. In total, we obtained 150 dated phylogenies (representing 12524 species) of
seed plants and major tetrapods (amphibians, mammals, squamates, and birds). In a
maximum-likelihood framework including constant-rate, time-dependent, temperaturedependent, and-uplift dependent models, we find four general trends (Fig. 26): (1) half of
the clades diversified at constant rates, suggesting that Neotropical diversification often
occurred as a steady pace; (2) past environmental variations correlate with diversification
rates in 37% of the studied clades, but with clade-specific responses such that: (4) birds
and mammals diversified extensively during warm periods and the global cooling
resulted in synchronous slowdowns of diversification in agreement with previous studies
(Jaramillo et al. 2006; Mayhew et al. 2012; Condamine et al. 2019a), while plant
diversification generally increased during cooling and toward the present; and (5) the rise
of the Andes mostly impacted ectotherm animals (amphibians and squamates).
Hence, this study suggests that, when studying Neotropical clades, multiple
causes of diversification must be evaluated at the same time and not only the Andes as
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often reported. More generally, we find that environmental instability over
macroevolutionary scales may in fact act as a driving force of Neotropical diversification.

Fig. 26. Drivers of Neotropical diversification. The histograms report the proportion of (a) phylogenies and
(b) species whose diversification rates are best explained by a model with constant, time-dependent,
temperature-dependent, or uplift-dependent diversification. The number of phylogenies (and species)
per group is shown in parentheses. Constant diversification models find most support when whole
Neotropical tetrapod and plant phylogenies are considered, while temperature-dependent models find most
support considering total species richness.

Continental fragmentation. Among the abiotic factors potentially impacting
diversification, one can also think about factors related to geography with the
fragmentation and the movements of landmasses (Valentine & Moores 1970; Zaffos et al.
2017). With Jonathan Rolland, currently a post-doc student in Vancouver (Canada), we
asked whether deep-time continental fragmentation may favour speciation (Rolland &
Condamine 2019). Plate tectonics and continental fragmentation are likely instrumental
for understanding species diversification since evolutionary biologists often evidence the
role of allopatric speciation at small scales, but also at large scales (Renema et al. 2008;
Leprieur et al. 2016; Lomolino et al. 2016). The hypothesis linking explicitly speciation
and the number of landmasses through time has been addressed by paleontological
studies but found mixed support for a link between diversification and continental
fragmentation through time (Jordan et al. 2016; Zaffos et al. 2017). In addition, there are
a few, if not none, macroevolutionary quantifications of such effect with both fossil and
phylogenetic data.
For this topic, we worked on the amphibians as a model clade because they are
relatively ancient (ca. 300-270 Ma)(Pyron 2014a; Feng et al. 2017), which has allowed
long-term fluctuations of temperature and number of landmasses to possibly affect their
diversification (Tietje et al. 2020). Indeed, amphibians have likely experienced the effect
of continental fragmentation through time with the successive breakup of Pangaea,
Gondwana and Laurasia (Wiens et al. 2006, 2009; Wiens 2007; Pyron 2014a). We first
estimated the global biogeographic history of the group based on a time-stratified
parametric DEC model (Ree & Smith 2008; Beeravolu & Condamine 2016) informed by
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knowledge on the global paleogeography (Scotese 2001; Blakey 2008; Seton et al. 2012;
Müller et al. 2016) to infer whether vicariance and/or dispersal events played a role in the
current species distributions. Using a time-calibrated phylogeny for 3,309 amphibian
species, the biogeographical analyses indicated a Pangaean origin for amphibians and
also showed that allopatric speciation (vicariance) explained important phases of the
evolution of geographical ranges in the Mesozoic.
We then used paleo-environmental diversification models to estimate whether and
how paleotemperature and the sequential break-ups of Pangaea, Gondwana and Laurasia
have affected the diversification of amphibians through time. For the continental
fragmentation through time, we relied on an index calculated from paleogeographic maps
(Wright et al. 2013), which ranges from zero to 1, with 1 representing the state in which
all continental blocks are completely separated, and zero representing the state in which
all continental blocks are contiguous and arranged in a way that minimizes their ocean
basin-facing perimeter (Zaffos et al. 2017).
The diversification analyses on the whole amphibians with the dated phylogeny
and the fossil record at the genus level showed that temperature-dependent models are
better supported than tectonic-dependent, time-dependent and constant-rate models for
both the fossil and phylogenetic data. The best-fitting temperature-dependent model
indicated a positive dependence of both speciation and extinction rates with the
temperature through time. Our results support that past warm periods have positively
impacted amphibian diversification.
Although it seems disappointing to support a temperature-dependent model,
again, I think our study still provides insights into how we can quantify the effect of the
landmass fragmentation on biogeographic and diversification processes. Interestingly, if
we look at the best tectonic-dependent diversification models (third in the model
selection), it shows that continental fragmentation is negatively linked to extinction with
both phylogeny and fossil record, suggesting that extinction decreased when continents
broke up, but speciation is either positively (phylogeny) or negatively (correlated) with
fragmentation; a result that may be due to our different taxonomic data (species in the
phylogeny vs. genus in the fossil record).
Sea-level fluctuations. Similarly to the temperature meta-analysis I have collected
near complete and dated phylogenies for 105 plant, invertebrate and vertebrate clades by
collaborating with an international team (Mark de Bruyn, Björn Stelbrink, and Thomas
von Rintelen) working on biological evolution within the Indomalayan-Australasian
Archipelago (Lohman et al. 2011; Stelbrink et al. 2012; de Bruyn et al. 2014). In their
biogeographic analyses, they identified Borneo and Indonesia as centres of origin for
most of the groups but said nothing about the role of sea level fluctuations, which seems
an important environmental component to take into account in an island region (Voris
2000; Bird et al. 2005; Clouse & Giribet 2010; Husson et al. 2020). This region is ideal
for this question because it has a complex history of distribution of land and sea that
greatly varied over time (Hall 2002; Hall & Spakman 2015) such that sea level variations
might have been a very important evolutionary driver as we found in butterflies
(Condamine et al. 2013d, 2015b).
This work is under progress with Pierre Arnal, a PhD student at the MNHN
currently working on another project I am also involved in. The preliminary results are
very promising and indicate a substantial support the constant-rate models (46.6%), and
then for sea-level-dependent models (23.8%), which outperform time-dependent (18.1%)
and temperature-dependent (11.5%) models. When considering only the large
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phylogenies, as in the temperature-dependent analysis, the support of sea-level-dependent
models increase to 29% while the support for constant-rate models decrease to 35.5%
(Fig. 27).

Fig. 27. Drivers of Indo-Australasian diversification. The histograms report the proportion of phylogenies
whose diversification rates are best explained by a model with constant, time-dependent, temperaturedependent, or sea-level-dependent diversification. The number of phylogenies per group is shown in
parentheses. Constant diversification models find most support, while sea-level-dependent models rank
second in terms of number of phylogenies.

Just looking at the sign of sea-level dependence for speciation, we found that the
great majority of phylogenies had a positive association between sea-level variations and
speciation. This indicates that highstand of sea level fostered speciation rates.
Mechanistically, this implies that speciation elevation of sea level isolate islands or create
new islands from a much larger area, which limits or constrains gene flow hence
facilitating molecular divergence and potentially leading to allopatric speciation. All this
work is not yet finished, but I wanted to share the preliminary results of this ongoing
study.
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2.4. Interplay between abiotic and biotic factors
Evolutionary biologists are searching the factors governing biodiversity
dynamics. As seen above, the mechanisms governing and maintaining the evolution of
biodiversity are numerous, but a fundamental distinction exists between biotic and abiotic
drivers. Biodiversity dynamics is mostly influenced by (1) biotic factors (intrinsic to the
species, ecological traits) as in the Red Queen hypothesis that stems from Darwin and
Wallace (Van Valen 1973; Voje et al. 2015), or (2) abiotic factors (extrinsic to the
species, evolutionary events) as in the Court Jester hypothesis that builds upon
paleontological evidence (Barnosky 2001). The two models are thought to operate
essentially over different geographic and temporal scales: biotic factors such as species
interactions shape ecosystems locally and over short time spans, whereas abiotic factors
such as climate and tectonic events shape larger-scale patterns regionally and globally,
and through Myrs (Benton 2009).
Although many evolutionary radiations have been documented across widespread
geographical areas and diverse habitats, relatively few of these studies have identified
diversification rate shifts that coincide with both the evolution of derived traits and
environmental or biogeographic transitions (Marx & Uhen 2010; Ezard et al. 2011;
Drummond et al. 2012). Yet there is a potential interplay between both factors, even if
the underlying causes and consequences remain generally unknown (Voje et al. 2015;
Ezard & Purvis 2016; Cantalapiedra et al. 2017). Combined determinants of
diversification offer the unique potential to pinpoint radiations in time and space,
reconstruct their ancestral characteristics, and geographic locations, and hence infer the
underlying causes of lineage diversification (Losos 2010). This is important if we want to
discover why some lineages diversify and others do not and the extent to which this is
attributable to trait evolution and ecological opportunity (Wagner et al. 2012; Mahler et
al. 2013) or the physical environment (Peters 2005; Cárdenas & Harries 2010; Hannisdal
& Peters 2011) or both (Ezard et al. 2011; Thorne et al. 2011; Aguilée et al. 2018).
Fundamental questions remain concerning the factors governing the outcomes of
radiations in terms of possible limits and hence diversification rate slowdowns, imposed
by carrying capacity as defined by geographic area and/or niche heterogeneity (Rabosky
2013; Ezard & Purvis 2016) or even how relevant and appropriate such limits are
compared with other biological explanations (Moen & Morlon 2014; Condamine et al.
2019a).
Assessing the ecological and evolutionary processes that underlie patterns of
diversity across space, time and clades is a growing field (Ricklefs 2004; Benton 2009;
Marx & Uhen 2010; Ezard et al. 2011; Liow et al. 2015; Silvestro et al. 2015a;
Condamine et al. 2018a). The increase of molecular-dated phylogenies has stimulated the
elaboration of analytical tools to estimate the diversification rates (Pyron & Burbrink
2013; Stadler 2013; Morlon 2014) and to infer biogeographic history of clades (Ronquist
& Sanmartín 2011; Matzke 2014). This ongoing development of phylogeny- and fossilbased methods has provided new opportunities to address questions about the
mechanisms shaping diversity patterns. By combining all these methods, one can shed
light on the processes explaining the biodiversity pattern at global (Condamine et al.
2012b; Pyron & Wiens 2013; Rolland et al. 2014, 2018; Saupe et al. 2019a), regional
(Wiens et al. 2011; Drummond et al. 2012; Crisp & Cook 2013; Hutter et al. 2013; de
Bruyn et al. 2014) or local (Schnitzler et al. 2011; Lim & Marshall 2017) scales.
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Although the interplay between abiotic and biotic drivers has long been
recognized as fundamental for regulating diversity, rarely have the influences of multiple
extrinsic and intrinsic factors been considered simultaneously in the study of biological
radiations because it is simply challenging (Voje et al. 2015; Ezard et al. 2016). In this
last part of my research activity, I aim at developing an integrative approach meeting the
criteria to conduct rigorous hypotheses testing of the Red Queen and Court Jester, and its
interaction with phylogenies or fossils or both together.

2.4.1. Phylogenetic evidence for the Red Queen and Court
Jester
To make a bridge between the Red Queen and Court Jester processes, an
integrative approach combining several lines of data coming from the focal biological
group (intrinsic factors), but also physical data of the group’s environment (extrinsic
factors). The most data, the better of course, and the idea behind such rationale is that we
never know what could be responsible for species diversification extinction. We need to
keep in mind that we might reveal that no single factor is responsible for the current
species richness, and that clade diversifications are most of the time more complex than
previously thought. To perform such an approach one needs to select a biological model
for which we know well their ecology, notably their interactions with other species, the
traits that might have acted as key innovations for their evolutionary success or failure,
and their geographic distributions. I would like to exemplify this approach with three
studies I had the chance to work on, each on a different continent but all involving plants
and insects.
Andean bellflowers. The Andes are famous for their high species richness (Myers
et al. 2000) and the rapid diversiﬁcation rates that characterize many of their emblematic
clades (Hughes & Eastwood, 2006; Madrinan et al., 2013). Although numerous studies
have documented this pattern, there have been few attempts to ascertain the processes
that underlie this megadiversity, especially in the cloud forests where Neotropical plant
diversity is highly concentrated (Antonelli & Sanmartín 2011b; Luebert & Weigend
2014). Our study tackles this issue with an interdisciplinary approach that paves the way
for future inquiry.
With Laura Lagomarsino, at the time she was a PhD student at Harvard
University (Cambridge, USA), we studied the Neotropical bellflowers (Campanulaceae:
Lobelioideae) represent one of the fastest and richest radiations known in the Andes,
resulting in 550 species in the last 5 Myrs (Lagomarsino et al. 2016). The tropical Andes
of South America, the world's richest biodiversity hotspot, are home to many rapid
radiations. While geological, climatic, and ecological processes collectively explain such
radiations, their relative contributions are seldom examined within a single clade. We
explore the contribution of these factors by applying a series of diversification models
that incorporate mountain building, climate change, and trait evolution to the first dated
phylogeny of Andean bellflowers.
Our framework was novel for its direct incorporation of geological data on
Andean uplift into a macroevolutionary model. We showed that speciation and extinction
are differentially influenced by abiotic factors: speciation rates rose concurrently and
rapidly with Andean elevation, while extinction rates decreased during global cooling.
Pollination syndrome and fruit type, both biotic traits known to facilitate mutualisms,
played an additional role in driving diversification. These abiotic and biotic factors
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resulted in one of the fastest radiations reported to date: the centropogonids, whose 550
species arose in the last 5 million years (Fig. 28).

Fig. 28. Diversiﬁcation of Neotropical bellﬂowers. A time-calibrated species-level phylogeny shows the ca.
5 Myr age of the largely Andean centropogonid clade (ca. 550 species, node 1), whose origin is associated
with a signiﬁcant increase in diversiﬁcation rate (yellow star) as detected by Bayesian Analysis of
Macroevolutionary Mixture (BAMM). Lysipomia (ca. 50 species) and Chilean Lobelia (four species) are
indicated (nodes 2 and 3, respectively). Representative ﬂoral diversity, shown on the right, illustrates the
striking phenotypic diversity in the clade; scale bars=0.5 cm. Diversiﬁcation models examining the abiotic
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correlates of this rapid diversiﬁcation include average paleoelevation of the tropical Andes through time (a)
and global temperatures through time (c). Gray dots in (a) and (c) represent individual data points utilized
to create the curves. Results from these models show inferred speciation (blue) and extinction (red) rates
through time under models depending on paleoelevation (b) and paleotemperature (d). Additional
diversiﬁcation analyses using binary state-speciation and extinction (BiSSE) demonstrate the effect of two
abiotic and two biotic traits on net diversiﬁcation rate: Andean occurrence (e; extra-Andean (red) vs
Andean (blue)), elevation (f; low elevation, ≤ 1900 m (orange) vs high elevation, > 1900 m (purple)), fruit
type (g; dry capsules (light blue) vs ﬂeshy berries (pink)), and pollinator type (h; invertebrate (yellow) vs
vertebrate (green)). Trait scorings are color-coded to the right of phylogeny. Outgroups were removed, and
taxon names omitted because of space constraints.

We also provided important evidence that the age and tempo of diversiﬁcation of
cloud forest clades are intermediate between those in the older inter-Andean valleys and
more recent high-elevation grasslands. We then demonstrate that Andean surface uplift
and climate are both signiﬁcantly correlated with the rapid radiation of Neotropical
bellﬂowers. In the context of Andean biodiversity, dramatic geological and
environmental transformations, often resulting in habitat barriers and steep environmental
gradients (e.g. high ridges and low valleys), characterized the matrix in which plant
lineages and their mutualists diversiﬁed. Our results indicate that key differences in biotic
traits, including fruit type and pollination syndrome, confer enhanced diversiﬁcation
capacity among closely related species co-occurring in this rapidly changing
environment. We hypothesize that preadaptation to cooler climates as the tropical Andes
rose allowed this clade to achieve its broad Andean distribution, centered in wet, midelevation cloud forests. This, in turn, precipitated mutualistic interactions with groups
showing similarly high Andean diversity (e.g. hummingbirds), further enhancing
diversiﬁcation. Within the context of fruit type, limited dispersibility coupled with rare
long-distance dispersal events in berry-producing lineages resulted in increased
diversiﬁcation rates, probably via allopatric speciation. At the same time, an association
with vertebrate pollinators resulted in increased rates of speciation via ﬂoral isolation.
The repeated evolution of fruit types and pollination syndromes in the complex landscape
of the Andes led to multiple parallel radiations in Neotropical bellﬂowers, which together
resulted in a very large, very fast radiation: the centropogonid clade. We argue that while
the Andes, and the habitats and habitat heterogeneity created by their orogeny, acted as a
montane species pump across many clades, it is an additive interaction of ecological and
environmental factors underlies this region’s megadiversity.
This study represented a significant advance in our understanding of plant
evolution in Andean cloud forests. It further highlighted the power of combining
phylogenetic and Earth science models to explore the interplay of geology, climate, and
ecology in generating the world's biodiversity. I pursued this endeavour thanks to the
rapid development of new macroevolution models that tie diversification rates to changes
in paleoenvironmental (extrinsic) and/or biotic (intrinsic) factors to tease apart the drivers
of the radiation of Apollo butterflies (Parnassiinae). We inferred a robust and fully
sampled species-level phylogeny, as well as divergence times and ancestral geographic
ranges using both extant (molecular) and extinct (fossil/morphological) evidence
(Condamine et al. 2018b). We tested whether their diversification dynamics are better
explained by a Red Queen or Court Jester hypothesis, by assessing whether speciation
and extinction were mediated by diversity-dependence (niche filling) and cladedependent host-plant association (Red Queen) or by large-scale continuous changes in
extrinsic factors such as climate or geology (Court Jester). For the Red Queen hypothesis,
we found significant differences in speciation rates associated with different host-plants
but detected no sign of diversity-dependence. For Court Jester, the role of Himalayan55

Tibetan building was substantial for biogeography but not a driver of high speciation,
while positive dependence between warm climate and speciation/extinction was
supported by continuously varying maximum-likelihood models. We find that rather than
a single factor, the joint effect of multiple factors (biogeography, species traits,
environmental drivers, and mass extinction) is responsible for current diversity patterns
and that the same factor might act differently across clades, emphasizing the notion of
opportunity. This study confirms the importance of the confluence of several factors
rather than single explanations in modelling diversification within lineages.
Opposite macroevolutionary responses for interacting plant and insect clades.
Insects and plants interact and we can expect that close interactions would have similar
evolutionary responses over geological times. With Gaël Kergoat (CBGP, Montferriersur-Lez), our former Master 2 student Emmanuel Toussaint, who was in post-doc at the
Florida Museum of Natural History (University of Florida, USA), and Bruno Le Ru
(EGCE, Gif-sur-Yvette), we tested the hypothesis that the rise of Neogene C4 grasslands,
one of the most drastic changes recently experienced by the biosphere, acted as a major
adaptive zone for herbivore lineages (Edwards et al. 2010).
We took advantage of a novel model system, the Sesamiina stemborer moths and
their associated host-grasses, and the tremendous fieldwork done by Bruno Le Ru since
2004 in Africa collecting all moths and corresponding plants (Kergoat et al. 2018). In this
study, we analyzed the macroevolution of stemborers in the light of comprehensive
phylogenetic, ecological, and geographic data for both the herbivorous insect group and
their host-plants. To determine whether the origin of Sesamiina and their C4 grass hosts
coincided, we conducted phylogenetic and dating analyses on a novel molecular dataset
of six loci, comprising 1393 specimens from 245 noctuid species, and historical
biogeographic analyses based on a timeframe established for Poaceae. We also carried
out several estimations of ancestral character states to investigate the evolution of host
associations, and ecological attributes. The double-dating and biogeography of plant and
insect clades show synchronous origins and radiations in the early Miocene in Africa,
suggesting that they interacted and diversiﬁed in parallel for the last 21 Myrs.
Having established that Sesamiina and panicoid grasses colonized the Afrotropics
roughly at the same time, we investigated whether the diversiﬁcation dynamic of moths
paralleled that of the panicoid grasses. We hypothesized that the spread of C4 grasslands
in the Neogene promoted the diversiﬁcation of moths by providing a newly available
resource and ecological opportunity for these insects already associated with Poaceae.
This is the fun part.
We used an array of diversiﬁcation analyses, including methods to test the
potential role of several paleoenvironmental proxies within a temporal framework for
both insects and plants. We found strong evidence that, following the origin of both
clades, speciation rates of insects decreased, whereas those of grasses increased through
time. Our results also reveal opposite macroevolutionary responses to environmental
changes with temperature as a primary evolutionary driver: moth speciation depends
positively on temperatures, and the reverse for grass speciation. In addition, this study
conﬁrms that the drop of atmospheric carbon is a key driver for the diversiﬁcation of C4
grasses. Finally, analyses using organic carbon concentration as a proxy for the
proportion of C4 grasses through time indicated that the expansion of C4 grasslands did
not act as a primary environmental driver for the insects. This study therefore suggests
that the rise of C4 grasslands did not necessarily favor the diversiﬁcation of herbivores
that feed on them (Fig. 29).
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Fig. 29. Diversification dynamics through time and potential environmental factors. (a) Diversification
dynamics through time for the stemborer moths (blue curve) and the panicoid grasses (green curve) inferred
with a time-continuous birth-death model. (b) Diversification dynamics through time with an episodic BD
model. Both analyses show an opposite trend of speciation rate evolution for moths and grasses. (c)
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Analyses of temperature-dependent diversification indicate that past warm climate fostered moth
speciation, whereas cooling events boosted grass speciation. (d) Global temperature inferred from δ18O
isotopes in benthic foraminifer shells recovered in marine sediments. (e) Analyses linking speciation and
past variations in atmospheric CO2 for grasses, suggest higher speciation when CO2 concentration
decreases, although the analyses linking for moths show a negative association between speciation and the
rise of grasslands. (f) Potential environmental factors driving the diversification of stemborer moths and
panicoid grasses such as the increase of C4 grasses (dark blue curve) reconstructed from δ13C of tooth
enamel of mammalian herbivores, the atmospheric concentration of CO2 (red curve) compiled from
multiple sources (notably inferred from δ13C measurements).

Using a comparative phylogenetic framework integrating paleoenvironmental
proxies applied to two interacting clades, we recover a negative correlation between the
evolutionary trajectories of insects and plants. Our results show that paleoenvironmental
changes generated opposing macroevolutionary dynamics in this insect-plant system and
call into question the role of grasslands as a universal adaptive cradle. Although the
initial radiation of C4 grasses in the Afrotropics likely met criteria for an adaptive zone in
a group of grass-specialist insects, subsequent climatic changes may have driven
diversiﬁcation in an opposite direction predicted by the inferred spread of C4 grasslands
ca. 3–9 Ma. Environment-dependent diversiﬁcation analyses demonstrate that the
diversification of at least two major C4 panicoid grass lineages comprising the primary
hosts of Sesamiina was likewise correlated with a drop in atmospheric CO2. The negative
correlation between the spread of grasslands calibrated via δ13C organic proxy and the
diversiﬁcation of Sesamiina further calls into question the role of C4 grasslands as simple
drivers of graminivorous herbivores. This study suggests a potentially far more complex
picture regarding the role of grasslands as herbivore adaptive zones analogous to the
results of recent studies on mammals (Cantalapiedra et al. 2017). We also illustrate the
potential of implementing multiple environmental proxies in diversiﬁcation analyses that
serve to disentangle the relative impacts of biotic and abiotic drivers of
macroevolutionary dynamics.
While these studies constitute an appreciated progress, further integrative
approach directly combining the variation of environment over time and an ecological
trait (Cantalapiedra et al. 2014). This will connect past climate to changes in trait and
diversification dynamics and ultimately make a bridge between the Red Queen and Court
Jester processes.

2.4.2. Fossil evidence for the Red Queen and Court Jester
Being big does not protect against climate and competition. In collaboration with
Guillaume Guinot (team Paléontologie) and Jules Romieu (a Master 2 Paléontologie),
we studied the diversification of the shark order Lamniformes (mackerel sharks)
(Condamine et al. 2019b). The low extant diversity, low number of species per family,
and strong morphological and ecological disparity have often been used to characterize
living lamniform species as representatives of relict clade that was once speciose and
subsequently experienced a diversity decline during their evolutionary history. Only 15
species survived today while the clade originated ≈145 Myrs ago, and has a rich fossil
record suggesting an important role of extinction. In addition, Lamniformes are the sister
lineage of the order Carcharhiniformes (ground sharks) that are more diverse with ca. 290
extant species. Carcharhiniformes, more specifically requiem and hammerhead sharks,
display similar ecologies to lamniforms and have been regarded as filling ecological
niches freed by lamniform extinction in the aftermath of the K-Pg extinction.
58

Understanding this high heterogeneity in species richness between these closely
related clades is a relevant research question and multiple hypotheses have been proposed
to interpret such diversity contrasts across the tree of life, with most studies focusing on
speciation rates to explain clades’ evolutionary radiations, while often neglecting
extinction rates. Using a comprehensive fossil dataset representing 373 species and 80%
of the extant species diversity, we found that the diversity dynamics of lamniforms waxed
and waned following repeated cycles of radiation phases and declining phases. In
particular, we identified radiation phases in the Cretaceous culminating with a species
diversity peak at up to 3 times the current diversity in the early Late Cretaceous. The
lamniforms were dramatically impacted by the KPg extinction event with a drop to less
than 9 species that made it through this crisis. The clade diversity bounced back more
than 10 Myrs later in particular in the middle Eocene, but never reached the Cretaceous
diversity levels. In the last 20 Myrs, the group declined to its present-day diversity.

Fig. 30. The rise and fall of lamniforms controlled by time-variable speciation and extinction. (A)
Illustration of the 7 extant lamniform families. Inferences of speciation (B) and extinction (C) rates with
analyses at the species level under the birth–death model with constrained shifts. (D) The net
diversification rates are the difference between speciation and extinction rates (rates below 0 indicate
declining diversity). Solid lines indicate mean posterior rates and the shaded areas show 95% CI. (E) The
lamniform diversity trajectories incorporating uncertainties around the age of the fossil occurrences. The
results indicate that: (1) diversification of lamniforms was elevated in the Early Cretaceous, (2) net
diversification rates decreased through time and were punctuated by high-extinction peaks at the K-Pg and
E-O boundaries, (3) species diversity bounced back but did not recover to pre-extinction levels, and (4) the
lamniforms decline since the last 20 My. J, Jurassic; K, Cretaceous; P, Paleocene; E, Eocene; O, Oligocene;
M, Miocene.

Along with a higher extinction risk for young species, we further show that this
declining pattern is likely attributed to a combination of abiotic and biotic factors. In
short we found a cooling-driven extinction through a negative correlation between
temperature and extinction and clade competition with some ground sharks.
Within-clade competition for resources (niche) probably imposed some ecological
constraints in lamniforms, thus limiting their species diversity. The competition model in
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PyRate showed evidence on how within-clade interactions acted in lamniforms as we
found an effect of negative within-clade interactions for the medium lamniforms at the
species level. Specifically, we estimated that medium lamniforms decrease their own
speciation rates by 2.82% each time a new medium lamniform species originates.
Interestingly, we inferred substantial levels of diversity dependence within the
carcharhiniforms as all 3 ecological types have negative diversity-dependent speciation
rates. This may indicate that the carcharhiniform radiation is in part controlled by
ecological limits to diversification or may conform to a pattern of adaptive radiation, as
suggested by the post-Eocene radiation of living carcharhiniform species. This finding is
currently being studied by Baptiste Brée (a Master 2 Darwin student) who is trying to
explain the evolutionary success of the Carcharhiniformes.
However, more importantly, we provided evidence for an effect of competition
from large carcharhiniforms over the speciation of medium and large lamniforms (i.e.
negative between-clade interactions, Fig. 31). In other words, our results implied that,
each time a new large carcharhiniform species originated, it decreased the speciation
rates of medium and large lamniforms by 6.52% and 8.4%, respectively, suggesting that
increasing species diversity of large carcharhiniforms inhibited speciation rates of
medium and large lamniforms. As these carcharhiniforms are ecologically similar to
lamniforms such as extinct relatives of living tiger, hammerhead, and bull sharks
diversified from the Eocene to the present, they progressively increased their tooth size
overlap with both medium and large lamniforms. The increase in ecological similarity of
ground sharks likely imposed a long-term competition between the 2 orders. This
strongly suggests a passive replacement of marine clades as shown by our correlation
with speciation rates of medium and large lamniforms with their ecologically similar
carcharhiniforms, when they coexisted.

Fig. 31. Diversity trajectories and the effect of competition on speciation rates of shark groups. (A) The
diversity trajectories of the 3 lamniform and 3 carcharhiniform groups at global scale. Reconstructions of
diversity trajectories are replicated 10 times, incorporating uncertainties around the age of the fossil
occurrences. (B) Network showing the diversity-dependent effects within and between clades on speciation
rates (only significant correlations are shown). Each arrow indicates the intensity of interaction imposed by
a given group toward another one, which quantifies the proportion of rate change (decrease for speciation)
associated with the addition of 1 species of the competing group. Abbreviations as in Figure above.
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Competition from multiple clades successively drove the demise and replacement
of mackerel sharks due to a failure to originate facing the rise of ground sharks. These
effects came from ecologically similar carcharhiniform species inhibiting diversification
of medium- and large-sized lamniforms, the most diverse groups.
These results imply that the interplay between abiotic and biotic drivers had a
substantial role in extinction and speciation, respectively, which determines the
sequential rise and decline of marine apex predators. With this example we offer an
entirely biological explanation of lamniform diversity variations through time, which
relies on both abiotic (temperature) and biotic (competition) factors, although our results
may depend on our choice and availability of environmental and biological variables used
as predictors. As a major goal of evolutionary biology, we provide insights into the
processes linking changes in species richness with abiotic and biotic environmental
change over a major marine vertebrate clade.
The crazy dino fan. Perhaps on a less expected side of me, I was and still am a
dino fan. While I was in post-doc in Canada at the University of Alberta, I met Professor
Philip Currie. For the little story, he was one of the models for paleontologist Dr. Alan
Grant in the movie Jurassic Park. I also met his wife, Eva Koppelhus who is
paleobotanist, like Dr. Ellie Sattler in Jurassic Park. We were in the same department,
and quite close geographically speaking. Currie’s work is mostly dedicated to make field
expeditions, dig in for dino bones, and describe the dinosaur diversity. Phil and Eva work
a lot together, one on dinosaurs and the other on the paleoenvironment of these creatures.
They have not studied dinosaur diversity through time and trying to understand the
diversification processes. As a dino fan and macroevolutionary biologist, I could not
resist to this tempting opportunity to work with them and ask questions about the
dinosaur diversification and possible causes of extinction (Brusatte et al. 2015).
The most popular hypothesis explaining their extinction is the impact of a large
asteroid in the Yucatán Peninsula (Chicxulub, Mexico), which set off a global cataclysm
and environmental upheaval (Alvarez et al. 1980; Schulte et al. 2010). Although
evidence for an end-Cretaceous impact is indisputable, most of the scientific debate has
boiled down to whether the extinction was geologically abrupt or gradual (Sloan et al.
1986; Sheehan et al. 1991; Sakamoto et al. 2016; Chiarenza et al. 2019), whether it was
caused by factors intrinsic to dinosaur (Brusatte et al. 2012; Benson et al. 2014) or by
extrinsic physical drivers (Russell 1965; Gates et al. 2012; Chiarenza et al. 2019). If the
latter, the debate is whether this driver was terrestrial or extraterrestrial in origin.
There is a fervent debate about how these events affected non-avian dinosaurs,
and still little evidence exists for a global long-term decline across dinosaur diversity
prior to their extinction at the end of the Cretaceous (Fastovsky et al. 2004; Wang &
Dodson 2006; Brusatte et al. 2015; Starrfelt & Liow 2016). The latest thorough analyses
of fossil data found no evidence for a long-term decline of non-avian dinosaurs before
their extinction (Wang & Dodson 2006; Brusatte et al. 2015), and little evidence of any
decline in dinosaur species richness or ecological diversity during the last million years
of the Cretaceous. However, a phylogenetic study using dinosaur timetrees (Sakamoto et
al. 2016) challenged the idea of a sudden extinction, but instead supported a long-term
diversity decline with extinction rates exceeding speciation rates well before the K-Pg
event. Thus, there is no consensus on whether dinosaurs were in decline or not prior to
their extinction.
So I compiled manually fossil occurrences for six families that were common in
the Late Cretaceous and for which the taxonomy is pretty stable. The dataset comprises
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over 1,500 unique voucher-based occurrences at a global scale and stage-level for
dinosaur ages, which spans the Cretaceous Period and represents over 240 dinosaur
species of the following families in the ornithischians: Ankylosauridae, Ceratopsidae, and
Hadrosauridae, and the theropods: Dromaeosauridae, Troodontidae, and
Tyrannosauridae.
First of all, our results indicated that the diversity dynamics of the dinosaurs
conform to a time-variable birth-death model including several shifts in speciation and
extinction rates. Net diversification rates increased during the Early Cretaceous and
culminated in the middle Late Cretaceous. In the late Campanian, however, net
diversification rates became negative due to a significant downshift of speciation rates
that are exceeded by extinction rates. In the Maastrichtian, extinction rates significantly
increased while speciation rates remained constant, resulting in a negative net
diversification. The carnivorous and herbivorous dinosaur families, analysed separately,
show the same pattern of negative diversification rates at least 10 million years before the
K-Pg boundary. We estimated the palaeodiversity of each dinosaur group and found there
was rapid species accumulation at the beginning of the Late Cretaceous until diversity
peaked in the Campanian. At that time, our results indicated a progressive decline
towards the end of the Cretaceous, with a marked difference between carnivorous and
herbivorous dinosaurs; carnivorous dinosaurs had a delayed decline that began in the
early Maastrichtian (Fig. 32).
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Fig. 32. Diversification and diversity dynamics of Late Cretaceous dinosaur families. The net
diversification rates (speciation minus extinction) of all six non-avian dinosaur families (a), of the
herbivorous families (b) and of the carnivorous families (c) decreased ca. 83 Ma (early Campanian), and
became negative ca. 75 Ma (late Campanian). Solid lines indicate mean posterior rates and shaded areas
show 95% CI. (d) The diversities (numbers of species) of all dinosaur families, herbivorous families, and
carnivorous families were in decline starting in the mid-late Campanian (ca. 78 Ma). Reconstructions of
diversity trajectories are replicated to incorporate uncertainties around the age of the fossil occurrences.
Abbreviations: Apt: Aptian, Alb: Albian, Cen: Cenomanian, Tur: Turonian, Con: Coniacian, Sant:
Santonian, Cam: Campanian, Maa: Maastrichtian, Dan: Danian, K: Cretaceous, Ceno: Cenozoic, and K-Pg:
Cretaceous-Paleogene mass extinction (66 Ma).

We explored potential drivers of this diversity decline and assessed the role of
environmental changes on dinosaur diversity patterns prior to the asteroid impact. Abiotic
and biotic factors could explain these dynamics, but no study could identify a causal
mechanism for the downturn in dinosaur diversification. Using a paleoenvironmentdependence diversification model (Condamine et al. 2013a; Silvestro et al. 2015a), we
examined the correlations between speciation and extinction rates with a series of past
environmental variables including the relative diversity of angiosperms and
gymnosperms (Silvestro et al. 2015b), sea-level fluctuations (Miller et al. 2005), and
global temperature variations (Veizer & Prokoph 2015). Among all models tested, the
best-fit model for all families analysed simultaneously is the temperature-dependent
diversification model with speciation varying positively with temperature and extinction
varying negatively with temperature (Fig. 33).
These results imply that warm periods favoured dinosaur diversification whereas
cooler periods led to enhanced extinctions, as observed in the latest Late Cretaceous
(Linnert et al. 2014). The sedimentary record indicates a warm climate with sea-surface
temperatures of ~35°C in the Late Cretaceous. This was followed by an important
cooling (~7°C) that initiated in the earliest Campanian (~83 Mya) and continued during
the Maastrichtian until the K-Pg event when sea-surface temperatures reached ~28°C
(Linnert et al. 2014).
When analysing carnivorous and herbivorous groups separately, we found that a
temperature-dependent model still best explains the diversification of carnivorous
dinosaurs, whereas an angiosperm-dependent model best explains the diversification of
herbivores. The angiosperm-dependent diversification model for herbivores shows no
significant effect on speciation rates but indicates that extinction depends positively on
angiosperm diversity. These results suggest that the Late Cretaceous rise of angiosperms
contributed to the extinction of herbivorous dinosaurs. Diets of herbivorous dinosaurs are
under discussion but evidence suggests they mostly fed on gymnosperms, ferns and
horsetails rather than on flowering plants (Barrett 2014). Therefore, the increase in
angiosperm diversity and abundance in global floras would have massively diminished
the availability of key components of their diets (Fig. 33).
Competition between and within dinosaur groups could have also driven species
extinction or a speciation failure under the active displacement or passive replacement,
respectively (Benton 1987; Condamine et al. 2019b). We used the Multi-Clade DiversityDependent model (Silvestro et al. 2015a) to assess clade competition as a possible
mechanism for dinosaur diversification. We expected that clade competition occurred
among closely related species and/or among species from different groups with similar
ecology (as approximated by diet here), but surprisingly, our results show no significant
inter-clade diversity dependence between the families studied, suggesting little effect of
competition for resources between the different dinosaur groups. Niche partitioning has
been proposed to explain the high number of sympatric herbivorous (Fricke & Pearson
2008) and carnivorous species (Hassler et al. 2018).
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Fig. 33. Correlations between past environmental changes and diversification of Late Cretaceous dinosaur
families. Left panels show four putative causes of rate variation with biotic factors like the relative diversity
of angiosperms (a) and gymnosperms (c) through time, and abiotic factors like sea level (e) and
temperature (g) changes over time. Right panels show the estimated effects of these variables on speciation
and extinction rates depending on angiosperms (b), gymnosperms (d), sea level (f), and temperature (h).
Solid lines indicate mean posterior rates, whereas the shaded areas show 95% CI. Abbreviations: Apt:
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Aptian, Alb: Albian, Cen: Cenomanian, Tur: Turonian, Con: Coniacian, Sant: Santonian, Cam: Campanian,
Maa: Maastrichtian, Dan: Danian, K: Cretaceous, Ceno: Cenozoic, and K-Pg: Cretaceous-Paleogene mass
extinction (66 Ma).

When all variables were analysed simultaneously using the multivariable birthdeath model (Lehtonen et al. 2017), results indicate a combined effect of all
environmental variables, and confirmed that the main causal mechanisms of the dinosaur
decline are temperature cooling and the rise of angiosperms in the Late Cretaceous.
Although non-avian dinosaurs dominated terrestrial ecosystems until the end of
the Cretaceous, our results show that both a marked increase of extinction and a decrease
in their ability to replace extinct species made them unable to respond to environmental
changes 10 million years before the K-Pg extinction. These results are also consistent
with modelling studies of ecological food-webs (Mitchell et al. 2012) and suggest that
loss of key herbivorous dinosaurs (ceratopsids and hadrosaurids) would have made
terminal Maastrichtian ecosystems – in contrast with ecosystems from earlier in the Late
Cretaceous (Campanian) – more susceptible to cascading extinctions by an external
forcing mechanism. We propose that abiotic (global climate cooling) and biotic (the rise
of angiosperms) drivers had a negative impact on dinosaur speciation and a positive
impact on their extinction in the Late Cretaceous; these factors impeded their recovery
from the final catastrophic event.

2.4.3. Integration of neontological and paleontological data
Both neontological and paleontological researchers aim at understanding the same
fundamental processes that generate and maintain diversity in time and space. However
these disciplines often operate separately instead of being merged into a single integrative
framework (Fritz et al. 2013). Recent advances in both fields now provide an opportunity
for the integration of neontological and paleontological perspectives. Studies try to
integrate contemporary and fossil data; for example, when studying trait evolution (Slater
et al., 2012), extinction and diversification rates (Near et al. 2014; Xing et al. 2014), and
historical biogeography (Mao et al. 2012; Wood et al. 2013). Such better integration of
phylogenetic and fossil data would help obtaining better estimates of both extinction and
speciation (Quental & Marshall 2010; Fritz et al. 2013). Ultimately, this would lead to a
better understanding of diversity dynamics in relation to environmental changes. Methods
for reconstructed tree incorporating fossil data are being developed (Didier et al. 2012,
2017), but much remains to be done in terms of both method development and
application to real data.
One of the most straightforward ways to combine phylogenetic and fossil
information is to incorporate fossils directly into the reconstructed phylogeny using
morphological characters (Wood et al., 2013). Using traditional birth-death models with
such phylogenies is tricky because we do not know the exact fossil diversity and this
contrasts with the accurate count of the extant diversity. Didier et al. (2012) derived the
likelihood of a reconstructed tree with fossils under a stochastic process modelling
speciation, extinction and fossil finds, which account for the incompleteness of the fossil
record. This important advance should trigger empirical applications, although the
feasibility of accurately placing enough fossils onto the phylogeny remains to be proven.
Further developments of the approach are also required to relax current assumptions,
such as the homogeneity across time and lineages of speciation, extinction and fossil
discovery rates (Silvestro et al. 2014, 2018, 2019).
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A second approach that could integrate fossil information into phylogenetic
analyses of diversification would be to leverage fossil estimates of diversity. Some
geological periods were favourable to fossil preservation for some environmental
conditions (Benton 1995), such that descent estimates of diversity may be available for
these periods. Likelihood approaches to diversification would be especially adapted to
incorporate such information, as the likelihood expression directly involves the number
of species at a time T in the past (Equation 1 in Morlon et al. 2010). Given that fossil data
typically provide a bracket of diversity values rather than direct estimates of diversity
(Alroy 2010), it would be useful to develop the methods in such a way that they can
incorporate uncertainties in fossil diversity estimates. Morlon et al. (2011) provided the
likelihood corresponding to a phylogenetic tree tracing back to a given number of
ancestral lineages at time T in the past and to fossil-based knowledge that at least a
certain number of lineages alive at T left no observed descendants.
Once fully developed, methods incorporating phylogenetic and fossil data could
allow a better detection and estimation of mass extinctions, their intensity and the time
for recovery. They could also be useful for evaluating the influence of environmental
change on background speciation and extinction rates. Finally, they could help assessing
vulnerability and evolutionary potential, as well as the traits that influence them,
especially if methods that incorporate data on the biological features of extant and extinct
species are developed.
Confronting estimates of current phylogenetic and paleontological methods. In
the last four years, I have intended to make direct comparison with inferences drawn
from the fossil record, using several carefully selected datasets for which both
phylogenetic and fossil data are available. For that purpose, I started working on insects
for which both molecular phylogenetic and fossil data are available at the same
taxonomic level and thus made such a topic approachable. Below I summarize the results
for two studies trying to reconcile fossil-based and phylogeny-based diversification.
Macroevolutionary studies of insects at diverse taxonomic scales often reveal
dynamic evolutionary patterns, with multiple inferred diversification rate shifts
(Labandeira & Sepkoski 1993; Hunt et al. 2007; Mayhew 2007; McKenna et al. 2009;
Ahrens et al. 2014; Misof et al. 2014; Rainford et al. 2014). Responses to major past
environmental changes, such as the Cretaceous Terrestrial Revolution, or the
development of major key innovations, such as wings or complete metamorphosis are
usually invoked as potential evolutionary triggers. However this view is partially
contradicted by studies on the family-level fossil record showing that insect
diversification was relatively constant through time. In an attempt to reconcile both
views, I collaborated with Matthew Clapham (University of California, Santa Cruz, USA)
to investigate large-scale insect diversification dynamics at family level using two
distinct types of diversification analyses on a molecular timetree representing ca. 82% of
the extant families, and reassess the insect fossil diversity using up-to-date records
(Clapham et al. 2016; Condamine et al. 2016). Analyses focusing on the fossil record
recovered an early burst of diversification, declining to low and steady rates through
time, interrupted by extinction events. Phylogenetic analyses did not show early burst of
family origination, but showed low and steady rates through time. In addition,
phylogenetic analyses showed that major shifts of diversification rates occurred only at
the crown of the four richest holometabolous orders. Both types of analyses suggest that
neither the development of flight or complete metamorphosis nor the Cretaceous
Terrestrial Revolution environmental changes induced immediate changes in
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diversification regimes; instead clade-specific innovations likely promoted the
diversification of major insect orders.
Hence, I was then interested in studying specific clades with a similar approach.
At the global scale we found that periods of high diversification and extinction (possibly
mass extinction events) can punctuate the evolutionary history of various clades, but they
remain loosely defined for many biological groups. In a recent study with Frédéric
Legendre, André Nel and Philippe Grandcolas (MNHN, Paris), we examined whether the
cockroaches, mantises and termites (altogether included in Dictyoptera) have experienced
episodic pulses of speciation or extinction and how these pulses may be associated with
environmental fluctuations or mass extinctions (Condamine et al. 2020). We also relied
on molecular phylogeny and fossil data to shed light on the times and rates at which
dictyopterans diversified. The diversification of Dictyoptera has alternated between (1)
periods of high diversification in the Late Carboniferous, Early-Middle Triassic, Early
Cretaceous, and middle Paleogene, and (2) periods of high extinction rates particularly at
the Permian-Triassic boundary, but not necessarily correlated with the major global
biodiversity crises as in the mid-Cretaceous. This study advocates on the importance of
analyzing, when possible, both molecular phylogeny and fossil data to unveil
diversification and extinction periods for a given group. The causes and consequences of
extinction must be studied beyond mass extinction events alone to gain a broader
understanding of how clades wax and wane.
I think that more studies are needed to reveal congruence and discordance
between the data. I am now performing a similar analysis on Odonata (dragonflies and
damselflies) in collaboration with Seth Bybee (in sabbatical leave at ISEM until August
2020) and André Nel (MNHN, Paris). We have built a dated phylogeny for 1700 species
(27% of the total described species diversity) and André and I are compiling the fossil
record for the group.
It's like the planets have aligned. A notable example in the disparity of species
richness among clades, which fascinates me and many others, stands within the seed
plants (Spermatophyta), comprising the gymnosperms and its sister group, the flowering
plants (angiosperms). Today, angiosperms represent nearly 90% of all extant plant
species and dominate most of Earth’s terrestrial ecosystems. In contrast, gymnosperms
exhibit ~1% of the total plant diversity and are mostly confined to boreal regions and
high-altitude environments, even in the tropics. How this major pattern of plant diversity
came into existence over geological times is a long-standing puzzle – Darwin’s
“abominable mystery” – which remains a topic of intensive research.
Although the timing of origin of flowering plants is debated, there is consensus
that they radiated in the Early Cretaceous (~140 Ma) and are the most recently
diversifying major clade among the land plants. In contrast, gymnosperms appeared well
before angiosperms in the Devonian (~380 Ma), and flourished in diversity during the
Mesozoic. The fossil record shows a sudden and rapid increase in diversity and
geographic spread of angiosperms since the middle Cretaceous, which resulted in the
ecological dominance, in terms of species richness, of flowering plants observed in most
terrestrial ecosystems today. As a consequence, it is widely assumed that angiosperms
underwent such an ecological and evolutionary diversification that they outcompeted and
outnumbered other land plants in terms of richness. Despite decades of scientific debate,
the diversity dynamics of the angiosperm radiation over the diversification processes
(speciation and extinction) of gymnosperms has not been formally quantified.
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As in the aforementioned studies, I adopted an integrative approach combining
neontological and paleontological data by analyzing the available fossil record and a
comprehensive dated molecular phylogeny of conifers to test the relative impact of
angiosperm diversity and climate change (temperature and atmospheric carbon) on the
diversification of conifers. For this work I collaborated with Eva Koppelhus (University
of Alberta, Canada) for the paleobotanical aspect and Alex Antonelli (now in Kew, UK)
for the neontological aspect. The idea was to run comparable models of speciation and
extinction using phylogenetic and fossil-based frameworks. We incorporated the
phylogenetic and dating uncertainties for molecular data and the fossil preservation
process, as well as the uncertainties associated with the age of each fossil occurrence. We
explicitly integrated the putative effects of abiotic (climate) and biotic (relative diversity
of angiosperms) factors as possible drivers of diversification and test their statistical fit.
Both fossil and molecular data show high congruence in revealing low
diversification rates punctuated by speciation pulses during warming events of the
Carboniferous, the Permian-Triassic boundary, and the mid-Jurassic. Perhaps more
important here, we estimated that conifer extinction increased significantly in the midCretaceous (100-110 Ma) and remained high ever since. This eventually resulted in
negative net diversification rates in the Cenozoic, suggesting the conifers were declining
until the present (Fig. 34).

Fig. 34. Global diversification of conifers inferred from a molecular phylogeny and the fossil record. (A)
Time-calibrated phylogeny of conifers and significant shifts in diversification rates inferred under an
episodic birth-death model implemented in TreePar. Six shifts of diversification rates through time were
identified, which are indicated with red circles. Two shifts occurred at the end of the Permian, one during
the Cretaceous terrestrial revolution (rise of angiosperms), one at the end of the Oligocene, and two shifts
were found in the Pliocene and Pleistocene. (B) Rates of origination (blue), extinction (red) and net
diversification rates (black; the difference between origination and extinction) inferred from a fossil-based
analysis at the genus level under the Bayesian approach implemented in PyRate. Solid lines indicate mean
posterior rates and the shaded areas show 95% credibility intervals. Taken together, the phylogeny-based
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(A) and fossil-based (B) diversification show that: (1) diversification of conifers was low and punctuated
by periods of extinction, (2) the increase in extinction initiated in the middle Cretaceous, and (3) the
Cenozoic decline of conifers. The vertical dashed lines indicate the boundaries between geological
boundaries and major mass extinction events. Ceph. = Cephalotaxaceae, Sciad. = Sciadopityaceae, Tax. =
Taxaceae, D = Devonian, C = Carboniferous, P = Permian, Tr = Triassic, J = Jurassic, K = Cretaceous, Pg
= Paleogene, and Ng = Neogene.

We tested competing hypotheses that could explain the factors underlying the
identified macroevolutionary dynamics using a paleoenvironmental dependent
diversification model applied to both the conifer phylogeny and the fossil record.
We first assessed the effect of global climate changes on the diversification of
conifers based on global atmospheric carbon data (Foster et al. 2017) and on global
oxygen isotopic data (Zachos et al. 2008; Veizer & Prokoph 2015). We found evidence
that global variations of past climates correlate significantly with changes in
diversification rates. Specifically, both fossil and phylogenetic datasets support a scenario
where extinction rates correlate negatively with temperature, indicating that warm
climatic periods reduced extinction rates of conifers, while cool/cold climatic periods
fostered extinction rates. In both analyses, however, the best-fitting models indicate that
the speciation/origination rates do not significantly correlate with paleoclimates,
suggesting that climatic changes do not adequately explain the temporal dynamics of
speciation (Fig. 35).
An alternative explanation to climate variations as an underlying factor for the
decline of conifers is the hypothesis of sequential clade replacement, which predicts that
the diversification of a particular lineage is synchronized with the decline of a previously
dominant one (Benton 1987; Silvestro et al. 2015a). For plants, the diversification of
angiosperms is generally believed to coincide with the decline of once-dominant groups
like ferns, liverworts, mosses, and gymnosperms. We thus fitted a PDDM taking into
account past variations of angiosperm diversity through time. Both the fossil record and
phylogeny-based analyses showed that diversification rates correlate strongly with the
dynamics of angiosperm diversity. In particular, we find that conifer extinction is
significantly and positively linked to the rise to dominance of angiosperms, indicating
that extinction rates of conifers increased when angiosperm diversity increased.
Similarly, the best angiosperm-dependent model found no evidence of a significant
correlation between speciation/origination and past angiosperm diversity, suggesting that
speciation was unaffected by angiosperms (Fig. 35).
Our analyses of the fossil record and the molecular phylogeny allowed teasing
apart the role of global temperature change through time and the effect of the angiosperm
radiation on the diversification of conifers. We performed a model comparison between
the best models of each diversification series (constant-rate, time-, climate- and
angiosperm-dependent models) to select the best-fit model. Both model comparisons
made with phylogenetic-based and fossil-based analyses indicate that the angiospermdependent model best fits the conifer phylogeny and fossil record. These results remain
robust regardless of the dated phylogenies used (Leslie et al. 2012, 2018): the best-fit
model is an angiosperm-driven extinction model.
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Fig. 35. Drivers of conifer diversification dynamics according to two putative causes of rate variation:
climatic changes (A) and angiosperm diversity (B). The relative global temperature curve, based on oxygen
isotopes used as a proxy for environmental changes (Zachos et al. 2008), show the main climatic events in
the last 350 Myrs. The changes of angiosperm diversity through time show the rise of angiosperms during
the Cretaceous as inferred by fossil-based analyses (Silvestro et al. 2015). Solid lines indicate mean
parameter estimates (C) and mean posterior estimates (D) of the rates and the shaded areas show
confidence intervals and 95% credibility intervals, respectively. Taken together, the phylogeny-based (C)
and fossil-based (D) correlations show that: (1) changes in angiosperm diversity correlate positively with
extinction rates of conifers, and (2) the variation of temperatures correlate negatively with extinction rate of
conifers. Abbreviations as in figure above.
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We found fossil and molecular evidence supporting the hypothesis that the rise of
angiosperms led to higher conifer extinction not only in the Cretaceous but also through
the Cenozoic. These results are striking as we found remarkably consistent signals from
the fossil and phylogenetic data, both providing strong support for the angiosperm-driven
diversification model. Our results thus suggest that the rise of angiosperms in the
Cretaceous, prolonged in the Cenozoic, indeed largely determined conifer diversification.
This provides support for the “active displacement hypothesis” stipulating that the rise in
diversity of one clade drives the decline of another clade by outcompeting it on limited
resources. Our results imply that direct competition with angiosperms triggered the
decline of conifers, probably pushing its main species diversity and dominance to high
altitude and latitudes.
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III. Research projects
My medium-term research objectives fall within the research themes of the ISEM
Genφ (formerly Genome) Department. Although I intend to continue carrying out
projects around the aforementioned topics, I will endeavour to develop a specific theme
on the link between ecological changes, adaptations, genomic mechanisms and
macroevolutionary processes that underlie the evolutionary interactions between insects
and plants. To do so, I will use the swallowtail butterflies as a model for which I got a
European Research Council (ERC) Starting grant for the next five years (started March
2020). This project will therefore naturally become one of the main focuses of my
research program in the coming years with a team working around this project. Below I
present the project GAIA, for A Genomic and Macroevolutionary Approach to Studying
Diversification in an Insect-Plant Arms Race.

3.1. State-of-the-art
Biodiversity is not distributed evenly on Earth and differs greatly between
biological groups. This non-random variation in species richness represents a key
research theme in ecology and evolutionary biology (Rosenzweig 1995; Gaston 2000;
Bromham & Cardillo 2019). A notable example of highly unbalanced diversity patterns
lies within insects, in which herbivorous clades represent over 25% of all currently
known non-microbial biodiversity (Strong et al. 1984; Farrell 1998; Grimaldi et al. 2005;
Novotny et al. 2006; Foottit & Adler 2017), making it particularly important to
understand what is driving their diversity. A long held hypothesis states that this
extraordinary diversification is directly related to that of plants (Strong et al. 1984;
Farrell 1998; Grimaldi et al. 2005; Novotny et al. 2006). Indeed, plants and insects have
diversified in parallel during the last 450 Myrs. The rapid diversification of angiosperms
likely provided an almost unlimited source of ecological opportunities that could explain
much of the extreme diversity of insect lineages associated with angiosperms (Mitter et
al. 1988; Farrell 1998; Wilf & Labandeira 1999; Hunt et al. 2007; McKenna et al. 2009;
Ahrens et al. 2014; Wiens et al. 2015; Condamine et al. 2016). Even Darwin and Wallace
recognized the importance of ecological interactions between plants and insects, and
suggested that biotic interactions could lead to reciprocal selective pressures, and
eventually to species diversification.
Half a century ago, it has been hypothesized that insect-plant interactions, driven
by diffuse coevolution over long periods of evolutionary time, could be a major source of
terrestrial biodiversity (Ehrlich & Raven 1964). Plants and phytophagous insects are
engaged in a perpetual arms race in which each partner either develops new defences or
counter-attack mechanisms (Fig. 36). This permanent arms race stimulates reciprocal
diversification of plants and herbivorous insects through continuing development of
evolutionary novelties (Ehrlich & Raven 1964). According to this theory, these novelties
mainly were toxic secondary compounds for plants and associated detoxification
mechanisms for insects. This theory would apply to all plants and plant-eating insects and
may explain why these groups represent an important part of the world biodiversity
(Mitter et al. 1988; Farrell 1998; Futuyma & Agrawal 2009; Janz 2011; Hardy & Otto
2014; Kergoat et al. 2017).
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Fig. 36. Conceptualization of the ‘escape and radiate’ model of Ehrlich and Raven (1964). In their
coevolution model of mutual diversification, plant groups that develop new defences (conferring a strong
selective advantage) temporarily escape the herbivorous insects and diversify rapidly. However, their
defences can be circumvented by phytophagous insects that, in turn, have a selective advantage (new
resources to radiate into) and diversify on plants by neutralizing their defences. Adapted from Kergoat et
al. (2017).

A primary example of coevolution is the chemically mediated interaction between
butterflies and their host plants. Biochemical analyses have shown that chemical
similarity among larval foodplants is a widespread phenomenon that frequently cuts
across phylogenetic affinities (Ehrlich & Raven 1964). Correlations occur between
feeding habits and a number of natural products, including alkaloids, coumarins, essential
oils, glucosinolates, acetylenic fatty acids, and phenolic glycosides. These plant
chemicals act as physiological barriers against herbivores (Fraenkel 1959), but some
butterfly larvae have evolved to overcome these chemicals (Ehrlich & Raven 1964). We
have now gained a great deal of knowledge on butterfly phylogenies, the origin and time
periods of butterfly diversification, and their ancestral host-plant associations and shifts
to new host plants (Wheat et al. 2007; Wahlberg et al. 2009; Condamine et al. 2012b;
Edger et al. 2015; Sahoo et al. 2017). Additional knowledge on feeding preferences (and
host breadth) of herbivorous insects can be obtained using barcoding of plant DNA
isolated from insect bodies (Jurado-Rivera et al. 2009). These recent developments have
fostered research on the evolution of host-plant associations and have led to hypotheses
that provide alternatives to the ‘escape and radiate’ model (Janz et al. 2006; Janz 2011;
Hardy & Otto 2014).
The emerging consensus from most of these phylogenetic studies indicates (1)
strong phylogenetic conservatism of host-plant associations (sister species tend to feed on
the same plant), suggesting ancient and tight biotic interactions, and (2) enhanced
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diversification rates for clades shifting to new host plants compared to those feeding on
ancestral plants (Futuyma & Agrawal 2009). Despite high levels of conservatism and
specialization, diversification of the interaction appears to mainly be a consequence of
host shifts, and this somewhat paradoxical conclusion can be understood by considering
the ecological as well as genetic mechanisms behind host shifts (Wheat et al. 2007; Calla
et al. 2017; Nallu et al. 2018). There are several ways that interactions can influence
speciation, with or without host-plant-based divergent selection on reproductive barriers.
One current debate focuses on the relative importance of radiations following shifts to
new adaptive zones and elevated rates of speciation in groups with plastic and diverse
host use (Janz et al. 2006; Janz 2011; Hardy & Otto 2014; Suchan & Alvarez 2015).
Increasingly sophisticated use of time-calibrated phylogenies now investigates the actual
timing and rate of diversification, linking events and processes more conclusively to
other factors that may have been important, whether biotic or abiotic (Sahoo et al. 2017;
Condamine et al. 2018b; Kergoat et al. 2018; Letsch et al. 2018).
Genomic aspects of adaptation by herbivorous insects to their host plants have
received significant attention (Simon et al. 2015; Gloss et al. 2019; Rane et al. 2019), but
few studies have put their genomic data into a phylogenetic perspective. An inspiring
study on the evolutionary arms race between Pierinae butterflies and their Brassicales
host plants showed that shifts in diversification within these plants and butterflies are
associated with gradual changes in plant chemical defences and insect molecular counter
adaptations (Edger et al. 2015). They identified genomic mechanisms (gene and genome
duplications) that explain the evolution of biosynthetic pathways associated with this
arms race. More clues on host-encoded digestive and detoxification mechanisms come
from a cross-taxonomic comparison of the gut microbiome of caterpillars with other
insects and vertebrates (Hammer et al. 2017). The microbes in caterpillar guts are at
unusually low densities, and reflect the abundance and composition of leaf-associated
microbes in caterpillar faeces, with high pH, simple gut structure, and fast transit times
potentially preventing microbial colonization.
These recent results illustrate the need for a multidisciplinary approach to
studying the evolution of insect-plant interactions within a macroevolutionary and
genomic framework (Futuyma & Agrawal 2009; Suchan & Alvarez 2015). This project
will therefore address the challenging but intriguing question: what is the role of host
plants in shaping insect biodiversity at macroevolutionary scales? We will use
swallowtail butterflies (Lepidoptera: Papilionidae) as a model system; with 32 genera and
550-600 species distributed worldwide, swallowtail butterflies are an iconic group of
insects. Their species diversity is characterized by colorful patterns and morphological
diversity ranging from the tiny dragontails (Lamproptera) to the world’s largest
butterflies (Ornithoptera), as well as the species-rich true swallowtails (Papilio) and the
mountain radiation of apollos (Parnassius). More importantly, their study has been
instrumental in various fields of biology and has notably contributed to formalizing
several evolutionary and ecological theories across both micro and macroevolutionary
perspectives, including biogeography (Wallace 1865; Condamine et al. 2013c), insectplant evolution (Ehrlich & Raven 1964; Thompson et al. 1990; Berenbaum & Feeny
2008), and the evolution of mimicry (Kunte 2009; Kunte et al. 2014). They are one of the
few insect groups for which the latitudinal diversity gradient has been quantified (Scriber
1973; Condamine et al. 2012b; Owens et al. 2017), and their systematics and taxonomy
are well known (Tyler et al. 1994; Scriber et al. 1995; Häuser et al. 2005), facilitating
biodiversity studies (Condamine et al. 2013d, 2015b, 2018b; Lewis et al. 2015).
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Swallowtail butterflies are also a flagship group in conservation biology, as they are
accessible bioindicators of ecosystems and highly sensitive to climatic change (Collins &
Morris 1985; Parmesan et al. 1999).
The caterpillars of swallowtail butterflies feed on a large range of flowering plant
families. However, most species are oligophagous as three quarters of the species depend
on only one of the following families: Rutaceae, Aristolochiaceae, Annonaceae,
Papaveraceae, Lauraceae, Saxifragaceae, or Apiaceae (ranked by the number of species
feeding on each family). More than 80% of the species are reported to use a single plant
family (Scriber 1973; Tyler et al. 1994; Scriber et al. 1995; Berenbaum et al. 1996;
Berenbaum & Feeny 2008). Interestingly, the tribes Zerynthiini (Parnassiinae),
Luehdorfiini (Parnassiinae) and Troidini (Papilioninae) feed exclusively on the birthwort
family (Aristolochiaceae), which is one of the most toxic plant groups (Nishida 2002).
Aristolochiaceae notoriously contain toxic aristolochic acid that is known to be
carcinogenic to many organisms, and only Papilionidae can feed on these plants (except
for the moth genus Mapeta, 7 species). By eating these toxic plants, the caterpillars
sequester aristolochic acid that renders both the caterpillars and the adults unpalatable to
predators (Klitzke & Brown 2000; Nishida 2002). In contrast, over 75% of the tribe
Papilionini, comprising the most speciose swallowtail genus Papilio, feeds on Rutaceae
and Apiaceae. The lesser-known tribe Leptocircini (with the genus Graphium) feeds on
various families of the order Magnoliales. Remarkably, leaf contents (alkaloids) are
shared between the Aristolochiaceae, the Magnoliales families, and the more derived
Rutaceae and Apiaceae (Feeny et al. 1983; Berenbaum & Feeny 2008). Diversification
onto such a wide variety of toxic plant families has made swallowtail butterflies a focus
of research on the evolution of interactions between insects and plants at both
macroevolutionary and molecular (genetic) levels.
At the macroevolutionary level, the increasing availability of insect and plant
phylogenies has provided numerous opportunities to test scenarios of herbivorous insect
evolution (Pellmyr & Leebens-Mack 1999; Percy et al. 2004; Winkler et al. 2009;
Cruaud et al. 2012; Suchan & Alvarez 2015). For swallowtail butterflies, previous
phylogenetic studies and ancestral state reconstructions have provided equivocal results
on the ancestral host plant of Papilionidae. Based on a genus-level phylogeny of the
group, a tendency toward feeding on early-diverging angiosperm orders, and very little
correspondence between the phylogeny of Papilionidae and the phylogeny of
angiosperms have been found (Simonsen et al. 2011). They also concluded that it is more
parsimonious to consider Aristolochiaceae feeding to have evolved independently in
Luehdorfiini, Zerynthiini and Troidini than to assume that Aristolochiaceae was the
ancestral feeding association of Papilionidae with subsequent losses in Parnassiini,
Leptocircini, Teinopalpini and Papilionini. In contrast, based on a 200-species phylogeny
and a maximum-likelihood model, it has been estimated that Aristolochiaceae constitute
the most likely ancestral host plant of Papilionidae (Condamine et al. 2012b). This
discrepancy has important ramifications because it implies either convergent adaptation
to the highly toxic Aristolochiaceae (Simonsen et al. 2011) or a single origin of the
detoxification mechanism at the root of Papilionidae (Condamine et al. 2012b). In any
case, these results suggest that the host-plant shifts have ancient origins and are highly
constrained, as shown by the high level of host conservatism (Fig. 37).
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Fig. 37. Phylogenetic relationships of Papilionidae, with evolution of their host-plant associations.
Coloured branches on the tree map the evolution of host-plant associations (indicated in lower right corner;
outgroups in black). At host shifts, a pie chart displays the probability of each plant family.
Aristolochiaceae is the ancestral host plant for the Papilionidae. Outside the phylogeny, two rings of
coloured arcs indicate different taxonomic groups (shown by the left-corner boxes). Adapted from
Condamine et al. (2012).

The macroevolutionary ‘escape and radiate’ model proposes an increase in
diversification rates following major host shifts (Winkler et al. 2009; Janz 2011; Suchan
& Alvarez 2015). Comparison of butterfly clades with and without host shifts indicated
significant acceleration after a host shift, while clades without host shifts showed
constant rates of diversification (Fordyce 2010; Condamine et al. 2012b, 2018b).
Interestingly, swallowtails on Aristolochiaceae are characterized by low and constant
diversification rates, while other groups not feeding on Aristolochiaceae tend to have
higher rates of diversification (Condamine et al. 2012b, 2018b). Further results suggest
that fast-diversifying clades are associated with families offering a higher number of
potential hosts (greater niche availability). A similar correlation between host-plant
diversity and speciation rates was recovered in the Nymphalidae, leading to posit that
recurring oscillations between incorporation of new plants into the feeding repertoire and
host specialization acted as a major driving force on the diversification of herbivores
(Janz et al. 2006). These results are consistent with the Red Queen hypothesis,
postulating that species interactions of host-plant associations have played a profound
role in the diversification and evolutionary history of butterflies, with major shifts to
chemically distinct plant groups leaving a historical footprint that remains detectable
today. However, in many cases, basic comparative phylogenetic methods have proven
insufﬁcient for resolving questions related to coevolutionary processes (Futuyma &
Agrawal 2009; Suchan & Alvarez 2015). These phylogenies can only help to identify
whether host ﬁdelity or host switches are correlated with speciation and diversiﬁcation.

76

But it is now feasible to investigate mechanisms of diversiﬁcation – that is, novel
defences, counter-adaptations, and particularly their escalation – in each of the interacting
clades and with gene-specific focus. Tackling such adaptive traits in both insect and plant
groups at the molecular level is a highly productive research direction (Wheat et al. 2007;
Edger et al. 2015; Nallu et al. 2018). More mechanistic understanding of defence and
counter-defence dynamics can be achieved in a genomic perspective by studying
underlying adaptations at molecular levels.
At the molecular level, the arms race between Papilionidae and their host plants
has also been investigated. In characterization of specific genes mediating food-plant
specialization, one gene superfamily – the cytochrome P450 monooxygenases (P450) –
appears to be involved in both host preference and larval performance of butterflies
(Berenbaum et al. 1996; Berenbaum & Feeny 2008). They proposed that the P450 gene
family began to diversify over 450 million years ago, concomitant with the colonization
of terrestrial habitats and herbivorous animals. Rapid diversification via a series of gene
duplication events may have been a consequence of reciprocal selection pressures, with
plants evolving biosynthetically novel defence compounds and butterflies overcoming the
toxins with novel detoxification pathways (Berenbaum et al. 1996; Berenbaum & Feeny
2008). In swallowtail butterflies, the evolution of the P450 gene plays a crucial role in the
detoxification of secondary plant compounds, with some mutations allowing the toxic
defences of certain plants to be bypassed, providing survival and diversification on some
plants but not others (Berenbaum et al. 1996; Berenbaum & Feeny 2008). Further studies
have shown how changes in the use of host plants are associated with changes in the
sequence, structure and function of P450. There is evidence that new P450s can appear in
herbivores that colonize new hosts, supporting the hypothesis that interaction between
herbivores and their host plants contributed to P450-gene diversification (Cohen et al.
1992). For the genus Papilio, the ancestor of the group was predicted to be a generalist
with a P450 related to host plants that contain furanocoumarin toxin, in the Apiaceae and
Rutaceae. The ability to metabolize a wide range of substrates then decreased over time
and the ability to metabolize host-plant defence compounds reached a maximum level of
specificity (Li et al. 2003). These studies have suggested that, in the lineage leading to
Papilio P450, the ancestral, highly versatile P450 protein (CYP6B) that is presumed to
exist in a polyphagous species evolved through time into a more efficient and specialized
protein in Papilio species that had continual exposure to furanocoumarins. Further
diversification of Papilio CYP6B has likely involved episodic events of positive selection
in oligophagous species and relaxation of functional constraints in polyphagous species
(Li et al. 2003). The trade-off between the specificity of P450s and host range may partly
explain the ubiquity of oligophagy that characterizes extant swallowtail butterflies
(Cohen et al. 1992; Li et al. 2003).
Examination of P450-mediated metabolism of host-plant chemicals within one or
a few Papilio species has provided insights into how P450s evolved and diversified in
response to environmental selective pressures. However, single genes, or even a single
family of genes, are almost certainly not solely responsible for host shifts and subsequent
specialization (Thompson 1988; Thompson et al. 1990; Ozaki et al. 2011). In the
evolutionary course of specialization to a particular foodplant, the adaptive process likely
involves more than one gene or gene family. Genetic studies have revealed that, at
minimum, two sets of loci govern oviposition preference and larval survival and
performance (Thompson et al. 1990). Moreover, the evolution of oviposition preference
involves genetic changes at two or more chromosomes, with the X chromosome playing
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an important role in determining preference (Thompson 1988). These results reinforce the
scenario in which host plants represent chemically-defended islands for butterflies
(Janzen 1968), whereas shifting to a new host plant not only requires detoxifying the
plant toxins but also being able to locate the host and lay eggs on it (Feeny 1991).
These studies provide convincing examples of specific changes in key genes that
confer new abilities to feed on toxic plants, as well as host-plant shifts that may result in
increased net diversification rate. But the macroevolutionary and genomic consequences
of the origins and evolutionary dynamics of host-plant shifts remain elusive. Both a
comprehensive species-level phylogeny and comprehensive genomic data are necessary
to disentangle the origin of the arms race and to understand the underlying mechanisms
of insect-plant interactions as a major driver of diversification.
Until now, genomic studies have been restricted to the genus Papilio and one
gene family, which raises the question of whether Papilio is the rule or the exception
within the family. The swallowtail model group offers a key opportunity to precisely
characterize the macroevolutionary and genomic consequences of an arms race and to
investigate its underlying mechanisms, with the ultimate goal of understanding the role
played by ecological interactions over long timescales as drivers of the staggering
diversity of herbivorous insects (Scriber 1973; Berenbaum & Feeny 2008). Thanks to
advances in next-generation sequencing, knowledge of insect-plant relationships, and the
development of analytical tools, we can study genome-wide effects of host-plant shifts
across the phylogeny of Papilionidae. These will allow us to unveil whether other genes
are involved, as well as the subsequent macroevolutionary consequences from major
host-plant shifts during the evolution of swallowtails.
Our research project objective is to provide new insights into the textbook case,
which led to the ‘escape and radiate’ hypothesis, of the insect-plant interactions
represented by the evolution of Papilionidae and their host plants. We propose to take
advantage of the unique set of host-plant shifts identified along the evolutionary history
of swallowtail butterflies to associate genomic adaptations with new foodplants, using
state-of-the-art sequencing technologies and analytical methods to investigate the
molecular mechanisms underlying adaptations and specializations to new ecological
niches by Papilionidae. This integrative project will thereby combine phylogenetic,
genomic, ecological, geographic, and transcriptomic data to evaluate the impact of host
plants on genomic evolution and species diversification within swallowtail butterflies.
With this ambitious research proposal, we aim to provide answers to longstanding and
fundamental evolutionary questions pertaining to insect-plant interactions.

3.2. Scientific program and project structure
In order to revisit the classical case of insect-plant interaction in swallowtail
butterflies, our project will perform the first comparative phylogenomic, genomic, and
transcriptomic surveys of these animals, using next-generation sequencing methods that
now allow cost-effective gathering of the required data. The project is organized into four
work packages (WP) devoted to investigating the role of host plants driving the evolution
of swallowtail butterflies through (1) a complete phylogenetic framework for the
Papilionidae, (2) a macroevolutionary approach focusing on the impact of host-plant
shifts on butterfly diversification, (3) a genomic approach surveying genes under positive
selection for groups that shifted to new host plants, and (4) a transcriptomic approach on
both plants and insects seeking genes directly involved in the interactions.
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3.2.1. Building the tree of life of swallowtail butterflies
1.1. Objectives
This first WP will reconstruct the phylogeny of all swallowtail butterflies, which
will serve as a basis for downstream analyses. Until now the latest and most
comprehensive phylogeny of swallowtails has included a third of their total species
diversity (Condamine et al. 2012b). We plan to obtain a fully sampled phylogeny for all
species, to address fundamental evolutionary questions in our project and beyond. The
resulting phylogenetic framework will allow accurate genomic and diversification
analyses, in turn allowing linkage to the macroevolutionary and genomic consequences of
host-plant shifts.
1.2. Biological material
For this WP, we will need complete sampling of the species diversity. In the last
decade, I have collected in many countries since my PhD thesis and collaborated with
swallowtail experts to gather comprehensive taxon sampling of the family. I have
obtained fresh samples for almost all species to date, including the endangered
Ornithoptera and Troides (35 species), or the rare Bhutanitis and Teinopalpus (4 and 3
species, respectively) or even the high-altitude endemic Parnassius (ca. 60 species). Even
species thought to be extinct (Papilio elephenor and P. lampsacus) have been sampled
thanks to museum collections. In total, less than 10% of the species diversity is missing.
These species are located in the two most species-rich genera Papilio and Graphium. For
the missing species, we will obtain material via international collaborations (F. Sperling,
A. Cotton, G. Fagua, K. Kunte) and museums.
Regarding current international law enforcements, I commit to obtaining all
required authorization for acquiring the genetic resources needed for the implementation
of the project, in conformity with the applicable legislation. For all needed genetic
resources, I will establish whether the material in question falls within the scope of the
Nagoya protocol and/or the EU ABS Regulation with diligence and reasonable care. If
the project falls within the scope of the EU ABS Regulation, I will submit the due
diligence declaration to the competent authority of the Member State concerned, as
required under Article 7(1) of the regulation. It is also important to mention that the host
institution is registered as a CITES scientific institution (FR34B, see Extra Annex 1).
1.3. Detailed methodology
We will build a complete species-level phylogeny for Papilionidae, relying on
single-copy nuclear genes (orthologs) obtained from whole-genome sequencing of all
species, following a two-step procedure to sequence: (1) high-quality whole genomes of
all genera of Papilionidae, and (2) low-coverage whole genomes (resequencing) for all
remaining species of Papilionidae.
● Data acquisition: There are 32 genera in total, and we already have fresh material
stored in freezers. We will use a combination of Illumina (HiSeq/NovaSeq) and Oxford
Nanopore (MinIon) sequencing techniques to generate both millions of high-quality short
reads (150bp paired-end reads) and tens of thousands of low-quality long reads (mean
length ~5-10kb, longest ~60-100kb), respectively. Swallowtail genome sizes are
currently believed to be ~300Mb, and short reads and long reads will be sequenced to
reach at least 50x and 10-20x coverage, respectively. Because our phylogenetic
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reconstructions (WP 1) and genome-wide analyses of molecular evolution (WP 3) will
focus on coding sequences, we do not need ultra-deep sequencing of the genomes for
their assembly. We will thus choose a genome map draft strategy involving Illumina
sequencing of paired-end libraries of different insert sizes (170bp, 500bp, 800bp, 2kb,
5kb) for generating an estimated 50x coverage of each genome. For low-coverage
genomes, there are about 550-600 species in total, for which we have almost all known
species in the freezers including fresh and museum materials. Shotgun sequencing is
particularly suitable for museum specimens. We will use an Illumina shotgun approach to
sequence short reads reaching 50x genome coverage for all the species (Allio et al. 2020).
Library preparations will be performed in the molecular lab of the host institution.
● Sequencing: Nanopore sequencing will be performed in the host institution, which
has a MinIon sequencer. Illumina sequencing will be subcontracted to either an academic
platform in France (e.g. Montpellier GenomiX platform) or outsourced to a EU-based
private company (e.g. Novogene, UK).
● Genome assembly and annotation: For genome assembly, we will follow the best
protocols evaluated by the Assemblathon 2 consortium (Bradnam et al. 2013). As
recently demonstrated, assembling a genome with only low-coverage long reads is
difficult because long reads contain 10-20% of errors and short reads produce
fragmentary genomes that preclude a full assembly. Hybrid assembly, a method that
combines short reads for accuracy and long reads for scaffolding (Salmela & Rivals
2014), has successfully been applied in several recent projects of large genome
assemblies (Zimin et al. 2017). In addition, a 50x sequencing coverage should allow
assembly of genomic contigs containing the exons of protein-coding genes that are our
main targets. Therefore, draft genomes will be assembled using short reads, and for all
genera the draft genome will be scaffolded using long reads (previously corrected using
short reads). The draft genomes will be assembled using two approaches: the popular
SOAPdenovo2 (Luo et al. 2012) and an approach designed for highly heterozygous
genomes, Platanus (Kajitani et al. 2014), successfully applied to the Papilio glaucus
genome (Cong et al. 2015). Another approach to scaffold all the short-read contigs is to
use either SSPACE-long reads or PBSuite (Boetzer & Pirovano 2014). Annotation will
be performed using the AUGUSTUS pipeline combining ab initio gene prediction
(Stanke et al. 2006) and homology-based gene prediction with genBlastG (She et al.
2011), and will be performed using the protein-coding genes of butterfly genomes as
references (Zhan et al. 2011; Cong et al. 2015; Li et al. 2015; Iijima et al. 2018; Lu et al.
2019). We will use OrthoFinder (Emms & Kelly 2015, 2019) to identify the orthologous
protein groups, and groups made of single-copy orthologs from all genomes will be
extracted and aligned. One of our ongoing studies has found 6621 orthologous nuclear
genes with an average of 40x coverage, even for low quality DNA libraries (Allio et al.
2020).
● Phylogenomic and dating analyses: The resulting gene alignments will be
concatenated into a supermatrix that will be used to estimate a phylogenomic tree of the
swallowtail butterflies. We will carry out state-of-the-art analyses in Bayesian and
maximum-likelihood phylogenomics. Standard phylogenetic reconstructions rely on
partitioned analyses in which distinct parts of the genes evolve under different
substitution models. This approach is not applicable to genomic datasets. Instead, we will
use the Bayesian site-heterogeneous CAT mixture model (Lartillot & Philippe 2004) as
implemented in PhyloBayes (Lartillot et al. 2009) and its equivalent in maximum
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likelihood, PMSF, as implemented in IQ-TREE (Nguyen et al. 2015; Wang et al. 2018).
These models estimate simultaneously the partitions and their corresponding substitution
models, but also estimate the tree topology. The resulting topology will be the foundation
for estimating a time-calibrated phylogeny. Molecular dating analyses will be performed
using autocorrelated and uncorrelated clock models, as implemented in PhyloBayes and
constrained with four internal fossil calibrations for which uniform (conservative) priors
will be applied (Ho & Phillips 2009; Condamine et al. 2012b, 2015a, 2018b; Allio et al.
2020). A maximum-likelihood approach, treePL (Smith & O’Meara 2012), will also be
used if the Bayesian approach is computationally intractable.
● Means to perform the analyses: Genome assembly and phylogenomic analyses
are power and time consuming. To perform these analyses, we will rely on two ERCfunded computers (specifications: 64 CPUs and 1 To of memory per machine) and we
will have access to the computational power of the Montpellier Bioinformatics and
Biodiversity platform located at the host institution.
1.4. Participants
I will coordination, advise on the phylogenomic and dating analyses, and
supervise students. Marie-ka Tilak (lab engineer in the team Phylogénie) will be involved
in the management of lab work and scientific advice on DNA extractions and library
preparations.
I will hire one ERC-funded research technician for 2 years (DNA extraction,
DNA storage, Library preparations, DNA sequencing, Preliminary analyses of genomic
data), for which Marie-ka Tilak and I will supervise his/her integration and work.
I will also one ERC-funded PhD student for 3 years (fieldworks, DNA
sequencing, phylogenomic and dating analyses). Benoit Nabholz will be co-supervisor.
Importantly, at the time I write this, I have a pre-selected PhD candidate: Eliette Reboud,
currently doing her Master 2 Darwin internship with me on the phylogenomic of a
Neotropical moth. Eliette is one of the top Master student I have been working with so
far.

3.2.2. Role of host plants in driving butterfly diversification
at macroevolutionary scales
2.1. Objectives
This second WP will consist of investigating the coevolutionary history between
swallowtails and their plants through the use of phylogenies (WP 1), ancestral areas
estimation, and diversification models. We will ask: (1) What are the ancestral host plants
and how did the evolutionary associations change through time? (2) Did butterflies and
host plants diversify concurrently through time and space? (3) Did host-plant shifts drive
species diversification through time and space? (4) Are there host-plant clades that have
conferred greater success to diversification?
2.2. Biological material
For this WP, we will rely on the molecular dated phylogeny obtained in WP 1.
This time-calibrated phylogeny will contain all the species known in the family. In
addition, we will gather data on host-plant preferences for all species based on data in the
literature, personal field observations and databases, and online databases.
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2.3. Detailed methodology
We will estimate the ancestral host plants at each node in the phylogeny to infer
their evolutionary associations through time. We will test the hypothesis that the two
interacting groups have similar histories, with butterflies tracking their host plants
through space and time. We will examine whether groups that have shifted (swallowtails)
or been colonized (plants), compared to sister lineages that did not acquire such
evolutionary novelties, increased their diversification rates. This WP will be tightly
linked to WP 3 as we will look for effects of diversification and genomic changes
associated with host-plant shifts.
● Data acquisition: For each species of swallowtail butterflies, we will code (1) its
geographic distribution based on 12 geographic areas describing the major regions on
Earth (Western Nearctic, Eastern Nearctic, Central America, Caribbean Islands, South
America, Western Palearctic, Eastern Palearctic, Africa, Madagascar, India, Southeast
Asia and Indonesia, Australasia); and (2) its host-plant preferences based on 12
angiosperm families (Rutaceae, Aristolochiaceae, Annonaceae, Apiaceae, Lauraceae,
Saxifragaceae, Papaveraceae, Zygophyllaceae, Magnoliaceae, Rosaceae, Fabaceae,
Hernandiaceae). All the data can be easily acquired using literature, personal field
observations and database, and online databases, and most of the data have already been
acquired for 408 species of the family.
● Ancestral host-plant estimation: Using the time-calibrated phylogeny of
Papilionidae, we will first estimate the ancestral host plants based on extant host-plant
preferences. We will use state-of-the-art probabilistic models for ancestral states relying
on maximum-likelihood and Bayesian analyses (Ronquist & Sanmartín 2011). The
Dispersal-Extinction-Cladogenesis (DEC) model is a powerful approach for
reconstructing ancestral states with dated phylogeny and current trait data (Ree et al.
2005). Generally used for historical biogeography, this model is fully applicable for other
traits like host-plant preferences (Ree & Smith 2008; Toussaint et al. 2012). As a
complement, we will infer ancestral states using BayesTraits (Pagel & Meade 2006). We
will test the hypothesis that Aristolochiaceae were the ancestral host plant of
Papilionidae, as previously found (Condamine et al. 2012b). If ancestrally associated
with Aristolochiaceae, it will suggest a single colonization and likely adaptation to the
plant toxins, but if not, it will suggest two independent colonizations of these highly toxic
plants (Simonsen et al. 2011); this hypothesis can be tested in parallel with the genomic
analyses in WP 3 (see below). We will also determine the evolutionary associations of
host plants, highlighting in which butterfly lineages and when host-plant shifts occurred.
● Plant phylogenies and co-biogeography: Based on the ancestral states of host
plants, we will identify the two or three main host-plant families that were important in
the early diversification of the swallowtails. For these families, we will reconstruct timecalibrated phylogenies based on available data in public databases. As an example, half
of the species diversity for Aristolochiaceae is available in GenBank. The phylogenetic
analyses will be conducted in close collaboration with expert botanists I have initiated in
line with this project (e.g. S. Wanke for Aristolochiaceae, T. Couvreur for Annonaceae,
A. Favre for Saxifragaceae, M. Appelhans for Rutaceae). The procedure to reconstruct
the dated phylogenies will be very similar to the procedure in WP 1. Once the dated
phylogenies are obtained, we will compare clade ages for both interacting swallowtail
and plant groups. For instance, if Aristolochiaceae is found to be the ancestral host plant
of the whole family, we expect that the two interacting clades have similar ages at their
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respective crown node with an overlap of their 95% credibility intervals. If
Aristolochiaceae is not the ancestral feeding habit, we will compare ages with
Luehdorfiini, Troidini, and Zerynthiini.
In addition, we will test the hypothesis that butterflies and their associated plants
have diversified concurrently through time and space. We will then test the synchronous
nature of temporal and geographic coevolution resulting from the arms race by
reconstructing the historical biogeography of all groups, which will provide independent
evidence for the inference of ancestral feeding preferences. We will thus use the DEC
model with a geologically-constrained time-stratified framework describing
paleogeographical changes (Beeravolu & Condamine 2016). We will assemble
geographic distribution information for the species of the study plant families by also
using literature and online database (in close collaboration with botanists). We expect to
estimate similar ancestral distribution areas for the two antagonist clades. For instance, if
Aristolochiaceae represents the ancestral plant for the Papilionidae, we expect that the
two antagonist clades would have had to occur at the same place and time to interact. We
also expect the same pattern for butterfly clades that have shifted to new host-plant
families. For instance, if Rutaceae is found to be the ancestral host plant of the genus
Papilio as suggested (Li et al. 2003), we would expect similar areas of origin.
● Diversification analyses: We will estimate diversification rates within swallowtail
butterflies and the selected host families using rigorous and cutting-edge approaches in
birth-death modelling (Morlon 2014; O’Meara & Beaulieu 2016). To provide
macroevolutionary tests of the ‘escape and radiate’ hypothesis that host-plant shifts
and/or butterfly colonizations conferred higher speciation rates for butterflies and/or
plants, we will infer diversification dynamics through time and across the phylogenies.
The last decade has witnessed a massive development of diversification methods, and
increasing use in recent studies. These studies have shown that no method is free from
any problems or hypothesis violation and it requires a clear hypothesis-testing framework
(Maddison & FitzJohn 2015; Rabosky & Goldberg 2015; Moore et al. 2016; Louca &
Pennell 2020). Accordingly, it is essential to rely on multiple methods to cross-validate
the results (Condamine et al. 2018a; Legendre & Condamine 2018). Therefore,
diversification rates will be estimated with several independent methods that estimate
clade-specific changes in diversification (Morlon et al. 2011; Rabosky et al. 2013; May
et al. 2016; Maliet et al. 2019) or estimate trait-dependent diversification (Beaulieu &
O’Meara 2016; Rabosky & Goldberg 2017; Caetano et al. 2018) or estimate
environment-dependent diversification (Condamine et al. 2013a, 2019a). In any case, we
will estimate diversification rates while taking into account their phylogenetic and dating
uncertainties by applying the models to multiple trees randomly taken from the molecular
dating analyses.
● Means to perform the analyses: Ancestral state estimations and diversification
analyses are not time consuming for a 600-species swallowtail tree (the plant trees would
be about the same size). To perform these analyses, we will rely on the computational
power of the Montpellier Bioinformatics and Biodiversity platform hosted at the host
institution. Sanger-based phylogenies of plant families will be reconstructed with the
CIPRES Science Gateway cluster (San Diego, USA).
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2.4. Participants
This WP is at the heart of my main skills, and I will coordinate all the aspects of
analyses (Ancestral state estimations, Plant phylogenies, Diversification analyses) and
will supervise students.
I will hire one ERC-funded post-doc student for 2 years for working on the
macroevolution of insect-plant interactions. Given that Eliette will reconstruct the dated
phylogeny of the group during 3 years, I have anticipated that she might be interested in
making use of this new phylogeny for addressing some of the key questions of the
project. So this post-doc opportunity will be first proposed to her if she still wants to
continue working with me after three years in PhD: I know how can be the relationships
between a PhD student and his/her PhD supervisor after such a long time, especially
toward the end.

3.2.3. Identifying genomic signatures associated with
ancient and recent host-plant shifts
3.1. Objectives
This third WP will consist of conducting a genomic survey of molecular evolution
in swallowtail butterflies in order to reveal the genomic consequences of host-plant shifts
versus host-plant conservatism as determined by ancestral states reconstructions (WP 2).
The questions we aim to answer by the completion of this WP are: (1) Are there any
signatures of adaptation in the genomes caused by changes in host plants for the different
groups of Papilionidae? If yes, we will ask: (2) What genomic changes have evolved in
response to the selective constraints imposed by host-plant shifts versus conservatism?
(3) Do the same genomic changes underlie host-plant shifts to different host-plant
families in independent butterfly lineages? (4) How widespread is positive selection for
shifting/non-shifting butterfly lineages?
3.2. Biological material
For this WP, we will rely on the genomic data acquired with the biological
material detailed in WP 1. However, the data will be analysed differently to address
genome-based questions. In addition, we will use the inferred ancestral host-plant
preferences for all nodes based on the results obtained in WP 2 to design specific tests on
the effect of host-plant shifts both in deep and recent timescales.
3.3. Detailed methodology
We will perform a large-scale comparative analysis of the evolution of
Papilionidae genomes and focus on their genomic changes following host-plant family
changes in deep branches of the phylogeny to (1) provide information on the portions of
genomes that have undergone positive or purifying selection, and (2) identify, within the
portions that have undergone positive selection, the corresponding genes in order to
ultimately study their roles and functions. We will also study whether genomic changes
following recent (last 10 million years) host-plant shifts show the same pattern as those
involved in deep branches of phylogeny.
● Data acquisition and genome assembly: The whole shotgun genomic data
generated in WP 1 will be used for the genomic survey. 50x sequencing coverage will
allow assembly of genomic contigs containing exons of protein-coding genes that are our
main targets for this WP. The draft genomes will be assembled using SOAPdenovo2
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(Luo et al. 2012) and Platanus (Kajitani et al. 2014). Then, BLAST searches will be
carried out on each genome and for all proteins available on GenBank for Papilio xuthus
(Futahashi et al. 2012), which will serve as a reference for Papilionidae genomes using
tblastn (Altschul et al. 2010) and Blast2GO (Conesa et al. 2005). The BLAST searches
will be performed on the protein-coding genes present in the reconstructed scaffolds from
the genome assembly. Only sequences with at least 60% amino acid similarity will be
extracted for each of the protein-coding genes of P. xuthus. If our genome assemblies are
fragmentary, as expected for genomes assembled without long reads, several scaffolds
can be blasted on the same protein-coding gene. In this case, the different scaffolds will
be aligned using translatorX (Abascal et al. 2010) and AGILE (Hughes & Teeling 2019)
to obtain the most complete (consensus) sequence for each protein-coding gene and each
species. We will detect and remove cross-species contamination in our data using specific
tools (Simion et al. 2018).
We will use OrthoFinder (Emms & Kelly 2015, 2019) to identify orthologous
protein groups, and groups made of single-copy orthologs from all genomes will be
extracted and aligned. For all protein-coding genes, we will first compare our protein sets
with the established protein sets from all published Lepidoptera genomes (lepbase.org).
Contigs of 1-to-1 orthologs will be added to corresponding butterfly protein-coding gene
alignments using the alignment program MACSE (Ranwez et al. 2018), which returns
both codon and amino acid alignments. Finally, we will clean the alignments from
ambiguous positions using HMMCleaner (Di Franco et al. 2019) and trimAl (CapellaGutiérrez et al. 2009). Applying a similar approach, one of our ongoing studies found
6621 orthologous nuclear genes with an average of 40x coverage, even for low quality
DNA libraries (Allio et al. 2020).
● Genome-wide estimation of molecular evolution: We will performed evolutionary
genome scans of genes to identify genes presenting an excess (indicating adaptation) or
depletion (indicating purifying selection) of non-synonymous substitutions compared to
synonymous substitutions in all branches where a host-plant shift is identified (WP 2)
relative to branches with no host-plant shift (Jobson et al. 2010). Thus, we will
specifically look for positively selected genes in the non-shifting species and ancestral
branches as controls versus shifting lineages as tests. This method has the advantage of
detecting genes where acceleration or slow-down in substitution rate occurred along the
branches leading to the new host plant, compared to substitution rate along branches that
did not change of host plant, will identify genes evolving under positive or purifying
selection. To do so, we will estimate the ratio of non-synonymous substitution (dN) over
synonymous substitution (dS) (Yang & Nielsen 2000). Genes under positive selection are
characterised by high dN/dS (>1) while genes under purifying selection have low dN/dS
(<1). Analyses of dN/dS are traditionally performed with 1:1 orthologous sequences, but
we will also explore an application of these analyses to gene families (see WP 4 for gene
family evolution).
In swallowtail butterflies, adaptation to a host plant can progress on specific genes
rather than genome-wide (Berenbaum et al. 1996). Accordingly, analyses will be
conducted for individual genes as well as on genes grouped by Gene Ontology categories,
in order to potentially identify particular functional categories that might have been
affected by evolution in association with new host plants. We will therefore estimate
genetic changes in candidate genes throughout the swallowtail phylogeny, like
cytochrome P450. We expect that genes involved in herbivory will show a high dN/dS
ratio in branches leading to new host plants but low dN/dS in non-shifting swallowtails.
However, because such host-plant shifts not only alter candidate genes but may also
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influence the whole genome (Thompson et al. 1990; Edger et al. 2015), we will perform a
genome scan of dN/dS over all genes and across all branches (see Fig. 38 for a genus
level illustration) using CODEML (branch-site model) as implemented in PAML (Yang
2007).

