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ABSTRACT 3

Title. Bridging the micro—macro gap in speciation research: identifying microevolu-
tionary processes that explain differences in diversification between lineages

Keywords. macroevolution, microevolution, speciation, models

Abstract. Speciation is the process by which one species gives birth to two distinct
species. This process is the source of biodiversity on Earth. Phylogenetic estimates of
speciation rates have revealed a high heterogeneity across lineages. Given that speciation
is the large-scale consequence of microevolutionary processes, we expect to explain the
variation in speciation rates by differences in microevolutionary mechanisms.

This thesis aims to better understand the link between between microevolutionary
processes and macroevolutionary speciation rates, using mathematical models and em-
pirical data. In the first chapter, I use a speciation model based on the prediction of the
genetic divergence and polymorphism between populations under different scenarios.
This model predicts the duration of speciation and and the shape of the grey zone, i.e.,
when at which speed between-populations compatibility drops. By varying parameters
that describe species traits, evolutionary processes, and speciation scenarios, I assess how
these factors shape speciation dynamics. I show that the link between population size and
speciation duration depends on the speciation scenario, in particular that faster speciation
between smaller populations is typical of non-ecological speciation. A positive corre-
lation between population size and speciation duration in plants, which I demonstrate
using previously inferred demographic parameters on genomic datasets, suggests that
speciation occurs primarily through a non-ecological scenario, i.e., that adaptation to
different environments is not the main source of reproductive isolation.

In the second chapter, I focus on the influence of the different steps of speciation on
the macroevolutionary process. I derive, mathematically, “equivalent” speciation and
extinction rates arising from the protracted birth—death model. I show that the speed at
which two distinct lineages become new species has in general relatively little influence
on the equivalent speciation rate. For parameters estimated on a family of Australian
lizards, my analyses suggest that the most limiting steps in speciation are the formation
of populations and their survival, rather than the speed of speciation completion.

In this thesis, I emphasise that the micro—macro link depends on the scenario and
context of speciation. Using theoretical models, I highlight the biological processes and
the steps of speciation that seem the most relevant to explain the observed differences in
speciation dynamics and speciation rates. Applying these models to empirical data makes
it possible to quantify the relative influence of these processes. My thesis contributes
to our understanding of how speciation occurs and what factors influence its rate at the
macroevolutionary scale.



4 RESUME

Titre. Fossé micro—macro dans la recherche sur la spéciation : identifier les processus
micro-évolutifs qui expliquent les différences de diversification entre lignées

Mots-clés. macroévolution, microévolution, spéciation, modeles

Résumé. La spéciation est le processus par lequel une espece donne naissance a deux
especes distinctes. Ce processus est a I’origine de la biodiversité sur Terre. Les estimations
phylogénétiques des taux de spéciation ont montré que la fréquence des évenements
de spéciation est tres variable entre lignées. La spéciation étant la conséquence a large
échelle de processus micro-évolutifs, on peut espérer expliquer la variabilité des taux de
spéciation par des différences de mécanismes micro-évolutifs.

Cette these vise a mieux comprendre le lien entre entre processus micro-évolutifs et
taux de spéciation a I’échelle macro-évolutive, en utilisant des modeles mathématiques
et des données empiriques. Dans un premier chapitre, j’utilise un modele de spéciation
fondé sur la prédiction de la divergence et du polymorphisme génétiques entre population
selon différents scénarios. Ce modele prédit la durée de la spéciation et la forme de sa
zone grise, c¢’est-a-dire quand et a quelle vitesse la compatibilité entre les populations
diminue. En faisant varier des parametres caractérisant les especes et leur évolution ainsi
que les scénarios de spéciation, j’évalue comment ces facteurs influencent la dynamique
de la spéciation. Je montre que le lien entre taille de population et durée de spéciation
dépend du scénario de spéciation, notamment que la spéciation rapide entre petites
populations est caractéristique de la spéciation non-écologique. Une association positive
entre taille de populations et durée de spéciation chez des plantes, que je mets en évidence
grace a des parametres démographiques précédemment inférés, suggere que la spéciation
a principalement lieu selon un scénario non-écologique, c’est-a-dire que 1’adaptation a
des environnements différents n’est pas la source principale de I’isolement reproducteur.

Dans un deuxieme chapitre, je m’intéresse a I’influence des différentes étapes de la
spéciation sur le processus macro-évolutif. Je calcule, mathématiquement, les taux de
spéciation et d’extinction « équivalents » qui résultent d’un processus de naissance—mort
retardé (c’est-a-dire, qui prend en compte le caractere non instantané de la spéciation). Je
montre que la vitesse a laquelle deux lignées séparées deviennent de nouvelles especes a
en général une influence relativement faible sur le taux équivalent de spéciation. Pour
les valeurs de parametres estimées sur une famille de 1ézards d’ Australie, mes analyses
suggerent que les étapes les plus limitantes dans le processus de spéciation sont la
formation de populations et leur survie et non la vitesse d’achévement de la spéciation.

Dans cette these, je souligne que le lien micro-macro dépend du scénario et du
contexte de spéciation. En combinant modeles théoriques et données empiriques, je mets
en évidence les processus biologiques et les étapes qui semblent les plus pertinents pour
expliquer les différences observées dans les dynamiques et les taux de spéciation. Ma
these contribue a mieux comprendre comment la spéciation se produit, et ce qui module
la fréquence des évenements de spéciation a I’échelle macro-évolutive.
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Résumé détaillé en francais

La spéciation est le processus par lequel une espece donne naissance a deux especes
distinctes. Ce processus est a 1’origine des millions d’especes qui peuplent la planete
Terre, mais il est encore mal compris. L’utilisation de modeles macro-évolutifs permet
de découvrir des caractéristiques de la diversification des especes, mettant notamment
en évidence le fait que les évenements de spéciation ne sont pas répartis uniformément
sur toutes les lignées. On observe en effet une hétérogénéité des taux de spéciation,
avec des groupes d’especes qui se diversifient beaucoup plus vite que d’autres. Dans
la mesure ou les évenements de spéciation sont la conséquence a large échelle de
processus micro-évolutifs, c’est-a-dire de processus d’évolution au sein des especes,
on s’attend naturellement a expliquer cette variabilité des taux de spéciation par des
différences de mécanismes micro-évolutifs entre les especes. Par exemple, la vitesse
d’accumulation d’isolement reproducteur entre deux populations, ou la capacité de
dispersion des individus, devraient étre des prédicteurs des taux de spéciation.

Il existe cependant différents contextes de spéciation, ce qui rend difficile la prédiction
des taux de spéciation en se fondant sur les processus micro-évolutifs. On distingue trois
grands contextes géographiques de spéciation selon le niveau de connexion entre les
populations qui deviendront des especes : allopatrique, ou les populations sont séparées
par une barriere géographique, sympatrique, ou les populations vivent au méme endroit,
et parapatrique, ou les populations sont séparées par une barriere qui permet quelques
échanges. Ce contexte géographique influence le lien potentiel entre processus micro-
évolutifs et taux de spéciation. Un autre facteur d’influence est 1’adaptation locale a
I’environnement, qui peut aboutir a I’isolement reproducteur par « spéciation écologique ».
De plus, la plupart des prédictions sur les liens possibles entre caractéristiques des
especes et taux de spéciation restent spéculatifs. Certaines de ces prédictions sont parfois
contradictoires, par exemple la capacité de dispersion des individus devrait diminuer
I’isolement des populations, et donc la formation d’especes, mais peut en méme temps
favoriser la survie de ces populations (et donc leur chance de se différencier jusqu’a
devenir une nouvelle espece), en leur permettant de coloniser des environnements.
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14 RESUME DETAILLE EN FRANCAIS

Des approches cherchant des corrélations entre caractéristiques micro-évolutives et
spéciation existent, mais leurs résultats sont souvent mitigés et ne permettent pas de
généraliser un effet. Ainsi, une étude a trouvé un lien positif entre la capacité d’especes
d’oiseaux des Amériques a former des populations génétiquement différenciées et le taux
de spéciation estimé de ces especes, cependant ce résultat positif n’a pas été retrouvé
dans d’autres groupes comme des 1ézards ou des orchidées. Enfin, I’augmentation de
I’isolement reproducteur semble décorrélée des taux de spéciation macro-évolutifs,
comme cela a été montré chez des oiseaux et des drosophiles, quand bien méme cette
étape est essentielle dans le processus de spéciation. Le recours a des modeles théoriques
est des lors utile pour clarifier sous quelles conditions on peut s’attendre a trouver un
lien entre parametres micro-évolutifs et taux de spéciation.

Cette these vise a mieux comprendre le lien entre micro- et macroévolution en
utilisant des modeles mathématiques de spéciation. Dans un premier chapitre, j utilise un
modele de spéciation qui prédit I’évolution de deux populations séparées, éventuellement
connectées par de la migration, et dans lequel on fait I’hypothese que deux individus
peuvent se croiser et avoir une descendance fertile si leurs génotypes sont assez proches.
Ce modele, appelé « paysage adaptatif troué », permet de prédire d’une part la durée de
spéciation, c’est-a-dire le temps nécessaire pour atteindre un isolement reproducteur total
entre les populations, et d’autre part la zone grise de spéciation, c’est-a-dire 1’évolution
de leur compatibilité pendant cette durée. En faisant varier des parametres caractérisant
les especes et leur évolution (taille de population, architecture génomique des barrieres
au flux de genes, taux de mutation) ainsi que les scénarios de spéciation (allopatrie,
parapatrie, spéciation écologique), je prédis I’effet de ces parametres sur la dynamique
de spéciation. Je montre que le lien entre taille de population et durée de spéciation
dépend du scénario de spéciation que 1’on considere, notamment que la spéciation rapide
entre petites populations est caractéristique de la spéciation non-écologique. En étudiant
I’histoire démographique précédemment inférée sur des données génomiques de plantes,
je mets en évidence une association positive entre les tailles de population et la durée
de spéciation entre des paires d’especes proches. Ce résultat suggere que la spéciation
chez les plantes dans ce jeu de données se produit principalement selon un scénario
non-écologique, ¢’est-a-dire que 1’adaptation a des environnements différents n’est en
général pas la source de I’isolement reproducteur.

La zone grise de la spéciation, c’est-a-dire la dynamique de compatibilité entre
des populations qui ne sont pas encore des especes, mais qui ne sont pas parfaitement
compatibles, connait un intérét scientifique croissant, notamment en raison de la présence
d’hybrides entre lignées et de la capacité computationnelle d’inférer 1’histoire évolutive
de ces lignées. Dans ce méme chapitre, j’étudie la forme de cette zone grise en fonction
des parametres biologiques et des scénarios de spéciation. En particulier, je mets en
évidence I'importance de faire une distinction entre zone grise temporelle et zone grise
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génomique. La premiere étudie I’évolution de la compatibilité entre populations au cours
du temps tandis que la deuxieme étudie la compatibilité en fonction de la divergence
génétique entre ces populations. Dans les deux cas, la forme de la zone grise dépend des
parametres biologiques, mais le scénario de spéciation n’influence pas I’évolution de
la compatibilité entre populations en fonction de la divergence, alors qu’il influence sa
dynamique temporelle. Ce résultat indique qu’utiliser la divergence génomique comme
proxy du temps peut conduire a des interprétations fausses, et il explicite quels processus
influencent ou non la forme de cette zone grise.

Dans un deuxieme chapitre, je m’intéresse plus spécifiquement a I’influence des
différentes étapes de spéciation sur le processus final macro-évolutif. Pour cela, j’utilise
le modele de spéciation « naissance—mort retardé » (protracted birth—death) qui tient
compte du fait que la spéciation n’est pas instantanée. Dans ce modele, on se focalise sur
les lignées, et on considere que la spéciation a lieu si une lignée donne naissance a une
nouvelle lignée (on appelle cela I’initiation de la spéciation) et si cette lignée devient une
nouvelle espece (on appelle cela I’achevement de la spéciation). Le processus prévoit
aussi que la lignée puisse s’éteindre. Dans un temps fini donné, une espece peut donc
s’éteindre, donner naissance a une deuxieme espece ou bien simplement survivre sans
évenement de spéciation. En étudiant les probabilités des trois différentes issues ainsi
que I’espérance conditionnelle du temps d’attente de ces évenements, je calcule des
taux effectifs de spéciation et d’extinction. Ces taux sont définis comme les taux d’un
processus de naissance—mort classique qui aurait les mémes propriétés mathématiques
que le processus de naissance—mort retardé.

En regardant I’'influence relative de chacun des parametres utilisés dans le processus
de naissance—mort retardé sur les taux effectifs de spéciation et d’extinction, je déve-
loppe une méthode qui permet de déterminer quelle est 1’étape la plus limitante dans le
processus final de spéciation. Je montre ainsi que le taux d’achevement de la spéciation,
c’est-a-dire la vitesse avec laquelle deux lignées déja séparées deviennent des nouvelles
especes, a une influence relativement faible sur le taux de spéciation équivalent. En
appliquant cette méthode aux valeurs des parametres estimées par une étude précédente
sur une famille de 1ézards d’ Australie, je montre que 1’étape la plus limitante dans le
processus de spéciation est I’initiation, suivie de la survie. L’achévement de la spéciation,
bien qu’essentielle, a une influence tres faible sur le taux de spéciation macro-évolutif.
Ce chapitre met en évidence I’importance de considérer toutes les étapes de la spéciation
si I’on veut expliquer pourquoi les taux de spéciation sont si variables.

L’hétérogénéité des taux de spéciation interroge, dans la mesure ol I’on n’explique
pas encore pourquoi certains groupes se diversifient plus rapidement que d’autres. Lier
la micro- et la macroévolution devrait permettre d’apporter une réponse a cette question
étant donné que la spéciation émerge de processus micro-évolutifs. Dans cette these,
je souligne que ce lien dépend du scénario et du contexte de spéciation. En utilisant
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des modeles théoriques, je mets en évidence les processus biologiques et les étapes qui
semblent les plus pertinents pour expliquer les différences observées dans les dynamiques
de spéciation. L’ application de ces modeles a des données empiriques permet de quantifier
I’importance relative de ces processus et de répondre a des questions importantes sur
comment la spéciation se produit, et ce qui module sa vitesse a I’échelle macro-évolutive.



Introduction

Speciation is the process by which a single species gives rise to two distinct species.
This process is at the origin of the biodiversity on Earth, with millions of existing species
and is therefore fundamental in biology. Speciation can be thought as by a split of
one evolutionary lineage into two different lineages, a common representation in the
field of systematics where phylogenetic trees describe the relationships between species.
This perspective, called the macroevolutionary view of speciation, is useful to study the
generation of biodiversity over long time scales, resulting in its current distribution in
different parts of the tree of life and regions of the globe. However, speciation is not an
instantaneous process and describing it as dichotomous splits is not adapted to the study
of the population-level (microevolutionary) processes that lead to speciation.

The combination of macroevolutionary models and phylogenetic data allowed us to
uncover patterns of diversification, in particular that speciation events are not equally
frequent depending on the evolutionary groups or regions. This “speciation rate het-
erogeneity” should be explained by differences in the microevolutionary mechanisms
of speciation, because microevolution underlies macroevolution events. The variability
of contexts of speciation makes it challenging to generalise how speciation occurs and
may prevent finding an empirical link between microevolutionary processes and macro-
evolutionary speciation rates. Many predictions of what should explain the variability
of speciation rates exist, such as the speed of accumulation of reproductive isolation
between populations, or the population sizes, but they often remain purely verbal. Theo-
retical models describing this scaling-up can be useful to clarify which links are expected
(or not) between microevolutionary parameters and speciation rates.

1 MICROEVOLUTIONARY VIEW OF SPECIATION

In the microevolutionary perspective, speciation is the consequence of all the mecha-
nisms that would prevent individuals from different populations to reproduce.

17
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1.1 Reproductive isolation

For sexual organisms, the probability of successful reproduction between individuals
decreases with their genetic distance (e.g., Castillo 2017; Turissini et al. 2017; Christie
and Strauss 2018; Christie et al. 2022). This phenomenon is described as reproductive
isolation (RI*). RI can take different forms depending on the organisms, and these forms
can sometimes coexist: pre-mating RI that prevents genetically distant individuals from
mating (e.g., mate preference, assortative mating; Freeman et al. 2022), postmating
prezygotic RI involving a form of gamete selection favouring closely-related individuals
(Garlovsky et al. 2024), and postzygotic RI involving a reduced fitness despite successful
crossing (e.g., inviable zygote, developmental defects or fertile offspring; Reifov4 et al.
2023). When this last mechanism is a result of a maladaptation to a given environment, it
is called extrinsic postzygotic RI (e.g., the wing patterns of hybrid Heliconius butterflies
increase their risk of being caught by predators; Merrill et al. 2012); when this fitness
is intrinsic to the organisms, it is called intrinsic postzygotic RI (Ravigné et al. 2010;
e.g., pollen killer mechanisms in some plants, which reduce the fertility of male hybrids,
Simon et al. 2016).

1.2  Modelling the dynamics of speciation

1.2.1 Dobzhansky-Muller incompatibilities

The achievement of RI between distinct populations takes time and the character-
ization of its accumulation over time is expected to help understanding how and at
which pace speciation occurs. The classical view explaining the apparition of intrinsic
postzygotic RI, is through genetic incompatibilities (also called genetic barriers). The
model of Dobzhansky-Muller incompatibilities (DMIs), named after Dobzhansky (1936)
and Muller (1942), also called Bateson-Dobzhansky-Muller incompatibilities (Bateson
1909), explain how genetic barriers appear between distinct populations as a result of
epistatic genetic interactions.

In the simplest version of the model, two genes are involved and different alleles fix
at each of those genes (either neutrally or due to adaptation; Unckless and Orr 2009)
in the two populations, in an order such that certain combinations of alleles have never
occurred in any population (see figure 1) and have therefore not been tested by natural
selection. In the case of a secondary contact, the combination of alleles in a hybrid
genotype can be disadvantageous or even lethal, i.e., causing an incompatibility. These
incompatibilities can involve conflicts between mitochondrial and nuclear DNA, but
incompatibilities within the nuclear DNA seem more common (Burton 2022).

# All acronyms used are listed on page 142.
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Figure 1 — Dobzhansky-Muller incompatibilities (DMI). A. Principle of a two-loci
DMI on the combination of allele AB. The allelic combinations ab, aB and Ab have
the same fitness, such that A and B can fix in distinct populations, but hybrids of these
populations with allelic combination AB are unfit. B. Accumulation of potential DMIs
between two separate populations. Here, 4 loci are represented. At each step, one of
the two populations has a new substitution on a new locus (the allele is underlined), and
the combinations of two substitutions that were never together in any population are
considered as potential DMIs. In this model described in Orr (1995), the number of
potential DMIs accumulates quadratically through time.

1.2.2  Speed of accumulation of DMIs

Using the DMI model between two separate populations, Orr (1995) predicted the
dynamics of incompatibilities. In this model, populations accumulate substitutions either
neutrally or by natural selection. Given that there is a large number of possible substitu-
tions, it i1s assumed that each new substitution alters a site that was never altered before.
Hence, each gene has two possible alleles, the ancestral allele (indicated by a lowercase
letter in figure 1) and the altered allele (indicated by an uppercase letter). An example
of an ancestral population with a genotype abcd that evolve in two populations with
genotypes AbCD and aBcd is illustrated in figure 1B. Given that each substitution appears
after the previous one is fixed, it is potentially incompatible with all the substitutions
that previously occurred in the other population. Consequently, the k™ substitution can
potentially cause k — 1 DMIs. If the number of substitutions occur regularly with time and
each potential DMI has the same probability of being one, the number of substitutions is
thus proportional to the square of the time after split (Orr 1995; Orr and Turelli 2001).
This expectation, called the “snowball” theory because of the acceleration of DMIs with
time, has been largely debated, both empirically and theoretically.
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Direct measures of DMIs suggest that they accumulate faster than linearly, for
instance in Drosophila (Matute et al. 2010) or Solanum (Sherman et al. 2014). But
this kind of test is not frequent, because it requires identifying the loci responsible
for the DMIs, which is done for few organisms and requires a good knowledge of the
genetic background of those incompatibilities (Stadler et al. 2011). This is done, for
instance, by crossing heterozygous individuals from different populations or species, and
mapping the genotypes that survive or do not survive (Presgraves et al. 2003). Using
stochastic simulations, Maya-Lastra and Eaton (2021) noted that the snowball effect is
a consequence of two major assumptions of Orr’s model: the infinite number of sites
and the absence of demography. The first assumption states that each new mutation
alters a new locus and that no locus mutates independently in the two populations. The
second assumption is that the population is finite, i.e., the sites causing DMIs are never
polymorphic within populations and are thus never subject to purifying selection. Indeed,
as some combination of alleles are likely to cause DMIs, the genotype carrying these
combinations may be selected against within a population. Maya-Lastra and Eaton
(2021) showed that relaxing one of these assumptions actually cancels the acceleration
of accumulation of DMIs with time, but introduces more variability in the speed of
accumulation of incompatibilities compared to Orr’s model. Their simulations also show
that the beginning of the accumulation of DMIs can look like a quadratic function, which
still raises the question of the shape of the accumulation of genetic incompatibilities,
possibly explaining why the empirical studies focusing on few DMIs find a probable
snowball.

1.2.3  Speed of accumulation of Rl

Other studies do not focus directly on the DMIs but look at the empirical link between
the genetic differentiation of populations and the sterility of hybrids or another measure
of RI. In such studies, the effect — rather than the number — of incompatibilities is
quantified. In a review, Gourbiere and Mallet (2010) conclude that the “snowball” effect
of RI in empirical data is not general. In Drosophila, the level of RI does not accumulate
faster than linearly, but anurans (frogs) exhibit evidence of a snowball effect (Mendelson
et al. 2004). In addition to the arguments of Maya-Lastra and Eaton (2021), there are
mechanisms that could explain the absence of a snowball effect, such as reinforcement
(see next paragraph) or the absence of epistatic effect (i.e., incompatibility only due to
independent single genes as in two allele diploid model with underdominance; Gavrilets
2003).

Reinforcement is the process by which prezygotic barriers appear as a consequence
of natural selection, in cases when hybrids have lower fitness (Coyne and Orr 2004).
In this case, individuals avoiding mating with members of a different population have
a better reproductive success than those who mate indistinctly (Marshall et al. 2002).
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Gourbiere and Mallet (2010) predict that reinforcement reduces the accumulation of
substitutions responsible for RI after some time, because the hybrids are less abundant
in the population and the selective pressure against them are weaker. In the latter case,
we expect that the number of substitutions causing incompatibility would slow down.
Mendelson et al. (2004) highlight that the absence of acceleration in the measured level
of RI could be due to the effect of multiple incompatibilities: if DMIs accumulate faster
than linearly but their effect is not additive, then we would not necessarily observe an
acceleration of RI with respect to the genetic divergence.

The biological species concept

Working on speciation requires to use a practical definition of what we call a
species. There are several definitions of a “species”, and these definitions result
in different boundaries (de Queiroz 2007), which in turn affect the estimation
of macroevolutionary rates. In this thesis, we focus on speciation in sexually
reproducing organisms and do not treat the question of speciation in viruses,
bacteria or archea for instance. We will use the definition of a species by Ernst
Mayr (1942), a “group of actually or potentially interbreeding natural populations
which are reproductively isolated from other such groups” (biological species con-
cept). Although many other definitions of a species have been proposed (Mayden
1997), some being more adapted to non-sexual organisms or in palacontology,
we decided to use this definition because species emerging from RI is the most
broadly used concept in speciation models, which is motivated by evidence of RI
between diverging groups. A frequent criticism of the biological species concept
is that RI is not systematically tested when defining a species. However, recent
development of population genetics inference tools allowed to test whether gene
flow occurs between putative species (Rougemont et al. 2017; Fraisse et al. 2021;
Burban et al. 2024). The detection of gene flow indicates that RI is not achieved,
but its absence does not necessarily implies full RI because of the possibility of
geographic barriers.

