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Diversity of warning signals, speciation
and clade diversification

The display of warning signals by unpalatable (or otherwise defended) prey provides
a wonderful opportunity for establishing an integrative view of biological diversification.
Warning signals are known to be under strong natural and sexual selection. On the one
hand, the sampling strategy of predators, characterized by a learned avoidance of signals
associated with unpalatability, generates natural selection in favour of warning signals
in high frequency in the prey community. Such positive frequency-dependent selection
favours phenotypic uniformity and causes unpalatable species to converge on common
warning signals (mutualistic “Müllerian" mimicry), as seen in a large panel of taxa. On
the other hand, warning signals are used as a phenotypic cue for mate choice, generating
sexual selection with important consequences for reproductive isolation and speciation.

Paradoxically, despite powerful selection favouring phenotypic convergence, warning
signals are fantastically diverse, both within and between species, and this morpholog-
ical diversification is often associated with extensive species diversification at the clade
level. In this thesis, I tackle this apparent paradox from the ground up and I thereby refine
our understanding of the role of positive frequency-dependent selection and mutualis-
tic interactions for evolutionary diversification at micro- and macroevolutionary scales.
First, I show that the predator sampling strategy can favour the emergence of diversity
of warning signals despite positive frequency-dependent selection. Second, I dissect the
conditions allowing the evolution of strong and stable reproductive isolation, necessary
for speciation to occur, in a number of ecological situations where warning signals are un-
der natural and sexual selection. Third, I highlight important indirect effects of frequency-
dependent selection on diversification at macro-evolutionary scale via spatial constraints
and by-product ecological convergence.

Keywords: frequency-dependent selection, mutualism, predator cognition, speciation,
clade diversification, theory





Diversité des signaux d’avertissement,
spéciation et diversification

Les signaux d’avertissement que portent les proies toxiques (ou autrement défendues)
offrent une opportunité unique de développer une vision intégrative de la diversifica-
tion biologique. Ces signaux sont soumis à une forte sélection naturelle et sexuelle.
D’une part, la stratégie d’échantillonnage utilisée par les prédateurs, caractérisée par
l’apprentissage des signaux associés à la toxicité, protège les signaux en forte fréquence
dans la communauté de proies. Cette sélection fréquence-dépendante positive fa-
vorise l’uniformité des phénotypes et la convergence de signaux entre espèces toxiques
(mimétisme mutualiste dit “Müllerien") dans de nombreux taxons. D’autre part, les sig-
naux d’avertissement sont utilisés comme critères de choix entre partenaires sexuels et
sont donc soumis à de la sélection sexuelle avec des conséquences importantes pour
l’émergence de l’isolement reproducteur et la spéciation.

Paradoxalement, malgré une forte sélection naturelle favorisant la convergence, les
signaux d’avertissement sont incroyablement diversifiés, à la fois au sein de la même
espèce et entre espèces. Cette diversification morphologique est souvent associée à
une importante diversification des espèces à l’échelle des clades. Dans cette thèse,
j’apporte quelques explications à ce paradoxe et j’affine ainsi notre compréhension
de l’effet de la sélection fréquence-dépendante positive et du mutualisme sur la di-
versification à l’échelle micro- et macro-évolutive. Premièrement, je montre que la
stratégie d’échantillonnage des prédateurs peut favoriser la diversification des signaux
d’avertissement malgré une sélection fréquence-dépendante positive. Deuxièmement,
je dissèque les conditions permettant l’évolution d’un isolement reproducteur stable,
nécessaire à la spéciation, dans certaines situations écologiques où les signaux mimé-
tiques sont sous sélection naturelle et sexuelle. Troisièmement, je décris des effets
indirect de la sélection fréquence-dépendante sur la diversification à l’échelle macro-
évolutive par le biais de contraintes spatiales et de convergences écologiques secondaires.

Mots clés : sélection fréquence-dependante, mutualisme, cognition, spéciation, diversi-
fication phylogénétique, théorie
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INTRODUCTION

“Numerous ... gaily-coloured butterflies and moths

... are found all to change their hues and markings

together, as if by the touch of an enchanter’s wand,

at every few hundred miles."

— Henry Walter Bates, 1879, Transactions of the

Entomological Society of London

Biological diversification

Diversity is a fundamental characteristic of ecological communities and impacts many

aspects of community and ecosystem functioning. Nowadays, biodiversity is globally

threatened by human activities. Such anthropogenic changes in biodiversity cause

concern for ethical and aesthetic reasons, but they also have a strong potential to alter

ecosystem properties and the goods and services they provide to humanity [Hooper et al.

2005]. Given the importance and pervasiveness of biodiversity, evolutionary biologists

have put a lot of effort into understanding how biodiversity is generated and maintained.

Additionally, at a more fundamental level, unravelling the causes of biological diversifica-

tion is key to understand how biodiversity varies over geological time scales [Raup et al.

1973; Morlon et al. 2010; Ezard et al. 2011], geographical space [Mittelbach et al. 2007;

Rolland et al. 2014], ecological communities [Ricklefs 1987; Morlon et al. 2011] and clades

[Alfaro et al. 2009; Rabosky 2009].

Fossil records are particularly fragmented and often provide scarce information on

past species diversity. Yet, in major marine animal groups and in terrestrial plants, fossil

records clearly indicate that species diversity has dramatically changed over time with

periods of mass extinction and periods of increased diversification [McElwain and Pun-

yasena 2007; Alroy 2008, 2010; Condamine et al. 2013]. Therefore, over evolutionary time,

some species have arisen through speciation processes while others have gone extinct.

Thus, species diversity results from the balance between speciation and extinction rates.

Since the recent advancement of sequencing technologies, molecular phylogenetics

has become essential to study the origin and dynamics of biodiversity over geological

time scales [Yang and Rannala 2012]. A limitation of phylogenetic reconstruction based

on extant species is that extinct lineages are not represented. This limitation makes

estimating speciation and extinction rates problematic (but not impossible) [Ricklefs

2007]. In particular, mass extinction events dramatically depleting biological diversity

are particularly difficult to infer from phylogenies [Laurent et al. 2015; Yang et al. 2017].

Yet, as molecular phylogenies are built for an increasing number of groups with stronger

node support and improved time calibration, phylogenetic analyses are the best hope of

characterizing diversification rates across the tree of life.
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BIOLOGICAL DIVERSIFICATION

Figure 1 – A glimpse into the diversity of Coleoptera. © Christopher Marley

Figure 2 – Sphenodon punctatus, the only living species of its order. © Michael Schneider
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INTRODUCTION

Both fossil records and phylogenetic analyses reveal that biological diversification is

not steady and uniform. Indeed, one of the most remarkable features of the natural world

is the heterogeneity of species diversity observed across the tree of life. Species diversity

varies among clades. When theologians asked John Haldane what one could conclude as

to the nature of the Creator from a study of his creation, the eminent biologist is said to

have answered “An inordinate fondness for beetles" [Hutchinson 1959]. Indeed, a quarter

of all known animal life forms (~300,000 species) are members of this single order, the

Coleoptera [Hunt et al. 2007] (Fig. 1). On the contrary, orders like the Rhynchocephalia

(lizard-like reptiles) (Fig. 2) or the Ginkgoales (non-flowering plants) are represented by

only one living species [Hay et al. 2010; Wu et al. 2013]. Species diversity also varies within

clade. For instance, Passeriformes consist of over 5,000 bird species, but the deepest

division in this clade is between two species of New Zealand wrens (the family Acanthisit-

tidae) and the rest of the order [Barker et al. 2004]. Similarly, a single species (Amborella

trichopoda) is probably sister to the remaining 250,000 species of angiosperms [Moore

et al. 2007].

These variations in species diversity across the tree of life are unlikely to have occurred

by chance alone. Factors that generate and shape such variations within and between

clades are numerous and are still debated among evolutionary biologists. Speciation and

extinction rates are known to be affected by biogeographical processes, such as geolog-

ical [Newell 1952; Peters 2005] and climatic features [Erwin 2009; Figueirido et al. 2012;

Fraser et al. 2015]. In addition to abiotic factors, ecological interactions can also shape

macroevolutionary patterns of diversity [Erwin 2000; Jablonski 2007, 2008a; Cavender-

Bares et al. 2009] through their effects on speciation [Schluter 1994; Dieckmann and

Doebeli 1999; Bolnick 2004a; Grant and Grant 2006] and extinction rates [Weiner 1990;

Law et al. 1997]. For instance, biotic interactions such as competition [Darwin 1871;

Rabosky 2013], host-pathogens coevolutionary dynamics [Ricklefs 2010] or predation

[Sepkoski 1978] have been suggested to explain the dampening of diversity trajectories

observed in many phylogenies at the macroevolutionary scale [Rabosky and Lovette 2008;

McPeek 2008; Phillimore and Price 2008]. While the impact of competitive and other

antagonistic interactions on diversification has been extensively explored [Ehrlich and

Raven 1964; Rabosky 2013], the effect of mutualistic interactions – i.e. beneficial interac-

tions between species – on diversification is still debated [Jablonski 2008a; Hembry et al.

2014; Althoff et al. 2014]. On the one hand, mutualism may help to create or maintain

isolation between populations interacting with phenotypically different partners [Kiester

et al. 1984]. Changes in coevolved traits could lead to reproductive isolation of the locally

coevolving populations, favouring speciation and diversification. On the other hand,

while antagonistic interactions drive evolutionary arms races, mutualistic interactions

lead to stabilizing selection, which reduces phenotypic diversity within populations and

hinders the process of diversification [Kopp and Gavrilets 2006; Yoder and Nuismer 2010].

Biodiversity is characterized not only by species diversity, but also by morphological,

genetic, and ecological diversity [Roy and Foote 1997]. Notably, morphological diversity

4



BIOLOGICAL DIVERSIFICATION

is perhaps among the most obvious and ubiquitous types of variation across the tree of

life. Early naturalists like Aristotle actually used the morphology of life forms to describe

and classify them into groups. Besides, even individuals within the same species unit can

display a large extent of morphological diversity [Wiens 1999]. Morphological characters

often determine how individuals interact with each others and, in turn, ecological

interactions drive morphological evolution. For instance, in the Galapagos Islands,

finches exhibit a high diversity of beak shape associated with different diets [Grant 1999].

Insectivorous finches often have small beaks, whereas seed eaters finches often have

large conical beaks (Fig. 3). Morphological variations in beak shape have evolved by

natural selection, i.e. the process of differential reproduction of organisms differing

in genetic constitution, in response to competition for resources among individuals.

Certain variations in beak shape have given access to new resources and have reduced

the strength of antagonistic competitive interactions. Increased reproductive success of

individuals with those variations has eventually led to morphological diversification in

beak shape in the finch population. Therefore, morphological diversification is likely

to have favoured diversification of finches in the Galapagos [yet, interspecific gene flow

throughout the radiation has been reported by Lamichhaney et al. 2015]. Given that

ecological interactions play a key role for speciation and extinction, diversification of

morphological traits, which determines the nature and strength of those interactions, is

therefore a key determinant of species diversification.

As illustrated by the diversification of finches’ beaks, natural selection is an important

force driving the diversification of morphological traits. The nature of selection has

therefore a great incidence on the process of morphological diversification. Selection can

be frequency-dependent when the fitness (i.e. the reproductive success) of a phenotype

depends on its frequency in the population. Negative frequency-dependent selection

is a selection regime where the fitness of a phenotype is increasing as its frequency

decreases. Such selective force can generate and maintain balanced polymorphisms

in a variety of natural systems, ranging from foraging behaviour [Benkman 1996;

Fitzpatrick et al. 2007] and pollination syndromes [Subramaniam and Rausher 2000] to

Figure 3 – Morphological variation in the Geospiza fortis population on Daphne
island in the Galapagos. © Rosemary Grant and Peter Grant
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INTRODUCTION

predator–prey [Fitzpatrick et al. 2009; Hori 1993; Olendorf et al. 2006] and parasite–host

coevolution [Conway 1997]. Negative frequency-dependent selection has therefore a

clear positive impact on the diversification of morphological traits. By contrast, positive

frequency-dependent selection is a selection regime where the fitness of a phenotype

is increasing as its frequency increases. This selection regime favours monomorphism

(strength in numbers) and does not readily generate morphological diversity. Surpris-

ingly, morphological traits under positive frequency-dependent selection show a great

deal of diversity, notably traits used in signaling and communication, such as languages

and social signals [Cartwright 2011], flower colouration for pollinator attraction [Epper-

son and Clegg 1987], and warning signals [Müller 1879; Chouteau et al. 2016]. While the

conditions of emergence of morphological diversity under positive frequency-dependent

selection are debated, this selection regime causes disruptive selection once morpholog-

ical diversity is established (with hybrids suffering from fitness costs because they are

rare). Such disruptive selection plays an important role in population divergence and

speciation [Kirkpatrick and Ravigné 2002] and positive frequency-dependent selection

can therefore easily favour species diversification. On a practical level, populations

with divergent traits under positive frequency-dependent (disruptive) selection are

therefore particularly well suited to decipher the factors influencing the process of

speciation. However, to understand the whole process of biological diversification under

this selection regime, the factors favouring morphological diversification despite positive

frequency-dependent selection remain to be investigated.

To understand how biodiversity is generated and maintained, it is necessary to have

an integrated view of diversification at different hierarchical levels of organization (at

micro- and macroevolutionary scale). However, individuals engage in multiple interac-

tions, which can be positive or negative, direct or indirect, obligate or optional, perma-

nent or temporary. Additionally, each interaction may be mediated by multiple morpho-

logical traits, under frequency-dependent selection or not. This makes it particularly dif-

ficult to identify the role of ecological interactions in driving biological diversification.

Fortunately, we have a good understanding of the effects of some morphological traits on

definite ecological interactions, such as the effects of beak shapes of finches on compe-

tition for resources. Such traits provide unique opportunities to study the link between

morphological and clade diversification. Here, we specifically focus on colourations used

as warning signals to dissect the effects of mutualistic mimetic interactions, and more

generally of positive frequency-dependent selection, on species diversification.

Warning signals and frequency-dependence

Diversity in animal colouration is remarkable and readily observable. Animal colouration

has helped to understand the evolutionary processes shaping diversification in the

living world. In the 19th century, Darwinian naturalists Fritz Müller and Henry Bates

6



WARNINGS SIGNALS AND FREQUENCY-DEPENDENCE

Figure 4 – The highly venomous blue-ringed octopus (Hapalochlaena lunulata) flashes
iridescent blue rings in an aposematic warning display when disturbed or harassed.

found empirical evidence for natural selection in the striking colouration of insects.

The interdisciplinary field of animal colouration has grown very rapidly. For the past

decades, methodological breakthroughs in the analysis of colour in computational

neuroscience and in genetics have opened windows onto the evolutionary dynamics

of animal colouration [Cuthill et al. 2017]. Nowadays, in any textbook in evolutionary

biology, black and white peppered moths’ wings and colourful peacocks’ tails illustrate

the concepts of viability and sexual selection. Overall, the diversity in animal colouration

is related to the numerous roles of colouration in the life history of animals. Colouration

can reflect local adaptation to abiotic environment, in particular to temperature and light

environment [Kalmus 1941; Jablonski and Chaplin 2010; Lahti and Ardia 2016; Jablonski

and Chaplin 2017]. Colouration can also mediate inter- and intraspecific interactions and

can therefore reflect local adaptation to biotic (ecological) environment. In particular,

colouration plays a key role in predator-prey interactions, allowing prey or predators not

to be seen or recognized [Ruxton et al. 2004]. It can also be used as the basis of mate

choice [Endler 1983; Amundsen et al. 1997; Setchell 2005; Loyau et al. 2007; Scholes 2008;

Kemp and Rutowski 2011] and as signals of social dominance [Setchell and Dixson 2001;

Gerald 2001]. In nature, some animal colourations are particularly spectacular and have

fascinated biologists for centuries; this is the case of aposematic warning signals that are

the focus of this thesis.

Many animals are toxic, unpalatable, or otherwise unprofitable, and advertise this to

predators with distinctive warning signals. These advertising signals often take the form

of conspicuous colouration (e.g., Fig. 4). The association between the signal and unprof-

itability is called ‘aposematism’ [Poulton 1890]. This anti-predator adaptation is found

across a wide range of taxa and is commonly found in snakes [Smith 1975], amphibians
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INTRODUCTION

[Rudh and Qvarnström 2013], wasps [Kauppinen and Mappes 2003], coleoptera [Motyka

et al. 2018], but also in birds [Dumbacher and Fleischer 2001] and plants [Lev-Yadun

2009]. Aposematism has been a classical system to study evolution and adaptation for

over 150 years, and has received considerable empirical and theoretical investigation

[reviewed by Stevens and Ruxton 2012]. While aposematism may increase attack rate by

naive predators by increasing prey visibility, predators experiencing such unprofitable

prey can associate conspicuous signals and prey defences, and can avoid these prey

at latter encounter. As formalized by Müller [1879], aposematism generates positive

frequency-dependent selection on the warning signal (Box 1). Indeed, following Müller’s

theory, unprofitable individuals carrying a warning signal in high frequency share the

cost of educating naive predators, and therefore suffer from a lower predation rate than

those that are carrying a warning signal in low frequency. Selection for monomorphism

on warning signal has been extensively shown using various empirical approaches,

including direct observations of the behaviour of avian predators [Chai 1986, 1996;

Langham 2004], population genetic studies in hybrid zones [Mallet et al. 1990] and

mark-recapture experiments [Mallet and Barton 1989a; Kapan 2001]. Therefore, apose-

matic colouration plays a role of ‘signal’ that is perceived and interpreted by predators.

Consequently, predator perception and cognition (e.g. foraging strategy) cause positive

frequency-dependent selection on this trait.

Selection on shared warning signals (strength in numbers) can cause Müllerian

mimicry – i.e. convergent evolution of warning signals among defended species –, which

has been one of the most celebrated examples of the power of natural selection. Phyloge-

nies of mimetic clades have indeed revealed Müllerian mimicry between both closely and

distantly-related species in a large panel of taxa, such as butterflies [Brower 1996; Jiggins

et al. 2006], frogs [Symula et al. 2001], birds [Dumbacher and Fleischer 2001], bumblebees

[Williams 2007], catfishes [Alexandrou et al. 2011] and velvets ants [Wilson et al. 2012] (Fig.

6). Mimicry is not always mutualistic (‘Müllerian’). Mimicry can also be parasitic (‘Bate-

sian’) when a defended model species and an undefended species, the mimic, share the

same warning signal (e.g. venemous coral snakes and undefended milk snakes, Fig. 6d).

In that case, while the mimic benefits from the protection provided by the warning signal,

mimicry also undermines the efficiency of the signal because predators associate less eas-

ily the signal to prey unprofitability. Therefore, increased frequency of parasitic mimics

increases the attack rate on the model species. In this thesis, however, I focus on the im-

plication of aposematism and mimicry on the diversification of unprofitable species [but

I acknowledge that diversification of warning signals also relies on parasitic mimicry]. In

communities of unprofitable prey, the nature of selection acting on warning signals is

readily understood. Müllerian mimetic communities are therefore particularly suited for

investigating the effects of positive-frequency selection on diversification. Additionally, in

mimetic clades, speciation is known to rely on warning signal polymorphism [in particu-

lar in Heliconius butterflies, Jiggins 2008]. Aposematic warning signals therefore provide

one of the rarest occasions to study biological diversification at different hierarchical lev-

els of organization, i.e. at micro- and macroevolutionary scale.
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WARNINGS SIGNALS AND FREQUENCY-DEPENDENCE

Box 1: Müller’s fixed nk theory

In his seminal paper “Ituna and Thyridia: a remarkable case of mimicry in butterflies"

(1879), Fritz Müller described the puzzling resemblance between protected species of

butterflies. He used a very simple mathematical model to show that such mimicry is

beneficial for both species. He assumed that, during a given period of time, naive

predators are attacking a fixed number nk of unpalatable prey with a phenotype (i.e.

an appearance) k before they finally learn to avoid them.

This predator behaviour generates positive frequency-dependent selection (strength

in numbers) on the phenotype of unpalatable prey. Given that the number nk of prey

attacked per phenotype is fixed, individuals carrying a phenotype in high frequency

in the population benefit from reduced predation; this phenotype is favoured (Fig.

5).

Mimicry is favoured by this positive frequency-dependent selection acting on prey

phenotypes. Two or more unpalatable species benefit from evolving a similar ap-

pearance simply because they share the mortality costs involved in teaching naive

predators to avoid them. Let N1 and N2 be the numbers of two equally unpalatable

(or otherwise defended) species in a given locality. If species 1 and 2 are distinct in

appearance, nk individuals of each species are attacked until predators have learned

to avoid them. If, however, the two species are exactly alike in appearance, then the

first species loses an average of only N1
N1+N2

.nk < nk individuals and the second loses

only N2
N1+N2

.nk < nk individuals. Additionally, a mimetic mutant of species 1 that per-

fectly resembles species 2 would tend to spread from extreme rarity (in that it will

have a higher mean survivorship) so long as N2 > N1.
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Figure 5 – Selection on phenotype (i.e. appearance) i relatively to another phenotype
j present in the prey community. Here, all prey are unpalatable and we model attacks
by the predator community following Müller’s fixed nk theory. We assume the prey
population has a constant size N = 400 and we consider different frequencies qi (res.
q j ) of the phenotype i (resp. j ) in the population. The fitness of phenotype i is Wi =
1−nk /(qi .N) while that of j is W j = 1−nk /(q j .N). The measure of selection acting on i

relative to j is Wi −W j . If it is positive, phenotype i is favoured compared to j .
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Figure 6 – Mimicry between distantly related species in Hymenoptera (a), dendrobatic frogs (b),
butterflies (c) and snakes (d). (a) Common wasp (Vespula vulgaris) (left) and European honey bee
(Apis mellifera) (right). (b) Ranitomeya imitator (left) and Ranitomeya summersi (right). (c) Heli-

conius numata (top) and Melinaea mneme (bottom). (d) coral snake (Micrurus fulvius) (left) and
milk snake (Lampropeltis triangulum) (right). Photo credit: (a) John Severns; (b) Brad Wilson; (c)
Mathieu Chouteau; (d) Richard Bartlett and Santiago Muñoz.
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Diversity of warning signals

Despite positive frequency-dependence selection, warning signals are highly diverse.

Many Müllerian mimics exhibit geographic races distributed in a spatial mosaic, includ-

ing moths [Sbordoni et al. 1979], butterflies [Sheppard et al. 1985; Brower 1996], birds

[Dumbacher and Fleischer 2001], frogs [Symula et al. 2001], bumblebees [Williams 2007],

millipedes [Marek and Bond 2009] and velvet ants [Wilson et al. 2012]. Those geographical

races can be heterogeneously distributed across large biogeographic regions (e.g., in He-

liconius butterflies), or at a much smaller spatial scale (e.g., in Ranitomeya poison frogs).

Even more paradoxically, different warning colours can be observed in the same local-

ity in mimetic species such as neotropical ithomiine butterflies [Beccaloni 1997a], some

heliconii butterflies like Heliconius numata [Brown and Benson 1974; Joron and Mallet

1998; Joron et al. 1999], leaf beetles [Borer et al. 2010] and frogs [Chouteau and Angers

2012]. Müllerian mimicry has been studied since Müller [1879] but we do not fully un-

derstand how this diversity of warning colours is generated and maintained. At a regional

scale, the formation of a spatial mosaic of various mimetic forms is thought to arise as a

result of a combination of stochastic effects and localized frequency-dependent selection

for Müllerian mimicry [Mallet and Singer 1987; Sherratt 2006; Mallet 2010; Chouteau and

Angers 2011]. Nevertheless simulations involving genetic drift and localized frequency-

dependence conducted by Sherratt [2006] rarely led to the formation of a mosaic of

morphs when there was only one phenotype at the initial state. Additionally, in these sim-

ulations, boundaries between patches of the mosaic are particularly unstable and lead to

the collapse of the smallest patches. At a local scale, heterogeneity in micro-habitat use by

predators could explain the maintenance of local diversity [Gompert et al. 2011; Willmott

et al. 2017] in a manner similar to the situation modelled by Sherratt [2006] except that

the segregation is ecological instead of geographical. Some theoretical models of preda-

tor aversion learning (different from Müller’s fixed nk theory) also showed that mimicry

among unequally defended prey may be parasitic (quasi-Batesian) instead of mutual-

istic (Müllerian) [Huheey 1976; Speed 1993; Speed and Turner 1999; Turner and Speed

1999]. As a result, negative frequency-dependent selection could act on the warning

signals carried by moderately defended prey, which may in theory explain intra-species

polymorphism. However, so far experimental evidence for quasi-Batesian mimicry has

been somewhat mixed [Speed et al. 2000; Rowland et al. 2007, 2010b], and quasi-Batesian

mimicry has never been clearly demonstrated in nature. Finally, spatially heterogeneous

selection from different Müllerian models coupled with a suitable genetic architecture

could also maintain polymorphism [Joron et al. 1999]. Other genetic factors such as domi-

nance among alleles responsible for warning colours could favour the persistence of poly-

morphism [Llaurens et al. 2013]. Overall, we understand relatively well how diversity in

warning signals can be maintained. However, factors favouring the generation of such

remarkable diversity remain to be identified.
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While a variety of models of predator cognition have been used to understand Mülle-

rian mimicry [e.g. Speed 1993; Mallet 1999; Speed and Turner 1999], the difficulty of ex-

plaining the generation of diversity of warning signals may be due to the simplified repre-

sentation of predator sampling behaviour that has been typically assumed. In particular,

Müller [1879] proposed that a predator will sample a fixed number nk of unpalatable prey

exhibiting a phenotype k before it finally learns to avoid them (Box 1). This “fixed nk ” rule

has been used in most of the models dealing with aposematic prey as it represents a sim-

ple and parsimonious assumption that generates selection for monomorphism. However,

there are many ways to generate selection for monomorphism and the simple foraging

rule assumed by Müller has not been supported empirically [Sherratt 2008]. Indeed two

features of predator cognition and behaviour are necessarily overlooked when theoreti-

cians implement the “fixed nk ” rule to study Müllerian mimicry. First, whenever investi-

gated, the number of prey attacked has always been positively correlated to the number of

unpalatable prey presented to the predator [Greenwood et al. 1989; Lindström et al. 2001;

Beatty et al. 2004; Rowland et al. 2010a,c]. Second, predators can sometimes display neo-

phobia – a short or long-term (also known as “dietary conservatism" in Marples and Kelly

[1999]) tendency for predators to avoid attacking novel prey especially when rare [Shettle-

worth 1972; Mappes and Alatalo 1997; Marples et al. 1998; Greenberg 2003; Thomas et al.

2004; Marples et al. 2007; Franks and Oxford 2009; Crane and Ferrari 2017]. These two

features can be easily explained by considering the sampling strategy for unfamiliar prey

as an exploration-exploitation trade-off [Sherratt 2011]. When a predator encounters a

prey with an unfamiliar phenotype it must decide whether to take a risk and attack it or

avoid such prey altogether. Attacking a prey would permit it to gain a potential meal but

also a valuable information about the level of palatability associated with the phenotype

(exploration). The predator may then use the currently available information and reject

the phenotype if it is largely unpalatable (exploitation). The optimal sampling strategy

was quantitatively elucidated by Sherratt [2011] who used a simple dynamic program-

ming algorithm [Jones 1978; Clark and Mangel 2000] coupled with a Bayesian learning

model (Box 2). If all prey with a given phenotype are unpalatable, then the number of

individuals sampled by the predator before complete rejection will depend on the size of

this prey population. For example, if the unfamiliar phenotype is common in the prey

community then there is more to lose if some of those prey turn out to be palatable, and

the predator should consequently sample more of them. Conversely, a predator should

not be expected to sample individuals with a rare colour pattern – i.e. they should show

neophobia – in some conditions (if the cost of attacking defended prey is extremely high,

for instance). However, the implication of this more realistic model of predator cognition

for the generation of diversity of warning signals remains to be investigated. Likewise, it

is unknown whether the use of an optimal sampling strategy by predators generates para-

sitic relationships among mimics with unequal defenses (‘quasi-Batesian’ mimicry), and

in turn, whether those relationships may lead to the emergence of polymorphism via neg-

ative frequency-dependent selection. In this thesis, I will specifically investigate the role

of predator cognition on the emergence of diversity in warning signals.
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Box 2: The optimal sampling strategy for unfamiliar prey

Sherratt [2011] evaluated the number of defended prey with an unfamiliar appear-

ance a predator should sample before complete rejection if it optimizes its expected

long-term future payoff. This number depends on the size of the prey community

with such appearance, unlike in Müller’s fixed nk theory (Box 1).

Let N be the total number of prey with an unfamiliar appearance that a predator can

possibly sample in its lifetime. Initially, the predator does not know that those prey

items are all defended, and believes that prey items can either be defended (incurring

a cost c on attack) or undefended (incurring a benefit b).

If the predator has sampled n prey of a given phenotype with r individuals among

them that are defended (r ≤ n), the knowledge state of the predator is described by

the state variables r and n. A convenient way to represent updated beliefs is Bayesian

learning – in which prior beliefs are converted to posterior beliefs as new information

is gained. Using Bayesian learning theory, the predator expectation that an individual

prey will be chemically defended on the next attack is:

πp (r,n) =
αp + r

αp +βp +n
(1)

In particular, by implementing priors αp = βp = 1, naïve predators have no bias prior

expectation; in naïve predators (n = r = 0), the expectation that an unfamiliar prey

item is defended is equal to 0.5.

By using dynamic programming theory, it is possible to determine what is the optimal

decision of a predator – either deferring or attacking – at any trial with a given knowl-

edge state (r,n). It relies on the comparison between the expected long-term future

payoff SD(r,n) (if it defers) and SA(r,n) (if it attacks) for each possible behaviour. If

SA(r,n) > SD(r,n) then attacking is the optimal behaviour because it either increases

the information concerning this prey type and/or provides an immediate reward.

The maximal payoff S(r,n) at this trial correspond to the payoff associated with the

optimal behaviour:

S(r,n) = max[SD(r,n),SA(r,n)] (2)
with:

SD(r,n) = 0 (3)

SA(r,n) = πp (r,n) [S(r +1,n +1)− c]+ (1−πp (r,n)) [S(r,n +1)+b] (4)

The calculation of the expected payoff SA(r,n) depends on the expected payoff at

the next trial (S(r + 1,n + 1) and S(r,n + 1)). The optimal strategy (attack or defer)

is therefore identified by working backwards from the absolute maximum number of

trials N after which there are no more decisions (hence no further payoff), so S(r,N) =

0 for all 0 ≤ r ≤ N.

13



INTRODUCTION

Warning signals and speciation

Along with theoretical developments, detailed ecological and genetic studies involving

diverging populations of mimetic Heliconius butterflies have strongly improved our

understanding of speciation [Jiggins 2008]. Understanding speciation – the process

by which new species arise – is key to our understanding of species diversification.

Speciation may be allopatric, i.e. caused by the complete cessation of gene flow of

two populations via geographic isolation. This mode of speciation had been viewed as

the most plausible one for decades until mounting empirical evidence suggested that

speciation can occur with gene flow (i.e. in sympatry or parapatry, without complete

geographic isolation) [Rice and Hostert 1993; Via 1999; Barluenga et al. 2006; Savolainen

et al. 2006; Soria-Carrasco et al. 2014; Momigliano et al. 2017]. Mathematical models

have since been developed to dissect the factors involved in speciation with gene flow

[see Gavrilets 2003, 2014]. From this point on, research on speciation has shifted to a

focus on the role of viability and sexual selection in reproductive isolation [Via 2001;

Kirkpatrick and Ravigné 2002]. In Heliconius butterflies, mimetic patterns play a role in

signalling to predators, as well as to potential mates. Once a diversity of warning signals

is established, mimetic pattern are under disruptive selection, with rare non-mimetic

hybrids suffering from high predation rate [Mallet and Barton 1989b; Jiggins 2008; Merrill

et al. 2012]. Moreover, as wing patterns are used as cues for mate choice, wing pattern

divergence may cause assortative mating among incipient species [Jiggins et al. 2001,

2004; Chamberlain et al. 2009; Merrill et al. 2011b, 2014]. Those empirical studies in

Heliconius butterflies are therefore part of the mounting empirical evidence highlighting

the key role of assortative mate preferences in speciation.

Assortative mating – the tendency of individuals of similar phenotype to mate to-

gether more often than expected at random – is widespread in animals [Jiang et al. 2013].

It associates with premating isolation and therefore plays a key role in generating repro-

ductive isolation [Coyne and Orr. 2004]. Assortative mating can arise as a by-product

of adaptive divergence via temporal or spatial isolation [Servedio et al. 2011], or can be

driven by various behavioural processes [Kirkpatrick and Ravigné 2002; Cézilly 2004]. Of

particular interest is the case of homotypic mate preferences (‘matching mating rule’;

Kopp et al. [2018]), where individuals preferentially choose mates with which they share

phenotypic traits such as colours (like in mimetic Heliconius butterflies) [Summers et al.

1999; Reynolds and Fitzpatrick 2007; Bortolotti et al. 2008] or acoustic signals [Snowberg

and Benkman 2007]. When mate choice is based on ecological traits that are diverging in

the population, alleles coding for strong choosiness (“choosiness" refers to the strength

of homotypic mate preferences) are associated with locally favoured alleles at the eco-

logical loci. Therefore, selection on the ecological trait indirectly acts on choosiness;

changes in frequencies at the ecological locus change frequencies at the choosiness

locus via this linkage disequilibrium. Indirect selection favouring strong choosiness can

theoretically lead to premating isolation between diverging populations [Dieckmann
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and Doebeli 1999; Doebeli and Dieckmann 2003; Bolnick 2004b; Kopp and Hermisson

2008; Thibert-Plante and Hendry 2011; Thibert-Plante and Gavrilets 2013; Kopp et al.

2018]. In particular, abiotic or biotic environmental factors may cause disruptive viability

selection if individuals with intermediate ecological phenotypes suffer viability costs

(e.g., high predation risk, low efficiency in resource use, genetic incompatibilities).

Such viability selection can indirectly favour the evolution of choosiness via linkage

disequilibrium. Likewise, choosiness based on phenotype matching induces positive

frequency-dependent sexual selection that favours the most common ecological pheno-

type; unless assortment is perfect, individuals matching the most common ecological

phenotype have the highest mating success because they are ‘chosen’ most often. If

the population is already differentiated with intermediate ecological phenotypes being

rare, choosiness therefore induces disruptive sexual selection on the ecological trait used

as the basis of mate choice; this can drive further evolution of choosiness by indirect

selection [Kirkpatrick and Nuismer 2004; Pennings et al. 2008; Otto et al. 2008]. Overall,

traits (such as mimicry patterns) subject to disruptive selection and used as a basis for

mate choice are therefore often associated with reproductive isolation during speciation

[Rundle and Nosil 2005; Sobel et al. 2010; Servedio 2011]. Indirect viability and sexual

selection play a key role in generating such reproductive isolation [Kirkpatrick and

Ravigné 2002].