Fig. 38. Illustration of macroevolutionary (WPs 1 & 2) and genomic (WPs 3 & 4) approach to testing for
the role of host plants as drivers of evolution. (A) Hypothetical ancestral host-plant associations as
determined by Condamine et al. (2012b) show a single origin for Aristolochiaceae feeding. (B) The
alternative hypothesis of ancestral host-plant associations (Simonsen et al. 2011) suggests two origins of
Aristolochiaceae feeding. Here the phylogeny was reconstructed based on whole genome data for all genera
(6621 orthologous genes), including four genomes obtained in GenBank (Allio et al. 2020). At this
systematic level, the tree provides branches highlighting the major (deep time) host-plant shifts but its
statistical power is limited for drawing general conclusions on the role of host plants in butterfly evolution.
We will estimate dN/dS in four types of branches using thousands of orthologous genes and a phylogenetic
tree for all species, which will allow an unprecedented range of tests across the phylogeny. The dN/dS
analyses will be performed using inferred phylogenetic relationships and estimated ancestral host-plants.
Ancestral state estimations applied to the species-level phylogeny (WP 2) will determine the evolution of
host-plant associations across the phylogeny to locate host and environmental shifts (temperate vs.
tropical). The dN/dS analyses will be performed on each branch as one of four types of branches (WP 3)
and transcriptomic analyses will track genomic changes (e.g. gene duplication, gene expression) and the
evolution of key genes like cytochrome P450 (WP 4).

● Ancient versus recent host-plant shifts: We will assess whether genomic changes
are the same between recent (< 10 million years) and ancient (> 10 million years) hostplant shifts across the phylogeny. The last 10 million years of the Cenozoic witnessed
global climate cooling while the early Cenozoic was characterized by a warm period with
tropical regions extending into higher latitudes. Interplay between climate change and
host-plant shifts may have impacted both genomic and species diversification
(Condamine et al. 2012b, 2018b). Comparing molecular evolution through time can yield
insight into the role of climate change and host-plant shifts. In addition, we will
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investigate the genomic signature of speciation between recently diverged species that do
not have the same feeding habit.
● Means to perform the analyses: Genome assembly and genome-scan analyses are
power and time consuming. To perform these analyses, we will rely on two ERC-funded
computers (specifications: 64 CPUs and 1 To of memory per machine) and we will have
access to the computational power of the Montpellier Bioinformatics and Biodiversity
platform hosted at the host institution.
3.4. Participants
This WP is more outside my comfort zone, but see below (Expected outcomes
and preliminary results). Along with Benoit Nabholz, we will coordinate the genomic
analyses and supervise students. Benoit Nabholz is an expert in genome assembly and
annotation, and genomic analyses.
I will hire an ERC-funded PhD student for 3 years (Analyses of candidate genes,
Genome scans for gene evolution, Gene family analyses), which will start two years after
the beginning of the project.

3.2.4. Revealing the genomic mechanisms of an arms race
with transcriptomes
4.1. Objectives
This fourth WP will consist of tracking functional genomic adaptations involved
in the arms race between swallowtail butterflies and their host plants. Using
transcriptomes, we will address the following questions: (1) Did genomic innovations
increase in complexity over time and are they associated with host-plant shifts by
butterflies or escape from herbivores by plants? (2) Can we identify genomic mechanisms
that facilitated the appearance and escalation of innovations that mediated the observed
coevolutionary dynamics? (3) How distinct are gene expression profiles among
independent butterflies shifting to new host plants versus non-shifting butterflies?
Finally, if there is one origin of Aristolochiaceae feeding, we expect a common genomic
adaptation for Aristolochiaceae feeders in Parnassiinae (Luehdorfiini and Zerynthiini)
and Papilioninae (Troidini), but if there are two independent origins then (4) is there
evolutionary convergence in the genomic adaptations required to feed on these toxic
plants?
4.2. Biological material
For this fourth WP, we will obtain transcriptomic data for caterpillars of all
swallowtail genera as well as for the plants that are eaten by the caterpillars. Currently, I
have obtained caterpillars as well as their host plants for six swallowtail genera
(Iphiclides on Prunus, Papilio on Daucus, Ornithoptera on Aristolochia, Parnassius on
Sedum, Troides on Aristolochia, and Zerynthia on Aristolochia). We will collect the
genera not yet available in by doing fieldwork in countries maximizing genus diversity
occurring in sympatry (e.g. Ecuador, Madagascar, Mexico, Peru, Thailand) or via my
international collaborations on swallowtails (e.g. Canada, Thailand, USA, Brazil). If it is
too difficult to obtain all genera, it will be realistic to work at the tribe level as I already
have good local access to samples representing host shifts/conservatism at this level
(Condamine et al. 2012b).
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4.3. Detailed methodology
We will sequence the transcriptomes of swallowtail caterpillars collected while
still feeding on leaves. We will also sequence the transcriptomes of the leaves that are fed
by the caterpillars (and leaves of a different plant specimen that is not attacked, as
controls). We will track genomic adaptations underlying the evolution of host-plant
feeding habit in Papilionidae, and corresponding plant defences that must have been
circumvented by colonizing different plant families.
● Data acquisition: We will collect fresh 3rd or 4th instar larval stage. Caterpillars
will be dissected into the head, thorax, and abdomen, which will be placed separately in
RNAlater tubes then refrigerated for a week and stored in freezers (Fig. 39). For plant
leaves (attacked and non attacked), we will follow an approach designed to maximise
RNA sequencing success (Johnson et al. 2012). Leaves will be cut into small pieces and
also stored in separate RNAlater tubes. We will repeat this approach for all 32 genera and
their main host plant as determined by ecological data. Five transcriptomes (three for the
caterpillar and two for the plant) will be obtained using whole transcriptome shotgun
sequencing. Library preparations will be performed in the molecular lab of the host
institution.
● Sequencing: Illumina sequencing will be subcontracted to either an academic
platform in France (e.g. Montpellier GenomiX platform) or outsourced to a EU-based
private company (e.g. Novogene, UK).
● Transcriptome assembly: De-novo transcriptome assemblies from paired-end
reads will be realized using the dedicated Trinity (Haas et al. 2013) or SOAPdenovoTrans (Xie et al. 2014) methods. Open reading frames will be predicted and then
annotated by homology searches against the closest available swallowtail butterfly
genomes (Papilio polytes and P. xuthus) (Futahashi et al. 2012; Zhang et al. 2013). A
similar approach will be used for each host plant species sequenced. There are now
numerous plant species for which a transcriptome is available (Matasci et al. 2014;
Bolger et al. 2018). A survey on GenBank and the 1,000 Plants project shows at least one
species available for each of the main host-plant families fed on by swallowtails (Matasci
et al. 2014; Leebens-Mack et al. 2019), including understudied Aristolochiaceae (e.g.
Aristolochia fimbriata). This will guarantee a core dataset for our transcriptome assembly
and annotation, and for subsequent analyses. Our plant transcriptomes will be added to
the transcriptomes already sequenced over a large scale (Matasci et al. 2014; Wickett et
al. 2014; Leebens-Mack et al. 2019).
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Fig. 39. Interaction steps between butterflies and plants. Adults sense volatile compounds by olfactory and
gustatory receptors to select hosts. Caterpillars chew and ingest plant tissues by secreting proteins and other
molecules into the plant to suppress or trigger plant defence responses (production of toxic compounds).
Enzymes and transporters are involved in digestion and absorption of plant nutrients. Plant toxic
compounds can be degraded by insect enzymes or sequestered. The aim of WP 4 is to sequence the
transcriptomes of caterpillar head, thorax, and abdomen, and of attacked and non-attacked leaves. Adapted
from Simon et al. (2015).

● Analyses: We will sequence the genes that are expressed in vivo to detoxify,
digest, and sequester the plant toxic compounds in the leaves (Fig. 39). In parallel, we
will sequence genes that are expressed by plant leaves to produce these toxic compounds.
We will specifically search for genes corresponding to these functions and evaluate how
they differ among swallowtail genera and their host-plant families within the
phylogenetic framework (see Fig. 38). The most promising candidate genes for herbivore
molecular evolution in butterflies are the genes directly linked to diet (digestive
enzymes), foraging (olfactory receptors, Ozaki et al. 2011), and food intake (taste
receptors). For all candidate genes, detailed analyses of molecular evolution will identify
the selective pressures acting on butterflies shifting to a new host plant versus nonshifting butterflies. Moreover, we will specifically target key genes like P450
(Berenbaum et al. 1996). Transcriptomic data will be complemented by genomic data in
order to identify and compare molecular evolution of genes specifically expressed in
mouth, hindgut and foregut among the butterfly lineages.
● Evolution of multigene families: We will investigate the potential evolution of
specific gene families such as olfactory receptors and cytochrome P450 genes that are
involved in host-plant preference and performance. It has been demonstrated that such
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gene families are involved in foraging and diet strategies for butterflies (Berenbaum et al.
1996; Berenbaum & Feeny 2008), and thus constitute relevant candidates to initiate the
WP. The different annotated subfamilies will be aligned using the program MACSE,
which is specifically designed for datasets including both functional and non-functional
sequences. This will permit reconstructing gene repertoires using probabilistic
phylogenetic methods, and accurately estimating the percentage of pseudogenes in each
subclade. Complete gene repertoires will finally be statistically compared among
swallowtail species to identify potential gene expansions and/or losses relative to other
swallowtail species with different diets. Following the Edger et al. (2015) approach, the
evolutionary dynamics of identified genes will be reconstructed using whole genome and
transcriptome sequencing coupled with sequence analysis of codon evolutionary
dynamics. We will explore dN/dS variation across gene families; in this case each gene
of a gene family might have a different phylogeny according to duplication history.
4.4. Participants
This WP is probably the most risky part of the project. This is especially true
because of the sampling of live caterpillars for all genera around the world. I have already
started the fieldwork and I will coordinate the sampling of the remaining genera.
I will hire one ERC-funded research technician for 2 years to perform RNA
extraction, library preparations, shipments of library pools for RNA sequencing. Marieka Tilak will supervise and be consulted for the RNA extractions and library preparations
Finally, I will hire an ERC-funded PhD student for 3 years to address the
questions through analyses of candidate genes, transcriptome analyses, and gene family
analyses in a macroevolutionary framework as unveiled in the previous WPs.
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3.3. Originality and novelty
This project will use innovative approaches to allow rigorous testing of
longstanding hypotheses on (1) molecular mechanisms at the genome scale that underlie
evolutionary shifts in ecological niches, and (2) macroevolutionary effects of host-plant
shifts on the global pace of swallowtail diversification. Increasing attention is being paid
to widespread insect-plant interactions, genomic adaptation, macroevolutionary study of
interacting clades, and the effects of reciprocal host and plant shifts in conferring bursts
of speciation. However, large-scale comparative studies combining insect and plant
phylogenetics, insect genomics and transcriptomics, and macroevolutionary analyses are
still rare in the field of evolutionary biology. To our knowledge, this will be the first
application of an integrative approach to investigating and dissecting an arms race with a
fine-scale and comprehensive phylogenetic framework, allowing accurate and detailed
tests of adaptive evolution due to host-plant shifts. The originality of the proposal also
lies in employing new technologies for a fresh look at a textbook biological model of
insect-plant interactions that is nonetheless understudied at a global scale. Modern
phylogenetic advances have unambiguously demonstrated the ancient origin of the arms
race between Papilionidae and their host plants, but there is a knowledge gap on the
evolutionary role of host associations, which is now undermining our understanding of
the effects on their genomes and the ensuing effects on diversification. It is clear that the
highly specialized and conserved diet of Papilionidae has imposed strong selective
constraints, potentially leading to a range of genomic changes and/or adaptations at key
events in their phylogeny. This suggests that their adaptive host-plant space might be
more constrained than previously thought, and offers a unique opportunity to investigate
their underlying genomic and diversification mechanisms.

3.4. Expected outcomes and preliminary results
This research proposal benefits from a unique combination of timely
circumstances, including the coming of age of next-generation sequencing technologies
for non-model organisms as well as promising preliminary results that offer good
guarantees for its success. In this project, the first expected results would be the
generation of a unique genomic dataset for the entire family Papilionidae. We plan to
gather a whole genome for each species known in the group. Such a dataset will offer
many opportunities for this project but also many other research questions not addressed
in this project (e.g. origin and evolution of mimicry, genomic architecture of speciation).
The second main expected result would lie in the reconstruction of a phylogenomic timecalibrated tree for the full species diversity of the family. Such a swallowtail tree of life
will allow detailed characterization of species relationships in a robust framework that is
the foundation for rigorous macroevolutionary and genomic tests. Then, based on this
genomic dataset, we will perform: (1) genome-wide scans of molecular evolution in order
to pinpoint genes underlying genomic adaptations to host-plant shifts, (2) detailed
analyses of patterns of molecular evolution of candidate genes involved in host-plant
interaction, and (3) reconstruction of the evolutionary history of multigene families such
as P450 genes. These genomic data will be complemented by transcriptomic data, to
identify and compare expression levels and molecular evolution of genes expressed in
caterpillars among the swallowtail genera, as well as genes expressed in plant leaves
among the host plants. Finally, we will use macroevolutionary approaches to formally
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test the predictions of the ‘escape and radiate’ hypothesis with an unprecedented dataset
combining the swallowtail and host-plant phylogenies, while reconstructing their
historical biogeography and estimating their diversification rates. With this ambitious
integrative project, we hope to provide a deeper understanding of the mechanisms
underlying the fundamental phenomenon of an evolutionary arms race, which can serve
as an exemplary approach for other groups. This should also allow the identification of
genes involved in adaptations particular to this insect-plant interaction, and could provide
an important connection between the origins of biodiversity, coevolution, and the role of
gene evolution and genome duplication as a substrate for novel traits.
I think these expected, quite speculative, outcomes might be better illustrated with
the a study we performed with Rémi Allio (a Master 2 Darwin student) co-supervised by
Benoit Nabholz (ISEM, Université de Montpellier). This is the foundation of the ERC
proposal. In few words, we are showing that host-plant shifts are associated with
genome-wide adaptive molecular evolution and repeated bursts of speciation rates in
swallowtail butterflies. We first find that the antagonistic insect-plant interaction began
55 Ma for the ancestor of swallowtails and a highly toxic plant group, the birthwort genus
Aristolochia (Fig. 40), as predicted in the first hypothesis and also confirming a previous
study (Condamine et al. 2012b). More importantly, we estimated the ancestral area of
origin and colonizations through time for both interacting clades. We found that both
occurred in a northern region centred on the Bering Land Bridge, a paratropical region at
this time (Suan et al. 2017). Both clades then dispersed southward into the tropics, where
their extant diversity is the highest.

Fig. 40. Synchronous temporal and geographic origin for swallowtails and birthworts. Bayesian molecular
divergence times with exponential priors estimate an early Eocene origin (~55 Ma) for both swallowtails
and Aristolochia (alternatively, analyses with uniform prior estimated an origin around 67 Ma for
swallowtails and 64 Ma for Aristolochia). Biogeographical maximum-likelihood models infer an ancestral
area of origin comprising West Nearctic, East Palearctic and Central America for both swallowtails and
birthworts. K = Cretaceous, P = Palaeocene, E = Eocene, O = Oligocene, M = Miocene, Pl = Pliocene, and
P = Pleistocene. Ma = million years ago.
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Despite strong host-plant conservatism, several ancient shifts to new plant
families allow repeated tests of genome-wide signatures of macroevolutionary changes
and estimation of diversification rates across their phylogeny. According to the escapeand-radiate model, a host-plant shift should confer higher rates of species diversification
for herbivores through the acquisition of novel resources to radiate into. Using the
species-level phylogeny, we applied a suite of birth-death models to test this hypothesis
and found that clades having experienced host-plant shifts had faster diversification,
contributing to an increase in global diversification through time (Fig. 41).

Fig. 41. Host-plant shifts lead to repeated bursts in diversification rates and a sustained overall increase in
diversification through time. a, Diversification tends to be higher for clades shifting to new host plants, as
estimated by trait-dependent diversification models. Boxplots represent Bayesian estimates of net
diversification rates for clades feeding on particular host plants. b, A global increase in diversification is
recovered with birth-death models estimating time-dependent diversification. Taking into account rate
heterogeneity by estimating host-plant and clade-specific diversification indicates positive gains of net
diversification after shifting to new host plants. K = Cretaceous, Paleoc. = Palaeocene, Oligoc. =
Oligocene, Pl = Pliocene, P = Pleistocene, Ma = million years ago.

Relying on a genomic dataset comprising 45 genomes covering all swallowtail
genera (Allio et al. 2020), hence all the main host-plant shifts, we asked whether there are
any genomic signatures of positive selection caused by host-plant shifts within
swallowtails. We performed a comparative genomic survey of molecular evolution to test
whether there is a contrasting pattern of molecular adaptation between swallowtail
lineages that shifted to new host plants compared to non-shifting lineages. We found that
phylogenetic branches with host-plant shifts had more genes under positive selection (not
necessarily involved in detoxification pathways) than branches without shift (Fig. 42).

93

Fig. 42. Host-plant shifts promote higher molecular adaptations. a, Genus-level phylogenomic tree
displaying branches with and without host-plant shifts, on which genome-wide analyses of molecular
evolution are performed. b, Number of genes under positive selection (dN/dS > 1) for swallowtail lineages
shifting to new host-plant families (green) or not (grey). c, Number of genes under positive selection for
swallowtail lineages undergoing climate shifts (orange) or not (grey). d, Number of genes under positive
selection for swallowtail lineages shifting to new host plants (green), shifting both host plant and climate
(blue) or not (grey). This demonstrates genome-wide signatures of adaptations in swallowtail lineages
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shifting to new host-plant families. Genes under positive selection did not contain over- or underrepresented functional GO categories. n.s. = not significant (P > 0.05), * = P ≤ 0.05, ** = P ≤ 0.01.

Over a half century ago, Ehrlich and Raven (1964) proposed that insect-plant
interactions driven by diffuse co-evolution over long evolutionary periods can be a major
source of terrestrial biodiversity. Applied to a notorious case of the insect-plant
interactions theory, this first study suggests that genome-wide adaptive processes and
corresponding macroevolutionary consequences are more pervasive than previously
recognized in the diversification of herbivorous insects. Close relationships between
insects and their larval host plants involve more adaptations than just the gene families in
detoxification pathways that were detected through antagonist interactions (Berenbaum &
Feeny 2008; Thomas et al. 2020), and show genomically wide-ranging co-evolutionary
consequences (Thompson et al. 1990). Hence, genome-wide macroevolutionary
consequences of key adaptations in new insect-plant interactions may be a general feature
of the co-evolutionary interactions that have generated Earth’s diversity.
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2010 – 2011: 2 étudiants de Master au Centre de Biologie pour la Gestion des
Populations, INRA, Montferrier-sur-Lez, France
2012 – 2014: 1 doctorant au Centre de Mathématiques Appliquées, Ecole Polytechnique,
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2014 – 2015: 1 doctorant au Department of Biological and Environmental Sciences,
University of Gothenburg, Goteborg, Sweden
2015 – 2017: 1 doctorant au Department of Biological Sciences, University of Alberta,
Edmonton, Canada
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Complutense University of Madrid, Madrid (09/2018 - 12/2018), et le Dr. Seth Bybee
pour son année sabbatique financée par un projet du Labex CEMEB (08/2019 - 07/2020).
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- Rémi Allio (01/2017 to 06/2017): Etude de l’interaction entre les Papilionidae et leurs
plantes hôtes dans un contexte macroévolutif et génomique. Master 2 Darwin, Université
de Montpellier. Co-supervised with Benoit Nabholz. He has been hired as a PhD student
by Frédéric Delsuc to work on the ERC ConvergeAnt.
- Théo Pannetier (01/2017 to 06/2017): Le rôle du climat dans la diversification des
Tétrapodes. Master 2 Darwin, Université de Montpellier. He has obtained a PhD thesis
with Rampal S. Etienne at Centre for Ecological and Evolutionary Studies in Groningen,
The Netherlands.
- Bouwe R. Reijenga (02/2017 to 07/2017): Molecular dated phylogenies of a seed
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for plants. Erasmus Mundus Master Programme in Evolutionary Biology, Université de
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start a PhD thesis with Alex L. Pigot at the University College London, London.
- Marianne Annonier (04/2017 to 06/2017): Etude de la diversification des chauvessouris Phyllostomidae à partir de phylogénies moléculaires. Master 1 Darwin, Université
de Montpellier. Co-supervised with Fidel Botero-Castro, Frédéric Delsuc, and Emmanuel
J.P. Douzery. She has obtained his own funding from the ED GAIA to start a PhD thesis
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- Livia Rodrigues de Sa (04/2018 to 06/2018): La diversification des tortues
(Testudines): comment expliquer l’évolution de la diversité au sein de ce groupe? Master
1 Darwin, Université de Montpellier. She is looking for a PhD thesis.
- Iris Prigent (04/2018 to 06/2018): L’impact de l’intégration des fossiles aux
phylogénies sur la reconstruction de l’histoire évolutive des Cycadales. Master 1 Darwin,
Université de Montpellier. She has recently been hired as a PhD student in Lausanne.
- Julie Campana (03/2018 to 06/2018): Réponse de la biodiversité face aux changements
environnementaux: etude de la diversification des fourmis (Formicidae) à partir de
phylogénies moléculaires. Master 1 Biodiversité, Ecologie et Evolution, Université de
Toulouse Paul Sabatier. She has recently been hired as a PhD student in Moulis (CNRS).
- Alice Michel (02/2018 to 07/2018): Assembly of the Neotropical biota through time.
Erasmus Mundus Master Programme in Evolutionary Biology, Université de
Montpellier. Co-supervised with Andrea S. Meseguer.
- Agnès Orsoni (01/2018 to 06/2018): Histoire évolutive des conifères : quel impact de
l’extinction sur la diversité actuelle du groupe ? Master 2 Darwin, Université de
Montpellier. She has decided to work as an engineer in horse statistics.
- Amandine Magdeleine (04/2018 to 08/2018): Construction de banques d’ADN
génomiques et séquençage haut-débit de papillons tropicaux de la famille des
Papilionidae. Licence Génome et Biotechnologie pour l’Amélioration des Plantes,
Université de Toulouse. Co-supervised with Marie-ka Tilak. She has been hired as
Research Assistant by Frédéric Delsuc to work on the ERC ConvergeAnt project.
- Nathan Mazet (01/2019 to 06/2019): Le rôle de l’opportunité écologique et de la
compétition dans la diversification des mammifères néotropicaux durant le Cénozoïque.
Master 2 Darwin, Université de Montpellier. Co-supervised with Pierre-Henri Fabre. He
has recently obtained his own funding from the Labex CEBA to start a PhD thesis with
Pierre-Henri Fabre and me.
- Baptiste Brée (01/2020 to 06/2020): Reconciling fossil record and phylogeny to
estimate species diversification and extinction. Master 2 Darwin, Université de
Montpellier. Co-supervised with Guillaume Guinot.
- Eliette Reboud (01/2020 to 06/2020): Phylogenomic, biogeographic and diversification
patterns in a species-rich Neotropical macromoth. Master 2 Darwin, Université de
Montpellier. Co-supervised with Pierre Arnal and Rodolphe Rougerie.
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- Giovanny Fagua (01/2015 to 08/2017): Phylogeny, evolution and speciation of
Choristoneura and Tortricidae (Lepidoptera). Funded by the Department of Biological
Sciences, University of Alberta. Supervised by Felix A.H. Sperling. He is now an
Associate Professor at the Pontificia Universidad Javeriana, Colombia.
- Marianne Annonier (10/2018 to 10/2021): Study of diversification patterns and
adaptation in phytophagous insects using comparative phylogenomic approaches. Funded
by the ED GAIA. Co-supervised with Benoit Nabholz.
- Romain Weppe (02/2019 to 02/2022): Origin, diversification and decline of the
European artiodacyl mammals. Funded by the ANR DEADENDER. Co-supervised with
Maëva Orliac.
- Nathan Mazet (10/2019 to 10/2022): Influences of environmental factors and biotic
interactions on the origin of Neotropical vertebrate diversification: a macroevolutionary
and multi-clade approach. Funded by the Labex CEBA. Co-supervised with Pierre-Henri
Fabre.
Post-doctorants
- Andrea S. Meseguer (10/2016 to 09/2018): Inferring the drivers of Neotropical
diversification using an integrative macroevolutionary approach. Funded by the
NeotroPhyl project
Comités et jurys de thèse
J’ai participé à 13 comités de thèse et assisté à 2 soutenances de thèse en tant que
membre du jury:
- Théo Gaboriau (09/03/2018): Biodiversité des Poissons Coralliens : Histoire Evolutive
et Influence de l’Environnement Passée. Supervised by David Mouillot and Fabien
Leprieur. Université de Montpellier, France.
- Olja Toljagić (05/07/2018): Macroevolution with a bite: Teeth evolution and
diversification in ruminants. Supervised by Thomas F. Hansen, Lee Hsiang Liow, and
Kjetil L. Voje. University of Oslo, Centre for Ecological and Evolutionary Synthesis
(Faculty of Mathematics and Natural Sciences), Norway.
Expertises
- 2019 – present: Editor Board Member and Recommender for and Peer Community in
Entomology
- 2017 – present: Editor Board Member and Recommender for Peer Community in
Evolutionary Biology
- 2011 – present: Reviewer for 48 international journals including Nature, PNAS Nature
Communications, Ecology Letters, Systematic Biology, Nature Ecology & Evolution,
Trends in Plant Sciences, eLife, Biological Reviews, New Phytologist, Molecular
Ecology, Global Ecology and Biogeography, Proceedings of the Royal Society of London
B, Evolution, American Naturalist, Methods in Ecology and Evolution, Journal of
Biogeography, Ecography, Molecular Phylogenetics and Evolution, Systematic
Entomology, BMC Evolutionary Biology, Biology Letters, Biological Journal of the
Linnean Society…
In average I review each year about 19 papers.
- 2014 – present: Evaluator for funding agencies: US National Science Foundation
(NSF), French National Research Agency (ANR), and Czech Science Foundation
(GAČR)
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Organisation de workshops
- March 2016: Workshop on studying diversification with fossils using the software
PyRate with 10 French participants at the University of Montpellier. Co-animated with
Daniele Silvestro.
- August 2018: Workshop on building phylogenies with coalescent-based species tree
estimation using the software Astral, with 20 international participants at the University
of Montpellier. Co-animated with Tandy Warnow and Siavash Mirarab.
- December 2018: Workshop on building phylogenies, dating phylogenies, and studying
diversification using the software RevBayes, with 20 international participants at the
University of Montpellier. Co-animated with Sebastian Höhna and Rachel Warnock.
Contrats
ANR | SPHINX: Understanding and predicting species adaptation to environmental
changes in insects (PI: Rodolphe Rougerie, Muséum National d’Histoire Naturelle, Paris |
je suis co-PI)
ANR | GAARAnti: GAARlandia land-bridge vs Lesser Antilles dispersal pathways –
Coupling subduction dynamics and evolutionary processes in the Caribbean domain (PI:
Philippe Munch, Géosciences Montpellier, Université de Montpellier | je suis en charge
d’une tâche)
ANR | DEADENDER: Decline of Artiodactyls ENDemic to EuRope (PI: Maeva Orliac,
CNRS, ISEM, Montpellier | je suis en charge d’une tâche)
ERC | GAIA : A Genomic and Macroevolutionary Approach to Studying Diversification
in an Insect-Plant Arms Race (je suis PI).
Labex CEBA | NeotroPhyl: Inferring the Drivers of Neotropical Diversification Using
an Integrative Macroevolutionary Approach (PI: Frédéric Delsuc et moi-même, CNRS,
ISEM, Montpellier)
LabEx CEBA | CASMA: Comparative phylogenomic Approach to Study the origin of
butterﬂy Mimetism in Amazonia (je suis PI).
NSF | ARTS: Uncovering the Desert Darkling Beetles (Tenebrionidae: Pimeliinae):
Phylogenomics, phenomics, and biogeography in a megadiverse global radiation (PI:
Aaron D. Smith | je suis co-PI)
NSF | aTED: The foundation of terrestrial life: Inferring a total-evidence timeline of
vascular plant evolution (PI: Carl Rothfels and Nathalie S. Nagalingum | je suis en charge
d’une tâche)
Membre de société
2012 – Member
of
the
Society
for
the
Study
of
Evolution
(http://www.evolutionsociety.org/)
2010 – Member
of
the
International
Biogeography
Society
(http://www.biogeography.org/)
2008 – Member of the Society of Systematic Biologists (http://www.systbio.org/)
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Résumé en français
I. Activités de recherche
Ma principale motivation en tant que biologiste de l’évolution est de chercher les
causes de diversification et d’extinction des espèces afin de comprendre la dynamique de
la biodiversité sur des échelles de temps géologiques. De nombreuses hypothèses ont été
proposées pour expliquer les patrons de richesse spécifiques, bien que les causes sousjacentes demeurent encore floues pour la plupart des groupes. Mes activités de recherche
tentent d’étudier les causes et les processus qui génèrent et maintiennent ces patrons de
biodiversité et de comprendre comment ils ont évolués dans le temps et l’espace.
Ci-dessous, j’ai choisi une étude représentant trois des quatre grands axes de
recherche afin de résumer les principaux résultats de plusieurs objectifs de mon projet
CNRS proposé en 2015 et pour lequel j'ai été engagé. Ces objectifs de recherche sont les
suivants : (1) l'estimation des zones d'origine ancestrales via des approches de
biogéographie historique à différentes échelles spatiales, (2) la mise en évidence de la
dynamique de la diversité des clades, (3) l'étude du processus d'extinction, (4) la
modélisation de l'effet des variables environnementales passées sur la diversification, (5)
changer le paradigme de la diversification, (6) identifier les principaux moteurs
environnementaux de la diversification, (7) expliquer pourquoi il existe un gradient de
diversité latitudinal, (8) mettre en évidence l'interaction entre les facteurs abiotiques et
biotiques, et (9) intégrer les données néontologiques et paléontologiques. Je pense que cet
ensemble d'objectifs représente bien la logique progressive que j'ai adoptée et développée
ces dernières années.
Je travaille sur ce projet en tant que chercheur CNRS basé à l'Institut des Sciences
de l'Evolution de Montpellier (ISEM, UMR 5554). L'ISEM regroupe plusieurs équipes
reconnues internationalement et ayant à leur actif de nombreuses publications en
biomathématiques, écologie, évolution et génomique. L'ISEM est l'endroit idéal pour
développer mes idées sur la macroévolution, notamment parce qu'il comprend deux
équipes : Phylogénie et Évolution Moléculaires (dirigée par Benoit Nabholz) et
Paléontologie (dirigée par Lionel Hautier) qui travaillent sur les études macroévolutives
avec des données néontologiques et paléontologiques, respectivement. Les objectifs de
mes recherches sont étroitement liés à chaque équipe et j'envisage de créer un pont entre
elles en fusionnant les deux types de données dans un cadre macroévolutive commun.
1) Gradient latitudinal de diversité
Le gradient latitudinal de diversité (GLD) représente le biais de distribution de la
biodiversité à travers les latitudes, où les tropiques sont plus riches que les zones
tempérées. Compte tenu de mes études et résultats précédents, et notamment le fait que
les études macroévolutives du GLD basées sur les phylogénies déduisent souvent une
extinction plus importante dans les zones tempérées (Wiens 2007 ; Condamine et al.
2012b ; Pyron & Wiens 2013 ; Rolland et al. 2014), je m’interrogeais sur nos déductions
: pouvaient-elles être trompeuses en attribuant correctement l'extinction au
biome/latitude/région ? Tous ces modèles n'ont pas pris en compte la variation temporelle
des taux et son impact sur la diversification régionale. De plus, les preuves fossiles
croissantes suggèrent que le GLD pourrait avoir été plat dans le passé (Powell 2007 ;
Mannion et al. 2014, 2015 ; Crame 2020). J'étais très curieux d'évaluer si les anciennes
régions tropicales, notamment dans l'hémisphère nord, (Morley 2011 ; Pound et al. 2012 ;
Suan et al. 2017) ont connu des taux d'extinction élevés dans le passé, et d'expliquer
potentiellement le GLD. Cette hypothèse d'extinction tropicale est souvent sous-estimée
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dans la formation du GLD.
Je me souviens de cette petite conférence à Zurich sur les radiations évolutive des
plantes en juin 2014, où j'ai rencontré beaucoup de monde. Sur le chemin du retour à
Montpellier, j'étais dans le train avec Andrea Meseguer, une post-doctorante
d'Emmanuelle Jousselin (CBGP, Montferrier-sur-Lez) à l'époque. Andrea a une solide
formation en paléobotanique, en phylogénétique végétale et en biogéographie historique.
Je lui ai fait part de mes idées et j'ai ensuite eu une discussion inspirée, qui a été assez
longue à cause des grèves de trains. Dans ce train sans fin, nous avons fixé tout le cadre
de ce qui suit. De manière chanceuse, j’ai aussi pu recruté Andrea par un contrat de postdoctorat.
Nous avons donc cherché à proposer une nouvelle hypothèse pour expliquer le
GLD avec les extinctions tropicales pendant les périodes de transition climatique qui ont
créés des patrons d'extinction différents au sein du biome tropical et qui ont finalement
produites un GLD en forme de bosse, tropiques que l’on peut alors considérer comme un
"refuge tropical équatorial" en période de refroidissement (Meseguer & Condamine
2020). Pour montrer réellement s'il y a eu des extinctions dans les anciennes régions
tropicales, nous ne pouvions pas seulement nous appuyer sur les phylogénies des espèces
existantes, mais nous avions également besoin de données paléontologiques. Les fossiles
sont la seule preuve directe de la présence passée en un lieu donné à un moment donné.
Nous avons d'abord examiné les données fossiles et le climat, qui suggèrent que le GLD
actuel en forme de bosse n'a pas été persistant dans le temps, une diversité similaire à
travers les latitudes aplatissant le GLD au cours des périodes de réchauffement climatique
passées.
On s'est donc demandé quand et comment la diversité a décliné aux hautes
latitudes pour donner naissance au GLD moderne. Bien que des scénarios de perte de
diversité aient été proposés, ils n'ont pas encore été démontrés, surtout à la lumière du
GLD. Dans cette étude, nous avons utilisé des méthodes comparatives pour les
phylogénies et les fossiles afin d'estimer les processus évolutifs à l'origine du GLD des
Testudines, des Crocodiliens et des Lépidosauriens, et de tester des prévisions
alternatives expliquant pourquoi il y a plus de diversité tropicale aujourd'hui. Il s'agit de
clades tropicaux typiques qui possèdent un registre fossile étendu dans les anciennes
zones tropicales, et sont maintenant plus riches en espèces dans les régions tropicales
actuelles.
En utilisant les phylogénies et les fossiles de ces groupes, nous avons découvert
que la bosse GLD pourrait être expliquée par (1) des extinctions disproportionnées de
clades adaptés aux hautes latitudes tropicales lorsque le climat est passé de la serre à la
glacière, et (2) des dispersions biotiques vers l'équateur suivant leurs préférences
climatiques lorsque les biomes tropicaux se sont limités à l'équateur. Inversement, des
taux de diversification équivalents entre les latitudes peuvent expliquer la formation d'un
ancien GLD plat. Nos analyses de diversification variable dans le temps soutiennent les
scénarios de "perte de diversité holarctique" pour expliquer la GLD des tortues et des
crocodiles. Les taux de diversification estimés dans les régions holarctiques et
équatoriales étaient similaires pendant la période de réchauffement climatique
équivalente du Crétacé-début du Cénozoïque pour tous les groupes étudiés ici, ce qui est
cohérent avec l'idée de l'existence d'une GLD aplatie pendant cette phase (Mannion et al.
2014 ; Crame 2020). Nous supposons que l'expansion des conditions tropicales à des
latitudes plus élevées pendant les périodes de réchauffement climatique pourrait avoir
induit une diversification des espèces dans les nouvelles zones paratropicales et avoir
facilité les mouvements au sein de la large "ceinture tropicale", de sorte que les clades
tropicaux autour de l’équateur ont pu se disperser "hors de l'équateur" (Jablonski et al.
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2006, 2013). En revanche, la contraction du biome tropical à la suite du refroidissement
climatique a provoqué des périodes de déclin de la diversité aux hautes latitudes, où le
changement climatique était ressenti plus intensément, et a favorisé la dispersion "dans
l'équateur". Nous avons constaté que les taux de diversification des tortues et des
crocodiles ont diminué dans toutes les régions pendant la transition vers des climats plus
froids - ils ont diminué depuis le Crétacé dans les analyses avec des intervalles de temps
définis par les principales périodes géologiques. Le ralentissement de la diversification a
été beaucoup plus fort dans l'Holarctique qu'à l'équateur, l'extinction dépassant la
spéciation dans cette région (c'est-à-dire la perte de diversité holarctique). De plus, en
utilisant des modèles biogéographiques basés sur la phylogénétique et renseignés par les
fossiles, nous avons déduit que tous les groupes avaient une distribution ancestrale
étendue qui s'est ensuite contractée vers l'équateur. Ce résultat est en accord avec les
précédentes recherches sur les fossiles de tortues (Nicholson et al. 2015, 2016 ; Joyce et
al. 2016) et de crocodiles (Mannion et al. 2015 ; De Celis et al. 2019). Dans notre étude,
la contraction de l'aire de répartition a commencé au Crétacé et s'est intensifiée pendant le
refroidissement de la fin du Paléogène. Elle résulte de la disparition des aires de
répartition à des latitudes plus élevées combinées à des dispersions "vers l'équateur"
(Condamine et al. 2012b ; Rolland et al. 2015).
Par conséquent, nos résultats suggèrent que le changement climatique a
probablement entraîné le développement d'un "gradient asymétrique d'extinction et de
dispersion" (GADE) dans le biome tropical, et pourrait avoir favorisé la formation d'un
GLD abrupt. L'inclusion des fossiles dans les études macroévolutives permet de révéler
des taux d'extinction dépendant du temps et difficilement détectables à partir des seules
phylogénies. Cette étude souligne que les processus évolutifs prédominants qui génèrent
le LDG pendant les réchauffements climatiques diffèrent de ceux qui se déroulent dans
les glacières. Nous exposons l'hypothèse AGED qui contextualise les idées antérieures
sur la GLD dans un scénario variable dans le temps. L'hypothèse GADE réconcilie les
idées antérieures opposées sur l'origine de la GLD en les plaçant dans un scénario
temporel. Par exemple, il existe un soutien controversé autour des tropiques comme
"berceau" ou "musée de la diversité" (Stebbins 1974), et de la dispersion qui prévaut
"hors" (Jablonski et al. 2006, 2013) ou "dans les tropiques" (Condamine et al. 2012 ;
Pyron 2014 ; Rolland et al. 2015). L'interprétation de nos résultats indique
alternativement le "musée de la diversité" concernant les tropiques équatoriaux comme
refuge pendant les transitions de la glacière, mais aussi le "berceau de la diversité"
pendant les périodes de réchauffement climatique. De même, notre hypothèse invoque
des dispersions "hors de l'équateur" pendant les transitions vers un réchauffement
climatique et des dispersions "vers l'équateur" pendant les transitions vers un
refroidissement climatique.
La spéciation, l'extinction et la dispersion façonnent le GLD mais la contribution
de ces processus reste un sujet de débat en écologie évolutive. Nos derniers résultats
indiquent que ces processus ont fonctionnés à des rythmes différents dans le temps et
l'espace en fonction du changement climatique. Le GLD actuel des tortues et des
crocodiliens peut s'expliquer par la perte de diversité tropicale à haute latitude et la
contraction des aires de répartition suite à la rétraction du biome tropical due au
refroidissement du climat. Pendant les périodes de réchauffement climatique, il y avait
des taux de diversification équivalents entre les latitudes, expliquant la formation d'un
GLD aplati. Les changements dans la dynamique de diversification et de dispersion
globale imposés par les transitions climatiques à grande échelle pourraient représenter un
mécanisme qui façonne le GLD. Cette hypothèse de "gradient asymétrique d'extinction et
de dispersion" pourrait expliquer le GLD des groupes adaptés aux conditions tropicales
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qui étaient autrefois diversifiés aux hautes latitudes, mais pourrait ne pas être pleinement
applicable à tous les organismes présentant actuellement un GLD, comme le montre le
cas des lépidosaures.
2) Modèle de diversification et effet de l'environnement
La plupart des biologistes et des géologues ont le sentiment général que le climat
et le changement climatique ont joué un rôle prépondérant dans l'évolution de la vie
(Erwin 2009). Conﬁrmer cette suspicion et l'identification des bases mécanistes de la
relation s'avère être beaucoup plus difﬁcile (Currie et al. 2004). Dans de nombreux cas,
l'estimation de l'impact du climat est indirecte (Winkler et al. 2009 ; Davis et al. 2016),
par le biais de changements abiotiques des taux d'altération, des schémas de circulation et
d'autres effets similaires (Lomolino et al. 2016 ; Antonelli et al. 2018b). La recherche
d'une relation entre le climat et l'évolution dans une perspective temporelle plus large met
l'accent sur les incertitudes quant à savoir si le climat exerce son inﬂuence sur l'évolution
par le biais du changement climatique, de la variabilité climatique ou de longues périodes
de stase climatique (Currie et al. 2004 ; Sandel et al. 2011 ; Rangel et al. 2018 ; Saupe et
al. 2019b). Au cours des quatre derniers milliards d'années, la Terre a connu une grande
variabilité climatique (Hönisch et al. 2012 ; Veizer & Prokoph 2015 ; Foster et al. 2017).
Les extinctions de masse sont associées à des changements climatiques importants et
confirment l’idée selon laquelle les changements climatiques peuvent réduire la diversité
mondiale dans au moins trois des cinq extinctions de masse : la fin de l'Ordovicien (443
Ma) avec une glaciation, et la fin du Permien (252 Ma) et la fin du Crétacé (66 Ma) avec
un réchauffement climatique (Raup & Sepkoski 1982 ; Alroy et al. 2008 ; Barnosky et al.
2011).
Parmi les variables climatiques qui ont pu influencer la diversification, la
température est l'une des plus probables. Les températures mondiales ont
considérablement variés au cours de l'histoire de la Terre (Zachos et al. 2008 ; Cramer et
al. 2011 ; Hansen et al. 2013 ; Veizer & Prokoph 2015), et on pense que ces changements
climatiques passés ont joués un rôle majeur dans la détermination du sort des clades
(Jaramillo et al. 2006 ; Mayhew et al. 2008, 2012 ; Erwin 2009 ; Ezard et al. 2011 ;
Hannisdal & Peters 2011 ; Condamine et al. 2012b). Les tendances actuelles de la
biodiversité suggèrent également un effet important de la température sur les taux de
diversification. La richesse spécifique est généralement plus élevée dans les zones
chaudes comme les tropiques que dans les zones froides comme l'hémisphère nord
(Rosenzweig 1995 ; Gaston 2000). A condition que la richesse actuelle reflète les
événements passés de diversification plutôt que les contraintes écologiques actuelles, cela
peut suggérer que les taux de diversification sont plus élevés sous les climats chauds. Les
analyses phylogénétiques ont en effet révélé des taux de spéciation plus élevés dans les
tropiques (Wiens et al. 2009 ; Condamine et al. 2012b ; Pyron & Wiens 2013 ; Pyron
2014b ; Rolland et al. 2014).
Les modèles phylogénétiques de diversification tenant directement compte des
changements environnementaux n'ont été développés que récemment (Condamine et al.
2013a ; Cantalapiedra et al. 2014 ; Lewitus & Morlon 2018), et ils n'ont été appliqués
qu'à quelques études empiriques. Je profite donc du modèle de diversification dépendant
de l'environnement qui tient explicitement compte de l'influence de l'évolution de
l'environnement au fil du temps pour évaluer les modèles correspondants de
diversification des espèces. Nous avons testé si les variations climatiques (de
température) passées ont influencé la diversification des tétrapodes (y compris les
endothermes et les ectothermes), et si oui comment. Nous avons compilé un ensemble de
218 phylogénies bien échantillonnées au niveau des espèces, couvrant plus de la moitié
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de la diversité des tétrapodes. Nous avons évalué le soutien relatif, dans un cadre de
maximum de vraisemblance, de 26 modèles de diversification reflétant différentes
hypothèses sur les taux de spéciation et d’extinction. Ces hypothèses supposent que les
taux de spéciation et/ou d'extinction restent constants, ou qu'ils varient dans le temps, ou
qu'ils varient en fonction de processus dépendant de la diversité avec des limites
indépendantes de la température, ou bien qu'ils varient en fonction des variations de
température passées (Condamine et al. 2019a). Il s'agit d'un projet d'une durée de 7 ans
qui a débuté lors de mon premier post-doc avec Hélène Morlon.
Cette méta-analyse de diversification dépendant de l'environnement appliquée aux
familles de tétrapodes a identifié plusieurs résultats importants (Condamine et al. 2019a).
Tout d'abord, nous avons constaté que les modèles incluant une variation des taux de
diversification (soit des modèles dépendant du temps, de la température ou de la
diversité) surpassaient les modèles avec une diversification à taux constant dans 72 % des
phylogénies (157 sur 218) ; ce nombre passait à 86 % si l'on ne considérait que les
phylogénies de plus de 50 espèces. Conformément aux études précédentes, nous avons
donc confirmé une tendance générale à un ralentissement du taux de spéciation dans le
temps à travers les clades (McPeek 2008 ; Phillimore & Price 2008 ; Morlon et al. 2010).
Les modèles présentant une diminution du taux de spéciation au fil du temps ont souvent
été utilisés comme approximation des modèles dépendant de la diversité, et interprétés
comme la preuve de processus de "remplissage de niche". Notamment la concurrence
pour des ressources limitées (Pigot & Tobias 2013), les radiations adaptatives (Glor
2010) et les limites écologiques potentielles du nombre d'espèces au sein d'un clade
(Rabosky 2009).
Deuxièmement, et peut-être plus important encore, lorsque tous les modèles sont
comparés ensemble, nous avons constaté que les modèles dépendants de la température
expliquent mieux la diversification dans 35 % des phylogénies (44 % des phylogénies
avec plus de 50 espèces), les modèles dépendants du temps dans 18 % (29 %), et les
modèles dépendants de la diversité dans 19 % (13 %). Les autres phylogénies (28 %, 14
% des grandes phylogénies) s'expliquent toujours par des taux de diversification
constants.
Troisièmement, nous avons identifié une relation claire entre les taux de
spéciation et la température. Lorsqu'un modèle de diversification dépendant de la
température a été sélectionné (ce qui a été le cas dans 76 des 218 phylogénies), la
dépendance de la température n'a affecté la spéciation que dans 68 %, l'extinction que
dans 5%, et à la fois la spéciation et l'extinction dans 26% des clades. Sur les 72 familles
où la spéciation était supposée varier avec la température, la plupart (68) avaient des taux
de spéciation qui dépendaient positivement de la température. Une dépendance positive
de la spéciation aux températures passées indique que les taux de spéciation ont tendance
à être plus élevés sous les climats chauds, en accord avec l'idée générale selon laquelle
des températures plus élevées favorisent la diversification (Allen et al. 2006 ; Jaramillo et
al. 2006 ; Gillooly & Allen 2007 ; Erwin 2009 ; Mayhew et al. 2012). En outre, cette
tendance à une spéciation et à une extinction plus rapides au cours des périodes
géologiques chaudes était cohérente entre les endothermes et les ectothermes, et entre les
groupes de tétrapodes.
Pour moi, cette étude bouscule les idées établies de longue date pour expliquer
pourquoi et comment les taux de diversification varient dans le temps. Les facteurs à
l'origine de ces variations restent flous, mais il ressort clairement de la littérature que les
baisses temporelles des taux de spéciation sont souvent interprétées comme l'effet des
limites écologiques, de la concurrence et de la dépendance à la diversité, ce qui souligne
le rôle des facteurs biotiques (McPeek 2008 ; Phillimore & Price 2008 ; Rabosky &
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Lovette 2008 ; Rabosky 2009, 2013 ; Glor 2010 ; Etienne et al. 2012 ; Jønsson et al. 2012
; Scantlebury 2013). Les facteurs abiotiques, tels que le changement climatique, sont
également censés avoir affectés les taux de diversification sur les échelles de temps
géologiques, mais les tests directs de ces effets présumés se sont principalement limités à
quelques clades bien représentés dans les archives fossiles.
Bien qu'il soit difficile de distinguer avec certitude les différents modèles, la
dépendance à la température semble avoir au moins autant de soutien statistique que la
dépendance à la diversité. La plupart des phylogénies (89 %) qui montrent la spéciation
dépendante de la température suggèrent que les taux de spéciation ont été plus élevés
pendant les périodes géologiques chaudes, ce qui est cohérent avec les tendances
temporelles observées dans les archives fossiles et la tendance latitudinale des taux de
spéciation. Si les taux de spéciation sont positivement corrélés avec la température, alors
le refroidissement climatique global du Cénozoïque entraînerait des ralentissements
coordonnés des taux de spéciation à travers les clades. Ainsi, au moins une partie des
ralentissements des taux de diversification largement décrits dans la littérature peut être
liée au refroidissement climatique global. Ces résultats appellent à une meilleure
intégration de ces deux processus dans les études sur la dynamique de la diversification.
3) Interaction des facteurs abiotiques et biotiques
Les biologistes de l'évolution recherchent les facteurs qui régissent la dynamique
de la biodiversité. Comme nous l'avons vu plus haut, les mécanismes qui régissent et
maintiennent l'évolution de la biodiversité sont nombreux, mais il existe une distinction
fondamentale entre les facteurs biotiques et abiotiques. La dynamique de la biodiversité
est principalement influencée par (1) des facteurs biotiques (intrinsèques aux espèces)
comme dans l'hypothèse de la Reine Rouge qui découle de Darwin et Wallace (Van
Valen 1973 ; Voje et al. 2015), ou (2) des facteurs abiotiques (extrinsèques aux espèces)
comme dans l'hypothèse de Court Jester qui s'appuie sur des preuves paléontologiques
(Barnosky 2001). On pense que les deux modèles fonctionnent essentiellement à des
échelles géographiques et temporelles différentes : les facteurs biotiques, tels que les
interactions entre espèces, façonnent les écosystèmes localement et sur de courtes
périodes, tandis que les facteurs abiotiques, tels que les événements climatiques et
tectoniques, façonnent des modèles à plus grande échelle au niveau régional et mondial,
et par l'intermédiaire de Myrs (Benton 2009).
Pourtant, il existe une interaction potentielle entre ces deux facteurs, même si les
causes et les conséquences sous-jacentes restent généralement inconnues (Voje et al.
2015 ; Ezard & Purvis 2016 ; Cantalapiedra et al. 2017). Bien que l'interaction entre les
facteurs abiotiques et biotiques soit depuis longtemps reconnue comme fondamentale
pour la régulation de la diversité, il est rare que les influences de multiples facteurs
extrinsèques et intrinsèques soient prises en compte simultanément dans l'étude des
rayonnements biologiques, car cela constitue tout simplement un défi (Voje et al. 2015 ;
Ezard et al. 2016). Dans cette dernière partie de mon activité de recherche, je vise à
développer une approche intégrative répondant aux critères permettant de mener des tests
d'hypothèses rigoureux sur la Reine Rouge et le fou de la Cour, et sur son interaction
avec les phylogénies ou les fossiles ou les deux ensemble.
En collaboration avec Guillaume Guinot (équipe Paléontologie) et Jules Romieu
(un Master 2 Paléontologie), nous avons étudié la diversification de l'ordre des requins
Lamniformes (requins maquereaux) (Condamine et al. 2019b). La faible diversité
existante, le faible nombre d'espèces par famille et la forte disparité morphologique et
écologique ont souvent été utilisés pour caractériser les espèces lamniformes vivantes
comme des représentants d'un clade relique qui était autrefois spécieux et a ensuite connu
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un déclin de diversité au cours de son histoire évolutive. Seules 15 espèces ont survécu
aujourd'hui alors que le clade a une origine d’environ 145 millions d’années, et possède
un riche registre de fossiles suggérant un rôle important d'extinction. En outre, les
Lamniformes sont la lignée sœur de l'ordre des Carcharhiniformes (requins de fond) qui
sont plus diversifiés avec environ 290 espèces existantes. Les Carcharhiniformes, plus
spécifiquement les requins marteaux, présentent des écologies similaires à celles des
lamnifères et ont été considérés comme remplissant des niches écologiques libérées par
l'extinction des lamniformes à la suite de l'extinction du Crétacé-Paléogène.
La compréhension de cette grande hétérogénéité dans la richesse des espèces
entre ces clades étroitement liés est une question de recherche pertinente et de multiples
hypothèses ont été proposées pour interpréter ces contrastes de diversité dans l'arbre de
vie. La plupart des études se concentrent sur les taux de spéciation pour expliquer les
radiations évolutives des clades, tout en négligeant souvent les taux d'extinction. En
utilisant un ensemble complet de données sur les fossiles représentant 373 espèces et 80
% de la diversité des espèces existantes, nous avons constaté que la dynamique de la
diversité des lamnifères s'est accrue et a diminué à la suite de cycles répétés de phases de
rayonnement et de phases de déclin. En particulier, nous avons identifié des phases de
radiation au Crétacé culminant avec un pic de diversité des espèces jusqu'à 3 fois la
diversité actuelle au début du Crétacé supérieur. Les lamnifères ont été gravement
touchés par l'extinction du Crétacé-Paléogène, avec une chute à moins de 9 espèces qui
ont survécu à cette crise. La diversité des clades a rebondi plus de 10 millions d’années
plus tard, en particulier au milieu de l'Éocène, mais n'a jamais atteint les niveaux de
diversité du Crétacé. Au cours des 20 derniers millions d’années, le groupe a décliné
jusqu'à sa diversité actuelle.
Outre un risque d'extinction plus élevé pour les jeunes espèces, nous montrons
également que ce déclin est probablement dû à une combinaison de facteurs abiotiques et
biotiques. En bref, nous avons constaté une extinction due à un refroidissement par une
corrélation négative entre la température et l'extinction et la concurrence des clades avec
certains requins de fond.
La compétition à l'intérieur du clade pour les ressources (niche) a probablement
imposé certaines contraintes écologiques aux Lamniformes, limitant ainsi la diversité de
leurs espèces. Le modèle de compétition de PyRate a montré comment les interactions à
l'intérieur des clades agissent chez les Lamniformes, car nous avons trouvé un effet des
interactions négatives à l'intérieur des clades pour les lamnifères moyens au niveau des
espèces. Plus précisément, nous avons estimé que les Lamniformes moyens diminuent
leur propre taux de spéciation de 2,82 % à chaque fois qu'une nouvelle espèce de
Lamniformes moyens est créée.
Il est intéressant de noter que nous avons déduit des niveaux substantiels de
dépendance à la diversité chez les carcharhiniformes, car les trois types écologiques ont
des taux de spéciation négatifs dépendant de la diversité. Cela peut indiquer que le
rayonnement carcharhiniforme est en partie contrôlé par les limites écologiques de la
diversification ou peut se conformer à un modèle de rayonnement adaptatif, comme le
suggère le rayonnement post-éocène des espèces carcharhiniformes vivantes. Cette
découverte est actuellement étudiée par Baptiste Brée (un étudiant en Master 2 Darwin)
qui tente d'expliquer le succès évolutif des Carcharhiniformes.
Cependant, plus important encore, nous avons fourni des preuves d'un effet de la
concurrence des grands carcharhiniformes sur la spéciation des Lamniformes moyens et
grands (c'est-à-dire des interactions négatives entre les lames). En d'autres termes, nos
résultats impliquent que, chaque fois qu'une nouvelle espèce de grands
Carcharhiniformes est créée, elle diminue les taux de spéciation des Lamniformes
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moyens et grands de 6,52 % et 8,4 %, respectivement, ce qui suggère que l'augmentation
de la diversité des espèces de grands carcharhiniformes inhibe les taux de spéciation des
Lamniformes moyens et grands. Comme ces Carcharhiniformes sont écologiquement
similaires aux Lamniformes, tels que les ancêtres des requins tigres, marteaux et taureaux
qui se sont diversifiés depuis l'Éocène, les niches entre ces derniers et les Lamniformes
moyens et grands ont progressivement chevauché. L'augmentation de la similarité
écologique des Carcharhiniformes a probablement imposé une concurrence à long terme
entre les deux ordres. Cela suggère fortement un remplacement passif des clades marins,
comme le montre notre corrélation avec les taux de spéciation entre les Lamniformes et
les Carcharhiniformes écologiquement similaires.
La concurrence de multiples clades a successivement entraîné la disparition et le
remplacement des Lamniformes en raison d'un échec à remplacer les espèces face à la
montée des Carcharhiniformes. Ces résultats impliquent que l'interaction entre les
facteurs abiotiques et biotiques a joué un rôle important, respectivement, dans l'extinction
et la spéciation, ce qui détermine l'augmentation et le déclin séquentiels des prédateurs
marins en haut de la chaîne trophique. Avec cet exemple, nous offrons une explication
entièrement biologique des variations de la diversité Lamniformes au fil du temps, qui
repose sur des facteurs abiotiques (température) et biotiques (concurrence), bien que nos
résultats puissent dépendre de notre choix et de la disponibilité des variables
environnementales et biologiques utilisées comme prédicteurs. L'un des principaux
objectifs de la biologie de l'évolution est de fournir des informations sur les processus
reliant les changements de la richesse des espèces aux changements environnementaux
abiotiques et biotiques sur un important clade de vertébrés marins.

II. Projet de recherche
1. État des connaissances
La biodiversité n'est pas répartie de manière uniforme sur Terre et diffère
grandement entre les groupes biologiques. Cette variation non aléatoire de la richesse des
espèces représente un thème de recherche essentiel en écologie et en biologie évolutive
(Rosenzweig 1995 ; Gaston 2000). Un exemple notable de modèles de diversité très
déséquilibrée se trouve chez les insectes, parmi lesquels les clades herbivores
représentent plus de 25 % de la biodiversité non microbienne actuellement connue
(Farrell 1998 ; Novotny et al. 2006 ; Foottit & Adler 2017), ce qui rend particulièrement
important de comprendre ce qui motive leur diversité. Pour expliquer cette extraordinaire
diversité, une hypothèse de longue date affirme que la diversification est directement liée
à celle des plantes (Strong et al. 1984 ; Grimaldi & Engel 2005). En effet, les plantes et
les insectes se sont diversifiés en parallèle au cours des 450 derniers millions d'années. La
diversification rapide des angiospermes a probablement constitué une source presque
illimitée d'opportunités écologiques qui pourraient expliquer une grande partie de
l'extrême diversité des lignées d'insectes associées aux angiospermes (par exemple,
Mitter et al. 1988 ; Farrell 1998 ; McKenna et al. 2009 ; Wiens et al. 2015 ; Condamine
et al. 2016). Même Darwin et Wallace ont reconnu l'importance des interactions
écologiques entre les plantes et les insectes, et ont suggéré que les interactions biotiques
pourraient conduire à des pressions sélectives réciproques, et éventuellement à une
diversification des espèces.
Il y a un demi-siècle, Ehrlich et Raven (1964) ont émis l'hypothèse que les
interactions entre les insectes et les plantes, entraînées par une coévolution diffuse sur de
longues périodes d'évolution, pourraient être une source majeure de biodiversité terrestre.
Les plantes et les insectes phytophages sont engagés dans une perpétuelle course aux
139

armements dans laquelle chaque partenaire développe soit de nouvelles défenses, soit des
mécanismes de contre-attaque. Cette course aux armements perpétuelle stimule la
diversification réciproque des plantes et des insectes herbivores par le développement
continu de nouveautés évolutives. Selon Ehrlich et Raven (1964), ces développements
correspondent principalement à des composés secondaires toxiques chez les plantes, et
aux mécanismes de détoxification associés chez les insectes. Cette théorie s'applique à
toutes les plantes et à tous les insectes phytophages et pourrait expliquer pourquoi ces
groupes représentent une part importante de la biodiversité mondiale (par exemple, Mitter
et al. 1988 ; Farrell 1998).
Un exemple clé de coévolution est l'interaction à médiation chimique entre les
papillons et leurs plantes hôtes. Depuis les premières études, nous avons acquis de
nombreuses connaissances sur les phylogénies des papillons, l'origine et les périodes de
diversification des papillons, ainsi que sur leurs associations plantes-hôtes ancestrales et
leurs déplacements vers de nouvelles plantes-hôtes (par exemple, Wheat et al. 2007 ;
Wahlberg et al. 2009 ; Condamine et al. 2012b ; Edger et al. 2015 ; Sahoo et al. 2017),
ainsi que des connaissances plus précises sur les préférences alimentaires (et la largeur de
l'hôte) des insectes herbivores qui peuvent même être obtenues en utilisant le code-barres
de l'ADN végétal isolé des corps d'insectes (Jurado-Rivera et al. 2009). Ces
développements récents ont encouragé la recherche sur l'évolution des associations
plantes-hôtes et ont conduit à des hypothèses qui fournissent des alternatives au modèle
“échappement et radiation” (voir Janz 2011 pour une revue).
Le consensus émergeant de la plupart des études phylogénétiques indique (1) un
fort conservatisme phylogénétique des associations plantes-hôtes (les espèces sœurs ont
tendance à se nourrir de la même plante), suggérant des interactions biotiques anciennes
et étroites, et (2) des taux de diversification accrus pour les clades se déplaçant vers de
nouvelles plantes hôtes par rapport à celles se nourrissant de plantes ancestrales. Malgré
des niveaux élevés de conservatisme et de spécialisation, la diversification de l'interaction
semble être principalement une conséquence des changements d'hôtes (Winkler et al.
2009), et cette conclusion quelque peu paradoxale peut être comprise en considérant les
mécanismes écologiques ainsi que génétiques derrière les changements d'hôtes (Wheat et
al. 2007 ; Nallu et al. 2018). Il existe plusieurs façons dont les interactions peuvent
influencer la spéciation, avec ou sans sélection divergente basée sur la plante-hôte sur les
barrières de reproduction. Un débat actuel porte sur l'importance relative des radiations à
la suite de déplacements vers de nouvelles zones d'adaptation et de taux élevés de
spéciation dans des groupes ayant une utilisation plastique et diversifiée de l'hôte (Janz
2011 ; Suchan & Alvarez 2015). Un recours de plus en plus sophistiqué aux phylogénies
étalonnées dans le temps est fait pour étudier le moment et le taux réels de diversification
et pour relier ces événements de manière plus concluante à d'autres facteurs qui ont pu
être importants, qu'ils soient biotiques ou abiotiques (Condamine et al. 2018 ; Letsch et
al. 2018).
Les aspects génomiques de l'adaptation des insectes herbivores à leurs plantes
hôtes ont fait l'objet d'une grande attention (voir Simon et al. 2015 pour une revue), mais
peu d'études ont mis leurs données génomiques dans des perspectives phylogénétiques.
Une étude inspirante d'Edger et al. (2015) sur la course aux armements évolutifs entre les
papillons Pierinae et leurs plantes hôtes Brassicales a montré que les changements de
diversification au sein des plantes et de leurs papillons sont associés à des modifications
progressives des défenses chimiques des plantes et des contre- adaptations moléculaires
des insectes. Ils ont identifié les mécanismes génomiques (duplications de gènes et de
génomes) expliquant l'évolution des voies de biosynthèse associées pour cette course aux
armements. D'autres indices sur les mécanismes digestifs et de détoxification codés par

140

l'hôte proviennent d'une comparaison taxonomique croisée du microbiome intestinal des
chenilles avec celui d'autres insectes et vertébrés (Hammer et al. 2017). Les microbes
présents dans les intestins des chenilles sont d'une densité inhabituellement faible, et
reflètent l'abondance et la composition des microbes associés aux feuilles dans les fèces
des chenilles, avec un pH élevé, une structure intestinale simple et des temps de transit
rapides pouvant empêcher la colonisation microbienne.
Ces résultats récents illustrent la nécessité d'une approche multidisciplinaire pour
étudier l'évolution des interactions entre les insectes et les plantes dans un cadre
macroévolutif et génomique. Nous aborderons la question difficile mais intrigante
suivante : quel est le rôle des plantes hôtes dans le façonnage de la biodiversité des
insectes à l'échelle macroévolutive ? Notre projet utilisera les papillons de queue
(Lepidoptera : Papilionidae) comme système modèle. Les chenilles de ces papillons se
nourrissent de différentes plantes à fleurs, mais les deux tiers de la diversité des espèces
dépendent d'une seule des cinq familles suivantes : Aristolochiaceae, Annonaceae,
Lauraceae, Apiaceae et Rutaceae (Scriber et al. 1995). Les tribus Zerynthiini
(Parnassiinae), Luehdorfiini (Parnassiinae) et Troidini (Papilioninae) se nourrissent
exclusivement de la famille des Aristolochiaceae, qui est l'un des groupes de plantes les
plus toxiques (Nishida 2002). Les Aristolochiaceae contiennent notoirement les acides
aristolochiques toxiques, qui sont connus pour être cancérigènes pour de nombreux
organismes, et seuls les Papilionidae peuvent se nourrir de ces plantes. En mangeant ces
plantes toxiques, les chenilles séquestrent les acides aristolochiques qui rendent les
chenilles et les adultes désagréables pour les prédateurs (Nishida 2002). Il est intéressant
de noter que des estimations phylogénétiques antérieures des états ancestraux ont indiqué
soit que les Aristolochiaceae étaient la plante hôte ancestrale des Papilionidae
(Condamine et al. 2012b), soit que les Aristolochiaceae ont été colonisées deux fois
(Simonsen et al. 2011), ce qui suggère que les changements de plante hôte ont des
origines anciennes et semblent être fortement limités comme le montre le niveau élevé de
conservatisme de l'hôte. En outre, la course aux armements entre les Papilionidae et leurs
plantes hôtes a été démontrée au niveau moléculaire avec l'évolution d'un gène du
cytochrome P450 qui joue un rôle dans la détoxication des composés secondaires des
plantes (Berenbaum et al. 1996). Certaines mutations peuvent contourner les défenses
toxiques de certaines plantes, assurant la survie et la diversification de certaines plantes
(et pas d'autres). D'autres études ont montré comment les changements dans l'utilisation
des plantes hôtes sont associés à des changements dans la séquence, la structure et la
fonction du P450. Les résultats fournissent la preuve que de nouvelles copies de P450
peuvent apparaître pour les herbivores qui colonisent de nouveaux hôtes, ce qui soutient
l'hypothèse selon laquelle l'interaction entre les herbivores et leurs plantes hôtes a
contribué à la diversification du gène P450 (Cohen et al. 1992).
Ces études fournissent des exemples convaincants de changements spécifiques
dans des gènes clés qui confèrent de nouvelles capacités à se nourrir de plantes toxiques
et de changements de plantes hôtes qui peuvent entraîner une augmentation du taux net
de diversification. Mais les conséquences macroévolutives et génomiques des origines et
de la dynamique évolutive des changements de plantes hôtes restent insaisissables. Une
phylogénie et des données génomiques complètes au niveau de l'espèce sont nécessaires
pour démêler l'origine de la course aux armements et comprendre les mécanismes sousjacents de l'interaction entre les insectes et les plantes en tant que moteur majeur de la
diversification. Le groupe des papillons porte-queue offre une occasion pertinente de
mieux comprendre le rôle joué par les interactions écologiques sur les longues échelles de
temps qui façonnent l'étonnante diversité des herbivores (Berenbaum & Feeny 2008).
Grâce aux progrès réalisés dans le séquençage de la prochaine génération, à la
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connaissance des relations entre les insectes et les plantes et au développement d'outils
analytiques, nous pouvons étudier les effets sur l'ensemble du génome des changements
de plantes hôtes dans la phylogénie des Papilionidae, afin de découvrir si d'autres gènes
sont impliqués et quelles ont été les conséquences macroévolutives ultérieures sur les
principaux changements de plantes hôtes au cours de l'évolution des papillons portequeue.

2. Programme scientifique et structure du projet
Le projet est organisé en quatre groupes de travail (WP) consacrés à l'étude du
rôle des plantes hôtes dans l'évolution des papillons porte-queue, grâce à (1) un cadre
phylogénétique complet pour les Papilionidae, (2) une approche macroévolutive axée sur
l'impact des changements de plantes hôtes sur la diversification des papillons, (3) une
approche génomique qui étudie les gènes en sélection positive pour les groupes de
papillons qui se sont déplacés vers de nouvelles plantes hôtes, et (4) une approche
transcriptomique pour les insectes et leurs plantes à la recherche de gènes directement
impliqués dans les interactions.
Tâche 1 : Construire la phylogénie des papillons porte-queue
Objectifs : Cette première tâche consistera à reconstituer la phylogénie de tous les
papillons porte-queue. Jusqu'à présent, la phylogénie la plus récente et la plus complète
des papillons porte-queue comprend un tiers de la diversité totale des espèces, et nous
prévoyons d'obtenir une phylogénie entièrement échantillonnée pour répondre aux
questions fondamentales de l'évolution dans le cadre du projet. Le cadre phylogénétique
qui en résultera permettra des analyses génomiques et de diversification précises,
permettant à leur tour de relier les conséquences macroévolutives et génomiques des
changements de plantes hôtes.
Méthodologie : Nous construirons une phylogénie complète au niveau de l'espèce
pour les Papilionidae, en nous appuyant sur des gènes nucléaires (orthologues) à copie
unique obtenus par séquençage du génome entier pour toutes les espèces selon une
procédure en deux étapes. Tout d'abord, nous séquencerons les génomes de tous les
genres de Papilionidae. Il y a 32 genres au total, pour lesquels nous disposons de matériel
frais stocké dans des congélateurs. Nous utiliserons une combinaison des techniques de
séquençage d'Illumina (HiSeq) et d'Oxford Nanopore (MinIon) pour générer
respectivement des millions de lectures courtes de haute qualité (lectures par paires de
150bp) et des dizaines de milliers de lectures longues de basse qualité (longueur moyenne
~5-10kb, la plus longue ~60-100kb). On estime actuellement que la taille du génome de
Swallowtail est de ~300Mb, et les lectures courtes et longues seront séquencées pour
atteindre une couverture d'au moins 50x et 10-20x, respectivement. Ensuite, nous
séquencerons des génomes entiers à faible couverture pour toutes les espèces de
Papilionidae. Il y a 550-600 espèces au total, pour lesquelles nous avons presque toutes
les espèces connues dans les congélateurs, y compris les matériels frais et de musée.
Nous utiliserons une approche au fusil de chasse Illumina pour séquencer des lectures
courtes jusqu'à 50 fois la couverture du génome. Des ébauches de génomes seront
assemblées par des lectures courtes et, pour tous les genres, l'ébauche de génome sera
échafaudée par des lectures longues (préalablement corrigées par des lectures courtes).
Les projets de génomes seront assemblés en utilisant deux approches : la populaire
SOAPdenovo2 (Luo et al. 2012) et une approche conçue pour les génomes très
hétérozygotes, Platanus (Kajitani et al. 2014 ; appliqué avec succès au génome du Papilio
glaucus, Cong et al. 2015).
L'annotation sera effectuée à l'aide d'un pipeline combinant la prédiction de gènes
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ab initio et la prédiction de gènes basée sur l'homologie (She et al. 2011) en utilisant les
gènes codant pour les protéines des génomes de papillons comme références (Futahashi
et al. 2012 ; Cong et al. 2015). Nous utiliserons OrthoFinder (Emms & Kelly 2015, 2019)
pour identifier les groupes de protéines orthologues, et les groupes constitués
d'orthologues à copie unique de tous les génomes seront extraits et alignés. Une de nos
études en cours a permis de découvrir 6621 gènes nucléaires orthologues avec une
couverture moyenne de 40x (même pour les bibliothèques d'ADN de faible qualité). Les
alignements résultants seront concaténés pour estimer un arbre phylogénomique des
papillons porte-queue calibré dans le temps en utilisant les techniques de pointe de la
phylogénomique bayésienne et de la phylogénomique à maximum de vraisemblance et
une datation éclairée par quatre calibrations internes des fossiles.
Tâche 2 : Rôle des plantes hôtes dans la diversification des papillons à
l'échelle macroévolutive
Objectifs : Cette deuxième tâche consistera à étudier l'histoire co-évolutive entre
les papillons porte-queue et leurs plantes par l'utilisation de phylogénie (Tâche 1),
d'estimation des zones ancestrales et de modèles de diversification. Nous aborderons : (1)
Quelles sont les plantes hôtes ancestrales et comment leurs associations évolutives ontelles changé au fil du temps ? (2) Les papillons et les plantes hôtes se sont-ils diversifiés
simultanément dans le temps et l'espace ? (3) Les changements de plantes hôtes ont-ils
entraîné une diversification des espèces à travers le temps et l'espace ? (4) Certaines
clades plantes-hôtes confèrent-elles plus de succès à la diversification ?
Méthodologie : En utilisant la phylogénie étalonnée dans le temps des
Papilionidae, nous allons d'abord estimer les préférences des plantes hôtes ancestrales sur
la base des données existantes et de l'état de l'art des modèles probabilistes des états
ancestraux (Ronquist & Sanmartín 2011). Nous testerons l'hypothèse selon laquelle les
Aristolochiaceae étaient la plante hôte ancestrale des Papilionidae, comme nous l'avons
déjà constaté (Condamine et al. 2012b). Si elle est ancestralement associée aux
Aristolochiaceae, cela suggérera une seule colonisation et probablement une adaptation
aux toxines de la plante, sinon cela suggérera deux colonisations indépendantes de ces
plantes toxiques (Simonsen et al. 2011). Sur la base des états ancestraux, nous
identifierons les deux ou trois principales familles de plantes hôtes, pour lesquelles nous
reconstituerons des phylogénies étalonnées dans le temps à partir des données disponibles
dans les bases de données publiques. Ensuite, nous (1) déduirons et comparerons des
phylogénies datées pour des groupes de papillons et de plantes en interaction, et (2)
démontrerons la nature synchrone de leur évolution temporelle et géographique résultant
d'une course aux armements en reconstruisant la biogéographie historique de tous les
groupes afin de tester l'hypothèse selon laquelle les papillons et les plantes qui leur sont
associées se sont diversifiés simultanément dans le temps et l'espace, ce qui fournira des
preuves indépendantes pour la déduction des états ancestraux. Enfin, nous examinerons si
les groupes qui se sont déplacés (papillons porte-queue) ou qui ont été colonisés (plantes)
ont augmenté leur taux de diversification par rapport aux lignées sœurs qui n'ont pas
acquis de telles nouveautés évolutives. Nous estimerons les taux de diversification en
utilisant des approches rigoureuses dans la modélisation des naissances et des décès
(Morlon 2014), notamment avec l'utilisation de méthodes multiples pour valider les
résultats. Cette approche fournira des tests macroévolutifs de l'hypothèse “échappement
et radiation” selon laquelle les changements de plantes hôtes ont conféré des taux de
spéciation plus élevés aux papillons.
Tâche 3 : identification des signatures génomiques associées aux
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changements anciens et récents de plantes hôtes
Objectifs : Cette troisième tâche consistera à mener une étude génomique de
l'évolution moléculaire chez les papillons porte-queue afin de révéler les conséquences
génomiques des changements de plante hôte par rapport au conservatisme de la plante
hôte tel que révélé par les reconstructions des états ancestraux. Les questions auxquelles
nous voulons répondre en achevant cette tâche sont les suivantes : (1) Quels sont les
changements génomiques qui ont évolué en réponse aux contraintes sélectives imposées
par les changements de plantes hôtes par rapport au conservatisme ? (2) Les mêmes
changements génomiques sous-tendent-ils les changements de plantes hôtes vers
différentes familles de plantes hôtes dans des lignées de papillons indépendantes ? (3)
Quelle est l'étendue de la sélection positive pour les lignées de papillons changeantes/non
changeantes ?
Méthodologie : L'ensemble des données sur le génome générées dans la tâche 1
seront utilisées pour une étude du génome dans son ensemble. Pour tous les gènes codant
des protéines, nous comparerons d'abord nos ensembles de protéines avec les ensembles
de protéines reconnus des génomes de papillons publiés (lepbase.org). Nous identifierons
ensuite les gènes présentant un excès (indiquant l'adaptation) ou un appauvrissement
(indiquant la sélection purificatrice) significatif de substitutions non synonymes par
rapport aux substitutions synonymes dans toutes les branches où un changement de plante
hôte est identifié (Tâche 2) par rapport aux branches sans changement de plante hôte. Ces
gènes sont caractérisés par un ratio élevé de substitution non synonyme (dN) par rapport
à la substitution synonyme (dS) (Yang & Nielsen 2000). Les analyses de dN/dS sont
traditionnellement effectuées avec des séquences orthologues 1:1, négligeant ainsi
l'évolution par duplication et délétion (la tâche 4 se penchera sur ce point). L'adaptation
pourrait également se faire sur des gènes spécifiques (Berenbaum et al. 1996), et nous
estimerons donc les changements génétiques des gènes candidats tout au long de la
phylogénie des papillons porte-queue. Nous nous attendons à ce que les gènes impliqués
dans l'herbivorie présentent un rapport dN/dS élevé dans les branches menant à de
nouvelles plantes hôtes, mais un rapport dN/dS (sélection purificatrice) faible dans les
porte-à-faux qui ne se déplacent pas. Cependant, les déplacements de plantes ne
modifient pas seulement des gènes individuels mais peuvent également influencer le
génome dans son ensemble (Thompson et al. 1990 ; Edger et al. 2015). Pour tester cette
hypothèse, nous effectuerons un balayage du génome avec le dN/dS sur tous les gènes et
dans toutes les branches, ce qui permettra de comparer l'évolution moléculaire dans les
changements anciens et récents de plantes hôtes. Nous chercherons également des gènes
sélectionnés positivement dans les branches sans changement de plante hôte comme
témoins (les branches avec changement d'hôte sont des tests).
Tâche 4 : Révéler les mécanismes génomiques d'une course aux armements à
l'aide des transcriptomes
Objectifs : Cette quatrième tâche consistera à suivre les adaptations génomiques
impliquées dans la course aux armements entre les papillons porte-queue et leurs plantes
hôtes. À l'aide de transcriptomes, nous aborderons les questions suivantes : (1) Les
innovations génomiques ont-elles augmenté en complexité au fil du temps et sont-elles
associées à des déplacements de plantes hôtes pour les papillons et à des colonisations
d'herbivores pour les plantes ? (2) Pouvons-nous identifier les mécanismes génomiques
qui ont facilité l'apparition et l'escalade des innovations qui ont servi de médiateur dans la
dynamique co-évolutive observée ? (3) Dans quelle mesure les expressions des gènes des
papillons indépendants qui se déplacent vers une nouvelle plante hôte sont-elles distinctes
de celles des papillons qui ne se déplacent pas ?
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Méthodologie : Nous allons séquencer les transcriptomes des chenilles qui se
nourrissent des feuilles, et les feuilles dont se nourrissent les chenilles (également les
feuilles des plantes qui ne sont pas attaquées comme témoins). Les chenilles seront
disséquées dans la tête, le thorax et l'abdomen, qui seront stockés séparément dans des
tubes RNAlater dans des congélateurs (approche similaire pour les feuilles). Nous
répéterons cette approche pour les 32 genres et leur principale plante hôte, comme
déterminé par les données écologiques. Par conséquent, cinq transcriptomes par genre
(trois pour la chenille et deux pour la plante) seront obtenus en utilisant le séquençage au
fusil de chasse du transcriptome entier. Nous collecterons les genres non disponibles dans
mes congélateurs en effectuant des voyages de travail sur le terrain dans des pays
maximisant la diversité des genres se produisant dans la sympathie (Pérou, Équateur,
Indonésie) ou via mes collaborations internationales sur les papillons (par exemple,
Canada, Thaïlande, États-Unis, Brésil). Si l'obtention de tous les genres est trop difficile,
nous travaillerons au niveau tribal, qui représente bien les changements d'hôtes
(Condamine et al. 2012b). Les gènes candidats les plus prometteurs pour l'évolution
moléculaire des herbivores chez les papillons sont les gènes directement liés à
l'alimentation (enzymes digestives), à la recherche de nourriture (récepteurs olfactifs) et à
la consommation de nourriture (récepteurs gustatifs). Pour tous les gènes candidats, des
analyses détaillées de l'évolution moléculaire seront effectuées afin d'identifier les
pressions sélectives agissant sur les papillons se déplaçant vers une nouvelle plante hôte
par rapport aux papillons ne se déplaçant pas. Nous étudierons l'évolution des familles de
gènes impliquées dans la préférence et la performance de la plante hôte et nous
reconstituerons les répertoires de gènes, qui seront comparés entre les papillons portequeue pour identifier les expansions et/ou les pertes de gènes par rapport à d'autres
papillons porte-queue ayant des régimes alimentaires différents. Ces données
transcriptomiques seront complétées par des données génomiques afin d'identifier et de
comparer l'évolution moléculaire des gènes spécifiquement exprimés dans la bouche,
l'intestin postérieur et l'intestin antérieur parmi les lignées de papillons.
Originalité, importance et faisabilité du projet
Il me semble que ce projet est original car il utilise des approches innovantes pour
tester formellement des hypothèses de longue date sur (1) les mécanismes moléculaires à
l'échelle du génome qui sous-tendent les changements évolutifs dus à des changements de
niches écologiques, et (2) les effets macroévolutifs des changements de plantes hôtes sur
la dynamique de diversification. La fréquence des interactions entre insectes et plantes, le
rôle de l'adaptation génomique, l'étude phylogénétique des clades en interaction et les
effets des changements réciproques dans la spéciation sont de plus en plus acceptés.
Cependant, les études comparatives à grande échelle combinant co-phylogénie insecteplante, génomique et transcriptomique des insectes et plantes dans un cadre
macroévolutif sont encore rares en biologie évolutive. La nature innovantes du projet de
recherche réside dans l'approche intégrative de l'étude spécifique à une course aux
armements dans un cadre phylogénétique le plus fin et complet possible, permettant des
tests précis et détaillés de l'évolution par adaptation au cours des changements de plantes
hôtes. L'originalité de la proposition se reflète également dans son application
conceptuellement nouvelle à un modèle biologique bien connu représentant un cas
d'école d'interactions entre insectes et plantes. Des avancées récentes ont démontré
l'origine ancienne de la course aux armements entre les Papilionidae et leurs plantes, mais
il existe un manque de connaissances sur le rôle évolutif des associations hôtes qui limite
notre compréhension des effets sur les génomes et des effets qui en découlent sur la
diversification. Leur régime alimentaire hautement spécialisé et conservé a imposé des
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contraintes sélectives, pouvant conduire à une série de changements génomiques et/ou
d'adaptations à travers la phylogénie. Cela suggère que l'espace adaptatif hôte-plante
pourrait être plus contraint qu'on ne le pensait auparavant, et offre une occasion unique
d'étudier les mécanismes génomiques et de diversification sous-jacents.
Je vais consacrer 70 % de mon temps de travail à ce projet au cours des 5
prochaines années. Le projet comprend des modules de travail sur la datation
phylogénétique et moléculaire (Tâche 1) et sur les estimations de l'état ancestral et les
analyses de diversification (Tâche 2), dans lesquels je suis expert, ce qui garantit la
génération d'un ensemble de données pour répondre aux principales questions. Je me
concentrerai sur l’étude macroévolutive en utilisant des phylogénies des Papilionidae,
avec un échantillonnage de toutes les espèces. Ce projet permettra d'entrer dans les
modèles génomiques à fine échelle afin de relier les processus macroévolutifs et les
changements génomiques. Le projet emploiera six personnes : un post-doctorant, trois
doctorants et deux assistants ingénieurs. Ils rejoindront l’équipe Phylogénie et Évolution
Moléculaires constituée de 12 chercheurs permanents (N. Galtier, E. Douzery, F. Delsuc,
B. Nabholz, P.-H. Fabre, C. Scornavacca, S. Bérard, A.-S. Fiston-Lavier, J. Romiguier, S.
Puechmaille, F. Catzeflis) et une ingénieure d’étude (M.-k. Tilak).
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Evolutionary processes and ecological constraints on swallowtail
biodiversity
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Abstract
The latitudinal diversity gradient (LDG) is one of the most striking ecological patterns on our planet.
Determining the evolutionary causes of this pattern remains a challenging task. To address this issue, previous
LDG studies have usually relied on correlations between environmental variables and species richness, only
considering evolutionary processes indirectly. Instead, we use a phylogenetically integrated approach to
investigate the ecological and evolutionary processes responsible for the global LDG observed in swallowtail
butterflies (Papilionidae). We find evidence for the !diversification rate hypothesis" with different diversification
rates between two similarly aged tropical and temperate clades. We conclude that the LDG is caused by
(1) climatically driven changes in both clades based on evidence of responses to cooling and warming events,
and (2) distinct biogeographical histories constrained by tropical niche conservatism and niche evolution. This
multidisciplinary approach provides new findings that allow better understanding of the factors that shape
LDGs.
Keywords
Boreotropics, diversification rates, historical biogeography, host plant associations, niche evolution,
paleoclimates, tropical niche conservatism.
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Biodiversity is not evenly distributed on Earth. The ensuing question
!what determines spatial patterns of species diversity?" represents one
of the key research themes in biology (Gaston 2000). The latitudinal
diversity gradient (LDG), usually defined as an increase in species
richness from the poles towards the equator, is a striking ecological
pattern that has fascinated biologists over centuries (Willig et al. 2003;
Mittelbach et al. 2007). Such species richness patterns must be
ultimately dependent on mechanisms (speciation, extinction and
dispersal) that directly change the number of species between
temperate and tropical regions, but a satisfying global explanation
remains elusive (Willig et al. 2003; Wiens & Donoghue 2004; Jablonski
et al. 2006; Mittelbach et al. 2007). Although some studies have
pursued a search for the ultimate primary process that underlies the
LDG, others suggest that this ecological pattern is better explained by
a combination of several contributing processes, including interactions
among species, climate changes or geological events that determine
dispersal constraints as well as rates of speciation and extinction of
lineages (Benton 2009; Erwin 2009; Lomolino et al. 2010). Recent
integrative studies have paved the way for further research and have
encouraged the combination of multiple layers of data from ecology,
distribution, fossils, and genetics as well as paleogeographic and

paleoclimatic histories (Currie et al. 2004; Morlon et al. 2010; Ezard
et al. 2011; Wiens et al. 2011).
Explaining the LDG is even more challenging for systems with
strong biotic interactions, like the phytophagous insects that make up
most of Earth"s non-microbial biodiversity (Novotny et al. 2006). The
LDG in species richness of phytophagous insects may be linked to
plant diversity, which increases sevenfold from temperate to tropical
latitudes (Novotny et al. 2006). Insects and plants also respond to
abiotic factors such as major biogeographic and climatic changes
(Becerra & Venable 1999; Wilf & Labandeira 1999; Winkler et al.
2009). Plate tectonics, for instance, have had profound effects on
large-scale biogeographical patterns by altering dispersal opportunities,
and may also be associated with major climate changes and sea level
fluctuations (Lomolino et al. 2010). The evolutionary effects of past
climate changes are evident in the fossil record (Wilf & Labandeira
1999) and have globally influenced speciation and extinction rates
(Lomolino et al. 2010). Such climate changes provide a largely
unexplored context to explain the LDG (Currie et al. 2004; Erwin
2009).
Despite substantial interest in understanding the evolution of
species distributions, few studies have integrated and quantified the
contributions of different processes toward generating the LDG of
whole groups of organisms (Wiens & Donoghue 2004; Mittelbach
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et al. 2007). Although traditional approaches demonstrate a correlation
between environmental variables and species richness (e.g. temperature), they only indirectly consider evolutionary processes (Gaston
2000; Willig et al. 2003). Here, we investigate the relative contributions
of multiple evolutionary and ecological factors to the LDG of a
species-rich and globally distributed group, the swallowtails
(Papilionidae), using an explicitly phylogenetic approach. These wellstudied butterflies have often been used as model organisms in various
fields of biology such as biogeography (Wallace 1865), phylogeny
(e.g. Zakharov et al. 2004; Simonsen et al. 2011), conservation biology
(Collins & Morris 1985), and insect-plant evolution (e.g. Ehrlich &
Raven 1964; Berenbaum & Feeny 2008). Despite a marked interest in
this group and their apparent LDG (80% of papilionid species are
tropical species; Fig. 1), no study has comprehensively addressed the
processes that might explain their present-day diversity and its
variation across clades and regions (Collins & Morris 1985; Cardillo
1999; Scriber 2010).
To better understand the origin and evolution of the swallowtail
LDG, we analyse an extensive dataset for the family, including
geographic distributions, ecological preferences and DNA sequences
for 203 of c. 550 described species (Table S1). We infer their
phylogeny with data for three genes and calibrate it using fossils and
a relaxed molecular-clock approach. We then (1) reconstruct host
plant shifts and their putative impact on diversification rates;
(2) infer the most likely origin and biogeographic scenario; and
(3) assess the influence of major Cenozoic climatic events on
diversification rates of temperate and tropical species. Finally, we
evaluate the relative roles of key factors such as historical
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biogeography (Wiens & Donoghue 2004), climate change (Currie
et al. 2004; Erwin 2009) and host plant use (Winkler et al. 2009) in
shaping large-scale distribution patterns.
MATERIAL AND METHODS

See Appendix S1 for details on each procedure.
Molecular dataset

About one-third of the species known for the family Papilionidae were
included (Table S1). This sampling encompasses all described genera
and subgenera including: (1) the only species of Baroniinae; (2) 65
Parnassiinae species (of 68); and (3) 137 Papilioninae species (of 485).
Based on the most comprehensive phylogeny of Papilionoidea
(Heikkilä et al. 2011), 19 outgroups were sampled: three Hedylidae,
three Hesperiidae, three Lycaenidae, three Nymphalidae, three
Pieridae, three Riodinidae and one Hyblaeidae. We used 2.3 kilobases
of DNA for the mitochondrial genes cytochrome oxidase I and II and
1.0 kilobases of the nuclear protein-coding gene elongation factor-1a.
New sequences were obtained for 47 Parnassius and 20 Papilio species.
For these species, total genomic DNA was extracted and polymerase
chain reactions were performed using various primers and thermocycling programs (see Appendix S1). The remaining sequences were
directly taken from previous studies (Zakharov et al. 2004; Braby et al.
2005; Silva-Brandão et al. 2005; Nazari et al. 2007; Simonsen et al.
2011). Taxon sampling and GenBank accession numbers are given in
Table S1.