1.3 Modes of speciation

The geographical context of speciation is important to understand the forms of RI
that accumulate between incipient species. In the DMI model by Orr (1995) for instance,
the populations accumulating incompatibility must not be in contact, as they fix neutrally
substitutions that would be disadvantageous if any hybrid would form. In the models
with reinforcement however, the incipient species must be in contact to allow for natural
selection to favour forms of assortative mating. Hence, biologists make distinctions
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between the degrees of geographic isolation between the populations during speciation
(Coyne and Orr 2004), that are called “modes of speciation”.

1.3.1 Allopatric speciation

In the allopatric mode of speciation (figure 2), speciation occurs after the formation
of a geographical barrier isolating two populations. RI evolves without contact or gene
flow between them. This barrier can be for instance the consequence of climatic events
(glaciation, change of sea level) or geological ones (orogenesis, continental drift). For
example, the formation of the Isthmus of Panama led to the allopatric speciation of
a large quantity of marine organisms 3 millions years ago (Lessios 1998). Allopatric
speciation is frequent in islands or archipelagos (Thorpe et al. 2010; Wang et al. 2016),
but also on continents, for instance in fragmented habitats like mountains (Boucher et al.
2016) or lakes (April et al. 2013).

allopatric speciation parapatric speciation sympatric speciation

geographical
barrier

£ LA

Figure 2 — Different modes of speciation.

1.3.2  Sympatric speciation

In sympatric speciation, RI emerges between groups that live in the same geographical
place (figure 2), and the individuals from those groups could have the same opportunity
of mating between or within their group (Gavrilets 2003). Kondrashov and Mina (1986)
define sympatric speciation as a situation in which “the probability of mating between
two individuals depends on their genotypes only”. This mode of speciation is not as
obvious as the allopatric mode because we generally observe that closely related species
live in different geographical zones, and it has long been considered as less likely from a
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theoretical perspective. Indeed, models of sympatric speciation require another expla-
nation for the non-random mating of individuals, such as a form of specialisation for
resources driven by competition (Dieckmann and Doebeli 1999), environmental gradi-
ents (Doebeli and Dieckmann 2003), sexual selection or sexual conflict (Gavrilets and
Waxman 2002; Bouinier et al. 2026) or a form of assortative mating (Higgs and Derrida
1992). As there is no external factor of isolation in sympatric models of speciation, an
assumption of a form of isolating mechanism must be made to explain the formation of
species (Papadopulos et al. 2011), as suggested by the evidence of faster apparition of
intrinsic RI in taxa with overlapping ranges (Coyne and Orr 2004).

Assuming a form of isolating mechanism of populations in contact is less straight-
forward than the allopatric model, where divergence naturally emerges between the
populations, but it does not mean that sympatric speciation is not possible in nature.
In a review, Bolnick and Fitzpatrick (2007) compiled empirical evidence of sympatric
speciation, for instance between cichlid fishes in small lakes or Lord Howe island palms.
Sympatric speciation is also frequent for parasites or symbionts, because a form of
specialisation in host directly results in reproductive isolation if the organisms mate in
their host. Forbes et al. (2017) put together examples of phytophagous insects that tend
to be highly specialized in species of plant, and forms that live or lay eggs on a different
plant would be reproductively isolated. This mode of speciation is also frequent in fungi,
for instance in Ascomycetes fungi responsible of plant parasitism, where mating occurs
after the plant infection (Giraud et al. 2010). In those cases, specialisation allows to form
new isolated lineages and cause speciation.

1.3.3 Parapatric speciation

Allopatric speciation requires that the two populations’ ranges do not overlap and
that there is no exchange between them. This latter assumption, sometimes called “strict
allopatry”, does not seem realistic for organisms with a large capacity of dispersion, or
adjacent populations. The parapatric mode of speciation is a context in which two (or
more) populations are geographically separated, but some gene flow exist between the
two during the speciation process. The parapatric model is distinct from the sympatric
model in the fact populations live in distinct geographic areas and between-populations
mating, although possible, is less probable than within-population mating (Coyne and
Orr 2004). This non-random mating is controlled by the propensity of the organisms
to disperse, that is generally formalized with a migration rate (Gavrilets et al. 1998;
Gavrilets 2000; Yamaguchi and Iwasa 2016), or by a mating neighbourhood in cases of
spatially explicit models (de Aguiar 2017). Migration makes speciation more difficult
compared to strict allopatry, because gene flow can homogenize the two pools and
prevent the accumulation of reproductive barriers; on the other hand, migration allows
the colonisation of new geographic regions, potentially triggering speciation. Modelling
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the full speciation process (colonisation of new environment and evolution in parapatry),
Yamaguchi and Iwasa (2016) found that there is an optimal migration rate maximizing
the rate of formation of new species.

Coyne and Orr (2004) mention that the evidence of parapatric speciation is hard to
find, notably because looking at species actual range does not allow to make a difference
between allopatry and parapatry. The development of inference tools based on population
genetic models now allows to distinguish between those cases. For instance, Niemiller
et al. (2008) reconstructed the history of migration between species of subterranean and
surface salamanders of the genus Gyrinophilus in Texas. They found that the model
where the populations were isolated, but with migration, is best supported, providing
evidence of parapatric speciation in this species complex. Distinction between parapatric
and sympatric speciation may be difficult to make in practice, as there is a continuum
between allopatric (no gene flow) and sympatric speciation (unlimited gene flow) with
parapatry in the middle (Gavrilets 2003). Recent coalescent models have allowed to show
that gene flow occurred frequently during speciation, for instance in plants (Papadopulos
et al. 2011), Drosophila (Yusuf et al. 2026), fungi (Hartmann et al. 2020), or in marine
groups like whales and rorquals (Arnason et al. 2018).

1.3.4 Likelihood of each mode

In a meta-analysis of range overlap among more than 3000 pairs of sister species,
Hernandez-Hernandez et al. (2021) assessed the likelihood of the different modes of
speciation among different groups (fungi, plants, animals). The assumption that is
commonly made is that if sister pairs ranges do not overlap, speciation between the two
was probably allopatric, otherwise it probably occurred in sympatry or parapatry. With
this methodology, the authors found that allopatry was dominant in animals, but less in
fungi (24%) and plants (30%). However, a limitation of such studies is that the current
range overlap is only a partial information on the range overlap at the speciation phase.
It is possible, for instance, that speciation occurred in allopatry and was followed by a
dispersion to common areas, as on the illustration figure 2, or the opposite, as proven by
Yusuf et al. (2026) in Drosophila where a majority of pairs of species that live today in
allopatry show evidence of gene flow in the past. In fact, the analysis of geography alone
only provides an idea of the past distribution of species, and the use of demographic
models such as the one in Fraisse et al. (2021) allows to recover the most likely scenario
of speciation, see subsection 1.5.

1.4 Ecological versus non-ecological speciation

In all modes of speciation, the populations or groups must accumulate divergence
(either genetically or in traits) so that speciation is complete. The processes explaining
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the accumulation of RI is however debated and varies among lineages. In the scenario
of ecological speciation, RI evolves between populations by “divergent natural selec-
tion arising from differences between ecological environments” (Schluter 2009). This
hypothesis is ancient and was even intuited by Darwin (1859) who thought that natural
selection has a role in the formation of species.

Alternatively, RI between populations can accumulate without divergent selection,
a process called neutral, non-ecological or mutation-order (Mani and Clarke 1990)
speciation. In this process, RI is caused by genetic divergence or genetic incompatibilities
between two populations that evolve separated but in similar environments, or their
accumulation is decoupled from the ecological selection of traits. As stated by Rundell
and Price (2009), this process is possible, with some examples of close species living in
similar ecological environments, or ecological divergence occurring after speciation.

Using trait difference between sister pairs in vertebrates, Anderson and Weir (2022)
tested several models expected to reflect whether speciation is ecological or not. If
speciation is ecological, traits should diverge and show adaptation around two optima,
otherwise traits should converge around one optimum (if the traits are under selection) or
evolve as a Brownian motion (if the traits are not under selection). They found that, over
the tested traits for which a form of selection was detected, only a minority of species
pairs (median: 9.9%) supported divergent selection. This result shows that the divergence
observed between species is not due to divergent adaptation for the traits and the species
considered here. Although this study does not specify the mechanism of RI in itself,
the difficulty of finding traits evolving under divergent selective forces suggests that RI
may not generally be the consequence of evolution under divergent selection. This study
however does not prove the absence of divergent selection in all species, as in a few pairs
of species some traits show a signal of divergent selection.

Ecological speciation is probably an existing phenomenon and was until recently con-
sidered as the default speciation mode, but its dominance may not be so obvious, at least
in vertebrates. The question of this mode of speciation is important, as the evolutionary
mechanisms behind the accumulation of RI may strongly change the predictions of the
link between microevolutionary parameters and the speed of speciation, as we will see in
section 3 of the introduction and in the rest of the thesis.

1.5 Population genetic inference methods can inform speciation
dynamics

The demographic history of a species (e.g., changes in population sizes, events of
population splits, migration) influence the frequency of alleles in populations. Inference
methods such as dadi (Gutenkunst et al. 2010), fastsimcoal (Excoffier et al. 2021), DILS
(Fraisse et al. 2021), RIDGE (Burban et al. 2024) take advantage of this and allow to
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reconstruct the past demography of species based on molecular data. These softwares use
inference techniques such as approximate Bayesian computation (ABC) to estimate the
parameters of the demographic models: simulated outputs of the models are compared to
empirical data using summary statistics (e.g., the site-frequency spectrum, number of
single-nucleotide polymorphisms, population genetic differentiation, genetic divergence).

In particular the software DILS (for “demographic inference with linked selection™)
allows to compare the data to four main scenarios of gene flow between two populations,
see figure 3.
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strict isolation (Sl) isolation with migration (IM) secondary contact (SC) ancient migration (AM)

Figure 3 — Scenarios under the DILS model. Green arrows indicate gene flow. Simpli-
fied from Fraisse et al. (2021).

In addition to finding the scenario that best corresponds to the data, DILS provides
a posterior distribution of the parameters of the chosen model (for instance in the AM
model, the time when populations split, the time when gene flow stops, the size of
ancestral and descendant populations, etc.).

These models are very helpful to understand speciation dynamics. First, they allow
to test the existence of gene flow between the populations, which is informative on the
geographic context of speciation (allopatric, parapatric; Yusuf et al. 2026) and on the
nature of the compared taxa (population or species; Roux et al. 2016). Second, the
inferred parameters of the model can be exploited to calculate the timing of speciation,
with the assumption that in the AM model, cessation of gene flow corresponds to a full
RI between populations, and thus, the completion of speciation.

2 MACROEVOLUTIONARY VIEW OF SPECIATION

In macroevolution, i.e., in the field of evolution that focuses on large time scale pro-
cesses operating above the species level, speciation is mostly considered as a succession
of instantaneous “cladogenic” events corresponding to the splitting of lineages (Monnet
2023). This succession of events is then modelled as the realization of a stochastic
process characterized by its rate
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2.1 What are speciation rates?

The speciation rate is the number of speciation events occurring in given lineage
per unit of time (typically 1 million years). Dated species phylogenies can be useful to
estimate these rates. A dated phylogeny is a branching tree representing the ancestor-
descendant relationships between lineages, with nodes corresponding to speciation events,
and the length of branches indicating time. The simplest model than can be used to
estimate speciation rates from a phylogeny is the Yule (1925) process, characterized by a
single speciation (or birth) rate A, constant across the tree and through time. This rate is
expressed in number of species (spp) per million years (Myr).

By looking at the number of lineages through time (LTT) in a salamander phylogeny,
Nee et al. (1994) found that the extinction of lineages induced an apparent increase
of the birth rate close to the present, a phenomenon called “pull of the present”. This
effect is explained by the fact that on a reconstructed phylogeny (a phylogeny with only
extant species), lineages that appeared close to the present have less chance to have gone
extinct and are therefore more sampled. If we only considered a pure-birth model without
extinction, this effect could be misinterpreted as an increase of the birth rate close to
the present. The authors showed that taking accounting for extinction is fundamental to
precisely estimate the speciation rate, opening the way to the use of birth—death (BD)
processes for the phylogenetic analysis of diversification.

Terminology

speciation rate (1) number of speciation events per lineage per unit of time
extinction rate (1) number of extinction events per lineage per unit of time
net diversification rate speciation rate — extinction rate

turnover rate (¢) extinction rate / speciation rate

homogeneous rates rates do not vary between lineages

constant rates rates do not vary through time

2.2 Unbalanced phylogenetic trees

It was rapidly identified that simple BD models with homogeneous rates were not
sufficient to accurately represent phylogenetic relationships between lineages. Notably,
empirical phylogenies indicate that the distribution of the number of species on each
side of a node most often diverges from the expectation under a diversification model
with homogeneous rates, a phenomenon called “phylogenetic imbalance”. For example,
Heard (1992) compared tree imbalance measured on 195 trees across multiple groups
to the values expected under a random pure birth process and found that the trees are
generally more unbalanced than expected under a homogeneous pure birth process. The
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author concluded that this discrepancy could be explained by variable speciation rates
across the lineages.

This model incongruence has been particularly well illustrated by Alfaro et al. (2009)
on a phylogeny of jawed vertebrates. In this paper, the authors showed that the large
variation in the number of species within groups of vertebrates is unlikely to be explained
by a homogeneous BD process, and that the occurrence of punctual shifts in the values of
the diversification rates for some groups is more likely. Using a method called “modelling
evolutionary diversification using stepwise Akaike information criterion” (MEDUSA),
the authors identified some groups with high net diversification rates (Neoaves, Perco-
morpha fishes including the cichlids, lizard and snakes) and some other groups with
low net diversification rates (coelacanths, crocodylians and tuataras). Although high net
diversification rates do not translate necessarily into high speciation rate (it can also be
due to a low extinction rate), some of the groups for which the turnover rate could be
accurately estimated have distinct speciation rates.

2.3 Phylogenetic diversification models with heterogeneous rates
uncover the variability in speciation rates

Given the inability of homogeneous BD models to accurately represent empirical
phylogenies, a variety of models accounting for changes in diversification rates have
been developed. Rabosky (2014) proposed the “Bayesian analysis of macroevolutionary
mixtures” model (BAMM) in which lineages can experience transitions between different
diversification regimes, called “rate shifts”. Under this assumption, all the descendants
of a given lineage have the same speciation and extinction rates, until a rate shift happens.
Using a Bayesian framework, this model allows an estimation of the position of the rate
shifts on the tree and the value of the speciation rates, and its implementation in a R
package made this inference tool very popular. However BAMM relies on the assumption
that the variability of speciation rates can be explained by a few major rate shifts, linked
for instance to key innovations, while the speciation rates are expected to be influenced
by many factors, and thus may vary more frequently by small amounts.

In order to account for these gradual changes in speciation rates, Maliet et al. (2019)
proposed a model called “cladogenetic diversification rate shift” (ClaDS) in which
speciation and extinction rates are specific to each lineage and are sampled randomly
at each speciation event around the rate of their parental lineage. This assumption is
motivated by the view that speciation speciation is associated with modifications of
species-characteristics (adaptation to a different niche, change of range size, change of
phenotype) that themselves influence the propensity of species to generate new lineages
or survive. In this process, the speciation rate A of a lineage is log-normally distributed
around a value determined by the speciation rate of the parental lineage and a trend
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capturing the deterministic time-variation of speciation rates (see figure 4A). In the
end, an inference of the parameters of that process, using a Markov chain Monte Carlo
(MCMC), allows to accurately estimate a lineage-specific speciation rate on a phylogeny.
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Figure 4 — The Cladogenetic diversification rate shift (ClaDS) model. A. Principle of
ClaDS: speciation rates vary at each branching event, inherited from the parent lineage
with a temporal deterministic trend given by o and a stochasticity given by . The color
on each branch indicates the value of the speciation rate. B. Distributions of branch-
specific speciation rates inferred by ClaDS on a bird phylogeny, for different clades of
birds (colored lines) and for all birds (black line). Figures from Maliet et al. (2019).

More recent models allowing for a continuous variation of diversification rates —
instead of discrete changes at the branching events — were developed. This class of
models called “birth—death diffusion model” (BDD; Quintero et al. 2024) was motivated
by the assumption that diversification rates may be influenced by a myriad of factors, both
in the environment or specific to the lineages and may change through time continuously,
as defended by Title et al. (2025). In those models, the diversification rates vary as a
geometric Brownian process along the branches, constrained by inheritance of the rates
from the parental lineage. The inference of the rates under this model on phylogenies is
possible with a Bayesian data augmentation technique, and was applied to a mammal
phylogeny by Quintero et al. (2024).

In a review to which I contributed, Morlon et al. (2024) compiled the distribution
of speciation rates among many organisms in the tree of life, showing that these rates
typically vary between 0.01 and 1.0 spp Myr~!. Although the comparison between the
clades in this meta-analysis must be made with caution because the inference methods
are different, the variation within some clades is striking: some groups exhibit a variation
of more than two orders of magnitude (orchids, rosids, ray-finned fishes, birds), see
figure 5.
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Figure 5 — Speciation rates estimated from phylogenetic approach compiled from differ-
ent studies. For each clade, the mean (or estimated median), minimum and maximum
speciation rate are represented. Figure by Benoit Perez-Lamarque, published in Morlon
et al. (2024).

In particular, Maliet et al. (2019) applied ClaDS to 42 bird phylogenies, which
allowed to identify some clades having a large variability of speciation rates such as
Accipitridae (a group of large prey birds) for which speciation rates vary between 0.013
and 1.2 spp Myr~!(see figure 4B, red line). In fact, most of the variation of bird speciation
rates can be explained by variation within clades. A similar analysis run on squamates
found a speciation rate at least twice larger in snakes (0.18 spp Myr~!) than lizards
(0.08 spp Myr~!; Title et al. 2024). Stiller et al. (2022) applied ClaDS on Syngnathidae
(a family of 300 species of fishes that include seahorses) and found speciation rates
estimated at the tips are distributed between 0.05 and 0.25 spp Myr—!. In mammals,
Afonso Silva et al. (2025) found with ClaDS a comparable speciation rate variability than
the one in birds. Using BDD in mammals too, Quintero et al. (2024) found smaller within-
clade variation, but large between-clade variation: primates and rodents, for instance,
exhibit an elevated speciation rate (ca. 1 spp Myr—! and 0.5 spp Myr~!, respectively)
compared to other mammals (ca. 0.1 spp Myr~! in Scandentia, < 0.1 spp Myr—! in
Protheria).
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3 ATTEMPTS TO EXPLAIN MACROEVOLUTIONARY
SPECIATION RATES WITH MICROEVOLUTIONARY
PROCESSES

3.1 Predictions

Intuitively, all the biological processes involved in the speciation stages (formation of
new populations, genomic or phenotypic divergence, mechanisms of RI) could have an
effect on the large-scale diversification patterns. Indeed, we can expect that microevolu-
tionary processes acting on smaller temporal scales (natural selection, mutations, genetic
drift) scale up to macroevolutionary, time scales.

For example, given that population size influences various microevolutionary forces
(e.g., drift and selection), we can expect that it also influences speciation rate. Mayr
(1963) predicted that speciation would be triggered by population bottlenecks, through
“genetic revolutions”, and thus would be more frequent in smaller populations. However,
Orr and Orr (1996) predicted the opposite: larger populations experience stronger natural
selection so speciation should be more frequent.

Other predictions exist on which factors may favour or hinder speciation: Coyne and
Orr (2004) mention for instance that sexual selection or reinforcement should accelerate
speciation, and since they are the often expected in sympatric speciation, this last context
should lead to faster speciation, compared to allopatric speciation. Biotic traits, like the
ability to disperse, are expected to have an influence on speciation rates, however, the
direction of that influence is debated. As pointed out by Coyne and Orr, dispersal ability
reduces gene flow but also reduces the chance to colonise a new environment. Similarly,
characteristic relative to species, like their range or the degree of range fragmentation
should impact speciation.

In a perspective article, Dynesius and Jansson (2014) proposed multiple biological
traits (e.g., dispersal ability, sexual behaviour, population size, etc.) and environmental
factors (environmental gradients, spatial barriers, climatic variability, etc.) that may have
an influence on speciation rates. The authors considered that speciation rate depends on
three phases of the speciation process, called “controls of speciation”: (i) the splitting
of population, (ii) the speed of speciation, denoting the duration of the phase where RI
accumulates and (iii) the persistence of lineages in the early stages. They also assessed
the predicted effect of each proposed factor on each phase of the speciation process. For
instance, the dispersal ability may reduce the propensity of species to split and accumulate
RI but increase their persistence. Half of the proposed factors of speciation have opposite
effects: they may favour one stage of speciation and hinder another and yet it is difficult
to conclude what would be their effect on the macroevolutionary speciation rate. This is
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the case for dispersal ability, or specialization for instance. According to the predictions
of Dynesius and Jansson (2014), the other half of the factors have a concurring effect
on speciation stages and may therefore be good candidates for predictors of speciation
rates. For instance the authors expect larger population size or geographic range size
to favour all stages of the speciation process, by promoting easier splitting into several
populations, increasing selection efficiency and reducing the extinction risk during the
speciation process.

However the predictions of Dynesius and Jansson (2014) remained mostly verbal
and not necessarily backed-up by empirical evidence. The idea that efficient selection in
larger populations speeds-up speciation relies on the assumption that speciation occurs
mostly by the adaptation of lineages to distinct environments (ecological speciation),
which is debated. Although ecological speciation has occurred in some lineages, whether
most speciation events are driven by divergent adaptation is not clear (Anderson et al.
2025).

Rabosky (2016) predicted that species able to accumulate faster RI should have
higher speciation rates, under the assumption that everything else is equal. But he also
emphasised the fact that speciation is a multi-step process, and the effect of microevo-
lutionary processes affecting the speed of RI may in fact be mitigated by other phases
of speciation. Similarly to Dynesius and Jansson (2014) and other authors (Mayr 1963;
Etienne and Rosindell 2012; Harvey et al. 2019), he described speciation as a result of
three steps (initiation, RI, survival) on which microevolutionary processes may have
different effects.

3.2 Studies attempting to connect diversification rates to speciation
processes give mixed results

In order to test the verbal predictions mentioned in the previous paragraphs, some
correlative approaches have been proposed to find a relationship between macroevolu-
tionary speciation rates and characteristics of species possibly impacting speciation (see
figure 6).