Many theoretical studies have found cases where complete reproductive isolation

may not evolve. This can occur because indirect selection favouring stronger isolation

asymptotically vanishes because fewer and fewer unfit hybrids are produced (i.e. in-

direct selection on choosiness gets weaker) [Moore 1957; Coyne and Orr. 2004]. More

interestingly, selection itself can lead to incomplete isolation. In particular, positive

frequency-dependent sexual selection induced by phenotype matching can inhibit the

evolution of strong choosiness and subsequent reproductive isolation. In sympatry,

if intermediate phenotypes are initially in high frequency, sexual selection generates

stabilizing selection that can offset viability selection against hybrids; this can lead to

stable intermediate choosiness [Matessi et al. 2001; Pennings et al. 2008; Otto et al.

2008]. Stabilizing sexual selection driven by a high-frequency of hybrids can also impede

divergence by leading to the loss of ecological polymorphism [Kirkpatrick and Nuismer

2004; Bürger and Schneider 2006; Bürger et al. 2006; Schneider and Bürger 2006]. Ad-

ditionally, strong choosiness can induce strong costs in terms of mating success when

there is a risk of not finding an acceptable mate before the end of the mating period.

These fitness costs associated with choosiness can induce direct sexual selection (via

differential female mating success) inhibiting the evolution of strong choosiness [Bürger

et al. 2006; Bürger and Schneider 2006; Schneider and Bürger 2006; Kopp and Hermisson

2008]. In parapatry with limited migration between spatially separated populations,

positive frequency-dependent sexual selection promotes divergence by favouring differ-

ent ecological traits in each population [Servedio 2011]. However, in such a parapatric

context, very strong choosiness causes rare males to mate with rare, very choosy females,

resulting in the loss of sexual selection (i.e. there is no differential mating success among
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males). Such loss of sexual selection under strong choosiness weakens the positive

genetic association between choosiness and locally favorable traits. This ultimately leads

to the removal of alleles coding for strong choosiness by indirect viability and sexual se-

lection. Consequently, stable intermediate choosiness can result from such loss of sexual

selection [Servedio 2011; Cotto and Servedio 2017] (Fig. 7). Similarly, in a continent-

island model of secondary contact with limited migration, positive frequency-dependent

sexual selection can impede the maintenance of divergence between the continent and

the island [Servedio and Burger 2014]. Overall, indirect selection occurring via linkage

disequilibrium can drive the evolution of choosiness, with sometimes unexpected equi-

librium states. When implementing additional selection pressures or additional traits

in a model investigating the evolution of choosiness, measuring linkage disequilibrium

among traits is key to understand the evolutionary dynamics of choosiness.
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Figure 7 – The amount of trait divergence between two populations exchanging migrants (migra-
tion rate is 0.03) under assortative mating by phenotype matching, as a function of the strength
of preferences (choosiness, α), starting from the assumption of secondary contact (populations
are initially differentiated). In this population genetics model, there is no viability selection, but
choosiness induces positive frequency-dependent sexual selection on the trait used as basis for
mate choice. The lines shown are equilibrium frequencies of the locally common (black line) and
uncommon (grey line) traits in one population; this occurs in both populations but the locally
common trait in one population is uncommon in the other population. The difference between
the two lines can thus be considered a measure of the divergence between the traits across the
two populations. Strong choosiness does not induce sexual selection because even rare males
mate with rare (very choosy) females; migration homogenizes population leading to the loss of
trait divergence (equilibrium frequencies equal to 0.5). On the contrary, intermediate choosiness
αopt leads to strong positive frequency-dependent sexual selection and maximises divergence be-
tween the populations. Choosiness αopt has also been shown to be the level of choosiness that is
favoured by indirect sexual selection. Consequently, in a context of secondary contact, complete
reproductive isolation does not evolve because of sexual selection. This figure is modified from
Servedio [2011].
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Empirical and theoretical research has highlighted the importance of warning signals

in generating disruptive selection and reproductive isolation. In this thesis, I take ad-

vantage of current empirical knowledge on mimetic Heliconius butterflies to refine our

understanding of the evolution of reproductive isolation via mate choice. In Heliconius

butterflies, both males and females can display mate preferences based on wing colour

pattern [Jiggins et al. 2001; Mavárez et al. 2006; Chamberlain et al. 2009; Merrill et al.

2011a,b, 2014; Mérot et al. 2015, 2017]. Yet, in most mathematical models involving

phenotype matching [Dieckmann and Doebeli 1999; Doebeli and Dieckmann 2003; Bol-

nick 2004b; Kopp and Hermisson 2008; Thibert-Plante and Hendry 2011; Thibert-Plante

and Gavrilets 2013], female mate choice causes premating isolation. The assumption

that males are not choosy about mates rests on the so-called ‘Darwinian sex roles’ in

courtship [Darwin 1871]; in many animal species, males are typically eager to copulate

(even with heterospecific females), whereas females are choosy about mates because

gamete and offspring production is costly [Engeler and Reyer 2001; Friberg et al. 2008;

Kozak et al. 2009; Noh and Henry 2010; Ord et al. 2011; West and Kodric-Brown 2015].

In real life, males and females do not always follow Darwinian sex roles [Gröning and

Hochkirch 2008]. In particular, in some interspecific sexual interactions, both males

and females discriminate against heterospecifics, and therefore engage in mutual mate

choice at the level of species identity [Bergstrom and Real 2000; Ord et al. 2011; West

and Kodric-Brown 2015; Shahandeh et al. 2018]. Just like during the evolution of female

mate choice, indirect selection can favour the evolution of male mate choice, ultimately

causing complete reproductive isolation among differentiated populations [Servedio

2007]. However, the consequences of mutual mate preferences for reproductive isolation

remain to be explored. Preferences have been shown to evolve independently if female

and male choices are based on distinct traits [Servedio and Lande 2006]. However, fe-

males and males with mutual homotypic preferences often use the same trait to evaluate

potential mates; through linkage disequilibrium, mate preferences in one sex could

therefore influence the evolution of preferences in the other [Parker 1983; Johnstone

et al. 1996; Johnstone 1997; Courtiol et al. 2016]. For instance, female choosiness may

affect the evolution of male choosiness by favouring males matching the most common

phenotype. Additionally, choosy females may often reject nonchoosy males that have

not focused their courtship effort on females that match their own phenotype. This may

greatly favour the evolution of male choosiness. Our current knowledge of the ecology

of mimetic Heliconius butterflies therefore encourages further theoretical studies on the

implication of mutual mate choice for reproductive isolation and speciation.

In Heliconius butterflies, the geographical distribution of mimetic races suggests

that speciation may often occur in a parapatric context [Jiggins 2008]. In general, in-

deed, parapatry should be the most general geographic mode of speciation. Complete

allopatry is likely to be rare because migrants occasionally cross even the most extreme

barriers (as illustrated by the colonization of oceanic islands, for example) and complete

sympatry is hard to imagine given the limited dispersal and patchy environments of

most organisms [Endler 1977]. Yet, the parapatric geographical context has received
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little attention in theoretical models of speciation [Gavrilets 2003, 2014]. Doebeli and

Dieckmann [2003] showed that the combination of ecological contact with geographic

isolation greatly facilitates the evolution of choosiness and subsequent reproductive

isolation in parapatry; this view that parapatric speciation should be more likely to occur

than sympatric speciation has then received much theoretical support [Kawata et al.

2007; Leimar et al. 2008; Ispolatov and Doebeli 2009]. Theory has then shown that only

incomplete reproductive isolation may evolve in parapatry because alleles coding for

strong choosiness are associated with locally unfavoured alleles [Servedio 2011; Cotto

and Servedio 2017] (as explained before, Fig. 7). Those models do not account for the

possibility that females may not find a mate if they are are too choosy. If the frequencies

of the diverging populations are balanced, females often, if not always, end up mating

with one of the males they prefer as long as they encounter enough males in their

lifetime. Thus, when modelling speciation in sympatry, theoreticians can assume that

all females eventually find a mate without loss of generality [Dieckmann and Doebeli

1999; Doebeli and Dieckmann 2000]. On the contrary, in parapatry, female immigrants

in foreign environments have a real risk, if they are choosy, of never being courted by a

male of the preferred type (in the case of phenotype matching). Yet, models of parapatric

speciation do not account for this cost to choosiness when courtship numbers are limited

[Doebeli and Dieckmann 2003; Servedio 2011; Thibert-Plante and Gavrilets 2013; Cotto

and Servedio 2017]. Viability costs of immigrants have already been shown to play a key

role in evolutionary processes in parapatry. Indeed, such costs may inhibit the evolution

of migration [Billiard and Lenormand 2005] and may increase the level of maladaptation

within populations, which in turn causes a persistent directional selection towards local

ecological optima [Bolnick and Nosil 2007]. By contrast, little is known on the effect of

the costs of choosiness, which are mainly incurred by immigrants, on the evolution of

choosiness in parapatry.

Aposematic colouration is a signal that can be perceived by predators as well by as po-

tential mates. This property has great consequences for speciation; divergence in warn-

ing signals can generate reproductive isolation among populations via assortative mating

preferences. In this thesis, I will not investigate the role of warning signals for speciation.

Warning signal is already known to be one of those so-called ‘magic traits’ jointly under

disruptive selection and used as the basis of mate choice. Instead, based on the current

knowledge of the ecology of mimetic Heliconius butterflies, I will relax key hypotheses

made in models of speciation driven by divergence in such magic traits. Theoreticians in-

evitably make tacit assumptions when modelling complex evolutionary processes such as

speciation. However, some of those assumptions may often be at odds with observations

in nature. In particular, certain aspects of the ecology of butterflies such as Heliconius do

indeed differ from the assumptions made in previous models. In this thesis, I will aim at

investigating the role of mutual mate choice and costs of choosiness (in parapatry) for the

evolution of choosiness, leading to reproductive isolation between diverging populations.
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Warning signals and macroevolutionary patterns

Warning signals have great impact on macroevolutionary patterns of diversification.

Once polymorphism of warning signals is established, positive frequency-dependent

selection acting on warning signals causes disruptive selection and favours the evolution

of assortative mate preferences. High diversification rates are observed in Müllerian

mimetic clades. This supports the idea that divergence in warning signals favours

speciation. A recent empirical study on amphibians indeed showed that clades exhibiting

chemical defenses and warning colour patterns are characterized by increased speciation

rates [Arbuckle and Speed 2015]. Similarly, the neotropical mimetic butterflies tribes

Heliconiini (Nymphalidae: Heliconiinae, ∼100 species) and Ithomiini (Nymphalidae:

Danainae, ∼390 species) are remarkable by their species richness. Warning signals might

be viewed as a key innovation, the acquisition of which is repeatedly accompanied by an

increased diversification rate (e.g., Fig. 8). However, macroevolutionary patterns of diver-

sification in those clades do not only rely on the ‘magic trait’ property of warning signals.

Other factors, linked to divergence in warning signals, may contribute to diversification

of mimetic Müllerian clades.

Divergence in warning signals is likely to affect diversification via its effect on species

range. Indeed, by promoting local convergence in warning patterns, Müllerian mimicry

affects the spatial distribution of species displaying different colour patterns (formation

of spatial mosaics of phenotypes). Selection acting on warning signals constrains the spa-

tial distribution of mimetic species and has therefore an important influence on species

range. Yet, species range properties may exert positive or negative influences on diversi-

fication [Jablonski and Roy 2003]. Limited range size is a powerful predictor of extinction

probability [Kiessling and Aberhan 2007; Jablonski 2008b]. The effect of range size on

speciation rate is less intuitive. On the one hand, species with large range size should be

less likely to speciate by vicariance – i.e. to split into isolated subpopulations because

of geographical barriers – because the existence of a contact zone is more likely if the

species range size is large in the first place [Pigot et al. 2010; Moen and Morlon 2014]. On

the other hand, larger ranges should increase the opportunity to encounter new habitats,

which could promote reproductive isolation between populations through local adapta-

tion. In addition, large population sizes should harbour higher standing genetic variation

on which selection can act, thereby favouring the emergence of new adaptive traits that

may promote ecological speciation [Birand et al. 2012]. Ecological interactions are known

to favour the generation and the maintenance of parapatric distributions [Bull 1991],

which limit dispersal and geographic range expansion over evolutionary time [Pigot and

Tobias 2013]. Such ecological effects on species range size could greatly affect per-lineage

rates of speciation and extinction, and therefore macroevolutionary patterns, in a way

similar to competitive exclusion [Ranjard et al. 2014; Moen and Morlon 2014]. This calls

for an integrative study investigating precisely the effect of divergence in warning signals

on species diversification via its effect on spatial range.
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Figure 8 – Bayesian phylogeny of 71 out of 77 butterflies in the tribe Heliconiini (from the subfam-
ily Heliconiinae) with outgroups. Heliconiini exhibit complex patterns of divergence and conver-
gence in aposematic wing patterns (only a subset of the diversity in warning signals is represented
on the right). Net diversification rate estimated with with a rjMCMC approach is represented in
the subfigure; colours from blue to red indicate the range of diversification rates from 0.2 to 0.4
new lineages per lineage per million years. The diversification rate in the tribe Heliconiini (Genus
Heliconius and Eueides) is clearly higher than in the outgroup. This figure is modified from Kozak
et al. [2015].
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MAIN QUESTIONS AND OBJECTIVES

The implications of mimicry evolution extend far beyond the evolution of warning

signals and mate choice, because mimicry may associate with convergence in microhab-

itat and resource use. For instance, communities of Müllerian mimetic butterflies show

convergence among mimetic species in flight height and forest micro-habitat [Beccaloni

1997b; DeVries and Lande 1999; Papageorgis 1975], but also in flight physiology [Chai

and Srygley 1990], and larval host-plant use [Beccaloni 1997b; Willmott and Mallet 2004].

In the Neotropical butterfly tribe Ithomiini (Nymphalidae), the links between mimicry

and microhabitat have also been shown to result from adaptation [Elias et al. 2008; Will-

mott et al. 2017]. Consequently, shifts in mimicry can trigger shifts in microhabitat and

vice versa. Just like divergence in mimicry pattern, divergence in microhabitat use can

contribute to prezygotic reproductive isolation and can ultimately cause speciation [Via

2001]. Therefore, mimicry may favour speciation, through its multiple cascading effects

on species’ biology (leading to ecological convergence). However, empirical work testing

the link between mimicry and ecological convergence is mixed. In particular, Müllerian

mimicry does not outweigh ecological differentiation in resource use in neotropical cat-

fishes [Alexandrou et al. 2011]. Similarly, in Ithomiini butterflies, mimetic species do not

always share larval host plant species, i.e. mimicry may not necessarily drive ecologi-

cal convergence in resource use [Willmott and Mallet 2004]. Assessing the relative im-

portance of antagonistic (competition) and mutualistic (mimicry) interactions in struc-

turing Müllerian mimetic communities is therefore important to understand the role of

warning signals in structuring ecological communities and in driving diversification at

the macroevolutionary scale.

Main questions and objectives

In this thesis, I aim at improving our understanding of the role of warning signals in bi-

ological diversification at different hierarchical levels of organization (i.e. at micro- and

macroevolutionary scale). Of course, the evolutionary dynamics of colour polymorphism

do not need a specific evolutionary theory. Colour is only one type of trait and fasci-

nating though it may be, the generation of colour polymorphism does not require the

postulation of any other evolutionary processes than the well-known forces that operate

on other types of heritable polymorphisms [Svensson 2017]. In a more general context,

I therefore investigate the role of positive frequency-dependent selection and mutualis-

tic interactions in generating biological diversification. I also emphasize the importance

of indirect selection acting on assortative mate preferences for speciation via genetic as-

sociations between loci (with sometimes very counterintuitive predictions), and I point

out the need to consider the spatial context as well as multiple ecological traits to have a

better understanding of macroevolutionary patterns.
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INTRODUCTION

First, since predator sampling generates positive frequency-dependent selection

on warning signals, I will investigate the implication of a realistic model of predator

cognition (called optimal predator sampling strategy) for the generation and mainte-

nance of diversity of warning signals (Chapter 1). Given the implications of parasitic

‘quasi-Batesian’ mimicry for the generation of polymorphism, I will also test whether

the optimal predator sampling strategy generates parasitic mimicry among unequally

defended prey (Chapter 2).

Second, based on our knowledge on the ecology of mimetic Heliconius butterflies,

I will relax two assumptions done in mathematical models of speciation which may be

invalid in certain natural contexts. Specifically, I will investigate the effects of the coevo-

lution between female and male mate choice (Chapter 3) and the combined effects of

the costs of choosiness and the geographic context (Chapter 4) on reproductive isolation.

Third, I will highlight indirect effects of mimicry on macroevolutionary patterns of

diversification. More precisely, I will infer in what conditions diversity of warning signals

may affect the macroevolutionary patterns of diversification via constraints on range size

(Chapter 5) and via convergence along other ecological axes (Chapter 6).
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PART I

FROM PREDATOR COGNITION TO
DIVERSITY OF WARNING SIGNALS

To better understand the mechanisms allowing diversity in warning signals to emerge
and be maintained, we need to implement more realistic models of predator cognition.
In Part I, I specifically focus on the optimal predator sampling strategy by considering
the predator sampling stategy for unfamiliar prey as an exploration-exploitation trade-
off. First, using a spatialized individual-based model, I test whether the optimal predator
sampling strategy can give rise to diversity in warning signals (Chapter 1). Then, I test
whether this model of predator cognition can cause mimicry among prey with unequal
levels of defense to be of parasitic nature, favouring diversity in warning signals via nega-
tive frequency-dependent selection (Chapter 2).
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Chapter 1

Predator cognition and emergence of
diversity

Aubier TG & Sherratt TN

Published:

Diversity in Müllerian mimicry: The optimal predator sampling strategy explains
both local and regional polymorphism in prey.
Evolution, 2015, 69(11):2831-2845.
doi: 10.1111/evo.12790.
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Abstract

The convergent evolution of warning signals in unpalatable species, known as Mül-

lerian mimicry, has been observed in a wide variety of taxonomic groups. This form

of mimicry is generally thought to have arisen as a consequence of local frequency-

dependent selection imposed by sampling predators. However despite clear evidence

for local selection against rare warning signals, there appears an almost embarrassing

amount of polymorphism in natural warning colours, both within and among pop-

ulations. Since the model of predator cognition widely invoked to explain Müllerian

mimicry (Müller’s “fixed nk ” model) is highly simplified and has not been empirically

supported, we here explore the dynamical consequences of the optimal strategy for

sampling unfamiliar prey. This strategy, based on a classical exploration-exploitation

trade-off, not only allows for a variable number of prey sampled, but also accounts for

predator neophobia under some conditions. In contrast to Müller’s “fixed nk ” sampling

rule, the optimal sampling strategy is capable of generating a variety of dynamical

outcomes, including mimicry but also regional and local polymorphism. Moreover, the

heterogeneity of predator behaviour across space and time that a more nuanced foraging

strategy allows, can even further facilitate the emergence of both local and regional

polymorphism in prey warning colour.
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CHAPTER 1. PREDATOR COGNITION AND EMERGENCE
OF DIVERSITY

1.1 Introduction

The convergent evolution of warning signals among unpalatable species, known as Mül-

lerian mimicry [Müller 1879], provides one of the most celebrated examples of the power

of natural selection. In short, Müllerian mimicry between species is thought to arise as

a consequence of selection to adopt a common phenotype, thereby reducing the cost of

educating predators [Mallet and Joron 1999]. Indeed, selection for monomorphism on

warning colour has been extensively shown using various empirical approaches including

direct observations of the behaviour of avian predators [Chai 1986, 1996; Langham 2004],

population genetic studies in hybrid zones [Mallet et al. 1990] and mark-recapture exper-

iments [Mallet and Barton 1989; Kapan 2001]. However, despite this positive frequency-

dependence (“strength in numbers"), species involved in Müllerian mimicry complexes

are frequently not monomorphic but instead polymorphic. Thus, many Müllerian mim-

ics exhibit geographic races or spatial mosaics of phenotypes, including moths [Sbordoni

et al. 1979], butterflies [Sheppard et al. 1985; Brower 1996], birds [Dumbacher and Fleis-

cher 2001], frogs [Symula et al. 2001], bumblebees [Williams 2007], millipedes [Marek and

Bond 2009] and velvet ants [Wilson et al. 2012]. Even more paradoxically different warn-

ing colours can be observed in the same locality in mimetic species such as neotropical

ithomiine butterflies [Beccaloni 1997], some heliconii butterflies like Heliconius numata

[Brown and Benson 1974; Joron and Mallet 1998; Joron et al. 1999], leaf beetles [Borer et al.

2010] and frogs [Chouteau and Angers 2012].

Despite the fact that Müllerian mimicry has been studied for centuries, we still do not

fully understand how this diversity of warning colours is generated and maintained. At a

regional scale, the formation of a spatial mosaic of various mimetic forms is thought to

arise as a result of a combination of stochastic effects and localized frequency-dependent

selection for Müllerian mimicry [Mallet and Singer 1987; Sherratt 2006; Mallet 2010;

Chouteau and Angers 2011]. Nevertheless simulations involving genetic drift and local-

ized frequency-dependence conducted by Sherratt [2006] only rarely led to the formation

of a mosaic of morphs when there was only one phenotype at the initial state. He also

showed that boundaries between patches of the mosaic are unstable leading to the col-

lapse of the smallest patches. At a local scale, heterogeneity in predator micro-habitat use

could theoretically explain local polymorphism [Gompert et al. 2011]. This process would

function in a similar manner to the situation modelled by Sherratt [2006] except that the

segregation is ecological instead of geographical. Spatially heterogeneous selection from

different Müllerian models coupled with a suitable genetic architecture could also permit

polymorphism [Joron et al. 1999]. Other genetic factors such as dominance among alleles

responsible for warning colours could favour the persistence of polymorphism [Llaurens

et al. 2013].

While a variety of models of predator cognition have been used to understand Mülle-

rian mimicry [e.g. Speed 1993; Mallet 1999; Speed and Turner 1999], it is possible that the

difficulty of explaining polymorphism is due to the simplified representation of predator
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sampling behaviour that has been typically assumed. In particular, Müller [1879] pro-

posed that a predator will sample a fixed number nk of unpalatable prey exhibiting a phe-

notype k before it finally learns to avoid them. This “fixed nk ” rule has been used in most

of the models dealing with aposematic prey as it represents a simple and parsimonious

assumption that generates selection for monomorphism. However, there are many ways

to generate selection for monomorphism and the simple foraging rule assumed by Müller

has not been supported empirically [Sherratt 2008]. Indeed two features of predator cog-

nition and behaviour are necessarily overlooked when theoreticians implement the “fixed

nk ” rule to study Müllerian mimicry. First, whenever investigated the number of prey at-

tacked has always been positively correlated to the number of unpalatable prey presented

to the predator [Greenwood et al. 1989; Lindström et al. 2001b; Beatty et al. 2004; Rowland

et al. 2010a,b]. Second, predators can sometimes display neophobia – a short or long-

term (also known as “dietary conservatism" in Marples and Kelly [1999]) tendency for

predators to avoid attacking novel prey especially when rare [Shettleworth 1972; Mappes

and Alatalo 1997; Marples et al. 1998; Greenberg 2003; Thomas et al. 2004; Marples et al.

2007; Franks and Oxford 2009]. We can explain these two features simultaneously if we

consider the sampling strategy for unfamiliar prey as an exploration-exploitation trade-

off [Sherratt 2011]. When a predator encounters a prey with an unfamiliar phenotype it

must decide whether to take a risk and attack it or avoid such prey altogether. Attacking

a prey would permit it to gain a potential meal but also a valuable information about the

level of palatability associated with the phenotype (exploration). At some point however,

the predator may use the currently available information and reject the phenotype if it

is largely unpalatable (exploitation). The optimal sampling strategy was quantitatively

elucidated by Sherratt [2011] who used a simple dynamic programming algorithm [Jones

1978; Clark and Mangel 2000] coupled with a Bayesian learning model. If all prey with a

given phenotype are unpalatable, then the number of individuals sampled by the predator

before complete rejection will depend on the size of this prey population. For example, if

the unfamiliar phenotype is common in the prey community then there is more to lose if

some of those prey turn out to be palatable, and the predator should consequently sam-

ple more of them. Conversely a predator should not be expected to sample individuals

with a rare colour pattern – i.e. they should show neophobia – in some conditions (if the

cost due to toxicity is high enough, for instance).

Intriguingly, the optimal sampling strategy is capable of generating completely differ-

ent selection pressures on the prey community dependent on the underlying conditions

– from familiar purifying selection against the rare morph, to diversifying apostatic se-

lection through neophobia [Clarke 1962]. Neophobia has already been recognized as an

important generator of polymorphism in conspicuous prey [Thomas et al. 2004; Franks

and Oxford 2009]. However, given that the two opposing selective forces can act in the

same population dependent on conditions, it is hard to gain a clear understanding of

when the behaviour can promote Müllerian mimicry and/or polymorphism using ver-

bal reasoning alone. Here we quantitatively evaluate the impact of the optimal sampling

model at the population level, asking whether it can promote both local and regional di-
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versity by implementing it in a single-cell and spatial individual-based model. We show

that optimal sampling rules can select for a wide range of evolutionary outcomes from

Müllerian mimicry to colour diversification. Moreover, given that the optimal sampling

strategy is influenced by a range of factors including prey density and the costs of con-

suming unpalatable prey, we also characterize the role of heterogeneity in environmental

conditions in shaping the evolutionary dynamics.

1.2 Methods

1.2.1 Optimal predator sampling strategy

As in Sherratt [2011] we use Bayesian learning and dynamic programming algorithms to

determine the optimal predator sampling strategy for unfamiliar prey. This model allows

us to evaluate the number ns of unpalatable prey with an unfamiliar phenotype a preda-

tor should sample before complete rejection. Contrary to Müller’s “fixed nk ” model this

number depends, amongst other factors, on the size of the prey community sharing this

particular phenotype.

Bayesian learning

If a predator encounters successively prey with the same unfamiliar phenotype it has to

estimate the likelihood (P) of individuals of this type being chemically defended or not.

For P = 1 all the prey sharing the warning signal are defended (this is the situation mod-

elled in this paper) and for P = 0 they are all undefended. We assume that the predator

would incur a cost c on attack if the prey happens to be defended, but a benefit b if the

prey is undefended. For P >
b

b+c
there is a net overall cost on attack and the predator

should not attack prey with this given phenotype. However the true value of P is not

known by the predator and (should it deem it worthwhile) it should sample in order to

estimate P (exploration), incurring costs and benefits in the process. If prey are predom-

inantly defended then at some point it should reject such prey altogether on the basis of

its estimation (exploitation).

As prey items are either defended or undefended then the distribution of the num-

ber of defended prey from those sampled follows a binomial distribution. The conjugate

distribution for a binomial is a Beta distribution, so specifying the prior probability distri-

bution (belief of the predator before its next sampling event) as a Beta distribution allows

us to retain the Beta distribution in the posterior (beliefs after sampling). Specifically if

we assume the prior for P follows a Beta distribution with shape parameters αp and βp

(Beta(αp ,βp )), then after sampling n prey with r individuals that happen to be defended

(toxic) the posterior distribution will follow : Beta(αp + r,βp +n). As in any Beta distribu-

tion, the expectation of P is therefore :

πp (r,n) =
αp + r

αp +βp +n
(1.1)
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For simplicity, we assume a uniform prior probability distribution in which the predator

initially believes all values of P are equally likely by implementing αp = βp = 1, generating

an expectation in naïve predators that an unfamiliar prey item is defended of 0.5.

Dynamic programming algorithm

By using dynamic programming theory [Clark and Mangel 2000] we can determine what

is the optimal decision of a predator – either deferring or attacking – at any trial with a

given knowledge state based on its previous experience.

If the predator sampled n prey of a given phenotype with r individuals among them

which happen to be toxic (r ≤ n) the knowledge state of the predator is described by the

state variables r and n. Using Bayesian learning theory we calculate the predator expec-

tation πp (r,n) that an individual prey will be chemically defended on the next attack (see

above). To determine what is the optimal behaviour of a predator which encounters a

prey with the same phenotype we compare the expected long-term future pay-off SD(r,n)

(if it defers) and SA(r,n) (if it attacks) for each possible behaviour. If SA(r,n) > SD(r,n)

then attacking is the optimal behaviour because it either increases the information con-

cerning this prey type and/or provides an immediate reward. The maximal pay-off S(r,n)

at this trial correspond to the pay-off associated with the optimal behaviour :

S(r,n) = max[SD(r,n),SA(r,n)] (1.2)

We calculate SD(r,n) and SA(r,n) as follows :

SD(r,n) = 0 (1.3)

SA(r,n) = πp (r,n) [S(r +1,n +1)− c]+ (1−πp (r,n)) [S(r,n +1)+b] (1.4)

As the calculation of the expected pay-off SA(r,n) depends on the expected pay-off

at the next trial – terms S(r + 1,n + 1) and S(r,n + 1) – we have to work backwards from

the maximal number of trials N (number of prey with this given unfamiliar phenotype

encountered) by setting S(r,N) = 0 for all 0 ≤ r ≤ N.

We only consider here communities of unpalatable prey (P = 1). As we assume that N

is known by the predator, it will sample a certain number ns of prey before deciding to

decline all individuals with this particular phenotype. This assumption leads to the same

features of sampling behaviour than if N was unknown by the predator [Sherratt 2011] and

it decreases dramatically the runtime of the model. Indeed there is no stochasticity in the

sampling algorithm thanks to these assumptions and we can deduce directly this optimal

number ns of prey sampled with a given phenotype before rejection from the dynamic

programming algorithm without forward iteration. Contrary to Müller’s “fixed nk ” model,

this number ns depends on the ratio c/b (cost due to toxicity on benefit due to palatabil-

ity) [see also Mallet’s (1999) dose-dependent sampling argument] and on the number N

of individuals sharing the phenotype. For example, if the unfamiliar phenotype is com-

mon (high N) and if the cost due to toxicity is lower than the benefit provided by palat-
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able prey (low c/b), there is more to lose if some of those prey turn out to be palatable.

Mathematically, the second term in Equation (1.4) would be higher than the first term,

even if πp (r,n) is close to 1, and the predator should consequently sample more of them

(SA(r,n) > SD(r,n) during more trials). Conversely, if the unfamiliar phenotype is rare (low

N) and if the cost due to toxicity is high enough (high c/b), we get SA(0,0) < SD(0,0) for

πp (0,0) = 0.5 at the first trial, which means that the predator should not be expected to

sample individuals with this rare colour pattern – i.e. it should show neophobia.

Having calculated ns under a range of conditions we can evaluate its demographic

consequences on prey populations using the individual-based model described below.

1.2.2 Population model

We construct here an individual-based model to understand how the optimal predator

sampling strategy would affect the prey community composition over the long term. We

considered both a single-cell model and a spatial model involving multiple cells. For con-

venience we assume individuals are haploid and generations do not overlap.

Single-cell model

We consider two defended species (1 and 2). There is no inter-specific competition and we

assume they are characterized by the same carrying capacity K1 = K2 = K. These species

are polymorphic and each individual i exhibits a colour represented by a discrete number

mi . There are Nm distinct morphs possible such that mi ∈ {1,2, ... Nm}. Therefore individ-

uals from different species can share the same morph (and thereby resemble one another)

or look distinct. Both a reproduction and a predation event occur in random order at each

generation.

During the reproduction phase each individual is assumed to give birth to g offspring

and the entire population is re-constituted from offspring. Mutation affecting colouration

can occur and each offspring can exhibit a different morph than its parent with probabil-

ity ǫ. We use the Beverton-Holt equation – derived from the discrete version of the logistic

growth – to calculate the survival probability v j of one of these offspring belonging to

species j :

v j =
1

1+ (g −1)
N j

K j

(1.5)

with N j the number of individuals of species j and K j the carrying capacity of species j .

During the predation phase, predators are present in each cell at a given time step

with probability Ppr ed . Each one of the Np predators present in the cell will sample ns

individuals of each phenotype before rejection. This number ns can be chosen and con-

stant (ns = nk ) – known as the Müller’s rule [Mallet 1999; Sherratt 2006]. It can also be

determined by the optimal predator strategy described above.
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Spatial model

We consider here the same system with two defended polymorphic species. However they

are distributed within a regular G×G lattice.

Processes – reproduction and predation – happen in a random order in each cell in a

similar manner than in the single-cell model. We also implement here a migration phase

at the end of each time step. Each individual can migrate with a probability µ to one of

the eight surrounding cells (King’s move). The borders of the lattice are assumed to be

reflective so edge cells have fewer neighbouring cells. Cells can vary in two ways. First,

their underlying quality can depend on abiotic and biotic factors which vary across space

and time [Lenormand et al. 2009]. To represent this variation across space, the carrying

capacity of each species in any given cell is drawn from a normal distribution with mean

K and standard deviation σK. Second, we assume that the availability of alternative prey

varies across space, which will have implications for the energetic state and the risk toler-

ance of predators. If alternative prey are abundant for example, then predators should be

sated and therefore less likely to sample rare unfamiliar prey. To represent this variation

across space the value of c/b in each cell is drawn from a normal distribution with mean

c/b and standard deviation σc . Cells with low values of c/b are therefore by characterized

by low energetic state (hungry) predators. For simplicity, variation in K and c/b across

time is assumed to happen periodically every TK,c generations at which time we re-draw

all those parameters in their respective normal distributions.

To account for spatial auto-correlation, we conducted additional simulations in which

carrying capacities were autocorrelated across landscapes. The autocorrelation was im-

plemented using a multivariate normal distribution X ∼ MVN(0,Σ), where the covariance

matrix Σ incorporates the spatial association. A function D representing the decay in cor-

relation between pairs of points with distance is used to compute Σ. We chose the expo-

nential form which models similarity in carrying capacity between sites as a exponential

decay with distance. If δi j represents the Euclidean distance between points i and j, then

D(δi j ) = e−φδi j , where φ is the parameter describing how rapidly the correlation declines

with distance (low φ generating strong autocorrelation).

Simulations and statistics

The model was implemented in C++. We initialized the model by considering cells started

with each species assigned at their carrying capacity. Given that Müllerian mimicry read-

ily arises (see below) and our interest in diversity generation, all individuals from species

1 and 2 were set to be the same morph at the initial state in most simulations. When we

carried out analysis on the spatial model we chose the smallest grid size possible (G = 20)

to decrease the runtime. The edge effect would have favoured polymorphism in an im-

portant way with a grid smaller than 20 × 20 as we observed higher prey diversity when

the borders are reflective than in the case when the opposite edges are assumed linked

as a torus (Fig. S1 in Annex, page 49). For G > 20 we can assume that the edge effect is

negligible. Each simulation was run for 500,000 generations, allowing sufficient time for
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stable states to be reached (Fig. S2). The predator community was set to Np = 2 predators

per cell. Under the optimal sampling strategy, prey polymorphism in the spatial model is

enhanced when the number of predators is lower or higher (Fig. S3). Therefore we im-

plemented Np in a way that it makes the emergence of prey diversity difficult. Genetic

mutation rate per locus per generation is estimated at about 10−5 in eukaryotes [Drake

et al. 1998]. However, in our model, the phenotypic mutation rates could be an order

of magnitude higher because the genetic basis of colouration, often involving polymor-

phic “supergene" architecture, can involve multiple large-effect ‘switch’ loci [Jiggins and

McMillan 1997; Kronforst et al. 2012] which are developmentally dependent [Joron et al.

2006]. We therefore implemented a phenotypic mutation rate of ǫ = 10−3 but we have also

undertaken a sensitivity analysis to explore the role of this parameter (Fig. S4 and S5).