Figure 1 Latitudinal diversity gradients for swallowtail butterflies in three different parts of the world. Species richness increases from the poles toward the equator (red line)
and applies to all tropical regions. One easily explained exception occurs in the western Old World, where a dip in species richness coincides with North African desert. Wellknown species from each region are figured above. Data are compiled from various sources (e.g. Collins & Morris 1985).
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Phylogenetics and dating

Phylogenetic relationships were inferred with maximum parsimony,
maximum likelihood (ML) and Bayesian inference (see Appendix S1).
This phylogenetic framework was then used to estimate divergence
times with a Bayesian relaxed-clock approach implemented in BEAST
1.6.2 (Drummond & Rambaut 2007; see Appendix S1). We used both
hard and soft bounds for the calibrations. Hard bounds enforced strict
maximum and minimum ages, whereas soft bounds accounted for
uncertainties in fossil ages by allowing non-zero probabilities for ages
beyond bounds. The root was set to a maximum age of 183 million
years ago (Ma) corresponding to a molecular estimate for the median
age of angiosperm origin (Bell et al. 2010). Despite the scarcity of
butterfly fossils, we were able to select five fossils to specify minimum
age constraints (see Appendix S1).
Host plant association

An extensive bibliographic survey was compiled for larval host plant
preferences. Numerous previous publications were used to retrieve
these data (Ehrlich & Raven 1964; Collins & Morris 1985; see
additional references in Appendix S1). The host associations of
species were categorised using the following nine character states:
(1) Annonaceae; (2) Apiaceae; (3) Aristolochiaceae; (4) Crassulaceae
or Saxifragaceae (core Saxifragales); (5) Fabaceae; (6) Lauraceae;
(7) Papaveraceae; (8) Rutaceae and (9) Zygophyllaceae. The few
species that use multiple host families were scored with the most
frequent host association to analyse the data under an ML procedure
as implemented in Mesquite 2.75 (available at www.mesquiteproject.
org). Ancestral states for host plant association were reconstructed
using the Markov k-state model (one rate for all transitions between
states) allowing any host shift to be equally probable. To estimate the
support of any one character state over another, the most likely state is
selected according to a decision threshold, such that if the log
likelihoods between two states differ by two log-likelihood units, the
one with lower likelihood is rejected.
Biogeography

Ancestral area reconstructions for Papilionidae were inferred with a
ML approach using the Dispersal-Extinction-Cladogenesis model
(Ree & Smith 2008). Species ranges were coded by presence–
absence (excluding marginal distribution or anthropic introduction).
A stratified biogeographical model (with 11 component areas) was
then defined taking into account paleogeography, with time slices of
10 Ma being used to partition the corresponding model time scale.
For each time slice, temporal constraints on rates of dispersal between
areas were modelled based on their respective positions and the
appearance ⁄ disappearance of geographic barriers (see Appendix S1).
Local optimisations were performed to estimate the ancestral area for
the root, alternatively using one, two or three areas as constraints for
the maximum number of areas for the root.
Diversification rates

Tempo and mode of species diversification were investigated with a
step-by-step procedure that took our estimated times of divergence as
the basis for the analyses (see Appendix S1). First, we visualised the
accumulation of lineages over time using lineages-through-time (LTT)

plots. LTT plots were inferred for the two clades that comprise either
the temperate species (the Parnassiinae clade) or the tropical species
(the Papilioninae clade). For the tropical clade, the few temperate
species were pruned from the corresponding analyses. Second, we
estimated the diversification rates (speciation minus extinction) for the
two clades under a birth-death model given the estimated age of the
crown group and the extant number of species for each group to
account for the possible effects of taxon sampling (Magallón &
Sanderson 2001). The estimates of diversification rates were also
repeated using three different relative extinction rates (e = 0 ⁄ 0.5 ⁄ 0.9).
Third, we tested the null hypothesis of constant per-lineage rates with
c-statistics and hierarchical Akaike information criterion (AIC)
statistics comparing models with a constant diversification rate to
those with one or more rate shifts (Rabosky 2006). Fourth, using a
Yule model and likelihood methods, we tested the hypothesis that
diversification rates varied before or after the major Cenozoic climatic
events (Zachos et al. 2001). Following Winkler et al. (2009), this
method compares diversification rates between two temporal windows around a specific event, such as the early Oligocene Glacial
Maximum (EOGM, 34 Ma), late Oligocene Warming Event (LOWE,
24 Ma), the middle Miocene Climatic Optimum (MMCO, 17 Ma), and
the late Miocene before the onset of Plio-Pleistocene glaciations
(PPG, 8 Ma). Finally, effects of host plant shifts were investigated by
comparing global diversification rates of the family with diversification
rates for each clade that shifted to a new group of host plant, given the
extant diversity and the estimated crown group age using the same
likelihood-based methods (Rabosky 2006). While all these methods
are known to be sensitive to phylogenetic or dating uncertainties, they
nonetheless provide powerful tools that have yielded significant
insights in ecological studies (e.g. Winkler et al. 2009; Wiens et al.
2011).
RESULTS

Phylogenetic relationships

Phylogenetic analyses (Fig. 2, see also Figures S1 and S2) yielded very
similar topologies regardless of the method used. Overall, 81% (162 of
202) of ingroup nodes were recovered with high support (posterior
probabilities (PP) ‡ 0.95; Tables S2 and S3). These analyses support
the monophyly of the family Papilionidae and of subfamilies
Papilioninae (mostly tropical species) and Parnassiinae (mostly
temperate species). The sole species of the subfamily Baroniinae is
sister to the rest of Papilionidae. Both genus and tribe-level
relationships are consistent with the results of previous studies
(Zakharov et al. 2004; Braby et al. 2005; Silva-Brandão et al. 2005;
Nazari et al. 2007; Simonsen et al. 2011). Within Papilioninae and
Parnassiinae, Old and New World taxa do not constitute monophyletic assemblages (PP ‡ 0.95).
Host plant evolution

Host plant optimisations are presented in Fig. 2, and relative
likelihoods (RL) are given for ingroup nodes with host plant shifts
(Table S4). For Papilionidae, Aristolochiaceae is inferred to be the
ancestral host plant family (RL = 0.90). The common ancestors of
both Papilioninae and Parnassiinae are also associated with Aristolochiaceae (RL = 0.98 and 0.96 respectively). Seven major shifts are
identified through evolutionary time (Fig. 2). Among the cold-adapted
! 2012 Blackwell Publishing Ltd/CNRS
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Figure 2 Phylogenetic relationships of 203 swallowtail species, with evolution of their host plant associations. The tree is a 50% majority rule consensus based on Bayesian
analysis, with branch lengths proportional to absolute ages. Outside the phylogeny, two coloured circles represent the different taxonomic groups as shown by the left-corner
boxes. Coloured branches on the tree, as indicated in the lower right corner, map the evolution of host plant association (outgroups not shown). At host shifts, a pie chart
displays the probability of each plant family. Small black squares on the phylogeny indicate node support with both BV and PP equal to or greater than 70% and 0.95
respectively. Asterisks indicate the illustrated species.
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Parnassiinae, two shifts are inferred: first to Crassulaceae or Saxifragaceae (core Saxifragales) for the tribe Parnassiini (RL = 0.51) followed
by a secondary shift to Papaveraceae for the subgenus Parnassius
(RL = 0.99). Among the tropical species of Papilioninae, three major
host shift events were reconstructed: Leptocircini shifted to Annonaceae (RL = 0.99), Teinopalpini to Lauraceae (RL = 0.96) and
Papilionini (genus Papilio) to Rutaceae (RL = 0.81). Within the genus
Papilio, almost all the species feed on Rutaceae but two other shifts are
recovered for species distributed in temperate regions: one shift to
Lauraceae (RL = 0.74 for the Chilasa + Pterourus clade) and one to
Apiaceae (RL = 0.99 for the subgenus Papilio).
Diversification and biogeography

Results of dating analyses with soft bounds are given in Fig. 3 (see
Table S3 for Confidence Intervals, CI). Similar estimates were
obtained with alternate sets of fossil calibrations and with hard
bounds (hard bounds resulted in only slightly older ages; Table S5).
Based on our time-calibrated tree, the extant diversity of swallowtails
originated in the early Paleogene ca. 52 Ma (CI 46.0–62.5 Ma). Both
the predominantly tropical Papilioninae and the cold-adapted Parnassiinae began diversifying in the Eocene soon after their common
ancestor diverged. The parnassiine tribes Luehdorfiini, Zerynthiini
and Parnassiini appeared in the Oligocene, while the papilionine tribes
Leptocircini, Troidini, Teinopalpini and Papilionini diverged from
each other around the late Eocene-early Oligocene boundary (Fig. 3).
Biogeographic analyses are summarised in Fig. 3, while likelihood
scores and their relative probabilities are given for each node in
Table S3. For the root, local optimisations recover an optimal range
area encompassing the East Palearctic and West Nearctic regions
(ML = 536.5). Other ranges or combination of range sizes (1–3
ancestral areas) were not statistically supported by alternative local
optimisations. Similar results were found using the chronograms
obtained with hard or soft bounds (Table S6). The biogeographic
analyses unambiguously support a dynamic pattern of dispersal (few
vicariance events were reconstructed). In summary, of 43 recovered
southward continental dispersals, most of them (38) involve tropical
species. By contrast, a more balanced pattern of continental dispersals
was inferred for northward ⁄ eastward ⁄ westward dispersals with
13 ⁄ 5 ⁄ 15 events for tropical species and 8 ⁄ 6 ⁄ 14 events for temperate
species (Fig. 3).
Temporal changes in diversification rates were visualised using LTT
plots (Fig. 4). Using a birth-death model and three extinction rates
(e = 0 ⁄ 0.5 ⁄ 0.9), the diversification rates of tropical species and
temperate species were estimated at 0.1173 ⁄ 0.1112 ⁄ 0.0823 per Ma and
0.0795 ⁄ 0.0739 ⁄ 0.0475 per Ma respectively, and are significantly
different under likelihood ratio tests (one-tailed test; P < 0.05)
(Table S7a). A one-tailed c-test rejected the null hypothesis of rate
constancy (c = )2.942, P = 0.0016), which was further confirmed by
Monte Carlo simulations taking into account missing taxa

Figure 4 Lineages-through-time (LTT) plots for tropical and temperate species,
with their 95% confidence intervals. Geological time-scale below each LTT is
colour coded for epochs and has acronyms for climatic events as in Fig. 3.
Paleotemperature data are from Zachos et al. (2001).

(c = )6.484, P = 0.006). Rate-variable models explain the data
significantly better because the DAICRC is above 10 for tropical taxa
(AICRC = )32.89 and AICRV = )47.83, DAICRC = 14.94) as well as
for temperate taxa (AICRC = )14.55 and AICRV = )25.11,
DAICRC = 10.55) (Table S7b). For tropical taxa, the best-fit model
was the Yule-4-rates model whereas it was the Yule-3-rates model for
temperate taxa, suggesting that three and two shifts occurred in
diversification rates in tropical and temperate clades respectively. Note
that these differences are not dependent on the exact times of
divergences in the two clades, but rather on the relative times of
divergence between the two sister clades.

Figure 3 Temporal and geographic origin of swallowtails showing establishment of the latitudinal diversity gradient. The Bayesian chronogram gives estimated molecular ages
(Ma) for phylogenetic relationships of swallowtail lineages (outgroups removed). Asterisks indicate fossil calibrations. A 5-Ma geological time-scale is at the bottom of the
chronogram, spanning epochs since 55 Ma (Pli, Pliocene; P, Pleistocene). The origin of Papilionidae is shown by a red tinted swallowtail at the crown group. On the right,
vertical bars indicate temperate (blue) and tropical (green) species. The bottom left corner map represents the Earth delimited into 11 areas. Coloured areas on the map
correspond to coloured squares for each node, representing inferred ancestral area(s), and coloured circles at tips, representing present-day distributions. Green arrows (1–2)
show the Eocene origin and putative ancestral area of Papilionidae (Map A). Secondary coloured arrows (3–23) along the chronogram indicate southward dispersal of
swallowtails (Map B). At the bottom, the ocean temperature curve (in red) is based on a high-resolution deep-sea oxygen isotope record (dO18) (Zachos et al. 2001). Vertical
bars indicate Cenozoic climatic events. Paleogeographic maps are modified from Scotese (2001).
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Based on our estimated times of divergence, the four major
Cenozoic climatic events appear to have impacted the diversification
rates of the tropical and temperate clades differently. We found a
significant effect for tropical (P = 0.0498) and non-significant effect
for temperate taxa (P = 0.594) around the EOGM; a non-significant
effect for tropical (P = 0.912) and a significant effect for temperate
taxa (P = 0.0335) at the LOWE; a non-significant effect for tropical
(P = 0.187) and a significant effect for temperate taxa (P = 0.0355) at
the MMCO; and a significant effect for tropical (P = 0.0056) and a
non-significant effect for temperate taxa (P = 0.906) during the PPG
(Table S7c).
When examining the influence of host shifts on diversification, we
found significant effects with higher rates of diversification for the
shift to Rutaceae by the Papilionini (0.142 ⁄ 0.133 ⁄ 0.091 per Ma,
P = 0.047), for the shift to Papaveraceae by Parnassiini
(0.168 ⁄ 0.152 ⁄ 0.083 per Ma, P = 0.02), and also for the shift to
Crassulaceae or Saxifragaceae (core Saxifragales) by the subgenus
Parnassius (0.253 ⁄ 0.222 ⁄ 0.099 per Ma, P = 0.001) (Table S7d).
DISCUSSION

Understanding the origin, causes and evolution of latitudinal gradients
of species richness is a major challenge for ecologists, with some
focusing on factors like ecological niche or diversification rates, but
few on an integration of these factors throughout the evolution of a
group (Wiens & Donoghue 2004; Jablonski et al. 2006).
Did tropical biodiversity initially appear in the tropics?

A widely employed explanation for the LDG proposes that groups of
organisms that exhibit high tropical diversity originally appeared in the
tropics and subsequently spread to temperate regions. The !tropical
conservatism hypothesis" postulates that (1) most groups originated in
the tropics and are specialised for a tropical climatic regime, (2) most
species and clades have been unable to disperse out of the tropics (due
to niche conservatism), and (3) the greater time and area available for
speciation in the tropics has led to higher species richness in the
tropics for most taxa (Wiens & Donoghue 2004; Donoghue 2008).
The !out of the tropics" model also assumes that clades preferentially
originate in the tropics but expand poleward (niche evolution) without
losing their tropical presence. The tropics are thus both a cradle and a
museum of biodiversity (Jablonski et al. 2006).
Phylogenetic and dating analyses indicate that the mostly tropical
Papilioninae and temperate-adapted Parnassiinae are sister groups and
originated at the same time in the early Eocene (Fig. 3; Table S3).
Biogeographic analyses recover a high latitude, boreotropical (sensu
Sanmartı́n et al. 2001) origin for Papilionidae (Fig. 3; Table S5). Our
dates for the initial diversification of the group are congruent with two
recent studies that also indicate an origin for swallowtails after the
Cretaceous ⁄ Paleogene extinction (Simonsen et al. 2011; Heikkilä et al.
2011), but contrast with earlier hypotheses that the family radiated
during the Cretaceous in the Southern Hemisphere and evolved in
isolation since the final break-up of southern landmasses (Zakharov
et al. 2004; Braby et al. 2005; Nazari et al. 2007).
Papilionidae currently show equatorially high species richness along
three different north–south axes (Fig. 1). However, global climate
during the early Eocene was warmer than today, gradually cooling
after 45 Ma (Zachos et al. 2001). Heterogeneous habitat patches
ranging from warm, seasonally wet mid-latitude forests to tropical
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forests covered much of the Northern Hemisphere as far north as
80!N until the early Oligocene (Morley 2007). Thus Papilionidae most
likely originated as a warm-adapted clade in the Northern Hemisphere
and would have used the corridors provided by the Beringian land
bridge to diversify in that region (Fig. 3). Similar patterns have also
been recovered for other major groups, where thermophilic biota
were present at middle and high latitudes in the Paleogene but are now
restricted to or substantially more diverse in the tropics (Archibald
et al. 2011). Taken together, Papilionidae offer a counterexample to
the hypotheses that tropical biodiversity initially appeared in equatorial
tropics and that the LDG mainly resulted from limited and recent
dispersal from tropical to temperate regions (see Wiens 2007 for
similar findings).
Why are there more tropical species?

Various hypotheses have been formulated to explain high tropical
diversity in terms of diversification rates (Mittelbach et al. 2007). The
!species carrying capacity hypothesis" postulated that tropical regions
are able to support more species than temperate regions due to
ecological factors (niche availability; Phillimore & Price 2008; Rabosky
& Lovette 2008). In the !time-for-speciation hypothesis", tropical
clades are older and hence have accumulated greater species richness
through time than temperate clades, without having faster rates of
diversification (Wiens et al. 2009, 2011). In contrast, the !diversification rate hypothesis" maintains that tropical species are more
numerous due to higher rates of speciation or lower rates of
extinction (Currie et al. 2004; Ricklefs 2006; Wiens 2007).
Our phylogenetic and dating analyses indicate that the Papilioninae
(480 species) and Parnassiinae (70 species) originated in the Eocene
and are equal in age. In addition, the diversification analyses did not
recover the density-dependent DDL or DDX models (Rabosky &
Lovette 2008), which are generally associated with decaying speciation
rates over time and a saturation of species richness. Instead, an
expanding-diversity Yule model is supported for swallowtails, which is
in agreement with the results of a meta-analysis of 289 phylogenies
(Morlon et al. 2010). The expanding-diversity models suggest that
ecological constraints do not impose an upper limit to diversity or that
this upper limit has not been reached yet in both climatic regimes
(Table S7b; Morlon et al. 2010). In contrast, we recovered a significant
difference in diversification rates between tropical and temperate
swallowtails showing that tropical clade has higher diversification rates
or lower extinction rates, as confirmed by likelihood estimates of
relative extinction rates (e = 0 for tropical and e = 0.2 for temperate
species; Table S7a). Thus, the pattern recovered for swallowtails does
not support the species carrying capacity or the time-for-speciation
hypotheses, but instead our evidence is well in line with the
diversification rate hypothesis. This result contrasts with some studies
that focused on vertebrates (Cardillo 1999; Phillimore & Price 2008;
Wiens et al. 2009 but see Ricklefs 2006; Wiens 2007). This test of the
diversification rate hypothesis was facilitated by our use of dated
phylogenies to estimate diversification rates of tropical vs. temperate
groups, unlike explanations of high tropical diversity that have relied
on correlations between environmental variables and species richness.
Did a single process shape the current LDG?

Our selection of different rate-variable models for tropical and
temperate clades indicates that diversification rates have not varied
" 2012 Blackwell Publishing Ltd/CNRS
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Figure 5 Evolution of the latitudinal diversity gradient through time. Three time slices show establishment of the extant latitudinal diversity gradient, with world maps giving
paleogeographic configurations, and graphs relating species richness to latitude. On each map, arrows indicate dispersal events recovered by biogeographic analyses (Fig. 3).
(a) Origin and first 15 million years, when swallowtails diversified in the northern region, elevating richness in higher latitudes. (b) Divergence between tropical and temperate
taxa, when tropical species dispersed southward due to cooling climate. In the New World, no southward dispersal is recovered, congruent with the presence of an arid climate
in southern North America at that time (double black line). (c) The Miocene shows new diversification and on-going southward dispersal of tropical taxa. Paleogeographic
maps are modified from Scotese (2001).

similarly through time (Table S7). Comparison of lineages-throughtime plots also suggests that tropical and temperate clades have had
different diversification histories (Fig. 4). To better understand the
mechanisms that underlie their diversification, we considered the
influence of three potential processes: paleoclimates, host plant use,
and historical biogeography. Although these processes constitute
factors that have likely influenced large-scale distribution patterns,
demonstrating their influence on diversification rates is a complex issue
because their effects can be confounded with each other (Currie et al.
2004; Benton 2009; Erwin 2009; Winkler et al. 2009; Ezard et al. 2011).
To our knowledge, this study is the first to recover a statistically
supported effect of Cenozoic climate change on diversification rates
of phytophagous insects. This result is of primary importance because
it illustrates how climate may shape broad-scale richness patterns
(Gaston 2000; Currie et al. 2004). Examination of the four major
! 2012 Blackwell Publishing Ltd/CNRS

Cenozoic climate events has shed light on the establishment of the
LDG. Diversification rates rose significantly in tropical but not
temperate taxa after climate cooling events (EOGM and PPG). In
contrast, temperate taxa experienced higher rates of diversification
during warming events (LOWE and MMCO).
The ancestral host plant association of phytophagous organisms (i.e.
ecological niche) is of particular interest for reconstructing their
evolutionary shifts and macroecological patterns (Becerra & Venable
1999; Winkler et al. 2009). An ancient association with Aristolochiaceae is recovered for Papilionidae as well as for Papilioninae and
Parnassiinae (Fig. 2). Aristolochiaceae are supposed to have appeared
and diversified around 100 Ma (based on molecular age estimates; Bell
et al. 2010), at about the time that the stem lineage of Papilionidae is
assumed to have diverged from the ancestral lineage of the remaining
butterflies (Heikkilä et al. 2011). The common ancestor of Papilion-
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idae was probably feeding on Aristolochiaceae in the Northern
Hemisphere, which is corroborated by the presence of Aristolochiaceae fossils in Kamchatka before 65 Ma and in North America
45–52 Ma (Friis et al. 2011). Strikingly, no other butterflies are
recorded as feeding on Aristolochiaceae, which are well known for
their high toxicity (Ehrlich & Raven 1964; Braby et al. 2005). This
ancestral association is consistent with a chemical specialisation that
partially follows the !escape and radiate hypothesis" assuming that the
colonisation of a new ecological niche leads to increased diversification (Ehrlich & Raven 1964) due to the evolution of a key innovation
(Berenbaum & Feeny 2008).
Host plant shifts likely played a major role in diversification rates
for some phytophagous insect groups (Winkler et al. 2009). Although
host plant shifts have often been considered a major factor driving
evolutionary radiations of swallowtails (Ehrlich & Raven 1964;
Fordyce 2010), their consequences remain untested for the LDG
(Scriber 2010). Here, a marked pattern of host plant conservatism is
evident, as only seven major host plant shifts were reconstructed (over
the 202 nodes in the topology) and no reverse colonisation was
inferred (Fig. 2). This pattern was likely driven by strongly selected
adaptations linked to the chemical specialisation of swallowtails
(Ehrlich & Raven 1964). In the genus Papilio the shifts to Apiaceae
have probably been facilitated by prior adaptations to the furanocoumarin compounds found in both Apiaceae and Rutaceae
(Berenbaum & Feeny 2008).
The interplay between paleoclimates and interspecific interactions
remains essential to consider. The corresponding increase in species
richness for both tropical and temperate species cannot be solely
attributed to climatic events but also to their direct and indirect
influences (Jaramillo et al. 2006; Winkler et al. 2009). Changes in
diversification rates occurring around the LOWE and MMCO for
temperate taxa coincide with two major host shift events that have
also influenced their diversification rates (Table S7d). The evolution
of ecological niches within temperate species may thus be attributed to
climate-linked host shifts that provided novel ecological opportunities
and enhanced their subsequent diversification, a situation similar to
leaf-mining flies (Winkler et al. 2009). In contrast, no host shifts were
related to climatic events for tropical species (Figs 2 and 3). This
suggests that the shift to Rutaceae can mostly be accounted for by
chemical specialisation, perhaps promoted by a key innovation like a
modification in cytochrome P450 (Berenbaum & Feeny 2008).
Overall, three major host shifts promoted the diversification of
swallowtails and corroborate the !escape and radiate hypothesis"
(Ehrlich & Raven 1964). However, as indicated by the clear
differences between the ages of swallowtails and their host plants
(e.g. Apiaceae, Rutaceae, Saxifragales; sensu Bell et al. 2010; Friis et al.
2011), we found no support for the !temporal co-diversification
hypothesis" (Ehrlich & Raven 1964).

the ecological niche (Parmesan et al. 1999; Donoghue 2008). Our
biogeographic analyses unambiguously support a dynamic dispersal
pattern after the EOGM (Figs 3 and 5). Strikingly, 38 of the 43
recovered southward dispersals involved tropical species and are
correlated with cooling climates, thereby suggesting the influence of
Cenozoic paleoclimates on the diversification patterns of the tropical
species. The general trend toward cooling during the Cenozoic
influenced the distribution of plants as well (Sanmartı́n et al. 2001;
Jaramillo et al. 2006; Donoghue 2008). As swallowtails depend on their
host plants, their diversification pattern supports the hypothesis of
southward tracking of their hosts driven by northern tropical biome
contraction of climatic and ecological preferences (niche conservatism; Wiens & Graham 2005). Therefore, this supports the !tropical
conservatism hypothesis" (Wiens & Donoghue 2004), which suggests
that few tropical lineages confronted with the retraction of tropical
climates during the Cenozoic managed to adapt to colder climates
(three shifts are revealed in the tropical clade; Fig. 3). Many other
lineages simply moved with tropical habitats, therefore becoming
increasingly geographically restricted (Donoghue 2008). Although a
total of 40 longitudinal dispersals were inferred, tropical and
temperate clades have had more westward than eastward dispersals
(threefold and twofold respectively). These biogeographic events were
more evenly distributed between both groups, a pattern that may be
more attributable to the consequences of geological events such as the
closure of the Turgai Sea in the Oligocene (Scotese 2001; Fig. 3). This
pattern may also be accounted for by tracking host plant lineages that
had similar dispersal patterns (Sanmartı́n et al. 2001). Taken together,
these results illustrate how biotic and abiotic factors may be
interwoven to generate large-scale richness patterns.
For tropical taxa, the decrease in temperature in the Cenozoic is
associated with multiple southward dispersals as postulated for other
insect groups (Archibald et al. 2011). Interestingly, our results suggest
that changes in diversification rates usually followed these southward
dispersals, which likely contributed to shaping the swallowtail LDG,
especially during the Miocene (Figs 3–5). In particular, this pattern is
strongly supported by multiple long-distance dispersals from India to
Madagascar (Fig. 5). By contrast, the significant shifts in diversification
rates in temperate-adapted swallowtails were associated with warming
events that occurred during the formation of the Himalaya and Tibetan
Plateau where these organisms diversified in the Miocene and today
occur in alpine biotopes (Fig. 3; Nazari et al. 2007). This hypothesis
implies that these mountain ranges acted as refugia for cold-adapted
swallowtails during warming events. Taken together, our results
suggest that past global climate change has influenced diversification
rates and global biodiversity patterns in this group of phytophagous
insects. Moreover, the tropical conservatism that is exhibited by
swallowtails also suggests that they possess little tolerance for severe
environmental changes, thus highlighting the risks linked to on-going
climate changes as shown by the study of Parmesan et al. (1999).

Has the LDG evolved through time?

One of our most interesting findings is the tendency for swallowtails
to retain both their ancestral feeding associations and their climatic
optimum (four independent colonisations of temperate biomes).
Thus, the constrained nature of this evolutionary framework aptly
illustrates the concept of phylogenetic biome conservatism that has
been found in other organisms (Crisp et al. 2009).
Whenever abiotic changes occur, dispersal and migration within and
among landmasses may be two important processes for maintaining

CONCLUSION

In this study, we demonstrate the importance of a phylogenetically
based approach for analysing the ecological and evolutionary
processes that have shaped large-scale geographic patterns of species
richness. Our results shed light on the origin and causes of the LDG
of swallowtails. In summary, these results do not support a single
explanatory mechanism governing the LDG. Instead an intricate
pattern is supported in which biotic and abiotic factors have interacted
! 2012 Blackwell Publishing Ltd/CNRS
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to generate the LDG. For our model group, we find that (1) extant
tropical biodiversity does not always originate as an equatorial tropical
clade; (2) high tropical species richness is best explained by the
diversification rate hypothesis; (3) paleoclimates significantly influenced diversification rates of tropical and temperate clades; (4) host
plant shifts provide ecological opportunities and promote diversification; and (5) numerous southward dispersals contributed to displacing
the LDG toward low latitudes. By bridging evolutionary and
ecological approaches, and integrating multiple lines of evidence that
estimate processes causing the LDG, this empirical study constitutes
one of the first attempts to simultaneously test multiple explanations
for global biodiversity patterns.
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Abstract
Predicting how biodiversity will be affected and will respond to human-induced environmental changes is
one of the most critical challenges facing ecologists today. Here, we put current environmental changes
and their effects on biodiversity in a macroevolutionary perspective. We build on research in palaeontology
and recent developments in phylogenetic approaches to ask how macroevolution can help us understand
how environmental changes have affected biodiversity in the past, and how they will affect biodiversity in
the future. More and more paleontological and phylogenetic data are accumulated, and we argue that much
of the potential these data have for understanding environmental changes remains to be explored.
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INTRODUCTION

Human activities generate major environmental changes on our planet, in both the land and the sea (Barnosky et al. 2012). Habitat
loss, global warming, increased UV-radiation, overexploitation and
pollution exert high pressure on ecosystems and biodiversity
(Barnosky et al. 2012). Species in all groups from vertebrates to
invertebrates and plants are threatened by extinctions. It has been
estimated that one-fifth of animal and plant species are threatened
or face extinction, with some groups like cycads, amphibians, and
corals particularly affected (Hoffmann et al. 2010; Barnosky et al.
2011). On the basis of extinctions that have happened million years
ago (Ma) and on projected extinctions for the next 50 years, we
could be entering one of the largest extinction events ever (Pimm
et al. 1995; Barnosky et al. 2011).
It is not the first time that the Earth has experienced dramatic
species loss (Raup & Sepkoski 1982). More than 99% of all species
that ever lived are now extinct (Benton 1995). Interspecific competition, environmental changes, and stochastic factors drive species
extinct, and clades wax and wane (Benton 2009). Five mass extinctions – characterised by more than 75% species loss in a very short
time period (Barnosky et al. 2011) – have punctuated the history of
life, shaping biodiversity by eliminating whole groups of organisms
while fostering the subsequent diversification of others (Raup &
Sepkoski 1982; Alroy 2010; Fig. 1). During the most drastic extinction event (the Permian-Triassic extinction), 80–96% of global biodiversity was lost (Chen & Benton 2012).
As environmental changes and extinctions are part of the history of life, studying the past can shed light on the current crisis
(Hadly & Barnosky 2009; Barnosky et al. 2011). Analysing past
extinction events allows evaluating background and exceptional
extinction rates (Roy et al. 2009; Turvey & Fritz 2011), better
understanding causes of extinctions such as long-term environmental changes or geological events (Peters 2005, 2008; Hannisdal &
Peters 2011; Lorenzen et al. 2011), and assessing if, how and
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which biodiversity recovers from mass extinction events (Erwin
1998; Chen & Benton 2012).
The most straightforward approach to examining the past to
inform the present is to analyse the fossil record (Hadly & Barnosky
2009). The paleontological record can be used to evaluate speciation
and extinction rates through time (Roy et al. 2009) and to detect
major extinction events (Raup & Sepkoski 1982; Alroy 2010). It is
also a temporal window into how Earth’s biodiversity coped with
environmental changes in the past (Peters 2005, 2008; Erwin 2009;
Benton 2009; Hannisdal & Peters 2011; Chen & Benton 2012;
Fig. 1). However, the picture of the past provided by fossil data is
not exhaustive (Benton 1995). Macroevolutionary dynamics during
the Phanerozoic have mainly been documented with the marine fossil record because the terrestrial record is incomplete and uneven
(Raup & Sepkoski 1982; Peters 2008; Alroy 2010; Song et al. 2011),
but what happened on the land might be quite different from what
happened in the sea (Sahney et al. 2010; Chen & Benton 2012).
Gaps in the fossil record have encouraged the development of
alternative approaches to analyse long-term diversity dynamics.
Methods have been developed to analyse the past using ‘reconstructed’ phylogenies (Harvey et al. 1994; Nee et al. 1994). Reconstructed phylogenies – branching trees describing the evolutionary
relationships among extant species – can be inferred from molecular
DNA sequence data. Phylogenies are becoming increasingly available, and along with recent macroevolutionary models in which
diversification is modelled as a birth–death process, they can be
used to infer speciation and extinction rates, how they vary through
time, across clades, and with species’ ecology (Maddison et al. 2007;
Rabosky & Lovette 2008; Morlon et al. 2010, 2011; Stadler 2011a;
Etienne et al. 2012). These approaches are playing an ever-growing
role in the analysis of long-term diversity dynamics (Crisp & Cook
2009; Wiens et al. 2011; Condamine et al. 2012).
In parallel to a growing role in macroevolutionary studies, phylogenies have played an increasing role in ecology, in particular in
community ecology with the recent advent of community phyloge*Correspondence: E-mail: fabien.condamine@gmail.com; helene.morlon@
cmap.polytechnique.fr
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netics (Cavender-Bares et al. 2009), and in conservation biology with
the interest in preserving the tree of life (Mace et al. 2003; Purvis
2008; Thuiller et al. 2011). In comparison, phylogenies have been
rarely used to estimate background extinction rates (Barnosky et al.
2011), the extinction proneness of species (Purvis 2008), and more
generally to analyse speciation-extinction with the aim of informing
how biodiversity might respond to current environmental changes.
Phylogenies have just begun being used to estimate the capacity for
species to adapt to a changing environment (Lavergne et al. 2010).
Their potential to bring insights into the effects of environmental
changes remains largely unexplored (Rolland et al. 2012).
In this article, we highlight the role that macroevolutionary thinking can play to understand ecological effects of environmental
change. We focus on three specific topics: (1) major extinction
events, (2) background speciation and extinction and (3) vulnerability and evolutionary potential. For each of these topics, we review
how fossil-based studies have been used and detail how phylogenies, combined with developments from birth–death models, paleoclimate, species traits and global change biology may be used. We
illustrate our approach using the cetaceans (whales, dolphins and
porpoises), which have both a nearly complete time-calibrated phylogeny (Steeman et al. 2009; Appendix S1) and a comprehensive
fossil record (Quental & Marshall 2010). We end by outlining current limitations and prospects for future research.
MASS EXTINCTIONS AND RECOVERY IN RELATION TO
ENVIRONMENTAL CHANGE

To predict how biodiversity might respond to the current crisis, it
can be useful to estimate when mass extinctions occurred (Raup &
Sepkoski 1982; Alroy 2010), how many species were lost (extinction
intensity, Barnosky et al. 2011), which clades were impacted and
what traits were associated with high extinction or survival probabilities (extinction selectivity, Peters 2008; Roy et al. 2009; Kiessling &
Simpson 2011; Finnegan et al. 2012), as well as at which level of
extinction biodiversity was able to recover (Erwin 1998; Brayard
et al. 2009; Chen & Benton 2012).
Paleontological perspective

Paleontologists identified five mass extinction events over the last
542 Myrs, often referred to as the ‘Big Five’ (Raup & Sepkoski
1982; Alroy 2010): the Ordovician–Silurian extinction event
(~443 Ma, ~86% species loss), the Late Devonian extinction event
(~359 Ma, ~75% species loss), the Permian–Triassic extinction
event (~252 Ma, ~96% species loss), the Triassic–Jurassic extinction
event (~200 Ma, ~80% species loss) and the Cretaceous–Paleogene
extinction event (~65 Ma, ~76% species loss) (Fig. 1).
The causes of mass extinctions have been the subject of much
paleontological research, and they are still debated. Arens & West
(2008) suggested a ‘press/pulse model’ in which mass extinctions
generally require both long-term pressure on the ecosystem (press)
and a sudden catastrophe (pulse) towards the end of the period of
pressure, neither of these two causes alone being sufficient to
induce a mass extinction. Mass extinctions often occurred following
major climatic changes (cooling or warming, Harnik et al.
2012), suggesting that climate may act as the ‘press’. The
Cretaceous-Paleogene mass extinction follows a meteorite impact;
the Ordovician–Silurian, Permian–Triassic, Triassic–Jurassic and
© 2013 John Wiley & Sons Ltd/CNRS
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Cretaceous–Paleogene events concur with geological changes (e.g.
tectonic and volcanic activities), and the Late Devonian extinction
coincides with major biotic changes (e.g. the apparition of land
plants that drastically diminished atmospheric carbon, Hannisdal &
Peters 2011; Fig. 1).
None of the Big Five mass extinctions involved humans. The
Pleistocene extinction event (which occurred ~50 000 years ago and
killed ~178 large mammal species) is the only major extinction that
took place when humans were on the planet and expanded rapidly
(Lorenzen et al. 2011). This event also occurred at a time when
Earth experienced a global warming episode. It appears that extinction during the Pleistocene was driven by either climate change
alone (for the Eurasian muskox and the woolly rhinoceros) or a
combination of climatic and anthropogenic effects (for the Eurasian
steppe bison and the wild horse, Lorenzen et al. 2011). Global
warming strongly affected habitat distribution, resulting in reduced
genetic diversity and population sizes (Lorenzen et al. 2011). The
Pleistocene extinction is thus particularly relevant to understanding
the potential consequences of the on-going environmental changes.
The effect of mass extinctions is not only to lose species, but also
to potentially lose morphological disparity, a proxy for niche occupancy, which can further hampers a clade’s survival (Jablonski 2005;
Brayard et al. 2009; Song et al. 2011) and reset the rules of ecological dominance (Alroy 2010). For example, only three or four ichthyosaur species (pursuit predators) survived the Triassic–Jurassic mass
extinction, and although diversity bounced back in the aftermath of
the mass extinction, disparity in body sizes remained at less than
one-tenth of its pre-extinction level (Thorne et al. 2011). Eventually,
the ecological niches previously occupied by ichthyosaurs were
taken over by plesiosaurs, marine crocodilians, sharks and bony
fishes. The Triassic–Jurassic extinction reset the evolution of apex
marine predators by affecting ichthyosaurs’ morphological disparity
(Thorne et al. 2011).
As far as recovery from mass extinctions, some clades were able
to rebound after an almost complete eradication (the ammonoids
during the Permian-Triassic extinction, Brayard et al. 2009), while
others such as the trilobites, ichthyosaurs and non-avian dinosaurs
never recovered (Benton 1995; Jablonski 2005). When biodiversity
recovers, it can either rebound ‘quickly’ (1–2 Myrs for ammonoids,
Brayard et al. 2009), within roughly the equivalent of a geological
period (5–15 Myrs for foraminifers, Song et al. 2011), or take over
20 Myrs (brachiopods and crinoids, Chen & Benton 2012). Among
the various reasons why recoveries can be so variable from clade to
clade, differences in body size, diet, geographical range size and
habitat have been emphasised (Erwin 1998; Payne & Finnegan
2007; Kiessling & Simpson 2011). Recovery appears easier in pelagic
vs. benthic habitats, likely because higher dispersal abilities in pelagic habitats allow faster niche colonisation and diversification (Song
et al. 2011). Similarly, ecosystem recovery appears easier for basal
vs. higher trophic level species, since top species can only start
recovering once their preys have reappeared (Sahney & Benton
2008; Chen & Benton 2012). Recovery also seems easier for widespread species, as well as small, short generation time species that
can diversify faster (Jablonski 2005; Payne & Finnegan 2007).
Another major determinant of recovery is the underlying diversity
dynamics of clades (Fig. 2). If biodiversity is diversity-dependent,
limited by the number of niches available, then it will bounce back
‘quickly’ after a punctuated loss to fill vacant niches (Erwin 1998).
For instance, ammonoids took only 1–2 Myrs after the Permian–
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Figure 2 Schematic illustration of how biodiversity might recover from extinction events (red arrows). If species richness follows a logistic curve, as expected under the
‘diversity-dependence hypothesis’ (a and b), the recovery can be fast (a, ammonoids, Brayard et al. 2009) or slower (b, foraminifers, Chen & Benton 2012) depending on
the initial net diversification rate. If species richness follows an exponential curve, as expected under the ‘time-for-speciation hypothesis’, it may take tens of Myrs for
biodiversity to reach its pre-extinction level (c, brachiopods, Song et al. 2011). Left panels: theoretical curve predicting the recovery; Middle panels: expected pattern in
the fossil record; Right panels: expected phylogenetic pattern. These plots are qualitative fabrications drawn by hand for illustrative purposes.

Triassic extinction to reach back the level of diversity they had
before the event (Brayard et al. 2009). On the contrary, if biodiversity is limited by the time it takes to create new species, also known
as the ‘time-for-speciation’ hypothesis, recovery can take a long time
(Chen & Benton 2012). Crinoids and brachiopods were the commonest animals in Permian oceans, but after they experienced a
sharp decline in the Permian–Triassic extinction, their diversity did
not rebound until the Middle Triassic (Alroy 2010; Chen & Benton
2012).
Phylogenetic perspective

Besides fossils, phylogenies have been used to analyse mass extinctions and their link with environmental change, although to a much
smaller extent. In their pioneering study, Harvey et al. (1994) analysed the footprint of mass extinctions left in lineage-through-time
(LTT) plots, which report how the logarithm of the number of lineages in reconstructed phylogenies accumulates with time (Ricklefs
2007). Mass extinctions result in an anti-sigmoidal LLT plot, characterised by the presence of a plateau that corresponds to long
branches without splitting events in the phylogeny (Harvey et al.
1994; Crisp & Cook 2009). Some authors have found such anti-sigmoidal curves in empirical phylogenies and tested the presence and
intensity of mass extinctions using simulations (Crisp & Cook 2009;
Antonelli & Sanmart!ın 2011). Simulations, however, are not ideal

for parameter estimation. They are not adapted either to distinguish
mass extinctions from other scenarios deviating from the constantrate birth–death model that result in phylogenetic shapes similar to
those obtained under mass extinctions, such as diversity-dependent
processes (Harvey et al. 1994) and periods of stasis followed by
radiations (Crisp & Cook 2009).
An approach to analysing major extinction events, formalising
Harvey et al. (1994)’s work, has been highlighted by Stadler (2011a),
who implemented the maximum-likelihood optimisation of a birth–
death model with punctuated random sampling (extinction events)
in a user-friendly R package (TreePar). Under the hypothesis that
speciation and extinction rates are identical before and after mass
extinctions, the model allows evaluating if and when major extinction events occurred, estimating speciation and extinction rates, and
evaluating the probability for species to survive the extinction event
(the extinction intensity). By performing these tests on subclades
within a phylogeny, it is possible to analyse which clades were
impacted by the extinction.
Figure 3 illustrates the approach using the cetacean phylogeny,
and compares the results with fossil data. In the case of the cetaceans, the estimated timing of the extinction event (~10 Ma) corresponds well with the beginning of diversity declines evidenced with
both other phylogenetic approaches (Morlon et al. 2011) and the
fossil record (Quental & Marshall 2010). The magnitude of the
detected extinction seems high compared to fossil estimates (~86%
© 2013 John Wiley & Sons Ltd/CNRS
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Figure 3 Detecting mass extinctions using phylogenies. (a) The phylogeny of
Cetacea suggests a major extinction 9 Ma (P < 0.05). This major extinction
event coincides with the decline in diversity starting ~10 Ma suggested by the
fossil record (in blue, lower and upper estimates of diversity, adapted from
Quental & Marshall (2010)). The phylogenies of both the Mysticeti (b) and
Odontoceti (c) suggest an extinction event, also occurring 9 Ma (P < 0.05 for
both groups). Panels b and c describe the corresponding inferred diversity
trajectory of the two groups.

in Mysticeti and ~93% in Odontoceti), but the error around fossil
estimates is also high (Fig. 3a).
The main limitation of current models is that mass extinction
events, when modelled as instantaneous sampling events (Harvey
et al. 1994), are indistinguishable from rate shifts (i.e. instantaneous
change in diversification rate, Stadler 2011b). Consequently, to
recover mass extinction events, one needs to assume that speciation
and extinction rates are identical before and after these events. This
© 2013 John Wiley & Sons Ltd/CNRS

extinction rate, μ

Figure 4 Models of diversification with mass extinction. (a) Current models treat
mass extinctions as an instantaneous sampling process (Harvey et al. 1994;
Stadler 2011a). At the time of the mass extinction (red arrow), a fraction f of all
species, chosen at random, go extinct. f measures the intensity of the extinction
(b) Future models, based on existing time-dependent models (Nee et al. 1994;
Rabosky & Lovette 2008; Morlon et al. 2011), could use functional forms of the
time-dependence of extinction that would account for the non-zero duration of
mass extinctions.

assumption cannot be relaxed, as the signature of mass extinctions
and rate shifts in the likelihood expression is exactly the same. This
is problematic, because there is fossil evidence for long-term shift
in diversification rates following mass extinctions (Krug et al. 2009).
Taking the duration of mass extinctions into account could help
distinguish them from rate shifts. This would also provide a more
realistic modelling approach, given that mass extinctions do not necessarily have a short time-span (the Devonian mass extinction lasted
2–29 Myrs). One way to do so would be to consider continuous
descriptions of elevated extinction rates throughout the period of the
mass extinction (Fig. 4), implemented within continuously varying
time models (Nee et al. 1994; Rabosky & Lovette 2008; Morlon et al.
2011). Alternatively, background and mass extinction events could be
modelled within the same continuous-time framework, in which mass
extinctions are simply the extremes of a background continuum of
extinction intensities and durations. This would remove at once the
artificial distinction made between these two types of extinctions and
hence the difficulty to distinguish between them. Such analyses, and
more generally further empirical phylogenetic analyses of mass
extinctions, could well reveal that the signal of mass extinction in
phylogenies is more common than previously thought.
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Current phylogenetic approaches to analysing mass extinctions do
not take diversity-dependence into account. However, recovery
from mass extinctions is expected to be quite different if diversitydependent processes regulate diversity (Fig. 2a and b) or if they do
not (Fig. 2c). Mass extinctions have yet to be incorporated in diversity-dependent models (Etienne et al. 2012), or time-dependent
models mimicking diversity-dependence (Nee et al. 1994; Rabosky
& Lovette 2008; Morlon et al. 2011). In the current state, one way
that mass extinctions could be analysed while allowing a form of
diversity-dependence is by building on coalescent approaches to
diversification (Morlon et al. 2010; Fig. 1 Model 1, each extinction
event – happening at rate τ – is immediately followed by a speciation event). Using these approaches and assuming a constant
turnover rate, one could derive the likelihood of a phylogeny under
the following scenario: diversity is at ‘carrying capacity’ before the
extinction event, an instantaneous mass extinction event reduces
diversity during a period of time, and finally diversity rebounds
either to the pre-extinction carrying capacity, or to another carrying
capacity corresponding to ecological constraints reset by the extinction event (Erwin 1998; Thorne et al. 2011).
Coalescent approaches may also be relevant to predicting how
diversity might rebound from the current crisis, by testing whether
current diversity has reached equilibrium or is expanding (Morlon
et al. 2010). A test of these alternative hypotheses on 289 phylogenies indicate that diversity has not reached its equilibrium level
(Morlon et al. 2010), meaning that current biodiversity is limited
by the time it takes to create new species, and suggesting that
recovery from the current crisis might be a long rather than short
process.
BACKGROUND SPECIATION AND EXTINCTION IN RELATION TO
ENVIRONMENTAL CHANGE

Earth’s history has been punctuated by major environmental
changes. Environments have changed as a result of biotic and abiotic factors such as the colonisation of land by plants, geological
events (e.g. volcanism and tectonics) and global warming and cooling events (Hannisdal & Peters 2011; Barnosky et al. 2012). Many
studies have suggested a prominent role of these environmental
changes on diversification (Peters 2005, 2008; Benton 2009; Erwin
2009; Condamine et al. 2012). Temperature, for example, is believed
to influence rates of molecular evolution and speciation, potentially
as a result of energetic constraints (Allen et al. 2006). Understanding
the role that changing abiotic factors had in shaping biodiversity
dynamics can help predict the potential effect that current changes
will have on biodiversity.
Paleontological perspective

Drastic environmental changes have occurred at virtually all temporal and spatial scales during the Phanerozoic (Hannisdal & Peters
2011). The most widely documented environmental changes concern the climate (red in Fig. 1c) and the rise and fall of sea levels
(blue in Fig. 1c). The Phanerozoic is mostly characterised by four
successive phases of warming and cooling events (Fig. 1c). These
changes are often linked to periods of intense tectonic activity that
remodelled Earth’s configuration, changed major oceanic currents,
and caused volcanic eruptions that released carbon dioxide in the
atmosphere. Environmental changes during the Cenozoic (from

65.5 Ma to present) are well documented (Miller et al. 2005; Zachos
et al. 2008; Figs 1 and 5a).
Paleontological studies have revealed that environmental changes
are major macroevolutionary drivers of diversity dynamics (Jaramillo
et al. 2006, 2010; Ezard et al. 2011; Hannisdal & Peters 2011).
Climate change, tectonic activity, sea-level variations and the resulting marine transgressions and regressions profoundly affected diversity dynamics during the Phanerozoic by modifying the extent of
near-shore environments compared to other marine environments
(Peters 2005, 2008; Hannisdal & Peters 2011). Cenozoic climatic
change had a strong influence on Neotropical plant diversity (Jaramillo et al. 2006) and macroperforate planktonic foraminifera (Ezard
et al. 2011). Diversity in both groups increased with temperature
during the early Eocene, and dropped sharply at the Eocene-Oligocene Glacial Maximum.
Environmental changes are extinction-selective, in the sense that
they affect different organisms in different ways. During the climatic fluctuations of the Carboniferous 305 Ma, cooling events
exceeding species’ ability to adapt resulted in the fragmentation of
large rainforest ecosystems into small refuges, decimating amphibian
clades and spurring the evolution of ‘reptiles’ (Sahney et al. 2010).
Marine clades adapted to shallow seas were much more impacted
than those adapted to deep seas during the Late Ordovician glaciation (Finnegan et al. 2012), and ocean acidification and rapid warming impacted reef clades during the Phanerozoic (Kiessling &
Simpson 2011). In addition to speciation and extinction, environmental changes affected ecological interactions (Wilf & Labandeira
1999), the frequency and intensity of ecological disturbances, the
distribution and abundance of organisms and the structure and
composition of ecological communities (Erwin 2009).
Phylogenetic perspective

Phylogenies have been used to understand diversification in light of
underlying environmental changes. For instance, phylogenies in
combination with the Cenozoic climate (Zachos et al. 2008) or sealevel (Miller et al. 2005) curves have revealed the impact of warming
or cooling events on diversity dynamics (Steeman et al. 2009; Antonelli & Sanmart!ın 2011). These studies, however, have mostly relied
on purely visual and descriptive inspections of phylogenies in parallel to paleoenvironmental curves.
In few cases, birth–death likelihood methods have been used to
test the hypothesis that a shift in speciation rate occurred at specific Cenozoic climatic events (Winkler et al. 2009; Condamine et al.
2012). In these studies, climatic events were modelled as punctuated
events (happening 24 Ma in the case of the Oligocene warming
event), and the authors tested support for a two-rates model with
shift at the climatic event vs. a one-rate model corresponding to
the null hypothesis of no rate shift. While these analyses were performed with a likelihood expression that assumed no extinction,
the expression including extinction is now available (Stadler 2011a).
In addition, the approach is not restricted to a single rate shift and
could thus be used to test support for multiple shifts in speciation
or extinction rates over the time-series and their concordance with
temperature shifts.
The ‘shift’ approach might not always be well adapted to analysing
the effect of environmental change, in particular when warming or
cooling events are not short. The Oligocene warming event lasted
3 Myrs, and other events, such as the one that occurred during the
© 2013 John Wiley & Sons Ltd/CNRS
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Permian, lasted even longer (Fig. 1). In addition, the approach is
mostly correlative and thus does not allow quantifying how an environmental variable (e.g. temperature) influences diversification rates.
To quantify the effect past environments had on diversification
rates, we develop an approach that allows us to relate speciation
and extinction rates to the paleoenvironment. This approach builds
on time-dependent diversification models (Nee et al. 1994; Rabosky
& Lovette 2008; Morlon et al. 2011); it allows speciation and
extinction rates to depend not only on time but also on an external
variable, itself depending on time (see Box 1 for details). An illustrative application of the approach to the cetaceans and paleotemperatures identifies a positive relationship between speciation rates
and temperature (Fig. 5b), in agreement with the general idea that
higher temperatures foster diversification (Allen et al. 2006; Jaramillo et al. 2006, 2010).

Idea and Perspective

In this illustrative analysis, we considered only temperature as a
potential determinant of speciation rates, such that the inferred
time-variation in speciation rate matches the time-variation in temperature. More elaborate applications of the approach considering
various paleoenvironmental data in combination, and potentially
including time directly as an explanatory variable (to indirectly
model diversity-dependent processes), as described in Box 1, will
yield less straightforward time-variation in speciation rate. Besides
temperature, ∆13C used as a proxy for atmospheric carbon (Zachos
et al. 2008) and sea level which influences space availability (Miller
et al. 2005), could be good candidates for such analyses. This would
allow assessing the influence of increased carbon concentration
(leading to both ocean acidification and warming climate) and sea
levels on diversification rates, which would be relevant to the current crisis.

Box 1. Testing the effect of the paleoenvironment on diversification

We assume that a clade has evolved according to a birth–death process. The speciation (k) and extinction (l) rates can vary trough time,
and they can be influenced by one or several environmental variables E1(t), E2(t),…, Ek(t) (e.g. temperature), themselves varying through
~(t ) = l (t,E1(t),E2(t ),…,Ek(t )) denote the speciation and extinction rate respectively.
time. k~ (t) = k (t,E1(t ),E2(t ),…,Ek(t )) and l
We consider the phylogeny of n species sampled at present from this clade, and allow for the possibility that some extant species are not
included in the sample by assuming that each extant species was sampled with probability f ! 1. Time is measured from the present to
the past; t1 > t2 > … > tn denote branching times in the phylogeny (t1 is the stem age and t2 the crown age of the clade). The probability
density of observing such a phylogeny, conditioned on the presence of at least one descendant in the sample, is directly adapted from Morlon et al. (2011):

Lðt1 ; . . .; tn Þ ¼

f n Wðt2 ; t1 Þ

Qn

~
kðti ÞWðsi;1 ; ti ÞWðsi;2 ; ti Þ
;
1 % Uðt1 Þ

i¼2

where Φ(t), the probability that a lineage alive at time t has no descendant in the sample, is given by
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e
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~
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lðuÞdu
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and Ψ(s,t), the probability that a lineage alive at time t leaves exactly one descendant lineage at time s < t in the reconstructed phylogeny, is
given by
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These general expressions can be used to derive likelihoods for any functional form of k and l, parameterised by a set X of parameters.
For example, k may be an exponential function of temperature, such that ~
kðtÞ ¼ k0 eaTðtÞ , where k0 and a are the two parameters to estimate. The time-variations of the environmental variables (i.e. E1(t), E2(t),…, Ek(t)) are known from paleoenvironmental data. Here, we used
paleotemperatures, T(t) across the Cenozoic, obtained from Zachos et al. (2008), but one can easily use other variables such as carbon concentration or sea level. Given an empirical phylogeny, the likelihoods can be used to estimate the parameters X as well as their confidence
intervals, and quantify the effect that various environmental variables, taken in isolation or in combination, had on diversification. For example, in the case of exponential dependency on temperature, a positive estimated a would indicate that higher temperatures enhance speciation,
whereas a negative a would indicate that higher temperatures hamper speciation. Codes for these analyses are available upon request.
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Figure 5 Evaluating how environmental changes affected diversification processes in the past. (a) Major trends in global climate change during the Cenozoic (65 Ma to
present), estimated from relative proportions of different oxygen isotopes (∆18O) in samples of benthic foraminifer shells (Zachos et al. 2008). ∆18O data were converted
to absolute temperatures using T ¼ 16:5 " 4:3 # D18 O þ 0:14 # ðD18 OÞ2 (Epstein et al. 1953). Black arrows indicate major climatic events. (b) Speciation rate through time for
the cetaceans obtained from the relationship between speciation rate and paleotemperatures estimated using the approach described in Box 1. The relationship between speciation
rate and temperature estimated with the approach is k(T ) = 0.0957e0.0169T, suggesting a positive dependence of speciation rates on temperature.

VULNERABILITY AND EVOLUTIONARY POTENTIAL

Conservation focusses on preserving threatened species and speciesrich geographical areas such as biodiversity hotspots (Myers et al.
2000). The necessity to also preserve the evolutionary processes
generating biodiversity (‘evolutionary potential’) has been increasingly recognised in the last years (Forest et al. 2007), which has
enhanced the use of phylogenies in conservation research (Mace
et al. 2003; Purvis 2008). Conservation biologists have discussed
how to maximise the preservation of phylogenetic diversity, that is,
measures of diversity taking into account the evolutionary history of
species (Forest et al. 2007). Although phylogenies can be used to
study speciation and extinction to provide clues about vulnerability
and evolutionary potential, they have rarely been used in this context (Davies et al. 2011; Rolland et al. 2012). This is probably largely
due to the fact that the role of speciation and evolutionary potential
in current conservation decisions, which have a time horizon of 10s
or 100s years, remains unclear. However, if provided to policy-makers, additional information about diversification could progressively
be incorporated in conservation decisions.
Evaluating the vulnerability and evolutionary potential of lineages

Rates of speciation and extinction are heterogeneous across the tree
of life (Alfaro et al. 2009; Wiens et al. 2011). Some clades diversify faster than others (Euteleostei fishes compared with coelacanths and
lungfishes, Alfaro et al. 2009). Similarly, some clades have a higher
propensity to go extinct than others: extinction selectivity and phylogenetic signal of extinction risk are evidenced in both the fossil record
(Peters 2008; Roy et al. 2009; Kiessling & Simpson 2011; Finnegan
et al. 2012) and extant taxa (Hoffmann et al. 2010). Although general

tendencies for rapid diversification or extinction proneness can vary
over time, and particularly with current anthropogenic disturbance,
some of the trends will likely be conserved, such that lineages that
diversified faster or were more vulnerable in the past could be more
prone to speciation or extinction today. In this case, identifying such
lineages can be of valuable interest for conservation priorities.
Macroevolutionary models can help identifying lineages that
diversify faster or are more extinction-prone. Phylogenetic
approaches allow detecting clades with high or low speciation and
extinction rates using either species-level phylogenies (Morlon et al.
2011), or higher level phylogenies combined with species richness
data (Alfaro et al. 2009). Time-dependent diversification models can
identify clades that are expanding or on a trajectory of diversity
decline, potentially indicating which lineages have the greatest
chance of diversifying in the future, or conversely, which ones are
the most at risk (Rolland et al. 2012).
These predictions about diversification or extinction make the
implicit assumption that species have particular characteristics (dispersal limitation, body size, generation time) rendering them more
or less prone to diversification or extinction. The approach outlined
above identifies lineages with lower or greater evolutionary potential, but does not specify the characteristics of species controlling
this potential. Understanding what makes lineages diversify faster or
more prone to extinction can however be useful (Purvis 2008;
Hadly & Barnosky 2009). Species traits linked with body size, population trends and geographical range sizes are commonly correlated
with threat status (Mace et al. 2003). Although the particular attributes that influence vulnerability can differ among clades and geographical regions, identifying these key traits can help predicting
future declines and implementing preventive conservation measures
(Fritz et al. 2009).
© 2013 John Wiley & Sons Ltd/CNRS
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Traits associated with extinction selectivity have been analysed
with the fossil record. For example, Payne & Finnegan (2007) suggested that range size is one of the most significant predictors of
extinction risk in the marine fossil record. There is also evidence
that extinction risk is related to geographical attributes of species,
such as the maximum paleo-latitude at which they occur (Finnegan
et al. 2012) or the habitat in which they live (shallow vs. deep seas,
Kiessling & Simpson 2011).
Given phylogenetic data and the traits of extant species, phylogenetic methods can infer how particular traits affect speciation and
extinction (Maddison et al. 2007; FitzJohn et al. 2009; FitzJohn
2010). Trait evolution is modelled as a Brownian or Ornstein
–Uhlenbeck process, and trait value influences diversification rates.
These models have already identified a series of traits impacting
speciation and extinction rates, such as body size (FitzJohn 2010),
reproduction modes within plants (Goldberg et al. 2010), colour
polymorphism (Hugall & Stuart-Fox 2012), diet (Price et al. 2012)
or traits associated with the climatic niche of species (estimated with
ecological niche models, Pyron & Burbrink 2012). Application to
traits related to climatic niche, such as temperature tolerance, could
be relevant to assess evolutionary potential in the context of current
warming. Similarly, continuity in the geographical range, that is,
whether species occupy the integrity of their geographical distribution, or whether individuals are distributed in isolated patches
within their range, can be relevant to assess evolutionary potential
in the context of current habitat fragmentation.
Another attribute of clades influencing their vulnerability and evolutionary potential is the extent to which their traits are labile.
Although clades with high trait lability may be able to rapidly adapt
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to new environmental conditions and rebound after an extinction
event, clades whose traits tend to be conserved may face greater
difficulties (Brayard et al. 2009; Chen & Benton 2012; Harnik et al.
2012). Approaches to estimating trait conservatism (Lavergne et al.
2010) may thus be useful for apprehending clades’ evolutionary
potential.
Evaluating the vulnerability and evolutionary potential of
geographical areas

Rates of speciation and extinction are heterogenous across space
(Goldberg et al. 2005). Some areas functioned as drivers of diversification (sources) while others experienced more extinction than speciation events (sinks) (Goldberg et al. 2005; Becerra & Venable
2008). Tropical regions are often regarded as engine of global biodiversity (Jablonski et al. 2006; Wiens et al. 2011), while polar or desert regions are thought to be sinks (Goldberg et al. 2005). We could
be interested in protecting areas with high speciation rates (to preserve the ‘source’, or generation of species), and those with high
extinction rates (in order to limit current losses). This could provide
conservation criteria different than the ones used today: conservation has focussed on biodiversity hotspots (Myers et al. 2000), but
areas with high species richness are not necessarily areas of rapid
diversification (Forest et al. 2007; Becerra & Venable 2008).
If we want to preserve regions of high speciation and/or extinction rates, we need tools to identify these regions. Treating the
geographical location of species as characters, the character-dependent diversification models outlined above (Maddison et al. 2007;
FitzJohn 2010) can be used to detect areas with high speciation
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Figure 6 Estimating current and future areas of diversification. For illustrative purposes, we assume that functional dependencies between diversification rates and an
environmental variable have been derived. We do not use real data, but the expected relationship between speciation and temperature (T, in °C) provided by the
E
metabolic theory of biodiversity (kðT Þ ¼ k0 e$KT ), where E is the activation energy and K is Boltzmann constant (Allen et al. 2006); we keep the speciation rate constant
23
above 35 °C (k0 ¼ e ). The dependency of extinction with temperature is given by the step function l(T ) = 0.003 when T % 35 °C, and l(T ) = 0.35 when
T & 35 °C. Using present-day (a) and projected (year 2080, b) environmental data, we can predict maps of current (c) and future (d) diversification rates.
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and/or extinction rates (Goldberg et al. 2011). An alternative
approach is based on the idea that abiotic factors – such as temperature and precipitation – that affected diversification in the past
will affect current diversification (Bellard et al. 2012). In this case,
for a given clade, we can estimate the functional dependence of
speciation and extinction rates on environmental variables, as discussed above. Using the functional dependency of diversification
rates on environmental variables, it is then possible to map speciation and extinction rates for this clade (Fig. 6a and c, see the legend for details). To identify areas of high or low diversification
for entire groups (mammals or birds), the similar procedure can
be applied to a series of subclades, and estimates of diversification
rates at a given point on Earth can be obtained by averaging
these estimates over the species occurring at this geographical
point. This procedure yields a map of current speciation and
extinction rates.
Projecting into the future

There is an increasing interest in proposing biodiversity scenarios
for the near future (e.g. year 2040 or 2080) based on projected environmental changes (Bellard et al. 2012). These scenarios have
focussed on projecting species distributions or phylogenetic diversity
(Thuiller et al. 2011) under various climatic scenarios proposed by
the International Panel on Climate Change. Following the approach
outlined above, but using projected environmental variables (e.g. for
year 2040 or 2080) rather than current ones, it is possible to produce alternative predicted maps of speciation and extinction rates
for individual clades (Fig. 6b and d). This can then be used to construct scenarios for entire groups, by identifying the species that will
occur at each geographical location (using species distribution models, Bellard et al. 2012), and producing an average over these species
of the diversification rates of the clade they belong to. If we
become interested in integrating diversification in conservation planning, efforts could focus on areas of high projected speciation and/
or extinction rates, and on designing corridors between current and
future areas of diversification.

PERSPECTIVES AND LIMITATIONS

Past versus current environmental changes

Comparing past and current effects of environmental changes on
biodiversity is complicated by differences between human-driven
environmental changes and long-term natural processes. Harnik
et al. (2012) compiled information on the drivers of marine extinctions in the past; they found drivers, such as acidification and
anoxia, which are shared with past and predicted environmental
conditions, while additional pressures such as overexploitation
and pollution are new threats. The two most important pressures
on current biodiversity are habitat loss and climate change.
Paleontological analogies to habitat loss include glaciation events,
sea level increases, major ecological transitions (from tropical forests
to savannahs, meaning a loss of habitat for tropical species), and
meteorite impacts (such as the impact that caused the Cretaceous–
Paleogene mass extinction), which might bear similarities to humandriven habitat degradation and loss today (Harnik et al. 2012).
Similarly, past climatic changes, linked to volcanic release of carbon
dioxide or shifts in the configuration of continental landmasses that
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affected oceanic and atmospheric circulation patterns, may be
comparable to current human-induced climatic changes.
There is a common belief that we are altering present-day ecosystems at a much faster pace than the pace of natural environmental
changes (Pimm et al. 1995; Barnosky et al. 2012). Habitat transitions
typically take millions of years. Global temperatures have increased
by ~0.0074 °C per year, which is much faster than the ~0.0003 °C
per year increase within 20 000 years during one of the most rapid
global warming event, the Paleocene–Eocene Thermal Maximum
(Zachos et al. 2008). This event is typically used for comparison
with current changes, but the variation in temperature was 25-fold
slower than the current variation. However, the slow pace of past
environmental changes compared with current changes may reflect
an observational bias, such as limited temporal resolution for some
environmental proxies in the geological record resulting in an artificially slow rate of change. Bolide impacts are instantaneous events
with devastating global consequences, and their effects can occur
on a timescale as short as a human lifetime. Glaciation cycles are in
the order of thousand years. Volcanic activity can be sudden and
short with big impacts (Barnosky et al. 2012). Hence, although analogies between past and present environmental changes are sometimes far-fetched, they can be relevant.
Estimating extinction rates using phylogenies

Although it is in principle possible to estimate extinction rates using
reconstructed phylogenies, as originally described by Nee et al.
(1994), it has proved difficult in practice (Quental & Marshall 2010;
Rabosky 2010). Estimates of extinction rates obtained from empirical phylogenies are often not significantly different from zero, and
in general too low to be realistic given what we know from the fossil record (Purvis 2008; Quental & Marshall 2010). This has led
some authors to suggest that extinction rates cannot be estimated
from phylogenies (Rabosky 2010), and that adding fossil information is necessary to obtain proper estimates of both extinction and
speciation rates (Quental & Marshall 2010).
There are several lines of evidence that failure to properly estimate
extinction rates comes from fitting models which underlying hypotheses are violated in nature, meaning that better estimates could be
obtained with more realistic models. When extinction rate estimates
are obtained from phylogenies simulated under the diversification
process assumed for the fit (i.e. when hypotheses are not violated),
these estimates are unbiased (Morlon et al. 2010, 2011). In contrast, if
phylogenies are simulated under a diversification process different
from the one assumed for the fit, for example, if a model with homogeneous rates across lineages is fitted to phylogenies obtained under a
diversification process with heterogeneous rates, then extinction rate
estimates are highly sensitive to these violations (Rabosky 2010). As a
result, if diversification rates shifted in subclades within a phylogeny
but this is not taken into account in the fit, unrealistic extinction rate
estimates are obtained (Morlon et al. 2011). On the other hand, if the
shifts are taken into account, the detected extinctions can be consistent with the fossil record; it is even possible to detect periods of positive and negative diversification rates mimicking periods of ‘waxing
and waning’ observed in the fossil record (Morlon et al. 2011).
Although not impossible, estimating extinction from phylogenies
remains challenging. Extinction estimates are unbiased when the
hypotheses underlying diversification models are met, but finding
the good underlying model can be arduous. In addition, extinction
© 2013 John Wiley & Sons Ltd/CNRS
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estimates are typically characterised by large confidence intervals
(Morlon et al. 2010, 2011; Stadler 2011a). Hence, although phylogenies can provide useful information about extinction in the absence
of fossil data, further developments, in particular incorporating fossil information, will be critical in refining extinction estimates.
Comparing current extinction risks to past extinction rates

We have argued that macroevolutionary approaches can be used to
detect lineages, traits or geographical areas that may be threatened
today. However, given differences between past and present
changes and the difficulty to estimate extinction with fossils or phylogenies, it is not clear whether macroevolutionary estimates of
extinction rates are relevant to present-day conservation (Rolland
et al. 2012). A possible test of the relevance of macroevolutionarybased estimates of extinction to actual vulnerability consists in comparing estimates from fossils or phylogenies to classical estimates of
current vulnerability such as those recorded by the International
Union for Conservation of Nature (IUCN, Hoffmann et al. 2010).
To compare fossil estimates of extinction rates with IUCN statuses, one would need to consider taxonomic groups for which
both a good fossil record and IUCN statuses are available. Such
datasets have just begun to be compiled (Barnosky et al. 2011; Harnik et al. 2012). Extinction from the fossil record is generally estimated globally rather than clade by clade, and over long rather than
short time-periods (but see Harnik et al. 2012). In addition, IUCN
statuses have been more documented for terrestrial than marine
organisms, but the terrestrial fossil record is the most incomplete.
Roy et al. (2009) carried a clade-by-clade analysis of extinction in
the bivalve fossil record, but only 1% of the IUCN statuses are
available for this group. On the other hand, IUCN statuses are well
documented for groups such as, amphibians, birds, mammals and
scleractinian corals, but their fossil record has rarely been examined
on a clade-by-clade basis.
Further collection and compilation of combined IUCN and fossil
data will improve our ability to assess the relevance of past extinction rates to current threats. Harnik et al. (2012) reviewed
the extinction rates estimated from the fossil record of several marine clades and compared them with the extinction risks assessed by
the IUCN. They found that some abiotic drivers (warming and
cooling climate events) and some biotic drivers (body size and geographical range) influenced both ancient extinctions and modern
extinctions. This further suggests that some biological attributes that
confer resilience and risk are phylogenetically conserved (Purvis
2008; Roy et al. 2009) and that information about the past vulnerability of related species might provide meaningful predictions of
current and future risk (Harnik et al. 2012).
Comparing phylogenetic estimates of extinction with IUCN statuses is straightforward, since phylogenies are available for many of
the groups with IUCN statuses. If phylogenetic estimates correlate
reasonably well with IUCN statuses, they could provide an idea of
extinction risks for the many species which IUCN statuses remain
unknown. This approach could be useful for invertebrates and
plants, for which few IUCN extinction risks estimates exist
(Hoffmann et al. 2010).
Our analysis of the correlates of IUCN-based vs. phylogenybased extinction risks for cetaceans (Table 1) suggests that macroevolutionary rates may at least in part explain current risks. Phylogenetic models of diversification identify four recently radiating
© 2013 John Wiley & Sons Ltd/CNRS

Idea and Perspective

Table 1 Comparison between phylogenetic inference of macroevolutionary
dynamics and IUCN statuses for the cetaceans

Clades
Balaenopteridae
Delphinidae
Phocoenidae
Ziphiidae
Other mysticetes
Other odontocetes

Net diversification rates
at present
0.02
0.224
0.141
0.093
"0.528
"0.877

0.119
( ! 0.085)
"0.703
( ! 0.247)

% of threatened
25
13.9
42.9
0.0
33.3
66.7

20.4
( ! 0.18)
50
( ! 0.23)

Clades with negative diversification rates at present (i.e. under a trajectory of
diversity decline, in bold) have higher IUCN extinction risks. Net diversification
rates at present were taken from Morlon et al. (2011). Right columns are means
and standard deviations over the groups.

clades with low extinction, and two clades that have been in
decline since ~10 Ma (Morlon et al. 2011). Remarkably, present-day
species from the four clades with low extinction (Balaenopteridae,
Delphinidae, Phocoenidae and Ziphiidae) tend to be less threatened than present-day species from the two declining clades. More
generally, IUCN extinction risks tend to correlate with estimates of
net diversification rate at present, although there are exceptions,
such as a high percentage of threatened species combined with a
positive net diversification rate in Phocoenidae. We hope that
these promising preliminary results will encourage similar studies at
broader scales.
Integrating phylogenies and the fossil record

A better integration of phylogenetic and fossil data would help
obtaining better estimates of both extinction and speciation (Paradis
2004; Quental & Marshall 2010; Didier et al. 2012). Ultimately, this
would lead to a better understanding of diversity dynamics in relation to environmental changes. Likelihood expressions for reconstructed tree incorporating fossil data have started being developed
(Didier et al. 2012), but much remains to be done in terms of both
method development and application to data.
One of the most natural ways to use combined phylogenetic and
fossil information is to incorporate fossils directly into the reconstructed phylogeny using morphological characters. Didier et al.
(2012) derived the likelihood of a reconstructed tree with fossils
under a stochastic process modelling speciation, extinction and fossil finds, which account for the incompleteness of the fossil record.
This important advance should foster empirical applications,
although the feasibility of accurately placing enough fossils onto the
phylogeny remains to be proven. Further developments of
the approach are also required to relax current assumptions, such as
the homogeneity across time and lineages of speciation, extinction
and fossil discovery rates.
Another approach to integrate fossil information into phylogenetic analyses of diversification would be to leverage fossil estimates
of diversity. There are some geological periods when environment
conditions were favourable to fossil preservation (Benton 1995),
such that descent estimates of diversity may be available for these
periods. Coalescent approaches to diversification would be especially
well adapted to incorporate such information, as the likelihood
expression directly involves the number of species at time t in the
past (Eqn 1 in Morlon et al. 2010). Given that fossil data typically
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provide a bracket of diversity values rather than direct estimates of
diversity (Alroy 2010), it would be useful to develop the methods in
such a way that they can incorporate uncertainties in fossil diversity
estimates. Morlon et al. (2011) provided the likelihood corresponding to a phylogenetic tree tracing back to a given number of ancestral lineages at time T in the past and to fossil-based knowledge
that at least a certain number of lineages alive at T left no observed
descendants. Yet, both the full development and the empirical application of this approach remain to be explored.
Once fully developed, methods incorporating phylogenetic and
fossil data could allow a better detection and estimation of mass
extinctions, their intensity and the time for recovery. They could
also be useful for evaluating the influence of environmental change
on background speciation and extinction. Finally, they could help
assessing vulnerability and evolutionary potential, as well as the
traits that influence them, especially if methods that incorporate
data on the biological features of extant and extinct species are
developed.
Integrating the effect of ecological interactions

We focussed on the direct effect of environmental (abiotic) changes
on biodiversity, but indirect effects mediated by biotic interactions
may actually have a stronger effect on diversity dynamics. Species
are all interdependent in complex ecological networks (food-webs
or plant-pollinator networks), and environmental perturbations initially affecting few species may result in a cascade of secondary
extinctions. Cahill et al. (2013) suggested that changing species interactions are a major cause of current extinctions related to climate
change, for example stronger than the direct effect of climate
change.
The role of past environmental changes on ecological interactions
is crucial as well to determine diversity dynamics on long, geological
time scales (Benton 2009; Ezard et al. 2011). Higher trophic groups
have shown a delay to recover from intense warming events lowering their food availability (Chen & Benton 2012). Hence, current
changes affecting ecological interactions (Barnosky et al. 2012) will
likely have long-term consequences on speciation and extinction
processes.
A major limitation of current diversification models is that
despite the importance of ecological interactions, they most often
ignore them by assuming that all lineages are independent. One
exception concerns diversity-dependent models, in which speciation
and extinction rates depend on the number of species at any given
time, thus taking into account the fact that species are interacting,
for example competing for a limited set of resources (Rabosky &
Lovette 2008; Etienne et al. 2012). These models could be
extended to incorporate the effect of environmental change by
making the ‘carrying capacity’ depend on an external environmental
variable varying over time (e.g. the amount of space available to
species), similarly to the approach we developed here for time-variable models.
Still, diversification models that fully take into account species
interactions remain to be developed. This would require developing
models for the evolution and diversification of species interaction
networks in which some features of interactions (e.g. the degree of
specialism or generalism) influence speciation and extinction. Such
models have never been developed enough to allow hypothesis testing or parameter inference. Such developments would allow analy-

sing how interaction networks have evolved in relation to
environmental change and potentially predicting how they will
change in the future.
CONCLUSIONS

One of the biggest challenges facing ecologists today is to predict
how biodiversity will be influenced by human-induced environmental changes. We have detailed several ways that a macroevolutionary
perspective can help meet this challenge. We suggest that phylogenetic approaches developed with the initial goal to understand longterm diversity dynamics and the historical determinants of presentday richness patterns may also be useful in the context of current
environmental changes. Combined with paleobiology, trait-based
ecology and species distribution modelling, estimates of extinction
and speciation rates derived from phylogenetic data could provide
significant and novel insights into how biodiversity may respond to
current human pressure. We hope that these possibilities will
encourage more integration of macroevolutionary approaches into
global change research.
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Abstract
The increase in species richness from the poles to the tropics, referred to as the latitudinal diversity gradient, is one of the
most ubiquitous biodiversity patterns in the natural world. Although understanding how rates of speciation and extinction
vary with latitude is central to explaining this pattern, such analyses have been impeded by the difficulty of estimating
diversification rates associated with specific geographic locations. Here, we use a powerful phylogenetic approach and a
nearly complete phylogeny of mammals to estimate speciation, extinction, and dispersal rates associated with the tropical
and temperate biomes. Overall, speciation rates are higher, and extinction rates lower, in the tropics than in temperate
regions. The diversity of the eight most species-rich mammalian orders (covering 92% of all mammals) peaks in the tropics,
except that of the Lagomorpha (hares, rabbits, and pikas) reaching a maxima in northern-temperate regions. Latitudinal
patterns in diversification rates are strikingly consistent with these diversity patterns, with peaks in species richness
associated with low extinction rates (Primates and Lagomorpha), high speciation rates (Diprotodontia, Artiodactyla, and
Soricomorpha), or both (Chiroptera and Rodentia). Rates of range expansion were typically higher from the tropics to the
temperate regions than in the other direction, supporting the ‘‘out of the tropics’’ hypothesis whereby species originate in
the tropics and disperse into higher latitudes. Overall, these results suggest that differences in diversification rates have
played a major role in shaping the modern latitudinal diversity gradient in mammals, and illustrate the usefulness of
recently developed phylogenetic approaches for understanding this famous yet mysterious pattern.
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Introduction

and then disperse from the tropics to the temperate regions. Under
this hypothesis, dispersal is higher out of than into the tropics, thus
acting ‘‘against’’ the latitudinal diversity gradient. In the second
hypothesis, known as the ‘‘tropical niche conservatism’’ hypothesis, lineages originate in the tropics and have difficulties to
disperse and adapt into temperate regions, thus accumulating in
tropical regions [14,15]. Under both hypotheses, the origin of
diversity is tropical, such that intense dispersal from temperate to
tropical regions is not considered a plausible explanation for high
tropical species richness.
Dispersal effects aside, two major factors remain: time and
diversification rates. The relative contribution of these two factors
in explaining high tropical species richness remains highly debated
[2,16]. Some hypotheses emphasize diversification rates as the
main driving force underlying the latitudinal diversity gradient: the
‘‘tropics as cradle’’ hypothesis emphasizes the role of high tropical
speciation rates, whereas the ‘‘tropics as museum’’ hypothesis
emphasizes the role of low tropical extinction rates [17–20]. Other
hypotheses instead emphasize the role of time and historical
contingencies [21]. Earth was mostly tropical before temperate

The global increase of species richness toward the equator has
been the subject of wonder, debates, and speculations since
Darwin’s times [1,2]. Why do nearly all groups, spanning from
amphibians [3], birds [4,5], insects [6], mammals [7], and marine
invertebrates [8] to micro-organisms [9], have more species in the
tropics? Although more than 100 hypotheses have been proposed
to explain this latitudinal diversity gradient [10,11], the number of
species in a given clade and region is ultimately explained by four
major components: the time since the clade colonized the region,
speciation rates, extinction rates, and dispersal events [12]. Hence,
three main factors could in principle contribute to the observed
high species richness in the tropics: the tropical origin of many
clades, higher tropical net diversification rates (speciation minus
extinction), and high dispersal rates from temperate regions to the
tropics [8,13].
Two main hypotheses related to dispersal dominate the
literature. In the first, known as the ‘‘out of the tropics’’ hypothesis,
lineages originate in the tropics, where they massively diversify,
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Here, we used recently developed biogeographic approaches
(GeoSSE, [35]) that allow estimating speciation and extinction
rates associated with specific biomes [36,37]. Similar but
nonbiogeographic models [38,39] have been successfully used to
detect various traits affecting diversification rates (e.g., [40–42]).
Using these recent approaches allowed us to analyze a nearly
complete phylogeny of 5,020 mammalian species covering the
,170 Myr of their evolutionary history [43–45].

Author Summary
Why are there more species in the tropics? This question
has fascinated ecologists and evolutionary biologists for
decades, generating hundreds of hypotheses, yet basic
questions remain: Are rates of speciation higher in the
tropics? Are rates of extinction higher in temperate
regions? Do the tropics act as a source of diversity for
temperate regions? We estimated rates of speciation,
extinction, and range expansion associated with mammals
living in tropical and temperate regions, using an almost
complete mammalian phylogeny. Contrary to what has
been suggested before for this class of vertebrates, we
found that diversification rates are strikingly consistent
with diversity patterns, with latitudinal peaks in species
richness being associated with high speciation rates, low
extinction rates, or both, depending on the mammalian
order (rodents, bats, primates, etc.). We also found
evidence for an asymmetry in range expansion, with more
expansion ‘‘out of’’ than ‘‘into’’ the tropics. Taken together,
these results suggest that tropical regions are not only a
reservoir of biodiversity, but also the main place where
biodiversity is generated.

Results
Global Scale, Time-Constant Results
According to current range distribution data from the
PanTHERIA database, mammalian species richness peaks near
the equator (Figure 1), with 52% of all extant species living in the
tropics, whereas only 25% live in temperate regions and 23% span
both biomes [46]. The diversity of the eight most species-rich (.75
species) mammalian orders peaks near the equator, except that of
the Lagomorpha, which is highest in Northern-temperate regions
(Figure 2). We categorized each species reported in the mammalian phylogeny [43–45] (Materials and Methods) as living in the
tropical biome, the temperate biome, or both. We analyzed the
resulting worldwide data using recent biogeographic birth-death
models of diversification ([35], Materials and Methods). In these
models, a species present in one of the two biomes may give rise to
two daughter species in this biome (rate l), go extinct (rate m), or
disperse and expand its range in the other biome (rate d). These
rates of speciation, extinction, and rate expansion may depend (or
not) on the species’ biome. A species occurring in both biomes
(widespread species) may diversify and give rise to either one
endemic plus one widespread daughter species (rate l) or to two
endemic daughter species, one in each biome (here referred to as
speciation by biome divergence, rate lTempTrop). Speciation by
biome divergence can occur if populations belonging to each
biome experience directional selection in opposite directions
leading to speciation. Widespread species may also contract their
range by going extinct in one of the two biomes (rate m).
We considered 16 alternative diversification scenarios, eight of
which included speciation by biome divergence and eight of which
did not (i.e., lTempTrop = 0). Within each of the set of eight
scenarios, four had different rates of range expansion from the
temperate regions to the tropics than the other way around
(dTemp?dTrop), and four had equal rates (dTemp = dTrop). These
four scenarios consisted of (i) a scenario with equal tropical and
temperate diversification rates (lTemp = lTrop and mTemp = mTrop),
(ii) a scenario with speciation rates differing between biomes but
equal extinction rates (lTemp?lTrop and mTemp = mTrop), (iii) a
scenario with extinction rates differing between biomes but equal
speciation rates (lTemp = lTrop and mTemp?mTrop), and (iv) a
scenario with both speciation and extinction rates differing
between biomes (lTemp?lTrop and mTemp?mTrop).
We fitted the 16 models to the phylogenetic tree of mammals,
accounting for incomplete taxon sampling (Materials and Methods). The best fitting model was the model including speciation by
biome divergence and with speciation, extinction, and dispersal
rates differing between biomes (Table S1). Estimated speciation
rates were higher—and extinction rates lower—in the tropics than
in temperate regions (Figure 1, Table S1, and Figure S1),
suggesting that the tropics act both as a cradle and as a museum
of biodiversity. In addition, estimated rates of range expansion
were higher from the tropics to temperate regions than the other
way around (Figure 1 and Table S1), supporting Jablonski’s ‘‘out
of the tropics’’ hypothesis [8,47]. Analyses on 100 trees randomly
sampled from a Bayesian pseudoposterior distribution of trees

regions started to expand ,30–40 million years (Myr) ago, such
that many groups likely have a tropical origin [16], and thus had
more time to diversify in the tropics [17,18].
Several studies, including two recent global-scale phylogenetic
analyses of mammals [22] and birds [23], did not detect any
correlation between latitude and diversification rates, supporting
the view that the latitudinal gradient in species richness is unlinked
to differences in diversification rates (e.g., [3,12]). These findings,
however, remain highly debated [24]. For example, Weir and
Schluter [25] found a striking effect of latitude on speciation and
extinction rates over the last ,10 Myr in mammals and birds,
with an unexpected increase in speciation rates with latitude. A
latitudinal gradient in diversification rates has been suggested by
several phylogenetic studies of diverse taxa [4,6,26,27], as well as
paleontological studies [8,28,29], and has given rise to many
hypotheses of why speciation and extinction rates may vary with
latitude [2]. It has been suggested that speciation is enhanced in
the tropics by higher seasonal and longer term climatic stability
[30], area effects [31], increased strength of biotic interactions
[32,33], and higher energy [34]. On the other hand, climatic
variations and in particular glaciation cycles may be responsible
for large-scale extinction events (and potentially enhanced
speciation, [25]) in temperate regions [25,30,32].
Hence, the relative role of biogeographical history, speciation,
and extinction in the latitudinal gradient remains unclear,
representing a major scientific challenge for evolutionary biologists
[2]. Here, we test the effect of latitude on speciation, extinction,
and dispersal rates in the charismatic, species-rich, and globally
distributed group of mammals, which displays a striking latitudinal
diversity gradient ([7], Figure 1). Studies of the latitudinal gradient
in mammals have mainly focused on environmental correlates of
species richness [1,31], and there is currently no consensus as to
whether and how diversification rates vary with latitude in this
group [2]. Weir and Schluter [25] suggested that both speciation
and extinction rates increase with latitude, whereas Soria-Carrasco
and Castresana [22] did not find any effect of latitude on
speciation, extinction, or net diversification rates. These studies
relied on sister taxa [25] or genus-level [22] analyses, thus focusing
on recent diversification rates.
PLOS Biology | www.plosbiology.org
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Figure 1. Support for the ‘‘out of the tropics’’ scenario of mammalian species richness. From left to right, global latitudinal diversity
gradient of all mammals, and posterior distributions of speciation, extinction, net diversification, and dispersal rates corresponding to the temperate
(in blue) and tropical biomes (in green). Faster speciation and reduced extinction in the tropics result in a higher net diversification rate. Range
expansion from the tropics to the temperate regions is more frequent than the other way around. Posterior distributions were computed using
MCMC analyses for the best-fitting model on the consensus tree. Bars below each distribution correspond to the shaded area and represent the 95%
credibility interval of each estimated parameter. Speciation rate refers to within-biome speciation; speciation by biome divergence, which contributes
to species richness in the tropical and temperate regions equally, is not included in this figure.
doi:10.1371/journal.pbio.1001775.g001

Order and Family Scale, Time-Constant Results

[44,45] confirmed these results (Materials and Methods). For all
100 trees, the best-fit diversification model included speciation by
biome divergence and suggested the same trends in speciation,
extinction, and dispersal rates, with higher speciation rates, lower
extinction rates, and higher rates of range expansion in the tropics
(Table S2). Estimated rates were consistent with the literature
[42,48]. These results were also robust to an alternative dating of
the mammalian phylogeny obtained by incorporating dates from
Meredith et al.’s study ([49], Materials and Methods, Table S3).
In our analyses of the global mammalian phylogeny, we made
two major simplifying assumptions: that all lineages within a
particular biome diversify at the same rate, and that diversification
rates remain constant through clades’ history. These two assumptions are likely violated in nature: first, diversification rates vary
across lineages from a same biome for many reasons, including
differences in diets [42], body size [44], or habitats [35,50]; second,
diversification rates typically vary through time [51]. To account for
these two sources of rate variation, we carried a series of additional
analyses at finer taxonomic resolution (i.e., on smaller phylogenies)
and with more complex, time-variable models. For such analyzes,
we constrained range expansion to be equally frequent from the
tropics to the temperate regions than the other way around. We
used this constraint to reach a reasonable trade-off between
phylogeny size, model complexity, and statistical power (Materials
and Methods). If dispersal rates are higher from the tropics to the
temperate regions than the other way around, as estimated from the
global phylogeny, constraining these rates to be equal should
weaken the biome effect on diversification rather than generating a
spurious effect. Trends obtained from dispersal-constrained fits to
the whole phylogeny of mammals indeed tended to minimize the
effect of latitude on diversification (Figure S2 and Table S4). Thus,
further analyses were performed using the eight out of 16 models
above with equal rates of range expansion. Comparison of
uncertainties around parameter estimates for constrained versus
unconstrained models on the global phylogeny suggested that
constraining dispersal did not artificially reduce the uncertainty
around other parameter estimates (Figures 1 and S2).
PLOS Biology | www.plosbiology.org

For trees corresponding to the eight richest mammalian orders,
the best-fit diversification model varied across groups and trees
representing these groups (Table S4). Accounting for speciation by
biome divergence improved the fit of the models for the three
richest groups (Rodentia, Chiroptera, and Soricomorpha) but not
the others, and the estimated rates of speciation by biome
divergence were in general lower than within-biome speciation
rates. The estimated diversification rates for the richest orders
were consistent with estimates obtained from the global phylogeny
and in the literature (Figure 2, [42,48]). There were differences
across groups, yet the inferred net diversification rates were
consistently higher in the tropics than in temperate regions
(Figure 2, Figure S1, and Table S4). The two exceptions
concerned the Lagomorpha, for which net diversification rate—
following the diversity trend—was higher in temperate regions
(Figure 2), and Carnivora, for which tropical and temperate net
diversification rates were very similar. The inferred net diversification rate was in general positive except in the temperate regions
in Chiroptera and Primates, and in the tropics in Lagomorpha.
Explanations for differences in net diversification rates between
biomes differed across orders (Figure 2, Table S4, and Table S5).
Higher tropical net diversification rates for Artiodactyla, Diprotodontia, and Soricomorpha were linked to higher speciation rates.
In contrast, higher net diversification rates in the tropics for
Primates, and in temperate regions for Lagomorpha, were linked
to lower extinction rates within their corresponding biomes.
Finally, higher tropical net diversification rates resulted from a
combined effect of speciation and extinction in Chiroptera and
Rodentia. In Carnivora, both speciation and extinction rates were
higher in temperate regions, leading to a high species turnover at
high latitudes. We tested the robustness of our results to potential
biases in the phylogenetic tree we used. We ran our analyses on
recent well-sampled phylogenies corresponding to three of the
main orders (Rodentia [52], Primates [53], and Carnivora [54])
and the species-rich family Dasyuridae within Diprotodontia ([55],
Materials and Methods). Even though slightly different models
3

January 2014 | Volume 12 | Issue 1 | e1001775

The Latitudinal Gradient of Mammal Diversification

PLOS Biology | www.plosbiology.org

4

January 2014 | Volume 12 | Issue 1 | e1001775

The Latitudinal Gradient of Mammal Diversification

Figure 2. Diversification rates are consistent with diversity patterns across mammalian orders. (Left panels) Mammalian orders (the
eight most species-rich orders—covering 92% of all mammals—are represented, ranked from most to least diverse), their total species richness, and
their global latitudinal diversity gradient. (Right panels) Posterior distributions of temperate (in blue) and tropical (in green) speciation, extinction,
and net diversification rates estimates, computed using the best-fitting model. The grey color indicates that the best-fitting model had equal rates in
the tropical and temperate biomes. The net diversification rate follows a trend consistent with the latitudinal diversity gradient: the net diversification
rate is higher in the tropics, except in Lagomorpha, which shows an inverse diversity gradient, and in Carnivora, where the difference in net
diversification is not significant. Speciation rate refers to within-biome speciation; speciation by biome divergence, which contributes to species
richness in the tropical and temperate regions equally, is not included in this figure.
doi:10.1371/journal.pbio.1001775.g002

were selected depending on the phylogeny, trends in speciation
and extinction rates were highly consistent, suggesting that these
trends are strong enough to hold against phylogenetic and dating
uncertainties (Table S6). The net diversification trends held in
dispersal-constrained analyses as long as range expansion was
constrained to not be much more frequent from temperate to
tropical regions than in the other direction (Materials and
Methods, Table S4). These trends also held when we completely
relaxed dispersal, except in Chiroptera, Carnivora, and Lagomorpha, for which dispersal was inferred to contribute significantly to
the latitudinal species richness patterns, such that unconstrained
models supported different trends in diversification rates than
constrained models (Figure S3).
We further refined the taxonomic scale of our analyses by
considering all (seven) families with more than 100 species (Table
S7). The diversification patterns for families within a given order
were generally consistent with the diversification pattern corresponding to that order (Tables S4 and S5): the higher speciation
and lower extinction rates in the tropics observed in Chiroptera
were also found in its main family Vespertilionidae, the higher
tropical speciation and extinction rates observed in Soricomorpha
were found in its main family Soricidae, and the lower tropical
extinction rate observed in Primates was found in its main family,
Cercopithecidae. Higher tropical speciation rates were found in
Bovidae, which is the main family of Artiodactyla. In Rodentia,
the largest family (Muridae) had higher tropical speciation and
extinction rates, consistently with the order. The two other
families, however, showed divergent patterns: in Cricetidae the
inferred extinction rate was higher in the tropics, and in Sciuridae
the inferred speciation rate was higher in temperate regions. Still,
net diversification rates were higher in the tropics than in
temperate regions for all orders and families, with a single
exception for Sciuridae where temperate and tropical net
diversification rates were very similar.

of the history of mammals (Figure 3). Estimates obtained for
speciation and extinction rates at present were very similar to
estimates obtained with the time-constant model (Figure S2, Table
S4, and Table S5). The time-variable model was not supported for
two of the eight richest orders (Carnivora and Diprotodontia; see
AICs in Table S8), suggesting that the hypothesis of time
constancy may be relevant at this scale for these orders or that
fitting other types of time dependencies would be required to
reflect the nonlinear variation of environmental and biogeographic
factors that have affected the diversification of mammals across the
Cenozoic [48]. The time-variable model revealed trends in time
variation (i.e., increase or decline of the speciation rate through
time) that varied across orders (Table S8). Despite these variations,
the estimated extinction rates remained higher in temperate
regions (except in Soricomorpha and Lagomorpha, where they
remained lower), and the speciation rates at present remained
higher in tropical regions (except in Carnivora, where they
remained lower).