3.2.1 Effect of speciation initiation

The first step of speciation (population formation or speciation initiation) is charac-
terized by a rate of population subdivision, that can be measured through proxies (see
figure 6B). Harvey et al. (2017) proposed to measure the rate of population formation
as the number of new genetically distinguishable populations per unit of time. More
precisely, they applied a coalescent model to trees from population genetic and phylogeo-
graphic data from 173 species of birds from the Americas. They found that each species
is split in 1 to 24 populations, which gives a rate of population differentiation between 0
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Figure 6 — The different steps of the speciation process can modulate macroevolu-
tionary speciation rates. A. Different steps of the speciation process, from speciation
initiation to speciation completion. Each dot represents one individual, colored by its
genotype. The shaded regions correspond to geographic barriers, with color indicating
the degree of gene flow within the grey zone of speciation. B. Schematic representation
of how rates of key steps of the speciation process can be estimated: The slope of the
relationship between geographic distance and genetic distance is indicative of the rate of
population formation. Here, better dispersers (snakes) have a lower rate of population
formation than poor dispersers (lizards); population persistence is estimated from the
probability of extinction or hybridization; and the slope of the relationship between
genetic distance and postzygotic reproductive isolation (RI) (e.g., measured as the per-
centage of inviable or sterile offspring in experimental crosses) is indicative of the rate of
evolution of RI. C. Together, rates of population formation, population persistence, and
evolution of RI explain macroevolutionary speciation rates, as estimated on a phylogeny.

Silhouettes from phylopic.com. Figure by Pierre Veron, as a contribution to the review
by Morlon et al. (2024).
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and 6.64 divergences per Myr. In parallel, the authors estimated a clade-dependent speci-
ation rate using BAMM. They found that the speciation rate was positively correlated
with the population differentiation rate, accounting phylogenetic relatedness between
lineages. This correlation suggests that bird species that are able to differentiate faster
into distinct populations are also prone to speciate faster, although the variability in
speciation rates remain largely not explained and could be due to other factors.

Similarly, Weeks and Claramunt (2014) estimated a dispersal ability on birds endemic
to an Australian archipelago using their wing aspect ratio. They compared this measure
to a phylogenetic estimate of diversification rate and found that better dispersers tend
to have a lower diversification rate. Although the authors did not directly estimate the
rate of population formation, but a proxy for dispersion, this result is in line with the
conclusion from Harvey et al. (2017) because better dispersers are expected to form less
isolated populations.

However, these analyses on birds do not seem to be generalisable to all lineages. Sing-
hal et al. (2018) measured the rate of population differentiation in Australian squamates
in a different way from Harvey et al. (2017), accounting for the geographical distance
between populations. This proxy, illustrated on figure 6B, consists in measuring the
correlation between the geographic distance and the genetic divergence between sampled
individuals within each species, with the assumption that higher slopes characterize
species that tend to form more isolated populations, because the homogenizing effect of
gene flow is weaker. This method is called “isolation by distance” (IBD). Contrary to the
previous study with birds, this study found no link between speciation rate inferred with
BAMM and the rate of population formation. This negative result was replicated on other
groups of squamates in the Neotropical Cerrado by the same authors, with speciation rate
inferred with ClaDS (Singhal et al. 2022), and by other authors in a family of snakes in
Madagascar (Burbrink et al. 2023). A similar result but with slightly different methods
was found by Kisel et al. (2012) in orchids.

Although the absence of correlation in the previous studies could be due to a lack of
statistical power, their consistency across taxonomical and geographical realms suggests
that the rate of formation of population isolates, as measured above, does not influence
speciation as a “rate limiting factor”, either due to the mode of speciation in squamates
or to the fact that the measure of IBD does not capture other population isolation
mechanisms than isolation by distance. For instance, populations can be structured by
physical barriers or habitat fragmentation instead of geographical distance only.

3.2.2  Effect of accumulation of reproductive isolation

The other steps of speciation have also been considered as rate limiting factors.
The rate at which populations evolve RI is expected to have a direct influence on
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speciation rates, because (everything else being equal) two populations where individuals
become reproductively incompatible faster should also evolve into distinct species faster.
An empirical measure of the rate of accumulation of RI is the relationship between
reproductive barriers — estimated as the percentage of inviable of sterile offspring in
experimental crosses — and the genetic distance between the crossed individuals (see
figure 6B). Rabosky and Matute (2013) studied the relationship between the estimated
rate of accumulation of RI and the speciation rate inferred by BAMM, both in Drosophila
and birds. Using a statistical method accounting for evolutionary relatedness between
clades (phylogenetic generalized least squares, PGLS), they found no correlation between
the rate of accumulation of RI estimated on clades and the lineage-specific speciation
rate: lineages that evolve RI faster do not seem to speciate faster.

3.2.3  Effect of population persistence

This general absence of strong link between proxy for speciation process and spe-
ciation rate has been debated. Harvey et al. (2019) wrote that the effect of population
persistence (see figure 6B) may be strong on the speciation process. “Population per-
sistence” here encompasses the non-extinction (survival) of the populations that can
generate new species and the maintenance of their isolation (a secondary contact may
prevent the differences between the populations to accumulate ; although hybridization
can sometimes favour speciation, see Pefialba et al. 2024). Because the accumulation of
Rl is not instantaneous, i.e., it can take thousands or millions of years (Harvey et al. 2019),
the persistence of populations is a good candidate to be a factor influencing speciation
rates, as suggested by models (e.g., Gavrilets et al. 2000). But population persistence
is difficult to estimate and I am not aware of studies documenting its correlation with
speciation rate. This gap in the micro—macro research on speciation is largely due to the
difficulty of documenting the history of populations, and particularly their extinction.

3.3 Protracted speciation: speciation takes time

A possible limitation of the classical BD processes used to estimate speciation rates
from phylogenetic trees, is the fact that they consider speciation as an instantaneous
process. Speciation is indeed a multi-step process and factors that have an influence on
one of these steps may have a different influence on another step. Rosindell et al. (2010)
proposed to decouple these steps when we model speciation. Their model, “protracted
speciation” (protracted means prolonged) assumes that speciation is the result of the
following scenario: first, a population is formed (at this time, it is called an “incipient
species”), then, after a transition time, this population is considered to be a new species
(this process is called “speciation completion™).

Etienne and Rosindell (2012) proposed a formalisation of this model, the protracted
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birth—death model (PBD), described as a stochastic process where each lineage can go
extinct with a given extinction rate, generate a new incipient species with a rate of initia-
tion and this incipient lineage can become a good species with a rate of completion. The
PBD model is described on figure 7, with rates of initiation, completion and extinction
named b, A and u, following the notations by Etienne et al. (2014). It has to be noted
here that A and p do not correspond to the birth and death rate of a BD process: A is the
rate at which one incipient species become a good one and u is the rate of extinction of a
lineage (and not of a species). Some variants of this model exist in which the rates of
initiation are different depending on the status of the lineage (good or incipient species),
which then involve five rates denoted A, A>, A3, Uy and p; (Etienne and Rosindell 2012).

A B
N\ D }
T — ‘_: 5
good — i incipient | ] L.
species |+—i species A

Figure 7 — Protracted birth—-death (PBD) model. A. Transition between good species
and incipient species, with b the initiation rate, A the completion rate and u the extinction
rate. Adapted from Etienne et al. (2014). B. Example of a population phylogeny under
the PBD model. Dotted lineages: incipient species; solid lineages: good species; purple
square: initiation; green circle: completion; red cross: extinction.

The protracted speciation model brings an explanation to the tree shape observed in
empirical phylogenies, with longer branches close to the present (stemmy trees), as found
for example in multiple bird phylogenies (Phillimore and Price 2008). Indeed, since the
lineages close to the present are likely to have generated incipient lineages that did not
have time to complete speciation, looking at species phylogenies make the impression
of less branching events close to the tips. Using a likelihood expression developped
by Lambert et al. (2014), Etienne et al. (2014) proposed an inference machinery to
estimate the parameters of the PBD process from a species phylogeny. However, they
show that the three parameters of the model are not all identifiable. Later, based on the
state-dependent speciation and extinction (SSE) framework, Hua et al. (2022) developed
ProSSE, a model that allows for the estimation of the rates of initiation, extinction and
speciation completion from a population-level (instead of a species-level) phylogeny.
To obtain such a phylogeny for an empirical system, we need to sample and identify
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all phylogeographic lineages of a group of species, using for instance multispecies
coalescent trees. Applied on a phylogeny of Australian rainbow skinks (a group of
lizards), this model found an initiation rate of 0.27 spp Myr~!, a completion rate of 0.31
spp Myr~!and an extinction rate close to zero.

4 THESIS OUTLINE

The missing link between micro and macroevolution in speciation research raises
several questions. First, the effect of microevolutionary processes in the accumulation of
RI is unclear. There are multiple verbal predictions on the role of gene flow, population
size, adaptation on the tempo at which RI accumulates, but they have not been formerly
modelled. The effect, for instance, of population size on speciation has been predicted,
but only under the assumption of ecological speciation and needs to be compared to the
effect under other modes of speciation. The validation of these predictions with empirical
data is also lacking.

Second, the view of speciation as a multi-step process is generally admitted, but
understanding the effect of microevolutionary processes on each on these steps is not
enough to understand their effect on speciation rate at the macroevolutionary level.
Indeed, if a characteristic of a species has a positive effect on one of the steps of
speciation (for instance on the rate of accumulation of RI) but hinders another aspect (for
instance reduces population survival), it is more challenging to actually estimate their
“net effect” (Dynesius and Jansson 2014) on speciation rate. One needs to understand
the relative influence of each of the speciation steps on the overall speciation rate. In
summary: do some species speciate faster because they are able to form new isolated
populations, because these populations accumulate RI faster, or because these populations
persist longer?

In the first chapter of my PhD manuscript “Rapid speciation in small populations
challenges the dominance of ecological speciation”, I use an integrative model of
accumulation of RI to understand how microevolutionary parameters (population size,
mutation rate, local adaptation and migration) influence the duration of speciation and
the shape of the grey zone. I show that making a distinction between the different modes
of speciation (ecological, allopatric, parapatric) is crucial to predict the effect of these
parameters on the tempo of speciation. I compare the expectation of the link between
population size and speciation duration with empirical data estimated from plant genomes
and find a positive association between population size and speciation duration, which I
interpret as a signature of non-ecological speciation.

In the second chapter “Speciation completion rates have limited impact on macro-
evolutionary diversification”, I estimate the relative influence of each speciation step
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using the protracted birth—death (PBD) framework. The PBD process assumes that
speciation occurs after two lineages split (initiation) and become reproductively isolated
(completion). This random process is controlled by several rates (rates of initiation,
completion, extinction), but I calculate equivalent birth and death rates that would result
in a comparable process. Using these equivalent birth and death rates, I show which of
the parameters of the PBD model influence mostly the birth (i.e., the macroevolutionary
speciation) rate. An application of this method to the PBD rates estimated on Australian
rainbow skinks in Hua et al. (2022), shows that speciation in this group is mostly limited
by speciation initiation, and not by speciation completion.

In the appendix “Linking diversification rates to the speciation process”, I review
the attempts to link speciation rates and proxies for different speciation steps. This part
is based on a section I contributed to in a published review.



CHAPTER 1

Rapid speciation in small populations
challenges the dominance of ecological
speciation

This chapter consist of the manuscript of an article by Pierre Veron**, Anais Spire*,
Agathe Chave-Lucas*, Tatiana Giraud” and Hélene Morlon*. The manuscript is currently
under evaluation and is available on bioRxiv (Veron et al. 2026).

In the end of the 1990’s, Sergey Gavrilets proposed a model of speciation inspired
from the rugged fitness landscape by Wright (1932), but showed that, considering
multiple dimensions in the genotype space (typically, DMIs with a large number of
loci), the fitness could be considered almost flat with valleys of null fitness. With this
view, separate populations evolve along ridges of high fitness and can be, after some
time, separated by valleys or “holes” of null fitness that cannot be crossed. This view
was new compared to the classical rugged landscape point of view, because it did not
require populations to evolve in valleys of low fitness for speciation to occur. This model
called “holey adaptive landscape” (HAL) allows a mathematically tractable modelling of
speciation dynamics, which very few models allow.

The formalisation of the HAL was proposed in Gavrilets et al. (1998), inspired from
a speciation model by Higgs and Derrida (1992). In this model, two individuals can
have a fertile offspring if their genetic distance is smaller than a threshold. The “fitness”

# Institut de Biologie de I’Ecole Normale Supérieure, CNRS, INSERM, Université PSL, Paris, France.
# Ecologie Société et Evolution, CNRS, Université Paris-Saclay, AgroParisTech, Gif-sur-Yvette,
France.
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in this model is therefore the reproductive success of a given pair, or in an equivalent
way, the individual fitness of a hybrid depending on its heterozygosity. In a first article,
Gavrilets et al. (1998) described the possibility to reach speciation in a parametric setting
of the model under certain conditions, using stochastic simulations. But the founder
work on the HAL model is certainly the result of 1999 in which Gavrilets derived a
set of ordinary differential equations (ODE) predicting the evolution of populations
under this model. The subtlety to consider for the mathematical formulation of this
model is the counter-selection induced by genetic incompatibilities. Mutations do not
carry a priori a selective advantage or disadvantage, but a rare genotypes may have
a reduced effective fitness due to the difficulty to find compatible partners. There is
therefore a selection within populations which can alter the substitution rate, depending
on the genetic diversity within this population. Gavrilets approximated this effect with a
coefficient R and derived an analytical expression for this coefficient as a function of the
mean polymorphism within a population.

Gavrilets (1999) does not really focus on the time for speciation itself or the influence
of the biological parameters, such as population size or mutation rate on the dynamics. In
this chapter we use Gavrilets’ equations to predict speciation duration, either analytically
in the case without migration, or by numerical resolution in the case with migration. We
go further in the analysis because we use the numerical resolution of the set of ODE to
characterize when and how fast reproductive isolation (RI) accumulates between two
separate populations, during the phase called “grey zone” of speciation by Roux et al.
(2016). With my co-authors, we were particularly interested in the effect of biological
parameters on speciation duration and the grey zone. We therefore explored the param-
eters space and characterized how population size, mutation rate and the threshold for
genetic incompatibility influence the duration of speciation, for three different scenarios.
We find that the relationship between speciation duration and population size depends on
the scenario of speciation: if the mutations responsible for the genetic incompatibility
are adaptive (ecological speciation), larger populations speciate faster; however, when
these mutations are not adaptive, speciation can be faster in small populations.

With this work, we show that some classical verbal predictions can actually be
misleading, as for instance larger mutation rates do not always lead to faster speciation,
and the shape of the grey zone — if considered as a function of the genetic distance —
does not depend on the scenario of speciation. Finally, we use demographic data from
plants from the study of Monnet et al. (2025) to show that smaller populations tend to
speciate faster, indicating that ecological speciation is likely not the valid scenario in
most of the species considered in this data set.

This chapter emerged from a collaborative project and I had great pleasure to work
with Anais Spire, whom I supervised as a M1 intern, and Agathe Chave-Lucas, a
PhD student in my institute. In this work, Anais helped a lot to implement stochastic
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simulations for the scenario with migration, and implemented the equations by Gavrilets
for this scenario in a numerical solver. With this work, she could explore a large parameter
space that paved the way to our analyses for the “parapatric” speciation scenario. Agathe
Chave-Lucas provided her expertise to adapt the equations of Gavrilets in more complex
cases, like asymmetric population sizes or migration rates. She also developed the
approach for predicting the occurrence of speciation without solving the whole system,
based on the bifurcation diagram. This method, described in supplementary text S 1.1,
allowed for a more precise and efficient prediction of the cases without speciation. I
personally created the code for the numerical predictions and the stochastic simulations
based on Gavrilets’ ODE, and used the results of these simulations for this manuscript,
both for the speciation duration and the grey zone. For the empirical part, I used
the results of the demographic software “demographic inference with linked selection”
(DILS) applied on plant genomes, published by Monnet et al. (2025). I developed the
statistical method to account for the particular structure of the data, in order to test the
empirical relationship between population size and speciation duration.
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ABSTRACT

Speciation — the process by which two lineages become reproductively isolated —
plays a key role in the emergence and maintenance of biodiversity. Yet, our understanding
of the time it takes for speciation to occur, and of the microevolutionary processes that
influence this tempo, remains limited. Here, we thoroughly characterize how population
size, mutation rate, local adaptation and migration are expected to influence the duration
of speciation, as well as the shape of the “grey zone” of speciation. We show that
the relationship between population size and speciation duration is indicative of the
speciation mode, as faster speciation in smaller populations only occurs in the case
of non-ecological speciation. Leveraging genomic estimates of population size and
speciation duration across 196 pairs of plant species, we uncover a positive association
between population size and speciation duration. Taken together, these results challenge
the view that ecological speciation is the source of much of species diversity.

SIGNIFICANCE STATEMENT

How new species arise, and how quickly they do so, plays a key role in shaping
Earth’s biodiversity. Yet, the links between how speciation occurs, how fast it proceeds,
and basic properties of species such as population size, remain debated. We clarify these
relationships using an integrative model of speciation. We show, in particular, that faster
speciation in smaller populations is a signature of non-ecological speciation. Analyses of
genomic data from plants reveal precisely this pattern, challenging the prevailing view
that speciation in nature is predominantly ecological.

Keywords speciation, micro-macro, holey adaptive landscape, plants
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I.1 INTRODUCTION

Speciation — the process by which a new species emerge — is one of the most
fundamental processes in biology. It is at the origin of species diversity. In spite of
substantial research on speciation, many controversies remain on its mode, i.e, how it
occurs, and tempo, i.e., at which pace it occurs (Coyne and Orr 2004). There is however
a general consensus that speciation takes time (Benton and Pearson 2001; Etienne et al.
2014), except in exceptional cases, such as speciation by polyploidization in plants
(Rieseberg and Willis 2007) or speciation by host shifts in pathogens (Giraud et al. 2010).
Intuitively, fast-speciating groups will experience speciation events more frequently than
slow-speciating ones. Together with the frequency of extinction events, these differences
can explain differences in species richness across groups, and together with the frequency
of dispersal events, differences in species richness across geographic regions (Wiens and
Donoghue 2004; Schluter and Pennell 2017).

Insights on the tempo of speciation can be gained by fitting diversification models to
extant phylogenies (Nee 2006; Morlon et al. 2024). Fitting birth—death models represent-
ing lineages birth (speciation) and death (extinction), assumed to occur instantaneously,
provides estimates of speciation and extinction rates, i.e., estimates of the average number
of events occurring per lineage in a given amount of time. Such studies have shown
that speciation rates vary by several orders of magnitude across lineages (Rabosky 2016;
Maliet et al. 2019; Quintero et al. 2024). For example, estimates range from 0.01 to
5 spp Myr~—! in birds (Maliet et al. 2019), and from 0.005 to 1.5 spp Myr~! in mammals
(Quintero et al. 2024).

A central challenge lies in understanding if and how microevolutionary (intraspecific)
processes, such as drift, selection and migration, can explain this speciation rate hetero-
geneity (Harvey et al. 2019; Rolland et al. 2023; Morlon et al. 2024). In comparison with
the numerous studies that have investigated correlates of speciation rates with species
traits, as well as the abiotic and biotic environment they experience (Benton and Pearson
2001; Lagomarsino et al. 2016; Schluter and Pennell 2017; Landis et al. 2022; Wiens
2024), empirical studies correlating speciation rates to metrics reflecting microevolu-
tionary processes remain rare. The few studies that have investigated the relationship
between speciation rates and such parameters have found contrasting or counter-intuitive
results, in particular in terms of correlations with the velocity of reproductive isolation
(RI) (Rabosky and Matute 2013), population divergence rates (Harvey et al. 2017; Harvey
et al. 2019), population structure (Singhal et al. 2018; Burbrink et al. 2023), substitution
rates (Lanfear et al. 2010; Goldie et al. 2011), or genetic diversity (Huang et al. 2018;
Perez-Lamarque et al. 2022; Afonso Silva et al. 2025).

Mathematical models have been central in our understanding of the dynamics of spe-
ciation, and of the microevolutionary processes that influence these dynamics (Gavrilets
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2003; Coyne and Orr 2004). In particular, Gavrilets’ holey adaptive landscape (HAL)
provided a mathematically tractable extension of Wright’s rugged adaptive landscape
(Wright 1932) to high dimensional genotypic spaces (Gavrilets et al. 1998). He showed
that — simply as a result of the high dimensionality of adaptive landscapes — populations
can become separated by regions of low fitness (‘“holes”), and thus become reproductively
isolated, without crossing deep valleys of low fitness by evolving along nearly neutral
ridges (Gavrilets 2003). This framework is therefore well suited for analyzing how drift
and selection jointly influence the dynamics of speciation. In his 1999 paper, Gavrilets
derived a series of mathematical results describing the dynamics of divergence within-
and between-populations under strict allopatry, in the presence of migration (whether the
mutations that confer a local selective advantage are neutral or deleterious in the other
population), and with local adaptation. These provide the foundation for obtaining ana-
lytical results concerning the expected duration of speciation, although those results were
not derived. A later review focused on this question (Gavrilets 2003) but without taking
into account within-population genetic variation. Yet, polymorphism can substantially
alter the speed at which mutations causing reproductive incompatibilities accumulate,
and therefore speciation duration (Gavrilets 1999).

Population size has occupied a central position in debates about the relative role of
drift and selection in the speciation process (Coyne and Orr 2004). This idea traces
back to Mayr’s verbal “genetic revolution” hypothesis that population bottlenecks, for
example during founder events, can trigger a shift in allele frequency over several linked
loci leading to speciation (Mayr 1963). Under this hypothesis, speciation should be
faster in smaller populations. Opponents of this hypothesis, however, predicted that
speciation should be faster in larger populations, where natural selection is more efficient
(Orr and Orr 1996). Recent developments in phylogenetic models of diversification,
combined with the availability of large empirical datasets, have allowed for new tests
of the relationship between proxies of population size, such as range size or nucleotide
diversity, and speciation rates (Maya-Lastra and Eaton 2021; Smycka et al. 2023; Afonso
Silva et al. 2025). These tests, however, treat speciation as an instantaneous event, which
rate is only weakly influenced by the duration of speciation (Veron et al. 2025), and can
be confounded by the reciprocal effect of speciation on population sizes (Smycka et al.
2023). Inferences from speciation genomics, on the other hand, can provide estimates of
speciation duration per se, along with estimates of population sizes before and after the
speciation event (Fraisse et al. 2021).

Here, we begin by deriving new analytical predictions for the duration of speciation
under the joint influence of drift, selection and gene flow, focusing on the effect of
population size. Our derivations build upon Gavrilet’s holey adaptive landscape (HAL)
model (Gavrilets 1999). We then design a test based on our theoretical results on the
relationship between speciation duration and population size to assess speciation mode
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based on genomic data, which we apply to 196 pairs of plant species (Monnet et al.
2025).

I.2 RESULTS AND DISCUSSION

We consider the HAL model of speciation (Gavrilets et al. 1998; Gavrilets 1999;
Materials and methods). Initially, mutations arise in a population made of N individuals,
with a per-individual per-generation mutation rate V. Any pair of individuals is thus
characterized by a genetic distance d, defined as the number of nucleotide sites at which
they differ. If d is above a given threshold K called “genetic incompatibility threshold”,
the individuals do not interbreed, as a result of either post- or prezygotic incompatibilities
(e.g., hybrid inviability, assortative mating). Hence K is the maximum number of loci on
which two individuals can be different and still have a chance to mate successfully. This
formulation is motivated by the decrease in the reproductive success of two individuals
with the genetic distance that separates them (Price and Bouvier 2002; Rabosky and
Matute 2013; Christie and Strauss 2018; Christie et al. 2022); it provides a mathematically
tractable way to represent high dimensional, correlated adaptive landscapes (Gavrilets
1997, figure I.1A), and to account for the multigenic origin of incompatibilities. It focuses
on the consequence of incompatibilities — reproductive isolation — rather than on their
nature (e.g. trait-based mate choice, Dobzhansky-Muller incompatibilities; Dobzhansky
1936; Muller 1942). Following Gavrilets (1999), we consider three versions of the
model. In the “allopatric neutral” scenario, the initial population experiences a random
split at time fyp)i¢, for example due to the emergence of a geographic barrier isolating
two populations, after which strict isolation is maintained. The two populations then
gradually accumulate divergence, until speciation occurs (figure I.1B). In the “parapatric
neutral” scenario, the two populations can exchange alleles through migration, with
a migration rate m. In the “allopatric adaptive” scenario, mutations confer a selective
advantage in the local population in which they arise, with coefficient sy A.