We kept track of the density of each morph for each species in any given cell. The

dominant morph of each species corresponds to the morph with the highest frequency in

the cell. Under certain conditions, switches of the dominant morph occurred over time

and we measured the frequency of those switches.

To compare the species’ phenotypic compositions in any given cell, we measure their

similarity using the cosine similarity index IS :

IS =
〈
−→
x ,−→y 〉

‖
−→
x ‖‖

−→
y ‖

=

∑
i xi yi√∑

i x2
i

√∑
i y2

i

(1.6)

−→
x = (xi ) and −→

y =
(
yi

)
correspond to the phenotypic compositions of species 1 and 2 re-

spectively with xi and yi the number of individuals sharing the phenotype i (i ∈ [1,Nm])

for each species in a given location. If the vectors −→
x = −→

y , then IS = 1. If −→x and −→
y are

completely different, then IS = 0. However a high value of IS does not necessarily mean

there has been high selection for mimicry or even matching mimicry rings between the

two species, because if all morphs are equally represented by chance drift in both species

then such populations will still have high IS . To address this limitation, we compare the

actual similarity index IS to the mean similarity index ISr between randomized vectors −→xr

and −→
yr . These vectors are obtained by unsorting the vectors −→

x and −→
y – i.e. values of xi

and yi are allocated to random phenotypes. The normalized similarity index is calculated

as follow : ISn = IS − ISr (ISn ∈ [−1,1]). If ISn > 0, mimicry is observed more often than by

chance and we can conclude that there is selection for mimicry. If ISn = 0 there is no se-

lection for mimicry. If ISn < 0, mimicry is observed less often than by chance and we can

conclude that mimicry is counter-selected.

Phenotypic diversity within any species in the spatial model were analysed using stan-

dard estimators of α (within cell), β (between cell) and γ (all grid) diversity indexes [Whit-

taker and Whittaker 1972]. To estimate α or γ diversities we used the classical Shannon-

Wiener indexes Hα and Hγ [Shannon 1948] which are based on the proportional abun-

dances :

Hα/γ = −−

n∑

i =1
pi ln pi (1.7)
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with n the number of morphs observed, and pi the proportional abundance within cell

(Hα) or in the entire grid (Hγ) of the i th morph. If there is only one morph at 100% of the

population the pi are either equal to 0 or 1 and then Hα/γ = 0. Conversely we get Hα/γ > 0

when there is no morph at 100% of the population (0 < pi < 1). We estimated β diversity

using Shannon’s formula : Hβ = Hγ−Hα. When the overall diversity is higher than the local

diversity (Hγ > Hα) it means that there is variation of the phenotype composition between

cells (Hβ > 0).

See Table 1.1 for a summary of the notations which includes the default values imple-

mented in this study. We ran 20 replicates for each parameter combination tested.

Table 1.1 – Notation and numerical values. Square brackets and curly brackets respectively refer
to continuous and discrete ranges analyzed.

1.3 Results

1.3.1 Selection generated by Müller’s “fixed nk" model

Müller’s “fixed nk " model leads to non-linear frequency-dependent selection on colour

pattern (Fig. 1.1). Thus, a new colour pattern in low frequency would be selected against

compared to the wild-type colour pattern. Indeed, implementing a constant nk dur-

ing the predation phase leads to constant monomorphism in the single-cell model. For

all values of carrying capacity K or nk implemented, the dynamics of prey phenotypic

composition is characterized by the presence of a dominant morph – the initial morph –

which does not change and which is always correlated with the dominant morph of the

other species (Fig. 1.2a). Individuals exhibiting a rare morph are indeed strongly counter-

selected even if nk happens to be very low (nk = 1 and Np = 2 in Fig. 1.3a). As the pheno-

typic mutation rate is low (ǫ = 10−3 in all simulations) and population sizes are in the order

of 100’s, phenotypic mutation into the same new morph of more than one individual is
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Figure 1.1 – Warning colour selection on a new colour
pattern k among a wild-type pattern p. Here we assume
the prey population has a constant size N = 400 and we
consider different frequencies qk of the phenotype k in
the population. The fitness of k is Wk = 1−nk (qk )/[qk N],
while that of p is Wp = 1−nk (1− qk )/[(1− qk )N]. The
number of individual sampled nk (qk ) is constant in
Müller’s “fixed nk " model (with nk = 1 and Np = 2) while
it depends on the number of prey sharing the same
colour pattern in the optimal sampling strategy (with
c/b = {1,2} and Np = 2). The measure of frequency-
dependent selection acting on k relative to p used here
is Sk = Wk /Wp − 1. If Sk is positive, the colour pattern
k is favoured compared to p. For qk > 0.5 individuals
sharing the pattern p are selected in a similar way than
k in the present graph.

a rare event in a given generation. The individual with a novel phenotype is therefore

often eaten by the predators before it can reproduce. This observation readily explains

why we did not observe the emergence of local (α diversity) or regional polymorphism

(β diversity) in the spatial model (Fig. 1.4a and 1.5a) even when we implemented spa-

tial heterogeneity in the carrying capacity landscape (σK > 0) or when we implemented

stochasticity in predator presence/absence per cell per generation (even for Ppr ed = 0.5 in

Fig. S6a). The strong selection for mimicry and monomorphism does not depend on the

initial condition we chose. In particular, we obtained qualitatively identical results when

starting simulations with species exhibiting distinct phenotypes, since mimicry rapidly

evolves (Fig. S7a and S8a). After implementing such heterogeneous initial state, it is pos-

sible to get a spatial mosaic but it is only composed of the two initial morphs and there is

no emergence of further diversity (Fig. S9a).

In sum, the use of this simplified model of predator cognition (“fixed nk " rule) does

not readily explain the emergence of phenotypic diversity observed in mimetic clades.

1.3.2 Selection generated by the optimal sampling strategy

As with Müller’s “fixed nk " model, the optimal sampling strategy can lead to non-linear

frequency-dependent selection on a colour morph (with c/b = 1, Fig. 1.1). Predators fol-

lowing such optimal sampling strategy would strongly favour the commonest wild-type

morph in prey. Interestingly however, in certain conditions (with c/b = 2 for instance, Fig.

1.1), the optimal sampling strategy can also place positive selection pressure on a novel

morph when it is very rare. This is due to neophobia [Sherratt 2011] – a predator is not

expected to sample individuals with a rare colour pattern if its energetic state is high be-

cause the overall expected reward is too low. Therefore the optimal sampling strategy can

generate either anti-apostatic selection (positive frequency-dependent selection) or apo-

static selection (negative frequency-dependent selection) depending on the combination

of parameters.
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Single-cell model

When we implemented the predator optimal sampling strategy in the single-cell model,

we found that the initial morph can be replaced by another morph depending on the

combination of parameters, namely the carrying capacity K and the ratio c/b used in the

dynamic programming algorithm (Fig. 1.2b).

a

b

Figure 1.2 – Effects of the two models of predator cognition on the composition of the prey com-
munity in the single-cell model. (a) Effect of the carrying capacity (K) and of the number of toxic
prey sampled per phenotype (nk ) when Müller’s “fixed nk ” model is implemented. (b) Effect of
the carrying capacity (K) and of the ratio of expected cost to expected benefit (c/b) when the op-
timal sampling strategy is implemented. The frequencies of the species’ dominant morph were
recorded to measure the level of phenotypic polymorphism. A switch corresponds to a change of
the dominant morph. To quantify selection for Müllerian mimicry, the similarity between species’
phenotypic compositions is compared to the similarity between randomized prey communities –
i.e. the relative frequencies of each phenotype are re-assigned at random. A normalized similarity
index approaching 1 means that mimicry is observed much often than by chance, whereas a nor-
malized similarity index close to 0 means that there is no selection for mimicry. In the case with the
optimal sampling strategy implemented, black lines – arbitrary drawn – delimit four zones in the
parameter space which are characterized by distinct prey composition dynamics. A logarithmic
scale is used to display the number of switches per 10,000 generations. We assume that species
are monomorphic and share the same phenotype at the initial state. Predation did not lead to
prey extinction in any of these simulations. Parameter values : see Table 1.1.
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Depending on the values of those parameters, four qualitative forms of prey pheno-

type dynamics can be discerned. When defended prey are not very costly to attack, the

optimal sampling strategy generates positive frequency-dependent selection (c/b = 1, Fig.

1.1) which leads to purifying selection against rare morphs. The optimal sampling strat-

egy can also be characterized by neophobia in other conditions (c/b = 2, prey rare, Fig.

1.1). Such predator behaviour would favour prey with rare appearances, at least initially.

Despite this advantage, these protected phenotypes display only limited growth in the

population because they are strongly attacked if they become more represented in the

population, which would favour the maintenance of the initial dominant morph. There-

fore, if there is purifying selection or if the predators display neophobia only for very low

frequencies, the initial dominant morphs of both species are stable as in the simulations

with Müller’s “fixed nk ” (zone 1 in Fig. 1.2b and 1.3b).

ba

Figure 1.3 – Examples of simulations illustrating the prey composition dynamics in the single-
cell model when (a) Müller’s “fixed nk ” model (with nk = 1) or (b) the optimal sampling strategy
is implemented. In this last case the four prey composition dynamics characterized in Fig. 1.2b
are represented. The graphs at the top represent the predation rate per capita on the prey com-
munity obtained from the both models of predator cognition, the dotted line corresponds to the
carrying capacity per species K = 200 and the dashed line to the combined carrying capacity 2×K.
At the bottom we plot the time series of the density of each morph (lines with different colours)
for both species. We assume that species are monomorphic and share the same phenotype (red)
at the initial state. To illustrate the prey composition dynamics for each zone of the parameter
space in Fig. 1.2b we chose c/b = 1,4,6,9 from left to right (when the optimal sampling strategy is
implemented). Parameter values : see Table 1.1.
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But three other dynamics of prey phenotypic composition characterized by the emer-

gence of phenotypic diversity exist when K is low enough (prey generally uncommon) or

when c/b is high enough – either because of a high cost caused by toxicity (high c) or be-

cause of a high predator energetic state (low b). The dynamics of the phenotypic compo-

sitions of the two species can be characterized by mimetic species with dominant morphs

which can switch stochastically (zone 2), by local polymorphism without mimicry (zone

3) and by phenotypic drifts of dominant morphs without mimicry (zone 4). In zone 2,

the optimal sampling strategy is characterized by a neophobic response towards the rare

morph. Even if individuals with rare phenotypes are frequently attacked if they become

more represented in the population, a number of their offspring can occasionally sur-

vive by chance alone and be protected by positive frequency-dependent selection. Under

these conditions, a previously rare morph can replace the dominant morph leading to a

switch of the dominant phenotype. Here, the growth rate g has an effect on the frequency

of switches with a medium value maximizing the frequency of switches – if g is too small

there is not enough offspring with a novel morph to attain the stage in which they are

protected by the “ strength in numbers ” and if g is too high the probability of switch is

low as drift occurs easily in small populations (Fig. S10). In zone 3, predators display neo-

phobia even if there is a large population of individuals sharing the same phenotype and

there is a strong selection pressure for local polymorphism to avoid predation. In that

case there is no more Müllerian mimicry between both species. Finally, in zone 4, when

neophobia even happens for larger prey populations compared to their carrying capacity,

predation is rare and a dynamics of phenotypic drifting occurs. These four prey compo-

sition dynamics also exist if we consider an initial state with two monomorphic species

with distinct phenotypes (Fig. S7b and S8b). Lower phenotypic mutation rate ǫ decreases

the frequency of switches and favours the maintenance of monomorphism (Fig. S4). For

instance, when ǫ = 10−5, there is still generation of diversity through stochastic switches,

however species are not polymorphic in zone 3 because the phenotypic mutation rate is

too low compared to the rate of frequency change due to drift to maintain local diversity.

Interestingly, there is still no selection for mimicry as the predation rate is highly relaxed

under these conditions. The sensitivity of the model to the carrying capacity and to the

phenotypic mutation rate clearly highlights that the switches of the dominant morphs are

stochastic and are driven by phenotypic drift.

In sum, by implementing the predator optimal sampling strategy we show here that

prey phenotypic diversity can emerge depending on the growth rate g , the carrying ca-

pacity of the prey population K and the ratio c/b.

Spatial model

Despite the uniform initial morph distribution across the lattice we found that imple-

menting the predator optimal sampling strategy in the spatial model can favour the emer-

gence of a spatial mosaic of morphs (Fig. 1.4 and 1.5) just as it facilitated polymorphism

in the non-spatial model.
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ba

Figure 1.4 – Examples of prey community composition in the spatial model after 500,000 gener-
ations when (a) Müller’s “fixed nk ” model (with nk = 1, σK = 0) and (b) the optimal predator sam-
pling strategy (with c/b = 3, σK = 0, σc = 2, TK,c = 10,000) is implemented. We implement a carrying
capacity K = 200 for each species in any given cell. Each phenotype is represented by a distinct
colour. In any cell the opacity associated with each colour is proportional to the local density of
prey with the given phenotype, so that a cell will be coloured like the dominant phenotype if there
is local monomorphism (these maps correspond to the superposition of the ones represented in
Fig. S13). The morph composition is shown for both species. At the initial state all individuals
were set to be the red morph. The Shannon’s diversity indexes obtained are Hα = 0.52, Hβ = 1.64
and Hγ = 2.15 for the simulation with the optimal sampling strategy implemented. They are all
equal to 0 for the simulation with Müller’s “fixed nk ” model. Parameter values : see Table 1.1.

Even if there is no variability of K and c/b across space (σK = 0, σc = 0 respectively),

the intra-cell (α) and between-cell (β) diversities are positive with the optimal sampling

strategy implemented whereas they are equal to zero with Müller’s “fixed nk " model.

However, as noted above, the carrying capacity of the prey population K and the ra-

tio c/b depends on biotic and abiotic factors which are unlikely to be constant across

space and time. High variability of K and c/b across space (high σK and σc respectively)

clearly favours the emergence of α and β diversities leading to an overall high diver-

sity (diversity γ). In some cells the prey community would be under the optimal con-

ditions to get switches of the dominant morph (zone 2 described in Fig. 1.2) or local

polymorphism (zone 3), leading to the emergence of the spatial mosaic. Interestingly

variation of carrying capacity and/or cost/benefit ratio across time would also favour

the emergence of diversity. High frequency of re-draw of the carrying capacity and of

the predator energetic state (low TK,c ) would permit each cell to be at some point in a

state favouring switches or polymorphism. Even if some cells are generating prey diver-

sity through heterogeneity of predator behaviour, we find that there is still a high selec-

tion pressure for monomorphism (frequency of the dominant morph close to 1) and for

mimicry between species (normalized similarity index > 0) throughout the lattice, which

is consistent with the empirical data. However, if predators have strong neophobic re-

sponses in a given location, mimicry between the dominant morphs can be counter-

selected (normalized similarity index < 0 when the frequency of the dominant morph

is below 0.5 in Fig. S11), yet conditions leading to such extreme behaviour are very

rare with the parameters implemented. We also observe that there is only selection for
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ba

Figure 1.5 – Effects of the two models of predator cognition on the composition of the prey com-
munity after 500,000 generations in the spatial model with (a) Müller’s “fixed nk ” model or (b) the
optimal sampling strategy (c/b = 3) implemented. When Müller’s “fixed nk ” is implemented we
show the effects of the fixed number of toxic prey sampled per phenotype (nk ) and of the varia-
tion across space of the carrying capacity (σK) on the prey phenotype diversity. When the optimal
sampling strategy is implemented we consider the variation across space of the ratio c/b (σc ), the
variation across space of the carrying capacity K (σK) and the period of re-draws of all K and c/b

values (TK,c ). We assume the carrying capacity in any given cell is drawn in a normal distribu-
tion with mean K = 200. Shannon’s indexes Hα and Hβ are used to estimate α (within-cell) and
β (between-cell) diversities respectively. The frequencies of the species’ dominant morph were
recorded to measure the level of phenotypic polymorphism. To quantify selection for Müllerian
mimicry, the similarity between species’ phenotypic compositions is compared to the similarity
between randomized prey communities – i.e. the relative frequencies of each phenotype are re-
assigned at random. Parameter values : see Table 1.1.
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mimicry between the dominant morphs since the normalized similarity index drops to

0 if we compare the phenotypic compositions without the dominant morphs (Fig. S11).

In cells with the conditions leading to a predator neophobic behaviour, phenotypes with

low frequencies are not selected for mimicry. Similarly, the normalized similarity index

is lower when σc increases (Fig. 1.5): here predators have stronger neophobic behaviour

in more cells, leading to a lower normalized similarity index due to the higher proportion

of non mimetic phenotypes with low frequencies. We have also shown that the effect of

these variations across space on polymorphism is even stronger when the landscape is

auto-correlated – i.e. cells close to each other are more likely to share the same properties

(Fig. S12). Increasing the number of predators Np favours the emergence of regional and

local polymorphism when the optimal sampling strategy is implemented (Fig. S3). Under

these conditions, positive selection for rare morphs is enhanced as the common morph

is more predated whereas rare morph still do not suffer from predation. As the number of

individuals with the rare morph increases, so does the probability of switching. Also, in

contrast to the simulations with Müller’s “fixed nk " model, implementing stochasticity in

predator presence/absence per cell per generation enhances the generation of diversity

(Fig. S6b).

Our sensitivity analysis also shows that the generation of polymorphism depends on

the values of the migration rate µ and of the phenotypic mutation rate ǫ. Thus, the gen-

eration of polymorphism in the spatial model is possible for lower phenotypic mutation

rates if the migration rate is lower (Fig. S5). The migrants can be seen as ’biased-mutants’

which carry the dominant morph of the surrounding cell. Therefore, if the migration rate

is too high compared to the phenotypic mutation rate, the generation of the mosaic is

not possible as the migrants would lead to switches to the initial morph. The phenotypic

mutation rate must be in the same order of magnitude than the migration rate or higher,

to observe the emergence of polymorphism. That is why, there was no generation of mo-

saics when we implemented a phenotypic mutation rate equal to 10−5, for all values of

the migration rate explored (µ≥ 10−4). As the definition of a cell is arbitrary here, we can

expect that migration rates would be lower if each cell corresponds to larger geographic

ranges (since the perimeter/area ratio declines as the range increases). In other words, if

the phenotypic mutation rate is low, there would be generation of polymorphism, but the

patches of the resulting mosaic would be larger.

1.4 Discussion

1.4.1 Predator optimal sampling strategy can select for poly-

morphism

Diversity in Müllerian mimicry has long been seen as a paradox [Joron and Mallet

1998; Borer et al. 2010] since localized homogenizing selection for uniformity in warn-

ing colours has been extensively demonstrated [Chai 1986, 1996; Mallet and Barton 1989;
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Mallet et al. 1990; Kapan 2001; Langham 2004; Borer et al. 2010; Chouteau and Angers

2011] Indeed, Mallet [2010] (p. 100) remarked that “we see an almost embarrassing

amount of polymorphism in natural warning colour". Many Müllerian mimics show spa-

tial variation in form [Sbordoni et al. 1979; Sheppard et al. 1985; Brower 1996; Dumbacher

and Fleischer 2001; Symula et al. 2001; Williams 2007; Marek and Bond 2009; Wilson et al.

2012] and different warning colours can even be observed in the same locality in some

mimetic species [Brown and Benson 1974; Beccaloni 1997; Joron and Mallet 1998; Joron

et al. 1999; Borer et al. 2010]. On a theoretical side, Müller’s “fixed nk ” model has been

used to help explain the evolution of Müllerian mimicry for decades [Müller 1879] as it

represents a simple and parsimonious assumption which generates selection for unifor-

mity. However, the predator behaviour originally assumed by Müller – a fixed number

of prey is sampled whatever the density of the prey – has no empirical support [Sherratt

2008]. Selection for uniformity does not necessarily mean that nk is always fixed – in-

deed, animal cognition would rarely be expected to be so simple and it is demonstrably

non-optimal. Moreover, as we have shown, Müller’s model does not readily explain the

generation of phenotypic diversity either within a location or between locations.

As discussed in Sherratt [2011], the predator optimal sampling strategy obtained from

the dynamic programming algorithm can generate important features of predator cogni-

tion like neophobia – a tendency for predators to avoid attacking novel prey [Shettleworth

1972; Greenberg 2003; Marples et al. 2007] – and a correlation between the number of

unfamiliar prey available and the number attacked before sampling ceases [Greenwood

et al. 1989; Lindström et al. 2001b; Beatty et al. 2004; Rowland et al. 2010a,b]. Given its

flexibility, the optimal sampling strategy can lead to various selection regimes on the prey

community from purifying selection to apostatic selection [Allen and Clarke 1968; Green-

wood 1984; Allen 1988]. As might be expected, the increase of c/b – ratio of cost to benefit

of attacking chemically defended vs. undefended prey – leads not only to a decreased

predation rate but also to a neophobic response. Depending on the values of the prey

carrying capacity and of c/b, the predator sampling strategy can lead to a variety of dy-

namics of the prey phenotypic composition across species from monomorphic mimicry

to phenotypic drift. Thus, the use of a more realistic model of predator cognition com-

pared to Müller “fixed nk ” model can readily explain the emergence of colour diversity

in the unpalatable prey community. The tendancy for predators to avoid attacking rare

prey in some conditions will generate apostatic selection [Hubbard et al. 1982] and can be

an important driving force behind polymorphism, not just of unpalatable prey [Thomas

et al. 2003; Marples et al. 2005; Sherratt 2011] but also of palatable prey [Franks and Ox-

ford 2009]. However, despite generating local polymorphism under some conditions, the

non-dominant polymorphic forms in the two species do not evolve to match one another

in frequency so the model does not explain the maintenance of various mimicry rings

which can coexist in nature [Beccaloni 1997; Joron and Mallet 1998; Chouteau and Angers

2012]. This is perhaps not surprising, given that the apostatic selection driven by neopho-

bia promotes rare phenotypes overall, independent of species.

The generation of polymorphism depends greatly on the migration rate and the phe-
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notypic mutation rate. It suggests that the ecology and the genetic basis of colouration of

prey could explain certain features of the spatial mosaic of phenotypes such as the size of

the patches, or the speed of the boundaries movement (not studied here, but see Sherratt

2006). Our model would predict that organisms which are characterized by low disper-

sal abilities would be more likely to be distributed into a mosaic with a high patchiness.

Such correlations could be tested using data on multiple organisms exhibing Müllerian

mimicry. In a similar way, organisms with high phenotypic mutation rates should also

show high level of polymorphism – like Heliconius numata due to its ‘supergene’ archi-

tecture [Joron et al. 2011] for instance.

1.4.2 Neophobia as a factor in the ‘shifting balance’ theory

Wright’s ‘shifting balance’ theory [Wright 1932] has been suggested to explain geographic

variation in Müllerian mimicry complexes [Mallet 1986, 2010]. In this theory, random

variation of allele frequencies by genetic drift of some subpopulations would be a deci-

sive factor in finding adaptive opportunities – i.e. in moving across an adaptive valley to

the base of a higher adaptive peak in the fitness landscape. In the case of the evolution

of diversity in warning colour, the processes at the origin of the drift in colour pattern are

not completely identified. For instance, an invasion phase – which may not be a com-

mon scenario – can favour the emergence of diversity because a prey with a novel phe-

notype can colonize by chance a new locality [Sherratt 2006]. Also Chouteau and Angers

[2012] showed empirically that predation was relaxed in localities characterized by local

polymorphism of poison-dart frogs. As even palatable prey were under-predated they

assumed a lower density of predators. They concluded that relaxed predation could initi-

ate the emergence and the colonization of new morphs and claimed that their study was

the first empirical demonstration of Wright’s ‘shifting balance’ theory in a natural system.

Nevertheless our simulations indicate that the absence of predators in some cells is not

sufficient to generate polymorphisms when Müller’s “fixed nk " foraging rule is assumed

(Fig. S6).

While Mallet [2010] argued that the ‘shifting balance’ theory can explain the emer-

gence of diversity in warning colour, he also wrote that (p. 94) “it is very hard to imag-

ine how a new warning pattern is advantageous when rare". Our study advocates a role

for active selection by predators in promoting phenotypic diversity by extending Müller’s

sampling model from first principles to include rare prey as well as common prey. If

some predators display the neophobia predicted by the optimal sampling model then rare

morphs can indeed be under weak positive selection – i.e. apostatic selection. Stochas-

ticity would then orient adaptive evolution and can lead to the evolution of diversity in

warning colour both at a local and a regional scale. Since neophobia clearly favours the

phase of stochastic drift in Wright’s ‘shifting balance’ theory then the emergence of diver-

sity in warning colour does not appear that paradoxical anymore.

As noted above, neophobic responses have been demonstrated empirically in many

laboratory experiments. However, predators are likely to respond differently in the wild.
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Therefore, to understand the true role of neophobia in natural systems, the frequency of

neophobic responses should be investigated further in the field. Coppinger [1969, 1970]

has already found that wild-caught avian predators often avoid novel insect prey. Göt-

mark [1994, 1996] also recorded a lower predation rate on European blackbirds who’s

wings had been painted with brightly coloured patches. Marples et al. [1998] likewise

showed that some individual wild birds may reject novel prey consistently on the basis of

unfamiliarity alone. Observing neophobia in the field is challenging because the experi-

menter needs to present only few individuals leading to a lower statistical power. Indeed

testing a high number of replicates with the same phenotype in the same locality can

modify the predator behaviour and can prevent neophobia from being recorded. Testing

few replicates in many localities may permit to measure some neophobic behaviours (if

any) in the field.

1.4.3 Polymorphism can easily emerge through intrinsic het-

erogeneity across space and time

The prey environment is known to fluctuate in space and time [Lenormand et al. 2009]

especially over broad scales. Such fluctuations would affect the prey density and the en-

ergetic state of predators, both of which alter the optimal sampling strategy of predators.

Indeed if there are few unfamiliar prey, the possible benefit of sampling them would be

low even if they all happen to be palatable, so that predators would attack few if any of

them. The availability of alternative prey has been shown to affect the mortality rates of

Batesian mimics [Hetz and Slobodchikoff 1988]. In the same way the number of defended

prey sampled depends on the number of alternative undefended prey presented [Nonacs

1985; Lindström et al. 2001a, 2004] and the attack rate on defended prey increases if alter-

native prey are concealed [Carle and Rowe 2014]. In contrast to Müller’s “fixed nk " rule,

a predator would be expected to behave differently depending on its energetic state by

strategically trading off the costs and the benefits of consuming unfamiliar prey to make

decision [Sherratt 2003; Sherratt et al. 2004; Barnett et al. 2007]. Müller’s “fixed nk " rule is

inherently a rigid rule, so the only parameter that we can possibly vary in space is nk itself

(which might depend, for example on the toxicity of the phenotype in question). The lack

of a strategic flexibility in the sampling rule renders it largely insensitive to environmen-

tal variation. Indeed, as we have shown, even variation in nk among cells itself would not

promote diversity.

It has been shown empirically that some predators species are bolder than others

in attacking chemically defended species [Exnerová et al. 2003; Nokelainen et al. 2014].

Therefore spatial heterogeneity in predator community composition could also generate

a geographical mosaic of selection and could favour the emergence of polymorphism,

in a manner entirely analogous to the polymorphism generated when c/b vary. What-

ever the source of heterogeneity that drives variation in c/b, given the plasticity in preda-

tor behaviour that the optimal sampling model predicts, and its role in the generation of

polymorphism, further empirical empirical investigations of such link between the abun-
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dance of prey – both unpalatable and alternative palatable prey – and the nature of the

predator sampling strategy should now be carried out in the field.

1.5 Conclusion and Perspectives

Our study highlights the role of predator cognition – especially neophobia – in shaping

diversity in Müllerian mimicry. Through a more realistic predator behaviour model than

the “fixed nk ” rule we are able to explain the seemingly paradoxical generation of diver-

sity in Müllerian mimicry observed in nature. To our knowledge, this study is the first

theoretical work explicitly demonstrating the emergence of warning colour diversity with

a uniform initial state.

As we suggested, even if the different sampling strategies generated by the optimal

sampling strategy theory have already strong empirical support in laboratory, this theory

should now be tested in nature. In particular, we need to begin to quantify the spatial het-

erogeneity of predator behaviour in the field to elucidate the selection pressures which

shape the mimetic prey communities over broad ranges. In addition, the frequency of

neophobic behaviour in nature should be investigated, since it can drive the emergence

of diversity through stochastic switches. On a theoretical side, the effect of Batesian mim-

ics on the spatial mosaic generated has not been studied. It could increase the frequency

of phenotypic switches of the Müllerian mimics and it could favour the formation of the

mosaic even with low phenotypic mutation rates. Moreover, even if the optimal strategy

can generate local polymorphism through neophobia, it does not explain the existence of

the coexisting mimicry rings we observe in nature. More work should be done to under-

stand how they can be generated and maintained.

Naturally, polymorphisms can be generated by a variety of different mechanisms in-

cluding hybridization and mimicry of different sympatric models. However, our work

suggests that heterogeneity of predator sampling behaviour can play an important and so

far unrecognized role in diversity generation in Müllerian mimicry complexes. Ironically,

the same sampling behaviour that leads to Müllerian mimicry, recognized by Müller over

a century ago, can also help explain the generation and maintenance of polymorphisms

through neophobia.
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1.7 Annex: Supplementary figures

Figure S1 – Parameter analysis of the spatial model with the optimal sampling strategy imple-
mented. Effect of the grid size (G) after 500,000 generations when a torus (opposite edges are
connected during the migration phase) or reflective edges are implemented. Shannon’s indexes
are used to estimate α (within-cell), β (between-cell) and γ (all grid) diversity. The frequencies of
the species’ dominant morph were recorded to measure the level of phenotypic polymorphism.
To quantify selection for Müllerian mimicry, the similarity between species’ phenotypic compo-
sitions is compared to the similarity between randomized prey communities – i.e. the relative
frequencies of each phenotype are re-assigned at random. A normalized similarity index equal
to 1 means that mimicry is observed more often than by chance, whereas a normalized similar-
ity index equal to 0 means that there is no selection for mimicry. K = 200, σK = 0, c/b = 3, σc = 1,
TK,c = 10,000. Other parameter values : see Table 1.1.
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Figure S2 – Time series with the spatial model and the optimal sampling strategy implemented for
different values of σc . Shannon’s indexes are used to estimate α (within-cell), β (between-cell) and
γ (all grid) diversity. K = 200, σK = 0, c/b = 3, σc = 2, TK,c = ∞. Other parameters values : see Table
1.1.
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Figure S3 – Parameter analysis of the spatial model with the optimal sampling strategy imple-
mented. Effect of the number of predators in each cell (Np ) after 500,000 generations. Shannon’s
indexes are used to estimateα (within-cell), β (between-cell) and γ (all grid) diversity. The frequen-
cies of the species’ dominant morph were recorded to measure the level of phenotypic polymor-
phism. To quantify selection for Müllerian mimicry, the similarity between species’ phenotypic
compositions is compared to the similarity between randomized prey communities – i.e. the rel-
ative frequencies of each phenotype are re-assigned at random. K = 200, σK = 0, c/b = 3, σc = 1,
TK,c = 10,000. Other parameter values : see Table 1.1.
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Figure S4 – Effects of the two models of predator cognition on the composition of the prey commu-
nity in the single-cell model. Effects of the phenotypic mutation rate when the optimal sampling
strategy is implemented. Effect of the carrying capacity (K) and of the ratio of expected cost to ex-
pected benefit (c/b). The frequencies of the species’ dominant morph were recorded to measure
the level of phenotypic polymorphism. A switch corresponds to a change of the dominant morph.
To quantify selection for Müllerian mimicry, the similarity between species’ phenotypic compo-
sitions is compared to the similarity between randomized prey communities – i.e. the relative
frequencies of each phenotype are re-assigned at random. In the case with the optimal sampling
strategy implemented, black lines delimit four zones in the parameter space which are character-
ized by distinct prey composition dynamics. A logarithmic scale is used to display the number of
switches per 10,000 generations. We assume that species are monomorphic and share the same
phenotype at the initial state. 20×20 parameter combinations are tested. Parameter values : see
Table 1.1
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Figure S5 – Parameter analysis of the spatial model with the optimal sampling strategy imple-
mented. Combined effects of the phenotypic mutation rate (ǫ) and the migration rate (µ) after
500,000 generations. Shannon’s indexes are used to estimate α (within-cell), β (between-cell) and
γ (all grid) diversity. The frequencies of the species’ dominant morph were recorded to measure
the level of phenotypic polymorphism. To quantify selection for Müllerian mimicry, the similar-
ity between species’ phenotypic compositions is compared to the similarity between randomized
prey communities – i.e. the relative frequencies of each phenotype are re-assigned at random.
K = 200, σK = 0, c/b = 3, σc = 2, TK,c = 10,000. Other parameter values : see Table 1.1.
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Figure S6 – Parameter analysis of the spatial model with the optimal sampling strategy imple-
mented. Effects of the probability of predators presence per cell per generation (Ppr ed ) after
500,000 generations. Shannon’s indexes are used to estimate α (within-cell), β (between-cell) and
γ (all grid) diversity. The frequencies of the species’ dominant morph were recorded to measure
the level of phenotypic polymorphism. To quantify selection for Müllerian mimicry, the similar-
ity between species’ phenotypic compositions is compared to the similarity between randomized
prey communities – i.e. the relative frequencies of each phenotype are re-assigned at random.
K = 200, σK = 0, c/b = 3, σc = 2, TK,c = 10,000. Other parameter values : see Table 1.1.
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Figure S7 – Effects of the two models of predator cognition on the composition of the prey com-
munity in the single-cell model when species are monomorphic and exhibit distinct phenotypes
at the initial state. (a) Effect of the carrying capacity (K) and of the number of toxic prey sampled
per phenotype (nk ) when Müller’s “fixed nk ” model is implemented. (b) Effect of the carrying ca-
pacity (K) and of the ratio of expected cost to expected benefit (c/b) when the optimal sampling
strategy is implemented. The frequencies of the species’ dominant morph were recorded to mea-
sure the level of phenotypic polymorphism. A switch corresponds to a change of the dominant
morph. To quantify selection for Müllerian mimicry, the similarity between species’ phenotypic
compositions is compared to the similarity between randomized prey communities – i.e. the rel-
ative frequencies of each phenotype are re-assigned at random. The prey extinction state is also
recorded. Red points correspond to unavailable data due to extinction. In the case with the opti-
mal sampling strategy implemented, black lines delimit four zones in the parameter space which
are characterized by distinct prey composition dynamics. A logarithmic scale is used to display
the number of switches per 10,000 generations. For each cognition model, 20×20 parameter com-
binations are tested. Parameter values : see Table 1.1
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Figure S8 – Examples of simulations illustrating the prey composition dynamics in the single-cell
model when (a) Müller’s “fixed nk ” model (with nk = 1) or (b) the optimal sampling strategy is
implemented. In this last case the four prey composition dynamics characterized in Fig. S7b are
represented. The graphs at the top represent the predation rate per capita on the prey community
obtained from the both models of predator cognition, the dotted line corresponds to the carrying
capacity per species K = 200 and the dashed line to the combined carrying capacity 2×K. At the
bottom we plot the time series of the density of each morph (lines with different colours) for both
species. Here we assume that species are monomorphic but exhibit distinct phenotypes (red
and blue for species 1 and 2 respectively) at the initial state. To illustrate the prey composition
dynamics for each zone of the parameter space in Fig. 1.2b we chose c/b = 1,4,6,9 from left to
right (when the optimal sampling strategy is implemented). Parameter values : see Table 1.1.
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Figure S9 – Examples of prey community composition in the spatial model after 500,000 gener-
ations when (a) Müller’s “fixed nk ” model (nk = 1, σK = 0) or (b) the optimal predator sampling
strategy (c/b = 3, σK = 0, σc = 2, TK,c = 10,000) is implemented. Each phenotype is represented by
a distinct colour. In any cell the opacity associated with each colour is proportional to the local
density of prey with the given phenotype, so that a cell will be coloured like the dominant pheno-
type if there is local monomorphism. The morph composition is shown for both species. Here we
assume that species are monomorphic but exhibit distinct phenotypes (red and blue for species
1 and 2 respectively) at the initial state. The Shannon’s diversity indexes are Hα = 0.48, Hβ = 1.68
and Hγ = 2.16 for the simulation with the optimal sampling strategy implemented. We estimate
Hα = 0, Hβ = 0.65 and Hγ = 0.65 for the simulation with Müller’s “fixed nk ” model. K = 200. Other
parameter values : see Table 1.1.
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Figure S10 – Effect of the growth rate (g ) on the composition of the prey community in the single-
cell model when the optimal sampling strategy is implemented. The frequencies of the species’
dominant morph were recorded to measure the level of phenotypic polymorphism. A switch cor-
responds to a change of the dominant morph. To quantify selection for Müllerian mimicry, the
similarity between species’ phenotypic compositions is compared to the similarity between ran-
domized prey communities – i.e. the relative frequencies of each phenotype are re-assigned at
random. K = 200, c/b = 3. Other parameter values : see Table 1.1.
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Figure S11 – Complementary analysis in the spatial model. Normalized similarity index IS values
within cell in comparison with the frequency of the dominant morph on the left graph. Normal-
ized similarity index between the phenotypic compositions without the dominant morph on the
right graph. The optimal sampling strategy (c/b = 3) is implemented. We consider the variation
across space of the ratio c/b (σc ), the variation across space of the carrying capacity K (σK). To
quantify selection for Müllerian mimicry, the similarity between species’ phenotypic composi-
tions is compared to the similarity between randomized prey communities – i.e. the relative fre-
quencies of each phenotype are re-assigned at random. K = 200, TK,c = 10,000. Parameter values :
see Table 1.1.
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Figure S12 – Effect of the the autocorrelation parameter φ on the composition of the prey com-
munity after 500,000 generations in the spatial model with the optimal sampling strategy imple-
mented. We represent at the top two examples of autocorrelated landscapes with the relationship
between the distance δi j and the correlation D(δi j ) associated (a,b). We also show the effect of φ
on the diversity indexes when σc = 1 (c). Shannon’s indexes are used to estimate α (within-cell),
β (between-cell) and γ (all grid) diversity. The frequencies of the species’ dominant morph were
recorded to measure the level of phenotypic polymorphism. To quantify selection for Müllerian
mimicry, the similarity between species’ phenotypic compositions is compared to the similarity
between randomized prey communities – i.e. the relative frequencies of each phenotype are re-
assigned at random. K = 200, σK = 100, c/b = 3, TK,c = 10,000. Other parameter values : see Table
1.1.
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Figure S13 – The same examples of prey community composition considered in Fig. 1.4 when (a)
Müller’s “fixed nk ” model is implemented (nk = 1, σK = 0) and when (b) optimal predator sampling
strategy is considered (c/b = 3, σK = 0, σc = 2, TK,c = 10,000). Each map represents the distribution
of individuals sharing a particular phenotype (each phenotype is represented by a distinct colour)
over the lattice. The opacity is proportional to the local density of prey with the given phenotype.
The morph composition is shown for both species. K = 200. Other parameter values : see Table
1.1.
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Abstract

Understanding the conditions under which moderately defended prey evolve to

resemble better defended prey, and whether this mimicry is parasitic (“quasi-Batesian")

or mutualistic (“Müllerian") is central to our understanding of warning signals. Models

of predator learning generally predict quasi-Batesian relationships. However, predators’

attack decisions are not based on learning alone, but also on the potential future rewards.