Discussion
The processes underlying the latitudinal diversity gradient are
poorly understood. In particular, whether speciation and extinction rates also follow a latitudinal gradient is controversial
[16,22,23,25,26]. The results obtained here for virtually all extant
mammal species suggest that both speciation and extinction rates
vary strikingly with latitude, resulting in significant differences of
net diversification rates between the temperate and tropical
biomes. Overall, inferred diversification patterns were consistent
with the diversity gradient of each group, with higher speciation
rates, lower extinction rates, or a combination of both where
diversity is highest. These results were robust to potential
variations of diversification rates through time and suggest that
differential diversification rates may be largely responsible for
today’s mammalian diversity patterns.
Our results suggest that speciation rates in mammals are higher
in the tropics. This was supported by analyses of the global
phylogeny, and in dispersal-constrained analyses for five of the
eight orders. This result was also robust to potential variations of
diversification rates through time. For Primates and Lagomorpha,
no latitudinal difference in speciation was detected, and for
Carnivora, a higher speciation rate was found in temperate
regions. These results suggest, as proposed by Soria-Carrasco and
Castresana [22], that the absence of latitudinal effect on speciation
they observed may arise from performing analyses at the genus
level, impeding the observation of latitudinal effects that may have
occurred in the early history of mammals. Using a phylogeny that
covers the entire history of mammalian diversification, we found
patterns in line with the hypothesis that speciation rates are higher
in the tropics, potentially arising from area effects, increased
specialization linked to climatic stability, niche availability, biotic
interactions, and higher solar energy [2]. There is a possibility that
the latitudinal diversity gradient was shaped during geological
times as early as the Late Cretaceous or Paleogene [29] and that
differences in diversification rates responsible for the construction

Time-Variable Results
Time variation in diversification rates can potentially bias rate
estimates [51]. In particular, if speciation rates increased over time
in temperate regions—for example, in response to recent
glaciations cycles—this could have lead to an accumulation of
splitting events towards the tips of the phylogeny. Such increase of
splitting events in the recent past would resemble the ‘‘pull of the
present’’ effect resulting from extinctions in constant rate models
[56] and could thus be spuriously interpreted as a high temperate
extinction rate. In order to test the robustness of our results to a
potential variation of speciation rates through time, we implemented time variation in the GeoSSE biogeographic model
(Materials and Methods). For the global mammalian phylogeny, a
model with a linear time dependence of temperate and tropical
speciation rates was indeed supported in comparison with the
time-constant model (DAIC = 93, Table S8). The model suggested
an increase in speciation rates through time in both biomes, but
this increase did not affect our main findings: the inferred
extinction rate remained higher in temperate regions, and
speciation rates remained higher in the tropics over the majority
PLOS Biology | www.plosbiology.org
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Figure 3. Speciation and extinction rates through time in the temperate and tropical biomes. The speciation rate is higher, and the
extinction rate lower, in the tropical biome over the majority of clade history. Lines represent the posterior mean estimates and shaded areas 95%
credibility intervals.
doi:10.1371/journal.pbio.1001775.g003

of this pattern were only detectable with an approach covering the
entire history of mammal diversification [22]. The relevance of
this explanation for differences between our results and previous
studies is, however, not entirely clear, because a lot of mammalian
diversity likely arose in the last ,20 Myr [57]. In addition, our
time-dependent analyses suggest diversification differences between biomes were actually lower early in the history of mammals.
Another possibility is that the phylogenetic method we used has
more statistical power. In particular, it avoids averaging latitudes
across species within genera, which likely weakens the association
between latitude and diversification rates.
We found lower extinction rates in tropical regions for the
global phylogeny and in dispersal-constrained analyses for the
majority of the studied orders (Figures 1–2). A higher extinction
rate in temperate regions was already reported for mammals [25]
and with fossil records for other taxa [8,28], potentially arising
from higher climatic instability and glaciation cycles in temperate
regions [8,25,30]. Our estimates of extinction rates in temperate
regions were especially high for Primates, most probably due to
their distinct preference for tropical forests since they originated in
Asia 63–71 Myr ago [53]. Higher extinction rates in tropical
regions were only found in Soricomorpha and Lagomorpha. In
Lagomorpha, this pattern could come from their hypothesized
temperate origin in Mongolia [58], their particularly good
adaptation to grasslands (which appeared in the tropics only
recently [59]), and strong negative biotic interactions in the tropics
(e.g., competition and predation). Similar explanations could
explain high extinction rates in Soricomorpha, with some families,
such as the Talpidae, originating in temperate regions [60]. The
lack of difference between temperate and tropical extinction rates
in Diprotodontia may ensue from temperate marsupials having
been restricted to low latitudes in the Southern Hemisphere,
where they experienced few glaciations, from the extinction of
tropical species following the aridification of Australia over the last
,30 Myr [61], or alternatively from the poor statistical power
linked to the paucity of temperate species in this group.
A positive correlation between speciation and extinction rates
was found in Carnivora in dispersal-constrained analyses, with
higher rates at high rather than low latitudes. This pattern of high
PLOS Biology | www.plosbiology.org

turnover was proposed by Weir and Schluter [25] as a general
pattern of diversification for recently diverged sister species of
birds and mammals, but was observed only for Carnivora in our
study. For the other groups, the difference between our results and
those of Weir and Schluter [25] may come from differences in
spatial scales: we analyzed the global mammalian phylogeny
including species from the whole world, whereas Weir and
Schluter [25] focused on the New World. In Carnivora, a
temperate origin, as suggested in Felidae [62], associated with
climatic oscillations and glaciations in temperate regions, may
have promoted diversification, either by forcing species to move
south or by restricting them to refugia separated by unsuitable
habitats [63].
Our results with unconstrained dispersal mostly support
Jablonski’s ‘‘out of the tropics’’ hypothesis whereby species
originate in the tropics and expand their range into temperate
regions [8,47]. This hypothesis was supported by analyses of the
global phylogeny and in Rodentia, Soricomorpha, and Artiodactyla. The ‘‘out of the tropics’’ hypothesis has previously found
paleontological [8] and phylogenetic [36] support in marine
invertebrates, but has to our knowledge not been evidenced for
mammals before. In Primates, Chiroptera, Carnivora, and
Diprotodontia, range expansion was on the contrary estimated
to be more frequent towards the tropics. Accounting for this
asymmetry in range expansions did not change diversification
trends in Primates and Diprotodontia (although the trend was
weakened in the later). In Chiroptera and Carnivora, models with
unconstrained dispersal suggested opposite diversification trends,
with higher net diversification rates in temperate regions. High
range expansion from temperate to tropical regions is not
unrealistic. For example, the completion of the isthmus of the
Panama 10 to 3 Myr ago resulted in an invasion of the tropics by
temperate placental mammals which out-competed tropical
marsupials [64]. However, range expansion itself tends to
homogenize diversity across latitudes rather than to create a
diversity gradient. Thus, high temperate net diversification rates
combined with high range expansion from the temperate to the
tropical regions cannot explain why there are more species in the
tropics in these groups. This suggests that other factors, such as the
6
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completing and redating the phylogeny of Bininda-Emonds et al.
[43]. This resulted in 100 phylogenies of 5,020 mammal species
each. These phylogenies account for almost all mammals, as the
total number of described species is 5,416 [71]. We further used
this global-scale distribution of trees to obtain a distribution of
trees for each of the eight most species-rich mammalian orders.
We also combined these 100 trees to build a maximum clade
credibility tree with the TreeAnnotator 1.7.5 (included in the
BEAST package [72]). This maximum clade credibility tree, or
‘‘consensus’’ tree, was used for analyses on the whole phylogeny,
on the orders and on the families. For convenience, we refer to all
these trees as ‘‘Bininda-Emonds’ trees’’.
Dates from Bininda-Emonds’ trees are debated [49,66,73]. To
test the robustness of our results to these dates, we considered a
tree incorporating the alternative dating proposed by Meredith et
al. [49]. To redate Bininda-Emonds’ consensus tree using dates
from Meredith et al. [49], we used the list of nodes shared between
the two studies given in table 1 from Meredith et al. [49]. Within
this list, we selected the 16 deepest nodes, which correspond to
ordinal and superordinal groups; these nodes were the ones that
diverged the most between the two studies in terms of age
estimate. We used these nodes as constraints in PATHd8 [74] to
redate Bininda-Emonds’ tree (Dataset S1).
Bininda-Emonds’ trees offer the unique and considerable
advantage to include almost all mammalian species. On the other
hand, a significant number of species had no genetic data and
were included in the phylogeny by a grafting and random
resolution procedure. To test the robustness of our results to this
procedure, we selected recent, better sampled phylogenies that did
not artificially include species without genetic data. We found four
publicly available phylogenies following these criteria that included
species from both the tropical and the temperate regions: Rodentia
(1155 spp., 50% sampled, [52]), Primates (367 spp., 98% sampled,
[53]), Carnivora (286 spp., fully sampled, [54]), and Dasyuridae
(Diprotodontia, 66 spp., 96% sampled, [55]).

fact that the tropics are older, are involved. This ‘‘time for
speciation’’ hypothesis could be tested in more detail in these
groups. More generally, these unconstrained results should be
taken with care and tested further given the complexity of the
models used relative to the size of the phylogenies [65].
Diversification estimates are only as reliable as the phylogenetic trees used to derive these estimates. Our main analyses were
performed on the mammal tree of Bininda-Emonds et al. [43],
improved by Fritz et al. [44], and resolved by the polytomy
resolver of Kuhn et al. [45]. This tree is the most up-to-date
nearly complete species-level tree for mammals, but it has
weaknesses in terms of both topology and branch lengths. There
is a possibility that the polytomy resolver biased the analyses;
however, given that the resolutions are based on a birth-death
process with equal rates across the phylogeny, our results of a
strong biome effect are conservative. The robustness of the
patterns across trees from the posterior distribution is also
reassuring in terms of sensitivity to the random resolutions. In
addition, diversification patterns in the least resolved groups,
Chiroptera and Rodentia, were consistent with patterns obtained
in the other groups, which are better resolved. Finally, the
consistency of the diversification trends in our analyses of recent,
well-sampled phylogenies gives confidence in our results. Another
source of uncertainty is the dating of phylogenetic nodes. The
family-level tree of Meredith et al. [49] suggests a more ancient
origin of mammals and a more recent origin of extant orders
(delayed by ,11 Myr) than the tree of Bininda-Emonds et al.
[38], while another family-level tree by dos Reis et al. [66]
indicates similar dating results. In agreement with previous results
from the literature [49], we found that diversification analyses
were consistent between the two alternative dating.
Overall, we advocate that diversification rates play a crucial role
in driving differences in species richness between the temperate
and tropical biomes. We support the hypothesis that higher
mammalian species richness in the tropics results from faster
speciation and reduced extinction. This challenges previous
suggestions that speciation in mammals is faster in temperate
regions [25] or that the latitudinal gradient is linked to factors
unrelated to diversification rates, such as the ancient origin of the
tropics [2], tropical niche conservatism [16], or higher tropical
carrying capacities [67]. Still, further analyses, such as historical
biogeographic reconstructions [68] and diversification analyses
accounting for nonlinear time dependence [48] and diversity
dependence [69,70], will be needed to fully understand the relative
importance of each of these various factors. Mammals are one of
the most charismatic and well-documented groups of living
organisms, yet our vision of mammalian macroevolution continues
to change drastically as new data are compiled and new methods
are developed. Similar approaches applied to other vertebrates,
insects, plants, and microorganisms will help us meet the challenge
of evaluating the roles of history, speciation, and extinction in the
origin of the latitudinal diversity gradient. This constitutes a
necessary first step before we can fully understand the proximal
ecological and evolutionary processes, correlated with latitude,
which shaped current diversity patterns.

Biome Categorization
We obtained minimum and maximum latitudinal data from the
PanTHERIA database [46]. These data cover 4,668 species,
including 4,536 of the species from the phylogeny. We chose 2
23.4u and 23.4u as the threshold latitudes defining the tropics and
used the latitudinal data to characterize each species as living in
the temperate biome, the tropical biome, or both (‘‘widespread’’
species). We discarded all species in the phylogeny for which
latitudinal data were not available, including all marine mammal
species.
The GeoSSE model can account for missing species in
phylogenies. Likelihoods corresponding to incomplete phylogenies
are obtained by considering the probabilities that an extant species
from each type (here tropical, temperate, and widespread) is
sampled. In practice, these probabilities were computed as the
fraction of species from each type present in the phylogeny, and
directly introduced as a fixed parameter in the likelihood function.
We estimated the fraction of species sampled in each biogeographic category (temperate, tropical, and widespread). We
estimated the total number of species in each category by applying
the fraction of temperate, tropical, and widespread species
computed from the 4,668 species represented in PanTHERIA to
the total number of described mammal species (5,416 species
following [71]). In Bininda-Emonds’ tree, for example, the
estimated fraction of species represented in the phylogeny was
0.84 for temperate species, 0.83 for tropical species, and 0.85 for
species spanning both biomes.

Materials and Methods
Phylogenies
Our main analyses were performed on 100 species-level timecalibrated phylogenetic trees randomly sampled from the Bayesian
pseudo-posterior distribution of trees provided by Kuhn et al. [45].
Kuhn et al. [45] used a birth–death model to resolve the
polytomies in the supertree of Fritz et al. [44], which was built by
PLOS Biology | www.plosbiology.org
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Diversification Analyses

associated with the different biogeographic models, by integrating
the implementation of time dependency available in the Binary
State Speciation and Extinction (BiSSE) model (codes are available
in diversitree, make.geosse.t function). Speciation rates were
assumed to vary linearly through time, such that l(t) = l0+rt,
where l0 is the speciation rate at present and r controls the rate of
change in speciation rate through time, and t measures time from
the present to the past. Extinction rates and dispersal are assumed
constant through time m(t) = m, d(t) = d. We included time variation
in speciation rates in the best-fit time-constant model (i.e., the
model reported in Tables S4 and S5), with dTemp = dTrop. These
analyses were performed on the consensus ‘‘Bininda-Emonds’’ tree
for the global phylogeny and each order.

To test for an association between latitude and diversification
rates, we used the Geographic State Speciation and Extinction
model (GeoSSE, [35]), implemented in the diversitree R-package
[75]. This birth–death model is a geographic extension of
character-dependent diversification models [38,39] including three
parameters related to speciation (lTemp, lTrop, lTempTrop), two
parameters related to extinction and range contraction (mTemp,
mTrop), and two parameters related to range expansion (dTemp,
dTrop). We used two types of analyses: analyses in which the seven
parameters were allowed to vary freely, and analyses with
constrained dispersal (i.e., dTemp = dTrop).
Analyses of the global phylogeny were performed on both the
consensus tree and the posterior distribution of trees. We
compared the 16 diversification models described in the text
using the Akaike Information Criterion (AIC). We checked
support for the selected model against all other models nested
within it using the likelihood ratio test (p,0.05). We estimated the
speciation, extinction, and range expansion rates corresponding to
the best fitting model. We ran Bayesian Markov chain Monte
Carlo (MCMC) analyses on the consensus tree, using exponential
priors with parameters obtained from the character independent
model, a 500-step burnin, and 20,000-step chain [75]. Convergence occurred within the few first steps and parameter estimates
were very stable along the chain (Figure S4).
In our analyses of the eight most species-rich orders of
mammals, the main families within these orders, and the four
more recent phylogenies described above, we reduced the number
of parameters in our model by constraining dispersal (i.e., fixing
dTemp = dTrop). It is now well recognized that phylogenies have
limited statistical power, particularly those of small size [76,77].
Fitting complex models to such phylogenies is not recommended.
In particular, a study specifically designed to test the robustness of
character-dependent models—such as the GeoSSE model used
here—recommended to simplify models by reducing their number
of parameters when phylogenies are small [65]. Given our primary
interest to analyze the effect of biomes on speciation and extinction
rates, we constrained dispersal. We performed the same maximum
likelihood and MCMC analyses as on the global phylogeny, using
the eight models with constrained dispersal.
We tested the robustness of our results to the hypothesis that
range expansion is symmetric (dTemp/dTrop = 1). First, we ran the
best-fitting models while constraining the ratio dTemp/dTrop to
other values, using the consensus tree used for MCMC analyses.
We considered 150 values ranging from 0 to +‘, thus encompassing scenarios in which range expansion from the tropics to
temperate regions is more frequent (dTemp/dTrop,1) and scenarios
in which range expansion from temperate regions to the tropics is
more frequent (dTemp/dTrop.1). For each value of dTemp/dTrop,
we assessed whether the trend in net diversification rate was
conserved. For example, if we found a higher net diversification
rate in the tropics under the initial hypothesis of symmetrical range
expansion (dTemp/dTrop = 1), we assessed if it remained higher in
the tropics with the new ratio. This yielded a lowest and highest
ratio dTemp/dTrop such that trends were conserved. Second, we
ran unconstrained models, such as the ones fitted to the global
mammalian phylogeny (described above).

Supporting Information
Dataset S1 Bininda-Emonds et al.’s [43] tree redated
using dates from Meredith et al. [49].
(TXT)
Figure S1 Differences between tropical and temperate
net diversification rates, computed from the MCMC
analyses. Global phylogeny: results from the dispersal-unconstrained model. Order-level phylogenies: results from the dispersal-constrained model. The x-axis represents the difference between
tropical and temperate net diversification rates (rTrop–rTemp). The
y-axis represents the posterior density probability. Grey bars
(bottom) correspond to the shaded area and represent the 95%
credibility interval of the parameter estimates. The difference is
significant if the credibility interval does not encompass 0—that is,
for all phylogenies except the Carnivora.
(TIF)
Figure S2 Analyses of the global mammal phylogeny
with constrained dispersal did not artificially reinforce
diversification trends nor reduce uncertainties around
parameter estimates. From left to right, global latitudinal
diversity gradient of all mammals, and posterior distributions of
speciation, extinction, and net diversification rates for temperate
(in blue) and tropical biomes (in green), computed using MCMC
analyses for the best-fitting model on the consensus tree. Bars
below each distribution correspond to the shaded area and
represent the 95% credibility interval of the estimated parameter.
Speciation rate refers to within-biome speciation; speciation by
biome divergence, which contributes to species richness in the
tropical and temperate regions equally, is not included in this
figure. Constraining dispersal does not artificially reinforce
diversification trends: the difference between temperate and
tropical net diversification rates is about twice higher when
dispersal is unconstrained (9.261022 Myr21, Figure 1) than when
dispersal is constrained (4.761022 Myr21). Constraining dispersal
does not artificially reduce uncertainties around parameter estimates.
Standard deviation around parameter estimates from constrained and
unconstrained MCMC analyses are as follows: lTemp, 361023 Myr21
in constrained analyses versus 461023 Myr21 in unconstrained
analyses; lTrop, 261023 Myr21 versus 261023 Myr21; lTempTrop,
261023 Myr21 versus 261023 Myr21; mTemp, 361023 Myr21 versus
661023 Myr21; mTrop, 461023 Myr21 versus 761024 Myr21, d,
161023 Myr21 versus 161023 Myr21.
(TIF)

Robustness of the Results to Time Variation in Speciation
Rates

Figure S3 MCMC analyses corresponding to diversification models with unconstrained dispersal for the eight
richest orders. (Left panels) Mammalian orders (the eight most
species-rich orders—covering 92% of all mammals—are represented, ranked from most to least diverse), their total species

To test the robustness of our results to time variation in
speciation rates, we relaxed the hypothesis of rate constancy in the
GeoSSE model. We modified the make.geosse function from the
diversitree package [70], which computes likelihood functions
PLOS Biology | www.plosbiology.org
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richness, and their global latitudinal diversity gradient. (Right
panels) Posterior distributions of temperate (in blue) and tropical
(in green) speciation, extinction, net diversification, and dispersal
rate estimates, computed using the best-fitting model. The grey
color indicates that the best-fitting model had equal rates in the
tropical and temperate biomes. Speciation rate refers to withinbiome speciation; speciation by biome divergence, which contributes to species richness in the tropical and temperate regions
equally, is not included in this figure. For five orders (Rodentia,
Soricomorpha, Primates, Artiodactyla, and Diprotodontia), the
dispersal rate estimates results in ratios of dTemp/dTrop that fall into
the domain of robustness identified with the constrained models
(Table S4). For these groups, trends in net diversification rates
found with the unconstrained analyses are in line with the results
found with the constrained models: higher net diversification rates
are found in the tropics; in Diprotodontia, the trend is conserved
but is no longer statistically significant. In the three remaining
orders (Chiroptera, Carnivora, and Lagomorpha), dispersal rate
estimates result in ratios of dTemp/dTrop that fall outside the
domain of robustness identified with the constrained models
(Table S4). Range expansion is estimated to be very high toward
the species-rich region and may contribute substantially to the
latitudinal gradient. Net diversification rates become higher in
temperate regions in Chiroptera and Carnivora, and higher in
tropical regions in Lagomorpha.
(TIF)

supported by less than 10 trees are not shown. Cells filled with
parameter estimates define the model; for example, if parameter
estimates are specified in the column headed ‘‘lTemp = lTrop,’’ this
indicates that the best-fitting model is a model with equal tropical
and temperate speciation rates. The middle columns report mean
6 sd parameter estimates over the 100 trees. The two last columns
display min and max values of the ratio dTemp/dTrop for which the
trend in net diversification rates is conserved. Results were robust
to the assumption that range expansion is as frequent from the
tropics to the temperate region than in the other direction
(dTemp = dTrop). Estimated net diversification rate remains higher
in the tropics than in temperate regions for all groups (except the
Lagomorpha for which it remained lower) when range expansion
is assumed to be less frequent from the temperate to the tropical
regions than in the other direction (dTemp/dTrop,1), or when
range expansion is reasonably more frequent from the temperate
to the tropical regions than in the other direction: 1,dTemp/
dTrop,2.7 for the whole phylogeny and 1,dTemp/dTrop,1.8 for
orders other than Carnivora.
(TIF)
Table S5 Comparison of models across mammalian
orders. The following table reports results corresponding to the
eight dispersal-constrained models considered in the article,
ranked from best (top) to worst (bottom) fit. Numbers report
parameter estimates on the consensus tree built from a posterior
distribution of 100 trees.
(TIF)

Stability of speciation, extinction, and dispersal estimates along the MCMC. Estimates of speciation
and extinction rates in the temperate and tropical biomes along
the 20,000 steps of the MCMC following the 500 steps of burnin
(not shown in the figure). Parameter estimates are stable along the
chain.
(TIF)

Figure S4

Table S6 Comparison of models for the four wellsampled phylogenies from the recent literature. The
following tables report results corresponding to the eight models
considered in the article, ranked from best (top) to worst (bottom)
fit. In Rodentia [52], the first best model supports higher
speciation rates in the tropics, and the second best model supports
higher speciation and lower extinction in the tropics, in agreement
with results from Bininda-Emonds’ trees. In Primates [53], the first
best model supports lower extinction rates in the tropics, in
agreement with results from Bininda-Emonds’ trees, but also
higher speciation rates in the tropics. In Carnivora [54], the best
model supports higher speciation and extinction rates in the
tropics, in agreement with results from Bininda-Emonds’ trees. In
Dasyuridae (Diprotodontia) [55], the second best model suggests
higher speciation rates in the tropics, in agreement with results
found in Diprotodontia with Bininda-Emonds’ trees. The first
model did not detect significant differences between biomes, which
could be due to decreased statistical power linked to the small size
of the group.
(TIF)

Table S1 Comparison of models for the global, consensus phylogeny. The following table reports results corresponding to the 16 models considered in the article, ranked from best
(top) to worst (bottom) fit. Numbers report parameter estimates on
the consensus tree.
(TIF)
Table S2 Comparison of models for the global phylogeny, using the 100-tree posterior distribution. The
following table reports results corresponding to the 16 models
considered in the article, ranked from best (top) to worst (bottom)
fit. Numbers report parameter and standard deviation estimates
from a posterior distribution of 100 trees. Uncertainties between
the 100 trees from the posterior distribution and within trees, given
by the MCMC analyses for one tree (e.g., Figure 1), were of the
same order of magnitude of ,161023 Myr21 for both unconstrained and constrained analyses.
(TIF)

Table S7 Comparison of models across mammalian
families. The following table reports results corresponding to the
eight dispersal-constrained models considered in the article,
ranked from best (top) to worst (bottom) fit. The best-fit model
for the corresponding order (as reported in Figure 2 and Table S5)
was often ranked first; when it was ranked second, it did not differ
from the best model by more than 2 AIC values. Trends in
diversification rates were generally consistent with trends observed
at the order level.
(TIF)

Table S3 Comparison of models for Bininda-Emonds
et al.’s [43] tree redated according to Meredith et al. [49].
Results for the eight models considered in the article, ranked from
best (top) to worst (bottom) fit. The best-fit model is the model with
higher speciation, lower extinction, and higher dispersal rates in
the tropics, in agreement with results obtained with the alternative
dating. Diversification rate estimates are very similar.
(TIF)

Table S8 Parameters related to speciation, extinction,

and range expansion under the time-varying GeoSSE
model. Speciation rates are assumed to vary linearly through
time, such that l(t) = l0+rt, where l0 is the speciation rate at
present, r controls the rate of change in speciation rate through

Table S4 Model selection, parameter estimates, and

robustness of the results. The second column indicates the
number of trees, out of 100, for which the dispersal-constraint
model specified in the corresponding row is the best. Models
PLOS Biology | www.plosbiology.org
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time, and t measures time from the present to the past. Extinction
and dispersal rates are assumed constant through time (i.e.,
m(t) = m, d(t) = d). Estimated speciation and extinction rates remain
positive over the history of the groups. Extinction rates are higher
in the temperate biome except for Lagomorpha and Soricomorpha, and speciation rates at present are higher in the tropics except
for Carnivora, in agreement with results found with time-constant
models. Time-constant models (shown in grey) are better
supported than time-variable models in Carnivora and Dripotodontia.
(TIF)
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Abstract
Numerous hypotheses on the evolution of Neotropical biodiversity have stimulated research to provide a better understanding
of diversity dynamics and distribution patterns of the region. However, few studies integrate molecular and morphological data
with complete sampling of a Neotropical group, and so there has been little synthesis of the multiple processes governing biodiversity through space and time. Here, a total-evidence phylogenetic approach is used to reconstruct the evolutionary history of
the butterfly subgenus Heraclides. We used DNA sequences for two mitochondrial genes and one nuclear gene and coded 133
morphological characters of larvae and adults. A robust and well-resolved phylogeny was obtained using several analytical
approaches, while molecular dating and biogeographical analyses indicated an early Miocene origin (22 Mya) in the Caribbean
Islands. We inferred six independent dispersal events from the Caribbean to the mainland, and three from the mainland to the
Caribbean, and we suggest that cooling climates with decreasing sea levels may have contributed to these events. The time-calibrated tree is best explained by a museum model of diversity in which both speciation and extinction rates remained constant
through time. By assessing both continental and fine-scale biodiversity patterns, this study provides new findings, for instance
that islands may act as source of diversity rather than as a sink, to explain spatio-temporal macroevolutionary processes within
the Neotropical region.
© The Willi Hennig Society 2014.

Introduction
Species diversity is built up as a balance between the
dynamics of speciation, extinction and dispersal, and
disentangling these processes of diversification constitutes one of the most fundamental challenges in evolutionary biology (Ricklefs, 2004). Dated molecular
phylogenies allow such processes to be deciphered in
space and time (Pagel, 1999; Wiens and Donoghue,
2004). Numerous evolutionary radiations have been
*Corresponding author:
E-mail address: fabien.condamine@gmail.com, delano.lewis@ncu.edu.jm
†
These authors contributed equally to this work.
© The Willi Hennig Society 2014

unveiled with phylogenies (e.g. Moreau et al., 2006;
Bininda-Emonds et al., 2007; Hunt et al., 2007; Fritz
and Rahbek, 2012; Jetz et al., 2012), but few studies on
insects have as yet identified how the dynamics of geographical and diversification processes may be linked to
historical factors such as climate or geological changes,
and/or biological factors such as the evolution of morphological traits (Condamine et al., 2012a; Drummond
et al., 2012a). To investigate the causes and consequences of environmental changes at macroevolutionary
scales,
phylogenetic
approaches
provide
opportunities to understand how, when and why diversification rates vary (Condamine et al., 2013a) and
what the mechanisms of geographical range evolution
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are (Ronquist and Sanmart!ın, 2011). Yet, these comparative phylogenetic methods have rarely been applied
jointly in an integrative framework on a species-rich
continental radiation (e.g. Drummond et al., 2012a).
The Neotropics (Central and South America, and
the Caribbean) represent an informative framework
for studying biogeographical and diversification processes because they are the most species-rich terrestrial
biogeographical regions on Earth (Hoorn et al., 2010;
Antonelli and Sanmart!ın, 2011). With Amazonia, Neotropical rainforests constitute one of the most important biodiversity reserves on Earth and contain several
(a)

(b)

(d)

(e)

recognized biodiversity hotspots (Myers et al., 2000).
Ever since Wallace (1878), the high species richness of
this region has been the subject of a long-standing discussion about the evolutionary and/or the ecological
factors influencing biodiversity (Fischer, 1960; Haffer,
1969; Gentry, 1982), and this has been renewed in
recent decades with the advent of dated molecular
phylogenies (e.g. Antonelli et al., 2009; Santos et al.,
2009; Perret et al., 2013). Many hypotheses have
attempted to explain the origin and evolution of this
biodiversity (Fig. 1). Neotropical biodiversity may
have appeared locally via intense in situ speciation
(c)

(f)

Fig. 1. Hypothetical origins and evolution of Neotropical biodiversity (Paleomaps redrawn from Blakey (2008)). (a) Origin in Amazon Forest and
subsequent expansions (Perret et al., 2013). (b) Origin in western South America, in the Andes, with subsequent eastward expansions (Elias et al.,
2009; Santos et al., 2009). (c) Origin in eastern South America, in the Mata Atl^antica forest, with subsequent westward expansions (Gentry, 1982).
(d) Origin in Nearctic North America, with subsequent southward dispersal via Central America and/or Caribbean Islands (Antonelli et al., 2009).
(e) Origin in former Gondwanian continents, in Africa or Australia (Wildman et al., 2007), or by long-distance dispersal to colonize South America (Kergoat et al., 2012). (f) Diversification patterns explaining the trajectory of diversity through time according to three evolutionary scenarios.
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(Raven and Axelrod, 1974; Simpson, 1980; Gentry,
1982), which, for instance, is demonstrated by ancient
vicariance events in mammals (Wildman et al., 2007;
Fig. 1e) and subsequent local diversification (Delsuc
et al., 2004). However, several recent phylogenetic
studies indicate that a substantial part of this biota
had ex situ origins, with late dispersers (Darlington,
1957; Simpson, 1980) and some via long-distance dispersal (Kergoat et al., 2012) into the Neotropics rather
than old vicariants subsequently diversifying to
become major components of Neotropical communities (e.g. Pennington and Dick, 2004; Hughes and
Eastwood, 2006; Antonelli et al., 2009; Couvreur
et al., 2011; Fig. 1a–d).
The tempo and mode of Neotropical diversification
is also debated and is generally attributed to two competing models. The ‘museum’ model postulates that
gradual accumulation and/or preservation of species
over time via constant speciation rates and/or low
extinction rates have shaped present diversity
(Stebbins, 1974; Fig. 1f). In contrast, in the ‘evolutionary cradles’ model, the extant diversity resulted from
recent and rapid accumulation of species via high
speciation rates (Stebbins, 1974; Fig. 1f). Although
these two models are often presented as alternative
hypotheses, both models can account for the diversification of Neotropical taxa (McKenna and Farrell,
2006), rendering this process more complex than
expected (Pennington and Dick, 2004). While biogeographical studies that use dated phylogenies have been
conducted for several groups (e.g. Antonelli et al.,
2009; Santos et al., 2009; Perret et al., 2013), there has
been little examination of the possible historical and/
or ecological factors (Hoorn, 1993; Hoorn et al., 1995;
Hedges, 2006; Iturralde-Vinent, 2006; Garzione et al.,
2008; Figueiredo et al., 2009) that have shaped this
high species richness, especially for Amazonia (Hoorn
et al., 2010; Hutter et al., 2013).
Geological history (tectonic movements or mountain
orogenesis: Iturralde-Vinent and MacPhee, 1999; Iturralde-Vinent, 2006; Garzione et al., 2008), climate
change (warming or cooling events: Fairbanks, 1989;
Lambeck et al., 2002; Zachos et al., 2008), landscape
evolution (Morley, 2007; Edwards et al., 2010; Hoorn
and Wesselingh, 2010), and biotic interactions (host–
plant interactions: Becerra and Venable, 1999; Winkler
et al., 2009; Condamine et al., 2012a) all may have
had profound consequences for the origin and
evolution of Neotropical biodiversity (Antonelli et al.,
2009; Hoorn et al., 2010; Hutter et al., 2013). If
biogeographical and diversification patterns have
changed through time, the challenge is to tease apart
drivers that shaped contemporary diversity. We used
an integrative approach that combines a timecalibrated tree, ancestral area reconstructions and
diversification rate analyses to test these hypotheses.
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Butterflies are a model group for addressing macroevolutionary questions on the Neotropics because they
are diverse, easily identified, attractive, and historically
well recorded (e.g. Wahlberg and Freitas, 2007; Elias
et al., 2009; Casner and Pyrcz, 2010; Mullen et al.,
2011; Strutzenberger and Fielder, 2011; Matos-Maravi
et al., 2013). Swallowtails (Papilionidae), in particular,
exhibit high but well-documented species richness in
Amazonia, the Caribbean, and Central America (Tyler
et al., 1994; Condamine et al., 2012b). While the genus
Papilio Linnaeus, 1758 has received some phylogenetic
attention (e.g. Tyler et al., 1994; Zakharov et al.,
2004), the Neotropical species of the genus have not
been comprehensively sampled.
To better understand biogeographical and diversification patterns of Neotropical biota, we examine the
mainly Rutaceae-feeding swallowtails, classified in
Papilio subgenus Heraclides. This taxon is one of the
most diverse groups of swallowtails in the Neotropics,
along with the genus Parides (Tyler et al., 1994).
Heraclides species are taxonomically well studied, due
to their striking wing patterns and colours that have
fascinated naturalists for nearly a century (Smith
et al., 1994), but the taxonomic status of several species and more than 100 subspecies remains ambiguous
(Lewis, 2010). Currently, 28 (Lewis, 2010) or 29 species (H€auser et al., 2005) are recognized, and they are
separated into four species-groups (Calaides,
Priamides, Thoas, and Troilides groups) for which
phylogenetic relationships remain unknown. Here, we
follow Lewis (2010) and treat the group to include 28
species, although there is some debate as to whether
P. pharnaces is a separate species. H€auser et al. (2005)
recognized P. pharnaces as a distinct species, which
Lewis (2010) and others have not. The taxon P. pharnaces
is typically considered as a subspecies of P. rogeri (Tyler
et al., 1994).
Heraclides is widely distributed from North America
to southern South America. Nearly all species inhabit
tropical or lowland rainforest and also dry or moist
forests, and species richness increases near the equator
(Fig. 2). Some species are found in temperate climate
(e.g. P. cresphontes) or at high altitudes (e.g. P. isidorus), or are restricted to isolated Caribbean Islands (e.g.
P. aristor, P. caiguanabus, P. thersites, and P. melonius)
or entire archipelagos (e.g. P. andraemon, P. aristodemus,
and P. pelaus) (Appendix S1). Heraclides larvae are
specialized feeders on Rutaceae (Igarashi, 1984; Tyler
et al., 1994), a plant family that is distributed throughout the Neotropics. Host plant records indicate that
most Heraclides species are able to feed on a large array
of Rutaceae (Beccaloni et al., 2008; Appendix S2).
In this study, we construct the first time-calibrated
phylogeny for Heraclides using a total-evidence
approach combining both morphological and
molecular data. We then integrate their known ecology
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(a)

(b)

Fig. 2. Phenotypic diversity and species richness of Heraclides. (a) Habitus of Heraclides species showing the phenotypic diversity of their wing
patterns. (b) Species richness quantified by biomes (Temperate and Tropical) and biogeographical regions within the Neotropics. Note that
regions are not mutually exclusive (i.e. a species can be on several regions). Data are compiled from various sources (e.g. Collins and Morris,
1985; Tyler et al., 1994).

and distributions to examine their biogeographical
patterns at both broad and fine scales and to
investigate diversification processes that led to their
diversity.
Material and methods
Taxon sampling
We sampled all 28 species of the Papilio subgenus
Heraclides recognized by Lewis (2010) and 28 of 29
recognized by H€
auser et al. (2005) for the morphological dataset. Only 21 species of Lewis (2010) and 20
species of H€
auser et al. (2005) were sampled for the
molecular dataset. Whenever possible, we sampled several subspecies per species. Most of the voucher specimens for the material used in this study are stored
either in the personal collection of A. M. Cotton or in
the collections of the McGuire Center for Lepidoptera
and Biodiversity at the Florida Museum of Natural
History (FLMNH), Gainesville, Florida. Much of this
material was also used by Tyler et al. (1994).

We also sampled 32 outgroup species for the molecular dataset. We followed Nixon and Carpenter (1993)
and attempted to include as many closely related outgroups as possible. Outgroup selection was based on
previous phylogenetic studies for the genus Papilio
(sensu Zakharov et al., 2004) and for the family Papilionidae (sensu Condamine et al., 2012a). Outgroups
included 14 species of the New World Papilio subgenus Pterourus, and 12 species of Old World Papilio, of
which seven are in the subgenus Papilio and five in the
subgenus Princeps (Zakharov et al., 2004). We also
included four species of the tribe Teinopalpini, one
species of Troidini, and one species of Leptocircini.
Taxonomic names, sources of material and GenBank
accession numbers are given in Appendix S3.
Sequences were obtained directly from specimens at
the FLMNH, or downloaded from GenBank before
dataset construction.
Molecular dataset construction
We first downloaded all available GenBank sequences
for Heraclides and outgroups. This represented eight
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Heraclides species for a total of 141 individuals of which
134 specimens were sequenced by D. H. Janzen and
M. Hajibabaei (retrieved in the Barcode of Life Data
Systems; http://www.boldsystems.org/) and seven specimens sequenced by Zakharov et al. (2004). In this
study, we added 20 Heraclides species and 50 specimens.
For this new sampling, we sequenced the same genes
that were used in previous phylogenetic work on the
genus Papilio (Zakharov et al., 2004) so that the new
and old datasets were compatible. We included two
mitochondrial genes, cytochrome oxidase 1 (COI,
1495 bp, excluding the tRNA-Leu) and cytochrome
oxidase II (COII, 682 bp); and a nuclear protein-coding
gene, elongation factor 1-alpha (EF-1a, 1240 bp). For
newly sequenced species, total genomic DNA was
extracted using the Qiagen! DNeasy tissue kit (Qiagen,
Venlo, Netherlands). Polymerase chain reactions
(PCRs) were performed using the following programme:
an initial 2 min of denaturation at 94 °C, followed by
35 cycles of 1 min at 94 °C, 1 min at 45–52 °C (depending on primer combinations) and 1 min at 72 °C, and
then 7 min of final extension at 7 2°C. Nucleotide
sequences of the primers have been previously described
and summarized (Simonsen et al., 2011). Sequences
were aligned using MAFFT 7.029 (Katoh and Standley
2013) and refined by eye using Mesquite 2.75 (http://
mesquiteproject.org/mesquite/mesquite.html) to check
the reading frame. Sequencing was conducted at the
Interdisciplinary Center for Biotechnology Research
(ICBR) at the University of Florida. New sequences
were deposited in GenBank (Appendix S3).

surface patterns of all members of Heraclides with the
outgroup taxa to identify homologous pattern elements. These pattern elements were organized into a
generalized wing pattern used for descriptive and phylogenetic purposes (Fig. 3). Terminology was developed independently of other schemes, but was
informed by Beldade and Brakefield (2002), and Nijhout (2001). A new terminology was necessary as previous schemes were developed for Nymphalidae and
other groups and did not reflect the patterning in Papilio. Terminology for wing venation follows Tyler et al.
(1994) (Fig. 3) and terminology for male and female
genitalia follows Miller (1987a,b) (Fig. 3). Males and
females of all species and subspecies were dissected,
with the exception of nine subspecies where only one
sex could be obtained, namely P. astyalus phanias,
P. chiansiades
chiansiades,
P. garleppi
garleppi,
P. g. interruptus, P. isidorus brises, P. isidorus tingo,
P. paeon escomeli, P. torquatus jeani, and P. t. tolus,
and six subspecies where no individuals were immediately available for dissections, namely P. anchisiades
lamasi, P. anchisiades philastrius, P. astyalus anchicayensis, P. androgeus reyesorum, and P. torquatus mazai.
When possible, characters are scored from the images of
the adults (see Appendix S6), or referenced from
previous studies. When based on the images of adults,
character states are indicated in brackets beside the
character number. Polymorphic characters code as
ancestral state. The final morphological matrix included
133 characters for all Heraclides species and P. demoleus
(see Appendix S7).

Morphological dataset construction

Phylogenetic analyses

The external morphology of all Heraclides and Papilio demoleus was examined (see Appendix S4). Papilio
demoleus was chosen because it represented a close relative among the outgroups that has wing pattern elements similar to Heraclides, and feeds on Rutaceae.
Forewing length was measured from the base to the
wing apex. For genitalia preparations, the entire abdomens of male and female butterflies were removed and
placed in a 10% solution of potassium hydroxide
(KOH). After maceration, scales were removed and
photographs taken at various stages of genitalia
removal. Pelts and genitalia were stored in 70%
alcohol. All dissected material was labelled and photographed. A catalogue of dissected material was developed; all dissected materials were placed in vials in
alcohol with a unique catalogue number written on
paper placed inside the vial as well as outside on the
cover of the vial (Appendix S5). Species determinations were made by careful examination of the original
descriptions as well as photographs of type specimens
of all taxa. Terminology for wing pattern was
developed by a comparison of dorsal and ventral wing

Phylogenetic analyses were conducted in both a parsimony and a Bayesian framework on the online computer cluster BioPortal (Kumar et al., 2009).
Maximum parsimony (MP) analyses were carried
out using TNT 1.1 (Goloboff et al., 2008). Initial heuristic searches were carried out using the Tree Bisection
Reconnection (TBR) algorithm within the Traditional
Search option in TNT, with random starting trees, 100
random-addition replicates and a MaxTrees value of
1000. More thorough analyses were further conducted
using Random Sectorial Searches and Consensusbased Sectorial Searches (Goloboff, 1999), with the
options for Tree Ratchet, Tree Drifting and Tree Fusing selected (Goloboff, 1999) within the New Technology Search option in TNT, with 10 random-addition
replicates and with a MaxTrees value of 1000. For
each analysis, 1000 non-parametric bootstrap replications were performed (standard sample with replacement). Gaps were treated as a fifth character in all MP
analyses. We used symmetric resampling bootstrap
(1000 replicates) with bootstrap values (BV) outputs
reported as ‘Group present/Contradicted’ (GC)
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(a)

(b)

(c)

(d)

Fig. 3. Morphology of Heraclides adults. (a) Wing pattern of Papilio thoas. (b) Schema of wing pattern showing system of nomenclature used for
veins (Tyler et al., 1994). Extra-discal cells are named based on their boundary veins (Miller, 1969). Sc, subcosta; R, radius (numbered 1–5); M,
medius (numbered 1–3); Cu, cubitus (numbered 1 and 2); A, anal vein (with prefix 1 and 2). (b) Generalized wing pattern of Papilio (Heraclides).
DS, discal spot; CB, central band; MB, marginal band; SMB, sub-marginal band; PPDB, proximal post-discal band; IPDB, inner postdiscal band; TS, tail spot; ES, eyespot (often the last elements of PPDB, IPDB, and SMB converge to form an eyespot). (c) Terminology for
genitalic nomenclature adapted from Miller (1987a,b). A, male in lateral view with left valve removed; B, left valve; C, uncus, vinculum, and saccus; D, aedeagus; E, juxta in anal view; F, dorsal view of the 8th tergite; G, anal view of the female genitalia showing ostial armature; H, anal view
of female genitalia showing ostial armature and corpus bursae. ae, aedeagus; c, clasper; cb, corpus bursae; css, conjoined sclerotized spikes; db,
ductus bursae; j, juxta; m, manica; ob, ostium of the bursae; p, medial plate; pa, posterior apophysis; pp, papillae anales; pr, proximal vestibular
plate; pu, pseuduncus; pvp, peripheral vestibular plate; s, sternite; sc, saccus; sg, signum; t, tergite; u, uncus; vl, valve; v, vinculum; vs, vesica.
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frequency differences (Goloboff et al., 2003). Nodes
supported by BV ≥ 70% were considered as strong
support for a clade (Hillis and Bull, 1993).
Bayesian inference (BI) was performed with MrBayes
3.2.2 (Ronquist et al., 2012). The specimen-level dataset was divided into three partition schemes, and the
species-level dataset (molecular plus morphological
data) was divided into five partition schemes: (i) two
partitions (one partition for the molecular matrix and
one for the morphological matrix); (ii) three partitions
(one partition for the mitochondrial genes, one for the
nuclear gene, and one for morphology); (iii) four partitions (one partition for COI, one for COII, one for
the nuclear gene, and one for morphology); (iv) seven
partitions [one partition per coding position for the
mitochondrial genes (three partitions), one partition
per coding position for the nuclear gene (three partitions), and one partition for morphology]; and (v) ten
partitions [one partition per coding position for each
coding gene (nine partitions), and one partition for the
morphology]. To determine the best substitution model
for each partition we used jModelTest 2 (Darriba
et al., 2012) implementing the Bayesian information
criterion (BIC; see Brown and Lemmon, 2007). The
morphology partition was set with the Markov model
with one parameter (Mk-1; Lewis, 2001).
Analyses were performed with two separate runs, a
random starting tree, and eight Markov chain Monte
Carlo (MCMC) chains that ran for 20 million generations, sampling every 2000th tree. A 25% burn-in was
applied after checking for convergence and stationarity
using Tracer 1.5 (http://tree.bio.ed.ac.uk/software/tracer/). All analyses were run twice, each beginning with
a different random starting tree. Graphium agamemnon
was designated as the outgroup. Posterior probabilities
(PP) that were ≥ 0.95 were considered to be strong
(Erixon et al., 2003).
Species paraphyly within Heraclides was assessed in
preliminary analyses using the specimen-level dataset
including only the COI sequences. These analyses were
used to reconstruct a species-level dataset including
one specimen per species for all three genes and morphological characters.
Selection of the best-fit partitioning strategy
In BI analyses, the harmonic mean estimate has traditionally been used to compare models in a likelihood
framework. Recent years have seen the development of
several new approaches to perform model selection in
the field of phylogenetics, such as the stepping-stone
sampling method for accurately estimating the marginal likelihood of the currently specified model (Xie
et al., 2011). The harmonic mean estimate overestimates the marginal likelihood and fails to yield a reliable model, whereas path sampling and stepping-stone
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sampling substantially outperform these estimators
(Baele et al., 2013). Here we used the stepping-stone
sampling implemented in MrBayes. The stepping-stone
analysis moves from the posterior to the prior through
a number of steps in which the sampled distribution is
a mixture of varying proportions of the two (Xie
et al., 2011). In addition to using the mcmc command
followed by the sump command, we used the ss and
sumss commands, which will produce the estimated
model likelihood directly. Bayes factors (BF) were
used to compare the models. We considered BF values
> 10 to significantly favour one model over another
(Brown and Lemmon, 2007).
Divergence time estimation
We performed Bayesian relaxed-clock (BRC) analyses, which take into account rate heterogeneity across
lineages and assume that substitution rates are uncorrelated across the tree (Drummond et al., 2006). BRC
analyses were carried out with BEAST 1.7.5 (Drummond et al., 2012b). The xml-file for the BEAST
analysis was created under BEAUti (included in the
BEAST package) with the following non-default settings and priors: the Site Model was set based on the
models used in the phylogenetic analyses with the
same partitioning strategies, the Clock Model was set
to a relaxed-clock with the uncorrelated log-normal
model (Drummond et al., 2006), the Tree Model was
set to either a Yule process of speciation or a birth–
death process, and the MCMC parameters were fixed
to 50 million generations with sampling every 5000th
tree. An ultrametric tree satisfying the calibration constraints was used as the starting tree for the MCMC
run. The maximum credibility tree, the median ages
and the 95% highest posterior density (HPD) were
estimated by removing the first 25% of posterior trees.
The remaining parameters were left by default. Several
independent analyses were performed to check the
likelihood scores and convergence under LogCombiner
1.7.5 (included in the BEAST package) and Tracer 1.5
using the effective sample size (ESS). For comparison
purposes, we used the species-level dataset containing
all the species (molecular and morphological data) as
well as the dataset including only the species for which
molecular data were obtained.
Our molecular dating approach provides flexibility
in incorporating calibrations (Yang and Rannala,
2006; Ho and Phillips, 2009). The swallowtail fossil
record is sparse and the four unambiguous fossils do
not belong to the genus Papilio: two species of †Praepapilio from the middle Eocene Green River Formation,
USA, †Thaites ruminiana from the late Oligocene of
Aix-en-Provence, France, and †Doritites bosniaskii
from the late Miocene of Tuscany, Italy (Condamine
et al., 2012a; Sohn et al., 2012). We also are aware of
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a fossil P. maacki of the early or middle Pleistocene of
Japan (Fujiyama, 1968; Sohn et al., 2012), but we
have not included this calibration because it belongs to
the Papilio subgenus Achillides (Condamine et al.,
2013c) and is based on a partial forewing. Hence, we
used secondary calibrations that depend on previous
results of divergence time estimates. We rely on the
most comprehensive dated phylogeny of the Papilionidae, which includes all the available fossils (Condamine et al., 2012a). For the use of secondary
calibrations, we followed the recommendations of Ho
and Phillips (2009) and Sauquet et al. (2012) to set
multiple calibration points parameterized with a uniform distribution on their confidence intervals. As we
recovered a similar phylogenetic pattern, we choose to
use previous age estimates for the nodes that correspond to similar common ancestors.
We designed two dating scenarios in which the
first was set with a Yule model of speciation as tree
prior and the second with a birth–death process.
Both analyses used time estimates resulting from the
log-normal dating analyses of Condamine et al.
(2012a) (see appendices therein for details on these
analyses). Five calibration points were retrieved and
were set to uniform distribution. The root of Papilioninae was constrained to be within 40.61–57.39 Ma.
The stem of Troidini was constrained to 37.23–
53.05 Ma. The crown of the clade Papilionini and
Teinopalpini was constrained to 33.16–48.64 Ma. The
crown of the tribe Teinopalpini was bounded to be
within 27.39–44.08 Ma. The crown of the genus
Papilio was set to 25.74–38.28 Ma. No calibration
priors were applied to Heraclides nodes, to cross-validate our results with those obtained in Condamine
et al. (2012a).
Biogeographical analyses
To test various scenarios (Fig. 1a–e), ancestral areas
and geographical speciation for Heraclides were
inferred using the dispersal–extinction–cladogenesis
(DEC) model (Ree and Smith, 2008) of range evolution implemented in the program Lagrange 2.0 (version 20130526, https://code.google.com/p/lagrange/).
The distribution of Heraclides extends across the
Southern Nearctic and Neotropical regions. We
divided these regions into smaller biogeographical entities to get more resolution in the inference of the
ancestral areas. We outlined the areas using palaeogeographical criteria with tectonic reconstructions (e.g.
Iturralde-Vinent, 2006; Blakey, 2008; Garzione et al.,
2008; Hoorn and Wesselingh, 2010), and the presentday distribution of Heraclides swallowtails (e.g. Collins
and Morris, 1985; Tyler et al., 1994). The model comprised 11 component areas (see Appendix S8 for
details). Species ranges were defined by presence–

absence data, excluding marginal distributions or
human introductions.
We created a first model (M1) taking into account
the current position of areas by building an adjacency
matrix. Among the 211 theoretically possible geographical ranges (area subsets), several were excluded from
consideration based on the biological implausibility of
their spatial configurations (e.g. no connectivity
between Southern Nearctic and Amazonia). We also
discarded ranges larger than three areas in size that
were not representatives of observed species distributions (e.g. Old World+Caribbean+Southern South
America). Taking into account the spatial configuration and the biologically plausible ranges significantly
reduced the dimensions of the adjacency matrix, thus
increasing its computational feasibility. In M1, no dispersal rates matrix was implemented, assuming that all
area transitions are equal.
We also created a second model (M2) implementing
both an adjacency matrix and a stratified biogeographical model in relation to the known geological history.
Temporal constraints on rates of dispersal were set in
transitional matrices between areas based on palaeogeographical reconstructions of area position through time
(e.g. Iturralde-Vinent and MacPhee, 1999; Iturralde-Vinent, 2006; Blakey, 2008; Garzione et al., 2008; Hoorn
and Wesselingh, 2010). These constraints were implemented as a series of five time slices (i.e. five transitional
matrices), which spanned the past 30 Ma (see also
Condamine et al., 2012b). For each time slice, we constructed a matrix of scaling factors (between 0 and 0.5)
for the dispersal rate between areas according to their
geographical connectivity (see Appendix S8 for details).
This likelihood framework allows local optimizations of the root (Ree and Smith, 2008). In the study
of Papilionidae (Condamine et al., 2013b), the root of
Heraclides was inferred in Central America. However,
we preferred not to constrain the root with this region
alone, because we have complete taxon sampling that
allows thorough ancestral reconstructions (versus only
seven Heraclides in Condamine et al., 2013b). A 2-log
likelihood unit threshold was used to choose which
area or combined areas were supported (Ree and
Smith, 2008).
Diversification analyses
To test the three diversification scenarios (Fig. 1f),
the tempo and mode of species diversification were
investigated using three methods. These methods allow
us to test for departure of a constant rate model of
diversification. We used both chronograms obtained
with the Yule model and the birth–death model. We
used the APE (Paradis et al., 2004), PICANTE (Kembel et al., 2010), and TREEPAR (Stadler, 2011) packages that are implemented in the R environment
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software. All diversification analyses are compared
using corrected Akaike information criterion (AICc)
and likelihood ratio test (LRT).
First, we used the TreePar approach (Stadler, 2011)
with ‘bd.shifts.optim’ function, which allows estimation of discrete changes in speciation and extinction
rates and mass extinction events in incompletely sampled phylogenies. This method estimates the maximum-likelihood speciation and extinction rates
together with the rate shift times t = (t1, t2, . . . , tn) in
a phylogeny. At time t, the rate is allowed to change
and the species may undergo a mass extinction event.
For Heraclides, TreePar analyses were run with the
following settings: start = 0, end = crown age,
grid = 0.1 million years, sampling fraction = 1 (we
had complete taxon sampling), three possible shifts
were tested, and posdiv = FALSE to allow the diversification rate to be negative (i.e. allows for periods of
declining diversity).
Second, for comparison purposes we used the
approach of Morlon et al. (2011). This birth–death
likelihood method is similar to TreePar, but extends
the previous method such that rates may change
continuously through time (instead of discretely as
Stadler, 2011), and subclades may have different speciation and extinction rates (Alfaro et al., 2009). In particular, this method is appropriate for clades with
declining diversity because extinction rate can exceed
speciation rate, meaning that diversification rates can
be negative (Morlon et al., 2011). Prior to this method
we evaluated whether there was heterogeneity in diversification rates using MEDUSA (Alfaro et al., 2009).
We designed four diversification models to be tested
with this approach: (i) BCSTDCST, speciation and
extinction rates are constant; (ii) BVARDCST, speciation rate varies and extinction rate is constant; (iii)
BCSTDVAR, speciation rate is constant and extinction rate varies; and (iv) BVARDVAR, speciation and
extinction rates vary. The Heraclides tree is analysed
as a whole using this approach (all ingroup taxa
included).
Third, we tested if diversity-dependence diversification may better explain the diversity dynamics of the
group. Under this hypothesis, extant diversity is at
equilibrium (all niches are occupied) but has expanded
rapidly during its early stage of diversification (Phillimore and Price 2008). We used the method of Etienne
et al. (2012) implemented in TreePar with the ‘bd.densdep.optim’ function, which estimates speciation and
extinction rates as a function of the number of species. The following settings were set: discrete = TRUE,
no missing species (rho = 1), an initial carrying capacity (minK) set at 29, and a final carrying capacity
(maxK) fixed at 44 (1.5 9 29). The best likelihood
score tells us whether the group is at equilibrium or
not.
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Results
Phylogenetic relationships
The molecular matrix of the specimen-level dataset
comprises a total sample of 200 specimens for the Papilio subgenus Heraclides (plus 32 outgroups) and the
COI gene. We were unable to obtain suitable DNA
amplifications (COI, COII, or EF-1a) for seven species
(P. caiguanabus, P. himeros, P. homothoas, P. melonius,
P. oxynius, P. paeon, and P. rogeri). Most of these species are either very rare or extinct (P. himeros) such that
we had limited numbers of specimens for molecular
biology procedures. Of the 22 species for which we
obtained molecular data, 14 had multiple individuals
(ranging from two to 44 individuals per species,
mean = 13 individuals per species). Eight rare species
(e.g. P. aristor and P. machaonides, both narrow island
endemics in the Caribbean) were represented by a single
specimen. The selection of the substitution model of
COI is described for each partition in Appendix S9. All
Bayesian phylogenetic analyses of the specimen dataset
had very good convergence, as indicated by the split frequencies (<0.05) of the MCMC values (Table 1a). The
high ESS values also ensure good quality of the
phylogenetic analyses. In addition, all BI analyses
yielded similar phylogenetic relationships regardless of
the partitioning strategy, indicating a strong phylogenetic signal in the data. Among the three partitioning
strategies, the best fit was the one with one partition per
codon (Table 1a, By3). The results of this phylogenetic
analysis are presented in Fig. 4, which shows high
support (PP > 0.95) for all species nodes, except for
P. astyalus. In all analyses, this species is found to be
paraphyletic due to the inclusion of P. ornythion, which
creates two clades composed of multiple individuals
from separate subspecies (one with P. a. astyalus and
one with P. a. pallas, Fig. 4). Parsimony analyses
recovered similar phylogenetic patterns that validate
species monophyly.
The matrix of the species-level dataset contains 28
species (plus P. astyalus pallas, which is considered a
separate species here) and 133 morphological characters. As a result, the species-level dataset (3550 bp)
comprises the concatenated molecular matrix (COI+
COII+EF-1a = 3417 bp) added to the morphological
matrix (133 characters). Substitution models are
described for each partition in Appendix S9. As for
the specimen dataset, Bayesian phylogenetic analyses
converged well, as indicated by split-frequencies of
MCMC (< 0.005) and high ESS values (Table 1b).
Very similar phylogenetic trees are recovered with the
five partitioning strategies. Seven partitioning strategies were determined to be the best-fit (Table 1b, By7).
The phylogeny that applied this partitioning strategy is
shown in Fig. 5. The subgenus Heraclides is recovered
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Table 1
Results obtained with Bayesian inferences with different partitioning strategies. (a) This part of the table comprises the results of the different
Bayesian analyses using the specimen-level dataset and several partitioning strategies (PS: By1, By2, and By3) of the COI gene. Marginal likelihood estimates (stepping-stone sampling) and number of parameters are used to estimate Bayes factors (BF) to select the best-fit partitioning
strategy for the dataset. (b) This part corresponds to analyses of the species-level dataset and several PS (By2, By3, By4, By7, and By10) of the
morpho-molecular dataset. As for the first part, the same scores are summarized for the analyses. To estimate BF for each analysis, we used the
following formula: BF = 2 9 (ln L1 – ln L0) + (P1 ! P0) 9 ln (0.01). n.s., non-significant; *, significant; **, very significant
Partitioning strategy
(a)

By1

By2

By3

Marginal likelihood estimate
!logL
No. of parameters
Split-frequences at burn-in
Split-frequences at end
ESS
PRSF
BF

!15527.32
!15386.02
13
0.0151
0.0077
1464
All at 1.0
BEST

!15920.4
!15735.92
25
0.0209
0.0098
846
All at 1.0
**

!15657.9
!15514.7
37
0.024
0.0222
1578
All at 1.0
**

Partitioning strategy
(b)

By2

By3

By4

By7

By10

Marginal likelihood estimate
!logL
No. of parameters
Split-frequences at burn-in
Split-frequences at end
ESS
PRSF
BF

!29040.5
!28998.84
13
0.0054
0.0025
3759
All at 1.0
**

!28614.05
!28558.9
25
0.0039
0.0018
3455
All at 1.0
**

!28615.09
!28558.69
37
0.0063
0.0025
3842
All at 1.0
**

!28108.63
!28056.8
43
0.0037
0.0021
4078
All at 1.0
BEST

!28150.7
!28096.69
60
0.0029
0.0019
3633
All at 1.0
*

Bold text denotes the best partitioning strategy selected by Bayes factors.

as monophyletic with strong support (PP = 1.0). Most
importantly, 75% of internal nodes are supported with
PP > 0.95 (consistent among other BI analyses).
Within the subgenus, we recovered a phylogenetic
pattern with three clades labelled Clade 1–3 in Fig. 5
(all supported by PP = 1, except C1 where PP = 0.9).
Clade 1, a ten-species clade (P. hyppason, P. aristor,
P. caiguanabus, P. machaonides, P. andraemon, P. thoas,
P. melonius, P. cresphontes, P. paeon, and P. homothoas), is found in a sister position to the remaining
Heraclides. The second and third clades are always
recovered as sister groups in all BI analyses
(PP = 0.91). Clade 2 comprises P. androgeus, P. thersites, P. aristodemus, P. a. astyalus, P. ornythion, and
P. a. pallas. Clade 3 encompasses the remaining species (P. torquatus, P. hectorides, P. himeros, P. lamarchei, P. garleppi, P. isidorus, P. chiansiades, P. pelaus,
P. oxynius, P. erostratus, P. anchisiades, P. rogeri, and
P. epenetus) (Fig. 5). Table 2 summarizes the support
values for the phylogenetic analyses.
Divergence time estimation and historical biogeography
Results of divergence time analysis under a relaxedclock method are shown in Fig. 5. The complete list of
median ages and their 95% HPD for each node are
given in Table 2. Using Tracer, we recovered substan-

tial ESS values (threshold fixed to 200) with all runs of
the two analyses providing similar ages for Heraclides.
Overall, an early Miocene origin at c. 22.2 Ma of the
subgenus Heraclides was recovered (mean of the two
analyses). Clade 1 started diversifying c. 19.4 Ma. The
split between Clade 2 and Clade 3 occurred
c. 19.6 Ma. Finally, Clade 2 diversified c. 8.4 Ma, and
Clade 3 diversified c. 13.2 Ma. For more details on
each node (median age and 95% HPD), see Table 2.
To examine whether our age estimates may be affected
by inclusion of the recoded morphological data, we
have repeated all the dating analyses without the seven
species for which we only had the morphology (see
Condamine et al., 2013d for a similar approach). Both
calibration strategies inferred similar age estimates that
vary by less than 2 Ma and with strong overlap of the
95% HPD (Appendix S10), in agreement with Condamine et al. (2013d).
The results of Lagrange analyses of geographical
range evolution are presented in Fig. 5. Ancestral
areas and log-likelihood scores (logL) with their
relative probabilities (RP) are given for each node in
Table 2. Whatever the model (M1 and M2),
maximum-likelihood optimizations recovered the
combination of Northern Nearctic+Southeastern
Nearctic+Caribbean regions as significantly supported
over the remaining combinations for the root of the
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Fig. 4. Phylogenetic relationships of the Papilio subgenus Heraclides, obtained with the best-fit partitioning strategy for the COI gene (three
partitions) under Bayesian inference. Posterior probabilities (PP) and maximum parsimony bootstrap values (BV) are shown by nodes (a black
square indicates PP ≥ 0.95 or BV ≥ 70%). NA indicates that maximum-parsimony analyses did not recover this topology. When no values are
shown (especially at the intraspecific level) the BV and PP were ≤ 70% and 0.95, respectively. For deeper nodes, values are indicated. At the tips,
the species and subspecies name is given, plus locality. Yellow or black branches delimit each species.

tree (including Heraclides+outgroups). No areas in
South America and the Old World were statistically
supported (more than two log-likelihood units of difference) by alternative optimizations. A vicariance
event is inferred to have occurred at the root, leaving
the outgroup clade in Northern Nearctic+Southeastern
Nearctic, and the ancestral area for the common
ancestor of Heraclides is more likely to be in the
Caribbean region (Table 2). Several vicariant events
are also inferred, in particular between the Northern
Andes and Central America (Fig. 5).
Diversification rates
Based on the BEAST chronograms, we reconstructed the corresponding lineages-though-time plots
for Heraclides (Fig. 6a,b). No major discrepancies are
shown between the chronograms recovered either with

the birth–death process (Fig. 6a) or with the Yule
model (Fig. 6b) as the tree prior of the speciation
model for the dating analyses.
Based on AICc values, the TreePar analyses supported either a diversification model with constant
rates (chronogram calibrated with the birth–death
process) or a model with varying rates (chronogram
calibrated with the Yule model) (Table 3a). The chronogram with varying rate suggested that the best model
comprises one shift time. Specifically, a medium initial
diversification rate (mean = 0.11) is estimated before
the first shift time. This first shift occurred in the early
Pleistocene (mean = 1.9 Ma), and is followed by a
sharp decrease in diversification rate or a negative
diversification rate (mean = 0.018). Turnover rate
(extinction/speciation) decreased over time from 0.323
to 0.001 (Table 3a). Other models with more shift
times were not supported by AICc values or LRT.
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Fig. 5. Maximum clade credibility and historical biogeography of Heraclides. The chronogram shows phylogenetic relationships of Heraclides
(with other Papilio species as outgroups). A geological timescale is placed at the bottom of the chronogram spanning the epochs since 28 Ma.
For each node, the Lagrange biogeographical reconstruction is indicated by a coloured square (representing the most likely ancestral area).
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Table 2
Combined results of phylogeny, estimates of divergence times and biogeography of Papilio subgenus Heraclides. This table refers to Fig. 6, organized by species pairs, showing (i) the phylogenetic support with the bootstrap values (BV) for maximum parsimony and posterior probability
(PP) obtained in Bayesian analysis, (ii) the estimated median age with the 95% HPD for the chronograms obtained with the Yule model or birth
–death process (speciation tree prior), and (iii) the ancestral range reconstruction obtained under the Lagrange analyses with the likelihood score
(!logL) and the relative probability (RP). For geographical analysis, only the first split at a node is given and can be non-significant. Asterisks
indicate where a constraint was used to calibrate the molecular clock. NA means not available because of the rooting process or because outgroups were removed for geographical range evolution analyses
Phylogeny

Chronogram Yule

Chronogram birth–
death

Lagrange results

Nodes (see also Fig. 6)

BV

PP

Age

95% HPD

Age

95% HPD

Range

!logL

RP

Heraclides stem: P. alexanor–P. hyppason
P. alexanor–P. epycides
P. epycides–P. esperanza
P. epycides–P. clytia
P. esperanza–P. scamander
P. esperanza–P. pilumnus
P. pilumnus–P. palamedes
P. palamedes–P. troilus
P. scamander–P. multicaudatus
P. scamander–P. garamas
P. garamas–P. birchalli
P. multicaudatus–P. rutulus
P. rutulus–P. canadensis
P. canadensis–P. glaucus

100
79
89
92
90
76
92
65
75
97
97
86
82
87

0.99
1
1
1
0.99
1
1
0.95
1
1
1
1
1
1

27.68
23.54
21.16
16.77
19.43
16.66
12.15
9.29
15.81
11.45
6.93
4.46
2.77
1.42

23.25–33.15
18.95–28.63
16.73–25.53
11.83–21.52
15.24–23.51
12.69–20.81
8.76–15.9
6.23–12.73
12.15–19.96
8.33–15.19
4.53–9.96
2.83–6.57
1.72–4.17
0.75–2.28

27.34
23.28
20.93
16.51
19.22
16.47
11.99
9.16
15.57
11.32
6.86
4.34
2.72
1.4

22.79–32.7
18.75–28.46
16.88–25.62
11.95–21.78
15.36–23.75
12.69–20.84
8.68–15.78
5.99–12.55
11.79–19.71
8.05–14.88
4.39–9.73
2.8–6.42
1.65–4.04
0.72–2.25

GIJ
IJ
IJK
K
IJ
F
F
F
FIJ
F
F
F
FHJ
FHJ

166.7
166.7
168.1
168
168
168.6
167.1
167.1
168.6
168.8
168.7
168.8
168.2
167.5

–
–
0.27
0.28
0.28
0.16
0.72
0.72
0.16
0.13
0.15
0.13
0.23
0.49

Heraclides crown: P. hyppason–P. androgeus
Clade 1: P. hyppason–P. aristor
P. aristor–P. machaonides
P. aristor–P. caiguanabus
P. machaonides–P. thoas
P. machaonides–P. andraemon
P. thoas–P. melonius
P. melonius–P. paeon
P. melonius–P. cresphontes
P. paeon–P. homothoas
P. androgeus–P. torquatus
Clade 2: P. androgeus–P. aristodemus
P. androgeus–P. thersites
P. aristodemus–P. a. astyalus
P. a. astyalus–P. a. pallas
P. a. pallas–P. ornythion
Clade 3: P. torquatus–P. garleppi
P. torquatus–P. hectorides
P. hectorides–P. lamarchei
P. lamarchei–P. himeros
P. garleppi–P. isidorus
P. isidorus–P. pelaus
P. isidorus–P. chiansiades
P. pelaus–P. oxynius
P. oxynius–P. erostratus
P. erostratus–P. anchisiades
P. anchisiades–P. rogeri
P. rogeri–P. epenetus

95
74
91
70
54
92
42
52
49
54
86
98
100
92
98
100
80
73
81
31
86
100
75
100
41
30
59
76

0.99
0.89
1
1
1
1
1
0.67
0.98
0.99
1
1
1
0.96
0.85
1
1
0.8
1
0.64
1
1
1
0.97
0.59
0.5
0.82
0.98

22.32
19.49
17.4
2.15
14.24
7.89
9.68
7.91
4.16
5.01
19.71
8.5
2.87
7.02
5.35
2.17
13.4
10.7
3.68
1.92
9.32
5.81
3.47
4.29
3.36
2.99
2.07
1.03

18.3–27.07
15.58–24.18
13.12–21.7
0.39–4.9
10.77–18.25
4.7–11.42
6.57–13.2
5.15–11.01
1.49–7.43
2.6–8.22
15.74–24.11
6–11.33
1.39–4.86
4.84–9.59
3.28–7.52
1.11–3.55
10.34–16.78
7.73–14.18
1.89–7.73
0.77–3.37
6.8–12.19
4.21–7.8
2.04–5.16
2.81–5.98
2.16–4.85
1.92–4.24
1.01–3.24
0.24–2.09

22.07
19.28
17.18
2.09
14.06
7.73
9.46
7.69
4.1
4.85
19.51
8.33
2.8
6.86
5.23
2.14
13.19
10.58
3.74
1.87
9.2
5.72
3.41
4.22
3.27
2.93
2.02
1.01

17.97–26.89
15.2–23.74
13.19–21.75
0.35–4.74
10.44–18.16
4.52–11.27
6.73–13.32
4.83–10.72
1.52–7.43
2.37–8.0
15.5–23.92
5.98–11.35
1.4–4.8
4.78–9.49
3.27–7.49
1.11–3.47
10.1–16.53
7.38–13.78
1.91–7.54
0.69–3.2
6.62–12.03
4.09–7.63
1.94–5.05
2.77–5.85
2.02–4.71
1.89–4.15
1.02–3.23
0.27–2.07

G
G
G
G
G
G
G
FG
FG
F
GA
A
ABG
G
ABF
F
A
A
D
CDE
A
ABF
B
ABFG
ABFG
ABF
ABF
BF

166.7
168.4
167.6
167.1
167.1
167.4
167.4
168.8
168.5
168.5
168.4
168.9
168.8
168.8
168.4
168.2
168.9
169
168.1
168.6
169
168.3
167.7
167.7
167.1
167.1
167.3
168.3

–
0.21
0.42
0.7
0.7
0.5
0.5
0.13
0.18
0.18
0.21
0.12
0.12
0.12
0.2
0.23
0.12
0.11
0.26
0.15
0.11
0.22
0.4
0.4
0.69
0.73
0.58
0.42

Bold text shows the inferred ages and ancestral area of origin for main clades.

MEDUSA analyses revealed a scenario with no rate
change as the best model (logL = !85.607,
AICc = 175.435, AICc weight = 0.752 for the tree calibrated with the birth–death process; logL = !86.039,
AICc = 176.301, AICc weight = 0.754 for the tree calibrated with the Yule model), which means that no rate
heterogeneity is evident. Consequently, we analysed

the whole tree with the approach of Morlon et al.
(2011). For the two chronograms, the best model
explaining the phylogeny was BCSTDCST, a model in
which both speciation and extinction rates are constant through time (Table 3b). Specifically, speciation
rate is estimated as around 0.115 and the extinction
rate around zero (Fig. 6c,d). As a result, a steady
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(a)

(b)

(c)

(d)

(e)

(f)

Fig. 6. Results of diversification analyses of Heraclides. Left panels (blue) represent analyses with the chronogram calibrated using the
birth–death process as tree prior. Right panels (red) represent analyses with the chronogram calibrated using the Yule model as tree prior. (a, b)
Lineages-through-time plots of chronograms (x-axis depicts the geological time in million of years, and y-axis depicts the number of lineages,
log-transformed, in the phylogeny). (c, d) Analyses using the Morlon et al. (2011) approach (upper line is speciation rate, and dashed line is
extinction rate, which are both constant through time). (e, f) Reconstructions of diversity dynamics based on the most likely model of diversification, showing a steady accumulation of species through time (x-axis depicts the geological time in million of years, and y-axis depicts number of
species inferred with the models). Pli., Pliocene; Ple., Pleistocene.

accumulation of diversity is observed (Fig. 6e,f). Other
models were not supported by AICc values or LRT.
Diversity-dependence analyses indicated that current
Heraclides diversity is not saturated as the maximumlikelihood estimate is obtained for the maximum carrying capacity at 44 species (logL = !66.173 for the tree
calibrated with the birth–death process, and
logL = !66.541 for the tree calibrated with the Yule
model). These analyses estimated speciation rate
around 0.18 (mean = 0.1836) and a null extinction rate.

Discussion
This is the first comprehensive phylogenetic treatment of Heraclides, a radiation of large charismatic
butterflies in the Neotropics. Our study included all
described species and subspecies, using morphology as
well as molecular data to create a single robust or relatively comprehensive phylogeny for the group. This
allowed us to examine the historical biogeography of
this group, in turn serving to further enhance the

No shift time
1 shift time
2 shift times
3 shift times
4 shift times

No shift time
1 shift time
2 shift times
3 shift times
4 shift times

Tree calibrated
with birthdeath process

Tree calibrated
with Yule
model

BCSTDCST
BVARDCST
BCSTDVAR
BVARDVAR

BCSTDCST
BVARDCST
BCSTDVAR
BVARDVAR

Tree calibrated
with birth–
death process

Tree calibrated
with Yule
model

67.324
62.906
59.711
57.801
56.692

66.892
63.151
61.452
59.984
58.375

!logL

2
3
3
4

2
3
3
4

Param.

138.852
136.830
137.864
142.076
148.503

137.987
137.319
141.344
146.442
151.868

AICc

0.000
0.003
0.994
0.973
0.971

0.000
0.000
0.260
0.264
0.313

s1

88.825
88.616
88.825
88.399

88.376
88.189
88.376
87.841

!logL

0.112
0.018
0.000
0.001
0.001

0.114
0.018
0.014
0.014
0.013

r1

Bold text denotes the best diversification model selected by AICc and LRT.

Model

2
5
8
11
14

2
5
8
11
14

Param.

Trees

(b)

Model

Trees

(a)

NA
1.9
1.9
1.9
1.9

NA
1.8
1.8
1.8
1.8

st1

181.872
183.684
184.103
185.566

180.975
182.830
183.205
184.452

AICc

NA
0.088
0.042
0.045
0.041

NA
0.133
0.055
0.056
0.053

r2

NA
0.558
0.826
0.845
0.845

NA
0.089
0.747
0.752
0.755

s2

NA
NA
!1.068
3.391
0.146

NA
NA
0.000
0.000
0.000

r3

0.1139
0.0992
0.1139
0.0872

0.1158
0.1012
0.1158
0.0805

k

NA
NA
19.4
19.4
16.8

NA
NA
18.9
18.9
18.9

st2

2.26E!09
5.91E!07
9.35E!08
0.0826
9.42E!08
3.25E!07
9.24E!08
0.0104

–
0.0192
–
0.0593

NA
NA
NA
1.358
0.545

NA
NA
NA
0.997
1.000

s4

–
0.0185
–
0.1795

NA
NA
NA
!12.795
1.174

NA
NA
NA
0.000
0.000

r4

l

NA
NA
NA
19.7
19.4

NA
NA
NA
19.6
19.5

st3

a

NA
NA
1.167
0.175
0.583

NA
NA
1.000
1.000
1.000

s3

NA
NA
NA
NA
19.7

NA
NA
NA
NA
19.6

st4

–
–
0.0946
0.1589

–
–
!0.0080
0.1799

b

NA
NA
NA
NA
!13.185

NA
NA
NA
NA
0.000

r5

NA
NA
NA
NA
4.838

NA
NA
NA
NA
0.994

s5

–
0.518
0.99
0.653

–
0.541
0.99
0.586

P

–
0.032
0.094
0.116
0.19

–
0.058
0.334
0.386
0.388

P

Table 3
Time-dependendent diversification analyses. (a) Results of TreePar analyses for chronograms calibrated either with a birth–death process or a Yule model as tree prior for the speciation model. From left to right, columns indicate the TreePar models, the number of parameters included in these models, the likelihood scores and AICc of these models, the estimates
of the parameters [r1 denotes the net diversification rate from present towards the first shift time noted st1, and s1 denotes the turnover rate (i.e. extinction/speciation)], and P is the
value of the likelihood ratio test that compares two models. (b) Results of the Morlon et al. (2011) approach for chronograms calibrated either with a birth–death process or a Yule
model as tree prior for the speciation model. From left to right, columns indicate the models, the number of parameters included in these models, the likelihood scores and AICc of
these models, the estimates of the parameters (k denotes the speciation rate at present, a represents the shape of change of the speciation rate through time, l denotes the extinction rate
at present, b represents the shape of change of the extinction rate through time), and P is the value of the likelihood ratio test that compares two models
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knowledge of relationships and diversification patterns
in Papilio and the Papilionidae in the Neotropics.
Systematics of Heraclides and the relevance of
morphological data
The results of the phylogenetic reconstructions are
well supported and consistent regardless of the method
used, as commonly found in other studies (Rindal and
Brower, 2011). Cross-validation analyses demonstrate
no discrepancy between a dataset containing all species, with some having only morphological data, and a
dataset comprising only species with molecular data.
This result has important implications for many clades
for which it was not possible to reach complete taxon
sampling with molecular data. Undersampled phylogenies are particularly challenging for studying macroevolutionary patterns because a significant proportion
of speciation events may be missed (Cusimano and
Renner, 2010). Thus, we advocate the value and relevance of morphological data for achieving comprehensive phylogenetic sampling.
Concerning our study, phylogenetic results clearly
supported the monophyly of Heraclides, in agreement
with previous work on Papilio (Aubert et al., 1999;
Caterino and Sperling, 1999; Reed and Sperling, 1999;
Caterino et al., 2001; Zakharov et al., 2004). The main
character previously suggested as a synapomorphy of
Heraclides is the shape of the juxta. This character
was found to be the most consistent among Heraclides
by Munroe (1961) and Hancock (1983). Miller (1987a,
b) did not regard this character as evidence for the
monophyly of Heraclides, but with additional support
from molecular data, the monophyly of this group
seems convincing. Note that at least one other species
possesses a similar juxta, Papilio (Pterourus) victorinus
(Miller, 1987a,b), but the juxta in Heraclides is much
simpler and always smooth, as opposed to being rough
in P. victorinus. The basic topology previously proposed for groups within Heraclides was recovered
(Miller, 1987a,b; Tyler et al., 1994), except that additional groups could easily be proposed.
One of the most significant taxonomic findings is the
placement of P. hyppason outside of the traditional
anchisiades group and outside of any other groupings
within Heraclides. This placement also has P. hyppason
arising quite early, sometime in the early Miocene, and
being the most basal of the members of clade 1.
Another significant finding is the placement of P. astyalus pallas as more closely related to P. ornythion than
to its nominal subspecies, P. astyalus astyalus. This
placement is strongly supported and indicates that
P. a. pallas may need to be treated as a separate species, which we do here, or as a subspecies of P. ornythion instead of a subspecies of P. astyalus. Further
investigation is warranted to properly elucidate the

relationship between these two very closely related species and any subspecies that are currently recognized.
A third finding of interest is the relationship of
P. isidorus and P. chiansiades to the remaining members of the traditional anchisiades group. This group
has long been a challenge for many researchers as the
genitalia and wing patterns in both the males and the
females are very similar among the species. Our results
show that these two species are more closely related to
each other than to the rest of the anchisiades group.
Relationships among the remaining Heraclides are largely consistent with previous work (Miller, 1987a,b;
Tyler et al., 1994; Aubert et al., 1999; Caterino and
Sperling, 1999; Reed and Sperling, 1999; Caterino
et al., 2001; Zakharov et al., 2004). Given that the
morphology, ecology, evolutionary age, and species
diversity are all typical of taxa treated as genera in
other butterfly groups, Heraclides may be best raised
to the genus level; however, we prefer to be conservative and wait for further phylogenetic studies of the
entire genus Papilio, rather than proposing taxonomic
changes on the basis of isolated studies.
Evolutionary origin of Neotropical Heraclides
Our molecular dating analyses suggest that Heraclides diverged from its sister clade (Pterourus, Chilasa,
and Alexanoria) in the late Oligocene around 27 Ma
(95% HPD 23–32 Ma) and subsequently diversified in
the early Miocene around 22 Ma (95% HPD
18–27 Ma). This age estimate is consistent with other
groups of Lepidoptera in which the origin and diversification of several butterfly lineages also occurred during
the middle Cenozoic (Wahlberg and Freitas, 2007;
Elias et al., 2009; Mullen et al., 2011; Strutzenberger
and Fielder, 2011; Condamine et al., 2012b; MatosMaravi et al., 2013). This suggests that the Miocene
constituted an important period for the origin and evolution of current Neotropical biodiversity (see Hoorn
et al., 2010; Antonelli and Sanmart!ın, 2011 for views),
an assumption that may be investigated more thoroughly with a multi-clade approach in future studies.
From a biogeographical viewpoint, our molecular
dating analysis indicates that the diversification of Heraclides and its sister group took place during major tectonic events such as the rise of the Andes, the
formation of the Amazon Basin and the Caribbean
Islands (Hoorn et al., 1995; Iturralde-Vinent, 2006;
Garzione et al., 2008). More importantly, this age estimate also allowed us to investigate their biogeographical origin and subsequent geographical range evolution
(colonization routes). Among the six proposed biogeographical hypotheses (Fig. 1), our Lagrange analyses
are consistent with the Northern Nearctic+Southeastern Nearctic+Caribbean as the most likely ancestral
area of origin of Heraclides and its sister clade (Fig. 5).
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Interestingly, a vicariance event is inferred to have
occurred, leaving the Heraclides ancestor in the Caribbean and the sister group in the Nearctic.
This result leads to two questions: (i) How did the
ancestor of Heraclides colonize the proto-Caribbean
27 Ma: via the GAARlandia bridge (Ali, 2012) or
long-distance dispersal? (ii) What is the most pausible
vicariant event? Palaeogeographical data indicate that
most of the Caribbean Islands were formed at that
time, although the region was geologically complex.
Many Caribbean lowlands were inundated during the
early Oligocene, or at least by the late Oligocene, and
GAARlandia was subdivided into distinct archipelagos
(Iturralde-Vinent, 2006). Whilst GAARlandia might
explain some of the biological data (Iturralde-Vinent
and MacPhee, 1999; Wahlberg and Freitas, 2007), our
estimated divergence times post-date the GAARlandia
bridge (our confidence interval partially overlapped
with the estimated age 33–34 Ma), suggesting that
these butterflies did not use this temporary bridge.
However, as the climate was cool, shallow seas and
palaeo-islands could have temporarily connected the
two biogeographical entities (Caribbean and Nearctic,
Appendix S11), a scenario favouring allopatric diversification. Indeed, the Oligocene is characterized by a
7-Myr stepwise cooling climate (Zachos et al., 2008).
The stepwise climate change began 32.5 Ma and lasted
through to 25.5 Ma. The Oligocene climate change
caused a global increase in ice volume associated with
a 55-m decrease in sea level (M€
uller et al., 2008). The
7-Myr depression abruptly terminated within 1–2 Myr
due to major eruptions at 28–26 Ma, leading to a
warming episode at the Oligocene–Miocene transition,
25–24 Ma (also known as late Oligocene warming
event), which increased global sea level. We propose
that the ancestor of Heraclides and its sister group colonized the Caribbean Islands during a period of low
sea level in the Oligocene around 27 and 22 Ma. The
subsequent warming changes have probably isolated
ancestral populations on each biogeographical entity,
creating a vicariance event. Interestingly, Ali and
Aitchison (2014) examine the impacts that geological
and climatic events (namely island ontogeny and shifting sea levels) had on biodiversity in the Galapagos
Islands. The authors propose a process that can be
considered a general evolutionary mechanism: that the
dynamics of isolation caused by geological and climatological processes plays a fundamental part in shaping diversity. We support this mechanism for the
diversification of Heraclides.
Out of the proto-Caribbean: overwater dispersal and
allopatric speciation
In island biogeography, dispersal is usually considered to proceed in one direction: from mainland to
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island(s). Consequently, many biogeographers regard
islands as biodiversity sinks for colonists from diverse
mainland source biotas (Mayr, 1965; MacArthur and
Wilson, 1967). However, some examples of colonization from islands to mainland areas are documented in
Papua New Guinea (Filardi and Moyle, 2005; Balke
et al., 2009; Jønsson et al., 2011), which has led to a
reassessment of the evolutionary and biogeographical
roles of islands in a broader geographical context
(Bellemain and Ricklefs, 2008). Nonetheless, few convincing biological examples exist for South America
and surroundings (but see Glor et al., 2005).
Our study demonstrates that island dispersal toward
the mainland may be important in the evolution of
some Neotropical lineages. The Caribbean Islands are
large and old landmasses that could be source areas
for dispersal (Hedges, 2006; Fig. 7). Our biogeographical results imply that the Caribbean Islands are the
ancestral source of Heraclides, where the radiation
started 22 Ma. From this ancestral area, we found six
independent colonizations of Amazonia/Central America, such that the Caribbean was a significant source
of the assembly and evolution of Heraclides (Fig. 7).
Cooler climatic periods may have contributed to
decreases in sea level and facilitated dispersals among
areas (Fairbanks, 1989; Lambeck et al., 2002; Appendix S11). Geological changes in the Caribbean, combined with changes in climate resulting in increasing or
decreasing sea level and associated land bridge connections, probably facilitated allopatric speciation (see
also Heinicke et al., 2007; Ali and Aitchison, 2014).
Therefore, islands apparently provided the setting
for the initiation of a swallowtail radiation that repeatedly invaded the American continents, and we suggest
that the importance of the Caribbean in the diversification of other Neotropical lineages may have been overlooked and will require further examination. However,
given that only about 3% of all Neotropical butterfly
species occur in the Caribbean (Lamas, 2004), whereas
30% of Heraclides do, Heraclides may not be representative of Neotropical butterflies as a whole. We suppose that some aspect of Heraclides ecology/biology,
most likely the fact that they are large, strong fliers
associated with edge habitats and secondary growth,
contributed to frequent dispersal events. Ecological
and morphological adaptations of Heraclides as generalist feeders in tropical habitats, which facilitated dispersal and colonization, apparently evolved in the
descendants on the proto-Caribbean archipelago. The
archipelago evidently provided islands of the right size,
number, and proximity to continents to support the
adaptation and diversification of vagile colonizers that
went on to increase butterfly diversity on a regional
scale. In particular, Cuba is a rich centre of diversity,
hosting seven species out of 11 in the Caribbean
Islands in total (Figs 2 and 7). Those species are
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Fig. 7. Out-of-Caribbean origin of Heraclides. Distributions of species (present on an island or archipelago) are indicated at the tips of the tree
by colour-coded circles (map of the region for reference of the colour code). Red branches of the phylogeny indicate that Lagrange analyses
inferred the Caribbean region as the ancestral area (dashed lines indicate ambiguity from the reconstructions or hypothetical anagenetic changes).
This indicates that at least six independent colonizations of the mainland (e.g. Central or South America) are recovered, and two reverse colonizations. Below is represented a palaeogeographical scenario of the Caribbean (redrawn from Iturralde-Vinent and MacPhee, 1999; IturraldeVinent, 2006) to correlate geological events and climatic events with the origin of these colonization events. For instance, low sea level (due to
cooling climate) is congruent with mainland colonizations (e.g. in the thoas species-group) and also with reverse colonizations (mainland towards
islands, e.g. P. pelaus and P. oxynius). Geological timescale depicts the periods since the early Miocene. Plio., Pliocene; Pleisto., Pleistocene.

D. S. Lewis et al. / Cladistics 31 (2015) 291–314

spread throughout the phylogeny (do not form a
monophyletic group), which testifies to the importance
of this island.
Our biogeographical analyses also inferred several
recent vicariance events in the Pliocene and Pleistocene
that may be attributed to either (i) the closing of the
Panama strait (e.g. P. astyalus/P. ornythion-pallas), (ii)
the climate change in the Northern Andes confining
populations to lowland dry forests isolated from Central America by wet forests (e.g. P. epenetus/P. rogeri),
or (iii) the sea-level changes (e.g. P. cresphontes/
P. melonius). Moreover we unveiled three reverse colonizations, which are dispersals opposite to the prevailing direction in a study (i.e. returning to the ancestral
area of origin), in this case from mainland South
America to the Caribbean Islands (Fig. 5). This constitutes an interesting finding because there is much less
evidence for reverse colonizations from mainland to
island than from island to mainland (Bellemain and
Ricklefs, 2008), even when considering flying taxa
(Kergoat et al., 2012). Following the view of Bellemain
and Ricklefs (2008), we think that similar patterns are
likely among other taxa (see Glor et al., 2005; Clayton
et al., 2009), especially in similarly dispersive butterfly
clades such as the Coliadinae (Pieridae). We stress the
importance of integrative approaches to historical biogeography in order to detect such patterns.
Evolutionary diversification and biogeography in the
Neotropics
The diversification of Neotropical biodiversity has
long been subject to debates and assumptions, especially regarding explanations for the megadiversity of
Neotropical insects. In the Miocene, when Heraclides
arose and diversified, the Neotropics underwent a
period of intense tectonic activity with the formation
of numerous biogeographical barriers (Hoorn and
Wesselingh, 2010) that potentially fostered or impeded
diversification.
Interestingly,
taxon-level
lineages-through-time
(LTT) plots within different animal and plant groups
generally do not fit a constant rate scenario of diversification (Antonelli and Sanmart!ın, 2011). Our diversification result for Heraclides is unexpected because we
did not find changes in diversification despite the palaeoenvironmental changes occurring in the Neotropical region that could influence their diversification
during the Neogene (Hoorn, 1993; Hoorn et al., 1995;
Hedges, 2006; Iturralde-Vinent, 2006; Garzione et al.,
2008; Figueiredo et al., 2009). This pattern could
potentially be the result of several factors linked to
their tropical ecology. One hypothesis advanced to
explain the high levels of diversity in tropical ecosystems is the ‘museum’ model of diversity, in which
lineages accumulated steadily through time due to
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constant speciation rate or low extinction rate (coupled
with the assumption that tropical ecosystems are older
than temperate ecosystems). Our diversification analyses are consistent with this model, at least for the first
20 Myr of their evolution, because the best-fit model
that approximates our data is the constant birth–death
model, where speciation rate is constant and extinction
rate tends to be null (Fig. 6).
Finally, we detected a recent slowdown in diversification rates in the Pleistocene, around 1.9 Ma, with
one of the TreePar analyses. If true, this recent shift in
diversification rates may be due to Pleistocene glaciations, and differs from the ‘museum of diversity’ pattern that best describes most of the evolution of
Heraclides. The decrease in diversification rate in the
Pleistocene could be the result either of a decrease in
speciation rate or of an increase in extinction rate (or
due to artefactual bias such as hidden, unsampled
cryptic species as we found for P. asytalus/P. ornythion).
A decrease in speciation rate through time is generally
attributed to a diversity-dependent process (ecological
niches becoming saturated; Phillimore and Price, 2008;
Glor, 2010), a pattern recovered in other butterflies
(Elias et al., 2009; see below). However, our analyses
did not support a diversity-dependent model (three out
of four analyses showed no slowdown in diversification rates, and the diversity-dependent models did not
find a carrying capacity close to the current diversity).
Furthermore, much of the Heraclides evolutionary history has been taken by allopatric diversification, which
would be much less subject to diversity-dependence.
Alternatively, an increase in extinction can be attributed to historical events such as glaciations or Andean
orogeny. For example, repeated contractions of tropical forest due to the Pleistocene glaciations may have
significantly impacted geographical ranges of locally
distributed species (Haffer, 1969). Because the populations of many tropical species are small, a reduction in
the size of their habitat may have drastically increased
the chances of extinction of a number of forms, either
within forest refuges or through competition with
newly evolved forms from other refuges after the
return of initial conditions.
Comparing the Heraclides diversification pattern with
Neotropical butterfly clades
Our evolutionary scenario may be contrasted with
both closely and distantly related clades of Lepidoptera (Wahlberg and Freitas, 2007; Elias et al., 2009;
Casner and Pyrcz, 2010; Mullen et al., 2011; Strutzenberger and Fielder, 2011; Condamine et al., 2012b;
Matos-Maravi et al., 2013). Among the three hypotheses of diversification (Fig. 1f), the dominant diversification pattern supported in the literature shows an
overall decelerating speciation rate through time (early
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evolutionary cradle), which suggests an important role
for ecological speciation and adaptive radiation (Phillimore and Price, 2008; Glor, 2010).
In contrast to the pattern of Heraclides, the early
evolutionary cradle (with significant variation in diversification rates) is consistently recovered in Ithomia
and Napeogenes (Nymphalidae: Elias et al., 2009),
Lymanopoda (Nymphalidae: Casner and Pyrcz, 2010),
and Eois (Geometridae: Strutzenberger and Fielder,
2011). The authors of these papers attributed these
shifts in diversification rates to possible adaptive radiation linked to host plant shifts and Andean orogeny,
which in turn led to ecological speciation processes
and subsequent increases in diversification rates.
Indeed, the regions spanning the upper Amazon and
Andes are geographical sources of colonization and
diversification for several plant clades (e.g. Pennington
and Dick, 2004; Hughes and Eastwood, 2006;
Antonelli et al., 2009; Couvreur et al., 2011; Perret
et al., 2013), and geologically active (e.g. Hoorn, 1993;
Hoorn et al., 1995; Hedges, 2006; Iturralde-Vinent,
2006; Garzione et al., 2008; Figueiredo et al., 2009).
These regions possibly constituted important ecological
opportunities for herbivores (McKenna and Farrell,
2006) where greater potential for ecological speciation
was driven by host plant adaptation or biogeographical history, a speciation mechanism considered
important in butterfly diversifications (e.g. Condamine
et al., 2012a).
In contrast, the museum model of diversity, implying constant diversification rate through time, is recovered in three genera of Neotropical Troidini
(Papilionidae: Condamine et al., 2012b), and the
Taygetis clade (Nymphalidae: Matos-Maravi et al.,
2013). Our results suggest that this hypothesis best
explains the macroevolution of Heraclides. From a
biological viewpoint, Heraclides did not have the features when it originated that made it a candidate to
experience a rapid diversification followed by decreasing speciation rate. All species would have fed on Rutaceae and had little or no host specificity, which
supports a broad use of host plants (Appendix S2).
Second, Heraclides has low current diversity in the Andes compared with other butterfly clades (only one
endemic species, Appendix S1), suggesting that the Andean orogeny had little effect on its diversification and
current distribution pattern. Altogether there is no evidence that Heraclides had the ecological opportunities
needed to undergo an adaptive radiation.
In summary, both models (cradle and museum) may
explain how Neotropical diversity accumulated through
time, in agreement with other studies (McKenna and
Farrell, 2006). However, a meta-analysis of all available phylogenies using similar analytical approaches
will help to test these evolutionary hypotheses. For
instance, it is worth noting that the second hypothesis

of a cradle of diversity (Fig. 1f; with a speciation rate
increasing through time) has received little attention
and few if any studies support the scenario of a
species-pump.
Conclusion
Study of the phylogeny and historical biogeography
of the genus Papilio is progressing but many challenges
remain. With more than 200 species and many more
subspecies, this genus contains diverse taxa that may
each represent a distinct evolutionary unit (Condamine
et al., 2013c). Our study provides a model to examine
the biogeographical and diversification processes that
governed the origin and evolution of Neotropical
insect biodiversity, and allows us to highlight the
central role of the Caribbean Islands as the origin of
Heraclides and source for subsequent mainland colonizations. Furthermore, their diversification probably
followed a museum model of diversity, at least until
the early Pleistocene. Although the Andean orogeny
may have been a major factor for many organisms
(Hutter et al., 2013), we did not detect its effect on
both geographical and temporal diversification. Thus,
investigation of the biogeographical history of organisms in the Neotropics requires good knowledge of
palaeogeographical and palaeoclimatic history as well
as integration of several different sources of data.
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Forest; E, southern South America; F, Central America (from Panama to Mexico); G, Caribbean Islands;
H, Southwestern Nearctic; I, Southeastern Nearctic; L,

Northern Nearctic; K, Old World. Paleomaps were
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Abstract
Aim: The aim was to determine processes driving the latitudinal diversity gradient (LDG) in New
World swallowtail butterfly diversity. We tested three mechanisms commonly invoked to explain
the LDG: ecological opportunity, evolutionary rates and biogeographical history.
Location: New World and Eurasia.
Time period: Oligocene–Present.
Major taxa studied: New World swallowtail butterfly clade (Papilio: Agehana, Alexanoria, Chilasa,
Heraclides and Pterourus).
Methods: We integrated data from the most complete current phylogeny of this clade with geographical distributions of each species inferred from ecological niche models (ENMs). We tested
for correlation between breadth of available abiotic ecological niche space, latitude and differential

Editor: Jeremy Kerr

rates of diversification between tropical and non-tropical lineages. The clade’s history of climatic
and geographical occupancy was also reconstructed using both continuous ancestral character
reconstructions and biogeographical history inferred under a dispersal–extinction–cladogenesis
model. We considered both latitudinal and climatic definitions of tropicality in our reconstructions.
Results: There was no strong support for ecological opportunity or macroevolutionary processes
as latitudinal diversity gradient drivers. Instead, we recovered discordant patterns in phylogenetic
reconstructions of latitudinal geographical range and suitable abiotic climate conditions. Heraclides
are likely to have originated and diversified in climatically and latitudinally tropical environments
before some lineages dispersed to temperate habitats. The Alexanoria 1 Chilasa 1 Pterourus clade is
likely to have originated in climatically and latitudinally temperate habitat before dispersing and
diversifying; some lineages are likely to have dispersed into the latitudinal tropics via highland
temperate-analogue environments.