Following Gavrilets (1999), we use a deterministic approximation to investigate the
temporal dynamics of both within-population polymorphism D,,, defined as the mean
pairwise distance between individuals within populations (w for within), and between-
population divergence D, defined as the mean pairwise distance between individuals
from the two different populations (b for between; figure 1.1, Materials and methods).
We also track the probabilities w,, and wj, that two randomly chosen individuals from
the same or different populations, respectively, would successfully interbreed if they
were in contact. These probabilities are referred to as within- and between-population
compatibility. Finally, we follow the number k of substitutions (fixed alleles) that
differentiate the two populations. We consider speciation to occur if (and when) no
individual from one population would successfully interbreed with any individual from



46 CHAPTER 1

A B speciation

150 1 polymorphism D,, - duration

\
\

—— divergence D,

------ substitutions k ‘\
% speciation

. compatibility w,
(right axis)

-
o
o

\
1
1
1
1

1

1

[

50 N
Vo

/ L

A

E

\

\

genetic distance
between-populations compatibility w,

split speciation

\
0 T T T - — T 0
0 2 4 6 8 10 12 14 16

time [10° generations]

Figure 1.1 — The holey adaptive landscape. A. Illustration of the holey adaptive
landscape (HAL) with 5 polymorphic sites (32 different genotypes) and a compatibility
threshold K = 3. Populations can evolve along nearly neutral ridges (in blue) and end
up being separated by fitness holes (in red). B. Example of temporal dynamics under
the HAL model with neutral mutations and no migration. The ancestral population is
split in two after 8000 generations. We track within-population polymorphism (D,,),
between-population divergence (Dp), the number of different substitutions between the
two populations (k), as well as between population compatibility (wj, right axis). The star
indicates speciation, characterized by the time when wj, = 0, or, alternatively, k(1) = K
with K the incompatibility threshold. Here N7 = 6000, Ny = N, = 3000, v = 0.007,
K = 80.

the other population, should the two populations come into contact (i.e., w, = 0; Mayr
1942). This reproductive isolation can result from either pre- or postzygotic barriers, and
occurs if (and when) k reaches K (figure I.1B); indeed, in this case, any two individuals
picked in different populations are distant by at least K loci and are thus incompatible.
We also investigate the shape of the grey zone of speciation, when the reproductive
compatibility between the populations wy, is reduced or even close to zero, but does not
reach zero. This corresponds to the often-encountered intermediate situation in nature
where populations are not fully compatible, but speciation is not complete. We validate

our theoretical predictions using intensive simulations (supplementary text S 1.2 and
figures S 1.7 to S 1.10).

In the absence of migration, populations ineluctably diverge and speciation occurs
after enough time elapses. In the allopatric neutral scenario, we show that the speciation
duration 7, defined as the expected time between g, and the time when speciation
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occurs, is given by :
K

T= —V(R1 T RY) 1.1)

where R and R; are, in each of the two sub-populations, coefficients of fixation which
capture the efficiency of purifying selection to remove incompatibilities and depend on
population size, mutation rate, and the incompatibility threshold (equation 1.3 in the
Materials and methods). R ~ 1 represents the case when this effect is negligible. For
simplicity, we assume in what follows that the ancestral population is split into two
populations of equal sizes, but our equations can accommodate asymmetric population
sizes. As K decreases, and N or V increase, the effect of purifying selection against in-
compatibilities is stronger, and R decreases (see figure S 1.1), reducing within-population
polymorphism (figure 1.2, lower row) and affecting the duration of speciation (figure 1.2,
upper row, blue curves).

Equation 1 holds in the adaptive scenario, with an expression for R that depends
on the local selective advantage of mutations s; o (Materials and methods). As spa
increases, the mutations in each environment confer a local adaptive advantage, and their
fixation is faster. Hence the coefficient of fixation increases and can be larger than 1.
As expected, local adaptation speeds up speciation (figure 1.2, upper row, green curves).
In the presence of migration, we can determine when speciation occurs by solving a
set of ordinary differential equations (Materials and methods). As expected, gene flow
slows down speciation (figure 1.2). In fact, speciation is no longer ineluctable, and we
designed an efficient way to predict whether it will occur or not (Materials and methods
and supplementary text S I.1; figure 1.2 upper row, pink curves).

High mutation rates are generally thought to increase the rate at which populations
acquire substitutions and RI, resulting in higher speciation rates (Lanfear et al. 2010;
Hua and Bromham 2017). This expectation is part of the integrated evolutionary speed
hypothesis, which stipulates that the short generation times and high mutation rates found
in warm (tropical) environments result in fast genetic change and speciation (Rohde
1992). In a purely theoretical scenario without within-population purifying selection
against incompatibilities, increased mutation rates indeed always speed up speciation
(figure 1.2A, dashed curves). When within-population incompatibilities are selected
against, however, this expectation is true only under low-to-moderate mutation rates;
when mutations become more frequent (> 0.05 per generation), purifying selection
against incompatibilities limits their accumulation both within and between populations,
and slows down speciation, contrary to the evolutionary speed hypothesis (figure [.2A,
solid curves). This speciation slowdown under a high mutation rate regime occurs in the
three scenarios we considered. The non-monotonic dependency of speciation duration to
mutation rates may explain why tests of the evolutionary speed hypothesis have found
mixed evidence. A positive association was found in birds (Lanfear et al. 2010) and
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Figure 1.2 — Expected speciation duration and polymorphism. Expected speciation
duration (upper row) and polymorphism (lower row) under the holey adaptive landscape
model (HAL; solid lines), as a function of mutation rate (A, D), population size (B, E)
and incompatibility threshold (C, F). Three versions of the model are considered: strict
allopatry (in blue), with migration (parapatric, in red), and with local adaptation (in
green). Expectations under a purely theoretical scenario without purifying selection
against incompatibilities within populations (R = 1, s = 0) are shown with dashed lines
for comparison. On the upper row, the pink line in the shaded region indicates cases
where speciation does not occur. In each panel, one of the three parameters varies
with the others kept constant at v = 0.0007, N = 6000, and K = 80. For the parapatric
scenario, the migration rate is m = 10~4 ; for the adaptive scenario, the coefficient of
selection is sp. o = 0.001.
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plants (Bromham et al. 2015), but a negative one was found in mammals (Afonso Silva
et al. 2025). In the latter study, the authors attributed this a priori unexpected result to
methodological artifacts; our results suggest that it could in fact be real, due to a high
purifying selection, and slow accumulation of incompatibilities, when mutations are
frequent.

The dependency of speciation duration to population size strongly depends on whether
speciation is ecological (adaptive scenario, in green) or not (neutral scenarios, in blue and
red) (figure 1.2B). As expected, ecological speciation is faster in large populations where
positive selection is more effective; this effect becomes visible when the population
size is larger than the drift-selection barrier (1/4s;.4 = 250 here; Kimura and Ohta
1971). This prediction would also hold in the presence of migration, as migrants,
which are less fit than individuals from the local population, will be more rapidly
selected against in large populations, reducing their chance of homogenizing diverging
populations. In the allopatric neutral scenario, and in a purely theoretical situation
without within-population purifying selection against incompatibilities, population size
would not have an effect on the duration of speciation (figure 1.2B, dashed blue curve).
When within-population incompatibilities are selected against, however, this purifying
selection is more efficient in larger populations, slowing down both the accumulation
of incompatibilities and speciation (figure 1.2B & E, solid blue curve). After a given
size threshold, the relationship between population size and speciation duration is thus
positive. The same holds with migration, except that, when populations decrease below
a certain size threshold, speciation duration increases as populations become smaller,
since the probability of a given migrant genotype fixing and homogenizing populations
is higher in smaller populations (figure [.2B, solid pink curve).

Importantly, these results show that faster speciation in larger populations can occur
under both ecological and non-ecological speciation, but faster speciation in smaller
populations occurs only under non-ecological speciation (with or without gene flow).
We additionally find that speciation duration is primarily influenced by the size of the
smallest of the two separate populations in non-ecological speciation, whereas it is
primarily influenced by the size of the largest one in ecological speciation (figure S
[.4). This makes intuitive sense, as mutations causing reproductive incompatibilities
accumulate faster in the smallest of the two populations if they are not adaptive, and in
the largest population if they are adaptive.

The incompatibility threshold K, i.e., the number of genetic differences at which
individuals no longer interbreed, reflects the genomic architecture of speciation, ranging
from few large-effect genes (or structural genomic changes) for small K to many small-
effect genes spread across the genome for large K. These genomic changes can result
in pre- and/or postzygotic barriers, which have the same consequence of leading to the
reproductive isolation of genetically distant individuals. In a purely theoretical scenario
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without within-population purifying selection against incompatibilities, the duration
of speciation increases with K, as a larger number of fixed differences is required
for speciation to occur (figure 1.2C, dashed curves). It is also largely the case when
incompatibilities are selected against, except for very small values of K, where speciation
duration increases (figure 1.2C, solid curves). This is due to the extreme purifying
selection acting on genomic changes with large effects, which hampers their fixation
(see the reduced coefficient of fixation R in figure S 1.1 for small K) and slows down
speciation, despite the small number of fixed differences required for speciation to occur;
this effect is reflected by a reduced polymorphism in the population (figure I.2F). Hence,
the more polygenic speciation is, the more time it is expected to take, except in cases of
very large effect genomic changes that have a hard time fixing.

Mutation rates, population sizes, and the genomic architecture of speciation influ-
ence not only speciation duration, but also the timing and shape of the grey zone (GZ),
1.e., when and at which pace the between-population compatibility declines. We fitted
a decreasing sigmoid to the between-population compatibility wy(¢) (dashed line in
figure I.1) and analyzed its timing ¢gz (inflection point) and slope rgz (Materials and
methods). The results mirror the dependencies found for speciation duration, with ear-
lier/faster drops in between-population compatibility corresponding to shorter speciation
durations, while later/slower drops correspond to longer speciation durations (see the
concordance between figure [.3A and figure I.2A-C). These analyses further show that the
only scenario with an early drop in between-population compatibility is the scenario with
local adaptation when populations are large (figure 1.3A2, in green), and that migration
enforces a slow compatibility drop (figure I.3A2, in red). Hence, we expect — most
often — a substantial lag between the time when populations split and the time when
compatibility between them drops, and fuzzy species boundaries that extend for a long
period of time as soon as there is between-population gene flow.

Examining the shape of the grey zone as a function of the net divergence (defined as
the difference between divergence and polymorphism, D, := D;, — D,,) instead of time,
as is typically done in genomic-based empirical analyses of the grey zone of speciation
(Roux et al. 2016; Monnet et al. 2025), reveals a completely different picture (figure 1.3B).
In this case, the timing and slope of the grey zone are consistent across scenarios. Thus,
local adaptation and gene flow have a minor influence on the shape of the genomic grey
zone. Population size, mutation rate and genomic architecture all affect the timing of the
drop, while its slope is primarily influenced by population size, with a more marginal
effect of the other parameters. Earlier drops, reflecting decreases in compatibility at
lower levels of divergence, occur under more frequent mutations, larger population
sizes, and larger mutational effects. This is explained by the larger polymorphism of the
populations at equal level of divergence under these conditions (see figure S 1.2), which
makes it more likely to find pairs of individuals that are not compatible between the two
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Figure 1.3 — The grey zone of speciation. Characteristics of the temporal (A) and the
genomic (B) grey zone (GZ) of speciation, with varying mutation rate (1), population
size (2) and incompatibility threshold (3). The temporal GZ (resp. genomic GZ) are
characterized by a slope a (resp. ) and a position tgz (resp. Dgz), see Materials
and methods. On each line, one parameter changes (increasing from ¢ to +), each line
corresponds to one scenario of speciation. On the upper row, the dark zone of the graphics
indicates mathematically unreachable regions; typically early speciation with small slope
would require that initial compatibility w;, significantly different from 1 (the middle of
the border correspond to wy, = 0.75).

populations. Populations of small size or small mutation rate, on the contrary, maintain a
high level of compatibility while accumulating net divergence, until the latter reaches K
and compatibility drops sharply. Slower drops, reflecting a fuzzier level of divergence
at which speciation occurs, take place in larger populations, and, with a smaller effect,
under more frequent mutations and smaller mutational effects. The difference between
the genomic and temporal grey zones (figure 1.3B versus figure [.3A) show that viewing
genomic divergence as a proxy for time since the separation of populations in empirical
grey zone curves can lead to biased interpretations.

Our theoretical results on the genomic grey zone should help interpreting the shape
of the grey zone obtained from empirical data (Roux et al. 2016; Monnet et al. 2025). For
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example, Monnet et al. (2025) found that RI is achieved at a smaller level of divergence
in plants compared to animals. They hypothesized that this difference could be explained
by RI occurring with fewer reproductive barriers in plants. We show here that the number
of loci required to achieve RI (K) indeed has a large effect on the timing of the grey zone
(figure I.3B). Our results suggest that larger population sizes and/or higher mutation rates
in plants compared to animals could also explain the pattern. Differences in gene flow or
local adaptation, to the contrary, are not expected to impact the shape of the genomic
grey zone.

Our theoretical predictions indicated that a positive correlation between population
size and the duration of speciation would be indicative of non-ecological speciation and
that, in this case, population duration should be primarily influenced by the size of the
smallest population. We evaluated these correlations using genomic-based demographic
inferences for 196 pairs of plant species for which speciation was inferred to be complete
(i.e., no gene flow at present; Monnet et al. 2025). We used posterior distribution
estimates of speciation duration and of the sizes of the ancestral and two descendant
populations, and compared the correlations with a null model to account for the structure
in pairs of the data (see subsection 1.4.4).

The correlation between speciation duration and population size was significantly
positive (p < 0.05) in 98.8% of the posterior samples when considering the small
descendant population (25% in the null model), 59.5% of the samples when considering
the larger descendant population (22.2% in the null model), and none of the samples when
considering the ancestral population (22% in the null model; figure 1.4). The absence of
correlation between the ancestral population size and the duration of speciation may seem
surprising at first sight, since population size typically influences the initial polymorphism
within- and between-populations. However, the positive correlation between speciation
duration and descendant population sizes suggests that we are in the large-population
regime (figure 1.2B, right-most part) where polymorphism is expected to be independent
of population size (figure I.2E, right-most part). The empirical correlations are therefore
consistent with expectations under non-ecological speciation and large population sizes.

The consistency of the empirical correlation between population size and speciation
duration with expectations under a non-ecological speciation scenario does not contradict
years of empirical evidence for local adaptation in plants (Fournier-Level et al. 2011;
Lowry 2012). Instead, it suggests a decoupling between the traits under local adaptation
and the genetic differences causing reproductive isolation (Frayer et al. 2025), such
that non-ecological rather than ecological processes control the duration of speciation.
Under this scenario, as incompatibilities accumulate between populations, less gene flow
will counteract local adaptation, and ecological differences between sister species (as
exemplified in van der Niet and Johnson 2009) will arise more easily. The ecological
differences would thus be facilitated by reproductive isolation rather than serving as its
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Figure 1.4 — Correlation between speciation duration and population size in plant
data. Distribution of linear coefficients (A, B, C) and p-values (D, E, F) for the
correlation between speciation duration and population size across posterior samples
(red) and randomisations (grey). We fitted the model: log(spec. time) ~ log Marge +
log Nymarl + 10€ Nancestral to 400 posterior samples from demographic parameters inferred
on 196 pairs of plants, compared with 100 randomisations between pairs of species for
each sample. On the upper row, the difference between the linear coefficient from the
randomisations and the empirical data is assessed with a paired 7-test (see detailed results

in table S I.1).
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initial cause. An alternative explanation for the observed positive correlation between
speciation duration and population size is that factors promoting the accumulation of
incompatibilities are stronger in small populations, such as selection and geographical
isolation. For example, small populations may frequently originate from long-distance
dispersal into novel habitats, leading to increased geographic isolation. Upon arrival in
markedly different environments, they would also experience stronger, more divergent
selection. If small populations generally arose as a result of such long-distance dispersal,
we would expect less gene flow in smaller populations. We did not find any significant
relationship between ancestral population size and ancestral migration rates estimated
from the plant genomic data (figure S 1.12); however, this could simply be due to
the difficulty of inferring past migration rates (Fraisse et al. 2021). Regardless of the
mechanisms at play, our results suggest that one should not necessarily expect speciation
to be faster in larger populations.

I.3 CONCLUSION

We investigated how mutation rates, population sizes, the genomic architecture
of speciation, selection, and migration shape the tempo of speciation in a multigenic,
correlated adaptive landscape. As expected, higher mutation rates accelerated speciation,
consistent with the evolutionary speed hypothesis, whereas speciation proceeded more
slowly when mutations were neutral than when they were adaptive and in the presence
of gene flow. We also uncovered several unexpected patterns, including a reversal of
the relationship between mutation rates and speciation duration expected under the
evolutionary speed hypothesis at very high mutation rates, and the insensitivity of the
genomic grey-zone of speciation to gene flow. Our theoretical and empirical results
linking speciation duration to population size revive Mayr’s verbal theory of genetic
revolution. Specifically, speciation can occur rapidly in small populations in the absence
of selection, due to the increased possibility of fixing incompatibilities, and empirical
data from 196 plant species pairs are consistent with this non-ecological speciation
scenario.

However, smaller populations are also more vulnerable to extinction and may collapse
before speciation is complete. This trade-off underscores the need, in the future, to jointly
consider speciation duration and lineage persistence to understand how microevolutionary
processes translate into macroevolutionary speciation rates. The framework developed
here provides a foundation for the development of such integrative analyses.
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1.4 MATERIALS AND METHODS

I1.4.1 Predictions under the holey adaptive landscape model

Following Gavrilets (1999), we use a system of ordinary differential equations (ODE)
to approximate the mean polymorphism D,, (genetic distance between pairs of individuals
in a population), the mean divergence D, (genetic distance between pairs of individuals
from two separate populations), and the number of distinct substitutions (fixed alleles)
between the two populations k. Under the assumptions of linkage equilibrium and rare
alleles, the within- and between populations mean compatibilities are given by (Gavrilets
1999, eq. 12 and 15):

o L LE+LDy)
YT UK+ 1) b

T(K+1—k,Dy—k)
[(K+1—k)

with I'(+,-) and I'(-) the upper incomplete gamma function and complete gamma function,
respectively. The effect of purifying selection against incompatibilities is captured by
a selection coefficient that depends on the level of within-population polymorphism
(Gavrilets 1999, eq. 11):

¢~DvDK
[(K+1,D,)

In the absence of local adaptation, the dynamics follow the system of equations:

( dD D
d_tw = —SDW +2V — Ww +2me(Db —Dw)7
dD
_dt” = —s(Dp — k) +2V +2m,(D,, — D), (1.2)
dk 2Nm,
X 2yR2 2N _ kR (f)
\ dr 2

where N is the size of each population, v is the number of mutations per individual
per generation, denoted thereafter as mutation rate, m, := m X wp,/w,, is the effective
migration rate, m the migration rate (probability for an individual to have migrated from
the other population at the previous generation), s is the selection coefficient defined
above, and R a fixation coefficient capturing the relative speed of allele fixation compared
to a hypothetical case without incompatibility. The expression of R is given by (Gavrilets

1999, eq. 13b):
-
R = 26—\/§ (1.3)

VT erf(\/g) ’

with erf the error function and S := Ns/2.
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In the particular case without migration (m = m, = 0), and under the assumption that
D,, reached an equilibrium (so R is constant), we can obtain an analytical solution for
the duration of speciation by solving the equation for k, which reduces to dk/ds = 2vR.
When the ancestral population splits, individuals are distributed randomly in the two
populations, and it is unlikely that an allele is absent in one population and fixed in the
other. Therefore, if # = O represents the splitting time, the initial number of distinct
substitutions is k(0) = 0, and thus k(z) = 2vRt. Considering that speciation is achieved
when k(¢) = K, the duration of speciation is given by T = K /2VR. If the two populations
have different sizes N; and N, and therefore different coefficients of fixation Ry and R»,
the equation becomes equation I.1.

To analyse the dynamics in the neutral scenarios, we numerically solved the system
given in equation I.2. In the presence of migration, speciation is not systematic. In
this case, predicting whether speciation will occur or not based on the ODEs can be
challenging and time consuming. We designed an alternative, fast approach, based on the
bifurcation diagram for the equilibriums of this system. The detailed method is provided
in supplementary text S I.1.

To analyse the dynamics in the allopatric scenario with local adaptation, we used the
system of ODE:s:

(dD,, D,,
—— =—sD,, +2v— —
dr $Dw + N
dp,,
—2 —_2vR 1.4
dr LA, ( )
dk
— =2VR
T LA

with Ry A the coefficient of fixation in the case of local adaptation, given by (Gavrilets
1999, eq 19):

46_5(]_a)2\/§
V7 [erf (VS(1+ @) +erf (vVS(1 — )]

with a = s a /s denoting the importance of selection due to adaptation compared to the
selection due to incompatibility. The equation for D,, is an approximation that ignores the
effect of local adaptation (the equation is the same as in the neutral scenario with m, = 0)
and is justified by the fact that increases in polymorphism due to positive selection when
alleles are in low frequency are counter-balanced by decreases when they are in high
frequency. The equation for Dy, is an asymptotic approximation (Gavrilets 1999, eq. 13a);
this equation shows that Ry 5 captures the acceleration of between-population genetic
divergence induced by the divergent selection in the two populations. In this model, the
mutations responsible for incompatibilities have a selective advantage in the population
in which they appear. In this allopatric model the two populations do not exchange any

Ria =
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gene, such that the selective status of mutations in the other population (i.e., neutral,
deleterious or advantageous) is irrelevant.

We used Python 3.13 and the module SciPy (Virtanen et al. 2020) to numerically
solve the ODEs. We provide a tool to resolve the equations directly in command line,
available on a GitHub repository (Veron 2026). In order to speed up convergence, we
used some numerical approximations for some of the calculations, such as the fixation
coefficient. Our implementation provides the option to use either the exact form or the
approximation.

1.4.2 Simulations

The predictions above rely on several simplifications: rare allele assumption, linkage
equilibrium, approximation of stochastic processes by deterministic equations, and
additional approximations in the scenario with local adaptation. To verify the validity of
these simplifications, we compared the output of the equations with stochastic simulations
(supplementary text S 1.2). We provide a tool to run the simulations in command line,
available on a GitHub repository (Veron 2026). Without migration, we find that the
equations predict well the dynamics observed under the simulations, in particular when
we added recombination to the simulations to approximate the linkage equilibrium
assumption (figures S .7 to S 1.10, configurations A2 and B2). In the neutral allopatric
scenario, even simulations without recombination matched the predictions well (condition
Al). In the presence of migration to the contrary (conditions C to H), outcomes are more
stochastic, and some simulations lead to speciation while it is not expected based on our
equations, especially when the migration rate is high and populations are small (N = 100
for each population) (conditions G and H). This is consistent with the deterministic
approximation, which is not valid when populations are small.