We identify the optimal sampling strategy of predators capable of classifying prey into

different profitability categories and contrast the implications of these rules for mimicry

evolution with a classical “Pavlovian" model based on conditioning. In both cases, the

presence of moderately unprofitable mimics causes an increase in overall consumption.

However, in the case of the optimal sampling strategy, this increase in consumption is

typically outweighed by the increase in overall density of prey sharing the model appear-

ance (a “dilution effect"), causing a decrease in mortality. It suggests that if predators

forage efficiently to maximize their long-term payoff, “genuine" quasi-Batesian mimicry

should be rare, which may explain the scarcity of evidence for it in nature. Nevertheless,

we show that when moderately defended mimics are profitable to attack by hungry

predators, then they can be parasitic on their models, just as classical Batesian mimics

are.
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MIMICRY

2.1 Introduction

Warning signal mimicry is widespread and may play a considerable role in structuring

ecological communities [Gross 2008]. For decades, researchers have attempted to under-

stand the evolution of mimicry between defended prey by elucidating the consequences

of simple heuristic rules of associative learning by predators. Indeed, in the seminal pa-

per on this subject, Müller [1879] conjectured that predators will sample a fixed number

of specimens of each distinct unpalatable prey type before avoiding them altogether, and

proposed that this would lead to selection for a common appearance among defended

species (“Müllerian mimicry").

However, it has long been appreciated that there is wide intra- and inter-specific vari-

ation in the nature of prey defences, as well as the nutrients individual prey items provide.

Dixey [1919] for example asserted that “distastefulness is relative; that it exists, like other

means of defence, in degrees that may vary indefinitely from species to species". Likewise,

Nicholson [1927] noted “every intergrade appears to exist between the most distasteful

species and those which are palatable to all predators". Even within a species, individuals

frequently show wide variation in their levels of defence [see Speed et al. 2012, for review].

Thus, if we are to fully understand warning signal mimicry among defended species, we

need to elucidate the selection pressures on species when they vary in their defence.

Following Müller’s seminal contribution, a wide range of models of predator sampling

behaviour have been explored to determine the nature of mimicry between prey with un-

equal defences. For example, Huheey [1964, 1976] proposed that a predator will avoid

attacking a prey type it has just found unpalatable for a fixed number of subsequent en-

counters, and showed that this rule would result in an increase in the attack rates on more

unpalatable models as the frequency of less unpalatable mimics increased. Similarly,

Speed [1993] assumed a learning algorithm based on a “Pavlovian" model of condition-

ing in which the attack probabilities of a predator on a given novel type of prey start at 0.5

and move towards a characteristic asymptotic attack probability for that prey type. Just

as Huheey [1976] had reported, he showed that one consequence of this form of aversion

learning is that an increase in the density of moderately unpalatable mimics can cause

an increase in the probability of attack on the more unpalatable models. Speed [1990,

1993] dubbed this parasitic form of mimicry “quasi-Batesian mimicry", and it appears a

widespread feature of many models of aversion learning. Indeed in a systematic evalu-

ation of the consequences of 29 different models of predator learning, 27 of them were

found to be capable of generating quasi-Batesian mimicry – although not all of them pre-

dict it for a wide range of parameters [Speed and Turner 1999; Turner and Speed 1999].

Recent studies based on related models have likewise reported the potential for quasi-

Batesian mimicry [Balogh et al. 2008; Honma et al. 2008].

The possibility that aversion learning by predators could generate quasi-Batesian

mimicry has far-reaching consequences. In particular, if the attack rates on both highly

unpalatable models and their moderately unpalatable mimics increase as the frequency
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of mimics rises, then it may benefit some of the mimics to resemble an alternative model.

This negative frequency-dependence could in theory explain certain puzzling cases of

polymorphism in unpalatable prey, such as that seen in the chemically defended lady-

bird Adalia bipunctata and the butterfly Heliconius doris [Speed 1993]. However, so far

the experimental evidence for quasi-Batesian mimicry has been somewhat mixed [Speed

et al. 2000; Rowland et al. 2007, 2010], and quasi-Batesian mimicry has never been clearly

demonstrated in nature.

Today, our understanding of predator behaviour goes beyond associative learning. In

particular, learning is simply a means to an end (maximizing payoff) and so predators

may decide not to sample further if the future rewards, including the information value,

are estimated to be low [Skelhorn et al. 2016]. Moreover, the type of associative learning

that has been generally assumed in mathematical models of mimicry tends to produce

non-adaptive behaviours. For instance, as argued by Mallet and Joron [1999], the proba-

bilistic decision rules (“partial preferences", Pulliam, 1974) for attacking models/mimics

that have been widely assumed are maladaptive in the long-term: predators should even-

tually learn to avoid attacking a given prey type entirely if such prey are on average un-

profitable, or always attack such prey if they are on average profitable. Given that it is

not adaptive, then focusing exclusively on such models is likely to lead to inconsistent

conclusions.

Here we lift this important limitation and thereby move towards a better understand-

ing of how predator behaviours shape mimetic relationships. Our approach recognizes

that a predator’s decision to attack an unfamiliar prey item is essentially an exploration-

exploitation trade-off [Cohen et al. 2007]. Thus, if a predator attacks many prey items of

a given type and they turn out to be largely unprofitable, then it will have gained consid-

erable information about the nature of the prey type, but it would not have exploited the

knowledge to its best possible advantage. Conversely, if the predator exploits its current

belief too soon by avoiding a prey type after limited bad experiences, then it may ulti-

mately be missing out on a prey type that is largely profitable. Sherratt [2011] formalized

mathematically this exploration-exploitation trade-off, coupling learning and adaptive

foraging decisions, and showed that it could readily explain the observed rise in the num-

ber of unprofitable prey attacked with prey density, as well as the generation of spatial

mosaics of mimetic phenotypes [Aubier and Sherratt 2015].

To define the nature of mimicry between prey with unequal defences, we begin from

the ground up, by identifying from first principles how predators should behave when

they encounter relatively unfamiliar prey items that could potentially belong to one of a

range of profitability categories – lifting the restriction of bimodal profitability assumed

in the original model [Sherratt 2011]. By elucidating the optimal strategy based on the

most judicious use of available information, we gain insight as to how predators subject

to natural selection would be expected to forage. Once characterized, we elucidate the

conditions under which the optimal sampling strategy would lead to parasitic or mutual-

istic mimetic relationships between prey with unequal defences. In particular, we provide
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a formal comparison of the selection imposed by “optimally sampling" predators, with

that imposed by “Pavlovian" predators [Speed 1993]. To our knowledge, this is the first

model to evaluate the prevalence of quasi-Batesian mimicry based on adaptive preda-

tor sampling behaviour. Our results suggest that, in contrast to the selection imposed

by Pavlovian predators, parasitic quasi-Batesian should be rare when predators sample

optimally, which may explain the scarcity of evidence for it in nature.

2.2 Methods

We evaluate the prevalence of parasitic quasi-Batesian mimicry among unequal defended

prey under two different models of predation. Pavlovian predators [Speed 1993] adopt

probabilistic decision rules for attacking prey based on classical conditioning. Optimal

predators identify the payoff-maximizing response to encountering prey of a given ap-

pearance (attack or reject) based on the predators’ current information and an under-

standing of how their knowledge may change if they continue to attack.

2.2.1 Pavlovian predator

To model the psychology of predation, Speed [1993] assumed that predators would re-

spond to prey in a Pavlovian fashion in which a stimulus (prey of a given appearance)

evokes a behaviour (probability of attack), that is subsequently modified by experience

(depending on how palatable it found the prey). Specifically, the probability Pa of a preda-

tor attacking a prey with an unfamiliar appearance on encounter is assumed to start at 0.5,

but is subsequently modified by:

∆Pa = (0.5+ | λi −0.5 |) (λi −Pa) (2.1)

where λi is the stable attack probability brought about by learning alone on prey belong-

ing to the palatability class i of the prey item attacked. To represent forgetting, the prob-

ability of attack is also modified at each trial (after encountering the prey, irrespective of

attack) by:

∆Pa = a f (0.5−Pa) (2.2)

with a f the rate of forgetting; its value is fixed at 0.02, as in the original model.

Thus, the crucial set of parameters in this model are the λi values associated to palata-

bility classes. They simultaneously represent the limiting values of Pa on prey belonging

to a given palatability class i in the absence of forgetting, and dictate the rate at which

Pa converges on this asymptote. In essence, the λi values are intended to reflect some

function of prey palatability, such that prey types with higher λi have higher asymptotic

attack rates on encounter. Consumption of a species with λi = 0.5 will not alter subse-

quent attack rates and such species are therefore regarded as neutrally palatable, while

species with λi < 0.5 are regarded as unpalatable. In typical simulations with models and

identical-looking mimics that differ in palatability, Pavlovian predators are effectively on
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an emotional “roller coaster", repeatedly increasing and decreasing their probability of

future attack after attacking prey.

2.2.2 Optimal predator

Contrary to Pavlovian predators, optimal predators sample prey as part of a strategy to

maximize their expected future payoff. Thus, the costs or benefits of attacking prey are

considered explicitly rather than indirectly through a notion of palatability. An optimal

predator that lacks complete information will necessarily revise its beliefs based on

its experience. In turn, these beliefs help shape the decision as to whether or not to

attack a given prey item that it has just encountered. Following Sherratt [2011] our

exploration-exploitation model combines a representation of learning (Bayesian infer-

ence) [Bolker 2008] with a multi-stage optimization algorithm for identifying the long

term payoff-maximizing decision, based on its current information (dynamic program-

ming) [Clark and Mangel 2000]. The optimal decision is identified simply by comparing

the known future payoff to a predator if the prey item is rejected (i.e. a payoff of 0), with

the estimated future payoff from attacking it, based on its current estimate of the average

(un)profitability of the prey type with a given appearance and assuming the continued

use of its optimal decision rules as it learns more about the properties of the prey type.

Learning. – We assume that optimal predators are able to classify prey into k different

categorical classes (k ≥ 2) with pi representing the predator’s estimated probability that

a given prey item is of class i , drawn from a probability distribution constrained such

that
k∑

i =1
pi = 1. We can define the true probability that any given prey item is of class i as

Pi (again,
k∑

i =1
Pi = 1). Given that the predator is estimating the likelihood of a prey item

belonging to two or more discrete classes under the constraint that the probabilities

sum to 1, we assume that pi is Dirichlet distributed, which is the conjugate prior for a

multinomial [Bolker 2008]. Thus, the revised (posterior) hypothesis distribution follow-

ing classical Bayesian inference after sampling will also follow a Dirichlet distribution,

albeit with different parameters based on its experience. The Dirichlet is a continuous

probability distribution for the likelihood pi that a prey item is a member of each of the

i th class (hence multivariate) with concentration parameters α1, ..., αk and expectation

πi = αi
k∑

i =1
αi

, so that
k∑

i =1
πi = 1 (see Fig. S1 in Annex, page 89, for details about the Dirichlet

distribution). As the Dirichlet distribution is the conjugate prior of the multinomial, then

following sampling of ri individuals that belonging to class i , then the posterior will again

follow a Dirichlet, this time with expectation πi = αi+ri
k∑

i =1
(αi+ri )

. Note that as more information

is collected then it has an increasingly strong effect on the posterior distribution, such

that as ri increases then the expected probability πi approaches the limit of ri
k∑

i =1
ri

(Fig.

2.1a). Conversely, the concentration parameters αi are in the same dimension as the
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Figure 2.1 – Examples of optimal predator learning up to the point that it ceases to sample or
runs out of prey. A predator with uniform expectations ((αbad,αint,αgood) = (1,1,1)) is confronted
with a known total of 100 prey with an unfamiliar appearance, encountered in random sequence.
Prey belong to three profitability classes ( fbad, fint, fgood) = (−1,−0.5,+5) with fixed likelihoods
(Pbad,Pint,Pgood) = (0.1,0.3,0.6) (a) or (Pbad,Pint,Pgood) = (0.6,0.3,0.1) (b). At each trial, the predator
can attack the prey it has encountered or not. If the predator samples the prey, it gains informa-
tion about the frequencies of each profitability class associated with the appearance and updates
the expected probabilities (πbad,πint,πgood) of each profitability class. We provide a zoom of the
10 first trials of the forward iteration (a), in which we show the profitability class i of the prey
encountered each trial (symbols on the x-axis). After sampling a prey of class i , the expected ex-
pected probability πi is increased through Bayesian updating. Therefore, by sampling prey, the
expected probabilities πi converge on the true likelihood values Pi (a). However when the long
term rewards from attacking the prey are judged to be less than deferring (SA < SD), the predator
ceases attacking prey with this appearance and does not update its expectations anymore (b).
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number of prey types sampled. If their values are high, the information gained by

sampling (through ri values) has less effect on the posterior distribution.

Dynamic Programming. – Let N be the total number of an unfamiliar prey type with a

given appearance that the optimal predator can potentially sample in its lifetime. Let ri

be the number of prey class i it has so far attacked (
k∑

i =1
ri = n ≤ N with n the total number

of prey attacked). Attacking an individual from class i provides a payoff fi , which may be

positive or negative depending on whether it is profitable or unprofitable, and vary in size

according to how (un)profitable it is. With any given predator knowledge state (r1, ... rk )

let the maximum payoff from the remaining (N−n) trials be represented S(r1, ... rk ). Not

attacking prey (“D" – defer) of the unfamiliar type in the remaining (N−n) trials gives a

long term known future reward of SD(r1, ... rk ) (= 0) for the behaviour. By contrast, at the

risk of sampling unprofitable prey, attacking (“A" – attack) unfamiliar prey of this type will

increase the information concerning the prey type and perhaps also the potential reward.

Let this payoff be denoted SA(r1, ... rk ). Here :

S(r1, ... rk ) = max[SD(r1, ... rk ), SA(r1, ... rk )] (2.3)

where

SD(r1, ... rk ) = 0 (2.4)

and

SA(r1, ... rk ) =
k∑

i =1
πi

[
S(r1, ...,ri +1, ... rk )+ fi

]
(2.5)

with probability of a prey item belonging to class i estimated as πi = αi+ri
k∑

i =1
(αi+ri )

(see above)

and the maximum future payoff to the predator after attacking a prey item of class i esti-

mated as S(r1, ...,ri +1, ... rk ). The optimal information-dependent strategy (attack or not

attack) can be identified by working backwards from the absolute maximum number of

trials N after which there are no more decisions (hence no further payoff), so S(r1, ... rk ) = 0

for all possible combinations of ri under these conditions. Clearly, once an unfamiliar

prey item is not attacked then there is no more information gained – i.e. no more update

of the expected probabilities πi of each profitability class – and no new events to change

this decision (when prey are largely unprofitable in Fig. 2.1b). To evaluate the dynamical

consequences of a predator employing the optimal strategy, we employ forward iterations

(Monte-Carlo simulations).

2.2.3 Comparison of Pavlovian and optimal predators

Palatability/profitability classes. – Models of Palovian predation emphasize the re-

sponse of a predator to prey with given profitability through λ values (hereafter referred

to as “palatability"), and do not consider prey profitability explicitly. By contrast, in order

to identify the strategy adopted by the optimal predators, we consider prey profitabilities
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explicitly, and deduce the payoff-maximizing response. A palatability class i is defined by

its asymptotic attack rate λi ∈ [0,1] while its corresponding profitability class i is defined

by its net payoff fi ∈ R. An unpalatable/unprofitable class is therefore characterized by

λi < 0.5 and fi < 0, and a palatable/profitable class by λi > 0.5 and fi > 0.

Normalized palatability/profitability. – To conduct sensitivity analyses along the palata-

bility/profitability spectrum, we transform the palatability λi and profitability fi values

into normalized λ̂i and f̂i values as follows:

λ̂i = −
λi −0.5

λbad −0.5
(2.6)

and

f̂i =
fi

| fbad |
(2.7)

with λbad and fbad the asymptotic attack rate and the payoff of the most unpalat-

able/unprofitable class, respectively. λ̂i > 0 and f̂i > 0 characterize palatable/profitable

classes, whereas λ̂i < 0 and f̂i < 0 characterize unpalatable/unprofitable classes. If λ̂i = −1

and f̂i = −1, the palatability/profitability class i is defined by: λi = λbad or fi = fbad.

2.2.4 Heterogeneity in predator experience

Hungry predators may find certain prey species profitable to attack while less hungry in-

dividuals may find the same species unprofitable. Likewise, optimal predators may vary

in their ability to deal with certain species, for example by tolerating their toxins or em-

ploying an attack technique that reduces their chances of injury. To account for this het-

erogeneity of experience among predators, we vary the profitabilities to predators from

attacking prey from each class. We choose not to evaluate analogous variations of λ in

the Pavlovian predator because this is not the focus of our interest. Here the payoff asso-

ciated with each class for each predator is drawn from a normal distribution with mean

fi and standard deviation σ f (same standard deviation for all (un)profitability classes i ).

To investigate genuine cases of quasi-Batesian mimicry, we constrain fi values, such that

unprofitable and profitable classes always incur a cost and a benefit to predators respec-

tively – yet this assumption is relaxed in supplementary analyses (Fig. S11).

2.2.5 Explorations

We explored the implications of predation on mimicry under four different scenarios

(summarized in table 2.1), with both Pavlovian and optimal predators.

General conditions. – We explore situations where predators are confronted with prey

with unfamiliar appearances. Predators encounter all prey available and are assumed to

treat prey with distinct appearances separately. Prey of each appearance can potentially
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belong to more than one palatability/profitability class.

For ease of representation, in most numerical explorations, we explore situations where

unfamiliar prey can potentially belong to just three possible profitability classes (this as-

sumption is relaxed in Exploration 4), with variation in palatability/profitability among

individuals of the same appearance a reflection of potential mutualistic and parasitic

mimicry among species. The optimal predator sampling strategy requires that the preda-

tors’ classification of prey includes at least one profitable prey class ( fgood > 0) with prior

expectation αgood > 0, otherwise optimal predators will have no reason to sample. Nev-

ertheless, for all explorations, prey belonging to this profitable class are not present in

the communities we implement, yet the predator does not know it before sampling. To

explore the implications of the Pavlovian predator under the same conditions we also

allow a prey class with arbitrary palatability λgood = 1, although since there are no prey

from this class in our analyses then its exact value is of little relevance. We also con-

sider one highly unpalatable/unprofitable class (λbad ≪ 0.5, fbad ≪ 0), and one interme-

diate palatability/profitability class characterized by parameters λint and fint, such that

λbad < λint < λgood and fbad < fint < fgood. This intermediate palatability/profitability

class can be set either palatable/profitable (λint > 0.5, fint > 0) or moderately unpalat-

able/unprofitable (λint < 0.5, fint < 0). The implications of different extents of palatabil-

ity/profitability are explored under each scenario through the implementation of differ-

ent values of λint and fint.

To assess the selective consequences of predator behaviour for prey, we evaluate the

mean per capita predation rate on each appearance present in the prey community

[cf. Müller 1879]. For each set of conditions, we perform 2,000 forward iterations to

determine the mean number of prey sampled by a predator. The per capita predation

rate on a given appearance due to the predator sampling behaviour is calculated as

the number of prey sampled carrying such appearance (until all prey are encountered),

divided by the number of such prey originally available. Individuals sharing the same

appearance suffer from the same mean per capita predation rate.

Exploration 1. – Here we characterize how predators respond to prey with different

levels of unpalatability/unprofitability and we compare the payoffs accruing to Pavlovian

and optimal predators directly. We consider a system in which a predator encounters

N unfamiliar prey with a single appearance. Prey items belong either to the highly un-

palatable/unprofitable class or to the intermediate unpalatability/unprofitability classes

(such that λint < 0.5, fint < 0). We vary the initial density of prey N and the proportion of

prey belonging to the intermediate palatability/profitability class.

Exploration 2. – Here we ask whether mimicry would evolve as a consequence of the

above predatory behaviours, and we evaluate whether this mimicry is mutualistic or

parasitic in nature. To do this, we have assumed a community of unfamiliar prey that

is composed of prey items with two distinct appearances. Prey belong either to the

highly unpalatable/unprofitable class or to the intermediate palatability/profitability

class. There are Nmodel highly unpalatable/unprofitable prey with a given appearance
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and Nmimic individuals of the same appearance. These mimics derive from a popu-

lation of prey which belong to the intermediate palatability/profitability class leaving

Nnon mimic with a distinct appearance. We set densities of the model Nmodel = 10 or

Nmodel = 50, and we consider a fixed density of the population of mimics/non mimics:

Nmimic + Nnon mimic = 50. Therefore, a proportion Pmimic = Nmimic/(Nmimic + Nnon mimic)

mimics the model and a proportion 1−Pmimic are non mimics. To elucidate the strength

of parasitism/mutualism, we conduct analyses with different Pmimic values.

Exploration 3. – To confirm that the parasitic and mutualistic mimicry observed in Ex-

ploration 2 drive selection for mimetic polymorphisms and monomorphisms respec-

tively, we conduct further simulations. These simulations again considered a com-

munity of unfamiliar prey with two distinct appearances and a mimic of intermedi-

ate palatability/profitability, but differed in having two rather than one highly unpalat-

able/unprofitable models (models A and B, and no non mimics). We set densities of the

models NmodelA = NmodelB = 50, and we consider a fixed density of the mimics: NmimicA +

NmimicB = 50. Among those mimics, a proportion PmimicB = NmimicB /(NmimicA +NmimicB )

mimics the model B and a proportion 1−PmimicB mimics the model A. We conduct analy-

ses with different PmimicB values.

Starting from a condition under which the entire population of the mimic resembles the

model A (PmimicB = 0), we can determine if there is a positive selection pressure (which

minimizes the per capita predation rate) for the mimic to resemble the model B. We can

then isolate the PmimicB value at equilibrium – i.e. the smallest PmimicB value for which

an increase in PmimicB is no more selected for. It allows us to assess the evolutionary

dynamics of the mimic appearance, following selection mediated by predation, leading

either to monomorphism (PmimicB = 0 or PmimicB = 1 at equilibrium) or to stable balanced

polymorphism (0 < PmimicB < 1 at equilibrium).

Exploration 4. – Here we test if the optimal sampling strategy depends on the number

of expected profitability classes. We consider the same prey communities than in Ex-

ploration 1, but we explore the situation where optimal predators classify prey into five

(instead of three) profitability classes. In addition to the profitable ( fgood), unprofitable

( fbad) and moderately unprofitable ( fint < 0) classes, we implement two supplementary

profitability classes ( fsupp1
and fsupp2

) such that fsupp1
< fint < fsupp2

and | fint − fsupp1
| = |

fint − fsupp2
|. The priors associated to the intermediate profitability class and to the sup-

plementary profitability classes are now set to 1/3, such that the predator has the same

expectation of profitability as Exploration 1.
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S Table 2.1 – Summary of the explorations conducted (from the optimal predator perspective)

Exploration
Possible

profitability classes
Available prey Parameters varied Questions

Exploration 1

One unprofitable
class, one profitable

class and one
intermediate

profitability class
( fbad < fint < fgood,
with fbad < 0 and

fgood > 0)

Prey with shared signal,
belonging to unprofitable

( fbad) and intermediate
( fint) classes

Prey density (N) and
proportion of prey of the
intermediate profitability

class

What is the sampling strategy
for unfamiliar prey with two

levels of unprofitability? What
payoffs accrue? (Fig. 2.2 and

2.3)

Exploration 2

A model species ( fbad) and
another species ( fint), whose

individuals are either
mimics of the model or non

mimics

Proportion of mimics to
non mimics

(Pmimic = Nmimic/
(Nmimic +Nnon mimic) )

Would moderately unprofitable
prey gain from mimicking

highly unprofitable ones? Does
mimicry undermine the

protection afforded to the more
unprofitable model? (Fig. 2.4)

Exploration 3

Two model species A and B
(both fbad) and another

species ( fint), whose
individuals are either
mimics of model A or

mimics of model B

Proportion of
mimics B (PmimicB =
NmimicB /(NmimicA +

NmimicB ))

Is there selection for
polymorphism in the mimic

species? (Fig. 2.5 and 2.6)

Exploration 4
Five profitability

classes
Same than Exploration 1 Same than Exploration 1

Does the number of expected
profitability classes affect the

optimal sampling strategy?
(Fig. S3)

Note: The explorations conducted with Pavlovian predators were similar, except that palatability classes (related to profitability) are defined by their asymptotic attack

rates λi (λbad < λint), and not by their payoffs fi ( fbad < fint).
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2.3 Results

2.3.1 What is the optimal sampling strategy for unfamiliar

prey with two levels of unprofitability and does this

strategy achieve a higher payoff than a Pavlovian preda-

tor?

With Exploration 1, we identify the optimal sampling strategy for unfamiliar prey when

prey with this appearance belong to two unprofitability classes. Optimal predators cease

attacking prey with an unfamiliar appearance as soon as they identify rejection as the long

term payoff-maximizing decision (Fig. 2.1b). Fig. 2.2 shows that as the number of prey of

a given appearance (N) increases, so too does the number of individuals sampled by an

optimal predator before complete rejection. Moreover, when prey items are particularly

costly to attack should they turn out to be unprofitable (low proportion of moderately

unprofitable prey in Fig. 2.2), and/or predators are convinced that the prey are highly

unprofitable at the outset (Bayesian priors indicating high unprofitability, see Fig. S2),

then predators should sample fewer prey before rejection.
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Figure 2.2 – Exploration 1 – Number of prey attacked by an optimal predator before rejection. The
predator is aware of N prey with a given unfamiliar appearance. This prey population is com-
posed of highly unprofitable prey ( fbad = −1) and of moderately unprofitable prey ( fint = −0.5)
with shared appearance. We represent the mean number of prey sampled by the predator be-
fore complete rejection (confidence intervals are so small that we cannot represent them on the
graphs). Note that the total number of prey sampled before complete rejection increases with prey
abundance because the information value from sampling is higher. Note also that more prey are
sampled the higher the frequency of moderately unprofitable prey, since they are less costly to
attack. Other parameter values: fgood = +5, (αbad,αint,αgood) = (1,1,1), σ f = 0.
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The optimal predator responds differently to the highly and moderately unprofitable

prey when all prey belong to one unprofitability class, sampling fewer highly unprofitable

compared to moderately unprofitable prey (when the proportion of moderately unprof-

itable prey is equal to 0 versus equal to 1 in Fig. 2.2). This property suggests that mimicry

of highly unprofitable prey might be selected for, even in moderately unprofitable prey

(see next section).

Overall, the optimal predator achieves a higher cumulative payoff than a Pavlovian

predator confronted with the same prey community, especially when the number of prey

is high (Fig. 2.3). This result is insensitive to the rate of forgetting a f of the Pavlovian

predator (not shown). However, when the number of prey is low (when N = 25 in Fig.

2.3), Pavlovian predators receive a slightly higher payoff, because they have a neophobic

reponse attack (probability of attack starts at 0.5) which happens to be beneficial when the

predator is dealing with entirely unprofitable prey. It is easy to show that such behaviour

would have lead to an inferior reward if all prey happened to be profitable.

Using Exploration 4, we show that the optimal sampling strategy is robust to the num-

ber of possible profitability classes implemented. Indeed if we implement two other pos-

sibles classes (i.e. if prey can potentially belong to five profitability classes), the optimal

sampling strategy is identical (Fig. S3), as long as the predator has the same expectation

of profitability (same
∑
αi . fi ).
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Figure 2.3 – Exploration 1 – Mean net payoff after predator sampling, measured as the sum of
the payoff fi of all prey which have been attacked. This prey population is composed of highly
unpalatable/unprofitable prey (λbad = 0.2, fbad = −1) and of moderately unpalatable/unprofitable
prey (λint = 0.4, fint = −0.5) with shared appearance, yielding a negative net payoff. We consider
both a Pavlovian predator (a) and an optimal predator (b). In general, the optimal sampling
strategy has a higher payoff (see main text for exceptions). Other parameter values: fgood = +5,
(αbad,αint,αgood) = (1,1,1), σ f = 0.
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2.3.2 Would moderately unprofitable prey gain from mim-

icking highly unprofitable ones?

We assume now a population of Nmodel highly unpalatable/unprofitable prey (λbad, fbad)

and Nmimic moderately unpalatable/unprofitable mimetic individuals (λint < 0.5, fint < 0)

with a given appearance. We assume that these mimetic individuals are derived from a

population with a distinct appearance, leaving Nnon mimic distinct non mimics each with

unprofitability fint (the total number of moderately unprofitable prey is equal to Nmimic+

Nnon mimic and is the same initially for all simulations) (Exploration 2).

With Pavlovian predators. – As Speed [1993] proposed, there is selection for the mod-

erately unpalatable prey to resemble the highly unpalatable model when predators are

Pavlovian (Fig. 2.4a – per capita predation rate of models-mimics lower than non mim-

ics). However, intriguingly, we do not observe the opposite selection pressure (with highly

unpalatable prey evolving to resemble moderately unpalatable non mimics) when the

warning signal of the non mimics is more prevalent (when Nmodel = 10).

With optimal predators. – First, we note that when Nmodel ≥ Nmimic +Nnon mimic, then

there is indeed clear selection on the moderately unprofitable prey to resemble the highly

unprofitable model, because the predation rate of the non mimics is consistently higher

than the predation rate of the mimics, whatever the proportion of mimics (when Nmodel =

50 in Fig. 2.4b). Only when Nmodel ≪ Nmimic +Nnon mimic is there selection for the highly

unprofitable prey to resemble the less unprofitable non mimic, and this arises as a conse-

quence of the warning signal of the non mimics being more prevalent (for example, when

Nmodel = 10 in Fig. 2.4b).

2.3.3 Does mimicry undermine the protection afforded to

the more unprofitable model?

We continue to assume a prey community with one model species (λbad, fbad) and an-

other species (λint, fint) whose individuals are either mimics or non mimics (Exploration

2).