*Co-senior authors
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Main conclusions: The LDG in New World swallowtails results from complex interactions
between ecological niche evolution and biogeographical history; both out-of-the-tropics and intothe-tropics processes have contributed to the LDG. Our results present an example where temperate zones appear to be a source, instead of a sink, for biodiversity. Our results emphasize the need
to consider biogeographical history not only from the perspective of shifts in geographical space,
but also in terms of constraints enforced by ecological niche conservatism.
KEYWORDS

ecological niche modelling, Neotropics, Papilionidae, tropicality

1 | INTRODUCTION

evolutionary patterns of suitable abiotic ecological niche have yet to be
incorporated explicitly with geography-based analyses.

At the dawn of global biological exploration, naturalists such as Forster,

Complicating any investigation of the LDG is the fact that latitude

Humboldt and Wallace observed that global biodiversity increases

is strongly correlated with environmental variables (Willig et al., 2003).

towards the Equator (Forster, 1778; von Humboldt, 1811; Wallace,

Depending on the definition chosen, conclusions drawn from investiga-

1878). This pattern, now termed the latitudinal diversity gradient

tions of the LDG can be dramatically different. Two explicit definitions

(LDG), has since been observed in many taxonomic groups, including

for the tropics are currently in use. The geographical definition considers

vertebrates (Pulido-Santacruz & Weir, 2016; Pyron & Wiens, 2013;

the region bounded by 23.48 N and 23.48 S latitudes as tropical, whereas

Rolland,

invertebrates

the climatic definition considers any region with year-round monthly

(Condamine, Sperling, Wahlberg, Rasplus, & Kergoat, 2012; Jablonski,

mean temperatures of > 18 8C as tropical (Peel, Finlayson, & McMahon,

et al., 2006), plants (Chen et al., 2015; Marcot, Fox, & Niebuhr, 2016)

2007). Figure 1 contrasts the results of using these definitions; highland

and microorganisms (Andam et al., 2016).

zones of the latitudinal tropics are not considered climatically tropical.

Condamine,

Jiguet,

&

Morlon,

2014),

The LDG pattern has been investigated from a variety of evolu-

This suggests an alternative hypothesis to the ‘out-of-the-tropics’ model

tionary and ecological perspectives, considering both direct and indirect

in historical biogeography. In this model, temperate lineages colonize

drivers (MacArthur, 1984; Mittelbach et al., 2007; Willig, Kaufman, &

the geographical tropics by dispersing through highland temperate

Stevens, 2003). Three suites of hypothesized abiotic mechanisms are

habitats and further diversify when populations are isolated by emer-

commonly invoked to explain the LDG and meet criteria of non-

gent unsuitable habitat during interglacial cycles. If immigration into the

circularity and geographical correlation: ecological opportunity, evolu-

tropics is more common than dispersal out, this mechanism may, in turn,

tionary rates and biogeographical history. The ecological opportunity

lead to increased latitudinal beta diversity through elevational habitat

hypothesis assumes an inverse relationship between latitude and com-

partitioning by temperate and tropical lineages.

plexity of the abiotic environment, and proposes more available abiotic

We focus here on the LDG in one lineage of Papilio, comprised of

ecological niche space at lower latitudes (Pianka, 1966). Elevationally

five subgenera (Alexanoria, Agehana, Chilasa, Heraclides and Pterourus)

correlated climatic gradients further complicate the latitudinal climatic

and 66 phylogenetically distinct species (Häuser et al., 2005). The clade

gradient across the landscape and may afford additional abiotic niche

is distributed primarily in the New World, from northern Alaska and

space for species to occupy (Janzen, 1967). The evolutionary rates

Canada south to Argentina, although subgenus Chilasa is an Old-World

hypothesis is often considered the result of two mechanisms acting in

Southeast Asian lineage, and Alexanoria is spread throughout Mediter-

concert: faster lineage divergence (Rohde, 1992; Stebbins, 1974) and

ranean Europe and the Middle East (Zakharov, Caterino, & Sperling,

slower extinction (Rolland et al., 2014; Stebbins, 1974; Wallace, 1878)

2004). These species have an extensive history of research by amateur

in the tropics relative to temperate zones. Underlying mechanisms

naturalists and career researchers, resulting in a wealth of available

driving these effects may include a general trend towards shorter

biological specimens, molecular sequences and occurrence data (e.g.,

generation times in the tropics (Rohde, 1992) as well as annual and

Condamine et al., 2012; Lewis et al., 2015; Shiraiwa, Cong, & Grishin,

geological-scale tropical climate stability (Carnaval, Hickerson, Haddad,

2014; Tyler, Brown, & Wilson, 1994; Wu et al., 2015). Still, no study

Rodrigues, & Moritz, 2009; Janzen, 1967; Wallace, 1878). Finally, the

has yet assessed whether geographical shifts in lineages of Papilio are

biogeographical history hypothesis postulates that the tropics resemble

correlated with shifts in diversification rates, or how abiotic niche evo-

ancestral climates for most lineages, with rare dispersals out of the

lution may have related to geographical shifts. Herein, we present the

tropical cradle leading to the LDG pattern (tropical niche conservatism,

first detailed investigation of the LDG pattern, with an explicit compari-

Wiens & Donoghue, 2004; out-of-the-tropics model, Jablonski et al.,

son of climatic versus latitudinal definitions using a unified ecological

2006). Several recent studies (e.g., Condamine et al., 2012; Rolland,

and evolutionary approach. This study presents a needed framework to

Condamine, Beeravolu, Jiguet, & Morlon, 2015) have recovered

integrate multiple lines of evidence for broad inquiry into LDG patterns

patterns counter to this expectation, but studies of underlying

across a diversity of taxonomic groups.
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F I G U R E 1 World map of latitudinal and climatic tropics. Latitudinal tropics are defined as the region between 23.48 N and 23.48 S;
€ppen–Geiger climatic tropics are defined as regions with year-round monthly mean temperatures of > 18 8C (Peel et al., 2007)
Ko

2 | METHODS

were aggregated into 2.50 latitudinal bins based on the absolute value
of latitude. Available abiotic niche space in each latitudinal bin was cal-

2.1 | Testing the ecological opportunity hypothesis
To test the ecological opportunity hypothesis, we used environmental
data and determined the breadth of available abiotic niche space in
narrow latitudinal bins. Our environmental dataset began with 19 bioclimatic variables and elevation at a 2.50 resolution (WorldClim 1.4;
Hijmans, Cameron, Parra, Jones, & Jarvis, 2005). To avoid overparameterization, we reduced the initial environmental variable set by
removing data layers that were strongly correlated (r > .60) within the
study area encompassing the known occurrences of all species of interest in this study across the Americas, South and Southeast Asia and the

culated as the product of the range of each environmental layer divided
by the number of cells available in that bin. The elevational range of
each latitudinal bin was also determined. A linear model of the resulting
dataset was calculated in R (Supporting Information Appendix S1;
R Core Team, http://www.Rproject.org/), treating latitude and
elevation as predictors of the breadth of available abiotic niche space.
We used this analysis to test whether more ecological opportunity is
available at lower latitudes.

2.2 | Characterizing species distributions

Mediterranean (coloured areas in Figure 2). The final layer set included

Georeferenced occurrence data were downloaded from the Global Bio-

six variables: elevation, mean diurnal temperature range, temperature

diversity Information Facility (GBIF; http://www.gbif.org/) and aug-

seasonality, maximal temperature of the warmest month, precipitation

mented with a variety of other sources (Supporting Information

of the driest month and precipitation seasonality. This reduced layer

Appendix S2, Tables S2.1 and S2.2). Data quality control steps included

set (excluding elevation) was statistically mean centred and scaled to

removal of duplicate records and records judged to be inaccurate based

render the variances of each environmental layer comparable. Grid cells

on known distributions of species; occurrence data were then down-

F I G U R E 2 Map of worldwide Alexanoria, Chilasa, Heraclides, Agehana and Pterourus diversity. Species’ ranges are based on the MS95
threshold (Supporting Information Appendix S3). Warmer colours indicate higher diversity; cooler colours indicate lower diversity. The
Equator and latitudinal tropics are also mapped. The latitudinal pattern plot on the right shows locally weighted smoothing (LOESS)smoothed curves of elevational range, breadth of available abiotic niche space and maximal species diversity plotted against latitude (same
dataset as Figure 3)
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unsuitable environments (Supporting Information Appendix S3; Barve
et al., 2011). This was done by generating a polygon buffer from occurrence points and adjusting it by hand, based on known distributional
limits.
We inferred species potential distributions by first modelling climatic conditions correlated with species occurrences (i.e., ecological
niche models; ENMs) using the Maxent algorithm (Phillips, Anderson, &
Schapire, 2006) as implemented by the ENMevaluate function in the
ENMeval R package (Muscarella et al., 2014). Niche model development
details are provided in Supporting Information Appendix S4. Models
were then projected back into geographical space and converted to
binary presence–absence maps using two threshold rules: the minimal
suitability score, which included 95% of the occurrence points (MS95),
and the suitability score that maximized the true skill statistic (TSS,
sensitivity 1 specificity 2 1; Allouche, Tsoar, & Kadmon, 2006) of the
binary map. Two final maps of the distribution of each species (one for
each threshold statistic) were created by selecting the area where suitable habitat was predicted by at least eight of 10 model iterations (an R
script is provided in Supporting Information Appendix S1). For species
deficient in occurrence data (fewer than seven points), we inferred
potential distributions based on accounts of suitable habitat from the
literature (Suitable habitat accounts: Supporting Information Appendix
S2, Table S2.3; R script in Appendix S1). For species with deficient
niche models based on the difference between the AUC score of training and testing datasets (AUCDIFF) (Papilio (Heraclides) aristodemus, P. H.
homothoas and P. H. rogeri; Supporting Information Appendix S2,
Table S2.4), elevation and yearly rainfall (variables most commonly
invoked in literature accounts of suitable habitat) were drawn at occurrence points and used to infer distributions based on a simple climate
envelope model within each species’ calibration region (Supporting
Information Appendix S1).

2.3 | Inference of phylogenetic relationships and
divergence times
Critical to this study is a well-supported, time-calibrated tree that is
nearly completely sampled at the species level, in order to test diversification rate hypotheses and properly reconstruct ancestral distributions.
Plots of relationships among absolute latitude, available
elevational range and available abiotic niche space. Each plotted
point represents a 2.50 latitudinal bin
FIGURE 3

The clade of New World Papilio comprises the subgenera Agehana,
Alexanoria, Chilasa, Heraclides and Pterourus. We sampled 61 of 66
currently recognized species (i.e., 92% of the total species richness):
the two Agehana species (P. elwesi and P. maraho), the single Alexanoria
(P. alexanor), eight of 11 Chilasa, all 31 Heraclides, and 19 of 21

sampled to match the spatial resolution of environmental data using R

Pterourus. Four of five unsampled species are microendemics, with

(i.e., one occurrence point per environmental raster grid cell; Supporting

ranges overlapping or immediately adjacent to putative sister taxa; the

Information Appendix S1). Occurrence points representing extreme out-

remaining species (P. hellanichus) is thought to be widespread, but its

liers in environmental space, probably attributable to landscape hetero-

distribution and biology remain poorly understood. To root New World

geneity (Soley-Guardia, Radosavljevic, Rivera, & Anderson, 2014), were

Papilio, we also included the subgenera Eleppone (one species), Papilio

also removed (Supporting Information Appendix S1). For each species,

(seven species), Princeps (five species) and Sinoprinceps (one species).

the environmental layer set used to test the ecological opportunity

For molecular dating, we included representatives of the sister tribes of

hypothesis described above was trimmed to a training region based on

Papilio (Papilionini) to obtain deeper relationships for secondary calibra-

the distributions of known species occurrences and dispersal capabilities

tion of nodes based on a previous dated study (Condamine et al.,

to approximate each species’ capability to sample suitable and

2012). We included two species from each of the genera Meandrusa
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and Teinopalpus (M. payeni and M. sciron, T. aureus and T. imperialis) to
represent Teinopalpini, the sister tribe to Papilionini. The tree was
rooted with Troides helena (Troidini), sister to Papilionini 1 Teinopalpini,
and with Graphium agamemnon (Leptocircini), sister to all other Papilioninae. In total, the molecular dataset comprised 81 species (61 ingroups
and 20 outgroups).
We sequenced two mitochondrial genes, cytochrome oxidase I
(COI, 1,495 nucleotides) and cytochrome oxidase II (COII, 680 nucleotides), and two nuclear genes, elongation factor 1-alpha (EF-1a, 1,240
nucleotides) and wingless (Wg, 403 nucleotides). We also included 133
morphological characters for Heraclides (Lewis et al., 2015) to improve
phylogenetic resolution among Papilio species. Further details on
sequencing procedures and sequence cleaning are provided in Supporting Information Appendix S4. MAFFT 7.110 was used for sequence
alignment (Katoh & Standley, 2013), with default settings (E-INS-i algorithm). The combination of all gene fragments resulted in a supermatrix
of 3,818 nucleotides. All sequences generated in this study were
deposited in GenBank (accession numbers: Supporting Information
Appendix S2, Table S2.5).
We used Bayesian inference to reconstruct phylogenetic relationships of all species sequenced on the concatenated dataset using
MrBayes 3.2.6 (Ronquist et al., 2012). Morphological data were modelled
using the Mk1 model (Lewis, 2001). To test the robustness of
downstream analysis, we used both molecular-only (hereafter MO) and
total-evidence (hereafter TE) datasets to generate phylogenies. We used
optimal partitions recovered using PartitionFinder 1.1.1 (Lanfear, Calcott,
Ho, & Guindon, 2012), but used reversible jump Markov chain Monte
Carlo (rjMCMC) to sample the entire space of possible substitution
models (Huelsenbeck, Larget, & Alfaro, 2004). MrBayes analyses were
performed with two separate runs from a random starting tree, and eight
rjMCMC (one cold and seven incrementally heated) running for 50
million generations, sampling trees every 5,000 generations (resulting in
10,000 trees) to calculate clade posterior probabilities (PP). Node support
was estimated, and PP ! .95 was considered to indicate strong support

for a given clade. Details on PartitionFinder analysis and Bayesian inference are provided in Supporting Information Appendix S4.
To infer posterior distributions of divergence times for both MO
and TE phylogenies, MCMC analyses were implemented in BEAST
1.8.3 (Drummond, Suchard, Xie, & Rambaut, 2012) using a Bayesian
relaxed-clock model (Drummond, Ho, Phillips, & Rambaut, 2006). Five

1451

2.4 | Testing the diversification rate hypothesis
We tested whether diversification rates varied between temperate and
tropical lineages, as follows. First, we modelled diversification rates
across both MO and TE ultrametric consensus trees with the Bayesian
Analysis of Macroevolutionary Mixture (BAMM 2.5.0; Rabosky, 2014a,
b). BAMM is an analytical tool for studying complex evolutionary processes on phylogenetic trees, potentially shaped by a heterogeneous
mixture of distinct speciation and extinction dynamics across clades.
The method uses rjMCMC automatically to detect and sample distinct
evolutionary rate shifts that best model diversification dynamics across
a phylogeny. We ran four rjMCMC chains for 5 million generations,
sampling every 1,000 generations. To account for non-random taxon
sampling within our phylogeny, we incorporated information on species
richness for each subgenus in the form of branch-specific sampling
fractions (Supporting Information Appendix S2, Table S2.6). We used
the R package BAMMtools 2.1.6 to calculate appropriate priors for
speciation and extinction rates of our trees (Rabosky et al., 2014), and
specified two expected shifts; all other settings were left at default
values. We considered effective sample size values > 200 as indicating
good convergence of our analyses. We evaluated the resulting
posterior distribution of diversification models with Bayes factors to
estimate the likelihoods of alternative configurations of diversification
rate shifts.
Owing to recent criticisms of BAMM, including likelihood calculation problems and non-independence of posterior rate shifts on priors
€ hna, May, Rannala, & Huelsenbeck, 2016; but see Rabosky,
(Moore, Ho
Mitchell, & Chang, 2017), we also used the R package RPANDA 1.2
(Morlon et al., 2016) to model speciation and extinction rates through
time, and compared results with BAMM. We first fitted two null models (i.e., rates do not vary through time): a time constant birth model,
and a time constant birth–death model. We then designed four timedependent models as follows: (a) speciation rate varies exponentially
(no extinction), (b) speciation rate varies exponentially and extinction
rate is constant, (c) speciation rate is constant and extinction rate varies
exponentially, and (d) speciation and extinction rates both vary
exponentially. All six models are compared using the corrected Akaike
information criterion (AICc).

2.5 | Testing the biogeographical history hypothesis

secondary calibration priors were applied, based on the time-calibrated

The tropicality of a given species was inferred by calculating the

tree of Papilionidae (Condamine et al., 2012). There are no fossils

percentage of overlap of its distribution with tropical regions; both

attributed to the subfamily Papilioninae that can be useful here (Sohn,

latitudinal and climatic definitions of ‘tropicality’ were considered (see

Labandeira, Davis, & Mitter, 2012). Instead, we calibrated the following

Introduction). Resulting continuous values were used to code charac-

nodes: (a) the root of the tree (stem of Leptocircini) between 40 and 57

ters in subsequent analyses (Supporting Information Appendix S2,

Ma, (b) the stem of Troidini between 37 and 53 Ma, (c) the crown of

Table S2.7). Phylogenetic comparative analyses of climatic niche con-

Papilionini 1 Teinopalpini between 33 and 49 Ma, (d) the crown of the

servatism across the clade were done by first inferring the appropriate

Teinopalpini between 27 and 44 Ma, and (e) the crown of the genus

model for character evolution using geiger 2.0.6 (Harmon, Weir, Brock,

Papilio (Papilionini) between 25 and 39 Ma. All phylogenetic and dating

Glor, & Challenger, 2008), then calculating phylogenetic signal of tropi-

analyses were performed on the CIPRES Science Gateway (Miller et al.,

cality (Blomberg’s K) using picante 1.2–6 (Kembel et al., 2010), and

2015), using BEAGLE (Ayres et al., 2012), with default parameters.

finally, calculating ancestral states of tropicality using ape 4.1 (Paradis,

Details on dating analyses are in Supporting Information Appendix S4.

Claude, & Strimmer, 2004).
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To consider changes in the geographical extents of lineages

thresholds (Supporting Information Appendix 3), based on comparisons

through evolutionary time more explicitly, we modelled the biogeo-

with available expert range maps (Map of Life; https://www.mol.org)

graphical history of the New World swallowtails using the R package

and field experience of authors. Figure 2 presents a summary map

BioGeoBEARS 0.2.1 (Matzke, 2014). First, we designed four species

showing the geographical context of species-level New World Papilio

range coding schemes based on distributional overlaps with climatic or

diversity based on model- and literature-inferred distributions. These

latitudinal tropics based on TSS or MS95 thresholded potential distri-

maps serve as initial hypotheses of species distributions but are open

bution maps. For both climatic and latitudinal coding schemes, species

to further refinement.

were permitted to occupy multiple biogeographical areas (maximal
areas 5 3; Supporting Information Appendix S2, Table S2.8). We then
used the dispersal–extinction–cladogenesis (DEC) model, with and
without the ‘jump’ parameter (founder-event dispersal, Matzke, 2014),
to infer broad-scale range changes in New World swallowtail lineages
through their evolution. To account for effects of tree topology, all
analyses were performed with both the MO and TE phylogenies (R
code in Supporting Information Appendix S1). See Supporting Information Appendix S4 for more details on biogeographical analyses.

3 | RESULTS
3.1 | Testing the ecological opportunity hypothesis

3.3 | Inference of phylogenetic relationships and
divergence times
Phylogenetic analyses yielded very similar topologies regardless of the
dataset used (MO or TE, Figure 4; see also Supporting Information
Appendix 2 Figure S2.1). Overall, 78% (47 of 60) of ingroup nodes
were recovered with high support (posterior probabilities ! .95;

Figure 4; see also Supporting Information Appendix S2, Figure S2.1).
These analyses support the monophyly of the subgenera Chilasa and
Heraclides (mostly tropical species) and the polyphyly of the subgenus
Pterourus. The subgenus Agehana is nested within Pterourus with strong
support, separating the troilus group (mostly temperate) from the rest
of Pterourus (divided in two clades: the mostly temperate glaucus group

The best-fit linear model for the breadth of available abiotic ecological

and a tropical Pterourus group). The sole species of the temperate

niche space incorporated both latitude and elevational range as

subgenus

explanatory variables (R2 5 0.3511; AICc 5 213,792.28), as opposed to

Agehana 1 Chilasa 1

models that consider latitude and elevation separately (respectively,

Pterourus. Both subgenus and species group-level relationships are

R2 5 0.0557, 0.3418; AICc 5 212,599.19, 213,748.89). Latitude, ele-

consistent with results of previous studies (Condamine et al., 2012;

vational range and the interactions between the two were significantly

Lewis et al., 2015; Shiraiwa et al., 2014; Zakharov et al., 2004). Within

correlated with breadth of available abiotic niche space (respectively,

the New World Papilio, temperate and tropical taxa do not constitute

b: 24.36 3 1024, 1.23 3 1025, 1.67 3 1027; p < .05 for all).

monophyletic assemblages (Figure 4; see also Supporting Information

Relationships between niche space and the two explanatory variables

Appendix S2 Figure S2.2).

Alexanoria

is

sister

to

the

clade

composed

of

are shown in Figure 3. Latitude and available niche space are negatively

Results of dating analyses with different tree priors and datasets

correlated, but the explained variance is very low. Available niche space

estimated very similar divergence times [Figure 4; for confidence inter-

in our area of study is low near the equator, increases until c. 308 abso-

vals (CIs), see Supporting Information Appendix S2 Figure 2.3]. Based

lute latitude (e.g., southern U.S.A., southern Himalayas, Gran Chaco,

on our time-calibrated trees, the extant diversity of New World Papilio

Central Andes), and decreases toward the poles. Elevational range and

originated in the late Oligocene and early Miocene c. 24 Ma (CI 20.7–

niche space are positively correlated; this relationship appears nearly

26.7 Ma). The predominantly tropical Heraclides and the predominantly

exponential, with increasing noise as elevational range increases. This

temperate Agehana 1 Alexanoria 1 Chilasa 1 Pterourus began diversify-

fit is much stronger, with nearly an order of magnitude more variation

ing in the Miocene soon after diverging from their common ancestor.

in niche space explained by elevation than latitude.

Most speciation events took place in the mid and late Miocene
(Figure 4; Supporting Information Figure S2.3).

3.2 | Niche modelling
Of the 6,104 points across 45 species for which locality data were

3.4 | Testing the evolutionary rates hypothesis

available, 72.4% remained after initial data quality filtration steps

We found no evidence of rate shifts in our analysis. BAMM analyses

(Supporting Information Appendix S2, Table S2.1). Optimal Maxent

for both the MO and TE phylogenies had effective sample sizes

niche model parameters chosen by minimizing DAIC and AUCDIFF were

> 4,000 for the number of rate shifts. The most likely number of shifts

not universal among species (Supporting Information Appendix S2,

given the data was zero (posterior probabilities .856 and .857 for TE

Table S2.4). Of the 45 species models generated with Maxent, three

and MO, respectively). The Bayes factors analysis did not indicate sig-

were deficient based on significantly higher than average DAIC values

nificant evidence for macroevolutionary rate shifts for either phylog-

(Heraclides aristodemus DAICc 5 2.090; H. homerus DAICc 5 2.096;

eny. For both TE and MO phylogenies, a scenario with zero rate shifts

H. rogeri DAICc 5 1.909). For the remaining 42 species, distributions of

did not show strong Bayes factors scores when compared with greater

suitable abiotic environments inferred based on thresholds that maxi-

than two rate shifts (BF < 50); additionally, a scenario with zero rate

mized TSS were generally overfitted relative to 95% occurrence

shifts was supported by a posterior probability > 85% for both
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F I G U R E 4 Ancestral character state reconstruction of abiotic niche in New World swallowtail butterflies. Phylogeny is time calibrated
and based on total evidence dataset; bootstrap node support is > .9 unless otherwise noted. Detailed node support values and confidence
intervals for dating can be found in Supporting Information Appendix 2, Figures S2.1 and S2.2, respectively. The percentage tropicality

phylogenies. The best-fit BAMM model indicates that speciation rate

84% showed < 0.05 difference in tropicality estimates (proportion of

was higher at clade origin than present (Supporting Information Appen-

distribution overlapping with climatically or latitudinally tropical habi-

dix S2, Figure S2.4). RPANDA analyses suggested that the best-fit

tat); for climatic tropicality, 22% matched exactly, and 67% were within

model for both the TE and MO phylogenies, per AICc score, is one

0.05 of each other. The 10 species for which character coding was

where speciation varies through time (two parameters), which outper-

based on range rules necessarily matched, as the range rules method

forms models including extinction (Supporting Information Appendix

results directly in binary maps. When latitudinal and climatic definitions

S2, Table S2.9). The best-fit RPANDA model also indicates that specia-

of tropicality were compared, the coding disparity was much greater;

tion rate was higher at clade origin than present (as denoted by the

no species where ENMs were used to infer distributions were in

estimate of a positive a; Supporting Information Appendix S2,

complete agreement; 24% were within 0.05 of each other.

Table S2.9).

Best-fit models of character evolution were congruent when MO
and TE phylogenies were compared. Both MS95 and TSS thresholds

3.5 | Testing the biogeographical history hypothesis

for the climatic definition of tropicality were best modelled using the

We integrated results from niche models and the phylogeny to deter-

definition of tropicality was best modelled using the Brownian motion

mine whether ancestral lineage niches are predominately temperate,

process, whereas the TSS threshold for latitudinal tropicality was best

tropical or both. We used both continuous measures, effectively the

modelled using a white noise process [Supporting Information

percentage of suitable pixels in tropical versus temperate conditions,

Appendix S2, Table S2.10(a)]. Tropicality characterizations based on

and discrete codings (i.e., temperate, tropical or both). In species for

TSS thresholds had no statistically significant phylogenetic signal

Ornstein–Uhlenbeck process. The MS95 threshold for latitudinal

which continuous character coding for niche tropicality was based on

(p > .05). Both latitudinal and climatic tropicality characterizations

ENM-inferred distributions, coding was generally robust to the thresh-

based on MS95 thresholds for both MO and TE phylogenies had

old method used (Supporting Information Appendix S2, Table S2.7). For

moderate, statistically significant phylogenetic signal [0.39 < K < 0.44,

latitudinal tropicality, 51% of species’ latitudinal tropicality codings

p < .05; Supporting Information Appendix S2, Table S2.10(b)]. Ancestral

matched exactly when MS95 and TSS thresholds were compared, and

character estimations of climatic and latitudinal tropicality are largely
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F I G U R E 5 Results of dispersal–extinction–cladogenesis biogeographical history reconstruction. Phylogeny: time-calibrated TE; distributions
for coding are inferred using MS95 threshold

congruent, with the notable exception of the ‘tropical’ Pterourus clade

!n, 2007),
niche in determining their geographical distributions (Sobero

(Figure 4; Supporting Information Appendix S2, Figure S2.2).

and the role of niche conservatism in biogeographical history.

Following the best-fit DEC model of biogeographical history, the
common ancestor of the Heraclides clade was most likely to be
climatically tropical and occurred in the latitudinal tropics (Figure 5; Supporting Information Appendix S2, Figures S2.5 and S2.6). However, the
most

recent

common

ancestor

of

the

Alexanoria 1 Chilasa 1

Pterourus clade was more climatically intermediate and occurred in
latitudinal tropics and the northern temperate zone; subsequently,
butterflies in the subgenus Chilasa dispersed to the latitudinal tropics

4.1 | Biogeographical history hypothesis
Our biogeographical reconstructions indicate that the most recent
common ancestor of New World swallowtails is likely to have occupied both northern temperate and tropical latitudes and climatic
tropics and temperate zones. Corroborating previous work (Lewis
et al., 2015), we found that after a putative vicariance event c. 20

and shifted to climatic tropical abiotic niches, whereas ‘tropical’ Pterourus

Ma, Heraclides diversified in the climatic and latitudinal tropics, with

butterflies dispersed to the latitudinal tropics, but many lineages retained

some lineages then dispersing to temperate latitudes and cooler

temperate abiotic niches (Figure 5; Supporting Information Appendix S2,

climates in the late Miocene. This pattern is congruent with the

Figures S2.5 and S2.6). Further details on DEC results can be found in

out-of-the-tropics explanation of the LDG (Jablonski et al., 2006). In

Supporting Information Appendix S4 and Appendix S2, Table S2.10(c).

contrast, the Alexanoria 1 Chilasa 1 Pterourus clade diversified from
intermediate climatic preferences and geographical temperate zones

4 | DISCUSSION

beginning c. 21 Ma; two lineages (Papilio Chilasa and the ‘tropical’

We found little evidence that either the ecological availability hypothe-

tropics c. 19 and 10 Ma, respectively; this pattern is consistent with

sis or the evolutionary rates hypothesis explains the latitudinal diversity

an into-the-tropics pattern (Condamine et al., 2012; Rolland et al.,

gradient in New World swallowtail butterflies. Instead, we found con-

2015). Considering our results, it is possible these lineages exploited

trasting biogeographical history patterns between Heraclides, with a

highland temperate-analogue climates while retaining ancestral abi-

tropical origin and subsequent dispersal to temperate latitudes, and the

otic niche preferences, dispersing into the geographical tropics via

remainder of the New World swallowtails, with a temperate origin and

the American Cordillera and eastern Asian highlands, both of which

subsequent dispersal to tropical latitudes. Differences from previous

had already arisen by the estimated time of dispersal (Poulsen,

studies are attributable not only to the breadth of study taxa consid-

Ehlers, & Insel, 2010; Wang et al., 2014). Within these lineages, abi-

ered, but also to the chosen definition of tropicality. In previous studies

otic niche shifts to more tropical conditions began to occur c. 15 Ma

of the LDG, workers have used geographical definitions of tropicality

in the case of Chilasa, whereas the ‘tropical’ Pterourus clade began to

for defining species characteristics. However, a climatic definition of

shift closer to 10 Ma, with more lineages remaining temperate in

tropicality versus a geographical one gives a very different result. As

abiotic niche. These temperate-to-tropical abiotic shifts are likely to

we discuss further below, the coding of species’ attributes is a more

be concordant with distributional shifts downwards in elevation.

general issue that pervades much of the discussion of LDG and biogeo-

Our results are consistent with both an out-of-the-tropics and into-

graphical patterns and processes. We argue that this issue emphasizes

the-tropics model, which may jointly explain the formation of an

the essential underlying role of species’ fundamental existing abiotic

LDG and are not mutually exclusive. However, it is worth noting

Papilio Pterourus) subsequently dispersed back to the geographical
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that, just as modern biogeographical regions have not been static

should be considered in ENM studies. First, range porosity, or patchi-

through time, neither have climatic conditions. With the advent of

ness of suitable habitat within a species’ range, is likely to be a

improved availability and resolution of paleoclimate models, our

response of the model to fine-scale environmental patterns (e.g., Papilio

ability to reconstruct lineages’ potential distributions through time

Pterourus canadensis; Supporting Information Appendix S3), which may

(based on inferred ancestrally suitable climate) will improve our

reflect microhabitat preference and/or host plant availability (in the

understanding of biogeographical history.

example of P. P. canadensis, preference for riparian habitats and Populus
hosts). This highlights why ENM-based methods are essential in studies

4.2 | Ecological availability hypothesis
Previous empirical studies on the ecological availability hypothesis have
focused on the breadth of abiotic niche space occupied by species (e.g.,
V!azquez & Stevens, 2004). Here, we directly assess abiotic ecological
opportunity via its proxy, available abiotic environmental niche space,
as a function of latitude and elevation. Our key finding is that elevational range explained much more of the variance in breadth of abiotic
environmental niche space than did latitude. To highlight this further,
neither breadth of niche space nor elevation range narrows so precipitously in equatorial regions to disallow potential highland recolonization routes from higher to lower latitudes. Although the questions here
focus on species’ broad abiotic niche characteristics, also considering
biotic niche will be likely to provide a richer understanding of fine-grain
swallowtail diversity patterns.

that aim to infer how abiotic ecological niche may have evolved over
time, because coarse-grain products, such as expert range maps, do not
show range porosity (Hurlbert & White, 2005) and thus are likely to
overestimate the characteristics of species’ suitable abiotic niche space.
A similar problem may affect distributions based on thresholds using
true skill score (TSS), because TSS routinely predicted less porous
ranges than those based on MS95. This observation suggests TSS is
best measured when true absences can be used in its estimation, and
should be used with caution in presence-only modelling. It is also possible that patchiness in potential distributions is attributable to noise in
the environmental data used to develop niche models; however, our
analyses appear largely to be robust to environmental data noise
because of the broad-scale nature of our approach.
Despite the general ability to infer geographical distributions of
New World swallowtails from ENMs, the selected best models for three

4.3 | Evolutionary rates hypothesis

species, Papilio (Heraclides) aristodemus, P. H. homothoas and P. H. rogeri,

The inferred overall diversification rate across New World swallowtail

S2.4), indicating model overfit. Overfitting of P. H. aristodemus and P. H.

butterflies from both BAMM and RPANDA analyses does not support

homothoas models may, in part, be attributable to local extirpations as

higher diversification in the tropics. The results are instead consistent

the result of habitat destruction (Collins & Morris, 1985); in these cases,

with an early burst pattern, in which speciation occurs quickly, but

there are climatically suitable habitats with no occurrence records of

slows as available niche space fills (Rabosky, 2009). However, it is also

these species before destruction of preferred forest habitat. On the

possible that these findings are an example of the pull of the present, a

contrary, P. H. rogeri is considered locally common, without known local

phenomenon that is an artefact of the birth–death model resulting

extirpations (Collins & Morris, 1985). Model error in this case may be

from the increased likelihood of recent lineages being included in a

attributable to taxonomic uncertainty; some taxonomists recognize the

phylogeny relative to older lineages (Etienne & Rosindell, 2012).

subspecies P. H. rogeri pharnaces as a full species (e.g., Llorente, Onate,

Despite recent warnings on BAMM (Moore et al., 2016; but see

Luis, & Vargas, 1997; Tyler et al., 1994). Although taxonomic uncer-

Rabosky et al., 2017), we inferred that the most likely model of macroevolutionary rate was one with no rate shifts (we supplied a prior of
two shifts based on perceived temperate–tropical habitat shifts). This
result contradicts previous work at a broader taxonomic scale, which
found diversification rate shifts that correlated with broadly defined
tropicality of clades (Condamine et al., 2012). It is possible that our
analyses failed to detect real diversification rate shifts owing to a relatively small rate shift, or because the taxonomic scope of our study
was relatively small compared with the larger analysis of Papilionidae,
thus limiting the statistical power of the analysis. Whatever the case,
we did not recover support for rates of diversification explaining New
World butterfly diversity patterns.

4.4 | Niche models

had non-zero DAICc values (Supporting Information Appendix 2, Table

tainty was considered during the collection of locality data, the part of
the full range in which P. H. rogeri pharnaces is found may be undersampled, given the failure of searches to return all available synonyms
of P. H. rogeri following the taxonomy of Häuser et al. (2005).

5 | CONCLUSION
Our study considers multiple explanations of the latitudinal diversity gradient in a framework that integrates macroecological approaches and
evolutionary history. We found little support for a narrow version of the
ecological availability and diversification rate hypotheses, and instead
identified a pattern of likely highland colonization of, and diversification
within, the latitudinal tropics by a lineage with stronger temperate climatic affinities. These results suggest that abiotic niche conservatism in

Our results critically rely on niche models for assessing species’ abiotic

the context of biogeographical history has played a substantial role in

niche characteristics, and although we chose a broad characterization,

the emergence of the LDG pattern in New World swallowtails. This

our model results show that extreme care is needed when assembling

study highlights the power of going beyond biogeographical range

datasets such as this one. We point to two methodological aspects that

reconstructions using simple geographical coding schemes, especially
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using integrative models that incorporate both niche-based and geographical approaches. Further studies of widely distributed groups with
tropical highland distributions, especially using climatic definitions of
tropical and temperate regions, can further test generalities about into-
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Macroevolution of Apollo Butterflies
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Abstract.—In macroevolution, the Red Queen (RQ) model posits that biodiversity dynamics depend mainly on speciesintrinsic biotic factors such as interactions among species or life-history traits, while the Court Jester (CJ) model states that
extrinsic environmental abiotic factors have a stronger role. Until recently, a lack of relevant methodological approaches has
prevented the unraveling of contributions from these 2 types of factors to the evolutionary history of a lineage. Herein,
we take advantage of the rapid development of new macroevolution models that tie diversification rates to changes
in paleoenvironmental (extrinsic) and/or biotic (intrinsic) factors. We inferred a robust and fully-sampled species-level
phylogeny, as well as divergence times and ancestral geographic ranges, and related these to the radiation of Apollo
butterflies (Parnassiinae) using both extant (molecular) and extinct (fossil/morphological) evidence. We tested whether their
diversification dynamics are better explained by an RQ or CJ hypothesis, by assessing whether speciation and extinction
were mediated by diversity-dependence (niche filling) and clade-dependent host-plant association (RQ) or by large-scale
continuous changes in extrinsic factors such as climate or geology (CJ). For the RQ hypothesis, we found significant
differences in speciation rates associated with different host-plants but detected no sign of diversity-dependence. For
CJ, the role of Himalayan–Tibetan building was substantial for biogeography but not a driver of high speciation, while
positive dependence between warm climate and speciation/extinction was supported by continuously varying maximumlikelihood models. We find that rather than a single factor, the joint effect of multiple factors (biogeography, species traits,
environmental drivers, and mass extinction) is responsible for current diversity patterns and that the same factor might
act differently across clades, emphasizing the notion of opportunity. This study confirms the importance of the confluence
of several factors rather than single explanations in modeling diversification within lineages. [Diversification; extinction;
Himalayan orogeny; historical biogeography; host-plant shifts; integrative study; mountain building; Papilionidae; past
climate change; speciation.]

Evolutionary biologists have long endeavored to
determine which factors govern biodiversity dynamics,
aiming to answer questions such as why some clades
have diversified more than others, or why some
lineages are widely distributed whereas others survive
in restricted ranges (Ezard et al. 2016). Two different
mechanistic macroevolutionary models have been
proposed to explain the generation and maintenance
of diversity. The Red Queen (RQ) model (Van Valen
1973), which stems from Darwin and Wallace, posits
that diversification is driven by species-intrinsic, biotic
factors such as interactions among species, species
ecology, or life-history traits. The Court Jester (CJ) model,
which builds on paleontological evidence (Barnosky
2001), argues that diversification dynamics result from
historical abiotic forces such as abrupt changes in
climate or geological tectonic events that drive speciation
and extinction rates, usually acting clade-wide across
lineages.
The CJ and RQ models are generally considered the
2 extremes of a continuum, operating over different

geographic and temporal scales. Biotic factors such as
species interactions shape ecosystems locally over short
time spans, whereas abiotic factors such as climate and
tectonic events shape large-scale patterns regionally and
globally over millions of years (Benton 2009). However,
biotic interactions can also be observed at large spatial
and temporal scales (Liow et al. 2015; Silvestro et al.
2015), while Van Valen’s (1973) original RQ hypothesis
is now interpreted as accepting the role of a changing
environment in shaping species evolution (Voje et al.
2015).
Although both abiotic (environmental) and
biotic (species-intrinsic) drivers are recognized as
fundamental for regulating biodiversity (Ezard et al.
2011), these 2 types of factors are often studied in
isolation (Drummond et al. 2012a; Bouchenak-Khelladi
et al. 2015; Lagomarsino et al. 2016), searching for
correlations between shifts in diversification rates and
the evolution of key innovations or the appearance of key
opportunities (Maddison et al. 2007; Alfaro et al. 2009;
Rabosky et al. 2014a; Givnish et al. 2015). However, often
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explanations (Moen and Morlon 2014). Alternatively,
diversity might be unbounded and controlled by rare
but drastic environmental changes such as climatic
mass extinction events (Antonelli and Sanmartín 2011;
Meredith et al. 2011; Kergoat et al. 2014; Condamine et al.
2015b; May et al. 2016).
A key to such a study would be to find a group that:
1) has experienced both biotic and abiotic pressures at
different temporal and spatial scales; 2) shows large
species diversity and high specialization; and 3) has
good information available about its taxonomic and
evolutionary history. Nearly complete taxon sampling
is crucial for accurate estimation of diversification rates
(Cusimano and Renner 2010; Brock et al. 2011; Höhna
et al. 2011; Davis et al. 2013), whereas rich fossil evidence
is important for divergence time estimation and accurate
reconstruction of biogeographic history (Meseguer
et al., 2014). Phytophagous insects are especially good
models because they present complex biotic (trophic)
interactions with their host plants (Ehrlich and Raven
1964), and many of these lineages are old enough to have
experienced dramatic past climatic changes.
Herein, we address the role of biotic (RQ) and abiotic
(CJ) factors that drive patterns of species richness
in Apollo butterflies (Papilionidae: Parnassiinae). The
Parnassiinae comprise 8 genera with at least 70 species
currently recognized (Ackery 1975; Weiss 1991–2005;
Kocman 2009), grouped into 3 tribes—Luehdorfiini,
Zerynthiini, and Parnassiini (Nazari et al. 2007). Apollo
butterflies occur from the Western Palearctic to the
Western Nearctic (Weiss 1991–2005). Most diversity is
concentrated in the Palearctic, where we find 2 nonmonophyletic lowland-flying communities separated
by the Himalaya and Tibetan Plateau (HTP, Fig. 1):
an Eastern Palearctic group formed by Luehdorfia
(Luehdorfiini) and Bhutanitis and Sericinus (Zerynthiini),
and a Western Palearctic community including Archon
(Luehdorfiini), Allancastria and Zerynthia (Zerynthiini),
and Hypermnestra (Parnassiini). The largest genus,
Parnassius, is mainly distributed in mountainous regions
across the Holarctic, with its highest diversity in
the HTP (Weiss 1991–2005; Kocman 2009; Nazari
et al. 2007; Michel et al. 2008). When compared with
the species-poor genera Allancastria, Archon, Bhutanitis,
Hypermnestra, Luehdorfia, and Sericinus (each with 5
species maximum), the 50+ species of Parnassius have
been suggested as an example of rapid diversification.
This unbalanced species richness, together with their
disjunct pattern of distribution in the Himalayan
region, suggests that the HTP orogeny might have
been an important driver in the biogeographic and
diversification history of Parnassiinae.
Parnassiinae are also remarkable for their (nearly)
strict but diverse host-plant specialization (Ehrlich and
Raven 1964). Tribes Luehdorfiini and Zerynthiini
feed on Aristolochiaceae, the ancestral host of
Parnassiinae (Condamine et al. 2012). Within
Parnassiini, Hypermnestra feeds on Zygophyllaceae,
while Parnassius has experienced 2 host-plant shifts,
toward Crassulaceae + Saxifragaceae and Papaveraceae
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no single factor but a confluence of biotic and abiotic
factors is responsible for the diversification rate shift
(Donoghue and Sanderson 2015), there could be an
interaction effect. For example, C4 grasses appeared
in the Eocene but their expansion and explosive
diversification started only after mid-Miocene
aridification in Africa and Central Asia (Edwards
et al. 2010).
Statistical assessment of the relative contributions of
abiotic and biotic factors underlying diversity patterns
has been made possible by the development of new
probabilistic models in the field of diversification
dynamics (Stadler 2013; Morlon 2014; Höhna 2015).
One type of model estimates diversification rates
that are clade-dependent and identifies differences
in diversification rates among clades that can be
explained by key innovations (Alfaro et al. 2009; Morlon
et al. 2011; Rabosky et al. 2013), or by diversitydependence and niche filling (i.e., diversification
decreasing as the number of species increases, Rabosky
and Lovette 2008; Etienne et al. 2012). A second
type of model aims to detect statistical associations
between diversification rates and changes in species
traits (trait-dependent diversification models, Maddison
et al. 2007; Ng and Smith 2014), or between geographic
evolution and diversification, such as a change in
continental connectivity allowing the colonization of
a new region and a subsequent increase in allopatric
speciation (Goldberg et al. 2011). A third type of
model assumes continuous variation in diversification
rates over time that depends on a paleoenvironmental
variable and investigates whether diversification rates
can be affected by abiotic environmental changes
(e.g., paleotemperature, Condamine et al. 2013). Finally,
episodic birth–death models search for tree-wide rate
shifts that act concurrently across all lineages in a tree,
for example, a mass extinction event removing a fraction
of lineages at a certain time in the past (Stadler 2011;
Höhna 2015; May et al. 2016).
The first 2 types of models have been used to test RQlike hypotheses on the effect of biotic interactions, while
the other models are often used in the context of the
CJ hypothesis (environmental change). Studies using a
subset of these models to address both abiotic and biotic
factors are becoming more frequent, but are often used
at a local or regional geographic scale (Schnitzler et al.
2011; Drummond et al. 2012a; Jønsson et al. 2012; Hutter
et al. 2013; Bouchenak-Khelladi et al. 2015; Lagomarsino
et al. 2016), and are limited temporally. No study has
yet addressed the full set of models using a large
(geographic) and long (temporal) scale within the same
lineage. Such a study would have substantial power to
provide information on questions such as why some
lineages diversify and others do not, and the extent that
diversification is attributable to trait evolution and/or
ecological opportunity (Wagner et al. 2012). It might
also shed light on the current debate about whether
biodiversity is at an equilibrium bounded by ecological
limits (Rabosky et al. 2013), although it is unclear how
relevant such limits are compared with other biological
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(Michel et al. 2008; Condamine et al. 2012), and is
regarded as an adaptive radiation (Rebourg et al.
2006). Finally, Apollo butterflies constitute a model
to understand the role of past environmental change
in lineage diversification. Phylogeographic studies
identified an effect of Pleistocene glaciations on
population-level dynamics (e.g., Keyghobadi et al.
2005; Gratton et al. 2008; Schoville and Roderick 2009;
Dapporto 2010; Todisco et al. 2010, 2012; Zinetti et al.
2013). Time-calibrated phylogenies support an origin of
the subfamily in the Early Cenozoic (Condamine et al.
2012), which means that the lineage has experienced the
dramatic cooling and warming events of the last 50 Ma,
including a drop in global temperatures at the end of the
Eocene (Eocene-Oligocene climate transition [EOCT],
Liu et al. 2009) that led to the demise of Boreotropical
Holarctic vegetation (Pound et al. 2012).
In this study, we reconstruct a completely sampled
phylogeny of Parnassiinae to explore the role played
by abiotic (CJ) and biotic (RQ) factors, isolated
or in unison, in the origin and fate of biological
radiations, including paleotemperature, mountain
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orogeny, host specialization, range expansion, and
diversity dependence with niche filling. If interactions
among species are the dominant drivers of evolution,
diversification rates are expected to show diversitydependent dynamics or be dependent on ecological
traits. For example, one might expect diversification rates
to decrease as a function of diversity or increase with
ecological opportunity. Conversely, if evolution is driven
mainly by changes in the physical environment, cladewide responses due to abrupt abiotic perturbations
should dominate macroevolutionary dynamics, for
example, diversification rates may shift following
major climatic changes that extirpated certain lineages
while favoring the radiation of others. We test these
hypotheses using trait-dependent, time-dependent,
environment-dependent and episodic birth–death
models, and compare the fit (explanatory power) of
these models using maximum likelihood (ML) and
Bayesian inference (BI). Our study is the first to address
the CJ and RQ hypotheses at such a large scale, and
to compare the performance of these models within a
single inference framework.
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FIGURE 1. Distribution and species richness patterns of Apollo butterflies. Map shows the current separation of west and east communities of
Parnassiinae, divided by the Himalayan–Tibetan Plateau. Lower portion of figure compares the current species diversity of each biogeographical
unit (which may be non-monophyletic) or genus. Images of Parnassiinae (also in subsequent figures) are created by Fabien Condamine.
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new species. For example, we identified 4 Zerynthia
species instead of 2, 4 Archon species instead of 3,
and 2 Hypermnestra species instead of one. For the
final analyses below, we used the species-level dataset,
with each species represented by a single specimen,
comprising the 70 recognized species (1 represented
by only morphological characters, see below) plus 15
putative new species.
Assessment of Fossil Positions and Calibrations
Constraints on clade ages were enforced through fossil
calibrations, whose systematic position was assessed
using phylogenetic analyses (Donoghue et al. 1989;
Sauquet et al. 2012). Phylogenetic analyses of the dataset
included both living and fossil taxa and incorporated
both morphological and molecular data using a totalevidence approach (Ronquist et al. 2012a).
Swallowtail fossils are scarce, but 2 unambiguously
belong to Parnassiinae (Nazari et al. 2007). The first is
†Thaites ruminiana (Scudder 1875), a compression fossil
from limestone in the Niveau du gypse d’Aix Formation
of France (Bouches-du-Rhone, Aix-en-Provence) within
the Chattian (23.03–28.1 Ma) of the late Oligocene
(Rasnitsyn and Zherikhin 2002; Sohn et al. 2012). The
second is †Doritites bosniaskii (Rebel 1898), an exoskeleton
and compression fossil from Italy (Tuscany) from the
Messinian (5.33–7.25 Ma, late Miocene, Sohn et al. 2012).
Absolute ages of geological formations were taken from
Gradstein et al. (2012).
To assess the phylogenetic positions of fossils, our
morphological dataset comprised 236 characters (Hiura
1980; Nazari et al. 2007) including adult external
(160) and internal (54) morphology, egg (2) and
larval (10) morphology, pupal morphology (5), and
characters for pigment color and chromosome number
(5). Morphological characters were coded for all extant
species in each genus except Parnassius (only 8 species:
1 per subgenus). Yet, Parnassius had little impact on our
analyses since there are no fossils related to this genus
(Nazari et al. 2007). Fossils were only coded for adult
external morphology.
Morphological and molecular data were combined
to construct a total-evidence phylogeny using MrBayes
3.2.6 (Ronquist et al. 2012b). Morphological data were
modeled using the Mk model (Lewis 2001). The bestfitting partitioning scheme for the molecular data
was selected with PartitionFinder 1.1.1 (Lanfear et al.
2012), using the greedy search algorithm and the
Bayesian Information Criterion. Rather than using a
single substitution model per molecular partition, we
sampled across the entire substitution rate model space
(Huelsenbeck et al. 2004) using the reversible-jump
Markov Chain Monte Carlo (rj-MCMC) option. Two
independent analyses with 1 cold chain and 7 heated
chains, each was run for 20 million generations, sampled
every 2000th. A 50% majority rule consensus tree was
built after discarding 25% samples as burn-in. The
dataset used for this analysis is available on Dryad
(Supplementary Appendix S3).
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Taxon Sampling and Molecular Dataset
The latest effort to resolve phylogenetic relationships
in Parnassiinae was Condamine et al. (2012), but that
study did not include all species. There are currently
70 recognized species within Parnassiinae according
to morphology (Weiss 1991–2005; Bollino and Racheli
2012; Frankenbach et al. 2012), but some authors have
found a higher level of cryptic diversity, based on
molecular data (Nazari and Sperling 2007; Gratton
et al. 2008; Schoville and Roderick 2009; Dapporto
2010; Todisco et al. 2010, 2012; Zinetti et al. 2013).
To address this, we assembled a large molecular
dataset comprising all sequences generated by previous
studies on Parnassiinae, especially by F.L.C. and
F.A.H.S. (Omoto et al. 2004, 2009; Katoh et al. 2005;
Nazari and Sperling 2007; Nazari et al. 2007; Michel
et al. 2008; Condamine et al. 2012), and includes all
currently described species within the family, except
for Bhutanitis ludlowi (Möhn, 2005; Weiss 1991–2005;
Churkin 2006). The dataset also includes the majority
of described subspecies or geographic races proposed
in molecular studies (Nazari and Sperling 2007; Gratton
et al. 2008; Schoville and Roderick 2009; Dapporto
2010; Todisco et al. 2010, 2012; Zinetti et al. 2013).
Additionally, sequences of 9 species of swallowtails
were added to the dataset as outgroups, with Baronia
brevicornis considered as the sister group to all remaining
Papilionidae, and 2 species for each of the 4 tribes
included within Papilioninae, the sister subfamily of
Parnassiinae (Condamine et al. 2012). DNA sequences
were obtained from GenBank using Taxonomy browser
searches (full dataset is provided in the Supplementary
Material that accompanies this article available on Dryad
at http://dx.doi.org/10.5061/dryad.32bp4, Appendix
S1). Sequences of less than 250 nucleotides (possibly
microsatellites) and genes sequenced in very few
specimens were not included. Overall the dataset
comprises >1800 sequences, representing 69 of the
traditionally recognized species and 5 genes (4
mitochondrial and 1 nuclear), divided into 730
sequences for cytochrome oxidase I (COI), 214 for NADH
dehydrogenase 1 (ND1), 147 for NADH dehydrogenase 5
(ND5), 202 for rRNA 16S (16S), and 115 for elongation factor
1 alpha (EF-1!). Sequences were aligned using MAFFT
7.110 (Katoh and Standley 2013) with default settings (EINS-i algorithm). Reading frames of coding genes were
checked in Mesquite 3.03 (www.mesquite.org). Datasets
(species/subspecies names and GenBank accession
numbers) are available on Dryad (Supplementary
Appendices S1 and S2).
We first analyzed this specimen-level dataset to
generate a gene tree for each of the 5 markers with
every species represented by several specimens, each
representing different populations. We then examined
genetic differences based on branch lengths among
specimens/species. For some species, we found strong
genetic differences among specimens/populations
supporting the recognition of these taxa as putative
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Historical Biogeography
For the phylogenetic tree, we used the BEAST MCC
tree with 85 species. Definition of biogeographic units
was based on the present-day distribution of species but
also informed by plate tectonics (Sanmartín et al. 2001)
and alpine orogeny reconstructions (Bouilhol et al. 2013).
Ten areas were defined: WN = Western North America
(including the Rocky Mountains); WP = Europe (France,
Spain, Pyrenees, Alps, Italy, Greece, Crete, Balkans,
Scandinavia, Western Russian, and Ural Mountains); SI
= Eastern Russia, Siberia, and Kamchatka; CA = Central
Asia (Turkmenistan, Uzbekistan and Kazakhstan); MO
= Mongolian steppes and Altai Mountains; TU = Turkey,
Caucasian region, Syria, Iraq, Iranian Plateau, and
Zagros Mountains; HTP = Himalaya, Tibetan Plateau,
and Pamir region; IN = India, Bhutan, Yunnan, and
Southern China; CJ = Northern China, Korea, and Japan;
AF = North Africa and Arabia.
Species ranges were defined by presence–absence in
each region (Supplementary Appendix S5 available on
Dryad). Biogeographic analyses were performed on the
MCC tree (outgroups removed), using the Dispersal–
Extinction–Cladogenesis model of range evolution
(DEC; Ree and Smith 2008) implemented in the Rpackage BioGeoBEARS 0.2.1 (Matzke 2014). We did
not use the DEC+J model (Matzke 2014) because
of concerns with statistical validity of model choice
among DEC-derived models and in particular under
the DEC+J model (Ree and Sanmartín 2018). Also,
DEC+J often leads to inferences that are decoupled
from time, with null or extremely low extinction
rates (Sanmartín and Meseguer 2016), an effect of the
model favoring cladogenetic events over anagenetic
events (Ree and Sanmartín 2018), which makes it
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Using the 85-species level dataset, we examined
whether the rate of molecular evolution evolved in
a clock-like pattern using PATHd8 (Britton et al.
2007). Since the hypothesis of a strict molecular clock
was rejected for 68 of the 92 nodes (P < 0.05), we
estimated divergence times using Bayesian relaxedclock methods accounting for rate variation across
lineages (Drummond et al. 2006). MCMC analyses
implemented in BEAST 1.8.2 (Drummond et al. 2012b)
were employed to approximate the posterior distribution
of rates and divergences times and infer their credibility
intervals. We set the following settings and priors: a
partitioned dataset (after the best-fitting PartitionFinder
scheme) was analyzed using the uncorrelated lognormal
distribution clock model, with the mean set to a uniform
prior between 0 and 1, and an exponential prior (lambda
= 0.333) for the standard deviation. The branching
process prior was set to either a Yule or a birth–death
(Gernhard 2008) process (since tree priors may impact
estimates of molecular dating, Condamine et al. 2015a),
using the following uniform priors: the Yule birth rate
and birth–death mean growth rate ranged between 0 and
10 with a starting value at 0.1, and the birth–death relative
death rate ranged between 0 and 1 (starting value = 0.5).
Calibration priors employed the fossil constraints
indicated above (see Results section for the phylogenetic
positions), using a uniform prior with the minimum age
equal to the youngest age of the geological formation
where the fossil was found. Additionally, we constrained
the crown of Papilionidae with a uniform distribution
bounded by a minimum age of 47.8 Ma (Smith et al.
2003; Gradstein et al. 2012) based on 2 fossils †Praepapilio
colorado and †Praepapilio gracilis (Durden and Rose
1978), both from the early Lutetian (mid-Eocene) of the
Green River Formation (CO, USA). We could not place
these fossils phylogenetically because of limited taxon
sampling for Papilioninae. Instead, we placed these
unambiguous fossils conservatively at the crown of the
family as they share synapomorphies with all extant
subfamilies (de Jong 2007), and have proven to be reliable
calibration points for the crown group (Condamine et al.
2012). All uniform calibration priors were set with an
upper bound equal to the estimated age of angiosperms
(∼140 Ma, sensu Magallón et al. 2015), which is 6 times
older than the oldest Parnassiinae fossil. This upper age
is intentionally set as ancient to allow exploration of
potentially old ages for the clade. Since the fossil record
of Lepidoptera is highly incomplete and biased (Sohn
et al. 2015), caution is needed in using the few recent
fossil calibrations.
To explore the impact of sampled diversity, tree
prior, and morphological data on BEAST inferences, we
ran 4 analyses as follows: 1) molecular data only and
Yule model; 2) molecular data only and birth–death
process; 3) molecular and morphological data (totalevidence analysis) and Yule model; and 4) molecular and
morphological data (total-evidence analysis) and birth–
death process, with all other parameters set equal. The

total-evidence analyses provide a completely sampled
phylogeny of Parnassiinae due to the inclusion of
B. ludlowi (only available with morphological data).
Each MCMC analysis was run for 100 million
generations, sampled every 10,000th, resulting in 10,000
samples in the posterior distribution of which the first
2500 samples were discarded as burn-in. All analyses
were performed on the computer cluster CIPRES
Science Gateway (Miller et al. 2015), using BEAGLE
(Ayres et al. 2012). Convergence and performance of
MCMC runs were evaluated using Tracer 1.6 (Rambaut
and Drummond 2016) and the effective sample size
(ESS) criterion for each parameter. A maximum-clade
credibility (MCC) tree was reconstructed, with median
age and 95% height posterior density (HPD). Bayes factor
(BF) comparisons using stepping-stone sampling (Xie
et al. 2011), which allows unbiased approximation of the
marginal likelihood of Bayesian analyses (Baele et al.
2013), was used to select among competing models.
We considered 2lnBF values >10 to significantly favor
one model over another (Kass and Raftery 1995). The
dataset and BEAST xml files generated for this study are
available on Dryad (Supplementary Appendix S4).
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inadequate for reconstructing the history of ancient
groups with widespread distributions. Biogeographic
ranges larger than 4 areas in size were disallowed
as valid biogeographic states if they were not subsets
of the terminal species ranges; widespread ranges
comprising areas that have never been geographically
connected (Sanmartín et al. 2001) were also removed.
We constructed a time-stratified model (Supplementary
Appendix S6 available on Dryad) with 4 time slices
that specified constraints on area connections and
spanned the Parnassiinae evolutionary history; each
interval represents a geological period bounded by
major changes in tectonic and climatic conditions
thought to have affected the distribution of these
butterflies.

Diversification analyses in a RQ model.—We first tested the
hypothesis that diversity is bounded or at equilibrium,
meaning that diversity expanded rapidly in early
diversification, filled most niches and saturated toward
the present. We explored the effect of diversitydependence on speciation and extinction rates using
the method of Etienne et al. (2012) implemented in the
R-package DDD 2.7. We applied 5 different models:
1) speciation depends linearly on diversity without
extinction, 2) speciation depends linearly on diversity
with extinction, 3) speciation depends exponentially on
diversity with extinction, 4) speciation does not depend
on diversity and extinction depends linearly on diversity,
and 5) speciation does not depend on diversity and
extinction depends exponentially on diversity. For each
model, the initial carrying capacity was set to the current
number of described species.
We also tested the effect of host-plant association
on diversification rates, since previous study has
pointed to a potential correlation between shifts in
diversification and host-plant switches (Ehrlich and
Raven 1964). We used a diversification model of the
state-dependent speciation and extinction (SSE) family
of models, in which extinction and speciation rates are
associated with phenotypic evolution of a trait along
a phylogeny (Maddison et al. 2007). In particular, we
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used the Multiple State Speciation Extinction model
(MuSSE; FitzJohn et al. 2009) implemented in the Rpackage diversitree 0.9–7 (FitzJohn 2012), which allows
for multiple character states. Larval host plant data
were taken from previous work (Ehrlich and Raven
1964; Scriber 1984; Collins and Morris 1985; Tyler et al.
1994; Scriber et al. 1995). The following 4 character
states were used: 1) Aristolochiaceae; 2) Zygophyllaceae;
3) Papaveraceae; and 4) Crassulaceae + Saxifragaceae.
Data at a lower taxonomic level than plant family were
not used because of the great number of multiple
associations exhibited by genera that could alter the
phylogenetic signal. Thirty-six different models were run
to test whether speciation, extinction, or transition rates
were dependent on trait evolution. Models were built
with increasing complexity, starting from a model with
no difference in speciation, extinction and transition
rates (3 parameters) to the most complex model
with different speciation, extinction, and transition
rates for each character state (20 parameters). We
estimated posterior density distribution with Bayesian
MCMC analyses (10,000 steps) performed with the bestfitting models and resulting speciation, extinction and
transition rates.
There have been concerns about the power of
SSE models to infer diversification dynamics from
a distribution of species traits (Davis et al. 2013;
Maddison and FitzJohn 2015; Rabosky and Goldberg
2015). First, SSE models tend to have a high type I
error bias related to the shape (topology) of the inferred
tree (Rabosky and Goldberg 2015). To test whether
our diversification results were potentially biased, we
estimated the difference of fit (!AIC) between the best
model from MuSSE and a null model (corresponding to
the model with no difference in speciation, extinction
and transition rates between the states of a character)
and compared this with the difference between the
same models as estimated from simulated datasets.
1000 sets of traits were generated on the Parnassiinae
phylogeny using the sim.history function from the Rpackage phytools (Revell 2012). To keep the phylogenetic
signal in the trait, transition rates between states were
simulated using values obtained from the null model
fitted on the observed phylogeny.
Second, there is concern whether SSE models are
uncovering actual drivers of diversification, or whether
they are simply pointing to more complex patterns
involving unmeasured and co-distributed factors in the
phylogeny (Beaulieu and O’Meara 2016). A model with
an additional hidden character may alleviate this issue.
We applied the Hidden SSE (HiSSE) model to specifically
account for the presence of unmeasured factors that
could impact diversification rates estimated for the states
of any observed trait. The analyses were performed in the
Bayesian software RevBayes (Höhna et al. 2016a).
To provide an independent assessment of the
relationship between diversification rates and host
specificity, we used models that allow diversification
rates to vary among clades. BAMM 2.5 (Rabosky
et al. 2013, 2014a) was used to explore for differential
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Testing the RQ and CJ hypotheses
To understand the relative contributions of RQ versus
CJ-type factors, we ran a series of macroevolutionary
models using both ML and BI. Rather than on a single
tree, analyses were performed on a sample of trees
from the BEAST post-burnin posterior distribution (with
outgroups removed); an exception was the diversitydependent diversification models that, due to time
constraints, were run only on the MCC tree. This
approach allowed us to assess the robustness of results
to phylogenetic uncertainty and estimate confidence
intervals for the parameter estimates. We compared the
fit of each model to the data using the corrected Akaike
Information Criterion (AICc) for the ML analyses, and
Bayes Factor comparisons (2lnBF) for BI.
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Diversification analyses in a CJ model.—We evaluated the
impact of abiotic factors such as abrupt changes in
tectonic or climatic settings or mass extinction events
(e.g., the EOCT at 33.9 Ma) using episodic birth–
death models implemented in the R-packages TreePar
3.3 (Stadler 2011) and TESS 2.1 (CoMET model, Höhna
et al. 2016b; May et al. 2016). These models allow
detection of discrete changes in speciation and extinction
rates concurrently affecting all lineages in a tree. Both
approaches estimate changes in diversification rates
at discrete points in time, but can also infer mass
extinction events, modeled as sampling events in the
past in which the extant diversity is reduced by a
fraction. Speciation and extinction rates can change at
those points but remain constant within time intervals.
The underlying likelihood function is identical in the 2
methods (Stadler 2011; Höhna 2015), but TreePar and
TESS differ in the inference framework (ML vs. BI)
and the method used for model comparison (AICc
vs. BF). In addition, TESS uses independent CPPs
to simultaneously detect mass extinction events and
discrete changes in speciation and extinction rates,
while TreePar estimates the magnitude and timing
of speciation and extinction changes independently
to the occurrence of mass extinctions (i.e., the 3
parameters cannot be estimated simultaneously due
to parameter identifiability issues, Stadler 2011). To
compare inferences between CoMET and TreePar, we
performed 2 independent TreePar analyses allowing
and disallowing mass extinction events (argument ME
= TRUE/FALSE). We compared models with 0, 1, or
2 rate shifts/mass extinction events in TreePar using
the AICc, while BF comparisons were used to assess
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model fit between models with varying number and
time of changes in speciation/extinction rates and mass
extinctions in TESS. Finally, we used an implementation
of CoMET in RevBayes (Höhna et al. 2016a), an episodic
birth–death model in which speciation and extinction
are allowed to vary at discrete points in time, but are
autocorrelated (instead of independent/uncorrelated as
in CoMET) across time intervals; a Brownian model with
rates in the next time interval centered around the rates in
the current time interval was used. Also, the number of
diversification rate shifts was set a priori as in population
skyline models (Strimmer and Pybus 2001), while in
CoMET this is modeled through a CPP prior.
To examine the influence of elevational distribution
(lowland, mountain, or both) on speciation and
extinction rates, we used the trait-dependent
diversification model GeoSSE (Geographic State
Speciation and Extinction, Goldberg et al. 2011).
Geographic characters require a third widespread state,
because, unlike morphological traits, ancestors can be
present in more than 1 state (area). This requires the
modeling of cladogenetic state change, the probability
associated with the division of an ancestral range
between the 2 descendants, alongside anagenetic state
change (i.e., the probability of character change along
branches). Species were coded by their elevation zone,
using data from literature, museum records, and field
observations. We evaluated 12 models of increasing
complexity to test the relationship between elevational
distributions and diversification. As in MuSSE above, we
evaluated the performance of GeoSSE using simulation
tests. Trait simulation was more complex here because
there is no direct transition between states A and B.
Instead, these transitions involve range expansion to an
intermediate widespread state AB (dAB, dBA) followed
by local extinction (xA, xB). Following Goldberg
et al. (2011), we considered transition rates between
A and B as null because they involve more than one
instantaneous event; the transition rate from A to AB
was coded as range expansion dA, from B to AB as dB;
transitions from AB to A and from AB to B (“extirpation
rates”) were coded as xB and xA, respectively. For our
1000 simulations, we used the transition rates of the
model with equal speciation rates (sA = sB = sAB),
but different extinction (xA̸=xB) and transition rates
(dA̸ =dB).
Finally, we tested the impact of paleoenvironmental
variables on diversification rates, using a birth–
death likelihood method in which rates may change
continuously with an environmental variable, itself
varying through time (Condamine et al. 2013).
We tested 4 models: 1) a constant-rate birth–death
model in which diversification is not associated to
the environmental variable; 2) speciation rate varies
according to environment and extinction rate does not
vary; 3) speciation rate does not vary and extinction rate
varies according to environment; and 4) both speciation
and extinction rates vary according to environment.
We also tested the corresponding models in which
speciation and/or extinction are allowed to vary
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diversification dynamic regimes among clades differing
in their host-plant feeding. BAMM analyses were run
for 10 million generations, sampling every 10,000th
and with 4 different values of the compound Poisson
prior (CPP) to ensure the posterior is independent of
the prior (Moore et al. 2016). Mixing and convergence
among runs (ESS >200 after 15% burn-in) were assessed
with the R-package BAMMtools 2.1 (Rabosky et al.
2014b). BAMM has been criticized for incorrectly
modeling rate-shifts on extinct lineages, that is,
unobserved (extinct or unsampled) lineages inherit the
ancestral diversification process and cannot experience
subsequent diversification-rate shifts (Moore et al. 2016,
but see Rabosky et al. 2017). To solve this, we used a
novel approach implemented in RevBayes that models
rate shifts consistently on extinct lineages by using the
SSE framework (Moore et al. 2016; Höhna S., Moore B.R.,
Rannala B., May M.R., Huelsenbeck J.P. in preparation).
Although there is no information of rate shifts for
unobserved/extinct lineages in a phylogeny including
extant species only, these types of events must be
accounted for in computing the likelihood. The number
of rate categories is fixed in the analysis but RevBayes
allows any number to be specified, thus allowing direct
comparison of different macroevolutionary regimes.

VOL. 67

940–965

2018

CONDAMINE ET AL.—TESTING THE RED QUEEN AND COURT JESTER

947

with time, but independently from the environmental
variable (time-dependent birth–death models, Morlon
et al. 2011). When rates varied with the environment
(E), we assumed exponential variation, such that !(E) =
!0 × e"E and #(E) = #0 × e$E , in which !0 and #0 are the
speciation and extinction rates for a given environmental
variable for which the value is 0, and " and $ are
the rates of change according to the environment.
Positive values for " or $ mean a positive effect
of the environment on speciation or extinction (and
conversely). As environmental variables (Fig. 2), we used
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paleotemperature (data retrieved from Zachos et al.
2008) and paleo-elevation of the HTP (a proxy for
mountain building), with data compiled from existing
data in the literature available on Dryad (Supplementary
Appendix S7). The R-package pspline was used to build
environmental vectors from the data as input for the
birth–death models.
Alternatively, we used RevBayes and the CoMET
framework (episodic birth–death models) to implement
an analysis in which diversification rates are allowed
to co-vary with, or evolve independently from,
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FIGURE 2. Environmental changes over the last 40 million years. a) Trends in global climate change estimated from relative proportions of
different oxygen isotopes (Zachos et al. 2008). b) Trends in HTP elevation for the last 40 Myrs, compiled from data from a literature survey; our
compilation shows that the HTP was as high as 3000 m in the Eocene, congruent with recent reviews (Renner 2016; Xu et al. 2018; Supplementary
Appendix S7). c) Map of the current elevation of the Himalayan–Tibetan Plateau with the species diversity of Parnassius in the region.
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paleotemperatures and paleo-elevation across discrete
time intervals (Palazzesi L., Hidalgo O., Barreda V.D,
Forest F., Höhna S. in review). A correlation coefficient,
denoted !, is co-estimated with diversification rates in
the model and describes the magnitude and direction
of the relationship between the variable and changes
in diversification rates: ! < 0 (negative correlation), !
>0 (positive correlation), and ! = 0 (no correlation, in
which case the model collapses to the episodic birth–
death models; see Supplementary Appendix S8 available
on Dryad).
RESULTS

Divergence Time and Biogeographic Estimates
The BEAST analyses (Yule vs. birth–death and
molecular vs. total-evidence) yielded almost identical

estimates of divergence times with less than 1 million
years of difference for most nodes (Supplementary
Appendix S10 available on Dryad). BF comparisons were
also not conclusive, with little difference in the steppingstone marginal likelihood estimate among analyses
(Supplementary Appendix S11 available on Dryad). We
present the results for the analysis with the birth–death
prior and the total-evidence dataset (Fig. 4) because it
offered slightly better convergence and incorporating
extinction into the tree prior seemed more realistic for
such an old lineage (results from the other analyses are
available on Dryad, Supplementary Appendix S10).
Based on this analysis and results from the DEC
inference, Parnassiinae originated in the late Eocene
(38.6 Ma, 95% HPD 31.4–46.6 Ma) in Central Asia
(Fig. 4). The ancestor of sister-tribes Luehdorfiini and
Zerynthiini (36.7 Ma, 29.9–44.5 Ma) is also reconstructed
in Central Asia, followed by independent dispersal
events to India + Caucasus-Turkey and the HTP.
Luehdorfiini diversified in the early Miocene at 23.3
Ma (17.4–30.2 Ma) within a broad geographic range
including India, Turkey-Caucasus, and Central Asia;
this was followed by extinction in Central Asia and
India, and a later dispersal to China–Japan along
the stem of Luehdorfia. Zerynthiini originated in the
Oligocene (30.3 Ma, 24.1–37.2 Ma) within a region
comprising India, Turkey-Caucasus, Central Asia, and
the HTP, and also underwent extinction events in
Central Asia and India during the Miocene. In contrast,
Parnassiini first diversified within this region in the
early Miocene (22.6 Ma, 17.2–28.5 Ma), followed by
dispersal to Turkey-Caucasus in Hypermnestra. The
ancestor of Parnassius dispersed from Central Asia to
HTP around the mid-Miocene (13.4 Ma, 10.5–16.6 Ma),
followed by vicariance between subgenus Parnassius
and the ancestor of the other subgenera. Dispersal
events to adjacent geographic regions and subsequent
allopatric speciation are reconstructed within each
subgenus, especially in Driopa. A more detailed account
of the biogeographic history and alternative nodal
reconstructions are available on Dryad (Supplementary
Appendix S12).
Macroevolutionary Dynamics
A summary of diversification rate analysis results is
presented in Table 1.
Diversification in a RQ model.—Diversity-dependent
diversification models estimated an unlimited carrying
capacity for the subfamily (Supplementary Appendix
S13 available on Dryad), implying that accumulating
diversity did not influence diversification rates. The bestfitting DDD model was one in which extinction rate
increased with diversity. For Parnassius the best model
was a diversity-dependence process with speciation
decreasing with increasing diversity. However, none
of these models received significant support when
compared with other models ("AICc < 2).
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Phylogeny and Fossil Placements
The molecular matrix comprised 4535 nucleotides
and 85 extant species (70 formally recognized and 15
putative species) of Parnassiinae plus 2 fossil species,
following recent taxonomic reviews (Frankenbach
et al. 2012; Bollino and Racheli 2012) and our own
results from the species delimitation analyses (see
Supplementary Appendices S1 and S2 available on
Dryad). PartitionFinder selected 8 partitions as the
best scheme for substitution models (Supplementary
Appendix S9 available on Dryad). Convergence among
runs was supported by the low average standard
deviation of split frequencies, PSRF values ≈1.0, and ESS
>> 1000 for many parameters. The resulting Bayesian
trees were well resolved and robust: 74.4% of the nodes
were recovered with posterior probability (PP) >0.95
with MrBayes (Fig. 3), and 83% in BEAST (70% with
PP = 1) when fossil taxa were removed. Phylogenetic
relationships agree with previous studies (Nazari et al.
2007; Michel et al. 2008), showing Luehdorfiini +
Zerynthiini as sister-tribes and sister to Parnassiini;
within the latter, Hypermnestra is sister to the genus
Parnassius. Most of the weak support is found within
the radiation of species complexes, such as Parnassius
apollo or in the subgenus Kailasius, but 2 deep nodes in
Parnassius have PP < 0.9.
The total-evidence analysis allowed us to test the
phylogenetic placement of the Parnassiinae fossils.
†Thaites was often recovered as sister to Parnassiini (PP
= 0.6, Fig. 3), and occasionally as sister to Luehdorfiini +
Zerynthiini. This fossil was used to provide a minimum
age for crown Parnassiinae, calibrated with a uniform
prior bounded between 23.03 Ma (minimum) and 47.8
Ma (maximum). †Doritites was reconstructed as sister
to Archon (Luehdorfiini, PP = 0.96), in agreement
with Carpenter (1992), who tentatively synonymized
†Doritites with Luehdorfia. The crown of Luehdorfiini
was thus constrained for divergence time estimation
using a uniform distribution bounded between 5.33 Ma
(minimum) and 47.8 Ma (maximum).
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FIGURE 3. Phylogenetic relationships inferred with a Bayesian total-evidence approach combining molecular and morphological data of
extant and extinct Parnassiinae. This integrative approach allowed assessment of the phylogenetic placement of 2 fossils, which were then used
to calibrate the molecular dating analysis. Backbone nodes show posterior probability values. Nodal support values within genera or subclades
are shown in Supplementary Appendix S10 for alternative dating analyses including, or not, morphological data. Grey circles indicate the
crown-node of each tribe.
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FIGURE 4. Time-calibrated phylogeny and biogeography of Apollo butterfly radiation and paleo-tectonic evolution at important periods.
Colored squares on nodes indicate the most likely biogeographical estimate, as in the lower left inset (uncertainties in range estimates are in
Supplementary Appendix S12). Triangles indicate range expansions and X’s denote local extinctions. A timescale spans the full evolutionary
history of the group. Earth maps represent paleogeography at specific time periods. The red box highlights a notable period of local extinctions
in the clade Luehdorfiini + Zerynthiini. Panels at bottom represent the main Cenozoic environmental changes occurring with the onset and rise
of the HTP or floristic turnovers. Sensitivity analyses were conducted to test the effect of adding or excluding morphological data; results are
presented in Supplementary Appendix S10. Plio. = Pliocene; Ple. = Pleistocene.
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TABLE 1.

Summary of diversification analyses

Type of birth–death

Evolutionary
model

Methods used

Red Queen

BAMM
RevBayes

Red Queen

DDD (dd_ML)

Red Queen

MuSSE
(make.musse)
RevBayes

Episodic birth–death
model (rates vary
discretely as a function
of time)

Court Jester

TreePar
(bd.shifts.optim)
CoMET

Trait-dependence (rates
vary as a function of a
character state for a trait)

Court Jester

GeoSSE
(make.geosse)
RevBayes

Environmentaldependence (rates vary
as a function of a
time-variable
environment)

Court Jester

RPANDA (fit_env)
TESS
RevBayes

Rabosky et al. (2013)
Höhna et al. (2016a)

Etienne et al. (2012)

Maddison et al. 2007
FitzJohn et al. 2009
Höhna et al. (2016a)

Data used

Settings

Main results

MCC tree of Parnassiinae

Bayesian model to test whether
speciation rates have varied
over time and/or across
lineages (exponential variation)
5 models to test whether
speciation declines with
diversity and/or extinction
increases with diversity
36 models to test whether a
character state impacted
speciation and/or extinction
and/or transition rates between
host plants

A single shift: increase of
diversification near the crown of
the genus Parnassius

MCC tree of the clade and
one of Parnassius (to test
whether they reach their
carrying capacity)
200 posterior trees + host
plant preferences (four
states)

200 posterior trees MCC
tree

4 models to test whether
diversification rates and
turnover episodically changed
over time

Maddison et al. 2007
Goldberg et al. 2011
Höhna et al. (2016a)

200 posterior trees +
geographical occurrence
(highland, lowland, or
widespread)

Condamine et al. 2013
Höhna et al. (2016b)

200 posterior trees + past
global temperatures +
past altitude of the HTP

12 models to test whether a
character state impacted
speciation and/or extinction
and/or transition rates between
mountains and lowlands
8 models for each variable to test
whether rates vary with the
paleoenvironment

Stadler 2011
May et al. 2016

Both Parnassiinae and Parnassius
have not reached their carrying
capacity, but show some degree
of diversity dependence
Support for independent
speciation rates for each
host-specialist clade; no
significant differences for
extinction and transition rates
among clades
Significant diversification rate and
turnover changes in the late
Pliocene (3.2 Ma) and a possible
mass extinction in the
mid-Miocene (15 Ma)
High speciation in mountain,
medium allopatric speciation
and low speciation in lowland
(no effect of the trait on
extinction and transition rates)
Speciation and extinction are
positively associated with warm
climate. Speciation or extinction
is not significantly associated
with past altitude

CONDAMINE ET AL.—TESTING THE RED QUEEN AND COURT JESTER

Time-dependence (rates
vary continuously as a
function of time and
across clades)
Diversity-dependence
(rates vary as a function
of the number of
species)
Trait-dependence (rates
vary as a function of a
character state for a trait)

References

Notes: Evolutionary models are divided by whether they are used to test hypotheses in favor of the Red Queen or to support the Court Jester. MCC = maximum clade credibility; HTP =
Himalaya and Tibetan Plateau.
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MuSSE analyses on host-plant preferences selected
a model in which speciation rates varied among
clades feeding on different host plants; extinction and
transition rates were estimated as equal (Supplementary
Appendix S14 available on Dryad). Zygophyllaceae
feeders (Hypermnestra) had the lowest speciation rate,
followed by Aristolochiaceae feeders (Luehdorfiini and
Zerynthiini), with the highest rates for clades feeding on
Papaveraceae (all Parnassius except subgenus Parnassius)
and Crassulaceae + Saxifragaceae (subgenus Parnassius)
(Fig. 5). MCMC credibility intervals showed significant
differences between the speciation rates of Papaveraceae
feeders and Crassulaceae + Saxifragaceae feeders and
those feeding on other host plants (Supplementary
Appendix S15 available on Dryad). Transition rates for
host-plant switches were often estimated close to zero
with strong niche conservatism in the phylogeny; once a
lineage shifted to a new host it did not switch back and
only rarely colonized another host plant (Supplementary
Appendix S14 available on Dryad). We assessed the
robustness of this pattern with a simulation procedure,
and Bayesian implementations of HiSSE and MuSSE in
RevBayes (Supplementary Appendix S16 available on
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Dryad). All analyses supported the same diversification
pattern with speciation rates being different among
lineages feeding on different host plants. Our estimates
were robust to known biases of SSE models, suggesting
a strong effect of host plant on diversification rates of
Parnassiinae.
Bayesian analyses that model rate-heterogeneity
across clades provided further corroboration of the SSE
inferences (Fig. 6a). Both BAMM and an alternative
implementation of lineage-specific birth–death model in
RevBayes supported a diversification regime in which
there is at least an increase in diversification rates along
the stem of Parnassius (and possibly a second upshift
at the stem of subgenus Parnassius) and found higher
speciation rates for host-plant feeders on Crassulaceae
+ Saxifragaceae and Papaveraceae than those on
Aristolochiaceae or Zygophyllaceae (Supplementary
Appendices S17–S19 available on Dryad). BAMM was
insensitive to the CPP prior.
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FIGURE 5. Diversification of Parnassiinae linked to their host plant. a) Phylogenetic distribution of host-plant traits (four states) analyzed with
MuSSE diversification models. b) Bayesian inferences made with the best-fitting MuSSE model (see Supplementary Appendix S14) showed that
speciation rates vary according to the host-plant trait: Parnassius clades feeding on Papaveraceae and Crassulaceae + Saxifragaceae have higher
speciation rates than their relatives feeding on other families; extinction and transition rates were estimated as equal across clades.

Diversification in a CJ model.—When mass extinctions are
disallowed, TreePar supported a model with a single
shift at 3.2 Ma (Table 2), with a low initial rate of
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diversification (r2 = 0.031) and high turnover (ε2 = 0.91),
followed by 4-fold increase in diversification rate (r1 =
0.119) and a joint decrease of turnover (ε1 = 0.17). The
second best model identified a second shift in the midMiocene (15.3 Ma) marked by an extinction period
surrounded by low and negative values for the net
diversification rate, and values >1 for turnover. When
mass extinctions are allowed to occur, TreePar favored a
significant mass extinction at 14.8 Ma with an estimated
survival probability after the mass extinction of 7.5%
(Table 2; Fig. 6c). The CoMET model implemented in
RevBayes with the autocorrelated model also identified a
mass extinction event in the mid-Miocene ∼15 Ma (2lnBF
= 6, Supplementary Appendix S20 on Dryad). There was
also a significant increase in speciation rates around the
Pliocene, followed by a decrease in speciation toward
the present (Fig. 6b); similar results were obtained with
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the TESS implementation of CoMET (Supplementary
Appendix S20 available on Dryad).
GeoSSE analyses selected a best-fitting model
with equal dispersal and extinction rates between
altitudinal regions (habitats), but higher speciation rates
for highland regions when compared with lowland
regions (Supplementary Appendix S14 available on
Dryad). Allopatric speciation (for lowland/highland
ancestors) was inferred to occur at a higher rate than
within-lowland speciation, but at a lower rate than
within-highland speciation; these differences remained
significant in the Bayesian MCMC analyses, as the
credibility interval did not overlap with zero (Fig. 7).
Nevertheless, the difference in speciation rates between
higher and lower altitudes was not larger than expected
by chance in our simulation tests (Supplementary
Appendix S16 available on Dryad), so we cannot reject
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FIGURE 6.
Diversification dynamics of Parnassiinae inferred with time-dependent models. a) Rate-heterogeneity-across-clades models
implemented in BAMM and RevBayes identified one significant shift in diversification rates along the stem leading to Parnassius (represented
by a red circle; see also Supplementary Appendices S17–S19), with a higher speciation rate in this clade than in the rest of the tree. Episodic
birth–death models implemented in CoMET (b) and TreePar (c) identified a possible mass extinction event in the mid-Miocene (∼15 Ma). The
blue histogram shows the uncertainty in the timing of the mass extinction event based on the estimates over 200 trees with TreePar (similar
estimates are obtained for CoMET; Supplementary Appendix S20). The 2 models also estimated an increase in diversity around the early-mid
Pliocene (b and c), but this was followed by a decrease in diversity toward the present time in CoMET which was not detected in TreePar. The
red line shows the lineages-through-time plot. The green lines represent the reconstructed past diversity before and after the mass extinction,
based on the net diversification rates and 7.5% of survival probability estimated in TreePar. Plio. = Pliocene; Ple. = Pleistocene.
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TABLE 2.

Results from episodic diversification analyses in TreePar with or without mass extinction
Mass extinction events disallowed

Models
NP
logL
AICc
! AIC

BD with
1 shift time

BD with
2 shift times

Mass extinction events allowed
BD with
3 shift times

2
5
8
11
−182.840±0.5640 −175.099±0.5727 −172.910±0.5716 −170.504±0.5778
369.827±1.1281 360.959±1.1454 363.714±1.1432 366.624±1.1555
8.868
0
2.755
5.665
0.0934±0.0008
0.5374±0.0047
—
—
—
—
—
—
—
—
—

0.1188±0.0057
0.1699±0.0355
3.21±0.0573
0.0312±0.0007
0.9142±0.0052
—
—
—
—
—
—

0.0915±0.0067
0.3109±0.0411
2.81±0.0693
0.0254±0.0166
0.8319±0.0529
15.29±0.8932
−0.3498±0.1026
0.7616±0.0380
—
—
—

0.0711±0.0105
0.5288±0.1224
2.56±0.0788
0.0031±0.0295
0.9179±0.0795
10.47±0.6951
0.0302±0.0190
0.8461±0.0506
20.29±0.9277
−0.9929±0.1753
0.8571±0.0403

Models
NP
logL
AICc
! AIC
r
ε
st1
sp1
st2
sp2

BD with
no ME

BD with
1 ME

BD with
2 MEs

2
4
6
−240.789±0.5634 −235.792±0.5667 −234.082±0.5760
485.726±1.1267 482.345±1.1334 486.058±1.1520
0.0930±0.0008
0.5363±0.0042
—
—
—
—

0.1672±0.0012
0.0279±0.0038
14.82±0.12
0.0749±0.0021
—
—

0.1859±0.0014
0.0025±0.0010
7.37±0.17
0.466±0.0144
16.08±0.29
0.0759±0.0028

Notes: Bold columns represent the best model. When mass extinction is disallowed, the best-supported model has a single rate-shift, as determined
by the lowest AICc and !AICc. When mass extinction is allowed, the best model also has a single mass-extinction event. Adding more
diversification shifts or mass extinctions did not significantly improve the likelihood of the models. “r1” denotes the diversification rate and “ε1”
is the turnover, both inferred between Present and the shift time 1 (“st1”). BD = birth–death; ME = mass extinction; NP = number of parameters;
logL = log-likelihood; AICc = corrected Akaike Information Criterion; !AICc = the difference in AICc between the model with the lowest AICc
and the others. Parameter estimates: r = net diversification rate (speciation minus extinction); ε = turnover (extinction over speciation); st = shift
time; sp = survival probability at a mass extinction event.

the observed effect of altitude on speciation being
affected by the shape of the phylogeny.
The
ML-based
paleoenvironment-dependent
model implemented in RPANDA indicated positive
dependence between diversification rates and past
temperature (Table 3). In the best model, both speciation
and extinction rates increased exponentially with
temperature, with a general decrease in diversification
rates toward the present, combined with periods of
high turnover rates in the late Oligocene and midMiocene (Fig. 8). The best paleo-elevation model had
speciation increasing with increasing altitude, whereas
extinction remained constant (and not affected by
elevation fluctuations), but this model does not fit better
than constant-rate or temperature-dependent models
(Table 3). In contrast, the Bayesian paleoenvironmentdependent model implemented in RevBayes indicated
that both past temperature and elevation did not impact
the diversification of Parnassiinae, since the correlation
parameters # and $ had credibility intervals that were
not significantly different from zero (Supplementary
Appendix S21 available on Dryad). Moreover, estimates
with this model (Fig. 8) showed diversification
dynamics that were similar to those obtained with
CoMET and TreePar, but unlike those from RPANDA.
These differences might be attributed to the inference
framework (ML in RPANDA vs. BI in RevBayes) or to the
different underlying birth–death models (continuous
in RPANDA vs. episodic in RevBayes). To test this,
we implemented the continuous-paleoenvironmental
models (Condamine et al. 2013) in TESS. We then
compared these models against a constant birth–death
model, episodic (piecewise constant) birth–death
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models (1–5 shifts), and time-variable models. This
procedure ensured that a single statistical framework
(ML and AIC) implemented in TESS was used to
compare all models. Results showed that the best-fitting
model was one in which speciation and extinction rates
vary positively with paleotemperature, in agreement
with RPANDA (Tables 4 and 5). We, therefore, concluded
that the different results are related not to the inference
framework but to the underlying model: the use of an
episodic birth–death model with autocorrelated rates
across time intervals in the RevBayes model rather
than the uncorrelated episodic model implemented
in TESS.