1.4.3 Analyses of the grey zone of speciation

The grey zone (GZ) of speciation is the period before speciation during which the
two populations are not fully compatible nor fully incompatible. We characterized the
GZ by analyzing the between-population compatibility w, as a function of either (i)
time (the temporal GZ) or (ii) net divergence D, := D;, — D,, (the genomic GZ). The
latter corresponds to the GZ obtained from empirical genomic data (e.g., Roux et al.
2016; Monnet et al. 2025). We fitted a decreasing sigmoid to these curves. The temporal
GZ is thus characterized by wy, (1) = 1/(1 + *~76z)), with o the slope, and 7Gz the
timing, or position, of the temporal GZ. The genomic GZ is similarly characterized by
wp(Dy) = 1/(1 + ePPa=Daz)) with B the slope, and D¢z the position, of the genomic
GZ. We performed the fit using the function curve_fit from the package SciPy and
we checked that the sigmoid was a good approximation (coefficient of determination
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R? > 0.971).

1.4.4 Empirical link between population size and duration of
speciation

We used genomic estimates of various population genetic parameters from Monnet
et al. (2025). These were obtained by applying the “demographic inference with linked
selection” (DILS) model (Fraisse et al. 2021) to 280 pairs of plant species (118 species
or populations from 25 genera). DILS outputs a best supported model among ancient
migration (AM), secondary contact (SC) and isolation with migration (IM); given our
goal to retrieve estimates of speciation duration, we selected the 196 species pairs for
which speciation was inferred to be complete, i.e., the AM model (see figure S 1.3). We
retrieved posterior distributions of the time of the split (7yp;¢) and the time of cessation of
gene flow (Tam), and used their difference as our estimate of speciation duration (Zpec).
We also retrieved the posterior distributions of the sizes of the ancestral (V,) and two
descendant populations (Njage for the largest, and Nyyqy for the smallest). We tested
the relationship between the duration of speciation and the population sizes by fitting
an ordinary least square (OLS) regression: 10g Tspec ~ 10g Njarge + 10g Nyman + log N, and
repeated this over 400 samples.

The species pairs we used are possible pairs within each of 25 plant genera (Monnet
et al. 2025). Individual species therefore appear in multiple pairs, generating a complex
pattern of non-independence in the data, structured per genus. To account for this non-
independence, we repeated the analysis after randomly permuting species identities
within each genus. A potential correlation obtained for these permuted data cannot be
explained by a true correlation with population sizes, but is rather due to repeated patterns
in the data structure (see figure S 1.3). Comparisons between empirical correlations and
null model correlations (i.e., those obtained after random permutations) allow for the
detection of “true correlations” not due to the way the data are organised. For each
empirical sampled, we fitted an OLS on 100 randomised data and compared the obtained
linear coefficients using a paired ¢-test (see table S I.1).
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DATA AVAILABILITY

All scripts and data used in this analysis are available on Zenodo: https://do
i.org/10.5281/zenodo.18683265. A GitHub repository containing the functions
to run HAL predictions and simulations in command line is also available: https:
//github.com/pierre-veron/HoleyAdaptSpeciation/.
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CHAPTER 11

Speciation completion rates have
limited impact on macroevolutionary
diversification

This chapter is an article by Pierre Veron*#§, Jérémy Andréoletti”, Tatiana Giraud”
and Hélene Morlon®, published in the issue “‘A mathematical theory of evolution’:
phylogenetic models dating back 100 years” of Philosophical Transactions of the Royal
Society B (Veron et al. 2025), one century after the publication of Yule (1925).

Several authors (Mayr 1963; Dynesius and Jansson 2014; Rabosky 2016) describe
speciation as the outcome of a three-steps process (initiation, persistence, completion).
From the macroevolutionary perspective, phylogenies are usually described with birth—
death (BD) models, i.e., with instantaneous speciation and extinction. Linking micro-
and macroevolution requires then to adapt macroevolutionary models to this biological
reality. Protracted speciation models, proposed by Rosindell et al. (2010) transcribe these
multiple steps in a phylogenetic model. In this framework, speciation occurs after an
initiation and a completion, and it can fail because of the extinction of the populations
before completion.

A formalisation of the protracted speciation model was proposed by Etienne and
Rosindell (2012) as the protracted birth—death (PBD) model, which can be summarised
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§ Muséum National d’Histoire Naturelle, Paris, France

61



62 CHAPTER I1

with three rates, the rate of initiation, the rate of completion and the rate of extinction
of populations. This stochastic birth—death process generates a phylogeny where each
lineage corresponds either to a “good” species, or an “incipient” species. Then this tree
can be transformed into a classical species phylogeny by considering only the good
species.

A lot of micro-evolutionary studies focus mostly on the completion step, for instance
by looking at the rate of accumulation of reproductive isolation. However this sole
consideration could be limiting when we try to explain why speciation rates vary, notably
because the other steps of speciation could also influence it. Rabosky (2016) uses the
term of “rate-limiting factor” call a potential step of speciation that may explain variations
in macroevolutionary speciation rates. The use of the PBD model is helpful to enlighten
this question of the rate-limiting factor of speciation.

In this chapter, I use the mathematical properties of the PBD process to estimate the
relative influence of each of the steps of speciation — through its corresponding rate —
on the macroevolutionary speciation rate. To do so, I calculate equivalent birth and death
rates from the parameters of the PBD process and estimate how a change of one of these
parameters influences speciation rate. I then apply this method to parameters of protracted
speciation estimated by Hua et al. (2022) on a clade of lizards, and conclude that the
completion rate has in fact very little influence on the macroevolutionary speciation rate,
although this step is essential in the speciation process.

This work is a collaboration with Jérémy Andréoletti, former PhD student supervised
by Hélene Morlon. Jérémy used his expertise to implement the numerical simulations of
the phylogenetic trees under the different processes (PBD and BD with the estimated
equivalent rates) in order to verify the validity of the approximation I made in calculating
equivalent BD rates. He also very usefully proofread my calculations and estimated the
tip speciation rates on the generated phylogenies. This chapter is organized as follows:
in the materials and methods I briefly explain how I calculate the equivalent BD rates,
with two variants: time-varying BD rates (varBD) and a time-constant BD rates, and
how I estimate the relative influence of the PBD parameters. I then present the results
of this analysis and discuss them. In the appendix of this article (section IL.5), I explain
the details of the mathematical derivations used to calculate the equivalent BD rates.
Supplementary figures that do not contain important result but additional analyses or
examples of numerical resolutions are provided in the end of the manuscript, page 127.
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ABSTRACT

Standard birth—death processes used in macroevolutionary studies assume instanta-
neous speciation, an unrealistic premise that limits the interpretation of speciation and
extinction rates. The protracted birth—death (PBD) model instead assumes that speciation
involves two steps: initiation and completion. In order to understand their respective
influence on macroevolutionary speciation rates, we compute a standard time-varying
birth—death scenario that is “equivalent” to the PBD model in terms of speciation and
extinction probabilities. First, we find a sharp decline in the equivalent birth rate near
the present, indicating that rates estimated at the tips of phylogenies may not accurately
reflect the underlying speciation process. Second, the completion rate controls the timing
of the decay rather than the asymptotic equivalent rates. The equivalent birth rate in the
past scales with the speciation initiation rate, with a scaling factor depending mostly
on the population extinction rate. Our results suggest that the rates of population for-
mation and extinction may often play a larger role than the speed of accumulation of
reproductive isolation in modulating speciation rates. Our study establishes a theoretical
framework for understanding how microevolutionary processes combine to explain the
diversification of species on macroevolutionary time scales.

Keywords speciation, macroevolution, microevolution, phylogeny
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II.1 INTRODUCTION

birth—death models are widely used to understand the diversification of species
groups; in this context, births represent speciation events, i.e., the emergence of two
daughter species from an ancestral one, and deaths represent species extinction. This
specific use of birth—death models is particularly widespread to interpret both fossil
(Silvestro et al. 2014) and phylogenetic data (Stadler 2013; Morlon et al. 2024) in terms
of diversification dynamics. In birth—death models, speciation is considered to be an
instantaneous phenomenon, represented as a branching event following a Poisson point
process.

Despite the widespread use of birth—death models to represent speciation and extinc-
tion events, speciation is not instantaneous. Speciation requires an initial isolation of
populations (speciation initiation) followed by the accumulation of genetic barriers to
gene flow until speciation is complete. Speciation can initiate and fail before completion,
for example because of secondary contact, or because isolated populations go extinct
before speciation completion (Coyne and Orr 2004; Rosenblum et al. 2012; Dynesius
and Jansson 2014). The whole speciation process may take hundreds of thousands up to
several millions of years (Benton and Pearson 2001; Etienne and Rosindell 2012; Etienne
et al. 2014; Hua et al. 2022).

Ignoring the fact that speciation takes time by using standard birth—death models
has non trivial consequences for our understanding of diversification dynamics. For
example, when standard birth—death models are used in combination with phylogenetic
trees of extant species to estimate speciation and extinction rates, the “protracted” nature
of speciation may be misinterpreted as a speciation rate slowdown towards the present
(Etienne and Rosindell 2012; Moen and Morlon 2014).

Etienne and Rosindell (2012) pioneered the development of the so-called protracted
birth—death model (PBD). Instead of assuming that speciation is instantaneous as in
the standard birth—death model, this model assumes that there are events of speciation
initiation corresponding to the formation of incipient species that eventually become
good species after a random completion time. An incipient lineage is a lineage that is not
yet considered as a different species from the ancestral lineage. For sexually reproducing
organisms, the completion time is the time it takes for lineages to achieve reproductive
isolation. Each lineage is thus subject to initiation, extinction and completion events.
Although the PBD model is phenomenological, the protracted nature of speciation
represents the effect of mechanisms such as the accumulation of genetic incompatibilities
between lineages (for instance, Bateson-Dobzhanski-Muller incompatibilities), gene flow
between incipient species and adaptation that are not explicit in this model but contribute
to modulate the completion time (Etienne et al. 2014).



CHAPTER I1 65

The protracted birth—death model has several advantages over the the standard birth—
death model. First, it is biologically more realistic, and it thus unsurprisingly produces
phylogenies that are closer to empirical phylogenies than those produced by the standard
birth—death model (Etienne and Rosindell 2012). Specifically, it produces phylogenies
that are less tippy (fewer recent speciation events) than those arising from the standard
birth—death model. Second, it allows the integration of intraspecific processes that
lead to speciation. For example, the matching competition birth—death model (MCBD,
Aristide and Morlon 2019) integrates the effect of intraspecific competition on character
displacement leading to speciation by modeling character displacement in incipient
lineages.

Despite the advantages of the protracted birth—death model, the overwhelming ma-
jority of phylogenetic analyses of diversification use the standard birth—death model.
Most available models for phylogenetic analyses of diversification are versions of the
standard birth—death model, with birth and death rates that can vary in time and/or across
lineages (Morlon et al. 2024). The protracted birth—death model can be fitted to empirical
phylogenies; however not all of its parameters can be reliably estimated from a phylogeny
(Etienne et al. 2014), which limits its usefulness. Recently, Hua et al. (2022) showed
that the parameters of a protracted speciation model (slightly different from PBD) can
be accurately estimated from population-level (rather than species-level) phylogenies;
however such phylogenies remain rare. Fitting standard birth—death models thus remains
the norm in phylogenetic analyses of diversification.

If speciation takes time but is estimated by fitting standard birth—death models to
phylogenies, which assume instantaneous speciation, what do resulting speciation and
extinction rate estimates actually represent? We can expect that speciation rate estimates
will be higher when rates of speciation initiation and completion are higher, and rates of
extinction of incipient species are lower, but precisely answering this question requires to
establish an analytical relationship between the parameters of the protracted and standard
birth—death models. To our knowledge, such a relationship has not yet been established.

Elucidating the relationship between the parameters of the protracted and standard
birth—death models is important not only to clarify the meaning of speciation rates
estimated from phylogenies, but also to understand the microevolutionary processes
that modulate these rates (Morlon et al. 2024). Indeed, macroevolutionary speciation
rates (estimated from phylogenies) vary by orders of magnitude (Maliet et al. 2019;
Quintero et al. 2024), but the processes underlying this variation remain unclear. Efforts
to find empirical correlations between macroevolutionary speciation rates and rates of
population formation or evolution of reproductive isolation have not been conclusive; a
proposed explanation is that this expected correlation is erased by the frequent extinction
of incipient species (Rabosky and Matute 2013; Singhal et al. 2018; Singhal et al.
2022). The idea is that, population survival rather than population formation and the
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accumulation of reproductive barriers may be the factor “limiting” speciation.

More generally, each of speciation initiation, speciation completion and population
survival may be the process limiting macroevolutionary speciation rates in some situations
but not others (Rabosky 2016). For instance, a lineage that has a propensity to accumulate
fast reproductive isolation but does not experience frequent population splits might not
have a high speciation rate: here, the rate of speciation completion is not limiting. Hence,
factors acting on speciation initiation, the accumulation of reproductive isolation and the
extinction of incipient species can have non trivial outcomes in terms of speciation rate.

Here, we obtain a mathematical link between the parameters of the protracted and
standard birth—death diversification models by computing “equivalent” speciation and
extinction rates, meant to represent the macroevolutionary outcomes (macroevolutionary
speciation and extinction rates) of the protracted birth—death process. More precisely, our
equivalent rates generate the same speciation and extinction probabilities as the protracted
process. As we discuss in the paper, this is distinct from computing “congruent” (sensu
Louca and Pennell 2020) speciation and extinction rates that would provide the same
likelihood of extant species trees. Our main interest here is on the speciation and
extinction rate outcomes of the protracted birth—death process, beyond what can be
inferred from phylogenies.

II.2 MATERIALS AND METHODS

I1.2.1 Birth—death and protracted birth—death models

The standard birth—death (BD) model involves two rates (figure II.1A): the birth
(speciation) rate A and the death (extinction) rate . The protracted birth—death (PBD)
model as defined in Etienne et al. (2014) involves 5 rates (figure I1.1B) : the rate of
speciation initiation from a good species A;, the rate of completion A,, the rate of
speciation initiation from an incipient species A3, the rate of extinction of a good species
W1 and the rate of extinction of an incipient species L.

By convention, time elapses in the direction of increasing values. The process begins
at time 0 with one good lineage and runs until the present at time 7. We now consider
an intermediate time 7 — ¢, and introduce p¥(¢) and p§ (t) the probabilities that, for any
given good lineage, the first event is an extinction or a speciation event, respectively, and
plc\;,(t) the probability that none of these events occur during a time interval of length ¢
(figure I1.1C). Similarly, pf,(¢) and pL(z) are the probabilities that, during a time interval
of length ¢, the first event is respectively an extinction, or a completion event, when
starting with an incipient lineage; pzl\, (1) is the probability that none of these events occur
during the time interval (figure II.1D). By “extinction” we mean the direct extinction of
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Figure II.1 — The birth—death (BD) and protracted birth-death (PBD) models.
Illustrations of the rates involved in the BD model (A), and the PBD model (B). Possible
outcomes of the PBD process in a fixed time horizon, starting from a good lineage (C) or
an incipient lineage (D); non exhaustive examples of events leading to these outcomes

are shown.
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the lineage in question, or the extinction of all possible descendants of this lineage in the
time interval considered. Similarly, by “completion” we mean the direct completion of
the lineage in question, or the completion of an incipient daughter lineage in the time
interval under consideration.

In case of multiple events occurring in the time interval (e.g., speciation followed
by extinction), we consider only the first event. For instance the third case of speciation
in figure II.1C (where the lineages all go extinct after speciation) is considered as a
speciation event and is recorded in p?(t). We only consider the events of speciation
and extinction and not the intermediate steps of speciation initiation, because we are
interested in comparing these outcomes with those of the standard birth—death process.
In particular, an initiation event followed by an extinction of the two lineages will be
considered as an extinction. We will however keep track of the initiation events when
computing the speciation and extinction probabilities.

I11.2.2 Equivalent time-dependent BD rates

Definitions of equivalent birth and death rates, and relation with probabilities of
speciation and extinction under the PBD process

Given a PBD process with fixed parameter values running from O to 7', we assume
that the probabilities of speciation and extinction within an infinitesimal time interval
[t —dt,¢t] can be written as A (¢)dr and [i(¢) dt, for any time ¢. We call the quantities A (¢)
and [1(¢) the time-dependent equivalent birth and death rates. Given a good lineage alive
at time 7" —t — dt, the probability that the first event occurring within the time interval
[T —t—dt,T] is a speciation event is given by:

pS(t+dr) = A(T —t)dt+ (1 — A(T —t)dt — (i(T — 1) dt) p§ (1)
. (id) o
1 124 111

with (i) the probability of speciation within the small time interval [T —¢ — dt, T —t], (ii)
the probability of no speciation nor extinction within the small time interval [T — ¢ —
d¢, T —t] and (iii) the probability that the first event occurring within the time interval
[T —1,T] is a speciation event, conditioned on the existence of the lineage at the time
T —¢. Similarly we have:

pS(t+dt) = (T —t)dr + (1 = A(T —1)dt — (T — 1) dr) p(¢).

Hence, we have the dynamical system

{% = MT —1) = (A(T —1) + (T —1)) p§ (1)
WEW — (T 1) — (AT — 1)+ A(T — 1)) pE (1)
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which allows us to express the time-dependent birth rate:

G G
(R0 T -0
Alr) = Tt Tt 1.1

)= p(T —1) b

and death rate:

dp¢ dp€
(1=p§(T—0) G|, +PE(T -0
pR(T —1)

In what follows, we compute the probabilities p§ (1) and p$(t) for any time ¢ € [0, T,
which provides us with the equivalent rates.

fi(r) = It (I1.2)

By assuming that the probabilities of speciation and extinction within an infinitesimal
time interval [ — dz, 7] can be written as A () dr and f1(r) dz, we have assumed that these
probabilities depend only on time, and not on the history of the lineage considered. This
is an approximation, because (under the PBD process) good lineages carry the history of
their incipient species. An old lineage is indeed more likely to have a pool of incipient
lineages (for instance, when A3 is high, their number increases exponentially with time)
and therefore less likely to go extinct. The equations we used for the probabilities of
speciation p§(t) and extinction p$(t) correspond to the case of a good lineage with no
incipient species, and are approximations otherwise. We expect that these approximations
will affect mainly the extinction rate, as we ignore the buffering effect on extinction
of incipient lineages that exist at the time when the rate is computed. The equivalent
extinction rate could therefore overestimate extinction probabilities.

Speciation and extinction probabilities under the PBD process

In order to compute p¥ (1) and p¥(t) for any time ¢ € [0, T], we first need to compute
probabilities associated with incipient lineages.

Starting from an incipient lineage, the two exclusive possible ways leading to extinc-
tion within a horizon ¢ are (figure I1.2, upper left panel): (a) the first event to occur within
the time horizon is an extinction or (b) the lineage forms two incipient lineages after a
time u < t and both incipient lineages go extinct within the remaining time ¢t — u. The
probability for an incipient lineage and its potential descendants to go extinct within a
time ¢ thus satisfies the following equation:

pe(t) = [ e ™ du figure 11.2(a)
0

+ [ Ae ™ M(ph(r—u))*du figure I1.2(b) (I1.3)
0
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Figure I1.2 — Alternative scenarios by which main outcomes occur in the protracted
birth—death model. Upper panels: starting from an incipient lineage at time 0, decompo-
sition of the possible exclusive ways of extinction (left) and no completion (right) before
a given time 7. Bottom panels: starting from a good lineage at time 0, decomposition of
the possible exclusive ways of extinction (left) and speciation (right) before a given time
t. Dotted lines represent incipient lineages, solid lines represent good lineages. Triangles
summarize the subtrees containing the potential descendants of an ancestor lineage, with
the condition that all of them go extinct within the remaining time (indicated by a cross),
or that one of them completes speciation (indicated by a blue dot), or that none of these
events occur. The probabilities written under the triangles correspond to the probability
of the described event.
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The solution to this integral equation is (subsection I1.5.1):

c(A—K)e +A/k  Alk—A) +2u3
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(cek + 1/k)2 2
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with k = \/A2 — 423 and ¢ = 25 — 1.

Instead of pL(t), it is easier to calculate 1 — pL(t), the probability of non-completion.
Starting from an incipient lineage, the three exclusive ways not to complete speciation are
(figure I1.2, upper right panel): (c) the first event to occur is the extinction of the lineage
within a time ¢, (d) survival of the lineage during a time ¢ without completion, extinction
or initiation, or (e) initiation of speciation after a time u < ¢ and non-completion of any
of the daughter lineages within the remaining time ¢t — u. The probability of speciation
completion of an incipient lineage (or any of its potential descendant) within a time ¢
thus satisfies the following equation:

t
1— plc(t) :/ toe N du figure I1.2(c)
0
+e M figure 11.2(d)
t
+ / Aze M (1 — ph(t —u))?du figure IL.2(e) (I1.4)
0

This equation can be solved numerically by solving an ordinary differential equation
(subsection I1.5.2).

Starting now from a good lineage, the two exclusive possible ways leading to extinc-
tion as first event within a horizon ¢ are (figure II.2, bottom left panel): (f) the lineage
directly goes extinct within a time ¢ or (g) the lineage forms an incipient lineage and
both daughter lineages (one good and one incipient) and their potential descendants die
within a time ¢ — u without speciation. The probability for a good lineage and its potential
descendants to go extinct within a time ¢ thus satisfies the following equation:

PE() Z%(l —e ) figure IL2(f)
t

+ / e @ ph(t —u)pS(t — u) du. figure I1.2(g)  (IL5)
0

where ® = A; + ;.

This equation can be solved numerically, provided that we already have a solution
for pL(¢) (subsection I1.5.3).

Starting from a good lineage, the two exclusive ways in which speciation occurs
within a time ¢ are (figure I1.2, bottom right panel): (h) the lineage initiates speciation
after a time u <t, and the incipient lineage completes speciation within the remaining
time t — u, or (i) the lineage initiates speciation at a time u < t, the completion of this
incipient lineage fails, and the good lineage speciates within the remaining time ¢ — u.
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The probability that a good lineage fulfils speciation within a time ¢ thus satisfies the
following equation:

t
Ps(,; ()= / 1167@)” X initiation at time u
0
[pe(t —u) figure I1.2(h)
+(1 = ph(t —u)pS(t —u)| du figure I1.2(i) (IL.6)

This equation can be solved numerically (subsection I1.5.4).

For all numerical integrations, we used the module SciPy in Python (Virtanen et al.
2020).

After solving these equations numerically and using equation II.2, we obtain the
time-dependent equivalent birth rate A (¢) and death rate fi(z).

11.2.3 Equivalent constant BD rates

Defined as above, the equivalent rates A(r) and f1(r) depend on time, even though the
parameters of the PBD are constant. However, as we will show later and in agreement
with previous results (Etienne and Rosindell 2012), the time-dependency is particularly
manifest towards the present. Intuitively, given enough time, constant rates of initiation,
completion and extinction result in constant equivalent speciation and extinction rates.
However, towards the present (i.e., towards the end of the PBD process), incipient
lineages did not have enough time to complete speciation, resulting in a decline in
speciation rates. As one of our main goals here is to understand how speciation initiation,
completion and extinction translate into macroevolutionary speciation and extinction
rates, we now introduce equivalent constant BD rates, meant to represent the relationship
between the parameters of the PBD and BD process far from the present.