With Pavlovian predators. – If we consider Pavlovian predators, when mimicry of the

highly unpalatable prey by moderately unpalatable prey is selected for, under a wide

range of conditions the total number of prey sampled of the combined model-mimic

before complete rejection increases as the mimetic load (Nmimic) increases, and so does

the per capita predation rate (Fig. 2.4a). This latter result clearly confirms that parasitic

quasi-Batesian mimicry can emerge from a Pavlovian model of predator cognition [Speed

1993].
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Figure 2.4 – Exploration 2 – Per capita predation rate caused by a predator foraging in a com-
munity containing one model species. There are Nmodel highly unpalatable/unprofitable prey
(λbad = 0.2, fbad = −1) with a given appearance and Nmimic individuals of the same appearance
which are more palatable/profitable than the model. These mimics derive from a population
of prey which are, in different analyses, either moderately unpalatable/unprofitable (λint = 0.4,
fint = −0.5) (a, b) or profitable ( fint = +0.5) (c) leaving Nnon mimic with a distinct appearance. We
vary the proportion Pmimic of mimics to non mimics. We consider initial prey communities with
Nmimic +Nnon mimic = 50, and either Nmodel = 10 or Nmodel = 50. We consider both Pavlovian preda-
tors (a) and optimal predators (b, c). The points drawn on the graphs correspond to the mean
per capita predation rate on each appearance (grey = appearance of the non mimics, black = ap-
pearance of the models-mimics) (confidence intervals are so small that we cannot represent them
on the graphs). Arrows represent the direction of selection for mimicry (which minimizes the per

capita predation rate). Grey arrows correspond to selection for the non mimic to resemble the
highly unpalatable/unprofitable prey, whereas black arrows correspond to the opposite selection
pressure. Note that mimicry of the highly unpalatable/unprofitable model by the moderately un-
palatable/unprofitable mimic is parasitic when predators forage in a Pavlovian manner (upward
gradient), but mutualistic when they forage optimally (downward gradient). Other parameter val-
ues: fgood = +5, (αbad,αint,αgood) = (1,1,1), σ f = 0.
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With optimal predators. – If we consider optimal predators, when mimicry of the highly

unprofitable prey by moderately unprofitable prey ( fint < 0) is selected for, then under a

wide range of conditions the total number of prey sampled of the combined model-mimic

before complete rejection increases as the mimetic load (Nmimic) increases (Fig. S4b). De-

spite this increase in consumption, however, the highly unprofitable species still benefits

from mimicry through a “dilution effect". Specifically, when there are more individuals

with the appearance of the model and all prey with this appearance are unprofitable, then

the per capita predation rate decreases when Nmimic increases (Fig. 2.4b). By contrast,

when we consider profitable mimics ( fint > 0) (i.e. when the mimicry is Batesian), the

number of the highly unprofitable prey attacked before cessation of sampling increases

(Fig. S4b), and so does the per capita predation rate (Fig. 2.4c). When the proportion of

profitable prey is high enough, the optimal predator can attack all unfamiliar prey with

that appearance without ever deciding to reject the prey (Exploration 1, Fig. S5). For this

reason, the per capita predation rate can even reach 1 when there are enough profitable

prey mimicking the highly unprofitable model (when Nmodel = 10 in Fig. 2.4c).

When the mimic is moderately unprofitable ( fint < 0), the increase in the total number of

prey attacked comes from both the increase in combined density of the unfamiliar prey

type (an inference confirmed by setting both model and mimic to be highly unprofitable

and noting that the number sampled before complete rejection increases as the total den-

sity increases, see Sherratt 2011), as well as the reduction in the overall average level of un-

profitability (an inference confirmed by noting that the total number of the model-mimic

attacked before cessation of sampling increases as the profitability fint < 0 of the mod-

erately unprofitable mimic increases with total density held constant, Exploration 1, Fig.

S6).

Intriguingly, under some narrowly defined conditions, the per capita survival of the model

can be slightly undermined by mimicry by a moderately unprofitable prey type – notably,

when the cost associated to unprofitability and the difference in unprofitability between

the models and the mimics are high (low fbad and high fint < 0, Fig. S7) or when the

predator’s priors are skewed toward an unprofitable experience (Fig. S8). Note that the

optimal response of an individual predator in our model is not probabilistic, but all-or-

nothing (reject/attack) and triggered by a discrete threshold (number of each prey type

attacked). This discreteness inevitably gives rise to some discontinuities in an individual’s

optimal response (“zigzag" lines in Fig. S7 and S8), which influence where the specific

equilibria will lie. However, all the prey items are unprofitable, and the consequent slight

increase in the number of prey sampled rarely counter-balances the dilution effect when

moderately unprofitable prey are mimicking an highly unprofitable model.

2.3.4 Is there selection for polymorphism in the moderately

unprofitable species?

One of the key reasons why quasi-Batesian mimicry has attracted so much interest is that

it can in theory generate polymorphisms among moderately unprofitable prey. Thus, as
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the mimetic load on any given highly unprofitable model increases, then the effectiveness

of the signal may be undermined, and the moderately unprofitable mimics would then

experience selection to resemble other highly unprofitable models.

To investigate this explicitly, we assumed that there are two highly unpalat-

able/unprofitable (λbad, fbad) distinct unfamiliar models, model A and model B. These

models can be mimicked by another species – the mimic (either mimic A or mimic B)

– which belong to the intermediate palatability/profitability class (λint, fint) (see Explo-

ration 3 methods for more details). Starting from a condition under which the entire pop-

ulation of the mimic species exclusively mimics the model A (PmimicB = 0), we can track the

predicted predation rate on the original mimics (mimic A) and that on alternative mimics

that resemble the alternative model (mimic B).
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Figure 2.5 – Exploration 3 – Per capita predation rate caused by a predator foraging in a com-
munity containing two model species. The prey community is composed of two highly unpalat-
able/unprofitable models (λbad = 0.2, fbad = −1) with distinct appearances, model A and model B.
In addition to these models, there are also mimic individuals which are, in different analyses, ei-
ther moderately unpalatable/unprofitable (λint = 0.4, fint = −0.5) (a, b) or profitable ( fint = +0.5) (c).
Among those mimics, a proportion PmimicB mimics the model B and a proportion 1−PmimicB mim-
ics the model A. We set fixed densities NmimicA +NmimicB = 50 and NmodelA = NmodelB = 50. We con-
sider both Pavlovian predators (a) and optimal predators (b, c). The points drawn on the graphs
correspond to the mean per capita predation rate on each appearance (grey = model A and mimic
A, black = model B and mimic B) (confidence intervals are so small that we cannot represent them
on the graphs). Starting from a condition under which the entire population of the mimic resem-
bles the model A (PmimicB = 0), grey arrows represent positive selection pressure (which minimizes
the per capita predation rate) for the mimic to resemble the model B. In the bottom sub-panels,
black arrows represent the evolutionary dynamics of the mimic appearance, following selection
mediated by predation, and the black dots corresponds to stable balanced polymorphism. Note
that polymorphisms are predicted as a consequence of the Pavlovian foraging behaviour, but only
arise under the optimal sampling rules when the mimic is profitable. Other parameter values:
fgood = +5, (αbad,αint,αgood) = (1,1,1), σ f = 0.
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With Pavlovian predators. – Increasing the mimetic load of a moderately unpalatable

mimic (λint < 0.5) on a highly unpalatable model (λbad), generally increases the predation

rate on the joint model-mimic, so such balanced polymorphism is possible (Fig. 2.5a). We

therefore confirm that, under a Pavlovian model of predator cognition, parasitic quasi-

Batesian mimicry should be widespread and should indeed favour the emergence of bal-

anced polymorphism in mimicry under a range of conditions (when normalized λ̂int < 0

in Fig. 2.6a).

With optimal predators. – When the mimic is profitable ( fint > 0), balanced polymor-

phism of the mimic is selected for (Fig. 2.5c). By contrast, increasing the mimetic load

of a moderately unprofitable mimic ( fint < 0) on a highly unprofitable model, generally

decreases the predation rate on the joint model-mimic, so no such balanced polymor-

phism is possible (Fig. 2.5b). As noted above, balanced polymorphism appears possible

with a moderately unprofitable species selected to mimic two different highly unprof-

itable models under some conditions – when the cost associated to unprofitability and

the difference in unprofitability between the models and the mimics are high (low fbad

and high fint < 0, Fig. S9) or when the predator expects an unprofitable experience (Fig.

S10). This phenomenon arises because a slight increase in the number of prey sampled

can outweigh the dilution effect and thereby increase the predation rate on the highly

unprofitable model. However these cases of quasi-Batesian mimicry derive from only

slight differences in per capita predation rates on models with and without mimics. De-

spite these exceptions, systematic explorations indicate that balanced polymorphism of

quasi-Batesian mimics is unlikely for a wide range of parameters (notably, when normal-

ized f̂int < 0 in Fig. 2.6b), contrary to Batesian mimics (when normalized f̂int > 0 in Fig.

2.6b). Implementing heterogeneity in predator behaviour (so that the levels of profitabil-

ity/unprofitability do not incur exactly the same benefits/costs to different predators),

reduces even more the combinations of parameters for which we can observe balanced

polymorphism of quasi-Batesian mimics (σ f = 2, in Fig. 2.6c).

If we assume that moderately unprofitable prey can become profitable to some preda-

tors because the benefit of consuming them outweighs the cost of dealing with their de-

fences (for example some predators are sufficiently hungry to warrant consuming dis-

tasteful prey for the nutrients they provide), then such prey can naturally face selection to

become parasitic Batesian mimics. This is what we observe when there is variation in the

costs and benefits experienced by predators (σ f = 2) without constraints fbad < 0, fint < 0

and fgood > 0 in Fig. S11.
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Figure 2.6 – Exploration 3 (sensitivity analysis) – Equilibrium outcome for the combination of ei-
ther profitable or unprofitable mimics that may split between two different models. The prey com-
munity is composed of two highly unpalatable/unprofitable models (λbad < 0.5, fbad < 0) with
distinct appearances, model A and model B. In addition to these models, there are also mimic
individuals which are, in different analyses, either moderately unpalatable/unprofitable (normal-
ized λ̂int < 0, f̂int < 0) or palatable/profitable (λ̂int > 0, f̂int > 0). Among those mimics, a proportion
PmimicB mimics the model B and a proportion 1−PmimicB mimics the model A. We consider both
Pavlovian predators (a) and optimal predators (b, c). When optimal predators are implemented,
there is either uniformity (σ f = 0) (b) or heterogeneity (σ f = 2, with constraints on fbad, fint and
fgood) (c) in the costs or benefits experienced by predators when attacking prey items from each
of the three profitability classes. We start from a condition under which the entire population of
the mimic resembles the model A (PmimicB = 0). By simulating the predation rates on the prey
community for various PmimicB values (like in Fig. 2.5), we can isolate the PmimicB value at equi-
librium. We conduct a sensitivity analysis on the unpalatability/unprofitability of model species
(λbad or fbad) and on the normalized palatability/profitability of mimic species (λ̂int or f̂int). When
0 < PmimicB < 1 at equilibrium, balanced polymorphism is selected for and is maintained – driven
by either quasi-Batesian mimicry or classical Batesian mimicry. We see that the Pavlovian predator
generates polymorphism under a wide range of conditions, while the optimally sampling predator
tends to do so consistently only when the mimic is profitable. Other parameter values: fgood = +5,
(αbad,αint,αgood) = (1,1,1), NmimicA +NmimicB = 50, NmodelA = NmodelB = 50.
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2.4 Discussion

2.4.1 “Genuine" quasi-Batesian mimicry should be rare

When profitable species are selected to resemble unprofitable species as a consequence of

the optimal sampling regime, then the relationship is typically parasitic – the more prof-

itable mimics there are, the higher the per capita attack rates on both mimics and mod-

els. Indeed, as we have seen, Batesian polymorphisms readily arise as a consequence of

the gradual erosion of the effectiveness of any given warning signal. By contrast, we have

shown that as the number of moderately unprofitable mimics on highly unprofitable prey

increases, then the per capita attack rates of predators on mimics and models typically de-

creases. Thus the relationship is typically mutualistic. We therefore have little evidence

that the optimal sampling strategy of predators has widespread or marked quasi-Batesian

properties, with consequent selection for polymorphism among unpalatable prey.

Intuitively, adding a moderately unprofitable mimic to a population of highly unprof-

itable models, will cause a predator to sample more such prey for two important reasons.

First, there will be more such prey with the appearance, and so there will be a greater in-

centive for the predator to discover their properties. Second, on attacking a moderately

unprofitable mimic, the predator might form the belief that while the phenotype is largely

costly to attack, it is not as costly to attack as it originally believed and therefore worthy

of further sampling. This is precisely what we have observed here. Nevertheless, even if

more mimics and models are attacked as a consequence of mimicry, then this does not

necessarily mean that the presence of the mimics will increase the mortality of the model.

If prey with this appearance are eventually avoided, then adding moderately unprofitable

mimics to an existing population of models will share the mortality cost over more indi-

viduals, a phenomenon we can call a “dilution effect". When mimics are profitable, then

any attack on a mimic is effectively a vote in favour of continued attack, so the num-

ber of prey sampled by predators increases at a higher rate than their combined density

increases, and the per capita mortality of models and mimics consequently increases. By

contrast, when both model and mimic are unprofitable, then an attack on either prey type

is effectively a vote in favour of cessation of attacking, a conclusion that remains the same,

whatever the mimetic load. The net effect is that the marginal increase in the total num-

ber of prey sampled is outweighed by the dilution effect when the mimics are themselves

unprofitable, and the per capita mortality of models and mimics decreases. Lindström

et al. [2001] have shown that increasing the number of artificial toxic prey presented to

great tits (Parus major) increased the number of individuals sampled, but decreased the

per capita attack rate on such prey in the manner predicted by our model.

Nevertheless, our model does show that moderately unprofitable mimics can occa-

sionally have a parasitic effect on the more unprofitable models. So zero profitability of

the mimic is not an absolute threshold. In particular, when model is highly unprofitable,

the difference in profitability between the unprofitable models and the moderately un-
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profitable mimics is high, and predators are pessimistic in that their priors lead them to

expect unprofitable prey, then the weakly unprofitable mimics can indeed act in a par-

asitic manner. However, under these conditions, the degree of parasitism is consistently

weak. When such parasitism arises, leading to selection for polymorphism, multiple equi-

librium states are possible because of the flatness of the mortality curves under different

mimetic loads. One can wonder if balanced polymorphism would really emerge from

such weak parasitism.

In contrast to the above results, the Pavlovian predator readily generated quasi-

Batesian mimicry and it is informative to pinpoint precisely why this is so. The Pavlovian

models of Speed and its relatives [e.g. Speed and Turner 1999] did not allow for dilution

effects because they allowed a non-zero asympotic attack rate without invoking an addi-

tional model that would generate a saturation of predation rate with density (e.g. a type II

functional response).

Our model focused primarily on elucidating the selection gradients generated by a

population of identical optimal sampling predators foraging in a multi-species prey com-

munity. As such we have implicitly assumed that the selection gradients are indicative

of the evolutionary dynamic, and that the results are robust to variation in predator be-

haviour, just as the vast majority of models [including Müller 1879; Speed 1993]. Future

work should explore the evolutionary implications of optimal sampling behaviour under

an even wider set of conditions, including a spatial model.

2.4.2 Mimics may be either Müllerian or Batesian, depend-

ing on predators’ energetic state

Our analysis has concentrated on investigating “genuine" cases of moderately unprof-

itable mimics acting as parasites on even more unprofitable prey. However, profitabil-

ity is a moveable feast. In particular, chemically defended prey contain both toxins and

nutrients and such prey may be profitable to attack, when alternative prey are in short

supply, or when predators do not have a high toxin dose. For instance, Barnett et al.

[2007] showed that European starlings (Sturnus vulgaris) increase their attack rates on dis-

tinctly coloured chemically defended (quinine sulfate injected) mealworm larvae (Tene-

brio molitor) when their body masses and fat stores were experimentally reduced (and

subsequently restored in cycles). Likewise, Skelhorn and Rowe [2007] revealed that the

dose of quinine sulfate administered to European starlings affected the number of chem-

ically defended prey that they were subsequently prepared to consume, with birds receiv-

ing high toxin doses less inclined to eat chemically defended prey. Rowland et al. [2010]

also found that the feeding rates of the birds on models and mimics was affected by their

individual toxin burdens.

When prey species become profitable to attack because the benefits of consuming

them outweighs the cost of dealing with their defences, then such prey could face se-

lection to become parasitic Batesian mimics. So prey that we might consider Müllerian
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mimics, may in fact be Batesian mimics to at least some predators, in some conditions

– a possibility raised by Wallace [1882]. Our model does not consider nutritional state

explicitly [see Kokko et al. 2003; Sherratt 2003; Sherratt et al. 2004, for complementary ap-

proaches] but varying the profitability of different classes of prey had the anticipated ef-

fect in complementary analyses (Fig. S11) generating parasitic mimicry for just the same

reasons that Batesian mimicry is parasitic. So moderately defended prey can act as para-

sites of better defended models under the optimal sampling strategy, but it typically arises

when predators are so hungry that it becomes profitable for them to attack moderately de-

fended prey. Mimicry under these conditions is best considered Batesian mimicry rather

than quasi-Batesian mimicry.

2.4.3 Ambiguous evidence for quasi-Batesian mimicry in ex-

periments

So far the experimental evidence for quasi-Batesian mimicry has been somewhat mixed.

Speed et al. [2000] found that increasing the density of moderately unpalatable mimics

at the expense of distinct (non-)mimetic controls increased the mortality of the more un-

palatable model. However, the (non-)mimetic unpalatable controls were attacked at high

frequency when rare, and increasing frequency over time when common. This leaves one

to wonder if mimics were really unprofitable to predators or if the experiment was done

with an increasing density of predators.

Rowland et al. [2007] found no evidence for quasi-Batesian mimicry. Thus, they found

that when moderately unpalatable mimics were added to a system with highly unprof-

itable models, then great tits attacked more prey in the model-mimic mixture than one

would expect if all the prey were highly unprofitable. However despite this increase in

overall consumption, the presence of moderately unprofitable mimics actually decreased

the mortality on the models through a simple dilution effect, suggesting that the net ef-

fect of moderately unprofitable mimics was mutualistic rather than parasitic. Although

we did not show the effect of increasing the total number of unprofitable prey available

directly, their finding is consistent with our model predictions. Thus, we have already

shown that the per capita mortality of mimics and models declines as the number of mim-

ics increased and prey with distinct appearances are treated independently by predators

in our model.

More recently, Rowland et al. [2010] conducted an analogous experiment, this time

keeping the total density of prey constant by reducing the density of distinct (non-

)mimetic controls, as the number of moderately unprofitable mimics increased. In con-

trast to their earlier work, they found that the per capita mortality of the moderately un-

palatable mimics and more unpalatable models went up as the proportion of mimics in-

creased, suggesting evidence for quasi-Batesian mimicry. Rowland et al. [2010] suggested

that the differences in results of their two studies arose as consequence of whether the

total density prey was fixed or not. However, you might expect predators to treat prey
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with distinct appearances entirely independently from models and mimics, and in both

experiments the combined densities of models and mimics was increased in comparable

ways. Of course it is possible that some of the moderately unpalatable prey were prof-

itable to consume by the birds (indeed, Rowland et al. 2010 showed evidence that toxin

content influenced foraging decisions - see previous section). An alternative possibility is

that the requirement that birds eat 50 prey before completion of a trial, coupled with the

avoidance of the distinct non mimic control when it was rare, meant that more mimics

and models had to be eaten before the trial was terminated.

2.4.4 Lack of empirical evidence for quasi-Batesian mimicry

in nature

Many cases of polymorphism in unprofitable prey can be reasonably explained by hy-

potheses other than quasi-Batesian mimicry. Polymorphic neotropical butterfly Heli-

conius numata has been proposed to be a quasi-Batesian mimic [Charlesworth and

Charlesworth 2011]. However, H. numata is actually more unpalatable than some of its

major mimics [Arias et al. 2016]. Similarly, polymorphic Heliconius doris may be slightly

more palatable than some of its co-mimics [Chai 1990], but it seems to be effectively un-

palatable in the field [Mallet 1999]. Polymorphisms of H. numata and of H. doris are there-

fore perhaps more likely to be maintained by a tight equilibrium between migration and

local selection [Mallet 1999; Joron et al. 1999; Joron and Iwasa 2005], rather than through

quasi-Batesian relationship.

Speed and Turner [1999] also suggested that the polymorphism of the 2-spot ladybird

Adalia bipunctata [Brakefield 1985] could be explained by quasi-Batesian mimicry. How-

ever, experiments have shown that the 2-spot ladybird produced no apparent toxic effects

on birds [Marples et al. 1989; Marples 1993]. Therefore, its polymorphism appears to be

better explained by parasitic Batesian mimicry of two toxic models – the 7-spot ladybird

Coccinella septempuncfara and the 4-spot pine ladybird Exochomus quadripustulatus.

The polymorphism of defended African monarch Danaus chrysippus [Gordon 1984]

has also been hypothetized to arise as a consequence of quasi-Batesian mimicry [Speed

and Turner 1999]. However there is little evidence for difference in unpalatability with

its co-mimics. Its polymorphism might rather result of massive introgression between

previously isolated races [Owen et al. 1994; Smith et al. 1998]. This species would be kept

polymorphic by the fact that it is normally so abundant as to saturate its predators – i.e.

polymorphism would be neutral [Turner and Speed 1999].

For all these examples, there are alternative plausible hypotheses to explain polymor-

phism in Müllerian mimics. Therefore, the observation of polymorphism in unpalatable

species, while intriguing, does not in itself represent evidence for quasi-Batesian mimicry.
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2.5 Conclusion

Previous theoretical results, based solely on predators’ associative learning, have come to

the conclusion that mimicry between unequally defended species is often, if not always,

parasitic, where such “quasi-Batesian" mimics are expected to degrade the protection of

their models. This finding has attracted much interest (and controversy), because such a

view impacts radically on the way we can envision the formation of large mimicry rings

(characterising tropical insect communities in particular), as well as the rule underlying

the diversification of mimetic clades. If mutualistic relationships were rare or even im-

possible, communities of mimetic organisms would be ruled by antagonistic evolution-

ary dynamics and co-evolutionary arms races, promoting the convergence of mimics to

models, but perhaps also a tendency for models to escape their parasite by evolving new

signals.

Nevertheless, if prey of a given appearance are consistently unprofitable to attack,

then one might wonder why predators in the above learning models do not eventually

cease attacking such prey altogether. Here, we have shown that mimicry between species

with unequal defences should actually nearly always be mutually beneficial when preda-

tors employ the optimal sampling strategy. All models are abstract and simplified repre-

sentations of the real world. However, if the implications of our model are robust, then it

suggests that, despite variation in defence levels, mimetic communities should be struc-

tured mainly by positive interactions, promoting a real and effective “strength in num-

bers", and explaining the numerous species participating in certain mimicry rings, and

the intriguing findings of convergent niche evolution shaping prey communities.
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2.7 Annex: Supplementary figures

ba

dc

Figure S1 – Visualizing the Dirichlet. The Dirichlet (henceforth symbolized as a function D()) is a
continuous probability distribution for the likelihood pi that a givn item is a member of each of the
i th class (hence multivariate) with concentration parameters α1, ..., αk and expectation πi = αi

k∑
i =1

αi

,

so that
k∑

i =1
πi = 1. We represent the distribution of 5,000 triplicate sample points – the likelihoods

that a given item is a member of each of three classes (p1, p2, p3) – drawn from a three dimensional
Dirichlet distribution with concentration parameters D(1,1,1) (a), D(10,10,10) (b), D(0.1,0.1,0.1)
(c), D(10,1,0.1) (d). In all cases, the sizes of elements are continuous but they sum to 1. For
D(1,1,1), the probability distributions of pi for each class i are essentially uniform (“agnostic")

over all possible combinations of pi maintaining
k∑

i =1
πi = 1, with expectations π1 = π2 = π3 = 1/3.

By contrast, for D(10,10,10) then the expectations remain the same (1/3 for each class) but the
distributions of pi are concentrated much more closely around these means, representing greater
confidence in the expectations. For D(0.1,0.1,0.1) then we again have the same expectations, but
in this case each pi distribution peaks towards the extremes (0 or 1). Finally, for a Dirichlet with
unequal concentration parameters such as D(10,1,0.1) then the expectation is weighted to the
classe(s) with the higher values.
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Figure S2 – Exploration 1 – Number of prey attacked by an optimal predator before rejection, when
it is expecting an unprofitable experience. The predator is aware of N prey of a given unfamil-
iar appearance. This prey population is composed of highly unprofitable prey ( fbad = −1) and of
moderately unprofitable prey ( fint = −0.5) with shared appearance. We consider uniform priors
((αbad,αint,αgood) = (1,1,1)) (same conditions than in Fig. 2.2) (a) or priors indicating high unprof-
itability ((αbad,αint,αgood) = (5,5,1)) (b). See Fig. 2.2 for more details. We also plot the component
frequencies, namely the mean numbers of highly unprofitable and of moderately unprofitable
prey sampled by the predator before complete rejection. Pessimistic predators sample fewer prey
before giving up but still show an increase in the number sampled with prey density N and the
proportion of moderately unprofitable prey.
Other parameter values: fgood = +5, σ f = 0.
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Figure S3 – Exploration 1 (a) and 4 (b, c) – Number of prey attacked by an optimal predator before
rejection. The predator is aware of N prey with a given unfamiliar appearance. This prey pop-
ulation is composed of highly unprofitable prey ( fbad = −1) and of moderately unprofitable prey
( fint = −0.5) with shared appearance. Predators can either classify prey into three (same condition
than in Fig. 2.2) (a) or five (b, c) profitability classes. When five potential profitability classes are
considered, we implement two supplementary profitability classes ( fsupp1

and fsupp2
) such that

( fsupp1
, fsupp2

) = (−0.6,−0.4) (b) or ( fsupp1
, fsupp2

) = (−1.1,+0.1) (c). We set either αint = 1 (a) or
(αint,αsupp1

,αsupp2
) = (1/3,1/3,1/3) (b, c). See Fig. 2.2 for more details. Plain arrows correspond

to the profitability classes to which prey actually belong, whereas dotted arrows correspond to
other potential classes. Note that the optimal sampling strategy does not depend on the number
of profitability classes when the predator has the same expectation of profitability (same

∑
αi . fi ).

Other parameter values: ( fbad, fint, fgood) = (−1,−0.5,+5), (αbad,αgood) = (1,1), σ f = 0.
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Figure S4 – Exploration 2 – Number of prey (models and mimics combined) and number of mod-
els attacked by an optimal predator foraging in a prey community containing one model species.
There are Nmodel highly unprofitable prey ( fbad = −1) with a given appearance and Nmimic individ-
uals of the same appearance which are more profitable than the model. These mimics derive from
a population of prey which are, in different analyses, either moderately unprofitable ( fint = −0.5)
(a) or profitable ( fint = +0.5) (b) (same conditions than in Fig. 2.4b and 2.4c respectively) leaving
Nnon mimic with a distinct appearance. We consider initial prey communities with Nmodel = 50 and
Nmimic +Nnon mimic = 50, and we vary the proportion Pmimic of mimics to non mimics. The points
drawn on the graphs correspond to the mean number of prey (models and mimics combined) and
the mean number of models attacked by an optimal predator before complete rejection (grey =
appearance of the non mimics, black = appearance of the models-mimics) (confidence intervals
are so small that we cannot represent them on the graphs). The per capita rate of predation on
the models is proportional to the number of models sampled, since Nmodel is the same in all sim-
ulations. The number of models attacked is decreasing as the mimetic load (Pmimic) inscreases,
despite an increase in the number of prey with that appearance sampled.
Other parameter values: fgood = +5, (αbad,αint,αgood) = (1,1,1), σ f = 0.
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Figure S5 – Exploration 1 – Number of prey attacked by an optimal predator before rejection and
per capita predation rate, when the mimic is profitable. The predator is aware of N prey of a
given unfamiliar appearance. This prey population is composed of highly unprofitable prey ( fbad =
−1) and of profitable prey ( fint = +0.5) with shared appearance. We represent the mean number
of prey sampled in total, and the component frequencies, namely the mean numbers of highly
unprofitable and of profitable prey sampled by the predator before complete rejection (a). We
also represent the per capita predation rate (b). Confidence intervals are so small that we cannot
represent them on the graphs. When the mimic is palatable, the number of highly unprofitable
prey attacked before cessation of sampling increases with the proportion of profitable prey until
the predator attacks all unfamiliar prey with that appearance.
Other parameter values: fgood = +5, (αbad,αint,αgood) = (1,1,1), σ f = 0.
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Figure S6 – Exploration 1 – Number of prey attacked by an optimal predator before rejection, for
different values of profitability of the moderately unprofitable class. The predator is aware of N
prey of a given unfamiliar appearance. This prey population is composed of highly unprofitable
prey ( fbad = −1) and of moderately unprofitable prey ( fint < 0) with shared appearance. We change
the levels of profitability of the moderately unprofitable prey, either fint = − 0.5 (same conditions
than in Fig. 2.2) (a) or fint = − 0.1 (b). See Fig. 2.2 for more details. We also plot the component fre-
quencies, namely the mean numbers of highly unprofitable and of moderately unprofitable prey
sampled by the predator before complete rejection. The total number of prey attacked before ces-
sation of sampling increases as the profitability fint of the moderately unprofitable prey increases,
with total density N held constant.
Other parameter values: fgood = +5, (αbad,αint,αgood) = (1,1,1), σ f = 0.
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Figure S7 – Exploration 2 – Per capita predation rate/number of models attacked caused by an op-
timal predator foraging in a community containing one model species and expecting a high cost
associated to the highly unprofitable class. There are Nmodel highly unprofitable prey ( fbad = −5)
with a given appearance and Nmimic individuals of the same appearance which are less unprof-
itable than the model. These mimics derive from a population of prey which are moderately un-
profitable ( fint < 0) leaving Nnon mimic with a distinct appearance. We vary the proportion Pmimic

of mimics to non mimics. We consider initial prey communities with Nmimic+Nnon mimic = 50, and
Nmodel = 50. We set either fint = −0.5 (a) or fint = −2 (b). See Fig. 2.4 for more details about the
graphs at the top. We also represent the mean number of models attacked (graphs at the bottom).
When fbad is low and fint (still < 0) is high, mimicry of the model by the mimic leads to an increase
in the number of models attacked by the predator, which incurs a cost on the model – i.e. its per

capita predation rate increases very slightly with the mimetic load Nmimic. Note that the predator
exhibits neophobia when the non mimics are at low density (per capita predation rate equal to 0)
(b).
Other parameter values: fgood = +5, (αbad,αint,αgood) = (1,1,1), σ f = 0.
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Figure S8 – Exploration 2 – Per capita predation rate/number of models sampled, caused by an
optimal predator expecting an unprofitable experience and foraging in a community containing
one model species. There are Nmodel highly unprofitable prey ( fbad = −1) with a given appearance
and Nmimic individuals of the same appearance which are less unprofitable than the model. These
mimics derive from a population of prey which are moderately unprofitable ( fint = −0.5) leaving
Nnon mimic with a distinct appearance. We vary the proportion Pmimic of mimics to non mimics.
We consider initial prey communities with Nmimic +Nnon mimic = 50, and Nmodel = 50. See Fig. 2.4
for more details about graph (a). We also represent the mean number of models attacked (b).
Mimicry of the model by the mimic leads to an increase in the number of prey sampled by the
predator, which incurs a cost on the model – i.e. its per capita predation rate increases slightly
with the mimetic load Nmimic. Note that the predator exhibits neophobia when the non mimics
are at low density (per capita predation rate equal to 0).
Other parameter values: fgood = +5, (αbad,αint,αgood) = (5,5,1), σ f = 0.
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Figure S9 – Exploration 3 – Per capita predation rate caused by an optimal predator expecting
a high cost associated to the highly unprofitable class and foraging in a community contain-
ing two model species. The prey community is composed of two highly unprofitable models
( fbad = −5) with distinct appearances, model A and model B. In addition to these models, there
are also mimic individuals which are moderately unprofitable ( fint < 0). Among those mimics, a
proportion PmimicB mimics the model B and a proportion 1−PmimicB mimics the model A. We set
fixed densities NmimicA +NmimicB = 50 and NmodelA = NmodelB = 50. We set either fint = −0.5 (a) or
fint = −2 (b). See Fig. 2.5 for more details. Balanced polymorphism appears possible with a mod-
erately unprofitable species selected to mimic two different highly unprofitable models, when fbad

is low and fint < 0 is high.
Other parameter values: fgood = +5, (αbad,αint,αgood) = (1,1,1), σ f = 0.
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Figure S10 – Exploration 3 – Per capita predation rate caused by an optimal predator expecting
an unprofitable experience and foraging in a community containing two model species. The
prey community is composed of two highly unprofitable models ( fbad = −1) with distinct ap-
pearances, model A and model B. In addition to these models, there are also mimic individu-
als which are moderately unprofitable ( fint = −0.5). Among those mimics, a proportion PmimicB

mimics the model B and a proportion 1 − PmimicB mimics the model A. We set fixed densities
NmimicA +NmimicB = 50 and NmodelA = NmodelB = 50. See Fig. 2.5 for more details. Balanced polymor-
phism appears possible with a moderately unprofitable species selected to mimic two different
highly unprofitable models, when the predator expects an unprofitable experience.
Other parameter values: fgood = +5, (αbad,αint,αgood) = (5,5,1), σ f = 0.
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Figure S11 – Exploration 3 (sensitivity analysis) – Equilibrium outcome for the combination of ei-
ther profitable or unprofitable mimics that may split between two different models, when there
is heterogeneity in predator behaviour. The prey community is composed of two highly unprof-
itable models ( fbad < 0) with distinct appearances, model A and model B. In addition to these
models, there are also mimic individuals which are moderately unprofitable (normalized f̂int < 0).
Among those mimics, a proportion PmimicB mimics the model B and a proportion 1−PmimicB mim-
ics the model A. We consider optimal predators. There is heterogeneity (σ f = 2) in the costs or
benefits experienced by predators when attacking prey items from each of the three profitability
classes, with (same condition than in Fig. 2.6c) (a) or without (b) constraints on fbad, fint and
fgood. In simulations without such constraints, prey can be perceived as profitable or unprofitable
depending on the predator. See Fig. 2.6 for more details. When there is no constraint on fbad, fint

and fgood (b), then balanced polymorphism is more likely to evolve, because prey can sometimes
face selection to become parasitic Batesian mimics.
Other parameter values: fgood = +5, (αbad,αint,αgood) = (1,1,1), NmimicA +NmimicB = 50, NmodelA =
NmodelB = 50.
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PART II

FROM DIVERSITY OF WARNING
SIGNALS TO SPECIATION

I now focus on the process of speciation, which is thought to be facilitated by the emer-
gence of subpopulations with different warning signals. Indeed, colourations used as
warning signals are often used as the basis of mate choice, which can lead to reproductive
isolation among incipient species. In Part II, based on our knowledge of the ecology of
mimetic Heliconius butterflies that have evolved such premating isolation, I specifically
relax key hypotheses done in mathematical models of speciation with gene flow. First,
using a population genetics model, I test the implication of mutual mate choice for the
emergence of reproductive isolation (Chapter 3). Then, using a spatialized individual-
based model, I test if the costs of choosiness (via a risk of remaining unmated) inhibit the
evolution of choosiness in a parapatric geographical context (Chapter 4).
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Chapter 3

Mutual mate choice and speciation

Aubier TG, Kokko H & Joron M

Submitted:

Coevolution of male and female mate choice can destabilize reproductive isolation.
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Abstract

Sexual interactions play an important role in generating reproductive isolation with

clear consequences for speciation. Despite increasing empirical evidence of premating

isolation caused by mutual mate choice, theoretical developments have focused on the

evolution of mate preferences in each sex separately. Here, using a population genetics

model, we investigate the joint evolution of female and male mate choice (phenotype

matching rule) under polygyny in a context of emerging reproductive isolation. We

show that the evolution of female preferences increases the mating success of males

with reciprocal preferences. Consequently, selection favouring mutual mate choice

may be common. However, in turn, the evolution of male preferences weakens indirect

selection favouring female preferences. Therefore, with weak genetic drift, the coevo-

lution of female and male mate choice leads to periodic episodes of random mating

with increased hybridization rate. Thus, counterintuitively, the process of establishing

premating isolation proves very fragile if both sexes can contribute to assortative mating.