DISCUSSION
Seeking the determinants of species richness is a
fundamental aspect of biology (Morlon 2014; Benton
2015). However, studies have generally focused on a
single factor to explain a given diversity pattern, whether
by historical events promoting changes in diversification
and extinction (Barnosky 2001; Erwin 2009; Mayhew
et al. 2008), or species ecology and clade competitions as
the dominant drivers of diversification (Rabosky et al.,
2013; Silvestro et al. 2015). The combined influence of
various factors has been tested less often (Drummond
et al. 2012a; Bouchenak-Khelladi et al. 2015; Lagomarsino
et al. 2016), and at a lower geographic and temporal scale
or with a reduced set of methods. Further, these methods
have mainly been implemented within a ML framework.
In this study, we used existing and some novel methods
under both ML and BI to evaluate potential factors
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driving diversification in Parnassiinae: some are related
to a RQ mechanistic model of evolution, others to a CJ
hypothesis.

Coupled Effect of Mountain Building and Climate Change
A long-held tenet in biology is that environmental
stability leads to greater species richness than a changing
environment, suggesting that species interactions are
a dominant force (Wallace 1878). A recent debate
has emerged between those arguing that physically
dynamic ecosystems play a major role in diversification
(Hoorn et al. 2013; Condamine et al. 2015b) and
even promote adaptive radiation (Tan et al. 2013),
and those maintaining that landscape changes have
not been important in diversification history, instead
advocating the role of large-scale dispersal events as
drivers of speciation (Smith et al. 2014). In the Northern
Hemisphere, tectonic events such as the closure of
Turgai Sea or the building of Alpine and Himalayan
orogenies have caused large-scale landscape and climatic

[16:42 1/10/2018 Sysbio-OP-SYSB180009.tex]

changes (Sanmartín et al. 2001). As a result many
new habitats were formed that created potential “new
ecological spaces” and favored speciation (Xing and
Ree 2017). Also, the newly created corridors stimulated
species exchange between communities, while also
acting as barriers that separated formerly continuous
populations (Brikiatis 2014). Alternatively, landscape
dynamics (i.e., unlike long-term stable environments)
may have shattered former habitats, leading organisms
to extinction. The rise of the HTP has often been invoked
as providing important opportunities to diversify
(Fjeldså et al. 2012; Price et al. 2014; Wen et al. 2014; Favre
et al. 2015; Hughes and Atchison 2015; Renner 2016), but
its role as a driver has rarely been formally tested with
diversification models (Xing and Ree 2017).
Our analyses detected higher in situ speciation rates
for mountain species than their lowland counterparts
(with similar extinction rates), resulting in higher net
diversification rates for mountain species. Yet, this
pattern was not robust to phylogenetic shape artifacts
(Rabosky and Goldberg 2015). Moreover, ML and BIbased paleo-elevation models found that an explicit link
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FIGURE 7. Inference of geographic mode of speciation between mountain and lowland species. a) The phylogenetic distribution of geographic
traits (lowland, mountain, or “widespread”) analyzed with GeoSSE models of diversification. b) Bayesian inferences made with the best-fitting
GeoSSE model (selected over a series of 12 diversification models) showing that only speciation varies according to the geographic trait. The
results indicate that the mountain-dwelling Parnassiinae species have significantly higher speciation rates than their counterparts. The allopatric
(or biome divergence) speciation rate is also estimated to be elevated, congruent with our biogeographic estimates.
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TABLE 3.

Results from RPANDA analyses

Models

logL

AICc

!AIC

AIω

#0

$

%0

Constant birth–death
#Time and %constant
#constant and %Time
#Time and %Time

2
3
3
4

0.044
0.101
0.052
0.034

7.157
9.746
9.372

0.016
0.004
0.005

0.2048 ± 0.0018
0.1962 ± 0.0016
0.1914 ± 0.0016
0.1962 ± 0.0016

—
−0.0407±0.0004
—
−0.0405±0.00004

0.1123±0.0017
5.00E-08±5.00E-08
0.0549±0.0010
8.535E-05±3.24E-05

3
3
4

484.819 ± 1.240
483.151 ± 1.249
484.474 ± 1.242
485.354 ± 1.249

5.186
3.518
4.841
5.721

#Alti. and %constant
#constant and %Alti.
#Alti. and %Alti.

−240.336±0.620
−238.427 ±0.624
−239.089±0.621
−238.427 ±0.624

#Temp. and %constant
#constant and %Temp.
#Temp. and %Temp.

3
3
4

487.505 ± 1.264
482.412 ± 1.298
479.633 ± 1.189

7.872
2.779
0

0.011
0.146
0.586

0.2121 ± 0.0021
0.1817 ± 0.0013
0.0839 ± 0.0017

−0.0242±0.0012
—
0.3811±0.0073

0.0834±0.0011
0.0071±0.0005
0.0797±0.0019

−240.247 ±0.572
−241.542±0.577
−240.253±0.582
−240.605±0.632
−238.058±0.649
−235.566±0.595

486.790 ± 1.144
489.379 ± 1.155
489.005 ± 1.164

0.0310 ± 0.0012
0.1991 ± 0.0017
0.0454 ± 0.0021

0.0004±6.35E-06
—
0.0003±9.30E-06

0.0794±0.0021
0.5116±0.0676
0.1016±0.0058

&
—
—
0.0433±0.0006
0.0347±0.0024
—
−0.00024±1.35E-05
−2.67E-05±6.29E-05
—
0.4707±0.0138
0.3988±0.0041

SYSTEMATIC BIOLOGY

NP

Notes: Bold columns represent the best model. The model with positive dependence of speciation and extinction on temperature has the lowest AICc and highest
AICω. Macroevolutionary scenarios were compared in which speciation and extinction vary through time (Time), or by paleo-elevation changes of the Himalaya and
Tibetan Plateau (Alti.), and global temperature changes (Temp.). Abbreviations: NP, number of parameters; logL, log-likelihood; AICc, corrected Akaike Information
Criterion; !AICc, the difference in AICc between the model with the lowest AICc and the others; AICω, Akaike weight. Parameter estimates: #0 and %0 ,
speciation and extinction for environmental value at present; $ and &, parameter controlling variation of speciation ($) and extinction (&) with paleoenvironment.
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FIGURE 8.
Paleoenvironment-dependent diversification processes in Apollo butterflies. ML continuous paleoenvironment-dependent
models implemented in RPANDA (a–d) showed positive dependence between paleotemperatures and speciation/extinction; the paleoelevation-dependent diversification models did not fit the data better than the constant-rate or time-variable models. Bayesian inference of
environment-dependent diversification with autocorrelated rates in RevBayes (e–h) supports a model in which both speciation and extinction
are not dependent on temperature and elevation changes (represented by dotted lines, temperature and elevation values are given in Figure 2).
Colored areas in speciation and extinction plots indicate the credibility interval, with the continuous line representing the median rate. Pli =
Pliocene; P = Pleistocene.
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TABLE 4.

Results from the TESS analyses using paleoenvironment-dependent diversification models

Models
Constant birth–death
#Time and %constant
#constant and %Time
#Time and %Time
#Alti. and %constant
#constant and %Alti.
#Alti. and %Alti.
#Temp. and %constant
#constant and %Temp.
# Temp. and % Temp.

NP

logL

AICc

!AIC

AICω

#

$

%

&

2
3
3
4
3
3
4
3
3
4

−240.687
−238.811
−239.331
−238.802
−239.570
−240.416
−239.378
−239.570
−237.826
−236.723

485.425
483.775
484.816
485.916
485.294
486.985
487.067
485.294
481.806
481.757

3.668
2.018
3.059
4.159
3.537
5.228
5.310
3.537
0.049
0

0.044
0.101
0.060
0.035
0.047
0.020
0.019
0.047
0.271
0.278

0.2037
0.1951
0.1898
0.1951
0.0483
0.1999
0.0472
0.0483
0.1800
0.1383

—
−0.0402
—
−0.0398
0.0003
—
0.0004
0.0003
—
0.1463

0.1113
2.01E-06
0.0515
0.0002
0.09450
0.3730
0.1169
0.0945
0.0064
0.0458

—
—
0.0467
0.0330
—
−0.00014
0.0002
—
0.5007
0.3483

Notes: Bold columns represent the best model.
Results from the TESS analyses using episodic birth–death models

Models

NP

logL

AICc

!AIC

AICω

#1

#2

#3

#4

#5

#6

%1

%2

%3

%4

%5

%6

Shift 1
Shift 2
Shift 3
Shift 4

5
8
11
14

−237.008
−236.086
−236.118
−234.251

484.542
489.706
497.379
501.935

2.785
7.949
15.622
20.178

0.069
0.005
0.0001
0

0.052
0.195
0.180
0.164

0.176
0.084
0.127
0.159

—
0.180
0.155
0.049

—
—
0.181
0.161

—
—
—
0.190

—
—
—
—

0.004
0.112
0.111
0.136

0.018
0.097
0.051
0.062

—
0.004
0.159
0.074

—
—
0.002
0.058

—
—
—
0.008

—
—
—
—

Notes: The model with positive dependence of speciation and extinction with temperature has the lowest AICc and highest AICω. We compared
macroevolutionary scenarios in which speciation and extinction vary through time (Time), or according to paleo-elevation changes of the
Himalaya and Tibetan Plateau (Alti.), according to global temperature changes (Temp.), and episodic birth–death models (Shift). Parameter
estimates: #0 and %0 , speciation and extinction for the environmental value at present; $ and &, parameter controlling the variation of the
speciation ($) and extinction (&) with the paleoenvironment. #1 and %1 , speciation and extinction for the first period of time (present to first
shift).
NP = number of parameters; logL = log-likelihood; AICc = corrected Akaike Information Criterion; !AICc = the difference in AICc between
the model with the lowest AICc and the others; AICω = Akaike weight.

between diversification rates and periods of HTP uplift
could be rejected in favor of a constant birth–death.
These findings contrast with those of high-elevation taxa
in the Andes reported to have diversified faster due
to the rise of the Andes when compared with their
low-elevation relatives (Lagomarsino et al. 2016; PérezEscobar et al. 2017). In contrast, clade rate-heterogeneous
models (BAMM, RevBayes) and biogeographic analyses
supported a link between diversification rates and
the HTP orogeny within Parnassiini, particularly in
Parnassius. A significant upshift in speciation rates was
detected along the stem of Parnassius, coincident with
the colonization of the HTP, although DEC inferred
several speciation/vicariance events associated with the
HTP orogeny (Fig. 4). The latter is corroborated by
the relatively high rate of allopatric (lowland/highland)
speciation estimated by GeoSSE. These different
results can partially be explained by the HTP rise
providing novel, high-altitude habitats for colonization
in Parnassius, thereby promoting ecological divergence
and initial rapid diversification (followed later by
allopatric speciation). Yet, diversification was not strictly
parallel to periods of mountain building. Conversely,
the rise of the HTP—and concomitant climatic changes
such as regional cooling and aridification—led to higher
extinction rates in non-mountain-adapted Parnassiinae
lineages, such as Luehdorfiini and Zerynthiini that
survived west and east of the Himalayan range; several
events of extinction are inferred within these lineages
around the mid-Miocene. This mixed effect is probably
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responsible for the lack of a significant association
between orogeny and speciation in tree-wide models,
which is otherwise detected by clade-heterogeneous
models.
Paleoclimate change is another abiotic factor
postulated to be a major trigger of diversification
in terrestrial organisms (Erwin 2009). CoMET, TreePar,
and the ML-based paleotemperature-dependent model
inferred a pattern of increased turnover (background
extinction) rates associated with periods of global
climate warming, such as the mid-Miocene Climate
Optimum (MMCO, 15–17 Ma, Böhme, 2003) or the late
Oligocene Warming Event (LOWE, ∼25 Ma, Zachos et al.
2008, Fig. 2). DEC also reconstructed several events of
(geographic) extinction in Central Asia and India along
the stem branches subtending the crown diversification
of extant genera in Luehdorfiini and Zerynthiini (Fig. 4).
These long branches are consistent with periods of
high extinction rates related to the LOWE, which
were eventually followed by mid-Miocene radiations,
especially in Parnassius (the latter probably linked to
the HTP rise). Paleotemperature and the HTP orogeny
probably had a joint influence in the diversification
of Parnassiinae. Mountain building is known to be
responsible for regional climate change (Sepulchre et al.
2006; Armijo et al. 2015), and for changes in biodiversity
patterns, both directly as a geographic barrier and
indirectly through climate change (Hoorn et al. 2013).
The HTP acted as a barrier to the influence of the
Asian monsoons (Zhisheng et al. 2001) and induced
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Ecological Interactions via Insect-Plant Diversification and
Host-Plant Shifts
Biological interactions among distantly related
lineages probably played a major role in the
diversification of clades over geological time (Van Valen
1973; Liow et al. 2015; Silvestro et al. 2015; Voje et al.
2015). Our analyses identified significant differences in
speciation rates associated with different host-plants.
Several models (BAMM, MuSSE, and Bayesian
implementations of MuSSE and HiSSE in RevBayes)
indicated that Parnassius subgenera associated with
Crassulaceae-Saxifragaceae and Papaveraceae have
significantly higher rates of speciation than their
relatives feeding on other host plants (Figs. 5 and 6).
Interestingly, the lowest speciation rates are associated
with butterflies feeding on Aristolochiaceae, the inferred
ancestral host plant of the Parnassiinae (Condamine
et al. 2012). Our results concur with the “escape and
radiate” hypothesis of Ehrlich and Raven (1964), which
predicts that the evolution of a herbivore insect trait
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(i.e., new tolerance of plant defenses) that allows
colonizing/feeding on a novel host plant lineage would
lead to a burst of diversification. The highly unbalanced
extant species richness between Parnassiini and the
clade Luehdorfiini + Zerynthiini, explained above by
geographic and climate drivers, might also be explained
by differential speciation rates related to their feeding
habit, as well as the overall low ability of Parnassiinae
for shifting between host plants (i.e., transition rates
estimated MuSSE are close to zero).
Testing this hypothesis would require reconstruction
of the diversification history of the host-plant clades;
this would allow us, for example, to identify shifts
that led to reciprocal changes in diversification in
the host plants and to test whether these shifts
were accompanied by matching ancestral geographic
distributions between herbivore insects and plants at key
events (Cruaud et al. 2012). Unfortunately, so far there is
no complete phylogeny for any of the large host families
for Parnassiinae, including Aristolochiaceae (∼500–
600 spp.), Papaveraceae (∼700–800 spp.), Crassulaceae
(∼1300–1500 spp.), and Saxifragaceae (∼600–700 spp.).
However, we found a positive correlation between
species richness of these plant lineages and the
speciation rates of their insect feeders (MuSSE: R2 =
0.96, BAMM: R2 = 0.87; Supplementary Appendix
S22 available on Dryad). This suggests that fastdiversifying clades are associated with families offering
a higher number of potential hosts (akin to niche
availability). Janz et al. (2006) found a similar correlation
between host-plant diversity and speciation rates in the
Nymphalidae; they posited that recurring oscillations
between host-plant expansions (i.e., incorporation of
new plants into the feeding repertoire) and host
specialization acted as a major driving force behind the
diversification of plant-feeding insects.
In adaptive radiations, the expectation is an initial
rapid burst of diversification, followed by a slowdown
in speciation rates as niches are filled up; this is
attributed to a diversity-dependence effect (Phillimore
and Price 2008; Etienne et al. 2012). A shift to a new
ecological resource (e.g., a new host plant) can be
an adaptive breakthrough (Ehrlich and Raven 1964),
providing higher opportunities for speciation at the
start of the radiation, which significantly decrease as
species accumulate. Though we did not detect this
diversity-dependence effect in Parnassiinae, a pattern
of speciation decreasing with standing diversity (and
constant extinction rates) was found in Parnassius,
supporting the hypothesis of this genus as an example of
an adaptive radiation (Rebourg et al. 2006), driven by the
evolution of a new host-plant association. The inference
of similar extinction rates in clades of Parnassiinae
feeding on different host plants does agree with Van
Valen’s (1973) RQ hypothesis, which assumes constant
extinction probabilities shared by all members of any
given higher taxon.
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considerable drying of Central Asia (Quade et al. 1989).
In Parnassiinae, the HTP rise and subsequent periods of
mountain building might have promoted diversification
through the provision of “climate refugia”: locations
where taxa survived periods of regionally adverse
climate. Although usually associated with maintaining
biodiversity through glacial–interglacial climate
changes (Gavin et al. 2014), mountains can provide
climate refugia during warming-aridification events
(Migliore et al. 2013; Pokorny et al. 2015). Drastic
range contractions within the non-mountain adapted
Luehdorfiini and Zerynthiini (Fig. 4) could have been
driven by aridification events induced by HTP uplift
and mid-Miocene climate warming, with Hypermnestra
as a relict group that survived in the Zagros Mountains.
In Parnassius, colonization of the HTP coincided with
a boost of speciation, followed by dispersal to adjacent
areas in the late Miocene-Pliocene. The long stem
branches leading to extant Parnassiinae genera are likely
the result of climate-driven extinction events associated
with Cenozoic warming periods, such as the LOWE
and the MMCO. During these periods, Parnassiinae
species probably migrated toward cooler temperatures
by colonizing the newly uplifted mountain ranges of the
Zagros and HTP. This agrees with the climate refugia
hypothesis, a pattern currently observed in Himalayan
plants, which are shifting their distribution upward
along with global warming (Padma 2014). We argue that
the HTP acted as climate refugia during global warming
events, in which pre-adapted parnassiines survived and
diversified before re-colonizing ancestral geographic
ranges. It would be interesting to test this hypothesis in
other extra-Himalayan groups that diversified during
the HTP orogeny (Favre et al. 2015), as well as in other
mountains around the world for which paleo-elevation
data is available (Fjeldså et al. 2012; Hoorn et al. 2013;
Hughes and Atchison 2015).
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Underlying Model and Inference Framework in
Diversification Analyses
Models of diversification have traditionally relied
on time-continuous (independent) or autocorrelated
rates in the way they model rate-shifts, with few
studies applying both types for macroevolutionary
inferences. Herein, we used both, in particular to
estimate speciation and extinction rates depending on
an environmental variable that itself varies through
time. The first model is an ML implementation with a
time-continuous birth–death model (Condamine et al.
2013). For the purpose of this study we implemented
Bayesian paleoenvironment-dependent models but with
autocorrelated (RevBayes) and time-continuous (TESS)
rates of diversification. Our comparison across methods
has revealed new aspects on the behavior of the models.
The three methods are congruent on the role of orogeny
(no effect of orogeny on diversification per se), but
disagree on the effect of temperature (Fig. 8). The
time-continuous models (RPANDA and TESS) support
a positive dependence on speciation and extinction,
while the autocorrelated model (RevBayes) shows no
dependence. The results suggest that the lack of
correlation found by the RevBayes paleoenvironmental
model is directly a consequence of the assumption of
autocorrelation in rates across time intervals. Thus, the
difference lies in the underlying diversification model
(autocorrelated vs. time-continuous rates) and not due
to the inference framework (Bayesian vs. ML).
Our study shows that multiple approaches must
be combined to fully address the diversification of
clades in relation to abiotic and biotic factors. Rather
than a single factor, the joint effect of multiple factors
(biogeography, species traits, environmental drivers, and
mass extinction) is responsible for current diversity
patterns, and we recommend a correspondingly
multifaceted strategy for the study of these patterns.
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Both abiotic and biotic factors drive species
diversification, and biological radiations require
both extrinsic conditions and intrinsic traits—acting
in unison or sequentially over time—for success
(Donoghue and Sanderson 2015). A lack of suitable
methods and data has resulted in few studies attempting
to merge both types of factors to explain evolutionary
radiations (Bouchenak-Khelladi et al. 2015; Liow et al.
2015; Lagomarsino et al. 2016). Herein, we argue that
RQ and CJ-type factors are intimately linked, and
they both promote and prevent species diversification.
Multiple factors explain the diversification of Apollo
butterflies, and the effect of these factors differed across
clades. Past changes in climate and elevation during
active orogenic periods jointly mediated the rapid
radiation of mountain-dwelling Parnassius, but also
triggered extinction events in non-mountain adapted
clades Luehdorfiini and Zerynthiini. The ancestor of
Luehdorfiini and Zerynthiini was reconstructed in
the Oligocene as occupying a broad distribution range
extending from the Caucasus region, the Iranian Plateau
and the Zagros Mountains, through Central Asia to
India (red box in Fig. 4). Extinction in Central Asia
and India around the Oligocene-Miocene, followed
by independent eastward/northward colonizations by
Luehdorfiini and Zerynthiini, could explain the current
disjunct distribution pattern in these 2 tribes.
Our study also demonstrates that ecological traits
and biotic interactions such as host-plant associations
and clade-specific diversity-dependence may confer
differential diversification capacity in closely related
species co-occurring in the same rapidly changing
environment. In particular, the radiation of Parnassius in
the HTP seems to have been fostered by the joint effect
of climate and geological changes associated with new
biotic interactions. Mountain uplift promoted speciation
by allopatric speciation, but also increased habitat
heterogeneity, and led ultimately to the formation of
new niches (ecological divergence). The colonization
of these niches led to new associations with mountain
host species, and potentially to the evolution of new
morphological adaptive traits, for example, denser setae
on the body or altitudinal melanism. Although it is
difficult to tease apart the role of key innovations
(new traits that evolved allowing the invasion of a
new niche) on ecological opportunity (the formation
of a new environment that confers selective advantage
fitness for the traits), a combination of extrinsic and
intrinsic factors seems to have been necessary for the
success of the Parnassius radiation. Parnassiinae species
feed mostly on plant lineages of small size whose leaves
grow close to the ground and which are characteristic
elements of modern temperate vegetation: Aristolochia
and Asarum (Aristolochiaceae) for Luehdorfiini and
Zerynthiini, Saxifraga and Sedum (Saxifragaceae) and
Rhodiola (Crassulaceae) for the subgenus Parnassius, or
Corydalis (Papaveraceae) for the other subgenera of
Parnassius. Zhang et al. (2014) inferred an origin of

Rhodiola (70 spp., mid-Miocene; 12.1 Ma, 6.3–20.2 Ma)
and Sedum (420 spp., late Oligocene) in the HTP, later
spreading to the adjacent regions. Similarly, Ebersbach
et al. (2017) placed the colonization of the HTP by
genus Saxifraga (370 spp.) in the late Oligocene (20–34
Ma). Therefore, there was a synchronous temporal and
geographic origin of Parnassius and its associated host
plants in the HTP region. Conversely, Luehdorfiini and
Zerynthiini were unable to evolve new traits or establish
novel host-plant associations to invade the mountain
and/or host-plant niches. This calls for further studies
to decipher the genomic baseline for the adaptations to
elevation and host plants by comparing Parnassiini and
Luehdorfiini/Zerynthiini (Edger et al. 2015).
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he emergence and spread of grasslands during the Miocene
and Pliocene is one of the most drastic changes recently
experienced by the biosphere1. Low latitudes and altitudes
grassland ecosystems are dominated by grasses (Poaceae) that
employ C4 photosynthetic pathways1,2, and are thereby better
adapted to low CO2 conditions than plants using a C3 pathway,
especially under warm and dry conditions3. The multiple independent evolutionary origins of C4 pathways has led to suggestions that the major drop in atmospheric CO2 beginning roughly
30 million years ago (Ma) provided conditions conducive to the
diversiﬁcation of C4 grasses and their rise to dominance in many
areas at the expense of C3 lineages1,2,4. Fossil phytoliths and
paleosols support this hypothesis, indicating that C4 grasses
appeared about 20–25 Ma in the geological record5. This pattern
is also conﬁrmed by recent molecular phylogenetic studies, which
indicate that distinct C4 grass lineages appeared multiple times
between the late Oligocene and the late Miocene1, and that the
shift from C3 to C4 pathways constituted an important precursor
to speciation in the evolutionary history of grasses6. However, it
was not until the late Miocene and Pliocene (ca. 3–9 Ma) that C4
grasslands became a major component of Earth’s terrestrial
ecosystems across all continents5,7,8. The drop in atmospheric
CO2 was likely instrumental in this transition, but other environmental factors, such as the increased intensity of ﬁre regimes,
herbivory, and changes in climatic seasonality are likely causal
factors8–10.
This major biome shift is thought to have had a pivotal role in
the evolution of herbivore communities by promoting the
diversiﬁcation of herbivorous lineages associated with C4
grasses11–13. Feeding on C4 grasses requires-speciﬁc adaptations
for the feeders, as tissues from these plants are usually more
ﬁbrous than those of C3 plants, due to the higher density of
bundles of ﬁbers, veins, and silica phytoliths (reviewed in ref. 14).
They also have lower nutritional values than C3 plants because of
lower nitrogen and higher carbon contents15–17. In mammals, a
commonly accepted theory posits that the Neogene grasslands
enabled the development of adaptive radiations, favouring
lineages of grass eaters following key innovations in dental
morphology (hypsodonty), and plant assimilation18. However,
this view was recently challenged by studies revealing that hypsodonty originated well before the appearance and spread of
Neogene grasslands (e.g. ref. 19). Toljagic et al.20 also demonstrated that the evolution of hypsodonty in ruminants was slower
than previously thought, excluding the possibility of its representing an immediate adaptive response. Another study revealed
that the hypothesized adaptive radiation of horses coinciding
with the spread of grasslands was not correlated to phenotypic
evolution and, if anything, impeded by ecological limits21. In
herbivorous insects, the role of C4 grasslands as a potential
adaptive zone has never been properly investigated even though
several independent species-rich lineages are intimately associated with C4 grasses, exhibiting-speciﬁc morphological adaptations, such as more heavily chitinized mandibles (e.g., in
acridid grasshoppers22), or enlargement of mandibular muscles
to cope with silica-rich stems (e.g., in stemborer moths23). Dated
phylogenies also provide conﬂicting evidence, suggesting that
diversiﬁcation of specialized insect lineages either predated (e.g.,
for satyrine butterﬂies24), or coincided with (e.g., in anisopliine
beetles25) the spread of C4 grasslands. No study to date has
quantiﬁed whether reciprocal macroevolutionary dynamics
occurred between C4 grasses and specialized lineages of herbivores. Under the theory of ecological opportunity26, we can
hypothesize that C4 grasslands provided a template for the
radiation of specialist herbivores able to colonize this new niche.
Alternatively, we could also postulate that the diversiﬁcation of
specialized herbivores may also be unaffected by host
2

diversiﬁcation, if they remain able to utilize all the descendant
hosts of their ancestral host-plants.
To investigate the diversiﬁcation dynamics of both herbivorous
insects and grassland plants in the context of the C3/C4 transition,
we study a clade of stemborer moths (Noctuidae: Apameini:
Sesamiina) representing a radiation of ca. 200 species, most of
which are distributed in their Afrotropical centre of origin27.
Sesamiina are mostly associated with C4 grasses28–30 and are welladapted to Afrotropical grasslands, where they constitute one of
the most abundant and conspicuous moth group28. Similar to
other groups of internal feeders31–35, Sesamiina species are highly
specialized; most species only feed on one or a few plant species.
In any given locality diverse sesamiine species are also usually
associated with distinct sets of host-plants. They constitute a
particularly tractable system for studying co-diversiﬁcation given
the expanding body of accurate life history data surrounding
host-plant associations.
We explore the macroevolution of Sesamiina stemborers in the
light of comprehensive phylogenetic, ecological, and geographic
data for both the herbivorous insect group and their host-plants
(Supplementary Data 1–3). To determine whether the origin of
Sesamiina and their C4 grass hosts coincided, we conduct phylogenetic and dating analyses on a novel molecular dataset of six
loci, comprising 1393 specimens from 245 noctuid species, and
historical biogeographic analyses based on a timeframe established for Poaceae6. We also carry out several estimations of
ancestral character states to investigate the evolution of host
associations, and ecological attributes. To complement these
approaches, we use an array of diversiﬁcation analyses, including
a recently developed analytical method36 to test the potential role
of several paleoenvironmental proxies within a temporal framework for both insects and plants. As we describe, the doubledating of plant and insect clades shows synchronous origins and
radiations, suggesting that they interacted and diversiﬁed in
parallel. We ﬁnd strong evidence that, following the origin of both
clades, speciation rates of insects decreased, whereas those of
grasses increased through time. Our results also reveal opposite
macroevolutionary responses to environmental changes with
temperature as a primary evolutionary driver. This study conﬁrms that the drop of atmospheric carbon is a key driver for the
diversiﬁcation of C4 grasses. Analyses using organic carbon
concentration as a proxy for the proportion of C4 grasses also
indicate that the expansion of C4 grasslands did not act as a
primary environmental driver for the insects. This study therefore
suggests that the rise of C4 grasslands did not necessarily favor the
diversiﬁcation of herbivores that feed on them.
Results
Synchronous temporal and spatial diversiﬁcation. We assembled a dataset for a group of C4 grass specialist moths with
information on geographic distribution, host- and habitatassociations (see Methods). A total of 1393 specimens representing 245 noctuid species (including 181 species of Sesamiina)
were sampled for six loci (Supplementary Data 1); this sampling
encompasses all described Sesamiina genera and ca. 90% of the
described Sesamiina species. Phylogenetic analyses were carried
out in maximum likelihood and Bayesian frameworks, using all
individuals (specimen-level dataset) and using only one representative per species (species-level dataset). The resulting trees
(Supplementary Figures 1–2) provide a comprehensive and
robust picture of Sesamiina relationships (within Sesamiina ca.
80% of nodes are well supported for the species-level dataset).
Molecular dating analyses performed on the species-level dataset
with Bayesian relaxed clocks using uniform priors and either
birth-death (BD) or pure birth tree priors yielded consistent
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Fig. 1 Double-dating of associated stemborer moths and grass lineages. Dating analyses of panicoid grasses and stemborer moths reveal synchronous
origins and radiations between Afrotropical C4 lineages and their herbivorous moths. Ancestral state estimations show the evolution of photosynthetic
pathway for grasses and the evolution of host-type preferences for moths (C3 in green C4 in brown). For illustrative purpose, a picture of Setaria megaphylla
(Steud.) T.Durand & Schinz is presented on the left, and a picture of Acrapex subalbissima Berio is ﬁgured on the bottom right. Copyright notes: the picture
of grass was cropped from “Leaves of Setaria megaphylla at Umdoni Bird Sanctuary, Amanzimtoti, South Africa” by M. Purves, licensed under CC BY-SA
3.0. The picture of the moth was taken by B. Le Ru (last author of the paper)

divergence time estimates for the insect clade (Supplementary
Figures 3–4), with the BD model being recovered as the best tree
prior (MLEYule = −84,860.12 vs. MLEBD = −84,002.91, Bayes
factor » 10). For all downstream analyses, we thus relied on the
chronogram obtained with the BD tree prior. Based on this dating
analysis, Sesamiina originated ca. 20.7 Ma (95% credibility
interval = 17.8–23.2 Ma), and ancestral state estimation (ASE)
revealed a high level of phylogenetic niche conservatism (PNC)
on C4 lineages of the grass subfamily Panicoideae (Supplementary
Figures 5a–b, 6a–b), a diverse group of plants (about 3500 known
species) with a worldwide distribution37,38. Sesamiina are mostly
associated with the C4 tribe Andropogoneae (1132 species
worldwide6) and a large C4 clade (732 species worldwide6) of the
tribe Paniceae. These two panicoid clades represent almost twothirds of the diversity of the subfamily (Sesamiina are rarely
associated with the tribe Paspaleae, which is mostly distributed in
the Western Hemisphere; Supplementary Data 3). Although the
inferred pattern of PNC is conserved (few host-shifts are inferred), ASE analyses indicate that at least 19 nodes represent a
generalist state to at least one descendant specialist (Supplementary Figure 5a). These results are particularly relevant in the
context of the current debate on the evolution of host-range of
phytophagous insects39–41, surrounding two hypotheses with
different points of emphasis: the oscillation hypothesis (OH), in
which speciation is driven by expansions and contractions of
host-ranges (usually considered at the plant family level39–41),
and the musical chairs hypothesis (MCH), where speciation is
driven by host-plant shifts, without concomitant changes in hostranges or diet breadth. Both hypotheses are similar in that they
predict more species in clades with more ‘lability’ in host use
(Nylin pers. com.). The elevated occurrence of transitions

between generalist to specialist states is more consistent with the
OH, which predicts that ‘host expansions do not happen with
regular frequency and amplitude’41 relative to host breadth
contractions, and that clades with such oscillation patterns should
be more diverse39,41 than their counterparts. Also consistent with
the OH is the observation that: (i) generalist Sesamiina species
(such as Sesamia calamistis or S. nonagrioides) tend to be widespread, and (ii) recolonizations of ancestral hosts that have been
lost (such as Panicoideae) are common (Supplementary Figure 5a). An increase in speciation rates following inferred shifts in
diet breadth was not observed within the Sesamiina clade (see
Supplementary Table 1). However, this does not necessarily
represent an invalidation of the OH, as the increase of speciation
rates linked to host-range oscillations may not be detectable at
this macroevolutionary scale; its assessment likely requires denser
sampling throughout the stemborer subtribes (especially within
the diverse Apameina, which are primarily associated with C3
plants in the Northern hemisphere23) and their relatives.
To get a better understanding of the spatial patterns of the
primary sesamiine host-plant group, the Panicoideae, we
reconstructed its biogeographic history and infer that the ﬁrst
colonization of the Afrotropics by a panicoid lineage (tribe
Paniceae) occurred ca. 21 Ma, slightly before the start of the
Sesamiina diversiﬁcation on the same continent ca. 20.7 Ma
(Fig. 1 and Supplementary Figure 7). The early diversiﬁcation of
panicoid lineages in the Afrotropics is mostly attributable to the
Paniceae, as Andropogoneae only colonized the Afrotropics in
the late Miocene (Supplementary Figure 7). We acknowledge that
the origins of Poaceae and internal clades are debated due to a
lack of consensus on the use of fossil calibrations. Two main
strategies are used here to estimate divergence times of grasses:
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the ﬁrst relies on macrofossils that are reliably assigned to a given
clade, whereas the second also includes microfossils (phytoliths)
whose use in molecular dating is controversial because phytolith
characters are usually phylogenetically unreliable42,43. Accordingly, the grass divergence times can vary depending on the
calibration strategy. Here we rely on the results of the calibration
strategy with macrofossils of the comprehensive study of Spriggs
et al.6, which recovered an origin for Paniceae at ca. 21 Ma.
Though older age estimates were sometimes inferred from the use
of phytoliths6,43, these are questionable because age estimates for
C4 grass lineages then signiﬁcantly predate the fossil record of
open grasslands. The ca. 21 Ma age estimate for the Paniceae is
also consistent with the results of the macrofossil calibration of
Christin et al.43 (median age of 25.4 Ma with a 95% credibility
interval = 20.6–31.7 Ma) and with the results of the microfossil
calibration of Prasad et al.42 (median age of 20.1 Ma with a 95%
credibility interval = 11.5–29.6 Ma). Importantly, it is also in
accordance with our inferred origin of stemborer moths (95%
credibility interval = 17.8–23.2 Ma). Overall, these results thus
support the nearly simultaneous and sympatric origin of both
Sesamiina and panicoid grasses, and their co-diversiﬁcation in the
Afrotropics during the early Miocene.
Diversiﬁcation rates of moths and grasses are uncorrelated.
Having established that Sesamiina and panicoid grasses colonized
the Afrotropics roughly at the same time, we investigated whether
the diversiﬁcation dynamic of moths paralleled that of the
panicoid grasses. We hypothesized that the spread of C4 grasslands in the Neogene promoted the diversiﬁcation of moths by
providing a newly available resource and ecological opportunity
for these insects already associated with Poaceae. To test this
hypothesis, we used three independent approaches to estimate the
diversiﬁcation dynamics in each clade. First, we used Bayesian
analysis of macroevolutionary mixtures (BAMM44), which found
strong support for a single diversiﬁcation regime showing elevated speciation rates in the early stages of the insect lineage
evolution, followed by a progressive slowdown but no drastic
downward or upward shift in speciation (Supplementary Table 1
and Supplementary Figure 8a). In contrast, we found evidence for
the opposite pattern in panicoid grasses, with lower rates close to
the origin of the group and increasing rates of speciation over
time, accompanied by two signiﬁcantly supported upshifts in
speciation with the crown tribes Andropogoneae and Paspaleae
(Supplementary Table 1 and Supplementary Figure 8b). Because
of the potential sensitivity of BAMM45,46, we used two other
approaches to test the pattern of inverted diversiﬁcation rates.
Analyses inferring speciation rates as a function of time
(RPANDA47) recovered distinct diversiﬁcation patterns, with
decelerating speciation rates for the moths and accelerating speciation rates for the grasses (Fig. 2a). Using episodic BD models
(TreePar48), we also recovered two signiﬁcant shifts in diversiﬁcation at 13.0 and 1.3 Ma for the moths, both consistent with
progressively decelerating diversiﬁcation (Fig. 2b and Supplementary Table 2). For the panicoid grasses, episodic BD models
inferred three shifts of diversiﬁcation at 20.3, 9.6, and 1.5 Ma but,
again contrary to the insect clade, these shifts represented
increased diversiﬁcation (Fig. 2b and Supplementary Table 2b).
The congruence of these results suggests that the diversiﬁcation
rates of both groups are inversely correlated. Analyses relying on
the binary-state speciation and extinction (BiSSE) model49
recovered very similar net diversiﬁcation rates for both Afrotropical and non-Afrotropical panicoid lineages (comprised
between 0.24 and 0.28 events per Myr per lineage, respectively).
Lineages-through-time (LTT) plots show patterns of increasing
species accumulation for both Afrotropical and non-Afrotropical
4

panicoid lineages, with no distinct up-shifts and no plateau of
diversity (Supplementary Figure 9a–b). By contrast the stemborer
LTT plot exhibits a plateau of diversity toward the present
(Supplementary Figure 9c). Overall, the extent of the analyses
performed suggests that diversiﬁcation is similar between Afrotropical and non-Afrotropical panicoid lineages; however, we
acknowledge the uncertainty underlying this ﬁnding because of
the incompleteness of the sampling for the panicoid grasses
(805 species out of ca. 3500 known species6).
Differential responses to environmental changes. We used a
maximum-likelihood framework to test competing hypotheses of
rate variation based on BD models. Out of 14 diversiﬁcation
models, a model with temperature-dependent speciation best ﬁt
the data for both groups (Supplementary Table 3). Best-ﬁt models
further indicate a positive correlation (α > 0) between temperature and speciation for the Sesamiina while they show a negative
correlation (α < 0) for the panicoid grasses, indicating that the
groups had opposite responses to changes of temperature over
time. For Sesamiina, speciation rates appear to have been higher
under warmer climates while the opposite holds for panicoid
grasses (Fig. 2c, d). In Sesamiina, diversiﬁcation models relying
on δ13Corganic (as estimated from stable carbon isotopes; see
Methods) as a proxy for the proportion of C4 grasses show a
negative correlation (Fig. 2e, f), and are consistently outperformed by diversiﬁcation models incorporating temperature
or time dependence (Supplementary Table 3). The latter and
the fact that no upshift in diversiﬁcation rates was inferred for the
Sesamiina during the spread of C4 grasslands suggest that the
expansion of C4 grasslands did not act as a primary environmental driver of sesamiine diversiﬁcation. To conﬁrm this pattern, we performed additional diversiﬁcation analyses using the
recently estimated proportion of C4 plants in Eastern Africa
through time50 instead of the global δ13Corganic. We still found
that a positive temperature-dependent model best explains the
stemborer diversiﬁcation, and we found a negative C4 grassesdependent model suggesting a macroevolutionary decorrelation
between Afrotropical C4 plants and their herbivores (Supplementary Table 4). In panicoid grasses as a whole (i.e., both C3 and
C4 lineages), models accounting for changes in atmospheric CO2
also ranked behind models incorporating temperature or time
dependence. However, when independently analyzing the two
primary panicoid C4 host-plant lineages (i.e., Andropogoneae and
the large clade of Paniceae using a C4 pathway), models
accounting for changes in atmospheric CO2 is recovered as bestﬁt models (Supplementary Table 3). This is consistent with the
predictions made by Pagani et al.51 and Edwards et al.1, who
postulated that the diversiﬁcation of C4 grass lineages is correlated positively with the drop in atmospheric CO2 (Fig. 2e, f). It is
important to note that the pattern of increasing speciation rates is
always recovered for the primary host-plant groups, independently of the clade being considered (panicoid grasses as a whole,
Andropogoneae or the major clade of Paniceae).
The contrasting patterns recovered for Sesamiina and panicoid
grasses may best be explained by their long-term responses to
environmental changes, and in particular to temperature. Grass
diversiﬁcation (C3 and C4 lineages) correlated positively with
climatic cooling and, in the main C4 lineages, with the drop in
atmospheric CO2. By contrast, lower temperatures appear to have
slowed diversiﬁcation of the insects. Interestingly, changes in
temperature over time (Fig. 2d) are also associated with changes
in climatic conditions: during the Cenozoic, warmer periods have
tended to be associated with wetter conditions, and colder periods
are associated with drier conditions, with a shift from moist
woodlands/wetlands and predominantly summer rainfall to a
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Fig. 2 Diversiﬁcation dynamics through time and potential environmental factors. a Diversiﬁcation dynamics through time for the stemborer moths (blue
curve) and the panicoid grasses (green curve) inferred with a time-continuous BD model. b Diversiﬁcation dynamics through time with an episodic BD
model. Both analyses show an opposite trend of speciation rate evolution for moths and grasses. c Analyses of temperature-dependent diversiﬁcation
indicate that past warm climate fostered moth speciation, whereas cooling events boosted grass speciation. d Global temperature inferred from δ18O
isotopes in benthic foraminifer shells recovered in marine sediments41. e Analyses linking speciation and past variations in atmospheric CO2 for grasses,
suggest higher speciation when CO2 concentration decreases, although the analyses linking for moths show a negative association between speciation and
the rise of grasslands. f Potential environmental factors driving the diversiﬁcation of stemborer moths and panicoid grasses such as the increase of C4
grasses (dark blue curve) reconstructed from δ13C of tooth enamel of mammalian herbivores52, 53, the atmospheric concentration of CO2 (red curve)
compiled from multiple sources (notably inferred from δ13C measurements52). Copyright notes: the grass and plant symbols rely on pictures taken by G.J.
Kergoat and B. Le Ru (ﬁrst and last authors of the study, respectively)

range of more arid to semi-arid open habitats and increasingly
seasonal rainfall regimes52–54. From a biological point of view C4
grasses are less drought sensitive than C3 grasses55, and generally
beneﬁt from drier conditions associated with high-light habitats1.

In Sesamiina, numerous species are hygrophilous and are
distributed in grasslands in contact with wet habitats (e.g., see
refs. 29,30 Supplementary Data 2). To investigate whether
Sesamiina exhibit a pattern of phylogenetic niche conservatism
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for a given climatic condition, ASE of moths’ ecological
preferences were performed. Results (Supplementary Figure 10)
suggest that wet habitat-association is conserved phylogenetically.
This leads to the hypothesis that the decrease of wet habitats and
the increase of periodically dry conditions associated with
progressive temperature drops impeded the diversiﬁcation of
Sesamiina over time.
Role of C4 grasslands in herbivore speciation. Our results also
challenge the role of C4 grasslands as a potential adaptive zone,
and as a driver for herbivorous insect speciation. The spread of C4
grasslands is usually seen as an ecological opportunity, providing
a fertile ground for speciation through adaptation and diversifying selection. Ecological opportunities depend on the availability
of novel ecological resources coupled with ease of colonization
and/or adaptation or key innovation. Here we argue that the
radiation of Sesamiina was likely inﬂuenced by two-related ecological opportunities: (i) access to a novel resource—the C4
grasses—in the Afrotropics in the early Miocene, and (ii) a major
biome shift that enabled the spread of such C4 grasslands and
reﬂected in the rapid radiation of C4 grasses themselves in the late
Miocene. We found that these parallel and extended events
impacted insect diversiﬁcation in different and far less straightforward ways than previously believed.
Our results indicate that the diversiﬁcation of sesamiine
stemborers is tightly linked to the emergence and diversiﬁcation
of C4 grasses at the time when both interacting partners colonized
the Afrotropics in the early Miocene. This new ecological
resource provided some of the requisite conditions for the
radiation of specialist insects. As diversiﬁcation proceeded, we
infer that the magnitude of this novel resource diminished as the
window of ecological opportunity closed with the saturation of
niche space by new species. Therefore, a core prediction of this
scenario is that speciating lineages would undergo early bursts of
rapid diversiﬁcation followed by asymptotic decreases in
diversiﬁcation rates over time56. Here all diversiﬁcation analyses
recover a signal consistent with an early burst pattern of
diversiﬁcation among ancestral Sesamiina, which is thus
consistent with a hypothesis of an adaptive radiation in the
broad sense. Eventually speciation rates are expected to slow
towards an equilibrium as species saturate available niches (in this
case, C4 grass species). To test this notion, a diversity-dependent
model of diversiﬁcation57 was used to assess whether the entire
Sesamiina clade approached stasis, interpreted as an equilibrium
or evolutionary carrying capacity of sorts. In this case, stemborer
radiation conforms to a diversity-dependent speciation model
(Supplementary Table 5) that predicts a carrying capacity of
240 species (ca. 200 species are known today). This suggests the
existence of ecological, and in this case spatio-temporal, limits to
moth diversiﬁcation. Such a scenario is traditionally interpreted
as adaptive radiation through the occupation of extrinsic niches
or niche ﬁlling56.
Yet, niche space of sesamiine stemborers presumably expanded
over time both in terms of diversity and abundance due to
increased diversiﬁcation rates of C4 grasses over time, and their
rise to dominance starting in the late Miocene (green curve in
Fig. 2a–d, see also Supplementary Figure 9a–b and Supplementary Methods for evidence showing similar C4 species accumulation in Afrotropics and outside)1,6. This increase in niche space
therefore constituted a major ecological opportunity for C4specialist insects. However, instead of the expected upshift of
speciation/diversiﬁcation rates, a decline in the diversiﬁcation of
moths was inferred (blue curves in Fig. 2). The pattern of
diversiﬁcation between moths and C4 grass lineages appears
decoupled, as indicated by the fact that models with δ13Corganic
6

dependence (our proxy for the proportion of C4 grasses) are
negatively correlated. To explain this counter-intuitive pattern,
we postulate that inverse responses to abiotic factors account for
differences in the pace of diversiﬁcation. When the climate
changed drastically in the late Miocene, becoming cooler and
drier, C4 grasses began an unprecedented radiation that did not
confer higher speciation rates to their moth herbivores. In fact, as
the climate cooled, sesamiine moths diversiﬁed less rapidly
despite the fact that their host-plants were thriving.
The marked preference of Sesamiina for wet habitats may have
limited the dimensions of their available niche space in an
increasingly dry environment. Dry environments also directly
inﬂuence plant form and phytolith formation in C4 grasses. As
underlined by a recent large-scale study on West African
grasses58, drier environments are characterized by smaller, more
therophytic grass species, which are too small to accommodate all
stemborer larval stages. Sesamiina larvae are also sensitive to the
high levels of silicon content59. One of the factors promoting
phytolith formation (accumulation of silicon) in grasses is
evapotranspiration60, which is more important in drier environments61. All of these observations are consistent with a reduction
of the availability of suitable niches in dry environments and may
reﬂect or even explain the preference of Sesamiina for wet
habitats. An interesting parallel may be drawn here between
stemborers and another group of C4-specialists, the grass-feeding
Bicyclus butterﬂies (Nymphalidae, Satyrini), which represent a
radiation of ca. 103 species in the Afrotropics62. Nokelainen
et al.14 discovered that, when laying eggs, females of Bicyclus
saﬁtza (Westwood) preferred shaded habitats characterized by
high concentrations of tender grass foliage to open habitats
dominated by less readily consumable leaves. We surmise that
the advent of drier and more open environments in the late
Miocene may have limited the diversiﬁcation of Sesamiina.
Despite representing a highly apparent and diverse food source,
the conﬁnement of these grasslands to open and comparatively
dry habitats translated to a reduction of potential niche space for
these grass-specialist insects.
Discussion
Our study shows that differential responses to environmental
changes may yield counter-intuitive patterns of diversiﬁcation in
plants and insects. Although the initial radiation of C4 grasses in
the Afrotropics likely met criteria for an adaptive zone in a group
of grass-specialist insects, subsequent climatic changes may have
driven diversiﬁcation in a direction opposite that predicted by the
inferred spread of C4 grasslands ca. 3–9 Ma. Environmentdependent diversiﬁcation analyses demonstrate that the diversiﬁcation of at least two major C4 panicoid grass lineages comprising the primary hosts of Sesamiina was likewise correlated
with a drop in atmospheric CO2. The negative correlation
between the spread of grasslands calibrated via δ13Corganic proxy
and the diversiﬁcation of Sesamiina further calls into question the
role of C4 grasslands as simple drivers of graminivorous herbivores. This study suggests a potentially far more complex picture
regarding the role of grasslands as herbivore adaptive zones
analogous to the results of recent studies on mammals (e.g.
ref. 21). We also illustrate the potential of implementing multiple
environmental proxies in diversiﬁcation analyses that serve to
disentangle the relative impacts of biotic and abiotic drivers of
macroevolutionary dynamics.
Methods
Moth taxon sampling and molecular dataset. Extensive ﬁeld surveys conducted
since 200428 in 17 sub-Saharan countries and in the Palearctic region (in France
and Portugal), targeting wild habitats rich in Poales combining infested host-plant
collections and light traps, allowed us to obtain about 80,000 specimens, of which
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more than 52,000+ larvae were reared (Supplementary Figure 11) from 220
identiﬁed species of grasses and sedges. A total of 1389 specimens from 241 noctuid
species were sequenced; we also used sequences from GenBank for four additional
species (Supplementary Data 1). This sampling encompasses all described Sesamiina genera and ca. 90% of the described species. We sequenced 2.6 kilobases of
the mitochondrial genes cytochrome c oxidase I, cytochrome b, ribosomal 12S, and
ribosomal 16S, and 2.1 kilobases of the nuclear protein-coding gene elongation
factor-1α and the ribosomal 28S. The individual gene fragments were aligned and
the reading frames of protein-coding genes checked.
Moth phylogenetics and dating. Partitioning schemes and models of nucleotide
substitution were estimated. Phylogenetic relationships for the specimen-level
dataset were inferred with maximum likelihood using RAxML63. For the specieslevel dataset (245 species), we reconstructed phylogenetic relationships with
Bayesian inference using MrBayes64, but also with RAxML and IQ-TREE65 for
maximum likelihood to estimate branch support in all analyses. Resulting phylogenetic trees were used to estimate divergence times with a Bayesian relaxed-clock
approach in BEAST66, with one clock model for the mitochondrial genes and one
clock model for the nuclear genes (see Supplementary Methods). Given the scarcity
and questionable status of noctuid fossils, we relied on three secondary calibrations
(see Supplementary Methods). We used uniform priors to model conservative node
calibrations.
Ancestral host-plant associations and ecological preferences. Host-plant
associations and ecological preferences (Supplementary Data 2) were determined
by ﬁeld surveys and rearing of larvae from plants collected in the ﬁeld (see
Supplementary Note 1). Host associations were either categorized at the family
level (for plants belonging to Cyperaceae and Typhaceae) or at the subfamily
level (for plants belonging to Poaceae). We were unable to assign a host-plant
state for seven of the 181 species, because only adults were collected; therefore,
we coded them as ambiguous. We used multistate ASE to account for the few
species that develop on distinct families/subfamilies (10 species associated with
distinct plant families; eight species associated with distinct grass subfamilies).
Ancestral character states were reconstructed with a maximum likelihood
approach as implemented in the DEC model67. We also carried out an analysis
of a truncated dataset by pruning all Sesamiina species without genus- or
species-speciﬁc host-plant data. To avoid favoring the OH over the MCH in the
ASE analyses, we used an unconstrained transition matrix allowing any host
shift to be equally probable. We also conducted two supplementary analyses with
binary traits (see Supplementary Data 2 for the coding). First, we explored the
evolution of host-plant preference in relation to photosynthetic pathways (C3 or
C4). Second, we inferred the evolution of ecological preferences in relation to dry
or wet environments.
Plant phylogeny and biogeography. We studied the origin and diversiﬁcation of
the main host-plant group. As we inferred that Panicoideae was the ancestral state
of host-plant preference for the stemborers, we obtained a dated phylogeny for
805 species of Panicoideae by pruning the dated Poaceae tree of Spriggs et al.6. We
tested the hypothesis of a synchronous temporal and geographic origin between the
Panicoideae and their insect predators (knowing that the radiation of stemborers
originated in the Afrotropics27). Ancestral area estimations for Panicoideae were
inferred with the DEC model. Species ranges were coded by presence–absence
(excluding marginal distribution or anthropic introduction) for seven areas
(Afrotropics, Australasia, Eastern Palearctic, Nearctic, Neotropics, Oriental, and
Western Palearctic; Supplementary Data 3). The historical biogeography of Panicoideae was estimated with an unconstrained DEC model with only one time slice
(see Supplementary Methods for details).
Diversiﬁcation of insects and plants. We investigated whether the modes of
species diversiﬁcation were similar between the Panicoideae and the insects feeding
on them, following a step-by-step procedure that took time-calibrated phylogenies
as the basis for the analyses. When possible we took into account age uncertainties
(100 randomly selected trees from the posterior distribution of dating analyses).
We ﬁrst estimated whether the clades’ diversiﬁcation deviates from a constant BD
model and if shifts in speciation and extinction rates occurred using three complementary approaches (BAMM44; RPANDA47; and TreePar48). The best-ﬁt model
was selected using Bayes factors (BAMM), corrected Akaike information criteria
(RPANDA) and likelihood ratio tests (TreePar). We further tested the impact of
past environmental changes on the diversiﬁcation of both clades to assess whether
they responded similarly to changing abiotic conditions. An environmentaldependent model was used in which speciation and/or extinction can vary as a
function of temporal variation of the environment36. We compiled paleodata
(Fig. 2e, f) for variables that have been associated with macroevolutionary
hypotheses of diversiﬁcation and that represent best paleoclimatic changes: temperature data (inferred from δ18O measurements54) and atmospheric CO268.
Temperature is the canonical indicator of climate change. Levels of atmospheric
CO2 are thought to impact photosynthetic organisms2,3,8. We also obtained
δ13Corganic reﬂecting global changes in organic carbon sequestration69,70. In the
Cenozoic, δ13C is the best proxy for reconstructing ancient C4 grasslands as it

represents the proportion of C3 and C4 grasses1,2,50,70, and is therefore relevant to
test the role of grasslands on the evolution of herbivores that feed on grasses.
Recently, a compilation of δ13C for eastern Africa has allowed quantiﬁcation of the
percentage of C4 plants through time50. The percentage of C4 through time provides a more direct test of the role of grasslands. For stemborers we ﬁtted diversiﬁcation models in which speciation and/or extinction may vary according to
dependence with temperature and δ13Corganic/percentage of C4 in eastern Africa.
For Panicoideae grasses we ﬁtted models with temperature- and CO2-dependence.
These models were compared to constant-rate and time-variable models. Finally,
we also used the BiSSE model49 to estimate whether the respective diversiﬁcation
rates of Afrotropical and non-Afrotropical panicoid species are comparable. To do
so, ﬁrst we estimated the number of native Afrotropical panicoid species to be
comprised between 900 and (conservative estimate) and 1034 species (see Supplementary Methods for details). We then carried out eight BiSSE models, from the
null model (no variation of rates) to the most complex model in which all parameters of speciation, extinction and transition are estimated (see Supplementary
Methods for details). We also generated LTT plots for the panicoid grasses, based
on a 805 species timetree; distinct plots for both Afrotropical and non-Afrotropical
lineages relied on distinct BiSSE analyses, with an estimated diversity of 900 and
1034 species for the Afrotropical lineages. A LTT plot was also generated for the
Sesamiina, based on a 181 species timetree.

Data availability
All newly generated sequencing data that support the ﬁndings of this study have
been deposited in GenBank (accession numbers MH847792-MH853351). All other
relevant data are available as Supplementary Data.
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Abstract.—Eusociality, Darwin’s special difficulty, has been widely investigated but remains a topic of great debate
in organismal biology. Eusocial species challenge existing theories, and the impact of highly integrated societies on
diversification dynamics is controversial with opposing assertions and hypotheses in the literature. Here, using phylogenetic
approaches in termites—the first group that has evolved eusociality—we assessed the fundamental prediction that eusocial
lineages have higher diversification rates than non-eusocial clades. We found multiple lines of evidence that eusociality
provided higher diversification as compared to non-eusociality. This is particularly exacerbated for eusocial species with
“true” workers as compared to species with “false” workers. Because most species with “true” workers have an entirely
prokaryotic microbiota, the latter feature is also related to higher diversification rates, but it should be investigated further,
notably in relation to angiosperm diversification. Overall, this study suggests that societies with “true” workers are not
only more successful at ecological timescales but also over millions of years, which further implies that both organismand species-level traits act on species selection. [Aggregate trait, emergent trait, eusocial insects, macroevolution, species
selection, termites.]

Eusociality is the most integrated organizational
level of animal sociality and is defined by cooperative
brood care, overlapping generations within a colony
of adults, and division of labor into reproductive
and non-reproductive groups (Wilson and Hölldobler
2005). Although the origin of eusociality is still widely
investigated and debated (e.g., Nowak et al. 2010; Nonacs
2011; Rousset and Lion 2011; Johnstone et al. 2012),
this rare but widespread behavioral characteristic has
independently appeared in insects (at least 7–20 times
depending on the definition of eusociality), crustaceans
(at least thrice), and mammals (at least twice) (Fig. 1;
Bourke 2011). Within insects, eusocial species have
colonies with caste differences: queens and reproductive
males take the roles of sole reproducers, while soldiers
defending the colony and workers foraging and
maintaining resources contribute to creating a living
situation favorable for the colony (Wilson 1971). In his
theory of natural selection, Darwin (1859) famously
portrayed the eusocial insects as a “special difficulty,
which at first appeared to [him] insuperable and actually
fatal to [his] theory”. Indeed, eusociality presents an
apparent paradox: if adaptive evolution is mediated
by differential reproduction of individuals on which
natural selection acts, how can individuals incapable of
passing on their genes evolve and persist?
The multilevel selection theory could settle this
paradox. This theory has a long and troubled history
(Okasha 2006) but is increasingly accepted and
supported, especially at the species level (Jablonski
2008). Species selection results from differences in
speciation and extinction rates among species within
a clade, and these differences are not merely related

to the fitness at the level of individuals (Jablonski
2008; Rabosky and McCune 2010). Data and theory
suggest that both organism-level and species-level traits
(called aggregate and emergent traits, respectively) act
on species selection. Aggregate traits are characteristics
of individual organisms (e.g., body size), whereas
emergent traits are species properties that are not
reducible to organismal traits such as eusociality.
Extending this vocabulary, authors often refer to
the emergent fitness of species within clades when
discussing species selection (Jablonski 2008).
At the macroevolutionary timescale, the origin
and evolution of eusociality are increasingly wellunderstood due to recent phylogenetic analyzes, along
with estimates of divergence times and diversification
rates notably for arthropod groups (ants: Moreau et al.
2006; Pie and Feitosa 2016, bees: Cardinal and Danforth
2011, beetles: Farrell et al. 2001, wasps: Hines et al. 2007,
spiders: Agnarsson et al. 2006, termites: Ware et al.
2010). These studies have investigated the number of
origins of eusociality and the putative factors behind
the extraordinary diversification of eusocial groups
(e.g., the Cretaceous radiation of Angiosperms: Moreau
et al. 2006; Cardinal and Danforth 2013). But another
challenge surrounds eusocial organism evolution: the
impact of highly integrated societies on the dynamics of
diversification in these organisms (Davis et al. 2009; Ware
et al. 2010). This topic has received less attention probably
due to a lack of methods to handle large phylogenies
that include both non-eusocial and eusocial lineages.
Although the role of eusociality has not been formally
studied with state-of-the-art diversification methods,
the literature is filled with opposing assertions and
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hypotheses. In terms of ecological and evolutionary
success, modern eusocial insects can either be seen
as species-rich groups such as ants, bees, or termites
(Wilson 1990; Chapman and Bourke 2001) or as a group
with lower species diversity than non-eusocial relatives
such as ambrosia beetles, or poplar spiral gall aphids
(Wilson 1992). Although the success of eusocial groups
could naively lead us to think that eusociality was
a trigger of diversification, Wilson (1992) argued that
social insects (contrary to social vertebrates) show lower
diversification (because they are “less speciose”) than
non-eusocial insects. Based on studies of population
genetics and molecular evolution, sociality reduces
effective population size and possibly reduces levels
of genetic variation, which would in turn increase the
risk of extinction of social organisms (Lanfear et al.
2014). Hence, eusociality could indeed be seen as an
impediment to diversification. The fossil record shows
that taxa went extinct within eusocial groups (ants:
LaPolla et al. 2013, termites: Krishna et al. 2010) but, so
far, eusocial insect groups have been successful at the
macroevolutionary scale. For the most part, they have
persisted since the origins of these highly integrated

[11:05 2/8/2018 Sysbio-OP-SYSB180014.tex]

behaviors, leading Wilson (1990) to state that “eusociality
conveys evolutionary long life to social insects”. In
reality, several emergent traits influence both extinction
and speciation rates, resulting in unpredictable tradeoffs (Jablonski 2008).
The ensuing questions “does eusociality confer higher
diversification rates than non-eusocial species?” and
“what is the dynamic of diversification of social insects
and what factor could explain their success and potential
shift in diversification rates?” are long-standing research
topics (Darwin 1859; Wilson 1992; Wilson and Hölldobler
2005). Biotic and abiotic factors are important in
diversification processes (Benton 2009) and range from
climatic/geologic events (e.g., Condamine et al. 2013),
to competition (e.g., Liow et al. 2015; Silvestro et al.
2015a), and key innovations (e.g., Rainford et al. 2014;
Sánchez-García and Matheny 2016). Eusociality can be
classified as a key innovation but has surprisingly been
understudied when one considers the ecological success
that eusocial insect species have experienced (Wilson
1971, 1992; Chapman and Bourke 2001). This ecological
dominance is mainly explained by one property of
eusociality: the reproductive division of labor. In other
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FIGURE 1. Origin and timeline of eusocial lineages for mammals, crustaceans, and insects (bees, wasps, ants, and termites). Bars represent
temporal ranges with solid lines based on the fossil record, whereas broken lines indicate possible eusociality supported by molecular dating
studies (ants: Moreau et al. 2006; bees: Cardinal and Danforth 2011, wasps: Hines et al. 2007, termites: Ware et al. 2010; Legendre et al. 2015b) but
not supported by fossil evidence.
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section Trait-dependent diversification for more details and
alternative codings).
Our knowledge on the role of eusociality in the
dynamic of diversification is limited. Only one previous
study has investigated the diversification of termites
(Davis et al. 2009), suggesting increases in diversification
early in termite evolution. However, this study was based
on a family-level supertree, and methods to estimate
diversification were still in their infancy. Besides, this
study did not differentiate the potential role of “true”
workers or that of gut microbiota composition in termite
diversification. To better understand the triggers of
diversification in Dictyoptera (mantises, cockroaches,
and termites), we analyze the most comprehensive timecalibrated phylogeny of the group. We investigate the
diversification dynamic of termites compared to their
dictyopteran counterparts using a battery of birth–death
methods to corroborate and strengthen these results.
More specifically, we tested the competing hypotheses
in which eusociality is associated with lower (Wilson
1992) or higher (Davis et al. 2009) net diversification rate
compared to non-eusociality. We also tested whether
the presence of “true” workers in termite societies can
be considered a key innovation relative to societies
with pseudergates, by assessing the putative role on
diversification of these castes on termite evolution.
Similarly, we tested whether an entirely prokaryotic gut
microbiota could also be a key innovation for termite
diversification.
MATERIALS AND METHODS
Analytical Pipeline
We used a recently published time-calibrated
phylogeny of Dictyoptera including 762 species
representatives of living dictyopteran diversity
(ca. 10,000 known species, Legendre et al. 2015b).
This phylogeny resulted from a molecular data set
comprising four mitochondrial and two nuclear
markers. Divergence times were estimated using a
relaxed-clock approach coupled with 17 fossils, which
were used as minimum age constraints on different
nodes and a maximum age for the tree root (Legendre
et al. 2015b).
Three putatively key innovations were investigated:
eusociality, societies with “true” workers and entirely
prokaryotic gut microbiota. To test the role of
these innovations, we used three approaches: i) the
maximum likelihood (ML) approach of time-dependent
diversification (Morlon et al. 2011), implemented in the
R-package RPANDA v.1.2 (Morlon et al. 2016), ii) the
Bayesian analysis of macroevolutionary mixture (BAMM
v.2.5, Rabosky et al. 2013), implemented in the R-package
BAMMtools v.2.1.4 (Rabosky 2014), and iii) the ML
approach of trait-dependent diversification (Maddison
et al. 2007; FitzJohn et al. 2009), implemented in the
R-package diversitree v.0.9-8 (FitzJohn 2012).
Each method is designed to estimate speciation
and extinction rates, and the three methods are
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words, some individuals do not reproduce (i.e., they
belong to sterile castes), and this has been qualified as
the most important feature of eusociality (Wilson 1990).
Within insects, termites (Dictyoptera, order Blattodea,
infraorder Isoptera) contain only eusocial species, and
it is thought that they were the first modern eusocial
animals to evolve, sometime in the Late Jurassic (ca. 155
Ma) (Legendre et al. 2015b; Engel et al. 2016). A termite
colony is usually differentiated into reproductive,
worker and soldier castes (Fig. 2a). The latter two
castes, which are sterile and perform highly specialized
tasks, derive from different stages depending on the
species (Noirot and Pasteels 1987). Whereas soldiers
likely have a single origin, the evolution of workers
is more controversial (Watson and Sewell 1981; Noirot
and Pasteels 1987; Thompson et al. 2000; Grandcolas
and D’Haese 2002; Inward 2007, Legendre et al. 2008,
2013; Roisin and Korb 2011). Importantly, two types of
workers were distinguished early: Some species have a
“true” worker caste, while others have a “false” worker
caste (also called pseudergates; Fig. 2a). “True” workers
differ from pseudergates notably because they diverge
early and irreversibly from the imaginal line (Noirot and
Pasteels 1987), while pseudergates do not. Societies with
“true” workers have been qualified as more “socially”
highly integrated, which might have consequences for
their ecological and evolutionary success given that
> 80% of all termites have “true” workers (Korb 2009;
Brune 2014).
The study of termite digestive systems might
also bring important insights on the ecological and
evolutionary successes of these insects (Fig. 2b).
Although digestive strategies and the gut microbiota
of termites remain to be fully deciphered, important
progress has been made and two groups can be
distinguished by their primary cellulolytic partners
and their hindgut compartmentation (Brune 2014).
The first group comprises termite species that harbor
cellulolytic flagellates in their gut; they group all termite
species except those belonging to Termitidae. In the
second group (i.e., Termitidae), these flagellates are
absent; instead Termitidae have an entirely prokaryotic
microbiota. They also show a higher compartmentation
of the hindgut (except for Macrotermitinae) and
a large dietary diversification (Brune and Dietrich
2015). Because most termite species belong to the
family Termitidae (Beccaloni and Eggleton 2013), their
peculiar digestive system might have been a trigger of
diversification. A parallel can be made with cockroach
species; even though the gut microbiota of most
cockroach species has not been investigated, flagellates
have been found in some wood-eating species, including,
but not restricted to (e.g., Pellens et al. 2002), Cryptocercus,
the alleged sister group of termites (Cleveland et al.
1934; Klass et al. 2008). Because of characteristics shared
with “lower” termites (Klass et al. 2008), it is then
generally assumed that Cryptocercus belongs to the group
with cellulolytic flagellates in their gut (Brune and
Dietrich 2015), contrary to other supposedly or asserted
wood-eating species (but see Pellens et al. 2007 and the
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FIGURE 2. Eusociality in termites: life cycle (a) and b) evolutionary origin associated to putative key innovations. The life cycle differs for species
with pseudergates and species with “true workers” (highlighted by the dashed box). The phylogeny of termites (Isoptera) illustrates that the
origin of eusociality is nested within the radiation of cockroaches (termites and cockroaches together forming the Blattodea). The phylogeny also
highlights important events in the evolution of the digestive symbiosis: the presence of cellulolytic flagellates, acquired by a common ancestor of
termites and Cryptocercidae, is associated to their wood-feeding lifestyle; the loss of flagellates in Termitidae gave rise to an enormous dietary
diversification (chronogram adapted from Legendre et al. 2015b). Dashed lines for the common ancestor of cockroaches denote that the group
is older than 201 Ma. The asterisk (*) specifies that some families or subfamilies are paraphyletic according to the latest studies.
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Across-Clade and Time-Variation Diversification
The ML approach of Morlon et al. (2011) is a
birth–death method that extends previous birth–death
methods such that speciation and/or extinction rates
may change continuously through time, and subclades
may have different speciation and extinction rates. This
method has the advantage of not assuming constant
extinction rate over time (unlike BAMM, Rabosky et al.
2013), and allows clades to have declining diversity
because extinction can exceed speciation, meaning that
diversification rates can be negative (Morlon et al. 2011).
We designed six nested diversification models to test
with this approach: i) a Yule model, where speciation
is constant and extinction is null; ii) a constant birth–
death model, where speciation and extinction rates are
constant; iii) a variable speciation rate model without
extinction; iv) a variable speciation rate model with
constant extinction; v) a rate-constant speciation and
variable extinction rate model; and vi) a model in which
both speciation and extinction rates vary. Models were
compared by computing the ML score of each model and
the resulting Akaike information criterion corrected by
sample size (AICc).
First, the Dictyoptera tree was analyzed as a whole
using this approach and taking into account missing
species (f = 0.08). To test the hypotheses that eusociality,
societies with “true” workers and gut microbiota
composition act on diversification rates, we compared
the likelihoods of models that allow for different
patterns of rate variation in different clades. More
specifically, we first allowed for a rate shift along the
branch corresponding to the apparition of eusociality
(the termite crown node), and we sequentially tested
for a rate shift between the crown node of termites
and the node corresponding to the family Termitidae
(prokaryotic microbiota). Therefore, we partitioned
the Dictyoptera phylogeny into seven evolutionary
scenarios: from a backbone without the termites, and
the termites as a subtree; to a backbone without the
Termitidae, and the Termitidae as a subtree (with all
five possibilities in between; for a schematic illustration
see Supplementary Fig. S1 available on Dryad at
http://dx.doi.org/10.5061/dryad.2tg34). After creating
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these backbones and corresponding subtrees, and
accounting for the missing species in each of them,
we fitted the same diversification models as detailed
above but independently on each subtree and its
corresponding backbone tree (Supplementary Fig. S1
available on Dryad). The global log-likelihood was
calculated as the sum of both subclade and backbone loglikelihoods as determined by the corresponding bestfitting models. This approach allowed us to compare the
global log-likelihood (under the assumption of a single
speciation rate and extinction rate) to the log-likelihood
of one shift at the termite crown (eusociality), and to the
log-likelihood of one shift at the crown of Termitidae
(prokaryotic microbiota). We directly compare the seven
scenarios using AICc.
We also used BAMM to estimate speciation and
extinction rates through time and among/within clades
(Rabosky et al. 2013). BAMM was constructed to
study complex evolutionary processes on phylogenetic
trees, potentially shaped by a heterogeneous mixture
of distinct evolutionary dynamics of speciation and
extinction across clades. BAMM can automatically detect
rate shifts and sample distinct evolutionary dynamics
that explain the diversification dynamics of a clade
without a priori hypotheses on how many and where
these shifts might occur. Evolutionary dynamics can
involve time-variable diversification rates; in BAMM,
speciation is allowed to vary exponentially through
time while extinction is maintained constant: subclades
in a tree may diversify faster (or slower) than others.
This Bayesian approach can be useful in detecting
shifts of diversification potentially associated with key
innovations (Rabosky 2014).
We ran BAMM by setting four Markov chain Monte
Carlo running (MCMC) for 20 million generations and
sampled every 2000 generations. A compound Poisson
process is implemented for the prior probability of a rate
shift along any branch. We used a gradient of prior values
ranging from 0.1 to 50 to test the sensitivity to the prior,
because it has been shown that BAMM can be affected
by the prior (Moore et al. 2016 but see Rabosky et al.
2017). We accounted for nonrandom incomplete taxon
sampling using the implemented analytical correction;
we set a sampling fraction for mantises (f = 0.118),
cockroaches (f = 0.042), and termites (f = 0.094). We
performed independent runs (with a 15% burn-in) using
different seeds to assess the convergence of the runs
with effective sample size. We processed the output data
using the BAMMtools (Rabosky 2014) by estimating i) the
mean global rates of diversification through time, ii) the
configuration of the diversification rate shifts evaluating
alternative diversification models as compared by
posterior probabilities, and iii) the clade-specific rates
through time when a distinct macroevolutionary regime
is identified.
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used to cross-test hypotheses and corroborate results.
Nonetheless, it is worth mentioning that each method
differs at several points in the way speciation and
extinction rates are estimated. For instance, traitdependent birth–death models (diversitree) estimate
constant speciation and extinction rates, while timedependent birth–death models (BAMM and RPANDA)
estimate the speciation and extinction rates and
their variation through time. Therefore, we expect
some differences in the values of the estimated
diversification rates that are inherent to each approach.
Our diversification analyzes should be seen as
complementary for the inferred diversification trend
rather than corroborative on the values and magnitude
of the speciation and extinction rates.
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Trait-Dependent Diversification
We used trait-dependent diversification models to
simultaneously model trait evolution and its impact
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300 species may lack sufficient phylogenetic signal to
produce enough statistical power (Davis et al. 2013).
The BiSSE model has six distinct parameters: two
speciation rates without character change (i.e., in situ
speciation) associated with non-eusocial species (!N )
and eusocial species (!E ), two extinction rates associated
with non-eusocial ("N ) and eusocial species ("E ), and
two transition rates (i.e., anagenetic change) with one
from non-eusocial to eusocial (qN−E ), and from eusocial
to non-eusocial (qE−N ). Using the same rationale, but
applied to three traits, the MuSSE model has 12 distinct
parameters (three for speciation, three for extinction, and
six for transitions).
Here we used 100 dictyopteran phylogenies (sampled
from the Bayesian analysis in Legendre et al. 2015b)
and combined them with our three data sets of traits.
Analyzes were performed using the R-package diversitree
(FitzJohn 2012) using the functions make.bisse and
make.musse to construct the likelihood functions for each
model based on the data, and the functions constrain and
find.mle to apply different diversification scenarios.
For each model, we computed the AICc based on
the log-likelihood and the number of parameters. We
checked support for the selected model against all
models using the difference between AICc (#AIC) and
the Akaike weight (AICω). The scenario supported
with the lowest AICc was considered the best when
#AIC > 2 against other models and with AICω > 0.5
(otherwise the model with less parameter was instead
considered the best). Finally, we used the consensus tree
and MCMC simulations with the best model to examine
the confidence interval of the parameter estimates. We
used an exponential prior and started the chain with
the parameters obtained by ML (FitzJohn 2012). We ran
20,000 MCMC steps and applied a 10% burn-in. Net
diversification rates were then computed.
SSE models have recently been criticized due to type
I error (Rabosky and Goldberg 2015). To test whether
our diversification results were biased, we estimated
the difference of fit (#AIC) between the best model
and a null model (i.e., with no state dependence) and
compared this with the difference between the same
models as estimated from 100 simulated trait data sets
for each SSE model.
RESULTS
Diversification Across-Clade and Time
The BAMM analyzes supported a model with
six evolutionary regimes (i.e., five rate shifts;
Supplementary Fig. S2 and Table S1 available on Dryad).
The post burn-in posterior distribution indicated that
five shifts occur with a posterior probability (PP) of 0.54,
and PP = 0.33 and 0.10 for four and six shifts, respectively
(less or more shifts occur with PP < 0.05; Supplementary
Table S1 available on Dryad). The 95% credible set of
shift configurations and marginal shift probabilities
strongly favored a model that includes shifts along
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on diversification (Maddison et al. 2007). In those
models, species are characterized by an evolving trait,
and their diversification follows a birth–death process
in which speciation and extinction rates may depend
on the trait state. We created three data sets of
traits. First, we categorized all dictyopteran species as
being non-eusocial or eusocial. This two-trait scheme
distinguishes the termites (all species are eusocial) from
the rest of dictyopterans (all non-eusocial). Second,
we made a three-trait scheme by keeping the noneusocial category, and dividing the eusocial trait into
two: eusocial with pseudergates (“false” workers) and
eusocial with “true” workers. Third, we made another
three-trait scheme to test the role of the primary
cellulolytic partners in diversification. We followed
Brune and Dietrich (2015) to distinguish Termitidae
(entirely prokaryotic microbiota), Cryptocercus + other
termites (cellulolytic flagellates), and the remaining
Dictyoptera (no specialized microbiota for lignocellulose
digestion). All these coding schemes are imperfect
because, like any broad categorization process, they
might oversimplify the reality found in nature (Legendre
et al. 2015a; Goutte et al. 2016). The category “remaining
Dictyoptera” in the latter coding scheme, for instance, is
imperfect because it is delineated by default and because
of a lack of information for some cockroach species.
However, this three-state coding reflects our current
understanding of the primary cellulolytic partners in
Dictyoptera as reviewed in Brune and Dietrich (2015).
Anyway, to take into account our lack of knowledge on
cockroach microbiota and the existence of species that,
arguably, could not fit well in these three categories –
while limiting the number of categories to save statistical
power, we created two supplementary trait data sets.
In the first alternative coding, the wood-feeding noneusocial lineages were coded with cellulolytic flagellates
(same as “lower” termites) even though the existence
and role of cellulolytic flagellates have not always
been investigated and proved. These lineages represent
several genera of the subfamily Panesthiinae, and the
genera Cyrtotria, Lauraesilpha, Paramuzoa, Parasphaeria,
and Colapteroblatta (Grandcolas 1993; Grandcolas et al.
2002; Pellens et al. 2002). In the second alternative
coding, the Macrotermitinae were not coded with the
Termitidae (i.e., initial coding supported by their entirely
prokaryotic gut microbiota) but with the other termites
(coding supported by their relatively simple hindgut
structure).
We applied the Binary State Speciation and Extinction
model (BiSSE, Maddison et al. 2007) with constant
diversification rate for the two-trait data set. We then
performed the Multi-State Speciation and Extinction
model (MuSSE, FitzJohn et al. 2009) on the three-trait
data sets. Both BiSSE and MuSSE models account for
incomplete taxon sampling, which is informed as a
sampling fraction of species at present having a given
trait (FitzJohn et al. 2009). Simulation studies have
shown that a large, well-sampled tree is required by
these methods, whereas trees containing fewer than
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Termite Key Innovations and Diversification
The RPANDA analyzes refined the location of the rate
shift within termites, and allowed testing the effect of
three termite key innovations: eusociality, societies with
“true” workers, and entirely prokaryotic gut microbiota,
which have evolved sequentially from the origin of
termites to the origin of Termitidae. Applying a series
of time-dependent birth–death models (including a rate
shift at the crown node of a termite subclade), we
compared the fit of alternative scenarios to locate the
best change of diversification rates. We first found that
any scenario including a rate shift within termites is
better than a scenario having no shift at all (Table 1).
Comparing all diversification scenarios including a shift
in the termite tree, we found that the best-fitting scenario
includes a shift along a branch supporting termites
that only contain species with “true” workers in their
societies (Scenario 6, Table 1). There is strong support
for this scenario (lowest !AIC = 12.7) as compared to
competing hypotheses of other locations in the termite
tree such as the evolution of eusociality (Scenario 1), or
the change in gut microbiota composition (Scenario 7).
BAMM identified an important rate shift within the
mantises (166.8 Ma, Fig. 3), which corresponds to an
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increase of diversification. Using RPANDA, we tested
whether a model including this shift performs better
than the model with the best-fitting shift in termites.
We reproduced the approach explained above but we
isolated the mantis clade as a subtree, from the rest of the
Dictyoptera (this time including termites). We analyzed
all the same models and found that the shift within the
Mantodea does not improve the likelihood as compared
with the model including the shift within termites (AICc
for the shift in mantises = 7640.83; resulting in a !AIC
= 327 between the best scenario including a shift within
termites and this scenario, Table 1).
RPANDA analyzes endorsed BAMM results: The
best-fit scenario indicated a speciation rate increasing
through time for both the termite tree and the backbone.
Nonetheless, we estimated an elevated speciation rate
of 0.193 lineage/Myr for termites, strikingly contrasting
with the speciation rate of the remaining dictyopteran
lineages (0.058 lineage/Myr). Moreover, we found the
termite clade diversified with low or zero extinction
rates, again contrasting with the extinction rate for the
rest of the tree (0.023 lineage/Myr). Consequently, the
net diversification rate of the termite tree is 5.5 times
higher than the remaining part of the dictyopteran tree
(Scenario 7, Table 1).
We corroborated the BAMM and RPANDA analyzes
with BiSSE and MuSSE applied to a two-trait data set
and two three-trait data sets, respectively. We found that
the best-fitting BiSSE model was the one with different
speciation and extinction, but with equal transition rates.
Simpler or more complex models were not supported
(!AIC = 4.13 with the second best-fit BiSSE model,
which has one extra parameter, Table 2, Supplementary
Table S2 available on Dryad). In the best-fit model, both
speciation and extinction rates were higher for eusocial
species (Table 2), and the net diversification rate was
2-fold higher for eusocial lineages (Fig. 3). Bayesian
MCMC analysis showed that speciation, extinction,
and net diversification rates were significantly different
between the two traits (Supplementary Fig. S7 available
on Dryad).
We further investigated whether difference of
diversification rates occurred within the termites by
splitting the eusociality trait into two (societies with
pseudergates or societies with “true” workers). We
found that the best-fitting MuSSE model supported the
most complex model, in which all parameters are free.
Simpler models were not supported (!AICc = 15.8 with
the second best-fit MuSSE model, which has one less
parameter, Table 3, Supplementary Table S2 available on
Dryad). In the best-fit model, speciation and extinction
rates were higher for eusocial lineages with “true”
workers. Speciation and extinction rates were both low
for the two other traits (non-eusocial, and eusocial
with pseudergates). The net diversification rate was
higher for eusocial lineages with “true” workers (Fig. 3).
The trait-dependent rates of speciation, extinction, and
net diversification for the eusocial species with “true”
workers were significantly different from the rates of
the two other traits, and the two other traits were not
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branches within termites (Supplementary Figs. S3
and S4 available on Dryad). The shift configurations
within this credible set contained also shifts at internal
nodes in mantises and at a more derived position
within cockroaches (Blaberidae: Panesthiinae). The
different shift configurations in the credible set allowed
quantifying uncertainty in placement of a termite shift
(Supplementary Fig. S4 available on Dryad). The shift
configurations sampled at the highest frequency always
contained a shift within termites (cumulative posterior
probability of 0.62). The best configuration shift retained
five core shifts, one located within the termites (crown
Termitidae), two within Mantodea and two others
within cockroaches (Supplementary Fig. S5 available
on Dryad). We repeated the analyzes by changing the
Poisson process for the prior probability of a rate shift
along any branch: these analyzes supported a similar
diversification pattern, although we found an additional
clade-specific macroevolutionary regime when a higher
prior probability of rate shift was used (Supplementary
Fig. S6 and Table S1 available on Dryad).
We found evidence for low and constant-rate
diversification through time for Dictyoptera punctuated
by few shifts. When diversification changed, speciation
rates increased for the termites in particular at the
base of Termitidae (Fig. 3). Although other increases
of speciation were found, the most elevated speciation
rate (and also net diversification rate) occurred within
termites. Interestingly, when termite macroevolutionary
regime was studied in isolation, the net diversification
rate of the clade increased towards the present (Fig. 3).
On the contrary, the other macroevolutionary regimes
showed a more common pattern of diversification
slowdown over time.

879

873–888

880

VOL. 67

SYSTEMATIC BIOLOGY

significantly different from each other (Supplementary
Fig. S8 available on Dryad).
As for the primary cellulolytic partners, we found
that the net diversification rate was higher for the
Termitidae, the lineage with an entirely prokaryotic gut
microbiota (Fig. 3; Table 4; Supplementary Fig. S9 and
Table S2 available on Dryad). The two other traits were
not significantly different in terms of diversification
even though the lineages with cellulolytic flagellates
showed higher speciation and extinction rates than
mantises and cockroaches (except Cryptocercus that
harbors flagellates).
Randomization analyzes of the three data sets of
traits showed that all the SSE-based results were
robust to type-I error (Supplementary Fig. S10 available
on Dryad) indicating that our inferences are not
biased. We performed additional MuSSE analyzes by
recoding either the wood-feeding non-eusocial lineages
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or Macrotermitinae with Cryptocercus spp. and all the
termites but the other Termitidae, and we found that the
results were not sensitive to this effect: eusocial lineages
with a prokaryotic microbiota or with a complex hindgut
compartmentation diversified significantly faster than
their counterparts (Supplementary Figs. S11 and S12
available on Dryad).

DISCUSSION
The origin of eusociality has been widely investigated
at the organismal level. For instance, Hall and
Goodisman (2012) explored the differences in rate
of substitution for queen- and worker-selected loci,
whereas Rehan and Toth (2015) reviewed several
hypotheses about molecular evolution of eusociality
and tried to integrate them in a synthetic framework.
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FIGURE 3. Diversification and eusociality in Dictyoptera. a) Time-calibrated phylogeny of Dictyoptera (adapted from Legendre et al. 2015b)
showing the origin of eusociality (all termites), the origin of an entirely prokaryotic microbiota (Termitidae), and the shifts in diversification
rate identified with BAMM. b) Results of BiSSE show that lineages with eusocial species have higher net diversification rates than non-eusocial
species. c) Results of MuSSE show that lineages with “true” workers have higher net diversification rates than other dictyopteran lineages,
including termite lineages with pseudergates. d) Results of MuSSE show that lineages with an entirely prokaryotic microbiota (and a complex
hindgut compartmentation) have a higher diversification rate than other dictyopteran lineages. For BiSSE and MuSSE plots, Bayesian posterior
distributions represent the 95% credibility interval of each estimated parameter. e) BAMM analyzes suggest a strong increase in net diversification
rate of termites towards the present, especially in termites with “true” workers (mostly Termitidae and Rhinotermitidae). The shaded areas
represent the 95% credibility interval of each estimated parameter.
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Support for an increase of diversification rates for termites, especially for lineages including “true” workers
Scenario with a rate shift located at:

Models
NP
logL
AICc
!AIC
AICω
Subclade speciation rate
Subclade extinction rate
Subclade net div. rate
Backbone speciation rate
Backbone extinction rate
Backbone net. div. rate

Whole phylogeny

The MRCA of
Isoptera

The MRCA of
Euisoptera

The MRCA of
Kalotermitidae
and Neoisoptera

3
−3889.247
7784.526
471.434
0
0.191
0.175
0.016
—
—
—

4
−3709.158
7426.385
113.293
0
0.177
0
0.177
0.044
0
0.044

4
−3706.857
7421.781
108.689
0
0.178
0
0.178
0.044
0
0.044

5
−3693.107
7396.308
83.216
0
0.185
0
0.185
0.057
0.024
0.033

The MRCA of
Neoisoptera

The MRCA of
Neoisoptera minus
Rhinotermitinae

4
−3658.84
7325.754
12.662
≈ 0.002
0.186
0
0.186
0.044
0
0.044

5
−3659.554
7329.206
16.114
< 0.0001
0.191
0
0.191
0.058
0.024
0.034

The MRCA of Termitidae,
Coptotermitinae and
Heterotermitinae
5
–3651.496
7313.092
0
0.998
0.193
0
0.193
0.058
0.023
0.035

The MRCA of
Termitidae
4
−3691.284
7390.653
77.561
0
0.197
0
0.197
0.084
0.06
0.024

Notes: The table reports the log-likelihood (logL) and the corrected Akaike Information Criterion (AICc) calculated for the whole phylogeny of Dictyoptera (assuming no shift of diversification)
and seven evolutionary scenarios including a shift of diversification (as specified in the table). For each model, the parameter values of the best-fitting model are reported (rates are in
events/Myr). The “backbone” rates represent the estimated diversification parameters for the tree containing all Dictyoptera species except the termite subclades. The termite subclades are
analyzed aside. The logL, the number of parameters (NP), and AICc are thus the sum of the logL/parameters/AICc of the backbone tree plus the logL/parameters/AICc of the termite subclade.
The best-fitting scenario is determined by !AIC and AICω and includes a shift within the termites that only include species with “true” workers in their societies (Scenario 7, highlighted in bold).
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SYSTEMATIC BIOLOGY
Supports for eusociality as a driver of diversification

Models
Null model
#0 ̸= #1, $0 = $1, q01 = q10
#0 = #1, $0 ̸= $1, q01 = q10
#0 = #1, $0 = $1, q01 ̸= 10
#0 ̸= #1, $0 ̸= $1, q01 = q10
#0 ̸= #1, $0 = $1, q01 ̸= q ̸=10
#0 = #1, $0 ̸= $1,q01 ̸= q ̸=10
#0 ̸= #1, $0 ̸= $1,q01 ̸= q ̸=10

NP

logL

AICc

!AICc

AICω

3
4
4
4
5
5
5
6

−3831.072
−3752.206
−3773.267
−3830.967
−3719.947
−3752.346
−3774.607
−3720.997

7668.175
7512.465
7554.586
7669.988
7449.973
7514.772
7559.294
7454.106

218.2023
62.492
104.6133
220.0149
0
64.7993
109.3214
4.1336

0
0
0
0
0.887
0
0
0.113

#0

#1

0.1980
0.1335
0.1867
0.1626
0.1979
0.1004 0.4145
0.1280
0.1815
0.1541
0.0910 0.4099

$0

$1

0.1786
0.1129
0.1441 0.0921
0.1784
0.0766 0.3721
0.1071
0.1349 0.0810
0.0667 0.3674

q01

q10

2.01E−05
1.64E−05
1.24E−05
2.43E−05 4.97E−06
0.3721
1.81E−05 1.20E−05
1.27E−05 7.40E−06
4.35E−05 5.91E−06

Above the species level, the origin and evolution of
eusociality has been also addressed with molecular
dated phylogenies of eusocial groups (Farrell et al. 2001;
Agnarsson et al. 2006; Moreau et al. 2006; Hines et al.
2007; Cardinal and Danforth 2011, 2013; Pie and Feitosa
2016). These studies have shown that eusociality is a
labile trait that has appeared independently in many
clades. However, the consequences of eusociality as
a driver of species diversification have received less
attention (Davis et al. 2009; Ware et al. 2010). What
role does eusociality play at this macroevolutionary
scale? In social insects, only two studies mentioned
this aspect and suggested contradictory hypotheses.
Edward O. Wilson (1992) proposed that social insects
would have a lower diversification rate than non-eusocial
insects, while Davis et al. (2009) suggested that termites
would have a higher diversification rate than their close
relatives; the study of Ware et al. (2010) did not compare
termite diversification with the non-eusocial clades.
These opposite predictions are in fact not so surprising
because, for numerous aggregate and emergent traits,
both low speciation and extinction rates are predicted
(Jablonski 2008). These traits would then lead either to
increase or decrease in diversification depending on the
intensity of speciation and extinction.
Speciation rate supposedly increases with molecular
rate (Webster et al. 2003; Lanfear et al. 2010; but see
Rabosky and Matute 2013), which in turn depends on
several features including population size, population
abundance, and genetic population. Harvey et al.
(2017) showed, for instance, a link between population
differentiation within species and speciation rates
inferred from phylogenies in New World birds. All the
aforementioned features are emergent traits connected
to eusociality. In termites, the archetype society mode
involves large and abundant populations headed by
pairs of reproductives, resulting in colonies with
strong genetic structures and genetically isolated by
distance (Goodisman and Crozier 2002; Thompson et al.
2007; Dupont et al. 2009; Eggleton 2011; Vargo and
Husseneder 2011). According to classical predictions,
high abundance would imply low extinction and low
speciation rates, while highly structured populations
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would imply both high extinction and speciation rates.
As for large population size, predictions suggest low
extinction rates and are contradictory about speciation
rates (Jablonski 2008). For Dictyoptera, we found here
higher extinction and speciation rates for eusocial
lineages when compared to non-eusocial lineages (using
three different approaches). Because speciation is much
higher than extinction, the net diversification rate is
higher for eusocial species than for non-eusocial species,
resulting in a strong positive link between eusociality
and net diversification.
These results suggest that a high level of genetic
structure could be the main factor acting on Dictyoptera
diversification. However, the classical vision of termites
is outdated. Population structure in termites probably
shows a large spectrum of variation that should be
investigated further (Vargo and Husseneder 2011) and
compared to cockroach population structures that
should also vary between solitary, gregarious and
subsocial species (Bell et al. 2007), or flying and
wingless species. Population size—and size-dependent
properties—is also poorly known (Korb 2009) but range
from a few hundreds to millions of individuals. Even
within the family Termitidae comprising only species
with “true” workers, there is a large variance with nest
population of a few thousands to a few millions of
individuals (Lepage and Darlington 2000). But, even
though the underlying factors remain to be investigated
further, eusociality seems to act as a key innovation
favoring diversification in Dictyoptera.
Key innovations are alluded to whenever an
evolutionary novelty is thought to have favored the
diversification of a clade. Three main categories of key
innovations can be distinguished (Heard and Hauser
1995): i) innovations opening new adaptive zones
sensu Simpson (1944); ii) innovations increasing fitness
and allowing to outcompete other species; and iii)
innovations increasing the propensity for reproductive
or ecological specialization. These three categories
are not necessarily exclusive. For termites, eusociality
unlikely opened new adaptive zones (Definition 1).
Termites act mainly as decomposers, a niche already
existing and occupied before the emergence of this
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Notes: The table reports the models applied, their number of parameters (NP), the means for the log-likelihood (logL) and the corrected Akaike
Information Criterion (AICc), the difference of AICc between the best model (lowest AIC) and a given model (!AICc), the Akaike weight (AICω),
and the values for each parameter of the corresponding model based on 100 dated trees. The best model is highlighted in bold. Standard errors
for each parameter estimate are reported in Supplementary Table S2 available on Dryad. 0 = non-eusocial and 1 = eusocial; # = speciation rate
(one for each character state, #1 is the speciation rate for eusocial species); $ = extinction rate (one for each character state, $1 is the extinction
rate for eusocial species); and q = transition rate between character states.
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TABLE 3.