We define equivalent constant BD rates, A (birth rate) and [ (death rate), as the
parameters of the standard BD process such that the probability of speciation and the
expected time to speciation match those under the PBD process with rates A1, A, A3, uy,
and U, starting from a good lineage. The probability of extinction does not bring any
additional information since extinction and speciation events are complementary over
infinite time. Intuitively, we expect that the equivalent time-dependent birth and death
rates tend towards A and [t in the past; the equivalent time-dependent birth rate then
declines toward the present.

We shown that equivalent constant-time rates are given by the following expressions
(see details subsection I1.5.5):

A= (1 — 71')2,1 and [:L = U (H.7)
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is the probability of non-completion of an incipient lineage.

where

Equation II.7 shows that, far from the present, the equivalent death rate is exactly the
rate of extinction of good species, and the equivalent birth rate is directly proportional to
the rate of speciation initiation from a good species, with a coefficient of proportionality
that represents the probability of completion without time horizon and depends on the
rates specific to incipient lineages (initiation, completion and extinction). As in the case
of the time-dependent equivalent rates, these rates correspond to the case of a process
starting with a good lineage without incipient lineages, and the equivalent extinction rate
may thus overestimate actual extinction probabilities under the PBD.

In order to better understand the influence of each parameter of the PBD process
on the equivalent constant birth rate A, we calculate partial derivatives of this function
with respect to the different parameters. A high partial derivative with respect to a given
parameter reflects a strong influence of this parameter on the equivalent birth rate, and
therefore that the corresponding step of the speciation process may be limiting. We
compute the relative influence of a given parameter as the ratio between the absolute
partial derivative with respect to this parameter and the sum of the absolute partial
derivatives with respect to all other parameters. We perform these analyses both for the
simplified PBD model where good and incipient lineages have the same rates of initiation
(A1 = A3) and extinction (i; = W) and for the full PBD model. Detailed calculations are
provided in subsection II.5.6.

11.2.4 Simulations under the PBD process and equivalent BD
processes

Although the equivalent rates were designed to construct BD processes that approach
the PBD process, these processes are not identical. We used simulations to compare
reconstructed trees (i.e., trees of extant species) generated by the PBD process and their
equivalent BD processes. In each of these simulations, we consider the trees of extant
good species, disregarding extinct and incipient lineages. We compared trees simulated
under the constant-rate PBD model with trees simulated under the corresponding time
constant (BD) and time-varying (varBD) equivalent BD models. We independently varied
each of the 5 parameters of the PBD model, each taking 5 values (the default value and 2
above, 2 below, with amplitude chosen to guarantee computational tractability), resulting
in 25 parameter combinations. For each combination, we computed the trajectories of
equivalent time-dependent birth and death rates over 15 million years — approximated
by piecewise-constant birth and death rates over 200 intervals — and simulated 500
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tree replicates using the R library TreeSim (Stadler 2011). The values of these rates are
given in figure S 11.4. Each tree simulation was conditioned on the survival of two extant
lineages (up to the failure of 100 simulation attempts for each replicate), starting from a
single stem branch. We also generated the same number of trees under the PBD model
for each combination of parameters using the PBD package (Etienne and Rosindell 2012).
Finally, we simulated trees under the BD model with equivalent constant rates, using the
package TreeSim. We expect these simulations to deviate the most from those obtained
under the PBD process. We compared the outputs of the simulations under the three
models in terms of species richness at present (SR), tree shape and tree topology.

To analyze tree shape, we used the v statistic (Pybus and Harvey 2000), computed
with the package ape (Paradis and Schliep 2019). The 7 statistics quantifies the relative
position of the internal nodes of a tree and compares it to the expectations under a
pure-birth (Yule) model. ¥ > O corresponds to trees where internal nodes are closer to the
tips than expected under Yule’s model, while ¥y < 0 corresponds to trees where internal
nodes are closer to the root.

To analyze tree topology, we used the stairs2 balance index (Norstrom et al. 2012),
computed with the package treestats (Janzen and Etienne 2024). This statistic mea-
sures the mean size ratio between the smaller and larger pending subtree for all vertices.
Stairs2 is higher for trees with more balanced subtrees and lower for more imbalanced
trees. The stairs2 statistic has been shown to perform well (Khurana et al. 2023; Kersting
et al. 2025) and is less sensitive to tree size than other statistics such as Aldous’ f8
(Aldous 2001).

I1.2.5 Tip speciation rate estimates

As we will show later and already mentioned, the equivalent birth rate declines close
to the present, suggesting that speciation rates estimated at the tips of phylogenies may
poorly reflect the underlying speciation process. To evaluate this effect, we computed
the widely used DR (diversification rate) statistic (Jetz et al. 2012; Title and Rabosky
2019) at the tip of all the trees we simulated under the PBD process, using the package
epn (Title et al. 2022). Next, for each tree, we compared the median DR over all extant
leaves to the constant-rate equivalent birth rate. In order to evaluate deviations due solely
to the use of DR (a biased estimator of speciation rate), we also computed DR at the tips
of trees simulated under the constant-rate equivalent BD process.


https://doi.org/10.32614/CRAN.package.TreeSim
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I1.2.6 Ability to recover equivalent constant BD rates by fitting the BD
model to truncated trees

If we acknowledge that speciation in nature usually takes time, birth and death rates
estimates obtained by fitting a constant-rate BD model to empirical reconstructed trees
are hard to interpret. As noted above, under a constant rate PBD model, we expect
equivalent birth rates to approach the equivalent constant birth rate A in the past, and
to decline closer to the present. Hence, we can expect that speciation rate estimates
obtained by fitting a BD model to the entire tree will have intermediate values below A
However, fitting a BD model to to older parts of the tree should provide good estimates
of the equivalent constant BD rates.

To test this expectation, we truncated the phylogenies simulated under the PBD
process in subsection I1.2.4 at different time points in the past, and fitted a constant BD
model to these truncated phylogenies, using the dedicated function fit_bd_in_past
(Lewitus et al. 2018; Perez-Lamarque et al. 2022) from the R package RPANDA (Morlon
et al. 2016). We fitted a constant-rate BD model to both entire trees and truncated trees
“sliced” at 17 regularly spaced time points between the present and 4 million years before
the present. Finally, we compared the speciation and extinction rate estimates obtained
with various truncation times to the analytically-derived equivalent constant BD rates.

I1.3 RESULTS

I1.3.1 Equivalent time-dependent BD rates

We used equations II.1 and 1.2 and numerical solutions of the equations describing
the probabilities of speciation, completion and extinction with time to derive equivalent
time-dependent birth and death rates (thereafter simply referred to as birth and death
rates) for a large range of parameter values.

We find that birth rates decrease close to the present, reaching 0 at present (timet — 7,
see figure I1.3). Death rates depend less on time and can be considered almost constant
with time if we neglect a small decrease followed by a short increase whent — 7'. In
the past (# — 0), birth and death rates converge to the values predicted by our analytical
expression of the equivalent constant BD rates (equation I1.7). This provides indirect
(graphical) evidence that the constant equivalent birth—death rates can be considered as
asymptotic rates of the time-dependent equivalent birth—death rates.

Initiation rates have a strong effect on the birth rate (figure I1.3A). In the past, birth
rates converge to values scaling with the initiation rate, all other rates being equal, as
expected from equation II.7. As expected, lower completion rates result in lower birth
rates, and an effect of the protracted nature of speciation that extends further into the past
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Figure I1.3 — Influence of the parameters of the protracted birth—death (PBD)
process on equivalent birth—death (BD) rates. Solid lines represent equivalent BD
rates derived from equations II.1 and II.2 as a function of time for different values of
PBD rates. Dotted lines represent constant equivalent BD rates derived analytically
from equation I1.7 for the same PBD parameters. In the top/middle/bottom row the
initiation/completion/extinction rates vary, with the other rates constant (default values
are Ay =23 =0.3,1, =0.4,u; = 4 =0.1). In figures S I1.2 and S II.3, we calculated
the same rates with the 5 parameters varying independently. ¢ = 30 corresponds to the
present, t = 0 to the past.
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(panel C). In the limit A; — o, the model converges to a pure BD model with constant
rates, except very close to the present. Indeed, with high completion rates, incipient
lineages complete speciation very fast and with high probability, so speciation occurs as
soon as an initiation event occurs. Finally, birth rates are lower when extinction rates are
higher, except closer to the present where the effect of extinction diminishes (panel E).
This effect is entirely due to the extinction of incipient lineages ({l»), as the extinction
rate of good lineages (1) has virtually no effect on the birth rate (figure S I1.2). The
higher extinction rate of incipient lineages renders speciation less likely, as incipient
species more often go extinct before completing speciation.

Death rates closely match extinction rates (figure I1.3F), entirely due to the effect of
the extinction rate of good lineages, as expected from equation II.7; indeed, the extinction
rate of incipient lineages has no effect on the death rate (figure S I1.2).

11.3.2 Egquivalent constant BD rates

As shown by equation I1.7 and already described above, the equivalent constant death
rate equals the extinction rate of good species; the equivalent constant birth rate scales
with speciation initiation, it increases with the completion rate and decreases with the
extinction rate of incipient lineages (figure I1.3, dashed lines). We better characterized
the influence of each step of the speciation process (i.e., initiation, survival of incipient
species and completion) on A, interpreted as the macroevolutionary speciation rate, by
computing relative partial derivatives. This allows us to identify the steps of the PBD
process that may limit macroevolutionary speciation rates figure I11.4. We identify that
speciation initiation is limiting when its rate is low and the completion rate is high
(regions 1 and 2). Speciation completion is limiting when its rate is low compared to
the other parameters (regions 3 and 5). An increase in the population extinction rate has
most effect when this rate is low (region 6) and when initiation rate is high compared to
the completion rate (regions 4 and 5).

I1.3.3 Trees generated by the PBD process and equivalent BD
processes

We compared the size, shape and topology of trees generated under the PBD model
to those of trees generated under their equivalent time-constant and time-varying BD
models (figure IL.5). As expected, tree size (SR) increases with higher rates of speciation
initiation and completion, and decreases with higher rates of extinction of good and
incipient lineages (figure I1.5, top row). These trends are well captured by both the
equivalent time-varying and time-constant models, with the exception of the increase
in species richness with the rate of initiation from incipient lineages A3. Compared to
the PBD model, the equivalent BD models produce larger trees when A3 is small, and
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Figure I1.4 — Relative influence of the parameters of the PBD model on the equiva-
lent constant birth rate. Colors indicate which of the PBD process among initiation,
completion and population extinction limits the equivalent constant birth rate A most, as
a function of the initiation and completion rates (A) and the population extinction and
completion rates (B), with the color code explained on the triangle in the right. A yellow
region (1 or 2) indicates a combination of parameters where the most influential parame-
ter on the birth rate is the rate of initiation. A blue region (3) indicates a combination of
parameters where the most influential parameter is the rate of completion A,. An orange
region (4 or 5) indicates a combination of parameters where both population extinction
and speciation initiation are influential. Green regions (6 or 7) indicate situations where
both speciation initiation and completion have a similar influence on the birth rate. In all
cases, the rates of initiation and completion have a positive influence on the birth rate
and the rate of population extinction has a negative influence. The detailed methods are
explained in subsection II.5.6 and the values of the relative influence are provided in
figure S II.5. When they do not vary, default values of the parameters are 0.1.

smaller trees when A3 is large. A3 has little influence on the size of trees generated under
equivalent BD models, consistently with the weak influence of A3 on the equivalent rates
(see figure S I1.3C and D).

As expected given unachieved speciation close to the present, the PBD process results
in trees with negative Y values (reflecting long terminal branches), unless the completion
or extinction rates are high (figure II.5, middle row). y decreases with increasing ratios
of speciation initiation to speciation completion rates, i.e., when the protracted nature
of the speciation process is more pronounced. The equivalent variable-rate BD model
captures these trends relatively well, while the constant-rate BD model produces trees
with positive Y values, indicating nodes closer to the tips. The drop towards 0O in the
equivalent time-variable birth rates captures the shortage of speciation events close to
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the present induced by the protracted process, except when the rate of initiation from
an incipient lineage (A3) gets large. In this case the PBD process produces trees with
increasingly long branch lengths, while the distribution of nodes generated under the
equivalent time-dependent BD model remains stable.

Under most PBD parameters, stairs2 values of tree topology are stable, close to
0.65, and well reproduced by both the time-constant and the time-variable equivalent
BD models. Higher values of stairs2 (reflecting more balanced trees) are observed in
parameter ranges leading to small trees, and likely reflect tree size rather than a true
difference in tree balance.

Deviations observed between trees simulated under the PBD process and those
simulated under the equivalent time-varying BD model under some A3 values likely come
from the approximation we made when establishing the link between equivalent rates
and the probabilities of speciation and extinction under the PBD (see section 11.2.2). If,
as expected, the equivalent extinction rate overestimates extinction probabilities, this
explains why we obtain smaller trees with less negative y values, as extinction pushes
nodes towards the present (the “pull of the present”; Nee et al. 1994). This is especially
pronounced if A3 is high; in this case, there are many incipient lineages that are not
accounted for (the ones that originated before the time at which the rates are calculated).

I11.3.4 Tip speciation rate estimates

DR tip speciation rates estimated on trees simulated under the PBD process are
generally below equivalent constant birth rates (figure S I1.8), as expected given the
decrease in the equivalent birth rate near the present. This is not due to biases linked to
the use of the DR statistics, as DR computed on trees generated under the equivalent BD
process closely match equivalent birth rates.

I11.3.5 Recovery of equivalent BD rates by fit to truncated PBD trees

Our expectation that fits of a constant rate BD model to the “old” part of trees
generated under a PBD process would provide good estimates of the equivalent BD rates
was verified (figure S I1.7). When fitting a constant rate BD model to the entire tree
(i.e., when the truncation time is zero), the estimated speciation and extinction rates
are well below the expected equivalent constant rates. However when truncation time
increases, these estimates converge to the expected equivalent rates. In the case of the
extinction rate, estimates remain slightly below the expected equivalent rates, supporting
our intuition that equivalent extinction rates should overestimate actual extinction events.
The convergence occurs with a truncation time relatively close to the present, consistent
with the observed time of decline of the equivalent time-dependent BD rates. This recent
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Figure IL.5 — Statistics of trees generated under the protracted birth—death (PBD)
process and its equivalent birth—death (BD) processes. By row: species richness SR, y
shape statistic and stairs2 balance index for trees generated under the three models (PBD,
equivalent constant rate BD and equivalent time varying rate BD) for different values of
the parameters of the PBD model. In each column, only one of the PBD parameters varies,
with the others held constant (default A} = 0.5,A, = 1.0,A3 = 0.4, u; = 0.2, up = 0.2).
For each set of parameters of the PBD model, BD and varBD trees were generated under
equivalent birth and death rates computed using equations II.1, I1.2 and II.7. The line
corresponds to the median of statistics across all 200 replicates, the shaded area indicates
the first and last quartile of the statistics. The size of the dots indicates the number of
valid data for which the statistics could be calculated.
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truncation time appears optimal, as estimates are not as good when more of the tree is
truncated, probably due to a loss of statistical power with decreasing data size.

I1.4 DISCUSSION

In this study we derived predictions, under the protracted birth—death (PBD) model
of diversification, for “equivalent” birth and death rates, meant to represent macroevo-
lutionary speciation and extinction rates. We showed that the equivalent rates — in
particular the birth rate — vary when the process approaches the present, but can be
considered constant when far from the present. Our analytical predictions of the rates in
the past allowed us to explore the importance of each step of the speciation process (i.e.,
initiation, survival, completion) in modulating the macroevolutionary speciation rate. We
found that the initiation and survival rates in general play a much larger role than the
completion rate. In addition, we showed that the constant equivalent birth rate can be
estimated by fitting a standard birth—death process on truncated reconstructed trees. This
opens the possibility to relate estimates of macroevolutionary speciation rates, which
have major consequences for the build up of diversity over geological time scales, to the
microevolutionary processes that modulate speciation initiation, population survival and
speciation completion.

Our equivalent rates are distinct from “congruent” rates, defined by Louca and
Pennell (2020) as a combination of birth and death rates that result in the same likelihood
on reconstructed trees. First, the equivalent BD process with variable rates is only an
approximation of the PBD process (see the following paragraph), and therefore the
equivalent BD model is not strictly speaking congruent to the PBD model. Second, we
found a unique solution to our equations, demonstrating the unicity of equivalent rates:
they are the only one that yield the same speciation and extinction probabilities at all
time. Any other scenario in the same congruence class would have the same likelihood
on reconstructed trees, but not the same speciation and extinction probabilities. An
implication of this observation is that a time-varying birth—death scenario fitted on a
reconstructed tree is not guaranteed to provide the equivalent rates. The criterion we
chose to define equivalent rates is also distinct from the criterion used by Pannetier et al.
(2021) to find a time-dependent BD model that approximates the diversity-dependent
BD model. In the latter paper, the authors computed rates yielding the same expected
diversity-through-time (DTT). We expect our equivalent rates to produce the same DTT
as that of the underlying PBD process, but we have not demonstrated that there are no
other combinations of rates that also yield the same DTT.

As expected given previous results on the protracted birth—death process (Etienne and
Rosindell 2012), we find that equivalent birth rates decline to zero as time approaches
the present. Close to the present, speciation is less likely to occur because it requires
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a delay. The decay in equivalent birth rate starts earlier when the completion rate is
lower. Trees simulated under the equivalent time-dependent BD model have similar
characteristics to trees simulated under the PBD process, in terms of tree size and
shape (figure I1.5), meaning that the equivalent BD process captures the dynamics of
speciation and extinction induced by the protracted model relatively well. It is however
important to remember that the PBD and equivalent BD processes are not entirely
interchangeable. PBD is a process with memory, which induces an age dependency of
speciation and extinction rates that is not captured by the equivalent BD process. For
example “old” species are more likely to have accumulated incipient lineages, which
buffer their extinction risk, but this cannot be captured by an age-independent BD
process. More generally, the approximations made in our equivalent BD process lead
to an overestimation of the frequency of extinction events occurring under the PBD
process, explaining some of the deviations observed when comparing simulated trees, in
particular for high values of the rate of initiation from incipient lineages (A43).

Before equivalent speciation rates start to drop, they can be considered virtually
constant. In this regime, we derived analytical relationships between the equivalent
birth and death rates and the parameters of the PBD process. These relationships show
that we can expect macroevolutionary extinction rates to provide a relatively good
approximation of the rate at which species go extinct, except if the rate of initiation from
incipient lineages is large. They also show that macroevolutionary speciation rates are
directly proportional to speciation initiation rates, with a coefficient of proportionality
that depends on the rates of completion, initiation and extinction of incipient lineages.
Hence, all aspects of the speciation process play a role in modulating macroevolutionary
speciation rates, but some play a larger role than others, and which ones will likely depend
on the ecology, genetics and biogeography of the species group considered. Indeed, by
identifying regimes within which each aspect of the speciation process is expected to
be the most influential (figure 11.4), we found that the rates of speciation initiation and
population extinction often are the limiting factors. Completion rates are only limiting
when they are very small and at intermediate values of speciation initiation rates, or high
population extinction rates. Hence, a species that accumulates fast reproductive isolation
will be characterized by a higher completion rate but this will not necessarily have a
strong effect on the speciation rate. In their analysis of Australian rainbow skinks, Hua
et al. (2022) estimated rates of speciation initiation and completion of 0.27 and 0.31,
respectively, with low extinction rates. In this area of parameter space, speciation rates
are clearly not limited by the speed at which reproductive isolation is acquired (relative
influence ~ 10~7), but more by the initiation of speciation (68%) and the persistence of
lineages (32%) (figure S 11.9).

Our results have implications for the phylogenetic analysis of diversification. Indeed,
ignoring the fact that speciation takes time by fitting standard BD models to empirical
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phylogenies necessarily leads to model misspecification (e.g., when fitting a constant
rate BD model) or misinterpretation (e.g., when interpreting the effect of protraction
as a speciation rate decline). In the recent years, there has been a surge in the use of
tip-rate speciation estimates, i.e., estimates of speciation rates at present across the tips of
a phylogeny, obtained with statistics such as the diversification rate (DR; Jetz et al. 2012)
statistic, or models such as the Bayesian analysis of macroevolutionary mixtures (BAMM;
Rabosky 2014), the cladogenetic diversification shift (ClaDS; Maliet et al. 2019; Maliet
and Morlon 2021), or the birth—death diffusion (BDD; Quintero et al. 2024). Future work
investigating how speciation rates estimated with these methods on trees generated under
the PBD process compare with equivalent rates will be useful. We conducted this exercise
here with the DR statistic, and found that the obtained rates generally underestimate the
equivalent constant birth rate, reflecting the convergence to zero of the equivalent birth
rate close to the present. Hence, tip rate estimates are particularly challenging to interpret
in terms of the underlying speciation process. Speciation rates estimated on deeper parts
of the phylogeny approximate equivalent rates quite well, suggesting that these estimates
indeed reflect the macroevolutionary outcome of the combined processes of initiation,
survival and completion. Ideally, we would need to account for the protracted nature
of speciation in every model used to infer diversification rates from phylogenies. By
incorporating a protracted process in the State-dependent Speciation-Extinction (SSE)
framework, Hua et al. (2022) made progress in this direction. A workaround is to truncate
phylogenies, a method that has previously been used in another context (Phillimore and
Price 2008). However, when truncating actual species splits to avoid the effect of
protraction close to the present, this requires employing inference methods that account
for this truncation. These have been implemented for only a limited set of models, such
as the constant-rate, time-dependent and environment-dependent models developed in
RPANDA (Morlon et al. 2016). More systematically implementing this truncation option
in diversification models would be useful. Our tests indicate that truncating phylogenetic
trees at intermediate time points yields the most accurate estimates of equivalent rates.
As the optimal truncation time will depend on the extent to which speciation is protracted
(i.e., the completion rate), we recommend to apply truncation at various time points and
choose the time at which the estimated rates reach a plateau.

Our results also have implications for the ongoing effort to relate macroevolutionary
speciation rates to microevolutionary processes (Rabosky 2016; Harvey et al. 2019;
Rolland et al. 2023; Morlon et al. 2024). Indeed, microevolutionary processes act indi-
vidually on each step of the speciation process (initiation, survival, completion), and our
expressions of equivalent rates quantify how these combine to modulate macroevolu-
tionary speciation rates. For example, the apparent decoupling between tip rate estimates
of speciation and the speed at which reproductive isolation is acquired (Rabosky and
Matute 2013; Freeman et al. 2022) is not surprising given our expectation that completion
rates have a limited effect on the macroevolutionary speciation rate (and the limitations
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of tip rate estimates mentioned before). Etienne et al. (2014) observed a weak correlation
between speciation completion rates estimated with the PBD model and speciation rates
estimated with a BD model, on both simulated and bird phylogenies, especially when the
completion rate was low. The authors interpreted this result as the limits of estimating
speciation rates with a BD process when speciation is protracted. Our results suggest
that the decoupling is in fact real and expected. We would expect the correlation to be
especially weak when the completion rate is high rather than low, and the discrepency be-
tween these expectations and Etienne et al.’s observations could be linked to the limits of
estimating speciation rates with a BD process. We, however, expect to find a correlation
between macroevolutionary speciation rates and the rate of population formation, which
reflects speciation initiation. This is indeed what was found by Harvey et al. (2017); the
lack of correlation in other studies (Singhal et al. 2018; Singhal et al. 2022; Burbrink
et al. 2023) may reflect cases when speciation is modulated by the rate of population
extinction rather than by the rate of speciation initiation, as expected if the initiation rate
is high and/or the population extinction rate is low.