Our predictions shed new light on the evolutionary dynamics of reproductive isolation

and encourage further research on the lability of isolating barriers.
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CHAPTER 3. MUTUAL MATE CHOICE AND SPECIATION

3.1 Introduction

Whenever hybridization occurs, it can have profound consequences for species evolu-

tion (e.g. speciation [Abbott et al. 2013], transgressive segregation [Kagawa and Takimoto

2018], adaptive introgression [Hedrick 2013], genetic swamping [Todesco et al. 2016]). Re-

productive isolation among taxa can be caused by many different isolating barriers, such

as ecological divergence, premating isolation, hybrid sterility and microspatial partition-

ing [Nosil et al. 2009; Mérot et al. 2017]. While those different isolating barriers contribut-

ing to reproductive isolation have been well described, their temporal stability is little

studied theoretically and empirically.

Assortative mating – the tendency of individuals of similar phenotype to mate together

more often than expected at random – is widespread in animals [Jiang et al. 2013]. It asso-

ciates with premating isolation and therefore plays a key role in generating reproductive

isolation [Coyne and Orr. 2004]. Assortative mating can arise as a by-product of adap-

tive divergence via temporal or spatial isolation [Servedio et al. 2011], or can be driven

by various behavioural processes [Kirkpatrick and Ravigné 2002; Cézilly 2004]. Of par-

ticular interest is the case of homotypic mate preferences (‘matching mating rule’ [Kopp

et al. 2018]), where individuals preferentially choose mates with which they share pheno-

typic traits such as colours [Summers et al. 1999; Jiggins et al. 2001; Reynolds and Fitz-

patrick 2007; Bortolotti et al. 2008] or acoustic signals [Snowberg and Benkman 2007].

When mate choice is based on traits that are diverging in the population, indirect se-

lection favouring strong choosiness (hereafter “choosiness" refers to strength of homo-

typic preferences) can theoretically lead to premating isolation between diverging popu-

lations [Dieckmann and Doebeli 1999; Doebeli and Dieckmann 2003; Bolnick 2004; Kopp

and Hermisson 2008; Thibert-Plante and Hendry 2011; Thibert-Plante and Gavrilets 2013;

Kopp et al. 2018]. In particular, choosiness induces positive frequency-dependent sexual

selection that favours the most common phenotype; unless assortment is perfect, indi-

viduals matching the most common phenotype have the highest mating success. If the

population is already differentiated, choosiness therefore induces additional disruptive

selection on the phenotypic trait used as the basis of mate choice; this can drive further

evolution of choosiness in sympatry [Kirkpatrick and Nuismer 2004; Pennings et al. 2008;

Otto et al. 2008] (but note that this sexual selection pressure can also inhibit the evolu-

tion of strong choosiness in sympatry [Matessi et al. 2001; Pennings et al. 2008; Otto et al.

2008] or parapatry [Servedio 2011; Servedio and Burger 2014; Cotto and Servedio 2017]).

Overall, traits subject to disruptive selection and used as a basis for mate choice are often

associated with reproductive isolation during speciation [Rundle and Nosil 2005; Sobel

et al. 2010; Servedio 2011]. Here, we are interested in whether this common premating

isolating barrier is stable or not.

In most mathematical models of speciation involving homotypic preferences [Dieck-

mann and Doebeli 1999; Doebeli and Dieckmann 2003; Bolnick 2004; Kopp and Hermis-

son 2008; Thibert-Plante and Hendry 2011; Thibert-Plante and Gavrilets 2013], female
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mate choice causes premating isolation. The assumption that males are not choosy about

mates rests on so-called Darwinian sex roles in courtship [Darwin 1871]; in many animal

species, males are typically eager to copulate (even with heterospecific females), whereas

females are choosy about mates [Engeler and Reyer 2001; Friberg et al. 2008; Kozak et al.

2009; Noh and Henry 2010; Ord et al. 2011; West and Kodric-Brown 2015]. In accordance

with Bateman’s principle [Bateman 1948], a greater variability in mating success is of-

ten observed in males than in females [Janicke et al. 2016], probably reflecting females’

mating success being limited by gamete and offspring production rather than by mate

acquisition. Mate choice ensuring offspring quality should therefore be under stronger

selection in females than in males.

Males and females do not always follow Darwinian sex roles [Gröning and Hochkirch

2008]. In particular, interspecific sexual interactions in which males are the choosy sex

are observed [Gowaty et al. 2003; Espinedo et al. 2010; Ord et al. 2011; Moran et al. 2017;

Mendelson et al. 2018]. Under strict polygyny, males can be thought of as an unlimited

resource for females, while females are a limited one for males. This has profound im-

plications for the evolutionary pressures acting on female and male preferences. If all

females have equal mating success, female mate preferences do not directly affect fitness

through mating success [Kirkpatrick 1982]. The situation is drastically different for males,

for whom male-male competition for access to females generates differences in mating

success; consequently, having a preference directly affects how much competition a male

faces in gaining a mate. Typically, males place themselves in a disadvantageous compet-

itive setting if they preferentially court “popular" females – which can be phrased as sex-

ual selection directly acting against male preferences [Servedio and Lande 2006; Servedio

2007; Fitzpatrick and Servedio 2018]. Male preferences can nevertheless evolve if direct or

indirect benefits (e.g. increased probability to mate [Servedio and Lande 2006; South et al.

2012], fertility [Servedio and Lande 2006; Nakahashi 2008], or offspring quality [Ihara and

Aoki 1999; Servedio 2007]) outweighs this competitive cost.

The extent of courtship effort (resources [Parker 1970; Thornhill 1976] or time [Robin-

son 1982; Girard et al. 2015]) allocated towards preferred females is a key factor for male

mate choice evolution. Male choosiness can evolve if choosy males improve their chance

to mate with preferred females by overlooking unpreferred females. Yet, such reallocation

of courtship effort may be incomplete in many species. In extremes cases, males should

not reject mating opportunities with unpreferred females if this does not improve their

chance of finding and courting preferred females afterwards. The economics of partial

reallocation of courtship effort is therefore an important component of any male choice

modelling. Therefore, while we know that male mate choice can evolve by reinforce-

ment [Servedio 2007] or that strategic male courtship allocation can generate polymor-

phic male preferences [Rowell and Servedio 2009], ultimately causing complete repro-

ductive isolation within the population, the theory remains incomplete unless we relax

the assumption of these models that males are able to perfectly reallocate courtship ef-
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fort towards preferred females.

In some interspecific sexual interactions, both males and females discriminate against

heterospecifics, and therefore engage in mutual mate choice at the level of species iden-

tity [Bergstrom and Real 2000; Ord et al. 2011; West and Kodric-Brown 2015; Shahandeh

et al. 2018]. In cichlid fishes [Pierotti et al. 2008; Pauers et al. 2010; Zoppoth et al. 2013]

and Heliconius butterflies [Jiggins et al. 2001; Mavárez et al. 2006; Chamberlain et al. 2009;

Merrill et al. 2011a,b, 2014; Mérot et al. 2015, 2017], which are text-book examples of taxa

where premating isolation may lead to speciation, both males and females can display ho-

motypic preferences based on colour. However, the consequences of mutual mate prefer-

ences for reproductive isolation remain to be explored. Preferences have been shown to

evolve independently if female and male choices are based on distinct traits [Servedio and

Lande 2006]. However, females and males with mutual homotypic preferences often use

the same trait to evaluate potential mates; through genetic linkage disequilibrium, mate

preferences in one sex could therefore influence the evolution of preferences in the other

[Parker 1983; Johnstone et al. 1996; Johnstone 1997; Servedio and Lande 2006; Courtiol

et al. 2016]. For instance, female choosiness may affect the evolution of male choosiness

by favouring males matching the most common phenotype. Additionally, choosy females

may often reject nonchoosy males that have not focused their courtship effort on females

that match their own phenotype. This may greatly favour the evolution of male choosi-

ness.

By analyzing a population genetics model, we characterize the coevolutionary dynam-

ics of female and male mate choice based on the same phenotypic trait under disruptive

selection. We then assess its effects on the stability of reproductive isolation. We show that

female choosiness favours the evolution of male choosiness and that selection for mutual

mate choice should be common. In turn, because female and male preferences are based

on the same phenotypic trait, male choosiness weakens indirect selection favouring fe-

male choosiness. Consequently, despite selection favouring mutual mate choice, the co-

evolution of male and female mate choice can destabilize reproductive isolation and may

strongly increase hybridization rate among ecotypes in stochastic simulations.

3.2 Model Overview

We model the evolution of assortative mating in sympatry with a three-locus diploid pop-

ulation genetics model. Disruptive viability selection acts on an ecological locus A, but

ecological divergence is hampered under random mating that brings divergent ecotypes

(AA and aa) together to hybridize. Additionally, we implement two distinct choosiness

loci F and M that are independently expressed in females and in males, respectively. Both

sexes can therefore use the trait under disruptive viability selection as a basis for mate

choice (‘one-allele mechanism’ [Felsenstein 1981] using a matching rule). In our model,

female and male choosiness are therefore ecologically neutral and can evolve only if there

is polymorphism at the trait loci (via indirect selection). Hybridization rates between eco-
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types may decline due to assortative mating caused either by female, male or mutual pref-

erences. We assume that the alleles coding for choosiness are recessive (only FF females

and MM males are choosy), but we note that changing this to dominance does not change

our results qualitatively.

At each generation, disruptive viability selection first occurs with strength s, such

that heterozygotes at the ecological locus (Aa) suffer viability costs. Males then court

females and are ‘visible’ to females (i.e. available as potential mates) proportionally to

the courtship effort that they invest. Choosy males (MM) prefer females that match their

own ecological trait. In case of a mismatch, choosy males reduce their courtship effort

to a very small fraction ǫm << 1 of what nonchoosy males would invest. The courtship

effort thus saved can be reallocated towards courtship of preferred females. The extent

of this reallocation of courtship effort is described by the parameter α. In particular, if

choosy males reallocate all saved courtship effort towards preferred females (α = 1), they

enjoy a strong mating advantage over nonchoosy males with these particular females. Fe-

males also express different propensities to accept ‘visible’ males. Choosy females (FF)

prefer males that match their own ecological trait. We assume that, in case of a mismatch,

choosy females reduce the probability of mating to a very small value ǫf << 1. High ǫf

and ǫm therefore reflect weak choosiness (i.e. erroneously expressed preferences). Unlike

males, all females have the same mating success (polygyny). Based on the resulting frac-

tions of mating among genotypes and assuming Mendelian inheritance of all loci with no

linkage, we obtain the theoretical genotype frequencies at the next generation.

This three-locus diploid model involving mutual mate choice is too complex to pro-

duce analytical solutions [Servedio and Lande 2006]. The behaviour of the model can be

assessed, however, by numerical analyses and computer simulations. We first analyze the

deterministic behaviour of the model. We then perform stochastic simulations to account

for drift affecting traits under weak selection. At each generation, K offspring individuals

are randomly picked following the theoretical genotype frequencies. We additionally as-

sume that loci can mutate in offspring. Therefore, the genotype frequencies in this off-

spring population are subject to sampling errors (just like in the Wright-Fisher model of

genetic drift) and mutations. The deterministic dynamic described above is applied on

these stochastic offspring frequencies at each generation.

3.3 Detailled methods

3.3.1 Genotypes

In a population genetics model, we consider three autosomal diploid loci. Alternative

alleles at each locus are represented by small and capital letters. An ecological locus,

A, is subject to disruptive selection and can be used as a basis for mate choice (homo-

typic preferences involving phenotypic matching). A female choosiness locus, F, alters

female choosiness (i.e. the strength of female homotypic preference). A male choosiness
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locus, M, alters male choosiness (i.e. the strength of female homotypic preference) during

courtship. We assume that choosiness alleles either code for no choosiness or for strong

choosiness, i.e. preferences vary from indiscriminate to full assortative. Since there are

three genotypes per locus (e.g. AA, Aa and aa for the A locus), we track the frequencies of

33 = 27 genotypes in the population.

3.3.2 Deterministic simulations

Assuming discrete generations, we follow the evolution of genotype frequencies p(t )

within an infinite population over time. p = {pi } is a vector consisting of 27 elements

{p1, p2, ..., p27} and refers to the frequencies of the 27 genotypes present in newborn

offspring. The life cycle is as follow:

(1) Disruptive viability selection on the ecological locus

Environmental/ecological pressures act on an adaptive ecological trait and cause eco-

logical divergence in two distinct ecological niches in sympatry. We assume that heterozy-

gotes Aa suffer viability costs with parameter s representing the strength of disruptive vi-

ability selection on locus A. Through parameter s′ > 0, the two homozygotes AA and aa

occupy niches that are assumed to occur equally abundantly in the environment, such

that neither allele will outcompete the other based on ecological competition. Follow-

ing these assumptions, the genotype frequencies after disruptive viability selection before

normalization are:

pS
i =






pi

(

1+ s′

(

0.5−

∑
k∈aa

pk

∑
k∈aa∪AA

pk

))

, if i ∈ aa

pi

(

1+ s′

(

0.5−

∑
k∈AA

pk

∑
k∈aa∪AA

pk

))

, if i ∈ AA

pi (1− s) , if i ∈ Aa

(3.1)

We normalize the elements of pS = {pS
i

}, such that the sum of the vector equals unity.

If s′ = 0, one ecological allele can outcompete the other (‘gene swamping’ [Lenormand

2002]); positive frequency-dependent sexual selection induced by female choosiness

can lead to the fixation of the universally common trait (either AA or aa), hampering

divergence [Kirkpatrick and Nuismer 2004; Bürger et al. 2006; Bürger and Schneider

2006]. We therefore implement s′ > 0 to maintain polymorphism at the ecological locus

A (pS
AA ≈ pS

aa).

(2) Male choice and courtship

P♂
m, f

denotes the courtship effort of a male with genotype m towards females with

genotype f (m and f ∈ {1,2, ..,27}). Males with genotype mm or Mm at the locus M are

nonchoosy and court all females with the same intensity (P♂
m, f

= 1 towards all females).

Homozygous MM males are choosy (i.e. they express homotypic preferences). They ex-

hibit courtship that depends on the match between the ecological trait (locus A) of the
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female and their own. In case of a mismatch (e.g. between a male with genotype AA and a

female with genotype Aa or aa), choosy males reduce their courtship effort to a small frac-

tion P♂
m, f

= ǫm << 1 of what nonchoosy males would invest (high ǫm reflects weak choosi-

ness and therefore erroneously expressed preferences). In other words, choosy males re-

duce resources (e.g. time or energy) they spend on courting unpreferred females. Saved

courtship effort can be reallocated (partially, totally, or not at all) towards courtship of pre-

ferred females matching their ecological trait. The extent of this reallocation of courtship

effort is described by parameter α. Overall, of all possible courtship that could happen in

the population, a fraction Cm, f will occur between males of genotype m and females of

genotype f :

Cm, f = pS
m pS

f

Total courtship effort of a male of genotype m towards a female of genotype f
︷ ︸︸ ︷



Baseline courtship
effort of a male of

genotype m towards
a female of genotype f

︷︸︸︷

P♂
m, f

+

Courtship effort that
a male of genotype m

reallocates

︷ ︸︸ ︷

α

(

1−
27∑

f ′=1

pS
f ′P♂

m, f ′

)

×

Proportion of courtship
effort that a male of

genotype m reallocates towards
a female of genotype f

︷ ︸︸ ︷
P♂

m, f

27∑
f ′=1

pS
f ′P♂

m, f ′





(3.2)

where pS
m and pS

f
are the frequencies of males of genotype m and females of geno-

type f after viability selection has occurred. If α = 0, choosy males do not reallocate

saved courtship effort towards preferred (matching) females. If α = 1, choosy males

reallocate all saved courtship effort towards preferred females and therefore enjoy a

strong mating advantage over their competitors with these particular females. This is

modulated by the propensity of females to accept these matings (see below). Contrary

to previous population-genetics models of male courtship [Lande et al. 2001; Servedio

and Lande 2006; Servedio 2007; South et al. 2012], male preferences can induce lost

courtship opportunities. If α< 1, all possible courtship effort is not necessarily allocated

(
∑
m

∑
f

Cm, f < 1) and males do not have equal overall courtship effort (
∑
f

Cm, f 6= pS
m).

Equation (3.2) therefore differs from those previous models and is instead analog to a

model of mating involving female preferences and opportunity costs [Otto et al. 2008].

As expected, without female choosiness and with all ecological genotypes present at the

same frequency, implementing male choosiness in linkage equilibrium do not generate

sexual selection on the ecological locus (even when α< 1).

(3) Female choice and mating

We assume that males are ‘visible’ to females (i.e. available as potential mates) pro-

portionally to the courtship effort that they invest. The baseline mating rate with males

is therefore proportional to their courtship effort but can then be adjusted downwards or
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upwards by female choice. P
♀
f ,m denotes the willingness of a female with genotype f to

mate with males with genotype m. Females with genotype ff or Ff at the locus F mate

indiscriminately (P
♀
f ,m = 1 with all males), leading to mating rates that are directly pro-

portional to courtship. Homozygous FF females are choosy (i.e. they express homotypic

preferences). Their decision to mate depends on the match between the ecological trait of

the male and their own. In case of a mismatch, choosy females reduce the occurrence of

mating to a small fraction P
♀
f ,m = ǫf << 1 of the baseline (high ǫf reflects weak choosiness

and therefore erroneously expressed preferences). Thus, the overall fractions of matings

Fm, f between males of genotype m and females of genotype f are:

Fm, f =
Cm, f P

♀
f ,m

27∑

m′=1

Cm′, f P
♀
f ,m′

× pS
f (3.3)

This equation is analog to previous population-genetics models of mating with female

preferences [Kirkpatrick 1982; Lande et al. 2001; Servedio and Lande 2006; Servedio 2007,

2011; South et al. 2012]. This equation ensures that all females, even the ones that are less

preferred by males, have the same mating success. That is why, unlike female choosiness,

male choosiness does not induce positive frequency-dependent sexual selection on the

ecological locus. Likewise, the mating success of females with and without a preference

is equal (
∑
m

Fm, f = pS
f

). These assumptions are realistic for a polygynous mating system;

relaxing this assumption by implementing a cost of female choosiness (
∑
m

Fm, f < pS
f

for

f ∈ FF) does not change our conclusions (Appendix A, page 124).

(4) Recombination

From the overall fractions of mating Fm, f , we can calculate the theoretical genotype

frequencies p(t + 1) in the next generation, assuming Mendelian inheritance of all loci

with no linkage. Zygote production follows recombination by summing the appropriate

elements of the matrix F, determining the frequencies of all possible progeny genotypes

after recombination and segregation.

3.3.3 Stochastic simulations

Based on the above deterministic system, we also perform stochastic simulations to ac-

count for drift on loci that are under weak selection. At each generation, we pick ran-

domly K offspring individuals from the theoretical genotype frequencies p(t ), to form a

new vector p(t ) for which deterministic dynamics (Equations 3.1 to 3.3) is then applied.

Additionally, we assume that each allele of each offspring mutates to the alternative allele

with probability µ.
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3.3.4 Parameters and initialization

Unless stated otherwise, we perform simulations with strong choosiness associated to

genotypes FF and MM (ǫf = 0.01, ǫm = 0.01). We also implement s′ = 0.5 to ensure that

polymorphism at the ecological locus A is maintained. Once ecological equilibrium is

reached, 1% of alleles M and F are introduced in linkage equilibrium with alleles at lo-

cus A. When choosy alleles are introduced, heterozygotes Aa are always in lower frequen-

cies than homozygotes AA and aa (because of disruptive viability selection) and are never

favoured by positive frequency-dependent sexual selection. Thus, we do not consider

the case where sexual selection induced by female preferences is stabilizing and ham-

pers ecological divergence [Kirkpatrick and Nuismer 2004; Pennings et al. 2008; Otto et al.

2008].

Deterministic equilibrium is typically reached in less than 1,000 generations. In

stochastic simulations, we model populations of appreciable size K = 500 with a probabil-

ity of mutation µ = 10−3 per individual and per locus. For each combination of parameters

tested, 40 stochastic simulations are run for 100,000 generations.

3.4 Results

3.4.1 Viability and sexual selection on female and male

choosiness

Viability and sexual selection acts directly on choosiness loci (through differential viabil-

ity and differential male mating success among genotypes, respectively; see Fig. S1 in

Annex, page 128), but also generates linkage disequilibrium between loci by favouring

specific combinations of alleles at different loci – i.e. genotypes at each locus are not in-

dependent from genotypes at other loci (despite free recombination between loci) (Fig.

S2). In particular, choosy females and choosy males are mostly homozygous at the eco-

logical locus. Additionally, choosy males often carry alleles coding for female choosiness

(which are neutral during courtship); this linkage disequilibrium between choosiness loci

arises because choosy females and choosy males both use a ‘matching rule’ when evalu-

ating potential mates. Therefore, selection on each locus also indirectly act on other loci

– i.e. change in frequencies at a given locus changes frequencies at other loci via linkage

disequilibrium.

We first consider the cases where choosiness can only evolve in one sex. Disruptive

viability selection directly acts on the ecological locus (black arrow, Fig. 3.1) with ho-

mozygotes having high viability (hereafter, ‘homozygous’ and ‘heterozygous’ refer to the

genotype at the ecological locus). Female choosiness also induces positive frequency-

dependent sexual selection on the ecological locus (green arrow, Fig. 3.1) with more fre-

quent homozygous males having a high chance to mate. Consequently, in the case where

only female choosiness can evolve, female choosiness is favoured by indirect viability and

sexual selection via linkage disequilibrium (Fig. 3.1a and S3).
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Figure 3.1 – Selective forces acting on female and male choosiness if choosiness can only evolve
in one sex (a, b) or if choosiness can evolve in both sexes (c). Diamond arrows and classic arrows
represent viability and sexual selection, respectively. Viability selection acts through differential
survival (i.e. change in frequencies during the disruptive viability selection process), whereas sex-
ual selection acts through differential male mating success (detailled in Fig. S1). Bold and dashed
arrows represent direct and indirect selection, respectively. AA and aa refer to the genotype of ho-
mozygotes at the ecological locus and MM refers to the genotype of choosy males. Selective forces
represented with a low opacity in subfigure c are the ones that are already shown in subfigures a
and b.

Male choosiness does not induce positive frequency-dependent sexual selection on

the ecological locus because all females, even the ones that are less preferred by males,

have the same mating success (polygyny scenario). However, male choosiness distorts

male-male competition and induces sexual selection on the male choosiness locus (pink

arrow, Fig. 3.1). Indeed, because choosy males are mostly homozygous at the ecological

locus (linkage disequilibrium), males courting ‘popular’ homozygous females face strong

male-male competition (Fig. S1). Choosy homozygous males therefore place themselves

in a disadvantageous competitive setting and have a low mating success. Additionally,
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if reallocation of courtship effort is partial (α < 1), male choosiness associates with lost

courtship opportunities, which also lower mating success (blue arrow, Fig. 3.1). Conse-

quently, in the case where only male choosiness can evolve, male choosiness is favoured

if viability selection can oppose sexual selection (Fig. 3.1b and S3).

We now consider the case where choosiness can evolve in both sexes. Along with the

selective forces acting on female and male choosiness separately (Fig. 3.1a-b), choosiness

in each sex induces additional selective forces on choosiness in the opposite sex. First, be-

cause choosy females mainly reject nonchoosy (nonmatching) males, female choosiness

directly increases the mating success of choosy males (red arrow, Fig. 3.1c). Second, sex-

ual selection induced by female choosiness on the ecological locus also indirectly favours

male choosiness (dashed green arrow, Fig. 3.1c). Finally, via linkage disequilibrium be-

tween choosiness loci, all selective forces acting on male choosiness indirectly affect the

evolution of female choosiness (dashed pink, red and blue arrows in Fig. 3.1c). To charac-

terize the resulting coevolutionary dynamics of female and male choosiness, we measure

the change in frequencies of choosy females and choosy males resulting from viability and

sexual selection over one generation (Fig 3.2a-e). Interestingly, the evolution of female

choosiness changes the direction of sexual selection acting on male choosiness (sex. + on

male choosiness, Fig. 3.2b-e) and can even favour the evolution of male choosiness (Fig.

3.2b and S3). Likewise, male choosiness changes the direction of sexual selection acting

on female choosiness (sex. - on female choosiness, Fig. 3.2a-e) and can even inhibit the

evolution of female choosiness if viability selection is weak (Fig. 3.2d-e and S3). Besides,

if males are choosy, the female choosiness locus forms a weak linkage disequilibrium with

the ecological locus (Fig. S2). This greatly weakens viability and sexual selection indirectly

favouring female choosiness (cf. selection gradients in Fig 3.4), so female choosiness may

easily drift.

3.4.2 Deterministic outcome: selection favouring mutual

mate choice is common

If viability selection is weak, all choosiness regimes can evolve at deterministic equilib-

rium depending on the extent of reallocation of courtship effort (s < 0.15, Fig. 3.2). In

particular, without reallocation of courtship effort (α = 0), only female choosiness evolves

by indirect viability and sexual selection. On the contrary, with complete reallocate of

courtship effort (α = 1), sexual selection acting on male choosiness can indirectly inhibit

the evolution of female choosiness (Fig. 3.2d-e); in that case, male choosiness alone

causes assortative mating. Note that this deterministic outcome does not occur if females

are initially choosy.

If viability selection is strong, mutual mate choice is a common deterministic equilib-

rium (s > 0.15, Fig. 3.2). It evolves even if choosy males reallocate little of their courtship

effort towards preferred females (for α ≥ 0.01 if s ≥ 0.2, Fig. 3.2). As explained above,

female choosiness changes the direction of sexual selection acting on male choosiness
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(in particular because choosy females mainly reject nonchoosy males) and favours its

evolution (Fig. 3.2b). Besides, female and male choosiness act in synergy to reduce hy-

bridization rate between ecotypes (Fig. S4). Indeed, while choosy individuals avoid court-

ing/mating across ecotype boundaries, we also assume this barrier is not perfect (ǫm 6= 0

and ǫf 6= 0). Overall, even if choosy males reallocate little courtship effort towards preferred

females, mutual mate choice is often a stable equilibrium, associated with low hybridiza-

tion rates.
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Figure 3.2 – Deterministic equilibrium for different combinations of (α, s). Subfigures a-e refer to
some combinations of (α, s) shown in the left figure. In those subfigures, we draw individual sim-
ulations leading to the deterministic equilibria (represented by black stars). To understand the
direction of selection on female and male choosiness, we also measure the change in frequencies
of choosy females and choosy males over one generation (in the red and blue plots, respectively).
An increase or a decrease in frequency after mating is caused by sexual selection (via differential
male mating success) (sex. + or sex. -). An increase in frequency after disruptive viability selection
is caused by viability selection (viab. +). Sexual selection directly acts on male choosiness. Sexual
and viability selection can also indirectly act on female and male choosiness via linkage disequi-
librium between loci. Depending on (α, s), female mate choice, male mate choice or mutual mate
choice can be stable deterministic equilibrium. In particular, under strong disruptive viability se-
lection (s ≥ 0.2), mutual mate choice evolves even if choosy males reallocate little courtship effort
towards preferred females (α≥ 0.01). In that case, the evolution of female choosiness favours the
evolution of male choosiness by increasing the mating success of choosy males (sex. + in b).
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3.4.3 Stochastic simulations: coevolution of male and female

mate choice increases hybridization rate

Given that male choosiness weakens indirect selection favouring female choosiness (by

weakening linkage disequilibrium), we next implement drift in populations of apprecia-

ble size (K = 500) to test the implication of such relaxed selection on the coevolutionary

dynamics of male and female choosiness. Here we only consider scenarios with strong

disruptive selection (s = 0.2). Otherwise, selection is too weak relative to genetic drift.

The regime of choosiness can evolve away from mutual mate choice. – To describe

the evolutionary dynamics of female and male choosiness, we define a frequency thresh-

old (= 0.85) above which female or male populations are considered to be mainly choosy.

We thereby characterize four regimes of choosiness: female choice only (F ), male choice

only (M), mutual choice (FM) and partial choice (i.e. both female and male popula-

tions are only partly choosy, P ) (Fig. 3.3a). For α > 0.01, our deterministic analysis pre-

dicts mutual mate choice to be a stable equilibrium, yet when accounting for the effects of

drift, preference traits can evolve away from this equilibrium (Fig. 3.3b). Over evolution-

ary time, assortative mating is often caused by male choosiness only (regime M). Mating

can also be partially or completely random when both female and male populations are

partly choosy (regime P ).
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Figure 3.3 – Four regimes of choosiness are defined to describe stochastic simulations (a): mutual
mate choice (FM), male mate choice (M), female mate choice (F ) and partial mate choice (i.e.
both female and male choosiness reach intermediate or low frequencies, P ). Fractions of time
spent in each regime of choosiness in stochastic simulations are measured once the deterministic
equilibrium is reached (s = 0.2, K = 500) (b). The vertical dashed line corresponds to the threshold
above which mutual mate choice is the deterministic equilibrium (α > 0.01, Fig. 3.2). Assortative
mating is often caused by male choosiness only (regime M) despite selection favouring mutual
mate choice. Moreover, for partial reallocation of courtship effort (α ∈ [0.01,0.9]), female and male
populations are partly choosy (regime P ) for significant time periods (5% of time).

Despite selection favouring mutual mate choice, assortative mating is often caused by

male choosiness only (regime M, Fig. 3.3b). When females are choosy, male choosiness

117



CHAPTER 3. MUTUAL MATE CHOICE AND SPECIATION

is strongly favoured with little influence of drift. However, when males are choosy, selec-

tion favouring female choosiness is weak; the frequency of choosy females may decrease

by drift (Fig. 3.4). Nonchoosy females can persist for significant periods of time, during

which assortative mating is caused by male choosiness only (regime M).
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Figure 3.4 – Selection gradients for female and male choosiness and examples of stochastic simu-
lations (s = 0.2, K = 500) with different courtship reallocation values (α). From top to bottom, we
represent the deterministic selection gradients for female and male choosiness, the evolutionary
dynamics of choosiness and the resulting frequencies of maladapted heterozygotes at the ecolog-
ical locus before viability selection occurs (from the same simulations). The selection gradients
for choosiness correspond to the relative change in frequencies of choosy vs. nonchoosy females
and males over one generation (dark green arrows represent selection favouring male choosiness).
Those representations of selection gradients are therefore simpler than in Fig. 3.2. To highlight
weak selection on choosiness, we here use a logarithmic scale to draw arrow vectors. Stars cor-
responds to the regimes of choosiness at deterministic equilibrium. In the bottom graphs, start-
ing from the choosiness regime predicted in the deterministic analysis, stochastic simulations are
run, and rainbow colour gradients correspond to the passage of time. In stochastic simulations,
we observe that the frequencies of choosy females and choosy males do not converge to the de-
terministic equilibrium.

Female and male populations are rarely simultaneously partly choosy (regime P ) for

extreme values of α (Fig. 3.3b). When α < 0.01, selection favouring female choosiness

is strong enough to keep female choosiness at high frequency, and the same applies for

male choosiness when α> 0.9. The situation changes at intermediate α values, for which

female and male populations are partly choosy (regime P ) for significant periods of time

(5% of time). This is caused by the coevolutionary dynamics of female and male choosi-
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ness. Since male choosiness is favoured only when the frequency of choosy females is

high, drift of female choosiness changes the direction of selection on male choosiness,

which can then lead to a regime of partial choosiness (regime P , Fig. 3.4b-d). Although

selection predicts a return to mutual mate choice (i.e. regime P is only transient), the

process takes time, and an observed outcome at a particular point in time features large

fractions of both females and males being nonchoosy (regime P ). Hereafter, ‘prefer-

ence cycling’ refers to this coevolutionary dynamics of female and male choosiness going

through deterministic cycles triggered by stochasticity, involving departure from regime

FM into regimes M, P and sometimes F (before returning to regime FM).

Preference cycling also occurs if we relax the hypothesis of polygyny (Appendix A) or

if we implement continuous choosiness traits (Appendix B).

Consequences for reproductive isolation. – When assortative mating is caused by

male choosiness only (regime M) because of drift on female choosiness, hybridization

rate is higher than with mutual mate choice (blue area in Fig. 3.5d). If choosy males real-

locate all courtship effort to court preferred females (α = 1), there is no preference cycling

(Fig. 3.5a); populations may drift into regime M for long periods of time, increasing hy-

bridization rate (Fig. 3.5d).

If choosy males partially reallocate courtship effort (intermediate α ∈ [0.01,0.9]), pref-

erence cycling also increases hybridization rate (grey area in Fig. 3.5c-d). The coevolu-

tionary dynamics underlying preference cycling greatly depends on how much courtship

effort can be reallocated by choosy males (e.g. Fig. 3.4b vs. 3.4d). Overall, preference

cycling strongly increases hybridization rate in simulations with α ≃ 0.8 (Fig. 3.5d). For

α ≃ 0.8, preference cycling is rare (Fig. 3.5a), but it associates with long periods of time

into regime P (Fig. 3.5b) during which hybridization rate is high (i.e. both female and

male choosiness reach low frequencies, Fig. 3.5c). Overall, preference cycling leads to

temporary peaks of hybridization (with up to 35% of hybridization, Fig. 3.5c), which peri-

odically homogenize populations (e.g. fluctuation of the FST, Fig. S5).

Drift into regime M and preference cycling strongly increase hybridization rate in a

context of weak disruptive viability selection (low s, Fig. S6) and in small populations

(low K, Fig. S7) – i.e. if selection favouring female choosiness is too weak relative to ge-

netic drift. Additionally, highly erroneously expressed choosiness are strongly favoured

by selection and have the counterintuitive effect of decreasing hybridization rate (there is

no preference cycling if ǫm and ǫf are high, Fig. S8).

3.5 Discussion

Surprising coevolutionary dynamics of male and female mate choice occur when the pref-

erences of both sexes are based on the same phenotypic trait under disruptive selection.

We showed that choosiness in one sex influences the evolution of choosiness in the other,

a factor that has not been considered in previous models of mate choice in the context of

reproductive isolation. Based on our model predictions, genetic drift, incomplete reallo-
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Figure 3.5 – Coevolutionary dynamics of choosiness and resulting hybridization rate in stochastic
simulations (s = 0.2, K = 500). To describe the coevolutionary dynamics of female and male choosi-
ness, we record the probability of reaching regime P (a), the number of consecutive time steps in
regime P (b) and the frequency of maladapted heterozygotes (Aa at locus A) in regime P before
viability selection occurs (c). To assess the resulting hybridization rate, we record the mean fre-
quency of maladapted heterozygotes over evolutionary time (d). In subfigure d, we also represent
the mean contribution of each regime of choosiness to hybridization. In stochastic simulations,
the coevolutionary dynamics of female and male choosiness increases hybridization rate despite
selection favouring mutual mate choice (α> 0.01) (d). In particular, the coevolution of female and
male choosiness leads to periodic episodes of random mating, strongly increasing hybridization
rate (with up to 35% of hybridization) (c).
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cation of courtship effort and errors in decision-making all prove to be important when

understanding the outcome of this coevolutionary dynamics in term of reproductive iso-

lation.

In our model with polygyny, male and female preferences are based on the same phe-

notypic trait, but are themselves governed by different loci. Selection generates linkage

disequilibria between preference and ecological loci (despite free recombination), and

indirect viability and sexual selection resulting from this linkage has profound conse-

quences on the evolution of female and male choosiness. Additionally, female or male

mate choice can substitute each other as drivers of assortative mating. For instance, if

males are choosy while females are not, this is enough to generate assortative mating.