Supports for eusociality with true workers as drivers of diversification
NP

logL

Null model
All # are varying
All $ are varying
All q are varying
All # and $ are varying
All # andq are varying
All $ and q are varying
All rates are free

3
5
5
8
7
10
10
12

−3889.534
−3717.017
−3751.789
−3879.999
−3706.089
−3703.355
−3738.133
−3693.372

AICc

!AIC

AIω

#1

#2

#3

$1

7785.100 373.94
0
0.1719
7444.114 32.95
0
0.0683 0.0727 0.1699
7513.657 102.49
0
0.1214
0.1020
7776.191 365.03
0
0.1713
7426.327 15.16 ≈0.005 0.0637 0.0580 0.3198 0.0384
7427.005 15.84 ≈0.005 0.0645 0.0693 0.1736
7496.560 85.40
0
0.1258
0.1067
7411.163
0
0.99
0.0649 0.0378 0.3196 0.0398

$2
0.1525
0.0438
0.0974
0.1519
0.0266
0.0394
0.1030
0.0000

$3

0.0000
0.2267

q12

1.29E−05

1.55E−05
0.0000 1.87E−05
0.2244 1.09E−05

q13

q21

q23

4.21E−05
2.43E−05
1.43E−05
6.67E−07 1.67E−06 0.00161
3.85E−05
1.33E−07 7.90E−07 0.00155
7.14E−08 2.63E−07 0.00043
2.43E−07 6.45E−07 0.00224

q31

q32

4.64E−06

0.00023

9.81E−06 2.73E−06
2.73E−06 0.00044
1.32E−06 0.00027

Notes: 1 = non-eusocial or societies without worker, 2 = societies with pseudergates, and 3 = societies with true workers; # = speciation rate (one for each character state, #1 is the speciation
rate for species without worker); $ = extinction rate (one for each character state, $1 is the extinction rate for species without worker); and q = transition rate between character states.

TABLE 4.

Supports for gut microbiota as drivers of diversification

Models

NP

Null model
All # are varying
All $ are varying
All q are varying
All # and $ are varying
All # and q are varying
All $ and q are varying
All rates are free

3
5
5
8
7
10
10
12

logL

AICc

!AIC

AICω

−3840.575 7687.181 274.01
−3710.247 7430.573 17.41
−3731.518 7473.115 59.95
−3835.418 7687.028 273.86
−3699.510 7413.168
0
−3703.777 7427.847 14.68
−3735.700 7491.694 78.53
−3695.237 7414.892
1.72

0
0
0
0
0.703
0
0
0.297

#1

#2

#3

$1

$2

$3

q12

q13

q21

q23

q31

q32

0.1959
0.1764
3.03E−05
0.1270 0.2157
0.0941
1.72E−05
0.1642
0.1456 0.1373 0.0447
1.21E−05
0.1957
0.1763
2.40E−05 6.75E−07 4.36E−06 0.00046 1.88E−06 3.10E−06
0.1070 0.1894 0.3022 0.0832 0.1652 0.1979
2.39E−05
0.1147 0.1254 0.2157
0.0921
1.98E−05 2.74E−07 3.45E−06 0.00025 3.21E−06 2.81E−06
0.1683
0.1500 0.1304 0.0555 2.01E−05 7.33E−07 3.67E−06 0.01504 2.54E−06 0.00220
0.1037 0.1730 0.3033 0.0795 0.1472 0.1975 3.11E−05 4.02E−07 4.87E−06 0.00029 4.52E−06 2.54E−06
0.1166

LEGENDRE AND CONDAMINE—EUSOCIALITY AND DIVERSIFICATION

Models

Notes: 1 = gut with no specialized microbiota for lignocellulose digestion, 2* = gut with cellulolytic flagellates, and 3* = gut with entirely prokaryotic microbiota; # = speciation rate
(one for each character state, #1 is the speciation rate for species without microbiota); $ = extinction rate (one for each character state, $1 is the extinction rate for species without
microbiota); and q = transition rate between character states. *Results of alternative coding strategies (see main text) are provided in Supplementary Figures S11 and S12 available on Dryad.
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and angiosperm diversifications brings credit to its
importance in termite diversification because changes
in intestinal anatomy and microbiota complexity would
have opened new niches to diversify in.
Rabosky (2009) underlined the possible change in
species “carrying capacity” for some clades in a given
area. Instead of playing on diversification rates per
se, may eusociality impact ecological limits in a given
environment, which would in turn increase termite
diversification? This remains a possibility that could be
linked to our side-result that net diversification rates
within termites increase towards the present, which is
unusual, but the underlying mechanisms are still to
be deciphered. The apparent increased diversification
rate in termites at the present can be caused by a
phenomenon, called the pull of the recent, which is due
to a more complete sampling of recent and still extant
species than in the past (Jablonski 2008). This is slightly
different from the pull of the present that is due to
constant birth–death models showing an upward turn
in species number towards the present (Nee 2006). Most
of the phylogenies are better explained by a slowdown of
speciation rates towards the present (e.g., Phillimore and
Price 2008; Morlon et al. 2010). An increase in speciation
through time is rarely inferred, thus the increase in
termite speciation goes against the classical pattern. We
do not think the increase in speciation can be attributed
to the pull of the present/recent because the increase
started tens of million years ago, while the effect of
the pull of the present/recent is usually considered to
be important in the last million years (Nee 2006). The
species sampling is relatively homogeneous across the
phylogenetic tree, except for the Panesthiinae which are
more sampled than the rest, but more importantly the
termite subtree is not better sampled than the other
groups (Legendre et al. 2015b). Therefore, we think the
impact of the pull of the present/recent is limited here.
Finally, even though there were probably multiple
origins of the “true” worker caste in termites (Legendre
et al. 2008, 2013), Dictyoptera offers a single replicate to
investigate the role of eusociality in clade diversification.
We expect advances in our understanding of the role
of eusociality at the species selection level, when
similar studies would be conducted with other eusocial
organisms, especially in the insect order Hymenoptera
(Peters et al. 2017) where ants, bees, and wasps constitute
conspicuous elements of ecosystems and have evolved
eusociality independently.
SUPPLEMENTARY MATERIAL
Data available from the Dryad Digital Repository:
http://dx.doi.org/10.5061/dryad.2tg34.
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clade (Raymond et al. 2000). However, a highly
integrated society, especially with “true” workers, might
have allowed termites to outcompete other species
and increased their propensity for reproductive and
ecological specialization (Definitions 2 and 3). This
scenario is classically put forward at the ecological
timescales, wherein the higher dominance and the large
ecological success of termites are known, and could
be here translated at the macroevolutionary timescale.
Interestingly, all the diversification analyzes (three
different types of models) show that both speciation and
extinction rates were higher for eusocial lineages with
“true” workers resulting in a higher net diversification
rate for these lineages. Accordingly, our results suggest
that societies with “true” workers are not only more
successful at ecological timescales but also over millions
of years, which further implies that both organismand species-level traits (aggregate and emergent traits,
respectively) act on species selection.
Other factors are also probably at play in Dictyoptera
diversification and they should be examined in
future research (Jablonski 2008; Benton 2009). The
diversification of angiosperms in the Cretaceous is
often proposed to have played an important role in
insect diversification, especially social insects (Moreau
et al. 2006; Cardinal and Danforth 2013). Interestingly,
molecular dating phylogenies of termites concur to show
that termites appeared in the very Late Jurassic—Early
Cretaceous (Ware et al. 2010; Bourguignon et al. 2015;
Legendre et al. 2015b). Although there is a debate on
the origin of angiosperms, from the Early Cretaceous to
Triassic (e.g., Beaulieu et al. 2015; Magallón et al. 2015;
Silvestro et al. 2015b; Foster et al. 2017), the main period
of diversification always occurred in the Cretaceous and
coincides well with the rise of many extant insect clades.
It is nonetheless questioned whether the angiosperm
radiation has boosted insect diversification (Rainford
and Mayhew 2015; Condamine et al. 2016). The increase
in termite diversification in the Cretaceous can be
associated with the rise to dominance of angiosperms;
a similar scenario is proposed for another important
eusocial insect clade, the ants (Moreau et al. 2006).
Other dramatic landscape modifications that happened
in the last 300 million years might have promoted
shifts in diversification in termites. For instance, global
climate changes or the break-up of ancient continents
(Bourguignon et al. 2015) could have induced different
dynamics of diversification between non-eusocial and
eusocial lineages. Future studies could investigate the
impact of such important environmental changes using
both phylogenies and fossil data. Also, to better
understand these intricate mechanisms, approaches
integrating various factors such as caste and colony size
but also foraging types, dispersal abilities, diets and
digestive capacity (Abe 1987; Jeanson and Deneubourg
2009; Brune and Dietrich 2015), should be used to sort out
the effect of these factors. Regarding diet specialization,
which is strongly related to gut anatomy and microbiota
composition (Bignell and Eggleton 1995; Köhler et al.
2012; Mikaelyan et al. 2015), the concomitance of termite
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The American tropics (the Neotropics) are the most species-rich realm
on Earth, and for centuries, scientists have attempted to understand
the origins and evolution of their biodiversity. It is now clear that
different regions and taxonomic groups have responded differently
to geological and climatic changes. However, we still lack a basic
understanding of how Neotropical biodiversity was assembled over
evolutionary timescales. Here we infer the timing and origin of the
living biota in all major Neotropical regions by performing a crosstaxonomic biogeographic analysis based on 4,450 species from six
major clades across the tree of life (angiosperms, birds, ferns, frogs,
mammals, and squamates), and integrate >1.3 million species occurrences with large-scale phylogenies. We report an unprecedented
level of biotic interchange among all Neotropical regions, totaling
4,525 dispersal events. About half of these events involved transitions between major environmental types, with a predominant directionality from forested to open biomes. For all taxonomic groups
surveyed here, Amazonia is the primary source of Neotropical diversity, providing >2,800 lineages to other regions. Most of these dispersal events were to Mesoamerica (∼1,500 lineages), followed by
dispersals into open regions of northern South America and the
Cerrado and Chaco biomes. Biotic interchange has taken place
for >60 million years and generally increased toward the present.
The total amount of time lineages spend in a region appears to be
the strongest predictor of migration events. These results demonstrate the complex origin of tropical ecosystems and the key role of
biotic interchange for the assembly of regional biotas.
biogeography

but still remarkable, diversification history in the last few million
years (14, 15).
What remains less clear, however, is the role of biotic interchange in the standing diversity of Neotropical regions. In addition
to differences in speciation and extinction rates, regional diversity
is determined by the immigration of species from other regions
over time. In some cases, immigrant lineages may constitute a
substantial proportion of the local diversity, such as in Ecuadorian
Amazonia, where ca. 20% of all tree species arrived by dispersal
from other regions (16). Within the limits of a single region, dispersal events have been high in several plant genera (17, 18). In
contrast, dispersal events (including successful establishment)
across environmentally disparate regions are considered rare on
a global scale (19).
Current evidence from the analysis of dated molecular phylogenies has shown that some Neotropical regions might be more
permeable than others. South American savannas, for instance,
have been colonized multiple times independently by ancestors
from other regions (20, 21). Alternatively, intrinsic differences
among taxonomic groups (such as dispersal ability) may allow
some lineages, but not others, to colonize new regions. Although
some taxa tend to maintain their ecological requirements over
time, staying in their region of origin or dispersing to distant regions
with the same environmental conditions (i.e., niche conservatism,
Significance
Amazonia is not only the world’s most diverse rainforest but is
also the region in tropical America that has contributed most to
its total biodiversity. We show this by estimating and comparing
the evolutionary history of a large number of animal and plant
species. We find that there has been extensive interchange of
evolutionary lineages among different regions and biomes, over
the course of tens of millions of years. Amazonia stands out as
the primary source of diversity, which can be mainly explained
by the total amount of time Amazonian lineages have occupied
the region. The exceedingly rich and heterogeneous diversity of
the American tropics could only be achieved by high rates of
dispersal events across the continent.

| biome shift | evolution | Neotropics | phylogenetics

T

he Neotropical realm, spanning from Mexico to southern
South America and including the West Indies (1), is one of
the most species-rich regions on Earth (2, 3). This vast region
comprises many different biomes and habitats such as seasonally
dry forests, arid zones, high-elevation grasslands, young and old
mountain systems, and extensive rainforests, such as the Atlantic
Forests and Amazonia (4). Because each region and biome
possesses its own species diversity and communities, it is crucial
to investigate the diversification history and biotic connections of
each constituent region to understand how Neotropical biodiversity was assembled (5, 6).
Consensus is emerging that Neotropical diversification results
from a complex interaction of biotic and abiotic processes (2, 5),
which are now being teased apart by novel analytical approaches
(7). Abiotic events of biological significance include the hydrologic
and topographic changes brought about by mountain uplift (4),
but also by several events of global and regional climatic changes
(8, 9). Biotic triggers of speciation include species interactions (10,
11) and soil adaptations (12), as well as the evolution of other
organism-specific traits. Neotropical diversification has been extensive in some regions, such as Amazonia, where speciation in
rainforest environments has taken place since at least the Paleocene
(∼58 Mya, Ma; ref. 13). Other environments, such as the highelevation grasslands in the northern Andes, have a more recent,

6034–6039 | PNAS | June 5, 2018 | vol. 115 | no. 23

Author contributions: A.A., A.Z., F.A.C., R.S., C.D.B., D.S., and F.L.C. designed research;
A.A., A.Z., F.A.C., R.S., D.S., and F.L.C. performed research; A.Z., R.S., and D.S. contributed
new reagents/analytic tools; A.A., A.Z., F.A.C., R.S., D.S., and F.L.C. analyzed data; and
A.A., A.Z., and C.D.B. wrote the paper.
The authors declare no conflict of interest.
This article is a PNAS Direct Submission.
This open access article is distributed under Creative Commons Attribution-NonCommercialNoDerivatives License 4.0 (CC BY-NC-ND).
See Commentary on page 5829.
1

A.A., A.Z., and F.A.C. contributed equally to this work.

2

To whom correspondence should be addressed. Email: alexandre.antonelli@bioenv.gu.se.

This article contains supporting information online at www.pnas.org/lookup/suppl/doi:10.
1073/pnas.1713819115/-/DCSupplemental.
Published online May 14, 2018.

www.pnas.org/cgi/doi/10.1073/pnas.1713819115

Data Compilation and Analyses. Our vetted dataset encompassed
1,331,323 georeferenced records representing 68,329 species,
derived from the integration of densely sampled molecular
phylogenetic trees with a large dataset of species distributions (SI
Appendix, Figs. S1 and S2, Table S1, and Supporting Methods).
Our analytical pipeline identified 214 predominantly Neotropical
clades including 4,450 species. These comprised 104 clades of
flowering plants or angiosperms (2,114 spp; representing 46.7%
of the total number of species in the utilized phylogenies), four
clades of ferns (53 spp; 1.16%), 54 of birds (1,237 spp; 27.5%),
11 of frogs (155 spp; 4.13%), 13 of mammals (359 spp; 8.23%),
and 28 of squamates, which comprised lizards, snakes, and worm
lizards or amphisbaenians (532 spp; 12.24%). All species in all
phylogenies were coded as present or absent in 10 Neotropical
regions (Fig. 1): two predominantly forested/wet regions (Amazonia
and Atlantic Forests), six predominantly open/dry regions, at
least seasonally (Andean Grasslands, Caatinga, Cerrado and Chaco,
Dry Northern South America, Dry Western South America, and
Patagonian Steppe), and two regions comprising a mixture of
these two major biome types (Mesoamerica and West Indies; SI
Appendix, Figs. S3–S8 and Table S2).
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Fig. 1. Neotropical regions used in the biogeographic analyses, grouped by
major biome type and plotted together with the abbreviations used for
subsequent analyses. These regions are derived from the classification of
terrestrial biomes and ecoregions by Olson et al. (48), but adapted to differentiate disjunct biomes and to simplify the complexity in Mesoamerica
and the West Indies, which comprise both forested and open habitats.

Direction of Interchange. Our biogeographic analyses show that all
regions have served as both sources and sinks of lineages (Fig. 2,
Tables 1 and 2, and SI Appendix, Figs. S9 and S10 and Tables S4–
S6). We identified a total of 4,525 dispersal events across the
Neotropics, estimated under an unconstrained biogeographic model
(assuming equal connectivity among regions through time), and
5,818 dispersal events inferred under a time-constrained model
(reflecting the hypothesized history of existence and connectivity
among regions). We focus our results and discussion on the
unconstrained model, as it incurs the fewest assumptions, but we
report all results in Tables 1 and 2 and the SI Appendix.
Amazonia was the most important source of diversity, providing
2,855 lineages (63% of all dispersal events) to other Neotropical
regions. This was about 4.6 times as many as the second most
important source region, Mesoamerica (615), followed by Cerrado
and Chaco (455). In contrast, Mesoamerica was the most important sink, receiving the highest number of lineages (788; 17%), but
it was closely followed by Dry Northern South America (771) and
Cerrado and Chaco (766). Amazonia also served as a sink of diversity, but only moderately so, and ranked fifth among all regions.
An evaluation of the number of dispersal events out of
Amazonia (Fig. 2 and SI Appendix, Tables S4–S6) revealed that
about a quarter of all events were into Mesoamerica (711), closely
followed by two open/dry regions: Dry Northern South America
(622) and Cerrado and Chaco (517). The West Indies and the
other three open/dry regions (Dry Western South America, Caatinga,
Patagonian Steppe) all received fewer than 100 dispersal events each.
When considering each taxonomic group separately, Amazonia
remained the primary source of lineages to other Neotropical
regions (Fig. 3 and SI Appendix, Tables S4–S6). The second main
source varied among Mesoamerica (angiosperms and birds),
Cerrado and Chaco (frogs, mammals, and squamates), and Atlantic
Forests (ferns).
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refs. 19 and 22), others show frequent regional and ecological shifts
(21, 23, 24). For the great majority of Neotropical regions and
taxonomic groups, however, our knowledge of their biotic interchanges and dispersal histories remains surprisingly poor, with few
exceptions (e.g., refs. 25 and 26). In particular, we lack an understanding of which regions served as primary sources and sinks
of biodiversity, defined here as providers and receivers of lineages,
respectively, rather than implying habitat quality as in population
biology (27).
Understanding the dynamics of biotic interchange is challenging, as several abiotic and biotic factors are likely to be involved (28). Based on the Theory of Island Biogeography (29),
there should be a positive relationship between the number
of dispersal events and the area of a region, and a negative relationship with geographic isolation. Similarly, the more shared
perimeter (adjacency) two regions have, the more interchange
should also be expected (28). However, many Neotropical regions and biomes have changed considerably through time (9),
making it crucial to also consider historical changes in a region’s
area and connectivity. In general, the more combined time
lineages spend in a region (expressed as total branch lengths in a
phylogeny), the more opportunities they should have to diversify
and emigrate (30, 31). Regions with high diversity could be more
difficult to enter than species-poor regions, because of competitive
exclusion and niche filling (32, 33), or show the opposite pattern,
based on empirical evidence from invasive species (34, 35). To date,
none of these variables has been assessed as a general predictor
of biotic interchange in the Neotropics.
Here we assess the evolutionary assembly of Neotropical biotas
through a cross-taxonomic biogeographic analysis. Fossils can be
useful for inferring biogeographic history (36), but the Neotropical
fossil record is too scarce for most periods, regions, and taxonomic
groups to allow robust estimates (37). We therefore take advantage of recently published, well-sampled molecular phylogenies,
which hold a large but unrealized potential in revealing the evolution of tropical biotas (17, 38). We integrate these phylogenies
with large species occurrence datasets, spatial information on
Neotropical regions and biomes, and their evolution and connectivity through time. We address the following questions: was
the amount of biotic interchange similar among Neotropical regions, or have particular regions contributed substantially more or
less than others? How often were dispersal events associated with
shifts between major biome types? To what extent was the direction of interchange determined by taxonomic group? Did biotic
interchange among regions occur evenly through time, or were
there periods of more frequent dispersal events? Which general
descriptors of a region and its biota predict the amount of biotic
interchange with other regions?
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regions was affected by the prespecified constraints (SI Appendix,
Figs. S11 and S12). We encountered differences for some pairs of
regions, such as a marked asymmetry in dispersal events involving
Mesoamerica under the constrained model compared with a
stronger balance under the unconstrained model.
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Predictors of Emigration and Immigration. The total branch length
in a region was the strongest predictor for immigration and
emigration (Fig. 5 and SI Appendix, Figs. S14–S19 and Tables
S7 and S8), followed by a region’s current area (positively associated with emigration) and isolation (negatively associated with
immigration). These were the only predictors identified as
important (95% credible intervals do not contain 0) in the
global model; that is, considering all regions and taxa simultaneously. For three of the four clades with enough representation to
be included in our models, we found less immigration into
Amazonia than expected, and for angiosperms and birds, we
found higher emigration than expected.

Discussion
The Reticulate Assembly of Neotropical Biodiversity. Our results

CAA

2,124
WIN

Shifts in region and
major biome type
Fig. 2. (A) Biotic interchange among Neotropical regions estimated from
dated molecular phylogenies, comprising 4,450 species in six taxonomic groups
(angiosperms, birds, ferns, frogs, mammals, squamates). Arrows indicate the
direction and number of dispersal events, with line thickness proportional to
the number of events. Only connections with more than 10 events are shown
(see SI Appendix, Tables S5 and S6 for a full list). The position of the circles in
the layout reflects the biotic connection among regions, as calculated by a
force-directed placement algorithm implemented in the R package qgraph
(56). Dispersal events out of Amazonia are highlighted in red. The color of
the circles corresponds to those in Fig. 1. AGL, Andean Grasslands; AMA,
Amazonia; ATF, Atlantic Forests; CAA, Caatinga; CEC, Cerrado and Chaco;
DNO, Dry Northern South America; DWE, Dry Western South America;
Mes, Mesoamerica; PAS, Patagonian Steppe; WIN, West Indies. (B) Number
of nonambiguous dispersal events associated with shifts in major biome
types compared with shifts to other regions within the same biome type.
Shifts involving Mesoamerica and the West Indies are considered ambiguous
(n = 2,068; SI Appendix, Table S6).

A large number of dispersal events involved shifts between
major biome types (forested/wet and open/dry), rather than
dispersals to other regions but within the same major biome type
(2,124 vs. 333 events, respectively; Fig. 1 and SI Appendix, Table
S6). Of these, the vast majority (1,820) involved transitions from
wet to dry biomes compared with shifts in the other direction
(304). An almost equally large number of shifts involved mixed
regions (containing both forested and open biomes) and are
considered ambiguous (2,068 events).
Timing of Interchange. All regions and taxonomic groups showed

fluctuations in the relative number of dispersal events through
time (i.e., in proportion to the number of lineages at each time;
Materials and Methods), rather than constant rates (Fig. 4 and SI
Appendix, Figs. S11–S13). We found a general increase in the
number of relative dispersal events toward the present, in particular during the last 10 My.

Differences in Biogeographic Models. We found a general congruence in the main results obtained under the unconstrained and
the time-stratified connectivity matrices between regions. Under
both models (Fig. 2, Tables 1 and 2, and SI Appendix, Fig. S9),
Amazonia remained the most important source of dispersal events,
and Mesoamerica the most important sink. A general agreement
was also found for individual clades (Fig. 3 and SI Appendix, Fig.
S10), whereas the temporal pattern of dispersal events between
6036 | www.pnas.org/cgi/doi/10.1073/pnas.1713819115

reveal unprecedented levels of biotic interchange across all
major Neotropical regions and over tens of millions of years.
Clearly, the interchange of lineages has been a pivotal process
for the assembly of regional biotas. The importance of Amazonia
as the primary source of Neotropical lineages is strongly supported across all analyses (e.g., Figs. 2 and 3).
The biotic interchange between Amazonia and Mesoamerica
is remarkable, both for the high number of inferred dispersal
events (711 across all lineages; SI Appendix, Tables S4–S6) and
for the long period of interchange (Fig. 4 and SI Appendix, Figs.
S11–S13). Once considered a continent in splendid isolation (39),
these results reinforce the more recent idea that South America
has instead had a long and continuous exchange of lineages with
the North American continent (40). This interchange was not
hindered by the relatively narrow water gaps between these continents, which disappeared during the final stages of the emergence
of the Isthmus of Panama (41).
Shifts Across Major Biome Types. We detected a relatively high
(47%) proportion of dispersal events associated with shifts in
broadly defined biome types; that is, between open/dry (sometimes only seasonally) and more constantly forested/wet regions
(Fig. 1B and SI Appendix, Table S6) compared with shifts across
regions, but within the same biome type (7%). However, we
expect that the majority of those shifts classified as ambiguous
(46%) may also be region-only shifts (e.g., rainforest dwellers and
mountain specialists), based on previous cross-regional studies (e.g.,
refs. 16–18). These results contrast with the view that biome shifts
Table 1. Regional sources of Neotropical biodiversity
Rank
1
2
3
4
5
6
7
8
9
10

Region

Unconstrained

Stratified

Amazonia
Mesoamerica
Cerrado and Chaco
Atlantic Forests
Andean Grasslands
Patagonian Steppe
West Indies
Dry Northern South
America
Caatinga
Dry Western South
America

2,855
615
455
296
105
81
65
31

3,674
28
860
303
11
78
249
396

12
10

85
134

The ranked values correspond to dispersal events inferred from timecalibrated molecular phylogenies estimated under an unconstrained and a
time-stratified biogeographic model of region connectivity (SI Appendix,
Tables S5 and S6).
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Fig. 3. Clade-specific lineage interchange among Neotropical regions, using the same color scheme and methodology as in Fig. 2. Fern image courtesy of
Pixabay/Geralt. Flower image courtesy of Pixabay/821292. Animal images courtesy of Malin Laggren.
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Predictors of Interchange. As expected, both the area and total
branch length of a region were strongly and positively correlated
with emigration (Fig. 5). It is surprising, however, that in our
dispersal model including all taxa we found no positive effect of
isolation or length of the perimeter on emigration. We expected
a higher number of dispersal events between regions that are
adjacent and broadly connected, based on theoretical expectations and empirical evidence (28).
The positive relationship between the total branch length and
the number of immigration events in a region suggests that
Neotropical regions are not yet saturated with species, as would
have been predicted under a scenario of competitive exclusion
and niche filling (32, 33). Instead, our results reflect patterns of
recent invasions of nonnative plants, birds, and fishes, in which
regions with the highest species richness are also those with most
invasions (34, 35). The relation between species richness and
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over evolutionary time are rare events, as previously demonstrated
for Southern Hemisphere plant lineages (19). Among the documented
shifts in biome types, most events (86%; SI Appendix, Table S6)
involved transitions from forested/wet regions into open/dry habitats,
rather than in the opposite direction, confirming a previous study on
Cerrado plants (21).
We recorded a high interchange of lineages between the rainforests of lowland Amazonia and the Andean Grasslands, mostly
located above 5,000 m above sea level (SI Appendix, Fig. S20).
Although these shifts require substantial eco-physiological adaptations, our results demonstrate that they have played a major role
in the assembly of Neotropical alpine ecosystems. Cross-altitudinal
dispersal events had been suggested for a few taxonomic groups
previously (42–44), but were not considered common. Range shifts
along elevation gradients appear to be an important evolutionary
process, similar to what was recently documented for Borneo (45).
The inference of a high number of shifts in major biome types
could be partly masked by the large spatial scale required by our
analyses. All regions and biomes comprise mosaics of different
fine-scale habitats, which could have served as entrance pathways
to colonizing lineages without requiring immediate adaptations.
Further research is needed to assess to what extent dispersing
lineages are preadapted to new environments, as opposed to
developing new features in situ (28, 46).
It is notable that Amazonia provided more species to
Mesoamerica, located on a landmass that has only been connected with South America for a short period of time and along a
strait margin, rather than the surrounding dry regions in northern
and central-east South America, with which Amazonia shares long
borders and multiple transition zones. This result could primarily
reflect dispersal events between the Chocó, included in Olson’s
(47) definition of Amazonia adopted here, and Mesoamerica.
A biogeographic analysis using a different expert-based region
classification, in which we adopted a more restrictive delimitation
of Amazonia, suggests that most interchange indeed involves
Amazonia (SI Appendix, Fig. S21). Our results corroborate a recent
analysis of plot data for rainforest woody plants, which showed
a large number of shared species between Panama and eastern
Ecuador and concluded that the abundance and environmental
tolerance of species were strong predictors of their ability to
occupy both regions (48).

0.04

0.02

0.00
60

40

20

0

60

Age [Ma]

40

20

0

Fig. 4. Taxon-specific interchange between Amazonia and (A) Mesoamerica,
(B) Cerrado and Chado, (C) Andean Grasslands, and (D) Atlantic Forests throughout
the Cenozoic (older events are pruned from the figure but included in the total
calculation of events). Dispersal rates are normalized in relation to the number
of available lineages in each phylogeny. Age in millions of years ago (Ma).
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and biotas, to better understand the history of life on Earth.
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Fig. 5. Relationship between the number of dispersal events out of a region
(emigration) and into a region (immigration), and predictor variables. (A and B)
Regression coefficients of a Bayesian multiple linear mixed effects model calculated based on all regions and clades. (C–E) Partial fit of the number of dispersal
events for area and cumulative branch length, calculated for all regions and
clades except ferns and frogs. The fitted lines show the posterior mean predicted
values from the same model, assuming average values for all other predictors,
whereas the points show the raw data. Shaded lines show 95% credible intervals.
Dispersal events into or out of Amazonia are shown in red.

resilience to invasions may depend on the spatial and temporal
scale considered (33, 35), and ongoing invasions are likely also
related to the higher human density seen in species-rich environments (34). In addition, the high number of immigrants will,
by themselves, also lead to an increase in the total branch length
of a region. We also note that branch length sums were strongly
correlated to the total number of occurrences in a region, meaning
we cannot exclude an undetected effect of sampling biases beyond
our measure of phylogenetic sampling.
Comparison Among Organisms. There was a generally high level of

congruence in the directionality of dispersal events across taxa
(Fig. 3), despite their biological and ecological differences. For
instance, all taxa showed a substantial interchange between
Amazonia and Mesoamerica, the Atlantic Forests, the Cerrado and
Chaco, and the Andean Grasslands. Interchange with the West
Indies and the Dry Western South America was low for all groups.
Concerning the timing of interchange with Amazonia (Fig. 4
and SI Appendix, Figs. S11–S13), we detected some level of
taxonomic congruence (e.g., angiosperms, birds, and mammals
increasing in relative dispersal rates with the Cerrado and Chaco
and with Dry Northern South America in the last 20 My), but in
most cases the fluctuations appear stochastic over time and
across taxonomic groups. This reinforces the idea that lineages
have individual evolutionary histories and biogeographic origins,
and that biotas are the result of repeated interchanges followed
by in situ speciation (5).

Conclusions. Our study shows that Amazonia is the primary source

of Neotropical biodiversity: not only did it generate enormous in
situ diversity but it also provided lineages to all other Neotropical
regions, across all studied taxonomic groups, and throughout the
Cenozoic. Taken together, our results demonstrate that even very
dissimilar regions, in terms of environmental variables and constituent biota, do not evolve in isolation, but are highly biologically
interconnected over evolutionary timescales. Biotic interchange
can be largely, but not fully, predicted by simple abiotic and biotic
variables. The cross-taxonomic framework applied here could be
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A full description of the methodology used and known limitations of our data
and methodology, such as those caused by incomplete sampling of species
occurrences and molecular sequences in public databases (49, 50), are described
in SI Appendix, Supporting Methods.
Data Compilation. We focused our analyses on the Neotropical realm as
defined by Morrone (1). Within the Neotropics, we defined and delimited
10 regions, broadly corresponding to environmentally and biologically different terrestrial biomes proposed by Olson et al. (47) (Fig. 1 and SI Appendix,
Fig. S22). We reconstructed the biogeographic history of two groups of plants
(angiosperms and ferns) and four groups of vertebrates (birds, frogs, mammals, and squamates). We downloaded occurrence records for all species from
the Global Biodiversity Information Facility (SI Appendix, Supporting Methods).
We used SpeciesGeoCoder v.1.8 (51) for automated cleaning of the occurrence
records. We classified each species as present or absent in each Neotropical
region, using an occurrence filter of ≥5% to recognize a species as present in a
region (selected to maximize inclusion while minimizing false-positives, after
testing for multiple thresholds between 0% and 50%; SI Appendix, Fig. S23).
We retrieved published large-scale time-calibrated phylogenies for all study
groups (see SI Appendix for references), from which we extracted predominantly Neotropical clades (≥85% of the species).
Analyses. We use the terms migration and dispersal interchangeably in a biogeographic context, meaning establishment of evolutionary lineages in a new
region rather than, for example, annual bird migrations. We do not attempt to
differentiate between dispersal and vicariance, that is, the separation of populations by the formation of barriers, which has also contributed to shaping
current diversity patterns in the Neotropics (52). We implemented the dispersalextinction-cladogenesis model (53) in the R package BioGeoBEARS (54) to infer
geographical range evolution of lineages. We developed two sets of analyses:
one in which biotic connectivity among all regions was allowed at any point in
time, and one in which we modeled connectivity based on paleogeographic
and geological evidence (SI Appendix, Table S3). We identified shifts between
regions in 5-My time bins. We computed the absolute number of dispersal
events through time by extracting the areas and ages of all nodes from each
phylogeny. The number of branches and total amount of branch lengths in any
phylogeny of extant species increase with time, potentially increasing the
number of dispersal events toward the present even under a constant dispersal
rate (55). We therefore also calculated relative numbers of dispersal events by
dividing absolute numbers by the total length of all branches within each time
bin (37). We tested the dependence of the number of dispersal events estimated for each region on six predictor variables (Fig. 5; excluding one because
of high correlation). We tested the covariance of the predictors using the
Variance Inflation Factor and Pearson correlations. We fit two linear mixedeffects models with a random intercept, using taxon as random effect in a
Bayesian framework. We excluded data from the two taxa with the fewest
species sampled (ferns and frogs), as the number of dispersal events was zero
for several regions in these clades, and assumed one shift for the remaining

Table 2. Sinks of Neotropical biodiversity
Rank
1
2
3
4
5
6
7
8
9
10

Region

Unconstrained

Stratified

Mesoamerica
Dry Northern South
America
Cerrado and Chaco
Atlantic Forests
Amazonia
Andean Grasslands
Patagonian Steppe
West Indies
Caatinga
Dry Western South
America

788
771

1,756
772

766
661
494
298
210
201
199
137

806
723
458
509
224
213
202
155

The values correspond to dispersal events inferred from time-calibrated
molecular phylogenies estimated under an unconstrained and a time-stratified
biogeographic model of region connectivity (SI Appendix, Tables S5 and S6).
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three cases with no observed shifts to enable logarithmic transformation. We
log-transformed predictors and responses and used a gamma prior with shape
1 and scale 0.5 for the hyper parameters of the random intercepts per taxon.
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Assessing the causes of diversification slowdowns:
temperature-dependent and diversity-dependent models
receive equivalent support
Abstract
Diversification rates vary over time, yet the factors driving these variations remain unclear. Temporal declines in speciation rates have often been interpreted as the effect of ecological limits,
competition, and diversity dependence, emphasising the role of biotic factors. Abiotic factors, such
as climate change, are also supposed to have affected diversification rates over geological time
scales, yet direct tests of these presumed effects have mainly been limited to few clades well represented in the fossil record. If warmer climatic periods have sustained faster speciation, this could
explain slowdowns in speciation during the Cenozoic climate cooling. Here, we apply state-of-the
art diversity-dependent and temperature-dependent phylogenetic models of diversification to 218
tetrapod families, along with constant rate and time-dependent models. We confirm the prevalence
of diversification slowdowns, and find as much support for temperature-dependent than diversitydependent models. These results call for a better integration of these two processes in studies of
diversification dynamics.
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Understanding how and why speciation and extinction rates
vary during the evolutionary history of clades is fundamental
for deciphering the temporal dynamics of biodiversity. The
development of models for estimating how diversification (speciation and extinction) unfolds using phylogenies of extant
taxa has considerably expanded in the last decade (Stadler
2013; Morlon 2014; Herrera-Alsina et al. 2019; Maliet et al.
2019), and several multi-phylogeny analyses have attempted to
identify general principles of diversification using these models
(McPeek 2008; Morlon et al. 2010; Hedges et al. 2015; Lewitus
& Morlon 2016). One of the most pervasive principles is the
tendency for diversification to slow down as evolution proceeds (McPeek 2008; Phillimore & Price 2008; Morlon et al.
2010; Moen & Morlon 2014). Such diversification slowdowns
have often been interpreted as the effect of competition for
resources or niche availability (McPeek 2008; Phillimore &
Price 2008; Glor 2010; Moen & Morlon 2014), spurring the
development of models accounting for biotic effects, such as
diversity-dependent models (Rabosky & Lovette 2008; Etienne
et al. 2012a).
In comparison, phylogenetic models of diversification
directly accounting for environmental changes have been

developed only recently (Condamine et al. 2013; Cantalapiedra
et al. 2014), and they have only been applied to few empirical
studies (Condamine et al. 2015a; Kergoat et al. 2018; Lewitus
et al. 2018). Most studies have only done so relying on visual
inspections of phylogenies in parallel to paleoenvironmental
curves or with simple birth–death models (Winkler et al.
2009; Condamine et al. 2012). As a result, we still know little
about the role of abiotic factors in driving macroevolutionary
dynamics, in particular for groups lacking a comprehensive
fossil record (Benton 2009; Ezard et al. 2011, 2016). This is a
major gap, given that paleontological studies have suggested
a prominent effect of environmental changes on diversification, for example, by generating bursts of speciation (Jaramillo et al. 2006; Peters 2008; Erwin 2009; Hannisdal &
Peters 2011; Mayhew et al. 2012). This important role of
environmental changes tends to be confirmed by the few phylogenetic studies that have explicitly tested for such an effect:
significant support has been found for various types of environmental effects like variations in sea level, d13C and CO2,
or temperature (Condamine et al. 2015a; Kergoat et al. 2018;
Lewitus et al. 2018).
Among the various abiotic variables that may have influenced diversification, temperature is one of the most likely.
Global temperatures have substantially varied during Earth’s
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history (Zachos et al. 2001; Prokoph et al. 2008), and these
past climatic changes are thought to have played a major role
in determining the fate of clades (Jaramillo et al. 2006; Erwin
2009; Ezard et al. 2011; Hannisdal & Peters 2011; Condamine
et al. 2012; Mayhew et al. 2012). For example, during the climatic fluctuations of the Carboniferous, cooling events have
provoked the fragmentation of large rainforest ecosystems
into small refuges, decimating amphibian clades, and spurring
the evolution of ‘reptiles’ (Sahney et al. 2010). Similarly,
Cenozoic climatic changes had a strong influence on Neotropical plant diversity (Jaramillo et al. 2006) and macroperforate
planktonic foraminifera (Ezard et al. 2011). Present-day biodiversity patterns also suggest an important effect of temperature on diversification rates: species richness is typically higher
in warm areas such as the tropics than in cold areas such as
the Northern Hemisphere (Gaston 2000), which, provided present-day richness reflects past diversification events rather
than current ecological constraints, suggests that diversification rates are higher under warm climates. Phylogenetic analyses have indeed found higher speciation rates in the tropics
(Condamine et al. 2012; Pyron & Wiens 2013; Rolland et al.
2014), although there are exceptions (Weir & Schluter 2007;
Schluter & Pennell 2017).
There are four main (non-exclusive and intertwined) processes by which temperature can influence diversification rates.
The first is linked to the idea that diversification rates are
influenced by resource availability (ecological niche filling)
and that resource availability is increased under warm and
productive environments (Clarke & Gaston 2006). This ‘productivity’ effect predicts a relationship with temperature that
is positive for speciation, and negative for extinction rates.
The second is linked to the idea that diversification rates are
influenced by temporal and geographic climatic heterogeneities, which are typically higher during cold geological
periods (Pound & Salzmann 2017; Li et al. 2018; Rangel et al.
2018). Both types of climatic heterogeneity can spur speciation
through climatic niche divergent selection (Lawson & Weir
2014), however temporal heterogeneity can instead limit niche
partitioning and speciation (Dynesius & Jansson 2000). Climatic heterogeneity may also increase extinction rates (Sandel
et al. 2011). This ‘heterogeneity’ effect thus predicts a relationship with temperature that is either negative or positive for
speciation, and positive for extinction rates. The third process
is related to Bergman’s rule: endotherms evolve smaller body
sizes under warm climates, as they do not need to maintain a
low surface to volume ratio in order to reduce energetic loss
(Smith et al. 2010). As small organisms generally have fast
generation times and large population sizes (Gillooly et al.
2001), which spurs speciation and prevents extinction (Etienne
et al. 2012b), this ‘body-size’ effect predicts a relationship with
temperature that is positive for speciation, and negative for
extinction rates, and that applies to only endotherms. Finally,
ectotherms have higher mass-specific metabolic rates under
warm climates following Kleiber’s law (Makarieva et al.
2008), which can increase mutation rates (free radicals produced as a by-product of metabolism generate genetic damage, Gillooly et al. 2005) and, according to the Metabolic
Theory of Biodiversity (MTB, Brown et al. 2004), ultimately
affect diversification (Allen et al. 2006). This ‘metabolic’ effect
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predicts a positive relationship between temperature and speciation, and applies to only ectotherms. If speciation rates are
positively affected by increased temperature, as predicted by
three of the aforementioned processes, this would lead to a
decline in speciation rates during the Cenozoic climate cooling.
Here, we test whether and how past climatic variations have
influenced the diversification of tetrapods, including
endotherms and ectotherms. We compile a data set of 218
well-sampled species-level phylogenies covering more than half
of tetrapod diversity and assess the relative support of a series
of 26 models reflecting different hypotheses about diversification. These models assume either that speciation and/or
extinction rates remain constant, that they vary through time,
that they vary according to diversity-dependent processes with
limits that are temperature-independent, or that they vary
according to past temperature variations.

MATERIAL AND METHODS

Time-calibrated phylogenies

We compiled a data set of species-level time-calibrated tetrapod phylogenies from the literature, including family-level
phylogenies that had at least 10 species and were at least 80%
complete; for the less well-sampled squamates and amphibians, we included phylogenies that were at least 60% complete. For birds, we built a maximum clade credibility tree
with 9993 species from the distributions of trees constructed
on the Hackett backbone from Jetz et al. (2012). For mammals, we used the maximum clade credibility tree from Rolland et al. (2014), which was constructed from the most
complete molecular mammalian tree to date, which comprises
5020 species (Bininda-Emonds et al. 2007; Kuhn et al. 2011).
In addition, we used a phylogeny of 3309 amphibian species
(Pyron & Wiens 2013) and one of 4161 squamate species
(Pyron & Burbrink 2014), both of which were constructed
with a supermatrix analysis of molecular data. Finally, we
used a phylogeny of 233 species of turtles (Jaffe et al. 2011)
and a completely sampled phylogeny of crocodiles (Oaks
2011). We did not divide these two phylogenies into familylevel trees as this would have resulted in too small phylogenies. We removed the suborder Pleurodira from the turtle
phylogeny as it was poorly sampled (sampling fraction = 0.25); we analysed the rest of the phylogeny (Cryptodira), which contained 213 species out of 248 (sampling
fraction = 0.86). The phylogenies were constructed with various phylogenetic reconstruction techniques, described in each
associated paper. These included Bayesian approaches with a
pure-birth tree prior (for the birds, turtles and crocodiles), a
supertree approach (mammals), and maximum-likelihood
approaches (amphibians and squamates). In total, our data
set comprised 218 species-level phylogenies covering half of
tetrapod diversity (16 623 species out of c. 33 000 species);
these phylogenies represented tetrapod families including birds
(129 phylogenies covering a total of 9605 species, mean sampling fraction = 0.94), mammals (66, 4736 spp., 1), amphibians (10, 823 spp., 0.72), squamates (11, 1221 spp., 0.74),
turtles (1, 213 spp., 0.86) and crocodiles (1, 25 spp., 1).
© 2019 John Wiley & Sons Ltd/CNRS
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Global temperature variations through time

In order to capture major trends in global climate change
through time, we merged ∆18O data measured from benthic
foraminifer shells preserved in oceanic sediments from Prokoph et al. (2008), Zachos et al. (2001, 2008), and Cramer
et al. (2011). This allowed covering the last 500 Myrs, spanning the full time-range over which extant families have diversified. We converted the ∆18O data into temperature estimates
using! the" traditional conversion T ¼ 16:5 " 4:3D18 Oþ
2
0:14 D18 O (Epstein et al. 1953). We then interpolated these
data into a continuous estimate of temperature through time
(details below). While each individual data point is subject to
certain biases (e.g. some of them don’t account for sea-level
fluctuations which are important during periods of large-scale
glaciations, Cramer et al. 2011), the interpolated curve
smoothens such biases, as well as geographical variations, providing a reliable estimate of global temperature trends (Veizer
& Prokoph 2015). The resulting temperature curves reflect
planetary-scale climatic trends that can be expected to have led
to temporally coordinated diversification changes in several
clades rather than local or seasonal fluctuations (Erwin 2009;
Hannisdal & Peters 2011; Mayhew et al. 2012).
Diversification models in a maximum-likelihood framework

We fitted 26 diversification models to each of the 218 phylogenies (Table 1). These models are birth–death models of

cladogenesis, representing speciation and extinction events,
which can be fitted to reconstructed phylogenies using maximum likelihood (Stadler 2013; Morlon 2014). We considered
models with diversification rates that are constant (2 models),
time-varying (8 models), diversity-dependent (4 models), and
temperature-dependent (12 models). These models were fitted
by maximum likelihood using the dd_ML function from the
R-package DDD 3.7 (Etienne et al. 2012a), and the fit_bd (for
the time-constant and time-varying models) and fit_env functions (for the temperature-dependent models) from the Rpackage RPANDA 1.1 (Morlon et al. 2016). We accounted
for missing species by specifying the total number of known
species (for diversity-dependent models) or the sampling fraction (for the other models) corresponding to each phylogeny.
We used the ‘crown’ condition, which conditions the likelihood on a speciation event at the crown age and survival of
the two daughter lineages.
In the time-dependent models, speciation rates k, extinction
rates l, or both varied as a continuous function of time t
(Table 1, Morlon et al. 2011), where t is written from the present to the past. We took this function to be either linear
(kðtÞ ¼ k0 þ at and/or lðtÞ ¼ l0 þ bt) or exponential
(kðtÞ ¼ k0 & eat and/or lðtÞ ¼ l0 & ebt ) where k0 (l0) is the
speciation (extinction) rate at present and a (b) measures the
sign and rapidity of the time variation. A positive a (b)
reflects a slowdown of speciation (extinction) towards the present, while a negative a (b) reflects a speed-up of speciation
(extinction) towards the present.

Table 1 Fit of all the diversification models applied to the 218 tetrapod phylogenies. The number of phylogenies best explained by each model is reported

based on AICc values. MTB: form of temperature-dependency expected from the Metabolic Theory of Biodiversity. Results for diversity-dependent models
(DDD) are shown only for the phylogenies for which the models converged (see numbers in parenthesis)

Type of model

Model description

Form of dependency

Model acronym

Constant-rate models

Constant speciation and
constant extinction
Speciation variable and
no extinction
Speciation variable and
constant extinction
Constant speciation and
extinction variable
Both speciation and
extinction variable
Temperature-dependent
speciation and no extinction

–
–
Linear
Exponential
Linear
Exponential
Linear
Exponential
Linear
Exponential
Linear
Exponential
M.T.B.
Linear
Exponential
M.T.B.
Linear
Exponential
M.T.B.
Linear
Exponential
M.T.B.
Linear (on 216 clades)
Exponential (on 217 clades)
Linear (on 175 clades)
Exponential (on 209 clades)

BCST
BCSTDCST
BTimeVar_LIN
BTimeVar_EXPO
BTimeVarDCST_LIN
BTimeVarDCST_EXPO
BCSTDTimeVar_LIN
BCSTDTimeVar_EXPO
BTimeVarDTimeVar_LIN
BTimeVarDTimeVar_EXPO
BTempVar_LIN
BTempVar_EXPO
BTempVar_MTB
BTempVarDCST_LIN
BTempVarDCST_EXPO
BTempVarDCST_MTB
BCSTDTempVar_LIN
BCSTDTempVar_EXPO
BCSTDTempVar_MTB
BTempVarDTempVar_LIN
BTempVarDTempVar_EXPO
BTempVarDTempVar_MTB
DDL + E
DDX + E
DD + EL
DD + EX

Time-dependent
models

Temperature-dependent
models

Temperature-dependent speciation
and constant extinction
Temperature-dependent extinction
and constant speciation
Temperature-dependent
speciation and extinction
Diversity-dependent
models

Diversity-dependent speciation
and constant extinction
Diversity-dependent extinction
and constant speciation

© 2019 John Wiley & Sons Ltd/CNRS

No. of
phylogenies

% of the
dataset

60
1
12
3
1
0
3
5
14
2
10
8
32
0
0
2
3
1
0
9
3
8
35
2
1
3
218

28%
18%

35%

19%
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In the diversity-dependent models, speciation rates or
extinction rates vary as a function of the number of lineages
in the clade (Etienne et al. 2012a). We took this function to
be either linear or exponential, as explained in Etienne et al.
(2012a). The diversity-dependent models are parameterised by
k0 (l0), the speciation (extinction) rate in the absence of competing lineage, and K that is referred to as the ‘carrying
capacity’, and represents asymptotic clade size.
The temperature-dependent analyses are a direct application
of the environment-dependent diversification models developed in Condamine et al. (2013, see Box 1 for a description)
and thoroughly tested in Lewitus & Morlon (2018). These
models extend time-dependent diversification models to
account for potential dependencies between speciation and/or
extinction rates and (one or several) measured environmental
variable(s). The environmental data is first transformed into a
continuous function of time by spline interpolation before
being plugged into parametric functions describing how speciation and extinction rates vary with the environment. Here,
we used temperature data as the measured environmental
variable and the default ‘NULL’ option for the degree of freedom (d.f.) to be used in the spline interpolation, which
resulted in a d.f. of 66. In our temperature-dependent models,
speciation rates, extinction rates, or both varied as a continuous function of temperature T (Table 1). We considered the
same linear and exponential dependencies as above, but with t
replaced by T. In this case, k0 (l0) is the expected speciation
(extinction) rate under a temperature of 0 °C and a (b) measures the sign and strength of the temperature dependence. A
positive a (b) indicates that speciation (extinction) rates are
higher under warm climatic periods, while a negative a (b)
indicates that speciation (extinction) rates are higher under
cold climatic periods. In addition, we considered a dependence
%b
%a
of the form kðTÞ ¼ k0 $ e T and/or lðTÞ ¼ l0 $ e T inspired
from predictions from the MTB (Allen et al. 2006), where k0
(l0) is the expected speciation (extinction) rate under an arbitrarily high temperature and a positive a (b) indicates that
speciation (extinction) rates are higher under warm climatic
periods, while a negative a (b) indicates that speciation (extinction) rates are higher under cold climatic periods.
We fitted each of the 26 models to each phylogeny by maximum likelihood, starting from the simplest (constant rate)
models and progressively increasing in complexity. The maximum-likelihood algorithm optimises parameter values (of k0,
l0, a and/or b, or K) that maximise the probability of the
observed data (the phylogenetic tree) under a given model.
Because these optimisation algorithms can be sensitive to the
choice of initial parameter values (they can converge to local
optima in the vicinity of the initial parameter values), we
informed the initial parameter values of more complex models
by those previously estimated on simpler models. There were
few cases when one or several diversity-dependent models did
not converge; in this case, we excluded the model(s) from the
analyses (see details in Table 1 and Table S3).
We used the corrected Akaike Information Criterion
(AICc), the ∆AIC and the Akaike weight (AICx) to compare
the likelihood support of the different models. Because the
∆AIC threshold used to assess confidence in model selection
(typically 2) is arbitrary, we also carried a simulation

procedure inspired from Etienne et al. (2016): for each phylogeny, we simulated 120 trees under the second best model
(with parameters estimated from the fit to the empirical phylogeny), fitted the first and second best models to these trees,
and compared the empirical ∆AIC to the distribution of
∆AICs obtained on the simulated data.
Analysing tetrapod diversification

We first analysed the temporal trend in diversification rates by
considering only models with constant or time-varying diversification rates. We identified (based on AICc values) phylogenies that supported constant, increasing, and decreasing
speciation rates through time (and also carried out the same
analyses for extinction rates). Next, we analysed how much
temperature variations and diversity-dependence explain these
temporal trends by considering all models and identifying
phylogenies that supported constant, time-dependent, diversity-dependent or temperature-dependent speciation rates (respectively extinction rates). The number of models in each
model category (i.e. constant, time-dependent, diversitydependent and temperature-dependent) is not the same, which
can bias support towards categories represented by more
models. In order to limit this potential issue, we followed the
approach used in Morlon et al. (2010) and first selected the
best supported model in each of the four categories and computed their relative AICx. We also computed the ∆AIC
between the best and second best of these four models, and
assessed its significance using the simulation procedure
described above. For phylogenies supporting a temperaturedependent model, we tested whether specificities of the
environmental curve matter for statistical support. Following
Clavel & Morlon (2017), we smoothed the temperature curve
using a d.f. of 3 in the spline interpolation, which kept the
overall declining trend while removing finer features of the
curve. We then compared AIC values obtained when the temperature curve is smoothed to the original values; we also
assessed if the temperature model was still supported when
smoothing the curve.

RESULTS

Testing if and how diversification rates vary through time

Of the 218 tetrapod phylogenies, 119 (55%) supported models
with a speciation rate that varies through time (Fig. 1,
Table S1); this number increased to 71% when we considered
only phylogenies with more than 50 species (Fig. S1,
Table S2). Of these, 80% (89% of the phylogenies with more
than 50 species) supported decreasing speciation towards the
present (Fig. 1, Fig. S1). 27% (44%) of the phylogenies supported models with an extinction rate that varies through
time, of which 62% (70%) supported increasing extinction
towards the present (Fig. S2, Table S1). The trend was consistent across endotherms versus ectotherms, and across tetrapod
groups. When time-dependence was supported in speciation
rates, extinction rates, or both, 71% (78%) of the phylogenies
had a linear trend of speciation, and 21% (13%) had an exponential trend of speciation, while 46% (45%) of the
© 2019 John Wiley & Sons Ltd/CNRS
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Figure 1 Time-dependency of speciation rates across tetrapods. The histograms report, for all groups together (Global) and for specific sub-groups, the
percentage of phylogenies best supported by a model with speciation rates that are constant (in grey, 45% of the phylogenies, i.e. 99 clades) or vary
through time (in yellow and green, 55% of the phylogenies, i.e. 119 clades). Among those that support time dependency (119), speciation rates are
decreasing towards the present in 80% of the phylogenies (in yellow, i.e. 95 clades) and increasing in 20% of the phylogenies (in green, i.e. 24 clades).
Numbers in parentheses indicate the number of phylogenies in each group.

phylogenies had a linear trend of extinction, and 9% (10%)
had an exponential trend of extinction (Fig. S2, Tables S1
and S2).
Testing support for temperature-dependent and diversity-dependent
models

Next, we compared the fit of all 26 diversification models
(constant-rate, time-dependent, diversity-dependent and temperature-dependent models) to determine which model better
explains the diversification of each phylogeny (Table S4).
We found that models including variation in the diversification rates (either time-dependent, temperature-dependent or
diversity-dependent models) outperformed models with constant-rate diversification in 72% of the phylogenies (157 of
218, Fig. 2, Table 1); this number increased to 86% when
considering only phylogenies with more than 50 species
(Fig. S3, Table S3). Temperature-dependent models better
explained diversification in 35% of the phylogenies (44% of
the phylogenies with more than 50 species), time-dependent
models in 18% (29%), and diversity-dependent models in
19% (13%). When we excluded models with no extinction from the model selection procedure, we still found a
significant proportion of phylogenies that supported temperature-dependence (Table S5). We found that temperaturedependence was supported in all tetrapod groups: the bestfit model was a temperature-dependent model in 34% of
the families for birds, 32% for mammals, 20% for amphibians and 64% for squamates, and it was a temperaturedependent model for the crocodiles and the turtles. When a
given model was selected among the 26, its strength of support was very variable (AICx ranging from 0.09 to 1, with

© 2019 John Wiley & Sons Ltd/CNRS

a mean of 0.28; Table S4), but always above the 0.038
weight (1/26) that would be expected if all models were
equally likely. When a type of model was selected among
the four main types (constant, time-dependent, diversity-dependent, or temperature-dependent), its strength of support
was reasonably high (mean AICx of 0.48 for constant-rate
models, 0.52 for time-dependent models, 0.59 for diversitydependent models, and 0.56 for temperature-dependent models), in general above the 0.25 (1/4) weight that would be
expected if constant, time-dependent, diversity-dependent
and temperature-dependent rate models were equally likely
(Fig. 3; Fig. S4). Still, the ∆AIC between the best and second best model was often below the threshold of 2 that is
typically chosen to distinguish models with certainty (Fig. 3;
Fig. S5), and our simulations analyses confirmed that it was
not enough to distinguish the best and second best model
with confidence (Fig. S6).
Temperature-dependent diversification

When a temperature-dependent diversification model was
selected (which was the case in 76 of the 218 phylogenies),
temperature-dependency affected only speciation in 68%,
only extinction in 5%, and both speciation and extinction
in 26% of the clades. Of the 72 families where speciation
was inferred to vary with temperature, most (68) had speciation rates that depended positively on temperature (Fig. 4;
Figs S7 and S8), and of the 24 families where extinction
was inferred to vary with temperature, around two-third
(16) had extinction rates that depended positively on temperature (Figs S9 and S10). This trend of faster speciation
and extinction during warm geological periods was
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Figure 2 Temperature-dependency of speciation rates across tetrapods. The histograms report, for all groups together (Global) and for specific sub-groups,
the percentage of phylogenies best supported by a model with speciation rates that are constant (in grey, 28% of the phylogenies), time-dependent (in blue,
18% of the phylogenies), diversity-dependent (in yellow, 19% of the phylogenies), or temperature-dependent (in red, 35% of the phylogenies). 30 of the 99
phylogenies that were better supported by time-constant than time-variable speciation models in Fig. 1 are even better supported either by temperaturedependent speciation models (20 of the phylogenies), or diversity-dependent speciation models (10 of the phylogenies). 87 of the 119 phylogenies that were
better supported by time-variable than rate-constant models in Fig. 1 are even better supported either by temperature-dependent speciation models (56 of the
phylogenies), or diversity-dependent speciation models (31 of the phylogenies). Numbers in parentheses indicate the number of phylogenies in each group.

consistent across endotherms versus ectotherms, and across
tetrapod groups (Fig. 4; Fig. S7). Of the 76 phylogenies
where temperature-dependence was supported (43 phylogenies with more than 50 species), 55% (44%) supported a
variation of the MTB form, 29% (42%) of the linear form
and the remaining 16% (14%) of the exponential form
(Figs S11 and S12). Smoothing the temperature curve
strongly decreased the support for temperature-dependent
models (Fig. S13a) to the point where it was lost
(Fig. S13b), showing that the support for temperaturedependent models was not simply due to a temporal trend
in diversification rates potentially unlinked to temperature.
A positive dependence of speciation to past temperatures
indicates that speciation rates tend to be higher under warm
climates. If this dependency operates consistently throughout
the history of clades, the warm Cretaceous, early Eocene, late
Oligocene and middle Miocene are expected to be periods of
frequent speciation in comparison with the cool latest Cretaceous-Paleocene, late Eocene-early Oligocene, early Miocene,
and the last 12 Myrs (late Miocene until the present) (Fig. 5).
The overall trend for global climatic cooling during the Cenozoic leads to a slowdown in speciation towards the present.
DISCUSSION

Our multi-phylogeny analysis of tetrapods, combined with
birth-death diversification models, confirms that diversification
rates declined through the Cenozoic. Our analysis further
reveals a potentially important role of past climates in driving

these slowdowns, although it also illustrates the difficulty of
conclusively supporting either temperature-dependent or
diversity-dependent models. These results have important consequences for our understanding of the processes that have
shaped the macroevolutionary dynamics of clades and current
diversity patterns, as well as for discussing the future of biodiversity in the context of current environmental changes.
Diversification slowdowns and global cooling

Consistent with previous studies, we found a general trend for
a slowdown in speciation rate through time across clades
(McPeek 2008; Phillimore & Price 2008; Morlon et al. 2010).
Models with a decrease of speciation rate through time have
often been used as an approximation to diversity-dependent
models, and interpreted as evidence of ‘niche-filling’ processes,
including competition for limited resources (Pigot & Tobias
2013), adaptive radiations (Glor 2010) and potential
ecological limits on the number of species within a clade (Phillimore & Price 2008; Rabosky 2013). If we had made this
approximation, without considering more mechanistic truly
diversity-dependent or temperature-dependent models, we
would have concluded that 43% of the phylogenies support
diversity-dependence. However only 18% truly support diversity-dependent models when compared to time- and temperature-dependent ones. Therefore, our results caution against
comparing constant-rate models with only time-dependent
models and interpreting speciation slowdowns as niche filling
processes (Moen & Morlon 2014; Aristide & Morlon 2019). A
© 2019 John Wiley & Sons Ltd/CNRS
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Figure 3 Strength of support for constant, time-dependent, temperature-dependent and diversity-dependent models when they are selected. Distribution of
AIC weights (left) and ∆AIC (right) for phylogenies best supported by a constant rate (top raw, dark grey), time-dependent (blue), temperature-dependent
(red), and diversity-dependent model (yellow). These were computed by comparing only the best model in each of the four model categories. On the left, in
light grey, distributions of AICw for the corresponding model and all the phylogenies (i.e. not just those best supported by the model) are given for
comparison. The red dotted line corresponds to the expected AICw if the four models were equally likely (AICw = 0.25). Few phylogenies support a given
model decisively (for example with ∆AIC > 2 and high AICw), yet the strength of support is higher than if all the models were equally likely
(AICw > 0.25).

little less than a quarter (23%) of phylogenies supporting a
speciation slowdown were indeed explained by diversitydependence, but more than half (52%) were in fact better supported by models with a positive dependence of speciation
rate on temperature, while the rest were explained by neither
one nor the other.
Although it is difficult to discriminate the different models
with confidence, temperature-dependence finds at least as
much support as diversity-dependence. Most phylogenies
(89%) supporting temperature-dependent speciation suggest
© 2019 John Wiley & Sons Ltd/CNRS

that speciation rates have been higher during warm geological
periods, consistent with temporal trends observed in the fossil
record (Jaramillo et al. 2006; Erwin 2009; Mayhew et al.
2012; Huang et al. 2014) and latitudinal trend in speciation
rates (Condamine et al. 2012; Pyron & Wiens 2013; Rolland
et al. 2014, but see Weir & Schluter 2007; Schluter & Pennell
2017). If speciation rates are positively correlated with temperature, then the global climatic cooling of the Cenozoic would
result in coordinated slowdowns in speciation rates across
clades. Thus, at least part of the diversification-rate
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Figure 4 Speciation rates are positively associated with temperature across tetrapods. The histograms report, for all groups together (Global) and for specific
sub-groups, the percentage of phylogenies, among those that support temperature dependency, were the dependency is positive (in orange) versus negative
(in blue). Most of the phylogenies (89%) support a positive relationship between temperature and speciation. Numbers in parentheses indicate the number
of phylogenies in each group. The number of phylogenies supporting a temperature-dependent model on speciation rate are displayed for each group.

slowdowns widely described in the literature may be linked to
global climatic cooling.
Explanatory hypotheses

Temperature may influence speciation rates through nichefilling processes, following the ‘productivity’ hypothesis.
Warm geological periods are typically also periods of high
global productivity, potentially able to sustain a greater number of ecological niches (Bains et al. 2000; Mayhew et al.
2012). Temperature could thus influence speciation rates
through its effect on carrying capacity. Temperature could
also positively affect speciation rates through the effect of
temporal climatic stability on niche partitioning (Dynesius &
Jansson 2000). The two other main hypotheses coherent with
a positive relationship between temperature and speciation
rates are the ‘body-size’ and the ‘metabolic’ hypotheses. The
‘body-size’ hypothesis (organisms evolve smaller body sizes
under warm climates) should affect only endotherms, while
the ‘metabolic’ hypothesis (organism have faster metabolic
rates under warm climates) should affect only ectotherms
(Gillooly et al. 2001, 2005). We found similar trends for
endothermic and ectothermic clades suggesting either that the
body size and metabolic hypotheses do not apply and that
other processes independent of thermoregulation are at play,
or that the two processes operate in concert but on different
clades. The fact that more than half (55%) of the phylogenies best fitted by a temperature-dependent model supports
the form of temperature-dependence inspired from the MTB
indicates that metabolic effects may play a role, although

such supports occurred in both ectotherms and endotherms.
Refined tests of these hypotheses could be envisioned in the
future, for example by examining whether endothermic clades
supporting a positive association between temperature and
speciation rates indeed evolved smaller body sizes under
warm climates. More generally, in order to disentangle the
effects of temperature mediated by niche-filling processes
from other effects (linked to climatic heterogeneity, body
size, and/or metabolism), we could envision developing diversity-dependent models with either the carrying capacity K,
the parameter controlling the magnitude of the rate change
as a function of the number of lineages, or both, varying as
a function of past climates.
We do not discuss at length our results on extinction, as
temperature-dependent extinction is difficult to estimate
(Lewitus & Morlon 2018). With this warning in mind, in families supporting an effect of temperature on extinction, we
found higher extinction rates under warm climates, which is
in line with some paleontological evidence (Sun et al. 2012).
None of the productivity, heterogeneity, body size and metabolic hypotheses (as formulated above) predict such a positive
relationship between temperature and extinction rates. There
is a possibility that higher mutation rates under warm climates lead to the accumulation of deleterious mutations
favouring extinction, and/or that newly arising lineages –
given more frequent speciation – impose a stronger competitive pressure on co-occurring species.
When temperature-dependent models were supported, we
generally found a positive association between temperature
and speciation. Previous studies have found a negative
© 2019 John Wiley & Sons Ltd/CNRS
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Figure 5 Speciation rates of tetrapods tend to decline towards the present as a result of climatic cooling. The curves represent the speciation rate of each of

the 76 tetrapod families supporting a temperature-dependent speciation model, as estimated by the best-fit temperature-dependent model. Results are
similar across endotherms and ectotherms. A colour pattern at the top of each panel indicates the succession of past warm and cool periods previously
identified (e.g. Zachos et al. 2001, 2008; Veizer & Prokoph 2015), based on a sustained increase or decrease in Earth’s average temperature relative to the
preceding and succeeding periods. A geological time scale at the bottom indicates the geological periods. Abbreviations: K: Cretaceous, P: Paleocene, E:
Eocene, O: Oligocene, M: Miocene (the two last periods, Pliocene and Pleistocene, are shown but not labelled), and Myrs ago: million years ago.

association between temperature and rates of phenotypic evolution (Clavel & Morlon 2017). This is counterintuitive,
because several verbal evolutionary theories implicitly assume
a coupling between rates of speciation and phenotypic
© 2019 John Wiley & Sons Ltd/CNRS

evolution, such as in the theories of adaptive radiation (Schluter 2000) and punctuated equilibrium (Gould & Eldredge
1977). However, there is increasing empirical (Adams et al.
2009; Cantalapiedra et al. 2017) and theoretical (Aristide &
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Morlon 2019) evidence that this coupling might not be so
straightforward. Developing a model where both diversification and phenotypic evolution are influenced by competition
for limited resources, Aristide & Morlon (2019) found that
niche packing limits speciation and increases extinctions rates,
but does not reduce trait evolutionary rates, as frequent
extinctions free up ecological space that is rapidly reoccupied.
If such a model applies in nature, with increased availability
of resources under warm climates, we expect that speciation
rates will be lower during low productivity, cool geological
periods, but that this will not impact trait evolutionary rates.
Rather, trait evolutionary rates will be increased given higher
competitive pressure and more opportunities for divergent climatic niche evolution. These expectations could be tested in
the future by explicitly incorporating temperature variations
in such a model.
Limitations

Our results suggest that phylogenetic data alone might be
insufficient to distinguish with confidence even simple models
such as the diversity-dependent and temperature-dependent
models. The power to distinguish temperature-dependency
from time-dependency increases with tree size (Lewitus &
Morlon 2018), and we can expect the same for diversitydependent models. Ultimately however, the best would be to
integrate temperature- and diversity-dependencies in current
approaches that combine phylogenetic and fossil data (Heath
et al. 2014; Silvestro et al. 2018).
There are other potential limitations to our analyses, but we
do not expect that they would induce a systematic bias
towards artificially supporting temperature or diversity dependence. For example, when Bayesian techniques are used for
phylogenetic construction (here in birds, turtles and crocodiles), the choice of branching process prior can have important effects on the reconstructed trees and downstream
diversification analyses (Condamine et al. 2015b; Janzen &
Etienne 2017). However, our tree compilation covered a variety of techniques, not only Bayesian ones. Bayesian trees built
with a pure-birth prior would tend to favour constant-rate
models with no extinction, and not time-dependent, temperature-dependent, or diversity-dependent models. Also, in order
to account for missing extant species in the phylogenies, we
used diversification models that assume species represented in
each phylogeny are uniformly drawn (i.e. randomly drawn
with equal probability) in the entire clade, which can bias
diversification analyses (Cusimano & Renner 2010; H€
ohna
et al. 2011). There is, however, no reason to believe that this
would favour a given model versus others.
Finally, the sampling scheme currently implemented in
diversity-dependent models assumes that exactly n species
are sampled (n-sampling), while the other models assume
that each species is sampled with a fixed probability (q-sampling), and likelihoods associated to these two sampling
schemes are not directly comparable (Stadler 2009; Lambert
2017). While we do not exclude that this might introduce
biases, we expect these biases to be small because our phylogenies are overall well sampled. Recent derivations of likelihoods for diversity-dependent models with q-sampling

(Laudanno et al. 2019) should allow more consistent comparisons of diversity-dependent versus other models in future
empirical analyses.
Past vs. current climatic changes

Current human-driven environmental changes are different
from environmental changes that happened in the past (Barnosky et al. 2011; Zeebe et al. 2016), and therefore could have
different consequences on diversification. In particular, the
positive association between past speciation rates and temperature suggested here may not hold today. In addition, there
could be an effect of the rate of change in temperature along
with temperature itself, and this rate is faster today than in
the past. We can nevertheless discuss how current environmental changes may affect biodiversity in the future in light
of how they affected biodiversity in the past (Barnosky et al.
2011; Harnik et al. 2012; Condamine et al. 2013). If the rate
at which new species arise is indeed positively correlated with
temperature, we may expect that current global warming will
accelerate the generation of new species. This potential effect
of climate might be enhanced by other human-driven factors,
such as the creation of new environments, selection pressures,
and opportunities of hybrid and artificial speciation, or
instead counterbalanced by a reduction of the natural habitat
that would affect demographic processes impacting speciation
(Schluter & Pennell 2017). In addition, if the rate at which
species go extinct is indeed positively correlated with temperature, we may expect that current global warming will accelerate the pace of species extinction. Climate-related local
extinctions, a prelude to species extinctions, have already
occurred in a wide range of species surveyed in various climatic zones, habitats, and groups of organisms (Wiens 2016).
Clearly much more work is needed before we can predict how
human-driven climate change will affect speciation and extinction.
Conclusions

Temperature influences biological processes through its effects
on productivity, climatic niche divergence, body size and
metabolic rates. Our study suggests that the effect of temperature extends to the macroevolutionary scale by modulating
the pace of speciation. In a large proportion of tetrapods,
warm climates were favourable to speciation, suggesting that
the slowdown in speciation widely documented across diverse
clades and often interpreted as the signal of adaptive radiations may, in some cases at least, be related to global climate
cooling in the Cenozoic. The mechanisms by which temperature modulates the pace of diversification remain unclear. We
hope that our study will foster research in this direction, as
well as a more systematic account of past environmental
changes in diversification analyses.
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Understanding heterogeneity in species richness between closely
related clades is a key research question in ecology and evolutionary biology. Multiple hypotheses have been proposed to
interpret such diversity contrasts across the tree of life, with most
studies focusing on speciation rates to explain clades’ evolutionary
radiations, while often neglecting extinction rates. Here we study
a notorious biological model as exemplified by the sister relationships between mackerel sharks (Lamniformes, 15 extant species)
and ground sharks (Carcharhiniformes, ∼290 extant species). Using
a comprehensive fossil dataset, we found that the diversity dynamics of lamniforms waxed and waned following repeated cycles of
radiation phases and declining phases. Radiation phases peaked up
to 3 times the current diversity in the early Late Cretaceous. In the
last 20 million years, the group declined to its present-day diversity.
Along with a higher extinction risk for young species, we further
show that this declining pattern is likely attributed to a combination
of abiotic and biotic factors, with a cooling-driven extinction (negative correlation between temperature and extinction) and clade
competition with some ground sharks. Competition from multiple
clades successively drove the demise and replacement of mackerel
sharks due to a failure to originate facing the rise of ground sharks,
particularly since the Eocene. These effects came from ecologically
similar carcharhiniform species inhibiting diversification of mediumand large-sized lamniforms. These results imply that the interplay
between abiotic and biotic drivers had a substantial role in extinction and speciation, respectively, which determines the sequential
rise and decline of marine apex predators.
extinction

| fossils | macroevolution | paleoenvironment

T

he dynamics of species richness over time is determined by
variation in speciation and extinction rates that drive clades
to successively thrive, decline, and replace one another (1–3).
These variations in rates are further impacted by abiotic and biotic
factors shaping these deep-time changes in biodiversity (4–6).
Deciphering the roles of how these factors influenced speciation
and extinction through time and across clades is a central focus in
evolutionary biology (7, 8). Several studies have suggested that
environmental forcing such as global temperature variations (9, 10),
or sea-level fluctuations (11), played an overarching role in determining the fate of whole clades, but the wax and wane of clades
could also be the result of biotic interactions, and in particular,
competition for resources and predation (4, 12). Competition
is usually assumed to occur mostly among closely related species, but it may also take place among species from different
clades with similar ecology (13, 14). The role of competition
has been suggested as the main evolutionary mechanism in
clade dynamics, either through a passive replacement or active
displacement (15). In the former, an incumbent clade initially
prevents a competing clade from radiating, which can only
radiate after the incumbent clade declines, freeing ecological
space (13, 16). In the latter, it occurs when the rise in diversity
of a clade drives the decline of another clade by outcompeting
it on limited resources (14, 16). Although clade competitive
interactions have recently been unveiled over long time scales,
few studies have shown an interplay of abiotic and biotic
drivers (5, 14, 17).
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The shark order Lamniformes (mackerel sharks, Fig. 1A) includes some of the most iconic shark species, such as the great
white (Carcharodon carcharias) and extinct (†) megalodon (†Otodus
megalodon), as well as more unusual representatives like the goblin
shark (Mitsukurina owstoni) and megamouth shark (Megaschasma
pelagios). Currently, this order contains only 15 species distributed
in 7 families (Fig. 1A), 4 of which are monospecific (18). Despite
the low extant specific diversity, lamniforms have high morphological and ecological disparities (18, 19). Their body size ranges
from 1 m for the crocodile shark (Pseudocarcharias kamoharai)
to 8 m for the basking shark (Cetorhinus maximus) and the
megalodon is estimated at 17 m (20). Although living mackerel
sharks are mostly pelagic, some species are more nectobenthic
(Carcharias taurus). Lamniforms can be found at different depths,
from coastal waters to the bathypelagic zone (up to 1,300 m of
depth). Their diet is diverse as this order includes small- to
medium-sized carnivorous to large apex predators (great white),
but also filter feeders (basking and megamouth sharks), and this
diet diversity is even more marked when fossil taxa are included
(hypercarnivorous and small nectobenthic species). The fossil record
of lamniforms dates back to the Early Cretaceous ∼140 million years
ago (Mya), and indicates they were diverse during the mid and Late
Cretaceous (21, 22).
The low diversity, low number of species per family, and strong
morphological and ecological disparity have often been used to
characterize living lamniform species as representatives of relict
clade that was once speciose and subsequently experienced a diversity decline during their evolutionary history (21, 23, 24), but
that has not yet been demonstrated and understood. Drivers of
their diversification dynamics and decline are unknown but have
Significance
Many lineages increase in diversity through time, and some of
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Fig. 1. The rise and fall of lamniforms controlled by time-variable speciation and extinction. (A) Illustration of the 7 extant lamniform families. Shark images
courtesy of Marc Dando (artist). Inferences of speciation (B) and extinction (C) rates with analyses at the species level under the birth–death model with constrained
shifts. (D) The net diversification rates are the difference between speciation and extinction rates (rates below 0 indicate declining diversity). Solid lines indicate
mean posterior rates and the shaded areas show 95% CI. (E) The lamniform diversity trajectories incorporating uncertainties around the age of the fossil occurrences. The results indicate that: 1) diversification of lamniforms was elevated in the Early Cretaceous, 2) net diversification rates decreased through time
and were punctuated by high-extinction peaks at the K-Pg and E-O boundaries, 3) species diversity bounced back but did not recover to preextinction
levels, and 4) the lamniforms decline since the last 20 My. J, Jurassic; K, Cretaceous; P, Paleocene; E, Eocene; O, Oligocene; M, Miocene.

been tentatively linked to abiotic factors such as temperature (21)
or to the Cretaceous-Paleogene (K-Pg) extinction and subsequent filling of their former ecological niches by grounds sharks
(Carcharhiniformes) (25–27). The elasmobranch fossil record is
mainly based on isolated teeth, resulting in a particularly good
preservation potential compared to other marine vertebrates
(21). However, lack of information on tooth morphology of some
living taxa may hamper the identification of some of their fossil
representatives (28). As opposed to some elasmobranch groups,
lamniforms have most of their living species represented in the
fossil record (12 over 15) and their dentition and tooth morphology are well known. With more than 360 fossil species described, the rich and well-identified lamniform fossil record, along
with their ecological specificities and long evolutionary history,
offers a unique opportunity to study the processes and mechanisms of diversification among marine vertebrates.
We compiled and analyzed the species-level fossil record of
lamniforms, which spans the entire existence of the order since the
Cretaceous. We used a Bayesian framework (see Materials and
Methods) to investigate whether and to which extent speciation
and extinction rates responded to major environmental changes in
Earth history, tooth size evolution (a proxy of body size and trophic
levels), and competition with carcharhiniforms (ground sharks).
The latter are sister group to lamniforms (29, 30) and are often
considered to ecologically replace them after the K-Pg extinction
(25–27, but see ref. 21) and display convergent tooth morphologies
with some extinct lamniforms. To quantitatively test for the effect
of competition of carcharhiniforms over the evolutionary history of
Condamine et al.

lamniforms, we compiled the fossil record for carcharhiniforms,
which harbor high species diversity today (∼290 species) (18). Our
approach estimates process-based birth–death models while incorporating the preservation process and uncertainties associated
with the age of fossil occurrences (31) (SI Appendix, Table S1). We
thus simultaneously assessed the effect of co-occurring clades on
their speciation and extinction rates by quantitatively investigating
the passive and active roles of competition among 2 marine vertebrate clades throughout the Cretaceous and Cenozoic.
Results and Discussion
The Boom-and-Bust Diversification of Mackerel Sharks. The fossil

record of lamniforms includes 2,051 occurrences assigned at the
genus level and 1,698 occurrences assigned at the species level,
which represent 82 genera (10 extant and 72 extinct, Dataset S1)
and 373 species (12 extant and 361 extinct, Dataset S2). We
inferred the diversification history of lamniforms using a birth–
death model with constrained shifts (BDCS) (31, 32) at both the
species and genus levels. Shifts were analyzed using predefined
time intervals (10 million years [My] or geological epochs), where
rates can change between time bins. In all analyses, our results
indicate that the diversity dynamics of lamniforms conform to a
time-variable birth–death process characterized by decreasing net
diversification through time (Fig. 1B and SI Appendix, Figs. S1–S3).
This pattern is marked by high background extinction rates and
is punctuated by peaks of extinction rates at the K-Pg and the
Eocene-Oligocene (E-O) boundaries (Fig. 1C and SI Appendix,
Figs. S1–S3). Net diversification rates (defined as speciation minus
PNAS | October 8, 2019 | vol. 116 | no. 41 | 20585

Ecological and Evolutionary Determinants of a Diversity Decline.

Several factors could explain these dynamics, and we tested
competing hypotheses (14, 31, 33). We first tested for the hypothesis of an effect of body size on clades’ diversity dynamics
since it has been shown that fish body size evolution is correlated
with diversification rates (34), although this pattern seems absent
in other clades (14). We compiled measurements of tooth crown
height of 350 lamniform species (96.1% of the nonfilter-feeding
species present in the dataset, see Dataset S3) and find no evidence that tooth size evolution impacted speciation and extinction
for the entire group (SI Appendix, Fig. S4 and Table S2). Because
fossil and extant lamniforms display a wide range of ecologies, we
categorized tooth crown height into 3 classes of lamniform species
(“small,” “medium,” and “large”), which correspond to main
ecologies (see Materials and Methods). We find that both speciation and extinction rates of large lamniform species correlate
negatively with tooth size (SI Appendix, Table S2), suggesting that
the largest, and hence more ecologically specialized species (18)
show lower extinction and speciation rates than other species. This
translates into high turnover rates within these specialized ecological niches, which has been reported in other clades (35). The
analyses also indicate an extinction selectivity at the K-Pg and E-O
events where the extinction rates rose sharply at the K-Pg event for
medium lamniforms, while the extinction increased at the E-O
event for large lamniforms (SI Appendix, Figs. S5–S7). This latter marked extinction event was not reported in previous analyses
of elasmobranch diversification patterns and echoes earlier results
showing marked diversity drops in marine invertebrates and terrestrial vertebrates, which were linked with global climate cooling
(36, 37). Note that the abundance of fossiliferous rock does not
exert a bias on our analyses (preservation rates, αq, in SI Appendix,
Table S2). By fitting an age-dependent extinction (ADE) model
(38), we found strong evidence for ADE in medium and large
lamniforms, in which the recently originated species are much more
likely to become extinct than older species (SI Appendix, Table S3).
This means that the extinction rate for a large lamniform species
0.1 My after its speciation is 2.384, whereas the extinction rate is
considerably lower (0.459) for a species that has lived 1 My and
even reduces to 0.088 for species living after 10 My. These results
agree with previous studies on ADE, which mostly found a similar
relationship between taxon age and extinction risk (see ref. 39 and
references therein, but see ref. 40) including carnivorous terrestrial
clades (38). Geographical range may impact extinction probability
as widely distributed taxa are buffered against extinction (41). For
instance, the megatooth lineage (genus †Otodus), which includes a
succession of gradually larger apex predators across the Cenozoic
and culminating with the megalodon (20), exemplifies this pattern.
This lineage includes 18 species of which the median longevity is
less than 2 My, but includes the most specialized hypercarnivorous
species, which lived over 23 My. Interestingly, the †Otodus species that have the longest longevity (>20 My) are those with a
cosmopolitan range (†Otodus angustidens, †Otodus auriculatus,
†O. megalodon, †Otodus obliquus, and †Otodus sokolovi),
whereas short-lived (∼2 My) species are endemic or regionally
20586 | www.pnas.org/cgi/doi/10.1073/pnas.1902693116

distributed, which lends support to an effect of geographic range
on extinction probability. However, these results alone cannot
explain the global decline in lamniform diversity.
We investigated the effect of abiotic factors (environmental
changes), approximated by global continental fragmentation (42),
global sea-level fluctuations (43), and global temperature variations (44, 45), which have been shown to control diversity dynamics
(10, 13). We examined whether speciation (γλ) and/or extinction
(γμ) correlate with 1 of these variables using an environmentdependent birth–death model (14, 46) (see Materials and
Methods). We recovered no signal of continental fragmentation
and sea level (SI Appendix, Figs. S8 and S9 and Tables S4–S6) on
speciation and extinction rates at both species and genus levels,
suggesting that tectonic and eustatic changes did not influence the
diversification of lamniforms. However, we found that temperature variations significantly correlate negatively and weakly with
species-level extinction rate with stronger effect at genus level
(Fig. 2, γμspecies = −0.0082 vs. γμgenus = −0.0327) and positively,
albeit not significantly, with speciation/origination rates (SI Appendix, Fig. S10 and Table S6). In other words, species (or genus)
extinction increased by 0.82% (3.27%) as global temperatures
decreased, and conversely. For instance, over the past 5 My, this
result translates into a 0.82% increase of species extinction each
time global temperatures decreased by 0.92 °C in average. This
indicates that the Cenozoic climate cooling slowly increased the
extinction of lamniforms up to the point that extinction exceeded
speciation, which led to a declining-diversity pattern driven by
temperature-dependent macroevolutionary processes. Among
environment-dependent models, the best-fit model explaining the
global diversification of lamniforms is the temperature-dependent
model for both taxonomic levels (SI Appendix, Tables S7 and S8).
However, the global extent of a relationship between a given
environmental change and diversity is difficult to discern and
confounded by issues in linking a single global parameter like sea
level with heterogeneous diversity patterns. For instance, changes
in sea level can be attributed to a first-order transgressive–
regressive cycle driven by the ongoing fragmentation of Pangaea,
and geothermal uplift at midoceanic ridges, and has previously been
proposed to have driven regional extinctions (11). It is thus possible
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Fig. 2. The Cenozoic climate cooling spurred the extinction of lamniforms. In
red are the estimated extinction curves if extinction was exclusively driven by
temperature variations as modeled by temperature-dependent birth–death
analyses. Superimposed are global variations of past temperature and the
extinction rate of lamniforms depending negatively on paleotemperatures
(solid line = mean posterior rates and shaded areas = 95% CI). Extinction increased as global climate cooled. More details can be found in SI Appendix,
Fig. S10 and Table S6. Abbreviations as in Fig. 1.
Condamine et al.

Condamine et al.

difficult to test because the small lamniforms are not diverse
enough to perform the analyses.
Biotic Interactions within and between Shark Clades. We investigated within-clade diversity dependence throughout the
whole lamniform dataset (MBD) but also on the 3 tooth-size
categories using a multiple clade diversity dependence (MCDD)
model (14). We also investigated between-clade interactions, here
represented by competition, which usually occurs among closely
related species and/or among species from different clades with
similar ecology. Carcharhiniformes, more specifically requiem and
hammerhead sharks, display similar ecologies to lamniforms (60,
61) and have been regarded as filling ecological niches freed by
lamniform extinction in the aftermath of the K-Pg (25–27). We
compiled the fossil record of Carcharhiniformes that includes
1,261 fossil occurrences assigned at the genus level and 1,061 fossil
occurrences assigned at the species level, which represent 67
genera (22 extant and 45 extinct, Dataset S4) and 328 species (32
extant and 296 extinct, Dataset S5). We also measured tooth size
for 307 carcharhiniform species (93.6% of the carcharhiniform
species in our dataset, see Dataset S3), categorized in the same 3
“ecological” classes. We estimated their diversification pattern
using the BDCS model (31, 32) at both the species and genus
levels and geological epochs as time intervals, which shows an
overall diversity increase toward the present (Fig. 3A and SI Appendix, Figs. S12 and S13 and Table S1).
The MBD analyses reveal that within-clade diversity-dependent
processes played a role over lamniform diversification (Fig. 3B).
We find a negative correlation between clade diversity and speciation rates at both species and genus levels (SI Appendix, Tables
S9 and S10), meaning that lamniform speciation rates decreased
as they diversified through time. Within-clade competition for
resources (niche) probably imposed some ecological constraints in
lamniforms, thus limiting their species diversity. The MCDD
analyses bring further evidence on how within-clade interactions
acted in lamniforms as we find an effect of negative within-clade
interactions for the medium lamniforms at the species level (gλ =
0.0282, SI Appendix, Table S11). This means that medium lamniforms
decrease their own speciation rates by 2.82% each time a new
medium lamniform species originates. Finally, we inferred substantial levels of diversity dependence within the carcharhiniforms
as all 3 ecological types have negative diversity-dependent speciation rates (Fig. 3B and SI Appendix, Table S11). This may indicate that the carcharhiniform radiation is in part controlled by
ecological limits to diversification or may conform to a pattern of
adaptive radiation, as suggested by the post-Eocene radiation of
living carcharhiniform species (Fig. 3A) (29).
Although the MCDD analyses show that clade competition did
not affect the diversification dynamics of small lamniforms, results
indicate that competition with some carcharhiniforms played a
major role in the diversification dynamics and clade replacement of
medium and large lamniforms (SI Appendix, Table S11). Specifically, we provide evidence for an effect of competition from large
carcharhiniforms over the speciation of medium (gλ = 0.0652) and
large (gλ = 0.084) lamniforms (i.e., negative between-clade interactions, Fig. 3B). These results imply that, each time a new large
carcharhiniform species originates, it decreased the speciation rates
of medium and large lamniforms by 6.52% and 8.4%, respectively,
suggesting that increasing species diversity of large carcharhiniforms
inhibited speciation rates of medium and large lamniforms. As
these carcharhiniforms ecologically similar to lamniforms such as
extinct relatives of living tiger, hammerhead, and bull sharks
diversified from the Eocene to the present (Fig. 3A and SI Appendix, Figs. S12 and S13) (21), they progressively increased their
tooth size overlap with both medium and large lamniforms. The
increase in ecological similarity of ground sharks likely imposed a
long-term competition between the 2 orders, but only during the
second half of the existence of lamniforms and probably not during
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that multiple environmental variables acted on the diversification
of lamniforms. However, when abiotic variables were analyzed
simultaneously using a multivariate birth–death (MBD) model
(33), results confirmed that continental fragmentation and sealevel fluctuations did not influence lamniform diversification, but
that temperature variations correlated positively with speciation
and negatively with extinction (SI Appendix, Fig. S11 and Tables
S9 and S10).
Establishing a relationship between climate and evolutionary
processes stems from elucidating the role of temperature on clades’
diversification (47). The observation that climate change has a role
over biodiversity dynamics is not surprising in light of recent research that has demonstrated substantial temperature-dependent
variations in other marine groups (5, 10, 17, 46, 48, 49), but also on
terrestrial groups (9, 49). However, our study extends previous
results that reported the impact of temperature on speciation rates
(sometimes on extinction rates) as we report that temperaturedriven extinction, exceeding speciation, could have participated in
the evolutionary decline of lamniforms. Accumulating evidence
indicates that warm climates provide the energetic foundation for
increased biodiversity by fostering greater population size and thus
higher extinction resistance (50), increase metabolic scope (51),
allow more species to exploit specialized niches as a result of
greater available energy (52), and generate faster speciation and/or
lower extinction rates (53). To cope with the effects of environmental temperature fluctuations, endothermic organisms maintain
a relatively warm and constant body temperature, whereas most
vertebrates are ectothermic and conform to their thermal niche,
compromising performance at colder temperatures (51). However,
several extant (Lamnidae, Alopiidae) and extinct (Otodontidae,
Cretoxyrhinidae) lamniforms have evolved anatomical and physiological adaptations that enable them to keep their body warmer
than the environment (54–56). Our macroevolutionary study proposes a positive relationship between lamniform diversification and
temperature, suggesting that warming of the oceans increases their
potential to support lamniform biodiversity over geological times,
and alternatively the cooling increases the erosion of this biodiversity, in particular over the last 20 My.
The results on continental fragmentation and sea-level fluctuations are surprising because it has previously been shown that
long-term sea-level fluctuations driven by plate tectonics likely
influenced biodiversity (7). Increases in continental fragmentation
during the Cretaceous breakup of Gondwana and Laurasia (57)
could have created more niches akin to more coastlines created
when continents broke up, and thus positively impacted species
diversification (58). Our study does not support that continental
fragmentation has exerted a first-order control on the long-term
trajectory of lamniform diversity (42). A positive relationship between sea level and marine diversity can be expected through
species-area effect (59) where rising sea levels increase epicontinental and shelf areas, leading to increasing diversity. As we do not
find evidence for a correlation between sea level and diversification, these potential relationships between sea level and marine
diversity remain elusive and our results contradict findings showing
that sea-level fluctuations were a primary driver of extinction,
controlling biodiversity through availability of shallow marine environments (11). Lamniforms are wide-ranging sharks and globally
distributed (18). Their fossil record also indicates that such geographic range pattern prevailed in the past for most species and
genera, although some small- to medium-sized fossil species were
likely more endemic (e.g., some †Squalicorax, †Eoptolamna, some
†Striatolamia). As broad geographic range probably buffers clades
from extinction (41), it is thus possible that most lamniforms were
resilient to past tectonic and sea-level changes. It is also likely that
lamniform diversification was heterogeneous as we show with
tooth-correlated diversification (SI Appendix, Figs. S4–S7), and
that some species (particularly small lamniforms) were more
sensitive to such changes. However, this hypothesis remains
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the recovery of the K-Pg extinction and the whole Paleocene (Fig.
3A) (21). This strongly suggests a passive replacement of marine
clades as shown by our correlation with speciation rates of medium
and large lamniforms with their ecologically similar carcharhiniforms,
when they coexisted. Although medium carcharhiniforms were present since the Early Cretaceous, we find no evidence for competition.
This might be partly due to niche partitioning as 38% of extant
carcharhiniform species that would mainly fall within the medium
class (i.e., most carcharhinids and sphyrnids) are associated to reefs
(62). This dominant ecology among carcharhiniforms is conversely
scarce among lamniforms as only the sand tiger shark (C. taurus)
regularly frequents reefs (62). However, it is also possible that
current knowledge on the fossil of extant carcharhiniforms prevents an accurate testing of the effect of medium carcharhiniforms.
Whereas our coverage of the fossil record of extant nonfilter
feeding lamniform species is high (11 sampled species out of 13
known), many living carcharhiniform species that would fall within
the small- and medium-sized classes have currently no fossil representatives and hence, could not be included in the analyses.
Phylogenetic data indicate that the diversification of medium
carcharhiniforms occurred after the Paleocene (21, 29) and it is
likely that this partly undetected diversification would result in a
more marked diversity increase than observed (Fig. 3A), which
would produce stronger antagonistic diversity patterns between
medium carcharhiniforms and medium lamniforms. Instead, we
unveil a case of “co-diversification” (i.e., positive between-clade
interaction), where speciation rates in medium carcharhiniforms
are positively correlated with diversity of large lamniforms (Fig.
3B). We attribute such result to a similar evolutionary response to
climate change (SI Appendix, Fig. S14 and Table S12) rather than
direct positive interactions between these groups.
20588 | www.pnas.org/cgi/doi/10.1073/pnas.1902693116

Here we offer an entirely biological explanation of lamniform
diversity variations through time, which relies on both abiotic
(temperature) and biotic (competition) factors, although our results may depend on our choice and availability of environmental
and biological variables used as predictors. As a major goal of
evolutionary biology (1–3, 6), we provide insights into the processes linking changes in species richness with abiotic and biotic
environmental change over a major marine vertebrate clade.
Two-thirds of extant Lamniformes are currently threatened
with extinction. A recent study surveying global conservation
priorities of sharks, rays, and chimaeras reported they dominate
the top 20 imperiled species list, and should be prioritized for
targeted conservation (29). Thus, studying the impact of environmental change and marine exploitation on current lamniform
diversity may benefit from insights into what factors have influenced their past diversity.
Materials and Methods
Additional data and methodology are described in SI Appendix.
Fossil Record of Lamniform and Carcharhiniform Sharks. We compiled all
species-level fossil occurrences of lamniform and carcharhiniform sharks
from the literature, which resulted in an unprecedented database (established
on January 2017) for Lamniformes and Carcharhiniformes. This extensive work
resulted in genus-level and species-level datasets spanning the Early Cretaceous
to Recent interval for the lamniforms and Middle Jurassic to Recent for
carcharhiniforms.
Tooth Measurements. Measures of tooth crown height were made following a
line running from and perpendicular to the crown/root edge up to the apex of
the main cusp, in labial view (SI Appendix, Fig. S15). Measurements were
made on anterior teeth only in order to exclude size differences related to
Condamine et al.