By taking into account the time it takes to complete speciation, protracted birth—death
models provide more biologically realistic models than standard birth—death models, and
a theoretical framework for understanding how each step of the speciation process influ-
ences macroevolutionary speciation rates. A more systematic account of the protracted
nature of speciation in phylogenetic analyses of diversification would both improve
our estimates of diversification rates and our understanding of how microevolutionary
processes combine to modulate macroevolutionary speciation rates.
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I1.5 APPENDIX

I1.5.1 Resolution of the probability of extinction of an incipient

lineage
In equation II.3, let us do the variable change v = ¢ — u to get rid of the variable 7 in
the integral:
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This is a non-linear ordinary differential equation (ODE) of first order, with the initial
condition £(0) = 0.
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with k = \/A%2 — 431, and ¢ > O satisfies this last ODE. Inside the bracket of the
right-hand side (RHS) of equation I1.9 we notice the simplification:
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and since (A — k)2 4+ 2A(k— A) + 41 Az = k* — A% + 4,43 = 0 given the definition of
k, this simplifies into:
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so the suggested ¢ is a solution of the ODE equation I1.9. The condition ¢(0) =0

imposes ¢ = ﬁ — % Finally, we have the solution of the original ODE:

f(t) — N 1 _ A(k — A) + 2.“213 H2
132 (cek’ + %) 2/132A A

From equation II.8 we have
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So the probability of extinction pk(¢) can be retrieved

pe(t) =\/e N f(1)
_ l c(A—k)ek’—I—A/k B A(k—A)+2LL213
A3 (cek + l/k)2 2 .

I11.5.2 Resolution of the probability of completion of an incipient
lineage

To get rid of the variable ¢ in the integral of equation I1.4, we do the change of
variable v =t — u. This gives us:

= plt) = 21—y e o [ B (1 o))
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we now do a logarithmic change of variable in the integral, z = e’
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with, for x > 1:
* logz
= 1-— .
g(x) /1( p<A>)dz

Noting that g’(x) = [1 — pL(logx/A)]?, we have:

2
/ H2 1 1 A3
1—— —|( 1+ .
o= R (1-1) 41 (14 60|
This is a non-linear ODE. With the initial condition g(1) = 0, it can be solved
numerically and we retrieve the probability of completion of an incipient lineage with

pe(t) =1—1/g (eM).
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11.5.3 Resolution of the probability of extinction of a good lineage

From equation II.5 we do the same change of variable as in the previous part v =1t — u:

1
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then with z = ¢®” we have:
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With the condition (1) = 0, equation II.10 gives the ODE satisfied by 4. If we solve
this equation numerically we can retrieve p¥(t):

with, for x > 1

We note that
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11.5.4 Resolution of the probability of speciation of a good lineage

From equation II.6, we do the same change of variable v =t —u, then z = e®:
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with, forx > 0

- () (A (B

We note that
logx logx logx
m'(x) = pk. (T) + (1 —pl (T)) ps (T) (IL11)
logx
Q)

1 Al
) n (1 L (%C)) é;m(x). (IL12)

With the initial condition m(1) = 0, the equation II.12 gives the ODE satisfied by m.
If we solve this equation numerically we can retrieve pg(t) with the derivative of the
solution m, from equation IL.11:

' (e®) = pe(1)
ps (1) = 1_p,c(t)c :

We show an example of the obtained numerical solutions of pg, p[C, pg and pg and
empirical probabilities from simulations in figure S II.1.

11.5.5 Calculation of the time-constant BD rates under the PBD model

Speciation probability and expected time for speciation under the BD model

Under the BD model with parameters A and p, the probability of speciation of a
given lineage is the probability that a birth event occurs before a death event, i.e.,

P(speciation) = l)LT/J (I.13)

Conditionally on speciation, the expected time 7 it takes for a given lineage to
speciate is

1
A+p

since T has the same distribution as min(X,Y) with X < &(A) and Y — &(u) two
independent clock variables representing speciation and extinction events. The minimum
of two exponential independent processes is distributed exponentially with a parameter
equal to the sum of the rates.

E[T |speciation] = (I.14)
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Speciation probability and expected time for speciation under the PBD model

Under the PBD model, a good lineage speciates if it generates at least one incipient
lineage and one of these incipient lineages or one of the descendants of these lineages
completes speciation.

Considering an incipient lineage L that has still no descendant, there are two outcomes:
(i) the lineage or one of its descendants at least complete speciation (we will denote
this event as “complete”), or (i7) neither the lineage nor any of its descendants complete
speciation before dying (we will denote this event as “does not complete™).

Let us denote 7 := P(L does not not complete) and N the number of direct descen-
dants of the lineage before it dies or completes speciation, and L and Ly, ..., Ly those
lineages. All the possible events that can happen to L (completion at rate A,, new incipi-
ent lineage at rate A3 or extinction at rate () are independent point process. The first
event to happen is therefore a point process with rate A, + A3 + U and the probability that
it is the formation of an incipient lineage is A3/(A2 + A3 + Up). We can thus decompose:

n

~+o0
T= Z P(L has n descendants)P(L dies) HIF’(L,- does not complete)
n=0 i=1

:f‘:( A >n a2 "
S\t t) At

Therefore
1 A+ A
=2 +ZZ+ % 7 ‘IHIZ_ﬂij%:O'
2T T2 ] — P perars 3 3
The solution of this equation in [0, 1] is

124+ A3+ o A3l
T=-——7——|1—4/1-4 . II.15
2 M (A2 + 23 + p2)? (1)

Let us now consider a good lineage. Ignoring the proportion 7 of incipient daughter
lineages that will not complete speciation, we can consider the filtered point process
with rates of successful initiation (1 — 7)A; and extinction u;. Therefore the probability
of speciation is the probability that a successful initiation occurs before the extinction,
given by:

(1 — 717)3,1

. 11.16
NGRS (110

P(speciation) =
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The speciation time is the branching time of the first successful incipient lineage to
speciate. Therefore the speciation time is distributed as the result of the filtered point
process and has the expected value:

1
A-—mA+u

E[T |speciation] = (I1.17)

Expression of the equivalent rates of speciation and extinction

The equivalent rates of BD are the rates such that P(speciation) and E[T [speciation]
are equal in both models. To do so, we set A and fi such that the pairs of expressions in
equation II.13/I1.16 and II.14/11.17 are equal. This gives us:

i P(speciation)
[T |speciation]
=(1-m)A (IL18)
and
. 1 —P(speciation
I )

E[T|speciation]
= Hi1-

11.5.6 Analysis of parameters limiting the equivalent birth rate

We measure the influence of the variation in each of the parameters of the PBD model
on the equivalent birth rate 4. Parameters that influence A the most can be considered
potentially limiting, as they can drive A down depending on their values. We calculated
the partial derivatives of A, given by the expression equation II.18, with respect to the
PBD parameters A;,A;,A3 and u (not with respect to tj, denoting the rate of extinction
of a good lineage, because it has no influence on the equivalent birth rate).

gy OA_ ,9m 0h_ o
oA oAk Yor 9 toas)
oA orn
and a—‘uzz—lla—‘uz

In what follows, we explicit the expressions (i, ii and iii) of the three partial derivatives
of 7 with respect to the three parameters of the incipient lineages. From equation 11.15

we remind 7 = A (1 ~ 1 —47L3u2/A2> /223 with A = A5 + A3 + .
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We then use the simplified framework of the PBD model where all rates of initiation
are equal (b := A = A3) and all rates of population extinction are equal (e := | = Uy).
By the chain rule:

I az+ai I ai+a}1

—=——+—-—7 and —=—+—.

ob 0 7Ll d 13 de 0 M1 0 25
We then evaluate the relative influence of a parameter as the ratio between the absolute
partial derivatives. For instance the relative influence of the rate of initiation b is:

)81‘

. db

relative influence(b) = 7 i 5
‘_ab‘+’_axz T | e
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We provided a detailed plot of the values of this relative influence of the three simplified
parameters in figure S II.5. The summary of these relative influences is provided on
figure I1.4. A similar analysis was also done with the detailed model (with A; # A3 and
W1 #* U2 a priori, figure S I1.6).
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CHAPTER III

Discussion

II1.1 SYNTHESIS OF THE RESULTS

In the first chapter, I investigated how mutation rates, population sizes and the
genomic architecture of speciation change the dynamics of speciation between two
distinct populations, potentially connected by migration. The holey adaptive landscape
(HAL) as formalized by Gavrilets (1999), i.e., through a set of deterministic ODEs, has
the advantage of being rapidly solvable numerically, and in the same time highly modular,
to include for example local adaptation and asymmetric population sizes.

I found that the influence of the microevolutionary parameters on speciation duration
depends on the scenario of speciation and is far from trivial. Population size is the
most striking example: faster speciation in large populations, as predicted by Dynesius
and Jansson (2014), is actually only true in the cases of ecological speciation. In the
other cases (allopatric neutral or parapatric neutral speciation), speciation duration is
not a decreasing function of population size. Genomic parameters of plant demographic
models indicate a positive correlation between population size and duration of speciation,
suggesting that the main speciation scenario is not the ecological one.

In the second chapter, I showed, using the protracted birth—death (PBD) model, that
the rate of speciation completion has a minor influence on the macroevolutionary rate of
speciation. By looking at the mathematical properties of the stochastic process under
the PBD model, I estimated time-dependent and constant equivalent birth and death
rates, that reflect the fact that speciation is not instantaneous and the several steps of
speciation (initiation, survival of populations, completion of speciation) can change the
probability of its success. I assessed the effect of the parameters of the PBD models on

95
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these equivalent rates.

The rate of completion has an influence on the rate of speciation in the recent past,
by modulating the speed at which it decreases through time. I estimated the relative
influence of each speciation step (initiation, completion, survival) on the macroevolu-
tionary speciation rate. Applying this method to parameters of the PBD process inferred
by Hua et al. (2022) on a phylogeny of Australian skinks allowed to conclude indeed
that the completion rate has a very small influence on the macroevolutionary speciation
rate. Speciation initiation and, to a lesser extant, the survival of populations are the steps
that modulate the speciation rate over long time-scales.

III.2 NET EFFECT OF POPULATION SIZE ON
SPECIATION

In my first chapter, I showed that population size has a negative effect on the duration
of speciation, at least in the data produced by Monnet et al. (2025). To do so, I relied
on the output of the software “Demographic inference with linked selection” (DILS;
Fraisse et al. 2021). This software uses approximate Bayesian computation (ABC) to
(i) compare several scenarios of demography between (here) two populations and (i)
numerically estimate the parameters of these scenarios, including the population sizes,
the time when populations split and the time when gene flow started and ended in the
past. Here, I used the output of the software where the best supported model is the one
where gene flow stopped (ancient migration, AM), and I took the duration of the period
over which gene flow occurred as a measure of speciation duration, with the assumption
that the cessation of gene flow corresponds to the completion of speciation.

The interpretation of the parameters inferred using ABC on this kind of models
is subject to debate. Although the publication introducing DILS shows that the ABC
retrieves quite accurately simulated population sizes and time (e.g., of split and cessation
of gene flow; Fraisse et al. 2021), one could argue that these parameters only correspond
to theoretical models. In natural systems indeed, neither population sizes nor migration
rates are piecewise constant, and the populations can have an internal structure. However,
the 39 summary statistics of the DILS model measured on the plant genomic data,
and used in the ABC, are well explained, especially with the posterior distribution
refined using neural networks (figure S 1.11). This shows that, although the reality
may be naturally more complex and the model may not be able to distinguish between
several scenarios producing the same summary statistics, the software captures well
what explains the variability of the genetic samples of the populations pairs that are
considered.

Notably, using a population genetic model to compare the speciation dynamics
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between several pairs of species/populations has the advantage of providing comparable
results, which allows to derive general trends. Even though the speciation geographical
and ecological contexts vary among the studied genera, taking the cessation of gene
flow as the moment of speciation allows to have a standard definition of speciation.
Naturally, this is an approximation of the reality. We could indeed imagine that some
populations do not experience gene flow because of a geographic barrier between them
and not because of intrinsic incompatibilities. The assumption made here allows to obtain
general tendency on the link between speciation duration and population size, and should
be taken with caution, in particular if used individually to obtain the “true” speciation
duration for a given pair of taxa.

In this chapter, I found that larger populations tend to speciate faster. However, I only
considered one step of the speciation process, and did do not test or predict the effect
of population size on the other steps. In the HAL model, the isolation of populations
simply occurs ex nihilo, independently of species characteristics such as population size,
geographic distribution and dispersal capacity. The second chapter of this thesis showed
that this step of “speciation initiation” has a big influence on macroevolutionary speciation
rates. Harvey et al. (2019) predicted that demography influences the “metapopulation
structure”, which has a tight link with speciation initiation. We could think of different
effects of population size: on one hand smaller populations would be associated to
more patchy distributions, on the other hand larger populations would tend to have more
opportunities to colonise new environments. It would be interesting to to test a potential
relationship between the capacity of species to form isolated populations (as measured
by Harvey et al. 2017; Singhal et al. 2022 or Burbrink et al. 2023) and population size
estimates to enlighten this question.

An expected positive effect of population size on population survival seems more
obvious, and I showed in the second chapter that population extinction is one of the
strongest predictors of speciation rate. A future direction of research would be to integrate
a risk of extinction — for instance using stochastic population models as reviewed by
Ovaskainen and Meerson (2010) — into models of speciation such as the HAL model.
Small populations may indeed speciate faster, but since they are more prone to extinction,
the overall association between population size and speciation rate remains an open
question.

II1.3 ASSESSING THE IMPORTANCE OF ECOLOGICAL
SPECIATION

Ecological speciation denotes the scenario where RI evolves between populations by
“divergent natural selection arising from differences between ecological environments”
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(Schluter 2009). The question of whether speciation occurs mostly by this scenario is
debated (Rundle and Nosil 2005; Nosil and Flaxman 2010; Anderson and Weir 2022).
The existence of sister species living in different environments is indicative of ecological
speciation, but it is not an evidence, as adaptation can take place while, or after, speciation
happened, but not be its primary driver.

In my first chapter, I used the model by Gavrilets (1999) to predict the dynamics of
speciation under the scenario of ecological speciation and under a neutral scenario. In
this model, RI emerges because genetically distant individuals do not interbreed. The
difference between the neutral scenario and the ecological scenario is the way alleles fix
on the locus responsible for the incompatibility. In the neutral model, alleles are under no
selective pressures — except the pressures induced by the incompatibilities themselves.
In the scenario of ecological speciation, the alleles are under positive selection, a process
called “local adaptation”. Although a premise for ecological speciation is a divergent
selection between two environments, a positive selection is equivalent in the HAL model
because of the infinite allele assumption and the absence of migration in this scenario.
Indeed, mutations that appear in the first population will not be tested by natural selection
in the second population.

In the HAL model, there is no assumption on the mechanisms that would cause the
incompatibilities. The only assumption is that genetically distant individuals do not mate
or do not have fertile offspring. This could be induced by pre-mating RI (mate choice),
postzygotic RI (a mechanism like DMI) or anything in-between (or a combination of
factors, see Christie and Strauss 2018). In the case with local adaptation, we still assume
that the differences explain the incompatibilities, but their accumulation is favoured by
a positive selection within each population. This process is close to the definition of a
“magic trait”, i.e., a phenotypic trait that is under divergent selection and associated to
a non-random mating (Servedio et al. 2011). This is the case, for instance, when the
adaptation of a pathogen to a host controls the partners with whom it can reproduce
(Giraud et al. 2010). The HAL model with local adaptation actually covers a broader
scenario of ecological speciation, because the incompatibilities between individuals
include multiple loci. This model may be closer to the reality of Heliconius butterflies
for example, where wing color pattern probably acts as a magic trait, but the assortative
mating is actually based on a multitude of traits, not only the wing color pattern (Mérot
et al. 2015; Mérot et al. 2017).

The selective regime of alleles responsible for genetic incompatibilities has a conse-
quence, notably on the effect of population size on speciation duration. In their work
on the expected controls of speciation rate, Dynesius and Jansson (2014) predicted that
larger population should speciate faster, but they implicitly assumed that speciation
occurs after mutations under positive selection fix in the populations, which is not always
the case. Selection tends to be less efficient in small populations, due to genetic drift
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(Hartl and Clark 2007), regardless of the direction of that selection (positive or negative).
As a consequence, ecological speciation is faster in larger populations compared to
smaller populations ; and neutral speciation is faster in smaller populations compared to
larger populations.

I used this dependence of speciation duration on population size to test the dominance
of ecological speciation, using plant demographic data, inferred from plant genomes by
Monnet et al. (2025), and concluded that ecological speciation may not be the dominant
scenario in the tested plants. This result is in line with the analysis by Anderson and Weir
(2022), where signals of divergent selection between sister species of vertebrates was
found weak. However, there are alternative explanations for the observed patterns in the
association between population size and the duration of speciation. First, what I observed
as “duration of speciation” may actually reflect an alternative scenario, with gene flow
being suppressed because of external factors instead of intrinsic incompatibilities, as
discussed in the previous section. Second, a confounding factor cannot be excluded. For
instance, one could imagine that smaller populations are associated with the colonisation
of more distant areas, which themselves are associated with less gene flow because
of geographic isolation. This last intuition could be tested by looking at a correlation
between population size and migration rate, however the inference of migration rate
under demographic models remains difficult.

II11.4 SPECIATION LIMITED BY POPULATION
SEPARATION

In the second chapter I showed that speciation rates are mostly influenced by speci-
ation initiation in the framework of the PBD model. But what is speciation initiation?
In their founder publication on the protracted speciation model, Rosindell et al. (2010)
defined speciation initiation as the formation of an “incipient species”, that is yet not
considered as a distinct species from its sister lineage. This incipient species may become
distinct in the future, which requires the acquisition of a form of independent evolution
from its sister lineage.

A natural interpretation of the initiation phase is the separation of one population into
two distinct populations. A population is a group of individuals that have a certain degree
of disjunction from the rest of the species, because they live in a same area and tend to
reproduce within this group (Wells and Richmond 1995). The formation of population
is considered as the starting step of speciation, as considered by Dynesius and Jansson
(2014) under the term of “splitting”.

The empirical relationship between the rate at which populations split and the macro-
evolutionary speciation rates is not clear. Harvey et al. (2017) found a positive association
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between the rate of population formation and the speciation rate. The rate of population
formation is estimated by fitting a coalescent model to a phylogeny of populations. With
this method, the obtained value corresponds to the number of newly formed population
per lineage and per million year. But, in another study on lizards, Singhal et al. (2018)
proposed another form of population differentiation rate based on geographic isolation,
called isolation by distance (IBD). IBD relies on the relationship between geographical
isolation between individuals and their genetic divergence. The slope of that relationship,
called rate of IBD, should characterize the propensity of a species to form new popula-
tions — and is indeed correlated with mobility-related traits — but is uncorrelated to the
macroevolutionary speciation rate (see also Singhal et al. 2022; Burbrink et al. 2023).

A possible explanation for the absence of correlation between population differen-
tiation and speciation rate is the fact that these studies use the tip-speciation rate as a
variable. In models like ClaDS, speciation rates vary across time and lineages, either by
a general trend, or due to a random variation at each branching event. The tip-speciation
rate is a measure of this variable at the leaves of the phylogenetic tree, i.e., at the present
for each extant species. In my second chapter, I show that the “equivalent” macroevolu-
tionary speciation rate under a PBD process converges to zero at present, because the
probability that a lineage initiates and completes speciation in a small amount of time is
negligible. The effect of speciation initiation is therefore less noticeable in the equivalent
speciation rates measured close to the present. Tip-speciation rate estimates do probably
not reflect an existing dependency between the rates of population differentiation and
speciation.

We note, however, that the correlation between population differentiation and specia-
tion rate measured by Harvey et al. (2017) is significant and positive. The contrast with
the non-significant results of Singhal et al. (2018), Singhal et al. (2022), and Burbrink et
al. (2023) could come from several differences between the studies: (i) the use of BAMM,
in which the speciation rates vary by shifts instead of changing at each branching event
like ClaDS, (ii) the geographic scale, Harvey et al. studied a population across a large
continent and (iii) the difference in the measure of population differentiation. Harvey
et al. indeed used a coalescent method to actually estimate the number of populations,
whereas in the IBD method, the measure reflects the capacity of isolation of the species.
I suggest that, although speciation rate is limited by the initiation phase, the formation of
populations is a large-scale process that is not well reflected by the rate of IBD. It should
be interesting to assess the degree of gene flow between the patches where the individuals
have been sampled in those studies, to see if they correspond to actual populations. As
predicted by Dynesius and Jansson (2014), the persistence of the populations through
time also needs to be taken into account if we want to predict the speciation rate.

In summary, although the speciation initiation phase has a large effect on the spe-
ciation rate, the speciation initiation rate is not easy to estimate on natural populations
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in a way it corresponds to its definition in the PBD model. The various measures of
population differentiation may not correspond to a proxy for this rate. A solution is to
directly fit a protracted speciation model, for instance using the ProSSE framework, but

this requires an extensive sampling of the populations of a group of species (Hua et al.
2022).

II1.5 THE GREY ZONE OF SPECIATION

Roux et al. (2016) popularized the term “grey zone of speciation”, a concept that is
also encountered in the form of “speciation continuum” (de Queiroz 2007) to denote
a region of genetic divergence where pairs of taxa are semi-isolated, meaning that the
reproductive compatibility between them is reduced, but not completely absent. Semi-
isolated taxa are characterized by regions of the genome with gene flow coexisting with
regions without gene flow. The term has then been generalized to situations where finding
species boundaries is challenging (Fernandez-Alvarez et al. 2023; Chan et al. 2026).

Using theoretical models to predict how population compatibility decays with genetic
divergence, as I did in the first chapter, allows to better understand the factors shaping
this grey zone. I indeed showed that, under the HAL model, the speciation scenario
(allopatric without adaptation, allopatric with adaptation or parapatric) has little influence
on the evolution of between-populations compatibility, as measured by Roux et al. (2016).
I also showed that the decay in compatibility starts at lower levels of genetic divergence,
and is slower, for larger mutation rates or population sizes. Naturally, the parameter
representing the genetic architecture of incompatibilities influences the shape of the grey
zone too.

Although Roux et al. (2016) found that the grey zone was fairly similar across
animals, Monnet et al. (2025) found a difference between animals and plants. Indeed,
they found that the genetic divergence where the grey zone occurred is smaller in plants
compared to animals. They put this result in parallel with the higher speciation rates
observed in plants compared to vertebrates and invertebrates (see figure 5). Our results
provide some insight on this interpretation. The shape of the grey zone reflects when
and how RI accumulates, which is tightly linked to the “completion rate” that is used
in the PBD framework and in the second chapter of this thesis. In this work, I showed,
based on the PBD rates estimated by Hua et al. (2022) on a group of lizards, that the
completion rate is not expected to have a big influence on speciation rate. That is also
supported by a former correlative study on birds and Drosophila, in which Rabosky and
Matute (2013) found no link between macroevolutionary speciation rate and the speed
of accumulation of RI. If we now consider plants and assume, as suggested by Monnet
et al. (2025), that they have a larger completion rate (because RI accumulates faster),
the influence of completion rate on macroevolutionary speciation is expected to be even
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smaller (see figure I1.4). Hence, the difference in accumulation of RI observed between
plants and animal is likely not sufficient to explain their difference in macroevolutionary
speciation rates.