Consequently, male choosiness relaxes indirect selection on female choosiness; in par-

ticular, even nonchoosy females avoid getting unfit hybrids, as males focus their efforts

on females of their own ecotype. In turn, female choosiness relaxes indirect selection

on male choosiness in a similar manner, but also strongly favours the evolution of male

choosiness. If females are not choosy, male choosiness is often a poor courtship strategy,

as it brings about unnecessary competitive and opportunity costs that could have been

avoided through indiscriminate courtship. On the contrary, if females are choosy, males

with indiscriminate courtship waste courtship effort that could be used to court females

likely to accept them. Female choosiness thereby favours the evolution of male choosi-

ness even if little of the courtship effort saved (by refraining from courting unpreferred

females) is reallocated to get a mating advantage with preferred females. As a whole,

selection favouring mutual mate choice should therefore be common under disruptive

viability selection.

Our model shows, however, that selection favouring mutual mate choice can make

reproductive isolation unstable. The coevolutionary dynamics of female and male mate

preferences may lead to transient break down of premating isolation, strongly increasing

hybridization rate. The fact that either sex can cause assortative mating makes it diffi-

cult for mate choice to be maintained simultaneously in both sexes by selection; if male

preferences are sufficiently strong to establish assortativeness, female choosiness has lit-

tle effect on the mating outcome and is therefore free to drift. Reduced female choosiness

eventually re-establishes selection inhibiting male choosiness, and the overall outcome is

preference ’cycling’. Premating isolation is often considered to initiate the process of di-

vergence among taxa and its stability is therefore a key component for other isolating bar-

riers to evolve. For instance, only stable premating isolation leads to accumulation of ge-

netic incompatibilities among taxa and to subsequent postzygotic isolation [Dobzhansky

1934; Muller 1942]. Overall, therefore, selection favouring mutual mate choice may even

be considered to inhibit speciation because it leads to dynamic instability of premating

isolation. This contrasts with the traditional view of speciation as a gradual process char-

acterized by a constant accumulation of barriers to gene flow (‘speciation continuum’)

[Hendry et al. 2009; Merrill et al. 2011a; Mérot et al. 2017; Nosil et al. 2017]. Speciation can

also be “undone"; barriers to gene flow can dissolve and genetic discontinuities may van-

ish, thereby merging two taxa into a single population by hybridization [Seehausen 2006;
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Taylor et al. 2006; Kleindorfer et al. 2014; Kearns et al. 2018]. Our model predicts such cy-

cles of divergence and gene flow may actually characterize the process of diversification

in nature.

Empirical research often estimates isolating barriers between pairs of populations

varying in their level of differentiation to track the so-called ‘speciation continuum’

[Hendry et al. 2009; Merrill et al. 2011a; Mérot et al. 2017; Nosil et al. 2017]. Empirical

measures of the strength of those barriers are only point measurements and do not in-

form on the stability of reproductive isolation among populations. In particular, given

the coevolutionary dynamics of male and female mate preferences, premating isolation

caused by mutual mate choice does not necessarily mean that gene flow is reduced over

long periods of time. In the same vein, if a species is partially fragmented across its range,

preference cycling could cause different evolutionary histories among populations. For

instance, spatial variation in reproductive isolation in Catostomus fish species over a large

geographic area has been documented [Mandeville et al. 2015, 2017]. Yet, variation in hy-

bridization is rarely quantified across several natural populations and it could mislead

conclusions about the overall dynamics of reproductive isolation among taxa. More stud-

ies characterizing the strength of isolating barriers at a broader spatial and temporal scale

are therefore needed to assess the variability of reproductive isolation.

The coevolutionary dynamics of female and male mate preference (and resulting re-

productive isolation) depends crucially on how much courtship effort males reallocate

towards preferred females, as a result of foregoing courting unpreferred females. By con-

sidering the reallocation of courtship effort (α), our model encompasses the ecological

diversity in courtship and mating systems in animals. Choosy males can reallocate re-

sources, which are required to court females (e.g. resources-demanding spermatophores

[Parker 1970] or nourishment gifts [Thornhill 1976]). They can also reallocate time into

searching preferred females or into improving the quality of the courtship display (e.g.

complex courtship display [Robinson 1982; Girard et al. 2015]) (except if courting males

can broadcast their messages to all nearby females simultaneously). Of course, the reallo-

cation of resources and time into the courtship of preferred females also depends on the

risk of mortality associated with mate searching. Therefore, to better understand the pro-

cess of divergence between diverging taxa, it may be informative to consider estimating

how much resources or time (i.e. courtship effort) choosy males can reallocate to court

preferred females. Based on the predictions of our model, selection should favour mu-

tual mate choice as long as there is some reallocation of courtship effort; otherwise male

choice should be deleterious. However, if reallocation is only partial, preference cycling is

likely to occur, possibly hampering further differentiation between those taxa.

The extent of reproductive isolation also depends on how accurately preferences are

expressed. Perhaps counterintuitively, our model suggests that erroneously expressed

preferences lead to strong reproductive isolation as a whole by strengthening selection

favouring choosiness. Likewise, in a context of local adaptation, error-prone female

choice has been shown to be more strongly favoured by selection than error-free choice
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because it maintains a higher diversity of male types in the population [Holman and

Kokko 2014]. In our context, this means that the genetic architecture of the preference

traits expressed in females and males greatly affects the divergence process. For instance,

female and male preference loci are not associated with the same colour pattern loci in

Heliconius melpomene and Heliconius cydno [Merrill et al. 2011b]. Therefore, individu-

als may not completely stop courting/mating accross ecotype boundaries (error-prone

choice) because each sex may rely on a given property of the trait under disruptive se-

lection. Our model predicts this error-proneness could strengthen selection favouring

mutual mate choice, which could in turn inhibit preference cycling and “favour" specia-

tion. This provides new light to understand the genetic architecture of speciation, i.e. the

number and linkage of traits and genes underlying preferences in one or the other sex.

Likewise, many theoretical studies have found cases where partial choosiness is an equi-

librium state (because of sexual selection) [Matessi et al. 2001; Pennings et al. 2008; Otto

et al. 2008; Servedio 2011; Cotto and Servedio 2017]. More thorough theoretical investiga-

tion is required to assess the occurence of preference cycling if choosiness is modelled as

a quantitative trait. In particular, if strong choosiness does not evolve, preference cycling

may not occur; counterintuitively, this may “favour" speciation.

Our predictions are not limited to the context of emerging reproductive isolation

among diverging populations. We can expect similar coevolutionary dynamics of female

and male preferences in more advanced stages of reproductive isolation. Indeed, low

viability/fertility of hybrids caused by genetic incompatibilities among more distantly

related taxa generates disruptive viability selection. In that context, preference cycling

could also temporally increase hybridization rate. This dynamics of reproductive isola-

tion could conceivably explain the formation of ‘hybrid swarm’ and subsequent genetic

introgression [Hedrick 2013] or hybrid speciation [Nolte and Tautz 2010].

Overall, our theoretical model adds support to the idea that premating isolation may

often be readily reversible [Muller 1942; Servedio and Burger 2014; Kleindorfer et al. 2014].

Intriguingly, we show that premating isolation should be especially unstable when selec-

tion favours mutual mate choice. We highlighted some factors that could inhibit pref-

erence cycling (strong selection against hybrid, high carrying capacity, numerous erro-

neous mate choices). The geographical context of speciation and more detailed genetic

architectures may also change the modalities of preference cycling and should therefore

be investigated theoretically. On the empirical side, the occurence of preference cycling

and its impact on reproductive isolation remains to be tested. More generally, our study

should stimulate further research on the stability of barriers to gene flow.
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3.7 Appendix A: Cost of female choosiness

Choosiness in females can also be costly. For instance, if population density is low,

choosy females rejecting unpreferred males may remain unmated. In our model, we

assumed that the mating success of females with and without a preference is equal. Here,

by relaxing this assumption, we aim at testing if implementing costs of female choosiness

can change the coevolutionary dynamics of female and male preference traits. Instead of

Equation (3.3), we determine the fraction of matings between males of genotype m and

females of genotype f as follow:

Fm, f = Ĉm, f

Mating share of a female of genotype f with a female of genotype m
︷ ︸︸ ︷



Baseline mating share
of a female of genotype f with

a male of genotype m

︷︸︸︷

P
♀
f ,m +

Mating share that
a female of genotype f

reallocates

︷ ︸︸ ︷

β
∑

m′

Ĉm′, f (1−P
♀
f ,m′) ×

Proportion of mating share that
a female of genotype f reallocates

towards a male of genotype m
︷ ︸︸ ︷

P
♀
f ,m

∑
m′

Ĉm′, f P
♀
f ,m′





(3.4)

with:

Ĉm, f =
Cm, f

∑
m′

Cm′, f

.p f (3.5)

Parameter β is analogous to α and reflects the extent of reallocation of mating share

towards preferred males. If β = 1, all females are mating at the same rate and the mating

success of females with and without a preference is equal (
∑
m′

Ĉm′, f = p f ). It corresponds

to the polygyny scenario we modelled in the main analyses. If β = 0, choosy females do

not reallocate mating share towards preferred males. For instance, it corresponds to the

scenario where females only encounter one potential mate in their lifetime, i.e. female

choosiness is very costly.

Since the elements of Fm, f do not necessarily sum to one for β < 1, we normalize the

genotype frequencies in offspring after recombination, such that
∑
i

pi = 1.

Under strong disruptive viability selection (s = 0.2), if female choosiness leads to lost

mating opportunities (β < 0.85), neither female nor male choosiness evolve (Fig. A1a).
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Moreover, selection gradients for female and male choosiness are qualitatively similar

with β = 1 (Fig. 3.4d) or β = 0.9 (Fig. A1b); we therefore get similar coevolutionary dy-

namics with or without costs of female choosiness.
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Figure A1 – (a) Deterministic equilibrium for all combinations of (α,β). Frequencies of choosy
males and females either reach one or zero and we describe the regime of choosiness at equilib-
rium accordingly. If choosy females lose mating opportunities (β < 0.85), neither female choosi-
ness nor male choosiness evolve. (b) Deterministic selection gradient for female and male choosi-
ness for α = 0.8 and β = 0.9. See caption of Fig. 3.4 for details. Implementing a cost of female
choosiness does not change the coevolutionary dynamics of female and male preference trait
(same selection gradient than in Fig. 3.4d). s = 0.2.

125



CHAPTER 3. MUTUAL MATE CHOICE AND SPECIATION

3.8 Appendix B: Continuous choosiness

For simplicity, we only included two different alleles per locus in our population genetics

model and choosiness is therefore discretized (nonchoosy vs. choosy genotypes). Yet, in-

termediate levels of choosiness are observed in nature. To account for continuous choosi-

ness, we choose here to input our model into the adaptive dynamics framework.

We assume female and male choosiness are discretized into 10 distinct levels, each of

which is coded by a distinct allele. Namely, we implement alleles F1, F2,..., F10 at the F

locus. F1 is coding for nonchoosiness (ǫf = 1) and F10 for complete choosiness (ǫf = 0.01).

F2, F3,... F9 are coding for intermediate choosiness (ǫf = 0.9, 0.8, ... 0.1, respectively). Like

in our diploid population genetics model, we assume that alleles coding for a choosier

state are recessive. The same applies at locus M.

Following the adaptive dynamics approach, we assume that choosiness loci can only

mutate to the closest alleles. For instance, a population at regime F2F2 can only be in-

vaded by mutant carrying allele F1 or allele F3. We first determine numerically the prob-

ability of invasion of each allele, using our diploid population genetics model (stochastic

simulations). We show that the invasion of an allele coding for a choosier or less choosy

state depends on female and male choosiness in the population (Fig. B1) and on the car-

rying capacity K (not shown).

Using these probabilities of allele invasion, we simulate the successive invasions of

mutant alleles assuming that only one mutation can occur at a time (Fig. B2). Female

mate choice and mutual mate choice evolve for α = 0 (Fig. B2a) and α = 1 (Fig. B2c), re-

spectively. ‘Preference cycling’ occurs for intermediate α (= 0.5, Fig. B2b), just like in our

model without continuous choosiness. When female choosiness drifts below a threshold,

selection favouring indiscriminate male courtship leads to a transient regime of random

mating. Overall, those evolutionary dynamics with continuous preference traits are con-

sistent with the stochastic simulations of our simple diploid population genetics model.
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Figure B1 – Probability of invasion of mutant allele at locus F (a) or at locus M (b) using our diploid
population genetics model for K = 500, s = 0.2 and α = 0.5. Probabilities of invasion of mutant alle-
les (i.e. of reaching a frequency > 0.99) depend on female and male choosiness in the population.
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ent values of α. For α = 0.5, when female choosiness drifts below a threshold, selection leads to a
transient regime of random mating (dashed vertical lines, b). s = 0.2.
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3.9 Annex: Supplementary figures
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Figure S1 – Relative male mating success (compared to the mating success expected under random
mating) for s = 0.2 with varying frequencies of choosy males (a, b, c) or choosy females (d, e, f) and
different α values. Relative male mating successes involving genotype aa are similar to the ones
involving genotypes AA and are not represented. The scale is the same for all subfigures. Relative
male mating success of genotype x is calculated as

∑
f

[
Fx, f −p f .px

]
with the frequencies at eco-

logical equilibrium. Sexual selection acts through variations in male mating success among geno-
types (females’ mating success is equal in our polygyny scenario). Here, if males are not choosy,
homozygous males with genotype AA or aa have a high mating success (a); female choosiness gen-
erates positive frequency-dependent sexual selection that favours the most common ecological
genotypes (sexual selection represented by the green arrow in Fig. 3.1). On the contrary, if females
are not choosy and α = 1, homozygous males with genotype AA or aa have a low mating success
(d). Because choosy males are mostly homozygous at the A locus (linkage disequilibrium, Fig. S2),
competition for access to homozygous females is stiffer than for access to heterozygous females.
Choosy homozygous males (AA-MM and aa-MM) court almost exclusively matching females and
therefore place themselves in a disadvantageous competitive setting lowering their mating suc-
cess (e). Therefore, sexual selection caused by distorted male-male competition directly inhibits
the evolution of male choosiness (pink arrow in Fig. 3.1). If α < 1, lost courtship opportunities
caused by male choosiness also decrease the mating success of choosy males (e) (blue arrow in
Fig. 3.1). This selection pressure is independent from the one caused by distorted male-male
competition; all choosy males (not only AA-MM and aa-MM males) have a lower mating success
if α is lower (d). Finally, for all α, female choosiness increases the mating success of choosy males
because choosy females reject nonmatching males that are mainly nonchoosy (e) (red arrow in
Fig. 3.1). This selection pressure is independent from indirect sexual selection induced by female
choosiness (green arrow in Fig. 3.1); all choosy males (not only AA-MM and aa-MM males) have a
higher mating success if the frequency of choosy females is higher (e).
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Figure S2 – Genotypic linkage disequilibrium for s = 0.2 with varying frequencies of choosy males
(a, b, c) or choosy females (d, e, f) and different α values. Linkages involving genotype aa are
similar to the ones involving genotype AA and are not represented. The scale is the same for all
subfigures. We calculate the linkage disequilibrium between two genotypes x and y at different
loci (e.g. between genotypes FF and AA) as: Dx−y = freqx y − freqx .freqy . Dx−y > 0 indicates a
positive linkage between genotypes x and y . Likewise, we calculate the linkage disequilibrium be-
tween three genotypes x, y and z at different loci as: Dx−y−z = freqx y z −freqx .freqy .freqz . Selection
causes linkage disequilibrium among loci. This linkage disequilibrium is qualitatively similar for
all α and s values tested (not shown). Here, female and male choosiness genotype are linked to
homozygous genotypes at the A locus (DAA−FF, Daa−FF, DAA−MM and Daa−MM > 0, in subfigures a
and d). Indirect viability and sexual selection acting on the A locus can therefore indirectly favour
the evolution of female and male choosiness (indirect selection represented by the dashed black
and green arrows in Fig. 3.1). However these positive linkages vanishe if the other sex is choosy;
indirect selection is weak in that condition. Additionally, female and male choosiness genotypes
are associated together (DFF−MM > 0 in subfigures b and e), especially in homozygotes at the eco-
logical locus (DAA−FF−MM, Daa−FF−MM > 0 and DAa−FF−MM < 0 in subfigures c and f). That is why
sexual selection acting on the M locus can indirectly affect the evolution of female choosiness (in-
direct selection represented by the dashed pink, red and blue arrows in Fig. 3.1).
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Figure S3 – Deterministic equilibrium if choosiness can only evolve in one sex. We vary the
strength of disruptive selection (s), the extent of reallocation of courtship effort (α) and the choosi-
ness of the other sex. Without male choosiness, female choosiness is always favoured by indirect
selection (a). Even without disruptive viability selection (s = 0), female choosiness is favoured by
indirect sexual selection that acts on the ecological locus [Kirkpatrick and Nuismer 2004; Otto et al.
2008; Pennings et al. 2008] (a). Note that, if heterozygotes Aa are initially in high frequency, positive
frequency-sexual selection on the A locus increases the mating success of those heterozygotes but
does not increase their frequencies (crosses Aa ×Aa and Aa ×AA both lead to 50% Aa offspring).
Therefore, sexual selection does not inhibit ecological divergence in our model; it would not be
the case with a quantitative trait [Kirkpatrick and Nuismer 2004]. If choosy males reallocate com-
pletely courtship effort towards preferred females, male choosiness is not necessarily favoured
by indirect viability selection and may remain at an intermediate frequency (partial choice) (b).
Indeed, male choosiness brings about competitive costs through distortion of male-male compe-
tition; choosy males often face stiffer competition than nonchoosy males. The evolution of male
choice under polygyny therefore involves some evolutionary pressures fundamentally different
from those that shape the evolution of female choice. This has already been acknowledged by pre-
vious theory on male mate choice [Servedio and Lande 2006; Servedio 2007; Rowell and Servedio
2009; South et al. 2012; Fitzpatrick and Servedio 2018]. In our model, we consider that reallocation
of courtship effort towards preferred females can be partial. Not surprisingly, if choosy males do
not reallocate courtship effort completely (α < 1), strong viability selection is required for male
choosiness to evolve (b). Choosiness in the other sex can change the deterministic outcome. First,
female choosiness always favours the evolution of male choosiness (d). Second, male choosiness
inhibits the evolution of female choosiness if viability selection is weak (c). This is caused by the
selective forces represented in Fig. 3.1c.
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Figure S4 – Hybridization rate. We represent the deterministic frequencies of maladapted het-
erozygotes at the ecological locus (inversely proportional to the strength of reproductive isolation)
in populations with given frequencies of choosy females and choosy males. Female and male
choosiness synergistically reduce hybridization rate between ecotypes because we assume that
choosy individuals do not completely avoid courting/mating across ecotype boundaries (ǫm 6= 0
and ǫf 6= 0). s = 0.2, α = 1.
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Figure S5 – Genetic differentiation at neutral loci. Here, we model the genetic differentiation of
20 unlinked diploid neutral loci (with 200 possible alleles per locus) among ecotypes. In paral-
lel to stochastic simulations performed with our population-genetics model (s = 0.2, K = 500), we
model a population of K individuals displaying an ecological trait (they can be AA, Aa or aa). At
each time step, the frequencies of each ecotype in the population follow the ones computed in the
population genetics model. Likewise, at each time step, individuals mate following the fractions of
mating computed in the population genetics model (Equation 3.3). We assume that generations
do not overlap. In offspring, each neutral locus can mutate with probability 10−3 to any other al-

leles. We compute the genetic differentiation FST statistics: FST = Πs−Πd

Πs
. Πd and Πs represent

the average number of pairwise differences in neutral loci between two individuals sampled from
different ecotypes (Πd , AA vs. aa) or from the same ecotype (Πs , AA vs. AA or aa vs. aa). Simu-
lations are run with different α values. In the graphs, the colour of the lines represent the regime
of choosiness at each time step. Overall, male and female choosiness favours genetic differentia-
tion among ecotypes at neutral loci (FST > 0). If female mate choice evolves alone (α = 0), genetic
differentiation among ecotypes is stable at an intermediate level. FST does not reach 1 because
female choice is subject to errors (ǫf 6= 0) and hybridization occurs at a small rate. If mutual mate
choice is favoured (α> 0.01), coevolutionary dynamics of female and male preferences temporar-
ily homogenize populations (FST close to 0). Therefore, under selection for mutual mate choice,
reproductive isolation is not stable.
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Figure S6 – Effect of the strength of disruptive viability selection on the coevolutionary dynamics
of female and male choosiness and on the resulting hybridization rate in stochastic simulations
(K = 500). We vary the strength of disruptive viability selection (s = 0.1, 0.2 or 0.5). See Fig. 3.5 for
more details. Female choosiness rarely evolve away from deterministic equilibrium in simulations
with strong disruptive viability selection (s = 0.5) (little blue area). Likewise, preference cycling
never occurs if disruptive viability selection is strong (no grey area). In that case, indirect viability
selection favouring female and male choosiness is too strong for genetic drift to trigger preference
cycling.
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Figure S7 – Effect of the carrying capacity on the coevolutionary dynamics of female and male
choosiness and on the resulting hybridization rate in stochastic simulations (s = 0.2 with K = 250,
500, 1,000 or 10,000). See Fig. 3.5 for more details. Here strong mutual mate choice is not main-
tained for α > 0.1, even if drift is weak (K = 10,000) (blue area in subfigures at the bottom). When
males are choosy, selection favouring female choosiness is sufficiently weak for drift to occur. On
the contrary, preference cycling does not occur if drift is weak (e.g. K = 10,000) (no grey area).
In that condition, the frequency of choosy females rarely attains the threshold that changes the
direction of selection on male choosiness (cf selection gradients in Fig. 3.4).
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Figure S8 – Effect of the strength of choosiness on the coevolutionary dynamics of female and male
choosiness and on the resulting hybridization rate in stochastic simulations (s = 0.2, K = 500). The
top graphs are the selection gradients for α = 0.8 (see caption of Fig. 3.4 for details). We vary the
strength of choosiness (associated with genotypes MM and FF) (ǫf = ǫm = 0.03, 0.01 or 0.001). See
Fig. 3.5 for more details on the graphs at the bottom. For high α, preference cycling rarely occurs
if choosy individuals make numerous mating errors (ǫm = 0.03) (little grey area). Therefore, highly
erroneously expressed choosiness are strongly favoured by selection (cf selection gradients) and
have the counterintuitive effect of decreasing hybridization rate.
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Abstract

Species often replace each-other spatially along ecological or environmental gra-

dients. In models of parapatric speciation driven by assortative mating, the risk of

remaining unmated when females are too choosy about mates has so far been ignored.

Yet, this generates a cost of choosiness, which should cause direct sexual selection against

choosiness in females. In our spatially-explicit individual-based model, disruptive viabil-

ity selection leads to divergence of an ecological trait in a population distributed along an

ecological gradient. Additionally, female choosiness (‘matching rule’ based on the same

ecological trait) can evolve at the risk of remaining unmated, limiting gene flow between

divergent ecotypes. We show that, along ecological gradients, a cost of choosiness mod-

ifies the genotypic frequencies on which viability selection acts. This can even favour

the evolution of choosiness by removing indirect viability selection, which inhibits the

evolution of strong choosiness at the ends of the gradient. This counterintuitive effect of

the cost of choosiness on the evolution of choosiness in parapatry greatly depends on the

range overlap of diverging ecotypes.
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CHAPTER 4. COSTS OF CHOOSINESS AND PARAPATRIC
SPECIATION

4.1 Introduction

Since the publication of The Origin of Species by Darwin in 1859, a large amount of re-

search has been carried out on speciation [see Turelli et al. 2001; The Marie Curie Speci-

ation Network 2012, for a review]. Traditionally, speciation events have been categorized

according to their geographical context – allopatry (extrinsic barrier to genetic exchange

during divergence), parapatry (partial extrinsic barrier) and sympatry (no extrinsic bar-

rier). The allopatric mode of speciation had been viewed as the most plausible one for

decades until mounting empirical evidence suggested that speciation with gene flow (i.e.

in sympatry or parapatry) can occur in nature [Rice and Hostert 1993; Via 1999; Barlu-

enga et al. 2006; Savolainen et al. 2006; Soria-Carrasco et al. 2014; Momigliano et al. 2017].

Mathematical models have since been developed to dissect the factors involved in speci-

ation with gene flow [see Gavrilets 2003, 2014]. From this point on, research on speciation

has shifted from a focus on the geographical context of differentiation to a focus on the

role of viability and sexual selection in reproductive isolation [Via 2001; Kirkpatrick and

Ravigné 2002]. It is now widely accepted that geography is but one factor among others

that can influence the progress toward speciation [The Marie Curie Speciation Network

2012].

Viability and sexual selection can act on heritable traits if individuals differ in their

survival rate and mating success, respectively. In particular, disruptive selection – when

individuals with intermediate phenotypic traits have a low fitness – plays a key role for

population divergence and speciation [Kirkpatrick and Ravigné 2002]. First, abiotic or bi-

otic environmental factors can cause disruptive viability selection if individuals with in-

termediate phenotypes suffer viability costs (e.g., high predation risk, low efficiency in re-

source use, genetic incompatibilities). Second, under the right circumstances, mate pref-

erences can cause disruptive sexual selection on traits used as phenotypic cues for mate

choice. In particular, if individuals express a preference for mates of their own pheno-

type (‘matching rule’, described below), the mating success associated with a phenotype

increases with its frequency (positive frequency-dependent sexual selection). Therefore,

individuals with intermediate phenotypes may have a low mating success if they are rare;

sexual selection may be disruptive [Kirkpatrick and Nuismer 2004; Pennings et al. 2008;

Otto et al. 2008]. Such disruptive selection – either via reduced survival or via reduced

mating success of individuals with intermediate phenotypes – strongly contributes to the

divergence of populations with distinct adaptive phenotypes.

Assortative mating – i.e. the tendency of individuals of similar phenotype to mate

together more often than expected at random – contributes to premating isolation and

also plays a key role in generating reproductive isolation. It can arise as a by-product

of adaptive divergence via temporal or spatial isolation [Servedio et al. 2011], or can be

driven by various behavioural processes [Kirkpatrick and Ravigné 2002; Cézilly 2004]. Of

particular interest is the case of matching mating rules [Kopp et al. 2018], where individ-

uals preferentially choose mates with which they share phenotypic traits such as colours
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[Summers et al. 1999; Jiggins et al. 2001; Reynolds and Fitzpatrick 2007; Bortolotti et al.

2008] or acoustic signals [Snowberg and Benkman 2007]. Disruptive selection can indi-

rectly favour the evolution of choosiness (hereafter, choosiness refers to the strength of

preferences for ‘matching’ mates) via linkage disequilibrium, thereby leading to premat-

ing isolation between diverging populations [Rundle and Nosil 2005; Sobel et al. 2010].

This process can be facilitated if phenotypic traits subject to disruptive selection are also

used as bases of mate choice [so-called ‘magic traits’, Servedio et al. 2011].

This recent focus on the role of viability and sexual selection in reproductive isola-

tion actually put the geographical context aside, especially from a theoretical perspective.

In particular, Gavrilets [2014] noted that parapatric speciation is the least theoretically

studied geographical mode of speciation, whereas he argued that it should be “the most

general" one [Gavrilets 2003], based on empirical evidence [Endler 1977]. Most of the

theoretical studies have focused on sympatric speciation [Dieckmann and Doebeli 1999;

Matessi et al. 2001; Bolnick 2004; Bürger et al. 2006; Kopp and Hermisson 2008; Otto et al.

2008; Thibert-Plante and Hendry 2011; Rettelbach et al. 2011], maybe because speciation

in parapatry seems more straightforward to understand than sympatric speciation. Lim-

ited dispersal and reduced survival of immigrants in foreign environments can be seen as

just an additional isolating barrier [Nosil et al. 2005]. Nevertheless, gradual spatial struc-

ture has been shown to facilitate speciation – potentially even more than complete spatial

isolation –, and the ecological contact is actually the driving force leading to reproductive

isolation in parapatry [Doebeli and Dieckmann 2003].

Along ecological gradients, diverging populations replace each-other spatially. The

relative proportions of adaptive phenotypes change and can be unbalanced as one moves

away from the centre of the gradient. This property can strongly affect density- and

frequency-dependent forces acting during speciation and can lead to outcomes that are

specific to the parapatric context. In particular, positive frequency-dependent sexual se-

lection caused by choosiness can promote ecological divergence by favouring different

phenotypic traits across the ecological gradient [Servedio 2011]. However, in that parap-

atric context, very strong choosiness causes rare males to mate with rare, very choosy fe-

males, resulting in the loss of sexual selection (i.e. there is no differential mating success

among males). Such loss of sexual selection under strong choosiness weakens the pos-

itive genetic association between choosiness and locally favoured traits. This ultimately

leads to the removal of alleles coding for strong choosiness by indirect viability and sex-

ual selection. As a result, only intermediate choosiness can evolve in parapatry [Servedio

2011; Cotto and Servedio 2017].

The distribution of diverging populations along ecological gradients may generate

variations in mating success among females. In particular, variations in female mating

success can generate a cost of choosiness – i.e. a fitness cost to females that are choosy

during mate choice –, thereby generating direct sexual selection inhibiting choosiness.

When females may encounter a limited number of males in their lifetime [because of

limited energetic reserves [Byers et al. 2005], high predation risk [Bonachea and Ryan
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2011], or low population density], choosy females that refuse to mate with unpreferred

males are more likely to remain unmated than nonchoosy ones. Such direct sexual selec-

tion against choosiness can inhibit the evolution of choosiness in sympatry [Bolnick 2004;

Schneider and Bürger 2006; Bürger et al. 2006; Kopp and Hermisson 2008]. In many theo-

retical models, female mating probabilities are normalized, so that all females eventually

find a mate [Dieckmann and Doebeli 1999; Doebeli and Dieckmann 2000, 2003; Servedio

2011; Thibert-Plante and Gavrilets 2013]. Notably, this sexual selection pressure acting on

choosiness depends on the local distribution of the phenotypes used as the basis of mate

choice. If the frequencies of the diverging populations are balanced, females often, if not

always, end up mating with one of the males they prefer as long as they encounter enough

males in their lifetime. Thus, when modelling speciation in sympatry, theoreticians can

assume that all females eventually find a mate without loss of generality. Along ecological

gradients, however, females with uncommon phenotypes (i.e. immigrant females) risk to

remain unmated if they are too choosy, even if they can encounter many males in their

lifetime. Yet, so far, this risk has been ignored when modelling speciation along ecological

gradients [Doebeli and Dieckmann 2003; Kawata et al. 2007; Leimar et al. 2008; Ispolatov

and Doebeli 2009; Thibert-Plante and Gavrilets 2013; Cotto and Servedio 2017]. Whether

such direct sexual selection against choosiness inhibits the evolution of reproductive iso-

lation in parapatry remains to be investigated.

With stochastic individual-based simulations, we here test if the risk of remaining

unmated incurred by choosy females (hereafter called ‘cost of choosiness’ because only

choosy females reject potential mates at the risk of remaining unmated) inhibits the evo-

lution of choosiness in parapatry. We consider that two ecotypes are favoured in distinct

habitats (i.e. with distinct abiotic or biotic environment) along an ecological gradient. We

implement two ‘main demes’ where viability selection is convergent (only one ecotype is

favoured), and a ‘transition deme’ where viability selection is disruptive (both ecotypes

are favoured and hybrid individuals suffer viability costs). Such spatial discretization

should allow us to infer global selection gradient readily from local selection gradients

[using the method derived by Wickman et al. 2017] (this has not been done in this thesis

chapter). The ecological trait under disruptive viability selection can be used as the basis

of mate choice by choosy females (matching mating rule), and the evolution of female

choosiness can therefore lead to assortative mating and reproductive isolation between

ecotypes. By assuming females may only encounter a limited number of males in their

lifetime, we account for the possibility that choosy females may risk to remain unmated,

in particular if matching males are locally rare. We show that such cost of choosiness gen-

erates additional sexual selection pressure against choosiness. However, interestingly, a

cost of choosiness can favour the evolution of choosiness by removing viability selection,

which indirectly inhibits choosiness in main demes. As a result, our model predicts that

the effects of the cost of choosiness on reproductive isolation in parapatry greatly depend

on the steepness of the ecological gradient and on the strength of viability selection.
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4.2 Methods

4.2.1 Individual characteristics and spatial context

Individuals are characterized by their sex, their ecological trait x ∈ [0,1] controlling sur-

vival in a local environment, and their choosiness trait c ∈ R controlling the strength of

female preference during mate choice. The genetic architecture and inheritance rules are

based on Claessen et al. [2008]. The traits x and c are respectively determined by Lx and

Lc diploid, additive loci on autosomal chromosomes. Each allele can take any real value

in the range of the trait it is coding for – i.e. in [0,1] and R for the alleles coding for traits

x and c, respectively. Trait x and c are calculated as the mean values of their alleles. In

addition, individuals carry Ln diploid unlinked neutral loci with a large number (= 50) of

possible alleles.

Individuals are distributed in two main demes with distinct convergent viability se-

lection pressures (subscript 1 and 2) and in a transition deme with disruptive viability

selection pressure (subscript T), with carrying capacities K1, K2 and KT respectively (see

the flowchart of the model, Fig. 4.1). The overall carrying capacity K is set to be constant

(K = K1 +K2 +KT) and we assume that demes 1 and 2 have the same carrying capacity

(K1 = K2). The carrying capacity of each deme depends on the relative size of the tran-

sition deme, called αT (αT ∈ [0,1]). In particular, the carrying capacity of the transition

deme is calculated as: KT = αT.K.

During their lifetimes, individuals are experiencing three processes in this given order:

viability costs, dispersion and reproduction. We assume that generations do not overlap.

K1

KT

K2

(1-pT)

2.TT.pT.

(1-pT)

2.TT.pT.

1/(2.TT)

1/(2.TT)

Ecological trait

S
u

rv
iv

o
rs

h
ip

Deme 1
Transition

deme Deme 2

Figure 4.1 – Flowchart of the model: individual survivorship, carrying capacities and migration
rates.
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4.2.2 Viability costs

Viability costs, which affect survival to adult state, are heterogeneous in space. Through

differential viability costs among individuals, viability selection acts on the ecological

trait. In main demes, viability selection is convergent. The ‘condition’ ωi of one indi-

vidual in a main deme i ∈ {1,2} depends on its ecological trait x. In particular, if x ≃ θi ,

then the individual does not incur viability costs:

ωi = exp

(
− (x −θi )2

2σs
2

)
(4.1)

Where θi is the local optimal trait value and σs is inversely proportional to the strength

of viability selection, which is the same in both demes. We implement θ1 = 0 and θ2 = 1.

Therefore, individuals with high viability in deme 1 suffer from low viability in deme 2,

and vice versa.

In the transition deme, viability selection is disruptive in a way that individuals ex-

hibiting ecological traits matching to the optimal trait values θ1 or θ2 do not incur viability

costs. On the contrary, individuals with an intermediate ecological trait suffer from high

viability costs:

ωT = max[ω1, ω2] (4.2)

Thus, we assume that σs is the same in the three demes.