Dynamics of Speciation and Extinction. We analyzed the fossil datasets with
PyRate (31) under the BDCS (32) to simultaneously estimate: the preservation
process, the times of speciation (Ts), and extinction (Te) of each taxon, the
speciation and extinction rates and their variation through time. We ran
PyRate for 10 million Markov chain Monte Carlo (MCMC) generations with
time bins of 10 My or geological epochs. All analyses were set with a homogeneous Poisson process of preservation and accounted for varying preservation rates across taxa using the Gamma model (31). We replicated the analyses
on 10 randomized datasets of each clade and combined the posterior estimates
of the speciation and extinction rates across all replicates to generate ratesthrough-time plots (speciation/origination, extinction, and net diversification).
We also obtained 10 posterior estimates of the Ts and Te for all taxa. We estimated the past diversity dynamics by calculating the number of living taxa at
every point in time based on the Ts and Te. For the subsequent analyses, we
used the estimated Ts and Te of all taxa, which avoids remodeling the heterogeneity of preservation, and reestimated times of speciation and extinction.
Trait-Correlated Diversification Model. We tested whether the diversification
dynamics of lamniform sharks is linked with changes in tooth size over time,
using the Covar birth–death model (31). Under this model, changes in speciation and extinction rates (and preservation rate) correlate with changes in
tooth size through the correlation parameters (αλ, αμ, and αq), which are
estimated from the data. The birth–death rates are therefore transformed
on a lineage-specific basis, rather than through time (31). An α > 0 indicates
a positive correlation between the trait value and the birth–death rates, and
α < 0 indicates a negative correlation. Correlation was significant when the
95% credibility intervals (CIs) do not overlap with 0.
Paleoenvironment-Dependent Diversification Model. We quantified the effect
of environmental variables on diversification rates such that speciation and
extinction rates can vary through time, and both can be influenced by 1 or
several environmental variables that also vary through time, for instance past
variations of global temperature (46). PyRate can test for a correlation between speciation and extinction rates and changes in environmental variables
(14). We analyzed the lamniform dataset by fixing the Ts and Te to the ages
estimated from the 10 replicated datasets under the BDCS model. We derived
functional forms of λ (μ) as exponential or linear functions of temperature,
where λ0 (μ0) and γλ (γμ) are the parameters to estimate. The estimation of a
positive γλ (γμ) indicates that higher temperatures increase λ (μ), whereas a
negative γλ (γμ) indicates that higher temperatures decrease λ (μ). We ran 10
million MCMC iterations with sampling frequency of 1,000 and combined the
posterior samples of the parameters from the 10 replicates after excluding the
first 20% of the samples as burnin. Posterior samples of the parameters were
summarized over all replicates as mean values and 95% CI (significant correlation when 0 was not included in the CI).
Selection of Abiotic Variables. We examined the link between past environment and speciation/extinction rates over their evolutionary history. We focused on the role of 3 abiotic variables, which have been linked to biodiversity
change in marine invertebrates (7, 10) and spanning the full time range of
Lamniformes (Dataset S6 and SI Appendix, Fig. S17). Major trends in global

climate change through time are estimated from relative proportions of different oxygen isotopes (δ18O) in samples of benthic foraminifer shells (45). We
merged δ18O data from the global temperature data for the Mesozoic (44) and
Cenozoic (45) periods. The fluctuations in sea levels have also been proposed
as a possible driver of marine diversity dynamics (11). Trends in global sea-level
changes over time were obtained from δ18O data indirectly recorded in the
chemistry of foraminifers, thus informing on the growth and decay of continental ice sheets causing eustatic changes (43). The continental fragmentation,
as approximated by plate tectonic change, has often been proposed as a driver
of marine biodiversity dynamics (7, 42, 58). We retrieved the index of continental fragmentation developed by Zaffos et al. (42) using paleogeographic
reconstructions for 1-million-year time intervals. This index approaches 1 when
all plates are not touching (complete plate fragmentation) and approaches
0 when there is a maximum aggregation.
MBD Model. We used the MBD model to assess whether multiple factors explain
temporal variations in speciation and extinction rates (33). Under the MBD
model, speciation and extinction rates can change through correlations with
time-continuous variables and the strength and sign of the correlations are
jointly estimated for each variable. PyRate jointly estimates the baseline speciation (λ0) and extinction (μ0) rates and all correlation parameters (Gλ and Gμ)
using a horseshoe prior to control for overparameterization and for the potential effects of multiple testing (33). We ran the MBD model using 20 million
MCMC iterations and sampling every 20,000 to approximate the posterior
distribution of all parameters (λ0, μ0, 4 Gλ, 4 Gμ, and the shrinkage weights of
each correlation parameter). We summarized the results of the MBD analyses
by calculating the posterior mean and 95% CI of all correlation parameters
and the mean of the respective shrinkage weights, as well as the mean and
95% CI of the baseline speciation and extinction rates.
ADE Model. We fitted the ADE model (38) to compute the probability for a
lineage to become extinct as a function of its age (the elapsed time since its
origination). We ran PyRate for 10 million MCMC generations with a timevariable Poisson process of preservation, while accounting for varying preservation rates across taxa using the Gamma model. We replicated the analyses
on 10 randomized datasets for each tooth class and combined the posterior
estimates across all replicates. We focused on the shape (Φ) of the Weibull
distribution knowing that Φ < 1 indicates that extinction rate is higher for
young species and decreases with species age, and Φ > 1 indicates that extinction rates increase with species age (no effect of age if Φ = 1) (38).
MCDD Model. We used the MCDD model (14) to assess the effect of competition
on the diversification of Lamniformes, in which their speciation and extinction
rates are correlated with the diversity trajectory of Carcharhiniformes. Under
competitive interactions, increasing species diversity has the effect of
suppressing the speciation rates and/or increasing the extinction rates. The
MCDD assesses the effects of competition within and between clades by jointly
analyzing all clades and estimating the baseline speciation and extinction rates
for each clade and competition parameters that quantify the intensity of the
diversity dependence between each pair of clades. Each competition parameter
expresses a diversity dependence relationship between the diversity of a clade
and the speciation or extinction rates of the other clade. We ran 20 million
MCMC iterations of the MCDD model with sampling frequency of 10,000. We
repeated the analyses on the 10 replicates, using the Te and Ts estimated under
the BDCS model for each shark group (as defined by tooth categories). For each
of the 6 shark groups we computed median and 95% CI of the baseline speciation and extinction rates (λi and μi), the within-clade diversity-dependence
parameters gλi and gμi, and the between-clade diversity-dependence parameters gλij and gμij. We used the mean of the sampled diversity dependence
parameters (e.g., gλij) as a measure of intensity of competition (if positive) or
positive interaction (if negative) between each pair of groups.
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Whole Genome Shotgun Phylogenomics Resolves the Pattern and Timing of Swallowtail
Butterfly Evolution
RÉMI ALLIO1 , CÉLINE SCORNAVACCA1,2 , BENOIT NABHOLZ1 , ANNE-LAURE CLAMENS3,4 , FELIX A.H. SPERLING4 , AND
FABIEN L. CONDAMINE1,4,∗
1 Institut

des Sciences de l’Evolution de Montpellier (Université de Montpellier | CNRS | IRD | EPHE), Place Eugène Bataillon, 34095 Montpellier, France;
de Biologie Computationnelle (IBC), Montpellier, France; 3 INRA, UMR 1062 Centre de Biologie pour la Gestion des Populations (INRA, IRD,
CIRAD, Montpellier SupAgro), 755 Avenue du Campus Agropolis, 34988 Montferrier-sur-Lez, France; and 4 Department of Biological Sciences, University
of Alberta, Edmonton T6G 2E9, AB, Canada
∗ Correspondence to be sent to: Institut des Sciences de l’Evolution de Montpellier (Université de Montpellier | CNRS | IRD | EPHE), Place Eugène
Bataillon, 34095 Montpellier, France;
E-mail: fabien.condamine@gmail.com.
2 Institut

Abstract.—Evolutionary relationships have remained unresolved in many well-studied groups, even though advances
in next-generation sequencing and analysis, using approaches such as transcriptomics, anchored hybrid enrichment, or
ultraconserved elements, have brought systematics to the brink of whole genome phylogenomics. Recently, it has become
possible to sequence the entire genomes of numerous nonbiological models in parallel at reasonable cost, particularly with
shotgun sequencing. Here, we identify orthologous coding sequences from whole-genome shotgun sequences, which we
then use to investigate the relevance and power of phylogenomic relationship inference and time-calibrated tree estimation.
We study an iconic group of butterflies—swallowtails of the family Papilionidae—that has remained phylogenetically
unresolved, with continued debate about the timing of their diversification. Low-coverage whole genomes were obtained
using Illumina shotgun sequencing for all genera. Genome assembly coupled to BLAST-based orthology searches allowed
extraction of 6621 orthologous protein-coding genes for 45 Papilionidae species and 16 outgroup species (with 32% missing
data after cleaning phases). Supermatrix phylogenomic analyses were performed with both maximum-likelihood (IQ-TREE)
and Bayesian mixture models (PhyloBayes) for amino acid sequences, which produced a fully resolved phylogeny providing
new insights into controversial relationships. Species tree reconstruction from gene trees was performed with ASTRAL and
SuperTriplets and recovered the same phylogeny. We estimated gene site concordant factors to complement traditional nodesupport measures, which strengthens the robustness of inferred phylogenies. Bayesian estimates of divergence times based
on a reduced data set (760 orthologs and 12% missing data) indicate a mid-Cretaceous origin of Papilionoidea around 99.2 Ma
(95% credibility interval: 68.6–142.7 Ma) and Papilionidae around 71.4 Ma (49.8–103.6 Ma), with subsequent diversification of
modern lineages well after the Cretaceous-Paleogene event. These results show that shotgun sequencing of whole genomes,
even when highly fragmented, represents a powerful approach to phylogenomics and molecular dating in a group that has
previously been refractory to resolution. [Computational limitations; cross-contamination; divergence times; exon capture;
fragmented genomes; low-coverage whole genomes; orthology; Papilionidae; shotgun sequencing; supermatrix; supertree.]

Next-generation sequencing (NGS) provides vast
amounts of data, and effective extraction of its
phylogenetic signal has become a key challenge in
systematics (Metzker 2010; McCormack et al. 2013).
Methods that sequence hundreds or thousands of
loci are now cost-efficient and have proven useful
for constructing robust phylogenies (Metzker 2010;
McCormack et al. 2013). Consequently, phylogenomics
has fundamentally changed how we address questions
in evolutionary biology, even as NGS methods continue
to develop.
Two sequencing methods have risen to the forefront
of phylogenomics: transcriptomics (Oakley et al. 2012;
Misof et al. 2014; Garrison et al. 2016) and hybrid
enrichment (Faircloth et al. 2012; Lemmon et al. 2012;
Lemmon and Lemmon 2013), and a third, shotgun
sequencing, has recently become attractive (Allen et al.
2017). Transcriptomics relies on sequencing of expressed
RNAs, and no knowledge of targeted gene regions is
required. However, the availability of fresh or properly
stored tissues limits the number of taxa included in
such phylogenetic studies (Lemmon and Lemmon 2013;
McCormack et al. 2013). In contrast, hybrid enrichment

uses DNA probes to hybridize and selectively capture
targets from a genome, which requires prior knowledge
of the desired targets (Lemmon and Lemmon 2013;
McCormack et al. 2013). An advantage of hybrid
enrichment techniques is the ease of using ethanolpreserved tissues, old DNA extractions, and in some
cases, old museum specimens (e.g., Guschanski et al.
2013; Blaimer et al. 2016). This can greatly increase the
number of taxa in a phylogenomic study. However,
later studies mining the original data are limited to the
conserved regions of the hybrid enrichment. The third
sequencing method—shotgun sequencing—can readily
provide similar amounts of genomic data as the two
other methods (Staden 1979; Anderson 1981; Gardner
et al. 1981; Fuentes-Pardo and Ruzzante 2017). This
method breaks up template DNA sequences across the
genome into many small fragments before sequencing
them, which has been used for both high-level and
low-divergence phylogenomic analyses (Harkins et al.
2016; Allen et al. 2017; Pouchon et al. 2018; Zhang
et al. 2019). Three main approaches for reconstructing
phylogenetic relationships from whole genome shotgun
sequencing have recently been developed (Allen et al.
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colorful wing patterns and extensive morphological
diversity—such as wingspans ranging from 2–3 cm (the
tiny dragontail butterflies, Lamproptera) to 20 cm (the
world’s largest butterflies, Ornithoptera). Their global
distribution currently includes 32 genera comprising at
least 550 described species (Collins and Morris 1985;
Tyler et al. 1994; Scriber et al. 1995). Most species
are found in tropical regions, where they reach their
greatest species richness within the true swallowtails
(Papilio, Wallace 1865; Condamine et al. 2012), while
mountain-adapted apollo butterflies occur on temperate
and cold climates (Parnassius, Condamine et al.
2018a). Papilionidae include model organisms that have
contributed to fundamental studies in biogeography
(Wallace 1865; Condamine et al. 2013), insect–plant
interactions (Ehrlich and Raven 1964; Berenbaum and
Feeny 2008), speciation (Dupuis and Sperling 2015, 2016),
and other areas of evolution and ecology (Scriber et al.
1995; Kunte 2009; Condamine et al. 2012; Kunte et al.
2014). Although numerous studies have investigated the
phylogeny of this group (Munroe 1961; Hancock 1983;
Igarashi 1984; Miller 1987; Tyler et al. 1994; Caterino
et al. 2001; Zakharov et al. 2004; Nazari et al. 2007;
Simonsen et al. 2011; Condamine et al. 2012, 2018b),
the phylogenetic backbone of Papilionidae has not been
resolved, potentially constraining our understanding of
global biogeographic processes like those affecting the
divergence of key clades of swallowtail butterflies in the
Southern Hemisphere (Condamine et al. 2013).
Although phylogenomic studies have examined
relationships among lineages of Lepidoptera (Breinholt
and Kawahara 2013; Bazinet et al. 2017; Breinholt et al.
2018) and butterflies (Kawahara and Breinholt 2014;
Espeland et al. 2018), few have employed comprehensive
taxon sampling for swallowtail butterflies. The
latest phylogenomic study of butterflies included
14 swallowtail butterflies in 12 genera and 352 loci
obtained with anchored hybrid enrichment (Espeland
et al. 2018). Most of their inferred relationships were
congruent with previous studies, including Baroniinae
as sister to the remainder of the family. However,
Papilioninae was found to be a strongly supported
polyphyletic group, which has never been proposed
before (Munroe 1961; Hancock 1983; Miller 1987;
Simonsen et al. 2011; Condamine et al. 2012, 2018b).
All possible relationships between the four tribes of
Papilioninae have been supported by previous studies,
although Leptocircini is most often found (albeit
not always highly supported) as the sister group to
the remainder of the Papilioninae. Nonmonophyly
of Papilioninae has important implications for our
understanding of their evolutionary history. For
instance, study of the latitudinal diversity gradient
revealed significant differences in diversification rates
between tropical and temperate clades and these
insights relied on Parnassiinae and Papilioninae being
monophyletic sister groups (Condamine et al. 2012). As
for other groups, the lack of resolution of phylogenetic
relationships within the swallowtail butterflies with

Page: 39

Downloaded from https://academic.oup.com/sysbio/article-abstract/69/1/38/5486398 by guest on 10 December 2019

2015; Schwartz et al. 2015; Hughes and Teeling 2018;
Pouchon et al. 2018; Zhang et al. 2019). The first involves
a search for shared conserved sequences in different
species without focus on coding sequences (Schwartz
et al. 2015; Pouchon et al. 2018). Both Schwartz et al.
(2015) and Pouchon et al. (2018) rely on selecting reads
with high similarity with respect to reference contigs
to create a de novo sequence (i.e., mapping methods).
This method is more suitable for low-divergence data
sets, since mapping to more divergent data sets can
result in difficulties when identifying homologous data
(Schwartz et al. 2015). The second approach is to extract
sequences from de novo assemblies via a set of predefined
orthologous gene clusters (Hughes and Teeling 2018;
Zhang et al. 2019). This approach allows focusing on
genes of interest while avoiding difficulties in orthology
detection, but its use is confined to groups with suitable
genomic resources that provide an adequate initial set of
orthologous genes. However, orthologous data sets are
not available for some groups. Therefore, to make better
use of less suitable genomic resources, a third approach
was developed by Allen et al. (2015). The advantage
of this approach lies in the assembly of predefined
targeted genes by selecting reads with an optimized
BLAST search step (a standard all-to-all BLAST search
would have been impractical due to the number of
reads in shotgun sequencing). Extending the rationale
of Allen et al. (2015), we used a custom-designed
BLAST method to directly annotate de novo assemblies
of highly fragmented genomes instead of selecting reads.
Additionally, rather than using predefined orthologous
genes to annotate de novo genomes (Allen et al. 2017),
we used all genes available from the reference genome.
Orthology detection was then performed specifically
on our data set, which is likely to generate more
specific data (and potentially a larger amount of data)
than from a restricted focus on a predefined list of
genes. This approach allows annotation of divergent and
highly fragmented genomes, with the potential to resolve
complex phylogenomic relationships and contribute to
analyses like molecular dating.
With 18,000+ described species (van Nieukerken
et al. 2011), butterflies (Papilionoidea) represent an
evolutionarily successful lineage of phytophagous
insects in terms of species richness, morphological
diversity, and ecological habits. Butterflies include
numerous biological models and represent some of
the most popular invertebrates, demonstrating that
lepidopteran phylogeny and evolution are of both
scientific and public interest. Attempts to resolve the
higher-level phylogeny of butterflies have been based
on varied taxonomic sampling and molecular data sets
ranging from multigene Sanger data (Regier et al. 2009;
Mutanen et al. 2010; Heikkilä et al. 2012) to genomic
data (Kawahara and Breinholt 2014; Breinholt et al. 2018;
Espeland et al. 2018), providing considerable resolution
of the higher phylogeny of butterflies.
Swallowtail butterflies (Papilionidae) represent a
charismatic and well-known family of butterflies, with
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we infer the origin of butterflies by estimating divergence
times using a relaxed molecular clock calibrated with
fossils. This study provides a phylogenomic foundation
for evaluating hypotheses on higher-level relationships
within Papilionidae and assesses the enigmatic and longdebated status of some genera and tribes. It also gives
a timescale for investigating hypotheses on the early
evolutionary history of this group and will ultimately
allow better assessments of trait evolution.
MATERIALS AND METHODS
Taxon Sampling
In order to be phylogenetically informative about
the most ancient relationships, our taxon sampling
incorporates all described genera in the family
Papilionidae (32 genera sensu Scriber et al. 1995;
Simonsen et al. 2011; Condamine et al. 2012, 2018b). We
sampled 41 species representing all subfamilies and all
genera of Papilionidae (Table 1). We also included four
genomes in the analyses that were already available
for swallowtail butterflies (Papilio glaucus, Cong et al.
2015a; Papilio machaon, Li et al. 2015; Papilio polytes,
Nishikawa et al. 2015; Papilio xuthus, Li et al. 2015).
In our taxon sampling, we also included Papilio joanae
(from the USA), a species of the machaon group (Dupuis
and Sperling 2015), which we compare to the available
P. machaon (from China, Li et al. 2015) as a control
for our approach. Based on the latest phylogenies
of Papilionoidea (Heikkilä et al. 2012; Kawahara and
Breinholt 2014; Breinholt et al. 2018), we selected 16
outgroups, of which 14 are families closely related to
Papilionidae including: one Hesperiidae (Lerema accius,
Cong et al. 2015b), one Pieridae (Phoebis sennae, Cong
et al. 2016a), one Lycaenidae (Calycopis cecrops, Cong
et al. 2016b), and 11 Nymphalidae (Heliconius melpomene,
Davey et al. 2016; Laparus doris, Eueides tales, Agraulis
vanillae, Dryas iulia, Edelman et al. 2018; Junonia coenia;
Melitaea cinxia, Ahola et al. 2014; Polygonia calbum, de
la Paz Celorio-Mancera et al. 2013; Bicyclus anynana,
Nowell et al. 2017; Pararge aegeria, Carter et al. 2013;
Danaus plexippus, Zhan et al. 2011); in addition, two moth
species in the families Bombycidae (Bombyx mori, Mita
et al. 2004) and Tortricidae (Choristoneura fumiferana, de
novo sequencing) were used to root the phylogeny as
these families are distant outgroups of the Papilionoidea
(Wahlberg et al. 2013). The lepidopteran data were
recovered from Lepbase (http://lepbase.org/). In total,
the taxon sampling represents 61 taxa (45 ingroup and
16 outgroup species).
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molecular and morphological data can be attributed
to (i) evolutionary processes like ancient and rapid
diversification of lineages (e.g., birds: Jarvis et al. 2014;
Prum et al. 2015; Suh 2016) or ancient hybridization (e.g.,
living cats: Li et al. 2016) and/or (ii) methodological
and sampling artifacts such as missing data, low taxon
sampling, or long-branch attraction (Nabhan and Sarkar
2012; Roure et al. 2013). Phylogenetic patterns that are
not due to artifacts can be important signatures of
patterns of diversification, revealing links to events that
were responsible for the current diversity of butterflies.
In recent dating studies, butterflies have been found
to originate in the mid-Cretaceous, ca. 100–110 Ma
(Heikkilä et al. 2012; Wahlberg et al. 2013; Espeland
et al. 2018). Lineages leading to extant families had
all diverged rapidly from each other by 90 Ma, with
Papilionidae being the first to diverge from the common
ancestor of all butterflies, Nymphalidae diverging from
Lycaenidae and Riodinidae about 102 Ma, Hedylidae
diverging from Hesperiidae about 99 Ma, and finally
Riodinidae diverging from Lycaenidae about 88 Ma.
Interestingly, the most recent common ancestor of each
butterfly family originated in the Late Cretaceous (70–
90 Ma), but extant lineages began diversifying only after
the K-Pg event at 66 Ma. Estimating a dated phylogenetic
hypothesis for more than 18,000 species of butterflies is
currently impractical. Just as for vertebrates dated trees
that include large clades (Jetz et al. 2012), one solution
for dealing with large data sets is to infer a higher-level
phylogenomic tree for the main butterfly lineages as a
backbone, then perform separate analyses that include
all sampled species for each main lineage, and finally to
link each clade into the backbone tree.
Our study presents a procedure for inferring fully
resolved, strongly supported and complete genus-level
phylogenies from low-coverage genome data, here
applied to swallowtail butterflies. We perform Illumina
shotgun sequencing of whole genomes using both newly
collected and museum specimens that represent all
swallowtail butterfly genera. This analytical pipeline
builds on existing methods to (i) generate 41 de novo lowcoverage whole genomes using shotgun techniques, (ii)
build a genome data set by including other swallowtail
(4 in total) and outgroup (16 in total) genomes, (iii)
check for cross-contamination, (iv) retrieve orthologous
(protein-coding) genes based on a single reference
genome, and (v) reconstruct a robust time-calibrated
phylogenomic tree. Without needing to restrict our
analysis to preselected genes, this thorough pipeline
has the potential to extract thousands of orthologous
genes (6621 in our case) from fragmented genomes.
Using maximum likelihood (ML), Bayesian phylogenetic
analyses and supertree analyses, we evaluate the utility
of low-coverage whole genomes for phylogenomics at
two systematic levels: across the entire superfamily
Papilionoidea and within the family Papilionidae (the
main focus of this study). We then test the effect
of different protein models of evolution, partitioning
strategies, missing data, and measures of node support
on the inference of phylogenetic relationships. Finally,
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DNA Extractions, Library Preparation and Shotgun
Sequencing
For butterfly samples, DNA extractions were obtained
using legs or the thorax. Total genomic DNA extraction
was performed with DNeasy Blood and Tissue Kits
(Qiagen®), digested overnight with proteinase K
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ID
Species
name

Voucher

Cross-contamination analyses

Reads after
cleaning (M)

Assembly
size (M)

N50

Number of
scaffolds

Average
length

Mean
%GC

73.342
67.361
59.715
77.182
76.666
44.295
94.005
66.593
51.927
76.265
62.412
36.692
17.743
33.169
38.605
59.278
31.248
82.816
42.681
92.328
62.251
70.462
94.744
161.124
195.146
—
61.752
—
—
60.549
153.287
—
199.531
67.923
178.536
35.528
156.174
103.125
120.153
79.486
64.339
137.724
64.583
35.422
168.313
32.378
—
—
—
—
155.399
—
—
—
—
—
—
—
—
—
—
—
67.642

60.072
62.930
55.536
72.038
69.456
33.719
86.018
59.979
45.178
68.143
56.862
34.228
10.851
29.511
34.373
53.733
27.061
74.878
39.647
83.586
57.565
60.269
87.123
128.084
144.268
—
57.302
—
—
54.703
122.570
—
164.682
63.876
150.484
21.955
120.544
95.149
107.409
72.676
58.553
109.471
58.453
30.401
134.462
29.101
—
—
—
—
139.886
—
—
—
—
—
—
—
—
—
—
—
60.269

146.973
787.111
369.571
488.028
453.655
317.424
319.164
459.866
343.287
589.135
933.096
590.915
164.657
292.277
390.909
512.606
248.117
543.466
509.369
541.013
419.015
480.793
304.109
409.954
388.176
374.816
408.782
278.436
227.021
356.588
339.705
—
399.147
380.543
994.537
483.372
814.564
846.707
387.987
901.946
636.959
526.009
530.299
282.281
449.338
461.127
390.758
—
—
—
570.774
—
566.959
539.115
—
—
404.741
—
—
406.226
—
345.882
409.954

150
398
1616
1169
427
200
2081
558
301
354
495
221
150
161
599
275
449
360
479
730
1305
315
5273
3716
2842
230,841
643
1,174,287
3,672,263
855
1002
—
764
835
955
171
485
379
4329
234
320
1843
848
423
2905
255
21,413
—
—
—
606
—
21,916
32,552
—
—
46,843
—
—
5576
—
2829
643

905,391
2,752,266
785,140
973,148
1,499,801
1,637,993
443,395
1,414,336
1,372,876
2,185,856
3,089,220
2,775,869
1,040,790
1,741,883
1,041,389
2,153,366
785,959
1,930,389
1,699,899
1,377,484
762,773
1,827,473
161,975
565,709
646,388
60,470
1,010,689
63,187
3874
811,786
748,457
—
947,128
871,292
2,130,202
2,712,024
2,954,078
3,198,623
399,998
4,111,085
2,472,899
750,961
1,161,826
897,158
693,452
1,969,767
45,022
—
—
—
1,574,167
—
53,067
49,376
—
—
31,556
—
—
118,444
—
177,472
1,010,689

162.3
286
470.7
501.5
302.5
193.8
719.8
325.1
250
269.5
302
212.9
158.2
167.8
375.4
238
315.7
281.5
299.6
392.8
549.3
263.1
1877.5
724.7
600.5
6198.4
404.5
4406.5
58,601.2
439.3
453.9
—
421.4
436.8
466.9
178.2
275.7
264.7
970
219.4
257.6
700.4
456.4
314.6
648
234.1
8679.3
—
—
—
362.6
—
10,683.8
10,918.6
—
—
12,826.1
—
—
3429.7
—
1948.9
294

36.30
35.69
39.77
35.21
33.23
36.28
33.82
32.48
33.15
34.77
33.14
33.04
36.27
37.74
35.92
33.64
36.02
37.07
38.02
35.65
36.78
39.20
35.38
36.11
40.50
35.47
32.72
33.77
33.77
36.67
33.34
—
33.57
33.64
36.56
37.86
35.38
35.92
40.99
33.97
35.25
35.74
35.12
34.22
42.36
34.39
31.80
—
—
—
36.59
—
34.64
33.40
—
—
35.41
—
—
36.24
—
32.85
35.43

328
954
957
959
957
890
959
954
957
957
957
938

485
1840
1913
1757
1902
1526
1942
1876
1912
1873
1833
1718

887

1540

959
957
939
957
959
958
958
957
958
959
959
959
958
959
946
959
959
959
959
959
959
841
955
957
958
954
955
959
958
956
959
939
946
941
938
875
946
952
950
951
957
883
948
905
881
943
946
940
957

1876
1824
1794
1901
1996
1889
1931
1891
1920
2238
2270
2224
2382
2413
2233
2213
2192
2482
2351
1916
1872
1307
1908
1866
1874
1774
1872
1887
1956
1888
1904
1751
1547
2273
2191
1826
1548
2480
1555
1541
2507
2135
1533
2239
2169
1483
2241
1512
1891

Final Data set 1

Final Data set 2

%
contamination

Number
of genes

% missing
data

Number
of genes

% missing
data

0.169
0.242
0.327
0.472
0.010
0.011
0.094
0.231
0.010
9.303
2.464
0.122
0.000
4.278
0.105
0.650
0.054
0.182
0.009
0.057
0.009
1.979
8.394
0.034
1.083
—
0.123
—
—
0.377
2.229
—
1.982
1.010
0.106
26.714
8.955
0.260
1.034
10.172
0.560
2.622
0.158
10.976
0.892
0.091
—
—
—
—
0.000
—
—
—
—
—
—
—
—
—
—
—
0.260

104
748
758
760
758
675
760
754
758
720
751
748

93.84
18.29
5.22
7.72
12.21
44.12
4.72
10.18
9.66
18.22
13.4
27.6

543
4189
4708
4344
4506
2746
4760
4515
4595
3885
4262
3719

95.52
40.17
25.3
33.39
33.2
68.7
24.3
31.6
30.42
44.7
37.67
52.04

645
759
755
751
757
759
759
760
749
747
759
750
760
760
759
744
758
744
760
755
757
758
394
708
759
760
706
757
750
759
699
758
738
754
754
739
714
752
757
757
751
756
739
758
732
712
754
754
741
754

53.52
14.08
16.52
17.01
13.31
10.48
7.13
4.66
15.41
6.3
4.77
9.18
4.6
6.43
3.2
8.67
7.81
11.24
1.16
13.48
5.61
6.43
72.94
14.37
11.45
5.32
27.2
14.06
7.82
6.92
25.74
5.63
30.92
12.05
9.87
16.39
17.17
15.63
10.52
12.06
13.03
6.45
12.78
11.95
13.3
21.81
14.46
8.55
19.71
12.05

2500
4378
4232
4164
4455
4740
4595
4770
4326
4372
5252
5146
5206
5465
5376
5098
5094
4991
5730
5151
4684
4578
1368
4145
4417
4612
3434
4408
4535
4737
3865
4664
3638
3702
5157
5044
4365
3652
5564
3725
3669
5703
5012
3690
5066
4660
3449
5124
3442
4515

75.51
36.37
40.68
41.5
33.91
28.87
28.92
23.97
38.12
30.55
18.32
23.63
19.08
19.01
14.87
22.16
23.68
27.04
9.76
26.89
26.28
28.51
86.98
38.93
33.94
26.79
55.15
35.48
29.83
26.84
47.93
25.82
54.68
44.52
27.72
31.44
38.84
47.38
22.97
44.17
45.16
18.64
31.28
45.02
30.09
41.37
49.35
25.99
50.67
31.6

SRA number

SRR8954514
SRR8954513
SRR8954516
SRR8954515
SRR8954510
SRR8954509
SRR8954512
SRR8954511
SRR8954508
SRR8954507
SRR8954549
SRR8954548
SRR8954546
SRR8954547
SRR8954545
SRR8954544
SRR8954543
SRR8954542
SRR8954541
SRR8954540
SRR8954527
SRR8954528
SRR8954525
SRR8954526
SRR8954523
—
SRR8954524
—
—
SRR8954521
SRR8954522
—
SRR8954529
SRR8954530
SRR8954539
SRR8954538
SRR8954532
SRR8954531
SRR8954535
SRR8954534
SRR8954537
SRR8954536
SRR8954519
SRR8954533
SRR8954518
SRR8954517
—
—
—
—
SRR8954520
—
—
—
—
—
—
—
—
—
—
—
—
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Butterfly and moth outgroups are included along with a new low-coverage genome for Choristoneura fumiferana. All voucher specimens are deposited at the University of Montpellier in the
Institut des Sciences de l’Evolution de Montpellier or at the Sperling lab of the University of Alberta.
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2081
2124
2008
167
308
2097
93
1827
3716
11002
1904
2021
Hyp.01-01a
2069
6
1955
3706
356
1896
3789
1919
1938
1920
Alx.01-01a
Dru.01-01a
3
295
1
2
1796
Her.01-01a
—
Pap.01-01a
149
Parn.01-01a
Kai.01-01a
Drio.01-01a
1706
1646
3711
7
Ser.01-01a
1566
2023
Tr.20-01h
2122
NA
NA
NA
NA
399
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
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Allancastria cerisyi
Archon apollinus
Atrophaneura dixoni
Baronia brevicornis
Battus polydamas
Bhutanitis mansfieldi
Byasa alcinous
Cressida cressida
Euryades corethrus
Eurytides dolicaon
Graphium androcles
Graphium sarpedon
Hypermnestra helios
Hypermnestra helios
Iphiclides podalirius
Lamproptera meges
Losaria neptunus
Luehdorfia japonica
Meandrusa sciron
Mimoides lysithous
Ornithoptera priamus
Ornithoptera richmondia
Pachliopta kotzebuea
Papilio alexanor
Papilio antimachus
Papilio glaucus (GenBank)
Papilio joanae
Papilio machaon (GenBank)
Papilio polytes (GenBank)
Papilio slateri
Papilio thoas
Papilio xuthus (GenBank)
Papilio zelicaon
Parides photinus
Parnassius honrathi
Parnassius imperator
Parnassius orleans
Parnassius smintheus
Pharmacophagus antenor
Protesilaus protesilaus
Protographium marcellus
Sericinus montela
Teinopalpus imperialis
Trogonoptera brookiana
Troides plateni
Zerynthia polyxena
Agraulis vanillae
Bicyclus anynana
Bombyx mori
Calycopis cecrops
Choristoneura fumiferana
Danaus plexippus
Dryas iulia
Eueides tales
Heliconius melpomene
Junonia coenia
Laparus doris
Lerema accius
Melitaea cinxia
Pararge aegeria
Phoebis sennae
Polygonia calbum
Median
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Assembly of Low-Coverage Whole Genomes
The full analytical pipeline is illustrated in Figure 1,
and the scripts necessary to reproduce the study are
available in the Supplementary Appendix S1 available
on Dryad at https://doi.org/10.5061/dryad.ff18q9d.
From reads to coding DNA sequences.— Using NGS
technology (Illumina© NextSeq, paired-end reads with
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an averaged insert size of 500 bp), we sequenced and
assembled 41 new low-coverage whole genomes of
Papilionidae (added to four genomes on GenBank). In
addition, we sequenced and assembled a new lowcoverage whole genome for C. fumiferana, and assembled
five outgroup genomes from raw reads available on the
Lepbase database (added to ten genomes on GenBank).
For these 47 genomes, raw reads were cleaned using
Trimmomatic 0.33 (Bolger et al. 2014) by removing low
quality bases from their beginning (LEADING:3) and
the end (TRAILING:3), by removing reads below 50
bp (MINLEN:50), and by evaluating read quality with
a sliding window approach (SLIDINGWINDOW:4:15).
Quality was measured for sliding windows of 4 base
pairs and had to be greater than 15 on average. A plethora
of methods now exists for de novo genome assembly
(e.g., ALLPATHS-LG, Gnerre et al. 2011; SOAPdenovo,
Luo et al. 2012; MaSuRCA, Zimin et al. 2013; Platanus,
Kajitani et al. 2014). Here, we assembled the genomes
using SOAPdenovo-63mer 2.04 (Luo et al. 2012). Several
kmer size values (between 27 and 39) were tested for
ten genome assemblies, which lead to no substantial
difference for the N50 of our assemblies (median of
96 bp of difference between the lowest and highest
N50). Kmer size of 31 was selected for further analysis.
Then, we closed gaps emerging during the scaffolding
process with SOAPdenovo, using the abundant pair
relationships of short reads with GapCloser 1.12 (Bolger
et al. 2014) (Fig. 1). Papilio genomes have recently been
successfully assembled using Platanus (Cong et al. 2015),
a tool designed to handle highly heterozygous genomes.
In fact, when heterozygosity is too elevated, some
assemblers split homologous haplotypes into different
contigs. We quantified the impact of heterozygosity on
our assemblies with a Basic Local Alignment Search Tool
(BLAST) search of our contigs against themselves (96%
similarity or higher). We found that duplicated portions
of the genomes (found in two or more contigs) amount
to only about 1% of the genome on average (including
repeated elements); this indicates that the level of
heterozygosity did not cause abundant artifactual contig
duplications in our assemblies. Nonetheless, to deal
with potential alleles still present in separate contigs in
our assembly (due to heterozygosity, for example), our
annotation approach makes a consensus sequence for
ambiguous sites (see below and consensus step in Fig. 1).
Duplicated contigs could also be the result of recent
real duplications but we opted for a more conservative
approach since our focus is on the deeper phylogeny of
the family.
To annotate the sequences of all genomes, we
performed a BLAST search using all available proteins
for P. xuthus (Fig. 1). We used the tblastn function to
annotate nucleotide sequences with reference protein
sequences of P. xuthus (Altschul et al. 2010). Only
scaffolds with 60% or more similarity with the reference
protein were selected. Several thresholds were tested for
our data set, and we retained 60% because this threshold
provided the best trade-off between missing too many
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following manufacturer recommendations, and eluted
with elution buffer to either 50 or 100 !; this method
recovered DNA with a concentration of 3–50 ng/!.
We used the Illumina®Nextera DNA Sample
Preparation Kit to provide a fast and easy library
preparation workflow delivering whole-genome
sequencing libraries. The approach relies on an
engineered transposome to simultaneously fragment
and tag (“tagment”) the input DNA, adding unique
adapter sequences in the process. The Nextera library
preparation kit is well-suited for insect DNA extractions
as it only requires 50 ng of DNA as input. A limited-cycle
PCR reaction uses these adapter sequences to amplify
the insert DNA. The PCR reaction also adds index
sequences on both ends of the DNA, thus enabling dualindexed sequencing of pooled libraries on any Illumina
Sequencing System. Based on results of preliminary
tests, we optimized the tagmentation and PCR clean-up
steps by increasing DNA input from the recommended
50–70 ng, and transposome volume from 3.5 to 5 !L.
We also modified clean-up of the tagmented DNA by
using 35 !L of AMPur®magnetic beads instead of the
Zymo®kit as recommended by Illumina. A second
clean-up was performed with 30!L of AMPure beads
at the end of library preparations prior to sequencing
(sizing of fragments to the desired 400–500 bp size for
NextSeq).
For library sequencing, we relied on the
NextSeq®series of sequencing systems, which are fast,
flexible, high-throughput desktop sequencers. They
support a broad range of sequencing applications, with
fast turnaround time and moderate output compared
to the MiSeq and HiSeq platforms (generating up to
800 million reads pair-ended, 100–120 Gb of data in
less than 30 h). Since prior work showed genome size
of swallowtail butterflies to be about 300 Mb (Cong et
al. 2015), we multiplexed between 11 and 15 butterfly
samples per NextSeq run to give about 10 Gb DNA
sequence per sample and obtain low-coverage whole
genomes at a sequence depth of about 30×. We used
the NextSeq 500/550 High Output v2 kit (300 cycles,
2 × 150 bp) for a total of four NextSeq sequencing
runs. We also added several negative controls for each
sequencing run, including sham DNA extractions and
library preparations, to allow potential removal of reads
belonging to laboratory contaminants from analyses
and facilitate assemblies of genomes. The choice of
Nextera and NextSeq technology is based on the need
to generate numerous midsize DNA fragments at an
affordable cost (compared to HiSeq).
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FIGURE 1. Conceptualization of the shotgun sequencing pipeline used to construct and analyze Data set 1 (760 genes in amino acids), Data
set 2 (6621 genes in amino acids), Data set 3 (760 genes in nucleotides) and Data set 4 (6407 genes in nucleotides).
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are being analysed, although some paralogs may be
included (mostly in-paralogs). Orthogroups are suitable
for phylogenomic data sets, and we selected only
orthogroups with one gene per species, to limit gene
duplication problems (Fig. 1).
We used HMMCleaner 1.8 (Di Franco et al. 2019)
to clean CDS alignments from misaligned sequences
(gene by gene). This method cleans an alignment by
first building a Hidden Markov Model profile of the
alignment, and then measuring the score of the different
sequence regions along this profile. After that, the sites
present in at least two-thirds of the sampled species
were selected for the phylogenomic data set. Finally, we
performed a last cleaning step using trimAl 1.2rev59
(Capella-Gutiérrez et al. 2009), which is designed to trim
alignments for large-scale phylogenomic analyses. We
adopted a stringent approach by selecting all CDS for
each species that have at least 30% of sites overlapping
with 75% of the rest of the sequences (-seqoverlap 30 and
-resoverlap 0.75 options).
After these steps, we built two amino-acid
phylogenomic data sets to test the impact of missing
data (Roure et al. 2013). In Data set 1, we kept all genes
present in at least 95% of species. For the Data set 2, we
selected all genes present in at least four species. The
two amino acid matrices concatenated hundreds (Data
set 1) or thousands (Data set 2) of selected orthologous
genes. In addition, since phylogenomic incongruences
between amino-acid and nucleotide data sets have been
observed (e.g., in spider flies, Gillung et al. 2018), we
also created two nucleotide-based versions of Data sets 1
and 2 (Data sets 3 and 4, respectively). Final alignments
are available at Supplementary Appendices S2, S3, S4,
and S5 available on Dryad).
Phylogenomic Analyses with a Supermatrix Approach
Phylogenomic analyses were performed using
both ML and Bayesian Inference (BI) methods
on concatenated amino-acid data sets of selected
orthologous proteins. ML and Bayesian analyses
were implemented with IQ-TREE 1.6.6 (Nguyen et al.
2015) and PhyloBayes MPI 1.8 (Lartillot et al. 2013),
respectively.
For Data set 1, a ML analysis with IQ-TREE was first
performed using a single LG model for amino acids
(Le and Gascuel 2008) including four matrices, each
corresponding to one discrete gamma rate category
(+!4 option; Le et al. 2012), and empirical amino
acid frequencies estimated from the data (+F option).
Node supports were calculated with 100 nonparametric
bootstrap (BS) replicates. To compare node supports, a
second ML analysis with IQ-TREE was carried out under
the same conditions but with 1000 ultrafast bootstrap
(UFBS) replicates (Minh et al. 2013; Hoang et al. 2018).
BS values and UFBS values were considered strong
when higher than 70% and 95%, respectively. These ML
analyses assumed a single rate matrix for the whole
data set; however, rate heterogeneity is widespread
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nucleotides versus including spurious nucleotides in
the sequences. For example, for a threshold of 80%
only highly conserved regions (with less phylogenetic
signal) were generally kept, while for a threshold of
40%, a larger proportion of presumably nonorthologous
nucleotides were included. For each species, all scaffolds
selected for a single coding DNA sequence (CDS) were
aligned with P. xuthus with TranslatorX (Abascal et al.
2010) to generate a consensus (Fig. 1). This approach
relies on amino acid translations to generate multiple
alignments of nucleotides. All sites showing intraspecific
variation were set to N, to conservatively avoid false
informative sites. For example, recently duplicated genes
could match (BLAST step) the same reference proteincoding gene. In this case, all divergent sites between the
two copies of genes are replaced by N in the consensus,
which avoids creating false informative sites due to a
recent duplication event.
Check for cross-contaminations.— Cross-contamination
is a known but largely neglected issue (Ballenghien et al.
2017). Using shotgun sequencing, we were particularly
exposed to the risk of cross-contamination since we
multiplexed between 11 and 15 butterfly samples per
sequencing run. Before creating the data sets (Fig. 1), we
checked the cross-contamination level in our different
sequencing runs using CroCo 0.1 (Simion et al. 2018),
which was developed for identifying and removing cross
contaminants from assembled transcriptomes. For any
given focal species, CroCo identifies CDS that have
significantly higher coverage (number of reads mapped
to the CDS) in another species than the focal one, with
each species of the data set successively considered
as focal. To measure relative coverage between two
species, CroCo implements a metric, called Fragments
per Kilobase Million (Mortazavi et al. 2008), that is
used to estimate relative coverage for each gene and is
directly comparable between genes because the value
is normalized by sequencing depth and size of each
gene. Originally developed for transcriptomic data, this
method can also be applied to CDS annotated in whole
genome sequences. CroCo is thereby used to estimate
relative coverage for each CDS of each species and
to identify CDS that are suspiciously similar among
species. CroCo was set to default parameters, that is,
the option-R to use the tool RapMap for mapping
(Srivastava et al. 2016), with values between 0.2 and
300 for minimum and maximum coverage. Any contigs
suspected of being contaminated were then discarded in
subsequent analyses.
To test the effect of not controlling for cross-contamination in orthology assignment and phylogenomic
reconstructions, the analyses were performed on both
the contaminated and the noncontaminated data sets.
Orthology assignment and phylogenomic data sets.—
Orthologous proteins were identified with OrthoFinder
2.2.0 (Emms and Kelly 2015). The method produces
orthogroups, which are sequence clusters containing
genes that descended via speciation from a single gene
in the last common ancestor of the species whose genes
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Phylogenomic Analyses with a Supertree Approach
Several studies (e.g., Jeffroy et al. 2006; Kumar et
al 2012) have pointed out that high support values
can hide statistically significant incongruences at the
gene level, with concatenation analyses returning fully
resolved and well-supported trees even when the level
of gene incongruence is high. Also, concatenation can
be statistically inconsistent with respect to incomplete
lineage sorting (ILS, Roch and Steel 2015). We thus
decided to perform a supertree analysis on Data set
2. Supertree analyses can be more robust to ILS and
better show conflicts among genes and involve two
steps: first, partially overlapping, source phylogenetic
trees are inferred from primary data, then they are
assembled into a larger, more comprehensive tree, called
the supertree. Thus, we started our analysis by performing
phylogenetic inference with IQ-TREE using the LG!4 +F
model for protein sequences for each gene in Data set 2.
Node supports were calculated with 100 nonparametric
BS replicates.
We first used ASTRAL-III 5.6.3 (Mirarab et al. 2014;
Zhang et al. 2018), a state-of-the art supertree method
for unrooted gene trees that is robust to ILS, on the
collection of all unrooted gene trees, having previously
collapsed branches with a BS value lower than 70. We
estimated quartet support per each internal branch of
the ASTRAL supertree (t – 1 option). Second, we used
SuperTriplets 1.1 (Ranwez et al. 2010), an extremely
fast and accurate supertree method based on a tripletbased representation of rooted input trees that is robust
to ILS (Warnow 2017). We selected trees containing
either C. fumiferana or B. mori and rooted them with
bppReRoot, which is provided within the BppSuite
(https://github.com/BioPP/bppsuite) implemented in
Bio++ (Guéguen et al. 2013). Branches with a BS value
lower than 70 were collapsed. The resulting rooted trees
were given as input to SuperTriplets, which permits a
rooted supertree to be built and, alternatively, a given
tree to be scored. This package was used to reconstruct
a supertree and score the consensus tree previously
inferred with IQ-TREE and PhyloBayes. The advantage
of SuperTriplets, compared to ASTRAL, is that it permits
information from gene tree rooting to be used; more than
80% of gene trees in our data set contained one of the
outgroup species.
Estimation of Gene and Site Concordance Factors
As noted in the previous section, concatenation
analyses can return fully resolved and well-supported
trees even when the level of gene incongruence is
high (e.g., Jeffroy et al. 2006; Kumar et al. 2012). As
recommended in Minh et al. (2018), we measured gene
concordant (gCF) and site concordant (sCF) factors to
complement traditional BS node-support measures for
Data sets 1 and 3 (760 loci). First, using the concatenation
of all 760 loci, a reference tree was inferred with IQ-TREE
with a search for substitution partition for each locus
via ModelFinder (Kalyaanamoorthy et al. 2017). Second,
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in phylogenomic data sets (Yang 1996; Jia et al. 2014)
and must be taken into account. IQ-TREE provides a
number of site specific frequency models such as the
posterior mean site frequency (PMSF) model as a rapid
approximation to the time- and memory-consuming
profile mixture models C10–C60 (Le et al. 2008; a variant
of the CAT model in PhyloBayes, Lartillot and Philippe
2004). PMSF is the amino-acid profile for each alignment
site computed from an input mixture model and a
guide tree, and the PMSF model is much faster and
requires much less memory than C10–C60 models (Wang
et al. 2018), regardless of the number of mixture classes.
Moreover, simulations and empirical phylogenomic data
analyses have shown that PMSF models can be effective
against long-branch attraction artifacts (Wang et al. 2018).
We performed IQ-TREE analyses with the C50 model
as well as the PMSF model. The C50 analysis required
466 Gb of memory and more than 5 days to infer the
ML tree, so we did not perform BS analysis. However,
we ran 1000 UFBS replicates for the PMSF analysis. For
all IQ-TREE analyses, we estimated the most likely tree
with 100 separate ML searches, as well as 100 searches
using the -t RANDOM option, which after initial model
optimization on a parsimony tree uses 100 random tree
topologies as starting trees for each search.
Bayesian phylogenetic reconstruction was conducted
using PhyloBayes MPI (Lartillot et al. 2013) under the
CAT+F81+!4 mixture model (Lartillot and Philippe
2004). The CAT model allowed us to take into
account the across-site heterogeneities in the amino-acid
replacement process (Lartillot and Philippe 2004) and
has proven to perform well on large molecular data sets
(e.g., Chiari et al. 2012). PhyloBayes MPI has been run as
follows: two independent Markov chains Monte Carlo
(MCMC) analyses starting from a random tree were run
until we generated at least 5000 cycles after convergence
(maximum allowed 10,000 cycles), with trees and
associated model parameters sampled every cycle. After
checking for convergence in both likelihood and model
parameters (tracecomp subprogram), the trees sampled
in each MCMC run before reaching convergence were
discarded as burn-in. The 50% majority-rule Bayesian
consensus tree and associated posterior probabilities
(PP) were then computed from the remaining trees
(bpcomp subprogram). We consider node support with
PP ≥ 0.95 to be robust.
The size of Data set 2 precluded Bayesian analyses.
Instead we performed two ML analyses with IQTREE and 1000 UFBS replicates, one using the protein
LG+!4 +F model for the whole matrix (Le and Gascuel
2008), and one using the mixture PMSF model (Wang
et al. 2018).
For both Data sets 3 and 4, ML analyses were
performed with IQ-TREE with the same settings as
above, except that one partition per gene was specified
and a best-fitting substitution model for each partition
was identified using ModelFinder implemented in IQTREE (option MFP, Kalyaanamoorthy et al. 2017). Node
supports were evaluated with 1000 UFBS replicates.
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we inferred a gene tree for each locus alignment using
IQ-TREE with a model selection. Finally, gCF and sCF
were calculated using the specific option -scf and -gcf in
IQ-TREE (Minh et al. 2018).
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is related to the subfamily Coeliadinae, which is the
first clade to branch off within Hesperiidae (Warren
et al. 2009). Since the taxon sampling included one
genome of Hesperiidae (L. accius), we calibrated the
stem of Hesperiidae with a minimum age of 55 Ma.
Finally, we relied on the oldest nonambiguous fossil
of Nymphalidae to constrain the crown of the family.
The taxon †Prolibythea vagabonda from the Florissant
formation in Colorado (late Eocene: Priabonian 33.9–
38.0 Ma), found to be sister to extant Libytheana in
a phylogenetic analysis (Kawahara 2009), was used
to calibrate the crown age of Nymphalidae with a
minimum age of 33.9 Ma.
We were unable to use other fossil calibrations,
although suitable butterfly fossils exist for other families
(e.g., Wahlberg et al. 2009; Sohn et al. 2012), because
the corresponding nodes to which the fossil calibrations
could be assigned were not present in our phylogeny. In
particular, the families Lycaenidae and Riodinidae have
few representatives. Moreover, four fossils have been
used to date the phylogeny of Pieridae (Braby et al. 2006)
but their identification and phylogenetic assignment is
doubtful (de Jong 2007, 2016).
PhyloBayes requires a calibration for the root. Since
no fossils are available for the root of Papilionoidea,
we did not set an a priori minimum age for the root
of butterflies but we set the maximum age of the
root with a uniform prior bounded by the inferred
age of angiosperms. Because most butterflies, and the
potential closest relatives, all feed on angiosperms, it
is unlikely that they originated earlier than their main
host plants. Alternative age estimates have been inferred
for angiosperms (e.g., 189 Ma, Bell et al. 2010; 140 Ma,
Magallòn et al. 2015; 221 Ma, Foster et al. 2017) but
these ages are close to the estimated age of Lepidoptera
(e.g., Wahlberg et al. 2013; Rainford et al. 2014), and are
therefore not appropriate for the root of the butterflies. A
survey of nine recent dating analyses that estimated 95%
credibility intervals (CI) of the crown age of butterflies
yielded a mean maximum age of 128.5 Ma, based on
the nine following ages: 129.5 Ma (Chazot et al. 2019),
143 Ma (Espeland et al. 2018), 116 Ma (Wahlberg et al.
2009), 128 Ma (Heikkilä et al. 2012), 114 Ma (Wahlberg
et al. 2013), 126 Ma (Rainford et al. 2014), 110 Ma (Tong
et al. 2015), 162 Ma (Cong et al. 2017), and 128 Ma (Talla
et al. 2017). Thus we set a conservative maximum age of
150 Ma for the Papilionoidea. Uniform distributions of
internal fossil calibrations were also maximally bounded
at 150 Ma. The bound of the uniform distribution is soft
and does not prohibit the inferred age to be older than
the set maximum if suggested by the data (Yang and
Rannala 2006).
All PhyloBayes calculations were conducted by
running three independent MCMC until we generated
at least 5000 cycles after convergence (maximum allowed
10,000 cycles), with sampling posterior rates and dates
collected every cycle. After checking for convergence
in both likelihood and model parameters (tracecomp),
posterior estimates of divergence times were then
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Estimation of Divergence Times
The genomic data sets generated in this study,
although large and informative, can represent
computational encumbrances that render phylogenomic
dating intractable over reasonable timeframes (dos Reis
et al. 2016; Collins and Hrbek 2018; Smith et al. 2018).
Molecular dating analyses were thus performed with
Data set 1 (amino acids) under a Bayesian relaxed
molecular framework using PhyloBayes 4.1c (Lartillot
et al. 2009). We enforced the tree topology as the
consensus tree previously inferred with IQ-TREE
and PhyloBayes. Dating analyses were conducted by
partitioning the data set using the site heterogeneous
CAT+GTR!4 mixture model, as recommended by
Lartillot et al. (2009), with a birth–death prior on
divergence times (Gernhard 2008), and a relaxed clock
model that was set to an uncorrelated lognormal
model (Drummond et al. 2006). Fossil calibrations
were assigned to a uniform prior distribution with soft
bounds (Yang and Rannala 2006).
Constraints on swallowtail clade ages were enforced
by fossil calibrations with systematic position assessed
using phylogenetic analyses (Condamine et al. 2018a).
Four unambiguous and informative fossils belong to
Papilionidae, two of which are Parnassiinae (Nazari
et al. 2007). The first is †Thaites ruminiana (Scudder
1875), a compression fossil from limestone in the Niveau
du gypse d’Aix Formation of France (Bouches-duRhône, Aix-en-Provence) within the Chattian (23.03–
28.1 Ma) of the late Oligocene (Sohn et al. 2012).
†Thaites was often recovered as sister to Parnassiini,
and occasionally as sister to Luehdorfiini + Zerynthiini.
Thus, we constrained the crown age of Parnassiinae
with a uniform distribution bounded by a minimum
age of 23.03 Ma. The second is †Doritites bosniaskii
(Rebel 1898), an exoskeleton and compression fossil from
Italy (Tuscany) from the Messinian (5.33–7.25 Ma, late
Miocene; Sohn et al. 2012). †Doritites was reconstructed
as sister to Archon (Luehdorfiini), in agreement with
Carpenter (1992). The crown of Luehdorfiini was thus
constrained for divergence time estimation using a
uniform distribution bounded with 5.33 Ma. Third is the
genus †Praepapilio, with two fossil species †Praepapilio
colorado and †Praepapilio gracilis (Durden and Rose 1978)
from the early Lutetian (Eocene) of the Green River
Formation (Colorado, USA). This fossil was used to
constrain the crown age of Papilionidae with a uniform
distribution bounded by a minimum age of 47.8 Ma
(Smith et al. 2003; de Jong 2007).
For the rest of butterflies, we used the recently
described fossil of Hesperiidae, †Protocoeliades kristenseni
(de Jong 2016, 2017) from the Island of Fur, northwest
Jutland, Denmark. It is the oldest butterfly fossil, and
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retrieved from the sampled trees of each chain after the
burn-in period to compute the Bayesian time-calibrated
tree and associated 95% CI (readdiv subprogram). As
recommended by Brown and Smith (2018), we compared
prior and posterior distributions to determine whether
signal is coming from the data or the prior.
RESULTS
Low-Coverage Whole Genomes and Phylogenomic Data sets
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used to create nucleotide matrices (Data sets 3 and
4, respectively). Nucleotide matrices were cleaned
independently leading to the fact that the nucleotide
and the amino acids data set are largely, but not
completely, overlapping. In Data set 3, we obtained
889,191 nucleotides for 760 genes with a median of 971 bp
(average 1171 bp) per gene altogether containing 651,305
variable sites (73.2%) and 449,010 parsimony-informative
sites (50.5%), including a median of 11.6% missing data.
For Data set 4, we obtained 5,267,461 nucleotides for 6407
genes with a median of 594 bp (average 822 bp) per gene
altogether containing 3,372,338 variable sites (64%) and
2,581,850 parsimony-informative sites (49%), including a
median of 32.2% missing data. Due to the redundancy
of the genetic code, similarity between species is higher
in amino acids sequences than in nucleotide sequences.
This had a direct impact in the cleaning step and accounts
for the difference in the number of genes in Data set 4
compared to Data set 2.

Supermatrix Phylogenomics
We evaluated the robustness of phylogenomic
relationships obtained from Data sets 1 and 2 by testing
the impact of the number of genes (760 vs. 6621 CDS),
percentage of missing data in the supermatrix (12% vs.
32%), effect of the protein model used for the analysis
(LG vs. PMSF vs. CAT), and analytical framework (ML
in IQ-TREE vs. BI in PhyloBayes).
For Data set 1 (760 CDS, 288,446 amino acids, 61
species), the first two analyses (BS and UFBS) used
the LG+!4 +F model (total CPU time = 13,284 h:32
m/208 h:6 m, and memory = 5/10 Gb for BS and UFBS
analyses, respectively). The inferred topology recovered
Baronia brevicornis (Baroniinae) as the sister species
to all Papilionidae, followed by a clade comprising
Papilioninae and Parnassiinae, both of which were
monophyletic (Fig. 2). When multiple species were
sequenced for a genus (Graphium, Ornithoptera, Papilio,
Parnassius), they were also monophyletic in the analyses
(Fig. 2, Supplementary Appendices S6 and S7 available
on Dryad). Taking into account site heterogeneity in the
supermatrix, the third analysis with the PMSF model
(total CPU time = 229 h:38 m and memory = 11 Gb)
and the fourth analysis with the CAT+F81+!4 model
with PhyloBayes reached convergence after 1500 cycles
(total cycles = 6510 cycles, total CPU time = 161,280 h)
and provided identical topologies, differing only slightly
in branch length estimates (Fig. 2, Supplementary
Appendices S6 and S7 available on Dryad).
For Data set 2 (6621 CDS, 1,656,028 amino acids,
61 species), we performed only ML reconstructions
with IQ-TREE and tested the effect of the protein
model (LG+!4 +F vs. PMSF). The ML analyses with the
LG+!4 +F model (total CPU time = 1066 h:37 m and
memory = 57 Gb) yielded the same topology as obtained
with the analyses of Data set 1. ML analyses with the
PMSF model (total CPU time = 4016 h:00 m and memory
= 70 Gb) provided a very similar topology, except for
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Illumina sequencing returned a median of 67.6 million
quality-filtered reads per species (60.3 million reads after
cleaning). Table 1 presents statistics for all genomes
generated and used for this study. The cost per genome in
2015 was USD 458.6 (404.3E) on average including library
preparation, NextSeq sequencing, and all laboratory
consumables. Our 41 de novo genomes of Papilionidae
(plus C. fumiferana) are highly fragmented, as indicated
by their low N50 values (median of 526) and high number
of scaffolds (median of 1,372,876). On average, 78,468
scaffolds per species were assigned by BLAST using
P. xuthus as the reference for protein-coding genes. Of
these, 35,090 scaffolds with at least 60% similarity with
the reference protein were selected. On average, three
scaffolds were assigned to each protein, and the different
scaffolds were aligned to the reference protein to make
a consensus. An average of 10,071 proteins of the 15,131
known proteins in P. xuthus were recovered per genome.
The cross-contamination check using CroCo
recovered a low level of cross-contamination with a
median of 26 out of 10,000 (0.26%) contigs contaminated
by species (Table 1). Despite a very low level of species
cross-contamination on average, we found that this level
was significantly higher for Parnassius imperator (26.71%
of the contigs). All contaminations were removed for
downstream analyses.
OrthoFinder was used to find 30,043 orthogroups,
where an orthogroup is a set of genes originating by
speciation of a gene present in the last common ancestor.
Among these orthogroups, we selected those having
only one copy per species. The selected groups were
then filtered again, with the genes present in at least
95% of the species comprising Data set 1, while the
orthologous genes present in at least four species formed
Data set 2. These sets of genes were used to create both
nucleotide-based and amino-acid-based matrices. In the
smallest matrix, we obtained 760 genes, which represent
288,446 amino acids, 162,859 variable sites (56.5%), and
100,994 parsimony-informative sites (35%). We found an
average of 96% of genes per species and a median of 12%
missing data per species (gaps and undetermined sites
in the supermatrix). In the largest matrix, we obtained
6621 genes, which represent 1,656,028 amino acids,
1,020,365 variable sites (61.6%), and 608,399 parsimonyinformative sites (36.7%). Here, we found an average of
65% of genes per species and a median of 31.6% missing
data per species.
All orthologous genes identified with OrthoFinder
and selected to create Data sets 1 and 2 were also
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FIGURE 2. Phylogenomic relationships of Papilionidae based on supermatrix analyses. All nodes have maximal BS, UFBS, and PP support,
except for two nodes with circles and support values in colored boxes, explained in the lower left corner legend. The topology reflects the results
of all phylogenetic analyses, except the IQ-TREE analysis based on 6621-gene data and a PMSF model that differs in placing Parnassius imperator
as sister to Parnassius orleans (Supplementary Appendix S6 available on Dryad). Colors highlight tribes of Papilionidae.
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Supertree Phylogenomics
The phylogenetic trees obtained by ASTRAL and
SuperTriplets had the same topology and pattern of
quartet and triplet supports for the nodes (Fig. 3),
demonstrating the robustness of the supertree analysis.
Indeed, the topology was invariant to the method
chosen to reconstruct the supertree and whether rooted
or unrooted information was used. The SuperTriplets
analysis took 13 s on a 3.2 GHz Intel Core i3 with 8 Gb
RAM in a single thread, while the ASTRAL analysis took
55 m on the same computer. Moreover, the supertree
topology only differs from the concatenation tree in
the placement of P. imperator, showing the robustness
to gene-level scrutiny of the phylogenetic analyses
performed in this article.
Gene and Site Concordance Factors
IQ-TREE with ModelFinder returned the same
topology as the one obtained in previous analyses (Fig. 2)
(total CPU time = 965 h:11 m/441 h:04 m/5809 h:27 m
for Data sets 1 and 3 [760 genes] and 2 [6621 genes],
respectively). Concordance factors for each locus were
compared with discordance factors, which relate to the
proportion of genes (gDF) or sites (sDF) that support
a different resolution of the node (Supplementary
Appendix S8 available on Dryad). For each node, the
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most common resolution inferred in the gene trees is
the one we obtained with supermatrix and supertree
inferences. In fact, gCF is always higher than gDF1
and gDF2. Concerning the sCF and sDF, all but six
nodes were supported by more sites than the other
configurations (sCF > sDF but slightly, Supplementary
Appendix S8 available on Dryad). Interestingly, for three
out of the six nodes with a sDF higher than the sCF, UFBS
values were not maximal (67, 97, and 97). For the three
other nodes, the results highlight interesting nodes of
the phylogeny (red squares in Fig. 3).
Molecular Dating
Bayesian analyses of divergence times performed with
the CAT-GTR model in PhyloBayes reached convergence
between 1500 and 2000 cycles (total CPU time [1 thread
per chain; 3 chains] = between 6 and 8 months). For a
conservative estimate of posterior node ages, 1500 cycles
were discarded as burn-in (Supplementary Appendices
S9 and S10 available on Dryad). Dating analysis results
for swallowtails and outgroups are shown in Figure 4.
The crown group of butterflies (Papilionoidea) began
diversifying in the Late Cretaceous at 99.2 Ma (95%
CI: 68.6–142.7 Ma), and swallowtails (Papilionidae)
originated in the end of the Late Cretaceous at 71.4
Ma (95% CI: 49.8–103.6 Ma). Subfamilies Papilioninae
and Parnassiinae began to diversify at 52.9 Ma (95%
CI: 36.7–77.4 Ma) and at 53.6 Ma (95% CI: 36.9–79.2
Ma), respectively. We recovered early Oligocene to midMiocene origins for the species-rich genera: Papilio at 22.8
Ma (95% CI: 14.9–34.6 Ma), Graphium at 17.5 Ma (95% CI:
9.9–28.7 Ma), and Parnassius at 21.2 Ma (95% CI: 12.4–35.2
Ma). Comparison of the prior (uniform) distributions
and the posterior (normal) distributions of node ages
indicates that the priors did not influence the posteriors
(Supplementary Appendix S11 available on Dryad).
Sensitivity analyses performed with and without
outgroups yielded very similar median estimates of
divergence times, with maximum age differences of 2
million years (Table 2, Supplementary Appendices S9
and S10 available on Dryad). However, we found that
including the outgroups reduced the 95% CI by an
average of about 40%. Finally, including or excluding
P. imperator did not affect the median age estimates
for the swallowtail groups except for the crown age
of Parnassius, which had a difference of 6.5 million
years (Table 2, Supplementary Appendices S9 and S10
available on Dryad).
Cross-Contamination Issues
When cross-contamination checks (with CroCo)
were not applied, we retrieved 29,792 orthogroups
with OrthoFinder (Emms and Kelly 2015), and
Data sets 1 and 2 contained 959 and 2993 genes,
respectively. Phylogenomic reconstructions provided
the same topology as the one obtained after the crosscontamination process, except for BI on Data set 2
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the branching of P. imperator, which was retrieved as
sister to P. orleans (Supplementary Appendices S6 and
S7 available on Dryad).
For Data set 3 (760 CDS, 889,191 nucleotides, 61 species),
and Data set 4 (6407 CDS, 5,267,461 nucleotides, 61
species), the best substitution model for each gene was
selected with ModelFinder followed by ML analyses
(total CPU time = 127 h:26 m, and memory = 15 Gb for
Data set 3, and total CPU time = 884 h:33 m, and memory
= 76 Gb for Data set 4). The ML analyses provided the
same topology as the one obtained with Data sets 1 and 2,
except for the relationships of Iphiclides and Lamproptera
and the relationships of Papilio antimachus and P. polytes,
which were not recovered as sister taxa in the nucleotidebased analyses (Supplementary Appendices S6 and S7
available on Dryad).
Node support was either evaluated with
nonparametric BS, UFBS, or PP (CAT model). The
results show maximal support for an average of 96.7%
of nodes in Papilionidae for all phylogenomic analyses
(Fig. 2). All backbone nodes were always supported
with maximal values. Both species of the machaon group
(P. machaon from GenBank and our de novo genome of P.
joanae) were always found as sister groups with small
branch lengths. Only two nodes did not have maximal
nodal support and were located within Papilio (the sister
relationships between P. antimachus and P. polytes: BS
= 98, UFBS = 99, PP = 1) and within Parnassius (the
placement of P. imperator: BS = 37, UFBS = 55, PP = 0.78).
The inferred phylogeny is thus statistically robust.
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FIGURE 3. Phylogenomic relationships of Papilionidae based on a) supertree analyses and b) gene and site concordance of supermatrix
analyses. The supertree topology is inferred by ASTRAL and SuperTriplets with 6621 genes and 5367 rooted gene trees, respectively. For those
analyses, nodes from source trees with bootstrap support lower than 70 were collapsed (quarter/triplet support is reported for each node). The
supermatrix topology is inferred with IQ-TREE (see Fig. 2) while estimating gene and site concordance factors (reported for each node). Red
squares highlight nodes with sCF lower than sDF. Colors highlight tribes of Papilionidae, with grey for other butterfly families. Images of extant
butterfly species (indicated with asterisks by their taxon names) are interspersed in the tree to serve as illustrative markers for major lineages.
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FIGURE 4. Bayesian time-calibrated phylogeny of butterflies. The dated tree was obtained with PhyloBayes analyses of Data set 1 (excluding
Bombyx mori and Choristoneura fumiferana) using the CAT-GTR model, a birth–death model, and an uncorrelated clock model constrained with
five fossil calibrations (three Papilionidae and two within outgroups). The tree shows median ages obtained from the posterior distribution
of Bayesian analyses (95% CIs are reported in Table 2). Sensitivity analyses are presented in Supplementary Appendix S9 available on Dryad.
Colored taxon names highlight tribes of Papilionidae and butterfly outgroups. Images of extant butterfly species (indicated with asterisks by
their taxon names) are interspersed in the tree to serve as illustrative markers for major lineages.

[18:33 22/11/2019 Sysbio-OP-SYSB190030.tex]

Page: 51

38–60

Copyedited by: YS

MANUSCRIPT CATEGORY:

52

Systematic Biology

VOL. 69

SYSTEMATIC BIOLOGY
TABLE 2.

Sampling

Results of Bayesian dating of main nodes in butterflies
Papilionoidea

Median
age

Papilionidae

95%
CI

Median
age

59 species 99.2 68.6−142.7 71.4
58 species 100.4 70.6−142.5 72.0
45 species NA
NA
71.9
44 species NA
NA
71.7
Sampling

Parnassiini

Parnassius

Luehdorfiini

Zerynthiini

Median
age

95%
CI

Median
age

95%
CI

Median
age

95%
CI

Median
age

95%
CI

Median
age

95%
CI

49.8−103.6
50.4−103.5
43.7 −139.8
43.9−139.9

53.6
53.7
58.1
56.5

36.9−79.2
37.0−77.2
31.7 −115.6
31.2−111.1

36.9
35.3
40.2
37.0

22.8−57.9
21.1−55.0
19.9−83.4
17.8−76.8

21.2
14.5
23.3
15.8

12.4−35.2
8.0−25.4
11.2−49.6
6.9−34.7

22.4
22.5
26.0
24.6

9.9−39.9
11.0−37.4
10.6−56.3
10.8−52.8

34.0
34.6
36.8
36.1

21.3−52.1
21.7 −52.9
18.3−74.8
18.4−73.1

Leptocircini

Graphium

Teinopalpini (stem)

Papilionini

Troidini

Papilio

Median
age

95%
CI

Median
age

95%
CI

Median
age

95%
CI

Median
age

95%
CI

Median
age

95%
CI

Median
age

95%
CI

Median
age

95%
CI

52.9
52.6
57.8
55.6

36.7 −77.4
36.7 −75.3
31.7 −114.9
31.0−109.6

33.4
33.2
36.7
35.4

21.1−50.9
21.7 −49.6
18.6−75.1
18.7 −72.0

17.5
17.5
19.1
18.4

9.9−28.7
10.2−27.9
8.6−40.4
8.6−38.4

48.4
48.3
53.0
51.0

33.6−71.3
33.5−69.5
29.0−105.6
28.4−100.9

37.5
37.4
40.1
39.5

25.3−56.3
25.3−54.8
21.8−82.2
21.6−78.4

22.8
22.4
24.9
23.8

14.9−34.6
14.7 −33.4
13.1−50.7
12.6−47.9

37.0
36.8
40.6
39.0

25.2−55.1
25.3−53.4
21.8−81.4
21.2−77.8

Using 760–gene data, four Bayesian analyses were conducted to test the impact of outgroups (59/58 spp. vs. 45/44 spp.) or the exclusion of
Parnassius imperator (59/45 vs. 58/44 species) on node age estimates. Large 95% credibility intervals (CI) were obtained for analyses without
outgroups compared to analyses with outgroups, and a large difference was found in the crown age of Parnassius when Parnassius imperator was
excluded from the analysis.

where Parnassius was not monophyletic (Supplementary
Appendix S12 available on Dryad). We also found that
cross-contamination impacted phylogenomic inferences
by overestimating branch length for several taxa
(Supplementary Appendix S13 available on Dryad).
DISCUSSION
Using Shotgun Sequencing for Phylogenomics
Shotgun sequencing is one of the simplest and
most affordable of sequencing approaches, requiring
minimum sample preparation before sequencing and
yielding data that is evenly spread across the genome
(Staden 1979; Anderson 1981; Gardner et al. 1981).
With current NGS tools (Metzker 2010), this sequencing
approach represents an opportunity to rapidly increase
phylogenomic sampling. However, one limitation is that
shotgun sequencing may require high sequencing effort
to obtain useable read coverage, as well as more intensive
bioinformatics analyses to find loci of interest compared
to other sequencing approaches like capture methods
(for which fewer reads are required to obtain sufficient
loci coverage due to more specific reads).
Although the use of low-coverage whole-genome
data often results in fragmented genomes, it has
become a fast-moving field, as shown by the recent
development of several pipelines to handle this kind
of data. Pipelines like aTRAM (Allen et al. 2015,
2017) and AGILE (Hughes and Teeling 2018) aim
to mine and annotate coding sequences from a
fragmented target genome that uses a set of predefined
orthologous reference genes from a closely related
taxon. Other recently described approaches based on
shotgun sequencing (Schwartz et al. 2015; Pouchon et al.
2018) extract nuclear regions shared between species of
interest. For example, Pouchon et al. (2018) extracted
1877 metacontings shared by at least one outgroup
and three other taxa, highlighting the usefulness of
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this approach for phylogenomic reconstruction and
subsequent applications.
Here, we meet the challenge of phylogenomic
reconstruction by orthologous CDS identification
from contigs obtained with whole-genome shotgun
sequencing. The method is designed for highly
fragmented and low-coverage genomes and requires
the availability of a single (related) reference genome.
Despite the low-coverage nature of our data, we were
able to cost-effectively identify more than 10,000 CDS
for 41 newly sequenced species (plus C. fumiferana).
Applying a rigorous cleaning procedure, we extracted
6621 orthologous genes and assembled four genomic
data sets including 100,994 (35%) and 608,399 (36.7%)
informative amino-acid sites for Data sets 1 and 2,
respectively; and 449,010 (50.5%) and 2,581,850 (49%)
informative nucleotide sites for Data sets 3 and 4,
respectively. This amount of informative data for
phylogenomic analyses is comparable to sequencecapture data sets like UCEs (854 UCE loci for stinging
wasps including 143,608 [70.7%] informative nucleotide
sites, Branstetter et al. 2017), which now constitute
the most widely used approach in phylogenomics
(McCormack et al. 2013). Our BLAST-based annotation
and orthologous detection was validated because two
closely related species of the machaon group were
consistently found as sister lineages and had short
branch lengths. In addition, both ML and Bayesian
phylogenies agreed with several established studies
(Simonsen et al. 2011; Condamine et al. 2012) and uncover
new relationships (see below). Remarkably, even with
poor-quality libraries (Allancastria cerisyi, Hypermnestra
helios, and P. imperator), our approach correctly places
these species in the same position as in a fully sampled
tree of Parnassiinae (Condamine et al. 2018a), although
with low support for P. imperator.
Our approach could be enhanced by the use of
multiple reference genomes, preferably distributed
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across the phylogeny (i.e., one per tribe), for the BLASTbased annotation step. Using several related species for
annotation should increase the number of annotated
genes for all species, and thus increase the number of
orthologous CDS in the final data set. Note that our
BLAST-based annotation permits the use of divergent
genomes as references. However, the use of highly
divergent genomes can result in a loss of information
due to nonidentification of genes that are too divergent.

Using Shotgun Sequencing for Dating
The explosion in genomic sequences brings new
challenges for inferring divergence times (Jarvis et al.
2014; Misof et al. 2014; Tong et al. 2015; dos Reis et al. 2016).
Phylogenomic data sets raise two distinct problems: (i)
the volume of data makes inference of the entire data
set increasingly more challenging and (ii) the extent
of underlying topological and rate heterogeneity across
genes makes model mis-specification a serious concern
(Smith et al. 2018). Dating of phylogenomic trees can
be performed with methods that rely on a molecular
matrix (e.g., BEAST, MCMCTree, and PhyloBayes) or
on branch lengths of previously inferred gene trees
(e.g., PATHd8, r8s, and treePL). This choice strongly
impacts the computational time to infer a dated tree:
branch-length-based methods usually run in minutes
while the former take weeks to months. Even though
the size of Data set 1 was substantial, we were able to use
a molecular-matrix-based method (PhyloBayes), which
took at least 6 months on a computer cluster.
Molecular dating in phylogenomic studies is generally
performed with BEAST and MCMCTree (e.g., dos Reis
et al. 2016; Misof et al. 2014; dos Reis et al. 2015; Prum et al.
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2015; Branstetter et al. 2017; Espeland et al. 2018). Only a
few studies have used PhyloBayes to estimate divergence
times with genomic data (but see Chiari et al. 2012). We
hope that our study will encourage other researchers
to also use PhyloBayes for molecular dating analyses.
Our study demonstrates that PhyloBayes can scale up to
genomic data while appropriately accounting for the site
specific heterogeneities of genomic data sets via the CAT
model (Lartillot and Philippe 2004). Indeed, the CAT
model has been shown to better take into account the
heterogeneity in the data than traditional partitioning
approaches (sometimes for a limited number of genes)
or no partitioning at all, when dating with BEAST and
MCMCTree (dos Reis et al. 2016; Misof et al. 2014; dos
Reis et al. 2015; Prum et al. 2015; Branstetter et al. 2017;
Espeland et al. 2018). Yet, partitioning of the molecular
data set may improve divergence time estimates (shown
with simulations and real data in Angelis et al. 2018),
which has been demonstrated in a dating analysis using
mitogenomes of butterflies (Condamine et al. 2018b).
The main limitation we encountered with PhyloBayes,
as it is currently implemented, is that it runs on a
single MCMC (although independent MCMC can be
launched and mixed); a limitation that also pertains
to MCMCTree. It would be useful to have a multicore
version of these programs with Metropolis coupled
MCMC. This would increase the number of MCMC to
simultaneously explore the landscape of models and
parameters and jump to another landscape area to avoid
a chain becoming marooned in a local optimum (Altekar
et al. 2004).

Computational Limitations for Phylogenomics
The genomic data sets generated in this study and
others (e.g., Jarvis et al. 2014; Misof et al. 2014; Branstetter
et al. 2017; Breinholt et al. 2018) are so large that some
analyses become intractable over time frames that are
realistic. We compared the computational time of ML
(IQ-TREE) and Bayesian (PhyloBayes) inferences, and
found a significant difference between ML analyses
running for less than 2 weeks on 18 threads and Bayesian
analyses running for more than 3 months on 64 threads.
Both ML and BIs gave identical topologies and similar
branch lengths (Supplementary Appendices S6 and S7
available on Dryad). Although BI is generally recognized
as the gold-standard of phylogenetic analyses, our study
shows that ML analyses, as implemented in IQ-TREE,
performed just as well for the focal group as Bayesian
analyses. In addition, the speed of IQ-TREE allows us to
test and compare a vast range of data sets and associated
settings in a matter of weeks. With genomic data sets
becoming increasingly large (e.g., Jarvis et al. 2014; Misof
et al. 2014; Branstetter et al. 2017), methods that intersect
with BIs, such as by including more sophisticated models
like the ML approximation of the Bayesian mixture
model (CAT for BIs, Lartillot and Philippe 2004; PMSF for
ML inferences, Wang et al. 2018), represent an interesting
avenue to explore.
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The Importance of Controlling for Cross-Contamination
An increasing number of publications have warned
about the effect of cross-contamination on phylogenomic
inferences (Ballenghien et al. 2017; Philippe et al.
2017; Simion et al. 2018). As previously shown in
plants (Laurin-Lemay et al. 2012), we found that crosscontamination not only impacts phylogenomic inference
with artifactual relationships (Supplementary Appendix
S12 available on Dryad) and overestimated branch
lengths (Supplementary Appendix S13 available on
Dryad), but it also has an impact on orthology detection
(Table 1). Indeed, by using CroCo (Simion et al. 2018)
for cross-contamination cleaning, we were able to obtain
substantially more 1:1 orthologous genes: 6621 instead
of 2993 for Data set 2. This may be explained by
spurious sequences leading OrthoFinder to incorrectly
infer clusters of orthogroups in the similarity graph,
reducing the number of 1:1 orthologous groups. We
consequently recommend that phylogenomic studies
using shotgun sequencing (with multiplexing steps)
should carefully check for cross-contamination to obtain
as many good-quality genes as possible in the final data
set.
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taxon sampling in Papilionidae. Indeed, Leptocircini
contain 140 species and seven genera, and Parnassiinae
comprise 85 species and eight genera. We sampled
all genera while Espeland et al. (2018) sampled only
two genera for Leptocircini and three genera for
Parnassiinae. The lack of key genera that diverged
early in Leptocircini (Iphiclides and Lamproptera) or
Parnassiinae (Hypermnestra and Sericinus) may have led
to the apparent nonmonophyly of Papilioninae based
on exon-capture data. Alternatively, it is possible that
our analyses recovered the monophyly of Papilioninae
because our data sets rely on 2- (Data set 1) and
18-fold (Data set 2) more genes than Espeland et al.
(2018). Also, previous studies relying on few genes
always recovered Papilioninae as monophyletic (e.g.,
Simonsen et al. 2011; Condamine et al. 2012), and the
same is true for studies with morphological characters
(e.g., Munroe 1961; Hancock 1983; Miller 1987; Parsons
1996). This suggests that dense taxon sampling is
essential to phylogenomic tree reconstruction, since
insufficient sampling may lead to highly supported clade
relationships that are wrong.
Systematic debates have surrounded the phylogenetic
positions of enigmatic genera like Meandrusa and
Teinopalpus, Cressida and Euryades, or Iphiclides and
Lamproptera (Ford 1944; Hancock 1983; Miller 1987;
Tyler et al. 1994; Parsons 1996; Simonsen et al. 2011;
Condamine et al. 2012). In the first case, we found strong
support for Teinopalpus as the sister group of Troidini
and Papilionini, with Meandrusa as the sister group of
Papilio and both together forming the tribe Papilionini.
This result was suggested by a mitogenome study
(Condamine et al. 2018b), but not recovered with Sangerbased phylogenies (Simonsen et al. 2011; Condamine
et al. 2012). In the second case, Cressida was recovered
as sister to Parides and Euryades with supermatrix and
supertree analyses but not with a mitogenomic study,
which showed Cressida as sister to Euryades (Condamine
et al. 2018b). This latter result seems unlikely given
that Cressida is an Australasian genus, while Euryades
and Parides are both Neotropical, and the divergence
of these three lineages dates back to the early-middle
Miocene (Fig. 4). This combined with the fact that
both low node supports are obtained with supertree
approaches and site concordance factor is lower than
site discordance factors may indicate effects of ILS or
hybridization in these parts of the tree, or the effect of
model mis-specification when reconstructing gene trees
or even hidden paralogy. For the third case, Iphiclides
is found as sister to Lamproptera with amino-acid-based
phylogenomic analyses, with both being sister to all
Leptocircini (Fig. 2), but we found Lamproptera as sister
to all Leptocircini in nucleotide-based phylogenomic
analyses (Supplementary Appendix S6 available on
Dryad). Gene-tree analyses provide insights into
this supermatrix-driven discrepancy with supertree
methods showing low node support for the sister
relationship (Fig. 3), and site concordance factors
are lower than site discordance factors despite gene
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Confirming and Uncovering Phylogenomic Relationships
within Papilionidae
Using shotgun sequencing of whole genomes,
we have provided genomic data for all genera of
Papilionidae, a data set that is potentially useful
for more diverse evolutionary questions than those
normally encompassed by a family tree. Despite the
fragmented nature of the genomes, we obtained a
resolved and strongly supported phylogeny displaying
the relationships of all extant swallowtail genera. The
tree is noteworthy for its node support, with only
one node not supported, and that being partly due
to the poor quality library of the species P. imperator.
Supertree methods (SuperTriplets and ASTRAL) gave
the same topology as supermatrix methods, indicating
that this topology is robust (Fig. 3), which is also
confirmed by gene concordance factors (Supplementary
Appendix S8 available on Dryad). All phylogenomic
analyses showed that Baronia is sister to all remaining
Papilionidae with maximal node support in Bayesian
and ML analyses (Fig. 2, Supplementary Appendix S6
available on Dryad). In previous studies Baronia has not
always been recovered as sister to other Papilionidae, but
our result benefits from the largest molecular data set
ever assembled for swallowtail genera and also agrees
with the latest Sanger-based phylogenies (Simonsen et al.
2011; Condamine et al. 2012) and a mitogenomic study
(Condamine et al. 2018b).
Parnassiinae have previously been found to be
paraphyletic using both morphological and molecular
data (e.g., Ford 1944; Yagi et al. 1999; Caterino et al.
2001; Michel et al. 2008). Here, Bayesian and ML
analyses recovered Parnassiinae, as well as the three
included tribes, as monophyletic with maximal support
(Fig. 2). We further found that Parnassiini is sister
to Zerynthiini and Luehdorfiini. These results confirm
recent densely sampled Sanger-based phylogenies
(Condamine et al. 2012, 2018a,b) on which biogeographic
and diversification analyses have been performed.
Interestingly, our topology conflicts with a recent
phylogenomic study of butterflies based on 352 loci,
which recovered Papilioninae as nonmonophyletic due
to the strongly supported inclusion of Parnassiinae
between Leptocircini and the rest of Papilioninae
(Espeland et al. 2018). Nonmonophyly of Papilioninae
has never been proposed before, and has important
ramifications for the understanding of swallowtail
evolutionary history (e.g., evolution of host–plant
association, latitudinal diversity gradient). However,
regardless of the data set, our phylogenomic analyses
recovered Papilioninae as monophyletic and this result
is consistent across the concatenated, quartet-based, and
triplet-based methods with maximal nodal support, but
also with gene and site concordance factors (Figs. 2
and 3, Supplementary Appendices S6 and S13 available
on Dryad), in agreement with previous studies (e.g.,
Simonsen et al. 2011; Condamine et al. 2012, 2018b).
It is possible that the nonmonophyly of Papilioninae
in Espeland et al. (2018) arose from their limited
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Cretaceous Origin of Papilionoidea and Paleogene
Diversification of Papilionidae
It has been notoriously difficult to date the origin
and diversification events of butterflies, due to the
scarcity of their fossil record (Sohn et al. 2012, 2015; de
Jong 2017) as well as limited taxon and/or molecular
sampling. However, a consensus is emerging from recent
analyses relying on comprehensive taxon sampling
(Chazot et al. 2019) or large genomic sampling (Espeland
et al. 2018). Genome-based estimates of divergence
times reveal that butterflies (Papilionoidea) originated
around 99.2 Ma in the Late Cretaceous (Fig. 4, Table 2,
Supplementary Appendix S9 available on Dryad). This
result largely agrees with the mean age of 106.6 Ma
(end of Early Cretaceous) calculated from a survey
of ten recent dating analyses estimating the crown
age of butterflies (Wahlberg et al. 2009; Heikkilä
et al. 2012; Wahlberg et al. 2013; Rainford et al. 2014;
Tong et al. 2015; Cong et al. 2017; Talla et al. 2017;
Condamine et al. 2018b; Espeland et al. 2018; Chazot
et al. 2019). These studies, combined with our genomebased estimates, propose that butterflies appeared in
the mid-Cretaceous (ca. 100 Ma), which is biologically
plausible given their association with angiosperm
host–plants (Ehrlich and Raven 1964). Angiosperms
diversified rapidly and rose to ecological dominance
in the Cretaceous between 125 and 80 Ma (a.k.a. the
Cretaceous rise of angiosperms, Bell et al. 2010; Magallòn
et al. 2015; Foster et al. 2017). Our dating analyses
suggest an origin of butterflies that is concurrent with
the global radiation of angiosperms, and subsequent
diversification in the extant butterfly families in the Late
Cretaceous when angiosperms dominated ecosystems.
Angiosperms thus likely acted as a mid-Cretaceous
resource-driven enhancer of insect–plant associational
diversity that created new opportunities for insect
herbivores and pollinators (Labandeira and Currano

[18:33 22/11/2019 Sysbio-OP-SYSB190030.tex]

2013). Still, these time-calibrated trees indicate a 45million-year gap (ghost lineage) between the oldest
butterfly fossil (a 55-million-year-old hesperiid, de Jong
2016) and the estimated origin of butterflies based on
molecular data.
Within butterflies, most extant lineages diverged after
the K-Pg boundary (Fig. 4, Supplementary Appendix S9
available on Dryad), suggesting that this event had a
major impact on the evolutionary history of butterflies,
with lineages possibly going extinct (Wahlberg et al.
2009; Heikkilä et al. 2012). We infer that the most
recent common ancestor of the Papilionidae lived in
the Late Cretaceous ca. 71.4 Ma, but the divergence
of ancestors of all other extant lineages lagged 10
million years behind the end-Cretaceous catastrophe
(Fig. 4), and likely survived in Northern Hemisphere
regions (Condamine et al. 2012, 2013). Such a pattern
of diversification suggests clade extinctions at the KPg boundary and subsequent diversification of extant
clades in the Cenozoic (52.9 Ma for Papilioninae and
53.6 Ma for Parnassiinae, Fig. 4, Table 2). Subsequent
diversification within the two subfamilies occurred in
the Eocene, with almost all lineages leading to currently
recognized tribes originating in the early Oligocene at
33.5 Ma on average (ranging from 37.5 Ma for Papilionini
to 22.4 Ma for Luehdorfiini) and most genera diverging
from sister genera in the Miocene (Fig. 4, Table 2).
This diversification pattern is similar to that shown
in Nymphalidae (Wahlberg et al. 2009), Riodinidae
(Espeland et al. 2015), and Hesperiidae (Sahoo et al.
2017), suggesting that common drivers or causes have
shaped butterfly diversification dynamics through time.

Conclusion
The utility of whole genomes for building and
dating phylogenies has never been more auspicious
than today. The successful development of powerful
analytical tools, in conjunction with the rapid and
massive increase in the availability of genomic data
(Fuentes-Pardo and Ruzzante 2017), allows us to resolve
and understand evolutionary histories that are more and
more complex. We still face important limitations in
data accessibility (too few genomes are available) and
methodological shortcomings (orthology assessment,
running time). However, our approach (and analytical
pipeline) has empowered the use of low-coverage
and highly fragmented whole genomes, providing
productive perspectives for future investigations of
other model groups. Applied to an insect radiation, we
were able to produce a much-needed stable backbone
for a revised classification of swallowtail butterflies
through a fully resolved phylogenomic framework
unveiling novel relationships and confirming previous
hypotheses. The resulting time-calibrated tree also
permits a much better understanding of the major events
of Papilionidae diversification for interpreting future
comparative studies ranging from ecology to genome
evolution.
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concordance factors being higher than gene discordance
factors (although all factors for these branches have
low values, Supplementary Appendix S8 available on
Dryad), which means that this relationship remains
unclear even using the information provided by this
large genomic data set. Our study demonstrates the
need for more specific studies to clarify the phylogeny
of Leptocircini, which represents a phylogenetic
impediment within Papilionidae. Interestingly, two
similar topological issues within the genus Papilio are
revealed for the placement of P. alexanor, and for the
relationship between P. antimachus and P. polytes, but
may be an artifact of low taxon sampling since 10
out of 200 species are sampled in Papilio (Nabhan and
Sarkar 2012). Further work with more comprehensive
taxon sampling is needed to identify the causes of these
low supports and is beyond the scope of this study.
Such a comprehensive topology will have important
evolutionary implications in terms of trait evolution like
host–plant associations or historical biogeography.
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