The weak influence of the completion rate on macroevolutionary speciation does
not however make the study of the grey zone uninteresting. The question of how fast
RI accumulates is a fundamental question itself, and it can still help to explain the
micro—macro gap. We highlight in the previous section that the rate of formation of
incipient species is a crucial parameter to explain a variability in speciation rate, but
understanding how populations become species is necessary to clarify what we actually
call an incipient species on the field. If plants indeed accumulate RI faster, due to
phenomena like polyploidization or reinforcement that can occur in a few generations
for instance (Long et al. 2026), less isolation between populations is required to initiate
speciation. On the contrary, for animals, we would expect incipient species to be more
isolated populations.

II11.6 CONCLUDING REMARKS

The link between micro- and macroevolution in speciation has long been studied and
debated. In the reference book on speciation by Coyne and Orr (2004), a full chapter
is dedicated to this topic. One possible reason for this interest is that the micro-macro
link defies our initial intuition: we think we understand how species form, but we do
not understand why some groups speciate very frequently and others much more rarely.
We are tempted to look for correlations between different factors, but we generally find
surprising results. Debates have taken place — and continue to take place — between
proponents of different modes of speciation. Above all, establishing the micro—macro
link requires bridging the gap between different scientific fields, each with their own
methods, perspectives and vocabulary.

I believe that mathematical models can provide great contribution to address important
questions behind the micro—macro gap in speciation. They help us refine and test our
intuitions. I tried to contribute to this debate by using existing, and I hope, not too
complex mathematical models, and comparing their output to real data. This allowed
me to advance our understanding of how speciation occurs and what should influence
macroevolutionary speciation rates.

This work confirms that focusing on the accumulation of reproductive barriers only
is not sufficient. I hope it will encourage future research to account for the complexity
of the geographical structure of populations, as well as their potential extinction. The
protracted nature of speciation should also been taken into account in a more systematic
way. Although I do not think a general model explaining speciation rates across the tree
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of life exists, I am convinced that simple models including key processes can improve
our understanding of patterns of speciation observed empirically.






APPENDIX

Linking diversification rates to the
speciation process

This part is the section 8 of the review by Morlon et al., to which I
contributed as a part of my PhD project. Some elements written here
can be redundant with the introduction.

The full review is published in: Hélene Morlon, Jérémy Andréoletti,
Joélle Barido-Sottani, Sophia Lambert, Benoit Perez-Lamarque, Igna-
cio Quintero, Viktor Senderov and Pierre Veron (2024). Phylogenetic
insights into diversification. Annual Review of Ecology, Evolution, and
Systematics 55, 1-21.

Most phylogenetic diversification approaches consider speciation as an instantaneous
event and estimate a macroevolutionary speciation rate, which quantifies the average
number of successful speciation events per species per time unit. These approaches
have revealed that speciation rates can vary by several orders of magnitude even within
taxonomically restricted species groups, and they have been heavily used to identify
intrinsic or extrinsic factors that correlate with speciation rates, as discussed above. A
more mechanistic understanding of how these factors influence species formation to mod-
ulate speciation rates requires a full consideration of the speciation process (figure 6A;
Rabosky 2016; Hua and Bromham 2017; Harvey et al. 2019; Rolland et al. 2023). For
macroorganisms with sexual reproduction, the most common process of species forma-
tion begins when population subsets become isolated (speciation initiation or population
formation); their survival in isolation must then be maintained over a period significant
enough that the accumulation of differences prevents interbreeding between individuals
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from different populations or makes their hybrids less fit (reproductive isolation, RI,
or speciation completion) (figure 6A; Coyne and Orr 2004). The macroevolutionary
speciation rate thus intuitively depends on the frequencies at which populations form,
come back into contact again as one species, and go extinct, as well as the time it takes
to achieve RI.

In the last decade, several studies have investigated the empirical relationship between
macroevolutionary speciation rates, as estimated at the tips of phylogenies, and character-
istics of species expected to reflect aspects of the speciation process. The initial and final
stages of the speciation process, namely population formation and RI, have received the
most attention. The rate of population formation has been measured using two proxies:
the number of genetically distinguishable populations within species divided by species
age (Harvey et al. 2017) and the slope of the relationship between geographic distance
and the genetic divergence between populations (figure 6B; Singhal et al. 2018; Singhal
et al. 2022; Burbrink et al. 2023). While a significant positive correlation between this
rate of population formation and speciation rate was found in birds (Harvey et al. 2017),
it does not seem to hold in squamates (Singhal et al. 2018; Singhal et al. 2022; Burbrink
et al. 2023). The rate at which populations evolve RI has been measured as the slope of
the relationship between reproductive barriers — estimated as the percentage of inviable
or sterile offspring in experimental crosses — and the genetic distance between the
crossed individuals (figure 6B; Rabosky and Matute 2013). In birds and Drosophila,
some lineages evolve RI much faster than others, yet this does not seem to result in
faster speciation rates (Rabosky and Matute 2013). These somewhat unexpected, and
sometimes contradictory results, suggest that the persistence of populations and their
spatial isolation over time, which are not captured by proxies of population formation
and the rate at which populations evolve RI, may play a larger role than the two latter
processes in modulating speciation rates (Rabosky 2016; Harvey et al. 2019).

A better understanding of these results, and ultimately of the processes that modulate
macroevolutionary speciation rates as estimated from phylogenies, requires first a better
theoretical and empirical understanding of how macroevolutionary speciation rates
are related to the rates of speciation initiation; population extinction; and speciation
duration, i.e., the time it takes to evolve RI. Theoretically, this amounts to establishing a
mathematical link between the parameters of the instantaneous birth—death process used
to estimate macroevolutionary speciation rates and those of the protracted birth—death
process, which includes rates of speciation initiation and population extinction, as well
as speciation duration (Etienne and Rosindell 2012). To our knowledge, such a link has
yet to be formally established. Empirically, one challenge arises from the fact that it is
not possible to estimate all the parameters of the protracted birth—death process from a
species-level molecular phylogeny of extant species (Etienne et al. 2014). Nevertheless,
speciation duration can be estimated from extant phylogenies (Etienne et al. 2014) or
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using fossil data (Benton and Pearson 2001), and it could be insightful, for example,
to investigate whether this duration is inversely correlated to the macroevolutionary
speciation rate and/or to the rate at which species evolve RI, as could be expected.
In addition, a recent study suggests that the parameters of the protracted birth—death
process can be accurately estimated from a population-level (rather than species-level)
phylogeny (Hua et al. 2022). While such phylogenies remain rare, this paves the way for
empirical tests of the relationship between macroevolutionary speciation rates and rates
of speciation initiation, population extinction, and speciation duration.

Second, we need to better understand how each of the main stages of the speciation
process is influenced by key characteristics of a species such as its population size,
dispersal capacity, mutation rate, and the selection pressures it experiences in its biotic
and abiotic environment. The goal here is not to improve our estimates of speciation rates
but rather to better understand how species attributes modulate these rates. Particularly
relevant factors are interactions with other species, such as competition, parasitism,
or mutualism, or with abiotic factors, such as climatic changes, orogenesis, or habitat
fragmentation. A wealth of theoretical and empirical studies from population dynamics,
population genetics, and speciation theory exist to build upon (Rabosky 2016; Harvey
et al. 2019). For example, how biotic and abiotic factors influence the extinction risks
of populations or species has been studied at length (Wiens and Slaton 2012; Chichorro
et al. 2019), and numerous studies have investigated the mechanisms by which genetic
incompatibilities lead to speciation (for a review, see Satokangas et al. 2020), the effect of
processes such as migration and niche partitioning on the accumulation of RI (Westram
et al. 2022), and the dynamics of accumulation of RI in nature (for a review, see Kulmuni
et al. 2020). However, these studies have often focused on only one stage of the speciation
process, while it is becoming clear that all stages need to be considered simultaneously if
we are to understand how microevolutionary processes modulate macroevolutionary spe-
ciation rates. This is key, because some characteristics of species can accelerate one step
of the speciation process while decelerating another, which complexifies expectations.
For example, species that disperse readily can colonize new environments, which may
increase rates of speciation initiation (see for instance the “great speciator” Zosteropidae;
Moyle et al. 2009), but at the same time lead to more gene flow between populations,
which may increase the time it takes to complete speciation (Claramunt et al. 2011).
Similarly, species with large population sizes may be less likely to fix nearly neutral mu-
tations that end up causing genetic incompatibilities between individuals from diverging
populations, which may increase speciation duration (Gavrilets 2000; Maya-Lastra and
Eaton 2021) but at the same time decrease the probability that populations go extinct
before completing speciation. Quantitative predictions of the direction and magnitude
of the effect of such species characteristics on speciation initiation, population survival,
and RI, backed up with empirical evidence, can then be used to predict their effect
on the macroevolutionary speciation rate, provided the relationship between the latter
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and the former has been clarified (c.f. previous paragraph). If these macroevolutionary
predictions are confirmed by phylogenetic diversification models, we will have made
significant progress in elucidating the main factors that modulate speciation rates.
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Figure S 1.2 — Details of the characteristics of the temporal and genomic grey zones
(GZ) of speciation as a function of the mutation rate (1), the population size (2) and the
incompatibility threshold (3). A. We show the mean polymorphism (A), the position (B)
and slope (C) of the temporal GZ, the position (D) and slope (E) of the genomic GZ.
Each line corresponds to a scenario of speciation.
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Figure S 1.3 - Illustration of the paired structure of the data obtained from DILS, and of
the statistical approach used to test the significance of the regression between speciation
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a null model.
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Table S I.1 — Details of the paired ¢-test between the linear coefficient of the OLS
regression on the empirical versus randomized data (n = 400 samples).

variable linear coefficient t log;, p-value
empirical randomised
large pop. size 0.2144+0.053 0.1024+0.102 46.2 —161
small pop. size 0.2504+0.038 0.1174+0.083 78.6 —244
ancestral pop. size —0.011£0.054 0.113£0.053 —85.1 —-257
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population (green arrow).
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Supplementary text S 1.1 — Determination of the cases without speciation under the
parapatric model

In the presence of migration, there are combinations of parameters for which speciation
does not occur. Determining these cases by solving the ODEs in equation 1.2 is not
straightforward and time consuming (in particular, speciation not occurring within the
set time frame does not imply it will never occur). We therefore designed an alternative
approach based on the analyses of the equilibria of the differential equations. For a given
combination of parameters, we computed the equilibria by numerically finding the values
Dy, Dy, and k such that the time derivatives provided in equation 1.2 are zero. Depending
on the parameter values, there are either two equilibrium conditions (one with large Dy,
and one with small D) or one equilibrium (the two values coincide, see the bifurcation
diagrams on figure S 1.5). These equilibrium conditions are not necessarily met, as they
require a specific combination of polymorphism, divergence and number of substitutions.
The dynamics of Dy(t) around these equilibria determine whether speciation occurs
or not, with D, (¢) diverging to e when speciation occurs. We tested numerically the
stability of the equilibrium conditions by resolving Dy (¢) with an initial condition close
to the equilibrium value and D,,, k taken equal to the equilibrium values. In the cases with
one equilibrium, we found that this equilibrium is unstable (D, — oo as t — oo; figure S
1.6 cases 4 and 5); in the cases with two equilibria (figure S 1.6 cases 1, 2 and 3), the
lower equilibrium is stable (D;, converges to this equilibrium) and the higher equilibrium
is unstable (D, — o). In practice, the initial divergence D, (0) is small compared to the
equilibrium values, such that condition 3 is not met. Hence, in the parameter space with
two equilibria, D;, converges to the lower, stable equilibrium and speciation does not
occur. In the parameter space with one equilibrium, to the contrary, speciation occurs
and Dy, increases without limit. The bifurcation points shown on figure S 1.5 (dotted
lines) can thus be used to determine the parameter values at which there is a transition
between scenarios with or without speciation (as in figure 1.2).
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Figure S 1.5 - Bifurcation diagrams showing the equilibrium value(s) for Dj, as a function
of the population size (A: low values, B: high values), the mutation rate v (C) and the
threshold of incompatibility K (D). When one parameter varies, the others are kept
constant: v = 0.0007, N = 6000, m = 10~* and K = 80. The numbers on panel A
indicate initial conditions for which the dynamics of D, are represented on figure S 1.6.
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Supplementary text S 1.2 — Comparison of the HAL deterministic model with simula-
tions

The equations we used to investigate speciation under the HAL model rely on several
simplifications, in particular a deterministic approximation (stochastic processes are
modelled by ordinary differential equations), an assumption of linkage equilibrium (the
allele frequency at a locus is assumed to be independent of the allele frequency at the
other loci), a rare allele approximation (the frequency of alleles at polymorphic sites is
assumed to be close to 0 or 1 most of the time), and additional approximations detailed
in Materials and methods in the case with local adaptation. In reality, the stochasticity
around the equilibrium can play a role in the duration of speciation, especially in small
populations where the random reproduction of a small number of individuals can have
a strong effect on the dynamics of the whole population. This is exacerbated in the
case with migration, as the few individuals who migrate may or may not be compatible
with individuals from the receiving population, with important consequences for the
speciation process. Furthermore, the assumption of linkage equilibrium is not necessarily
met, for example if the recombination rate is low. Gavrilets (1999) performed simulations
without recombination and interpreted observed discrepancies between predictions and
simulations as the effect of linked loci. We implemented here stochastic individual-based
simulations that can account for recombination. To assess the conditions under which the
equations are valid and the effect of the linkage equilibrium assumption, we compared
the outcomes of the equations with simulations including (or not) recombination. Our
simulation process is detailed in figure S 1.7. figure S 1.8 and figure S 1.9 report the results
of the comparison with “intermediate” (N = 600) and small (N = 200) population sizes,
which are then summarized in figure S 1.10. With larger population sizes, we expect
predictions to be closer to simulations as the deterministic approximation is more valid.



SUPPLEMENTARY MATERIALS FOR CHAPTER 1

A. Simulation algorithm

119

initiate a population with N clones split the population in two sets of sizes N, and N,
repeat f,,,, times repeat t times
initiate empty next generation forj=1then2 - -
| @ pick 2 compatible parents
: v ) —— in the previous generation <
9 pick 2 parents in the previous « 2 " 0 5
S g generation = Local adaptation according to fitness
S B | o step !
= = — ; tional
S .% if compatible o Migration step (optional) {OpEnaY) §‘ copy the parents
= o T calculate fitness of
g ! e Sachipaigch add mutation with
& copy the parents marked as "migrant compatible robabllity:
1 with a probability m individuals within P |
opulation j
add mutation with probability v l G Y O > measure D,
l migrants move from l rate p (optional) 1
) . one population to the - P (op!
recombine with rate p other initiate empty _| ! check if
! pexiosperation add the two individuals to SPEEE
add the two individuals to the the next generation (= no fertile
next generation pairs between
| fase if the next generation _| the two
if the next generation reached reache? asize N; populatens)
asizeN; ||
; ruo measure D,
measure D,,
B. Genetic distance between individuals C. Compatibility between D. Mutations
individuals based on their N .
Number of sites carrying different alleles genetic distance probability v of a new mutation per
generation per individual
D,, : mean distance within a population . . .
D, : mean distance between two populations ¢ ifdsK infinite number of loci
Xifd>K each loci can mutate once
d=4 random position on the chromosome

E. Recombination (optional) F. Local adaptation (optional)

mutations are favourable, no epistasis

random selection coefficient s,

recombination sites

on the chromosome relative fitness of an individual with n

mutations:

rate p W= (14 s

Figure S 1.7 — Illustration of the simulation algorithm (A) and the several components
of the process (B to F). A. A burnin phase is used to allow the ancestral population
to reach an equilibrium polymorphism. After this phase, the populations are splitted
randomly . B. The distance between individuals is calculated as the number of sites
carrying different alleles. C. The HAL model assumes that individuals can reproduce if
their genetic distance is smaller than the incompatibility threshold. D. At each generation,
each individual can mutate with probability . In this case, a site that never carried a
mutation is altered. A gene cannot undergo the same mutation twice independently. E.
For simulations with recombination, a part of the chromosome is randomly exchanged
between the two offsprings of a pair of parents. F. For simulations with local adaptation,
the fitness of the each compatible pair of individuals within each populations is calculated
and is used to sample the parents during the reproduction step.
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Figure S 1.8 — Dynamics of polymorphism and divergence under the HAL model
obtained with the stochastic simulations (50 simulations for each configuration, solid thin
lines ; the solid thick lines show the mean of the simulations) and with the deterministic
approximations (dotted lines). The first column shows simulations without recombination
and the second column shows simulations with recombination (recombination rate
p = 2). The first row (A) corresponds to the allopatric neutral model, the second row
(B) corresponds to the allopatric model with local adaptation (s; o = 0.005) and the last
third rows (C, D, E) correspond to the model with low, medium and high migration
(migration rate m = 8.5 x 107>,0.001155 and 0.00498 respectively). Parameters of the
model: v =0.002,N; = N, =300, K = 40, burnin time 2000 generations.
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Figure S 1.11 — Goodness-of-fit for the DILS inference. Principal components analysis
of the summary statistics used for the inference of the demographic parameters by
Monnet et al. (2025) for 4 pairs of plants. We show the distribution of the summary
statistics obtained with (i) the prior parameters, (ii) the posterior parameters, (iii) the
refined “optimized” parameters as well as the observed summary statistics in the data.
We randomly chose 4 pairs belonging to different genera for which the supported model
is ancient migration (AM).
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Figure S 1.12 — Correlation between average log-population size and migration rates
inferred by DILS in the data by Monnet et al. (2025). M;_,; correspond to the average
number of migrants going from the small population to the large population at each
generation. The upper corner indicates Spearman’s correlation coefficient.
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Figure S I1.1 — Completion or speciation and extinction probabilities within a time
horizon 7 calculated numerically (solid lines) or empirically estimated on simulations
(dots). A. Probabilities starting with an incipient lineage (pff, p’c). B. Probabilities
starting with a good lineage (pg, pg). Each dot corresponds to N = 2000 replicates
(each one starts with one lineage and runs for a finite time ¢) and shows the frequency of
replicates ending by a speciation or extinction event within a time horizon ¢. The dotted
line corresponds to the analytical expression of the speciation probability (equation II.15
for an incipient lineage and equation I1.16 for a good lineage). Parameters used: A; =
0.5,A, =0.8,43 = 0.4, u; = up = 0.2, same notations as in Etienne and Rosindell (2012)
and in the chapter II.
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Figure S I1.2 — Values of the time-dependent birth—death rates derived from equations
II.1 and I1.2 as a function of time as both extinction rates of the PBD model 1; and
W, vary independently. In the top row (A and B) the extinction rate of good lineages
varies while in the bottom row (C and D) the extinction rate of incipient lineages
varies. When one rate varies, the other four rates are kept constant (default values are
)'1 = 2,3 = 0.3,2,2 = 0.4,[.L1 = 0.1,[.12 =0.1).
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Figure S I1.3 — Values of the time-dependent BD rates derived from equations II.1
and I1.2 as a function of time as both initiation rates of the PBD model (1, and A3)
vary independently. In the top row (A and B) the initiation rate from good lineages
varies while in the bottom row (C and D) the initiation rate from incipient lineages
varies. When one rate varies, the other four rates are kept constant (default values are
)'1 = 0.3,2,3 = 0.3,)«2 = 0.4,“1 = U = 0.1).
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Figure S I1.4 — Time-dependent equivalent BD rates used in the simulations. On
each row, only one parameter of the PBD model varies. The left column shows the
birth rate and the right column shows the death rate. Each curve corresponds to a set of
parameters of the PBD model. The resulting equivalent BD rates are used to generate
trees under a time-dependant BD model that are summarized in figure IL.5.
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Figure S IL.5 - Relative influence of the parameters of the simplified PBD model
(b:= A1 = A3 and e := U; = W) on the constant equivalent birth rate A, as defined
in subsection I1.5.6, as a function of (b,4;) (A) and (e,A;) (B). When unspecified, the
values of the rates of the PBD model are taken at 0.1. The values shown here are

summarized in figure I1.4.
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Figure S I1.6 — Relative influence of the parameters of the PBD model on the constant
equivalent birth rate 7L, as defined in subsection IL.5.6, as a function of (1;,4;) (A) and
(t2,22) (B). When unspecified, the values of the rates of the PBD model are set at 0.1.

In the lower plot, colors indicate which of the parameters among A1, A, and L, are most
limiting in the variation of the equivalent constant birth rate A, with the color code
explained in the triangle on the right. A yellow region (1 or 2) indicates a combination
of parameters in which the most influential parameter on the birth rate is the rate of
initiation A;. A blue region (3) indicates a combination of parameters for which the
most influential parameter is the rate of completion A;. A red region (4) indicates a
combination of parameters where the most influential parameter is the rate of extinction
of incipient lineages W,. Purple regions (5), orange regions (6) or green regions indicate
situations in which several parameters have a comparable influences on the birth rate. In
all cases, the influences of A; and A, are positive and the influence of ; is negative.
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Figure S I1.7 — Correspondence between the equivalent time-constant BD rates
and inferred BD rates on truncated phylogenies generated under the PBD model.
Each column shows the effect of independently modifying a given PBD parameter, with
the default value on the third row. For each replicate phylogeny, a classical BD model
was fitted on the reconstructed phylogeny and a modified BD model was fitted on the
same phylogeny with truncated terminal branches, for increasing truncation lengths. The
dot-dashed line corresponds to the median rate across replicates. The horizontal line
corresponds to the equivalent time-constant birth or death rate as defined in equation II.7.
Note that the default BD model almost always underestimates the equivalent (asymptotic)
rates, except for the highest completion rate (A4, = 10), while they are usually recovered
with intermediate truncation times.
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Figure S I1.8 — Diversification rate (DR) statistics on simulated trees under the
(PBD) and birth—-death (BD) process with the equivalent rates. The trees are the same
as in figure IL.5. In each column, only one of the PBD parameters varies, with the others
held constant (default A; = 0.5, = 1.0,A43 = 0.4, u; = 0.2, up, = 0.2). For each set of
parameters of the PBD model, trees were also generated under equivalent birth and death
rates computed using equation I1.7. On each tree, we computed the median DR across
all tips of the tree. The dots and shaded area indicate the median and interquartile ranges
of the median DR. The stars indicate the equivalent constant birth rate A as defined in
equation II.7, which is used to generate the BD trees. The DR statistics is defined in Jetz
et al. (2012).
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Figure S I1.9 — Relative influence of the parameters of the PBD model on the
equivalent constant birth rate, with the values fitted on the phylogeny of Australian
Rainbow Skinks in Hua et al. (2022) using ProSSE. Colors indicate which of the PBD
process among initiation, completion and population extinction limits the equivalent
constant birth rate A most, as a function of the initiation and completion rates (A) and
the population extinction and completion rates (B), with the color code explained on the
triangle in the right. The stars indicate the parameters used as default, taken from the
study by Hua et al. (2022) (b =0.27,4; =0.31,e =2 X 10~7) where the author fitted a
ProSSE model (a model slightly different from PBD) to a Rainbow Skinks phylogeny of
41 species. In all cases, the rates of initiation and completion have a positive influence
on the birth rate and the rate of population extinction has a negative influence. For the
combination of parameters indicated by the stars, we find that the relative influences are
0.682 for b, 1.10 x 10~7 for A, and 0.318 for e.
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