In addition to individuals’ condition, competition for resources will define individuals’

survival to adult state. To do so, we derived the Beverton-Holt equation – i.e. the discrete

version of the logistic growth – to calculate the survival probability v to adult state in deme

i ∈ {1,2,T}:

v =
1

1+ ( b
2 −1) Ni

ωi Ki

(4.3)

With b the mean number of offspring per female, Ni the number of individuals in

deme i and Ki the carrying capacity of the population in deme i .

4.2.3 Dispersal

Once individuals reach their adult state, they can migrate to other demes, before the re-

production stage.

We implement µ as the overall migration rate between the two main demes. This pa-

rameter affects all migration flows, and therefore represents the dispersal ability. Depend-

ing on the size of the transition deme, a fraction pT of these migrants will experience the

transition deme for a certain number of generations TT before migrating again – i.e. a

portion 1/TT of individuals from the transition deme are migrating at each generation.

Another fraction 1−pT will migrate directly to the other main deme, without experienc-

ing the transition deme. We can then calculate all migration flows from the parameters µ,
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pT and TT (see the flowchart of the model, Fig. 4.1).

The relative size of the transition deme (αT) will influence the intensity of these mi-

gration flows. A relationship between pT, TT, µ and αT can be calculated if we apply a

reciprocity rule to the number of individuals migrating from one deme to another. If we

consider that there is the same number of migrants transiting from one main deme (say

deme 1) to the transition deme than vice-versa, we get:

(
1

2.TT

)
×KT =

(
2.TT.pT.µ

)
×K1 (4.4)

Together with the relationship KT = αT.K, we can calculate:

(
pT,TT

)
=






(
1 ,

√
αT

2(1−αT)µ

)
, if αT >

2µ
1−2µ(

αT
2(1−αT)µ ,1

)
, otherwise

(4.5)

Therefore, depending on the size of the transition deme, either all lineages of migrants

leaving the main demes (pT = 1) experiment TT > 1 generations in the transition deme

(high αT), or only a fraction pT < 1 of those migrants experiments one generation in the

transition deme (TT = 1) (low αT).

4.2.4 Reproduction

During the reproduction phase, each female is courted by a series of Nmale males ran-

domly chosen in her deme. We assume that males can mate more than once, do not

exhibit any preferences and try to court all the females they encounter. On the contrary,

we consider that a female can only mate once during her lifetime. Therefore, at each en-

counter, she evaluates the male and she decides to mate or not accordingly. If a choosy

female does not choose to mate with any of the Nmale males encountered, she does not

mate at all.

To evaluate a potential mate, a female is using the male ecological trait as the basis of

choice. Depending on her choosiness trait c and on the difference between their ecolog-

ical traits, the female will choose to mate with a probability Ψ following a ‘matching rule’

[Kopp et al. 2018] (Fig. S1 in Annex, page 158). We use the preference function defined by

Carvajal-Rodriguez and Rolán-Alvarez [2014]. It satisfies basic properties – monotonicity,

proportionality and symmetry –, which are necessary to avoid some modelling artifacts

during the evolution of choosiness:

ψ(c, x f , xm) =






exp

(
−c2

(
x f −xm

)2

σ2
c

)
, if c > 0

exp

(
−c2

(
|x f −xm |−1

)2

σ2
c

)
, otherwise

(4.6)

With x f and xm the ecological traits of the female and the male respectively, c the

female choosiness trait and σc the strength of the preference, which makes the mating
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probability more or less sensitive to c. Mating is random if c = 0, whereas it is positive

assortative if c > 0. A female with choosiness c > 0 would mate preferentially with a male

matching her own ecological trait – i.e. c > 0 indicates her readiness to reject males that

do not match her ecological trait.

After mating, the number of offspring is chosen randomly and independently from a

Poisson distribution with parameter b – i.e. the average number of offspring per female.

The sex of each offspring is chosen randomly assuming a balanced sex ratio. At the ge-

netic level, we assume independent segregation. At each locus, one maternal allele and

one paternal allele are randomly chosen. Mutation can occur at each allele determining

trait k (k ∈ {c, x}) with a probability mk . The mutant allele value is drawn from a normal

distribution centered on the parent allele value with deviation sk

√
2Lk with s2

k
the muta-

tional variance at the trait level and Lk the number of loci determining the trait k [Aguilée

et al. 2013]. Mutation on each neutral locus happens with probability mn , in which case a

random allele is chosen from the 50 possible alleles.

As we assume non-overlapping generations, all adult individuals are dying after their

reproduction phase, and the population is then entirely reconstituted from offspring.

4.2.5 Numerical simulations and summary statistics

Our initial conditions correspond to a secondary contact scenario, where all individuals

are specialists within their environment. All individuals have an ecological trait x = 0 in

deme 1 and x = 1 in deme 2. In the transition deme, half of the population have an ecolog-

ical trait x = 0 while the other half have x = 1. All individuals have a choosiness trait c = 0

– i.e. mating is initially random. All unlinked neutral loci are randomly picked, therefore

there is no genetic differentiation at neutral loci among differentiated populations.

For each simulation, we record the distribution of the ecological and choosiness traits,

both in the main demes and in the transition deme. To assess the level of gene flow in our

model, we measure the frequency of strong nonrandom mating and the genetic differ-

entiation in neutral marker traits between ecotypes. We arbitarily define two ecotypes

based on individuals’ ecological traits x; one ecotype is charaterized by all individuals

with x ≤ 0.5 and the other ecotype by all individuals with x > 0.5. Considering pop-

ulations from the two main demes as different ecotypes leads to the same results (Fig.

S2). To detect strong nonrandom mating caused by choosiness, we use a simple statistics

Γ = ψs−ψd

ψs
, where ψd and ψs are the mean preference scores ψ between two individu-

als from different and the same ecotype respectively. Γ, which calculation is analogous

to the calculation of the FST, reflects the strength of reproductive isolation between eco-

types via nonrandom mating. Specifically, we consider that strong nonrandom mating

has evolved if Γ > 0.99, so that the probability of mating between individuals from dif-

ferent ecotype is at least 100 times smaller than that between two individuals from the

same ecotype (irrespective of their localisation). To assess the level of reproductive isola-

tion among ecotypes, we compute the genetic differentiation FST statistics at neutral loci:
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FST = Πs−Πd

Πs
. Πd and Πs represent the average number of pairwise differences in neu-

tral loci between two individuals sampled from different ecotypes (Πd ) or from the same

ecotype (Πs). Therefore, in our numerical simulations, the FST index between ecotypes

reflects the strength of reproductive isolation between ecotypes.

In numerical simulations, we vary the relative size of the transition deme

(αT = {0,0.1,0.2}), the maximum number of males encountered per female (Nmale =

{1,2,4,8,16,32,64,∞}) and the strength of selection (σs = {0.2,0.3,0.4}). We constrain the

range of αT and σs analyzed to prevent the loss of polymorphism at the ecological locus

[by genetic swamping, Lenormand 2002] or the formation of a monomorphic transition

deme at equilibrium (Fig. S3). The other parameters are constant: K = 10,000, µ = 0.01,

σc = 0.2, b = 5, Lx = 4, Lc = 1, mx = mc = 5.10−2, sx = sc = 0.002, Ln = 20, mn = 10−4. Note

that we do not aim to perform an exhaustive study of the factors affecting the evolution

of choosiness in parapatry [see more complete sensitivity analyses in Thibert-Plante and

Gavrilets 2013; Cotto and Servedio 2017]. We intentionally choose optimal values of pa-

rameters for choosiness to evolve without loss of polymorphism (secondary contact sce-

nario, single locus coding for the choosiness trait, few loci coding the ecological trait, high

carrying capacity, high mutation rate) and we test the effects of weak (if Nmale is interme-

diate) or strong (e.g., if Nmale = 1) costs of choosiness on the evolution of choosiness. The

high mutation rate implemented (mx = mc = 5.10−2) is offset by a small expected pheno-

typic variance at those traits (sx = sc = 0.002). This allows us to speed up the evolution of

choosiness, while assessing the choosiness state reached at equilibrium. Simulations end

after 100,000 generations and 30 replicates are done for each combination of parameters.

4.2.6 Selection gradient

We describe here a method that we are planning to use to properly describe the selective

forces acting on choosiness. Unfortunately, computer runtime has limited the extent of

our analyses at the time of submission of the present thesis. We describe here the method,

however we only analyze local viability and sexual selection in the Results.

To characterize the direction of selection on choosiness in each deme, we numerically

determine local selection gradients, defined by Geritz et al. [1997] as:

Dλ(c) =
∂λ (c, c̃)

∂c̃

∣∣∣∣
c̃=c

(4.7)

With λ (c, c̃) the invasion fitness – i.e. the reproductive success – of a mutant with a

choosiness trait c̃ in a population with choosiness trait c. Dλ describes how, in the vicinity

of the resident mating strategy, a rare mutant’s strategy influences its (invasion) fitness.

Choosiness (c) increases if Dλ is positive and decreases if Dλ is negative. A convergence-

stable intermediate equilibrium is achieved if Dλ = 0 and ∂Dλ

∂c
< 0.

To determine Dλ(c) numerically, we consider a population with choosiness trait c at its

ecological equilibrium. We implement 10% of mutants with a choosiness trait c̃ = c+0.05,
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such that the alleles coding for c̃ are in linkage disequilibrium with the ecological trait

(this linkage arises after 3 generations and is assessed in preliminary simulations). After

viability selection and reproduction, we measure the local frequencies of the allele coding

for c̃ in the population and use them as a proxy of the invasion fitness λ (c, c̃). With analog

simulations, we estimate λ (c,c). We then calculate the local selection gradient as:

Dλ(c) =
λ (c, c̃)−λ (c,c)

c̃ − c
(4.8)

To characterize the direction of selection on choosiness in the entire population, we esti-

mate the global selection gradient as a weighted average of local selection gradients (cal-

culated in the three demes). Following Wickman et al. [2017], the weights are the square

of the local population densities. Indeed, the intuitive approach of averaging selection

across all members of the populations is wrong. Under weak selection, the resulting se-

lection gradient takes the form of a weighted sum of selective effects, where the weights

are the class frequencies and the reproductive values calculated in the resident popula-

tion [Taylor and Frank 1996]. The reproductive value in a given class is the long-term

contribution of individuals in this class to the future of the population relative to the con-

tribution of other individuals in the population [Fisher 1930]. The reproductive value of

individuals in a locality with high density is higher than in locality with low density. There-

fore, selection gradients at points in space where the population is abundant are dispro-

portionately stronger than where it is rare. If the global selection gradient for choosiness is

positive (resp. negative), stronger (resp. weaker) choosiness should evolve in the popula-

tion. Additionally, we also decompose local selection gradients to infer how the frequency

of the choosier allele change as a result of viability selection (via viability costs) and sexual

selection (via differential mating) in each deme.

Note that implementing less than 10% of mutants and a smaller mutation size consid-

erably increases the number of replicates (more than billions) and the computer runtime

necessary to detect local selection in the main demes. Likewise, in simulations, different

choosiness alleles can be present in the population at a given time step and the method

computed here may look unrealistic in this regard. The evolutionary dynamics of choosi-

ness predicted by the global selection gradient should be compared with the choosiness

state reached at equilibrium in our numerical simulations. We could then confidently

use these statistics to dissect the selective forces acting on choosiness. Unfortunately,

the runtime limits the extent of the analyses regarding selection gradients. We could not

properly adjust the parameters used to estimate selection gradients (e.g., mutation size

and percent of mutant). Thus, in this thesis chapter, we only interpret preliminary graphs

describing local sexual and viability selective forces acting on choosiness.
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4.3 Results

4.3.1 A cost of choosiness can favour the evolution of choosi-

ness in parapatry

For the combination of parameters considered, the initial population splits into two

ecologically-specialized subpopulations, hereafter called ecotypes, distributed along the

ecological gradient. Over a large range of parameters αT and Nmale (relative size of the

transition deme and maximum number of males encountered per female, respectively),

populations evolve a positive choosiness trait – i.e. females mate preferentially with

ecologically-similar males – (Fig. 4.2a), which favours the ecological differentiation be-

tween ecotypes (Fig. 4.2b). Therefore, strong nonrandom mating between ecotypes can

evolve (Fig. 4.2c), reducing gene flow and leading to genetic differentiation at neutral loci

(FST > 0, Fig. 4.2d). Since reproductive isolation reduces gene flow between ecotypes, the

FST index reflects the strength of reproductive isolation between ecotypes.

In simulations with intermediate Nmale values, choosy females risk to remain un-

mated, but despite this cost of choosiness, assortative mating evolves and reduces gene

flow between ecotypes (high FST, Fig. 4.2d). Interestingly, with a cost of choosiness,

stronger choosiness can evolve (Fig. 4.2a), leading to stronger assortative mating (Fig.

4.2c), than in simulations with no cost of choosiness (Nmale = ∞). However, if the cost of

choosiness is extremely strong (Nmale = 1), choosiness does not evolve and gene flow is

unrestricted.

A cost of choosiness may also (more intuitively) inhibit the evolution of choosiness

(e.g., for σs = 0.2 and αT = 0 in Fig. S4). The effects of such cost depend on the strength

of disruptive viability selection (inversely proportional to σs) and on the relative size of

the transition deme (αT) (Fig. S4). If viability selection is very strong (resp. very weak),

choosiness is always (resp. never) favoured, so costs of choosiness have no effect on the

evolution of choosiness (for σs ≤ 0.2 and σs ≥ 0.6, Fig. S3). Similary, the extent of the

effects of the cost of choosiness depends on the relative size of the transition deme. For

σs ≤ 0.3, a cost of choosiness strongly favours the evolution of choosiness along steep eco-

logical gradients (αT = 0). Otherwise, a cost of choosiness strongly favours the evolution of

choosiness along shallow ecological gradients (intermediate αT) (Fig. S4). Consequently,

if choosiness is very costly, strong choosiness may evolve along steep ecological gradients

(with a small transition deme) and not along shallow ecological gradients (with a large

transition deme) (e.g., for Nmale = 2 in Fig. 4.2).

Note that we get similar results if we vary the absolute size of the transition deme,

instead of its relative size (Fig. S5).
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Figure 4.2 – Ecological differentiation, nonrandom mating caused by choosiness and genetic dif-
ferentiation with different geographical contexts and maximum numbers of males encountered
per female. Statistics are measured from the traits and loci of individuals belonging to the two eco-
types (with ecological traits x ≤ 0.5 or x > 0.5). After equilibrium has been reached (after 100,000
generations), choosiness in the population (a) and differences in ecological traits between eco-
types (b) are recorded. To evaluate the strength of reproductive isolation, both the percentage of
strong nonrandom mating (c) and the genetic differentiation at neutral loci (FST) (d) are measured.
For each combination of parameters (αT,Nmale), the point and the error bars respectively repre-
sent the mean value of the statistic and its 95% confidence intervals. The x-axis is plotted on a
logarithmic scale. σs = 0.3.

4.3.2 Selection on choosiness

We aim at understanding how the cost of choosiness affects selection acting on choosi-

ness. We here dissect the different selective forces (viability and sexual selection) acting

on choosiness in each deme.

With no cost of choosiness (Nmale = ∞). – In the transition deme, alleles coding for strong

choosiness are associated with locally favoured alleles at the ecological trait loci (i.e. with

alleles coding for extreme ecological phenotypes x close to 0 or 1) (linkage disequilibrium

caused by selection, Fig. 4.4b). Therefore, selection on the ecological trait indirectly acts

on choosiness via this linkage disequilibrium. Positive frequency-dependent sexual selec-

tion – i.e. high mating success of males whose ecological phenotype is in high frequency
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locally – weakly inhibits or favours the evolution of choosiness in the transition deme,

depending on the distribution of ecological phenotypes (Fig. 4.3b). More importantly,

disruptive viability selection – i.e. low survival of males with intermediate ecological phe-

notypes – strongly favours the evolution of choosiness in the transition deme (Fig. 4.3b).

In the transition deme, selection therefore favours the evolution of strong choosiness.

In main demes, alleles coding for strong choosiness are associated with locally

favoured alleles at the ecological trait loci (here, with alleles coding for the extreme eco-

logical phenotype that is locally favoured, i.e. x close to 0 in deme 1 or close to 1 in deme

2) (Fig. 4.4a). Just like in the transition deme, positive frequency-dependent sexual selec-

tion weakly inhibits or favours the evolution of choosiness, depending on the distribution

of ecological phenotypes (Fig. 4.3a). More importantly, alleles coding for strong choosi-

ness are also strongly associated with locally unfavoured alleles at the ecological trait loci

(Fig. 4.4a). Indeed, females with a rare ecological phenotype mostly mate assortatively if

they are very choosy (whereas they mostly mate with locally adapted males, because they

are common, if they are only weakly choosy). This linkage leads to the removal of alleles

coding for strong choosiness by viability selection (Fig. 4.4a). In other words, viability se-

lection indirectly inhibits the evolution of strong choosiness in main demes (Fig. 4.3a). In

main demes, selection therefore favours the evolution of partial choosiness,

Overall, in the absence of cost of choosiness, strong choosiness is favoured in the

transition deme but not in the main demes. This explains why partial choosiness evolves

if the transition deme is small, whereas strong choosiness evolves if the transition deme

is large (in our numerical simulations, Fig. 4.2). These results without cost of choosiness

are consistent with the ones of Cotto and Servedio [2017].

With a cost of choosiness (Nmale 6= ∞). – A cost of choosiness (when choosy females risk

to remain unmated) induces sexual selection inhibiting choosiness via differential female

mating success. This additional sexual selection pressure is therefore distinct from posi-

tive frequency-dependent sexual selection caused by differential male mating success.

In the transition deme, a strong cost of choosiness induces very strong sexual selec-

tion inhibiting the evolution of choosiness (e.g., for Nmale = 2), whereas a weak cost of

choosiness induces weak sexual selection compared to the strength of viability selection

(e.g., for Nmale = 8) (Fig. 4.3b). Additionally, with or without a cost of choosiness, viabil-

ity selection strongly favours the evolution of choosiness in the transition deme. Only a

strong cost of choosiness inhibits the evolution of choosiness in the transition deme.

In main demes, viability selection is ten time weaker than in the transition deme (cf.

y-axes of Fig. 4.3). Costs of choosiness induce sexual selection inhibiting the evolution

of choosiness (Fig. 4.3a). A strong cost of choosiness (e.g., for Nmale = 2) does not induce

particularly strong sexual selection because locally adapted females often find a matching

mate at the first encounter. Costs of choosiness also modify the local population assem-

bly on which viability selection acts. In particular, choosy females with a rare ecological

phenotype have little chance to find preferred (matching) males and often remain un-

mated. Consequently, costs of choosiness weaken the association between alleles coding

for strong choosiness and locally unfavoured alleles (in low frequency) at the ecological
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trait loci (Fig. 4.4a) and remove viability selection, which indirectly inhibits choosiness in

main demes (Fig. 4.3a). Therefore, in main demes, costs of choosiness induce additional

sexual selection and remove viability selection, both of which inhibit choosiness. The in-

terplay of viability and sexual selection determine local selection in main demes. Given

the choosiness state reached at equilibrium in our simulations, a cost of choosiness may

often favour the evolution of choosiness by removing viability selection.

Overall, in main demes, strong choosiness may be more advantageous with a cost of

choosiness than without cost of choosiness. Indeed, a cost of choosiness can remove

viability selection inhibiting choosiness. This may explain why a cost of choosiness can

favour the evolution of choosiness in our simulations (Fig. 4.2). Moreover, unlike in main

demes, a strong cost of choosiness induces strong sexual selection against choosiness in

the transition deme (for Nmale = 2, Fig. 4.3b). This may explain why, if choosiness is very

costly, strong choosiness evolves along steep ecological gradients (with a small transition

deme) and not along shallow ecological gradients (with a large transition deme) (Fig. 4.2).

To conclude about the effects of costs of choosiness on the evolution of choosiness, local

and global selection gradients have to be measured properly.
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Figure 4.3 – Viability and sexual selective forces acting on choosiness in main demes (a) and in the
transition deme (b). Viability selection (resp. sexual selection) acting on alleles coding for stronger
choosiness is measured as their change in frequencies during the viability selection phase (resp.
reproduction phase). αT = 0.1, σs = 0.3.
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Figure 4.4 – Linkage disequilibrium between choosiness and ecological loci after reproduction
and change in frequency of ecological categories via direct viability selection in main demes (a) or
in the transition deme (b). Individuals are categorized according to their ecological trait (x < 0.33,
0.33 < x < 0.66 or x > 0.66). Three generations after implementing mutant alleles at the choosiness
locus, linkage disequilibrium between choosiness and ecological loci is measured as the nonran-
dom association of alleles coding for stronger choosiness with each ecological categorie after re-
production. We also measure the change in frequency of each ecological categorie during viability
selection. In subfigure a, we represent linkage and viability selection in Deme 1, where individuals
with an ecological trait x = 0 are favoured. We get similar results in Deme 2, except that individuals
with an ecological trait x = 1 are favoured; graphs corresponding to ecological categories x < 0.33
and x > 0.66 are reversed in Deme 2. Altogether, these graphs allow us to infer how indirect viabil-
ity selection acts on choosiness. In particular, for Nmale = ∞, indirect viability selection inhibits the
evolution of choosiness in main demes via a positive linkage between alleles coding for stronger
choosiness and locally unfavoured alleles at the ecological locus. This positive linkage vanishes
for Nmale 6= ∞, and so does indirect viability selection inhibiting strong choosiness (a). αT = 0.1,
σs = 0.3.
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4.4 Discussion

Parapatry may be the most general geographic mode of speciation but has received little

attention compared to sympatry in theoretical models [Gavrilets 2003, 2014]. Doebeli and

Dieckmann [2003] showed that the combination of ecological contact with geographic

isolation greatly facilitates the evolution of choosiness and subsequent reproductive iso-

lation in parapatry; this view that parapatric speciation should be more likely to proceed

than sympatric speciation has received much theoretical support [Kawata et al. 2007;

Leimar et al. 2008; Ispolatov and Doebeli 2009]. However, theory has then shown that

only incomplete reproductive isolation may evolve in parapatry because alleles coding

for strong choosiness are associated with locally unfavoured alleles [Servedio 2011; Cotto

and Servedio 2017]. Those models do not account for the possibility that females may

not find a mate if they are are too choosy, while this ‘cost of choosiness’ should be high

for female immigrants in foreign environments. Viability costs incurred by immigrants

have already been shown to play a key role in evolutionary processes in parapatry. In par-

ticular, such costs may inhibit the evolution of migration [Billiard and Lenormand 2005]

and may increase the level of maladaptation within populations, which in turn causes a

persistent directional selection towards local ecological optima [Bolnick and Nosil 2007].

In our model, a cost of choosiness, which is mainly incurred by immigrants, can favour

the evolution of choosiness in parapatry. This counterintuitive prediction relies on the

effects of costs of choosiness on local sexual and viability selection acting along the eco-

logical gradient.

If choosy females may fail to find a mate, increased choosiness always brings a cost

in terms of mating success to females. In parapatry, we show that this cost of choosiness

induces sexual selection which inhibits the evolution of choosiness just like in sympatry

[Bolnick 2004; Schneider and Bürger 2006; Bürger et al. 2006; Kopp and Hermisson 2008].

Interestingly, this sexual selection pressure also removes viability selection, which inhibits

the evolution of strong choosiness. Indeed, at the ends of the ecological gradient, ecotype

frequencies are unbalanced so being choosy mostly brings a risk of remaining unmated

to female immigrants, which also suffer viability costs. Sexual selection therefore weak-

ens linkage disequilibrium between alleles coding for strong choosiness and locally un-

favoured alleles at the ecological trait loci. Consequently, after a reproduction phase with

choosy females failing to find a mate, viability selection no longer removes alleles cod-

ing for strong choosiness via linkage disequilibrium. By removing the negative effect of

viability selection on choosiness, a cost of choosiness can therefore favour the evolution

of strong choosiness. At the ends of the ecological gradients, sexual selection therefore

changes the frequencies on which viability selection acts [as shown by Cotto and Servedio

2017]. This leads to this counterintuitive effect of the costs of choosiness on the evolution

of choosiness.

Local selection on choosiness differs between the centre and the tails of the gradient

because ecotypes coexist in the former and not in the latter. A weak cost of choosiness (for
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Nmale = 8 in our simulations) does not change net selection on choosiness in the centre of

the gradient, because sexual selection induced by this cost is always offset by strong indi-

rect viability selection favouring choosiness. On the contrary, a weak cost of choosiness

affects net selection acting on choosiness at the ends of the gradients. In particular, sexual

selection induced by such cost removes indirect viability selection that inhibits choosi-

ness. Consequently, the overall effect of a weak cost of choosiness may change according

to the relative importance of the transition zone and the main demes, where selection on

choosiness may act in opposite directions depending on the strength of viability selection.

In other words, the abruptness of the ecological gradient – i.e. the extent of range overlap

between divergent ecotypes – and the fitness effects of ecological adaptation determine

the evolution of choosiness when the cost of choosiness is weak.

Without a cost of choosiness, range overlap between ecotypes has been shown to af-

fect the evolution of assortative mating in parapatry. In our model, high range overlap be-

tween ecotypes (i.e. shallow gradient) leads to the loss of polymorphism at the ecological

trait because of positive-frequency dependent sexual selection [Kirkpatrick and Nuismer

2004; Otto et al. 2008; Cotto and Servedio 2017], while small range overlap gives scope for

indirect viability selection inhibiting strong choosiness [Servedio 2011; Cotto and Serve-

dio 2017]. Without cost of choosiness, reproductive isolation between divergent ecotypes

is therefore the strongest for intermediate ecological gradients [as previously shown by

Doebeli and Dieckmann 2003; Cotto and Servedio 2017]. We here show that, if choosi-

ness is costly in term of mating success, strong reproductive isolation does not necessar-

ily evolve when the ecological gradient is of intermediate steepness. Unlike in the centre

of the gradient, a strong cost of choosiness does not induce particularly strong sexual se-

lection in the tails of the gradient because locally adapted females often find a matching

mate at the first encounter. Therefore, if choosiness is very costly, strong levels of repro-

ductive isolation can evolve when there is no range overlap (i.e. for very steep gradient).

Overall, understanding the ecology of mate finding and mating decision is of prime im-

portance to predict how range overlap would affect the evolution of assortative mating.

Hybrid zones are transition zones between the geographical ranges of closely related

taxa where hybrids are produced [Hewitt 1988]. Hybrid zones are often represented as

narrow strips separating much larger regions in which the two taxa reside, like in our

model. When the gradient is environmental (adaptation to resources which are unevenly

distributed for instance), hybrid zone width depend on the change in environmental con-

ditions. However, other hybrid zones are ‘tension zones’ maintained by a balance be-

tween dispersal and selection against hybrids [Slatkin 1973; Mallet and Barton 1989] and

the width of such tension zones therefore results from this balance. Mallet et al. [1990]

have used the width of multiple tension zone to estimate gene flow between races of He-

liconius erato and those of Heliconius melpomene. Yet, in this study, gene flow was ap-

proximated by dispersal estimates, whereas actual gene flow also depends on pre- and

post-zygotic reproductive barriers. We hope to stimulate similar empirical investigations

on multiple hybrid zones, but this time precisely testing the link between hybrid zone
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width (or the steepness of the environmental gradient) and actual gene flow (that could

be assessed from the FST). To our knowledge, only Seehausen et al. [2008] empirically

showed such link between gradient steepness and gene flow (approximated by differen-

tiation). Specifically, they showed that differentiation in cichlid fishes does not occur on

very steep environmental light gradients. In that case, our predictions suggest that cost of

choosiness may be absent or weak. Otherwise, differentiation would have been favoured

on very steep gradient. In the light of our theoretical predictions, similar empirical in-

vestigations would considerably strengthen our understanding of the role of the spatial

dimension of ecological changes in parapatric speciation.

We acknowledge that our representation of space is still very simplified, since distri-

butions of ecotypes along ecological gradients can form a diversity of patterns, from con-

tinuous gradations from one ecotype to another to patchy distributions of ecotypes called

mosaic hybrid zones [Harrison and Larson 2016]. In a context of steep ecological gradient,

our results should not depend on the ecotype distribution inside the transition region at a

smaller scale. On the contrary, if the transition region is large, our predictions may not be

robust to a context of mosaic hybrid zone. In that case, the relative proportion of the two

taxa is always skewed in favour of one or the other taxon, even in the transition region.

Therefore, local selection acting in each ‘patch’ of the mosaic may be similar to the one

acting at the tails of the gradient where ecotype frequencies are unbalanced. The predic-

tions of our model suggest that, under a context of mosaic hybrid zone, assortative mating

should readily evolve with a strong cost of choosiness. It may explain why reproductive

isolation between Timema cristinae (stick insect) ecotypes – distributed in such mosaic

hybrid zone – is incomplete in that complete speciation has not occured (assuming that

the cost of choosiness is weak or absent) [Nosil 2007].

In the light of the predictions of our model, the maximum number of males that fe-

males can encounter in their lifetime is a key factor for the evolution of reproductive iso-

lation along ecological gradients. Females have a limited time in which to mate, because

of such factors as environmental constraints on the timing of reproduction and predation

risks associated with searching, and usually cannot sample all males within a population

[Morris 1989; Wagner 1998]. However, it is difficult to estimate how many males females

can evaluate in nature. The number of males evaluated by females prior to breeding has

long been the best estimate available [Bolnick and Fitzpatrick 2007]. However, movement

pattern has also been acknowledged to determine the potential for female mate choice to

drive sexual selection [Dunn and Whittingham 2007; Duval and Kapoor 2015]. Therefore,

empirical data on how free-living females move among and select mates may therefore

provide information on potential costs of choosiness. For instance, Kamath and Losos

[2018] recently managed to estimate encounters between potential mates from mark-

recapture data of male and female Anolis sagrei lizards. Applying this method along eco-

logical gradients on different ecotypes may provide good estimates of potential costs of

choosiness. Indeed, from the estimation of encounter estimates within vs. between eco-

types, the risk of remaining unmated associated to choosiness may easily be assessed. In

our model, females do not adjust their level of choosiness in response to the abundance of
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males from their own type [as shown by Willis et al. 2011]. In this case, choosy immigrant

females would keep mating with local common males and evolution of strong choosi-

ness would not inhibit hybridization between ecotypes [as noted by Kopp and Hermisson

2008]. Such choosiness subject to adjustement may be best considered partial rather than

strong.

Overall, our theoretical model sheds new light on the role of spatial dimension of eco-

logical change in parapatric speciation. We show that, along ecological gradients, sexual

selection pressures can have very counterintuitive effects on trait evolution by locally af-

fecting the genotypic frequencies on which viability selection acts. Along ecological gra-

dients, a cost of choosiness (when choosy females may risk to remain unmated) can even

favour the evolution of choosiness and subsequent reproductive isolation. Consequently,

the effect of spatial dimension of ecological change on speciation also depends on the

strength of costs of choosiness. Our study should therefore stimulate further empirical

research on the link between hybrid zone width, costs of choosiness and reproductive

isolation.
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4.5 Annex: Supplementary figures
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Figure S1 – Mating probability between a female with ecological trait x f and choosiness c and a
male with ecological trait xm . The difference in ecological trait between the male and the female
| x f − xm | is 0, 0.5 or 1. When a female is choosy (high choosiness trait c), she mates with males
with a similar ecological trait (Ψ = 1 if | x f − xm |= 0), and she rejects ecologically-different males
(Ψ< 1 if | x f −xm |= 1).
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Figure S2 – Genetic differentiation between ecotypes or between population from the two main
demes. See Fig. 4.2 for details. Whether the FST statistics is calculated from the two ecotypes (with
either x ≤ 0.5 or x > 0.5) or the populations from the two main demes does not matter. σs = 0.3.
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Figure S3 – Nonrandom mating and ecological composition in the transition deme and in main
demes after equilibrium, with different geographical contexts and strengths of viability selection
(inversely proportional to σs). After equilibrium has been reached (> 100,000 generations), per-
centage of strong nonrandom mating is recorded to evaluate the strength of reproductive isolation
between ecotypes (with either x ≤ 0.5 or x > 0.5). The dominant ecotype correspond to the more
frequent ecotype in the transition deme. If the proportion of the dominant ecological type is close
to 0.5 (resp. 1), the population in the transition deme is polymorphic (resp. monomorphic). The
ecological differentiation between main demes is measured by comparing the ecological traits of
individuals belonging to the different main demes. Polymorphism at the ecological locus is lost if
there is no ecological differentiation between the main demes. For each combination of param-
eters (αT,σs), the point and the error bars respectively represent the mean value of the statistic
and its 95% confidence intervals. If the transition deme is too large (αT ≥ 0.3), polymorphism
can be lost or the transition deme can be polymorphic. If disruptive viability selection is too weak
(σs ≥ 0.6), assortative mating does not evolve, whereas, if disruptive viability selection is too strong
(σs ≤ 0.1), the transition deme is monomorphic for Nmale = 1. To analyze the forces acting on the
evolution of choosiness along similar ecological gradients (with a polymorphic transition deme),
we therefore choose to restrict our main analyses to the ranges of parameters σs ∈ [0.2,0.5] and
αT ∈ [0,0.2].
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Figure S4 – Effect of the strength of viability selection (inversely proportional to σs) on the evo-
lution of choosiness and subsequent reproductive isolation between ecotypes. See Figure 4.2 for
details. Strong disruptive viability selection favours the evolution of choosiness, which leads to
strong nonrandom mating, and favours genetic differentiation at neutral loci. Contrary to strong
costs of choosiness (Nmale = 1), weak costs of choosiness (intermediate Nmale) favour the evolution
of nonrandom mating and genetic differentiation among ecotypes, especially if disruptive viabil-
ity selection is intermediate (σs = 0.3 and 0.4). Additionally, with a weak cost of choosiness, un-
common females that are partially choosy have little chance to mate, reducing hybridization rate
between ecotypes. Therefore, under some combinations of parameters, FST index is increased for
intermediate Nmale without evolution of stronger choosiness (e.g., for σs = 0.2 and αT = 0).
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Figure S5 – Ecological differentiation, nonrandom mating caused by choosiness and genetic dif-
ferentiation with different geographical contexts (with constant K1 = K2 = 5,000) and maximum
numbers of males encountered per female. Statistics are measured from the traits and loci of indi-
viduals belonging to the two ecotypes (with ecological traits x ≤ 0.5 or x > 0.5). After equilibrium
has been reached (after 100,000 generations), choosiness in the population (a) and differences
in ecological traits between ecotypes (b) are recorded. To evaluate the strength of reproductive
isolation, both the percentage of strong nonrandom mating (c) and the genetic differentiation at
neutral loci (FST) (d) are measured. For each combination of parameters (αT,Nmale), the point and
the error bars respectively represent the mean value of the statistic and its 95% confidence inter-
vals. The x-axis is plotted on a logarithmic scale. The carrying capacity in the transition deme
is calculated as: KT = 2.K1.αT

1−αT
. Therefore the increase in the relative size of the transition deme αT

increases the carrying capacity of the transition deme KT, but it does not affect the carrying capac-
ities of the main demes K1 and K2. The overall carrying capacity K is not constant in this analysis.
It is increasing with αT. This leads to qualitatively results than with constant total carrying capacity
(Fig. 4.2). σs = 0.3.
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PART III

FROM DIVERSITY OF WARNING
SIGNALS TO CLADE DIVERSIFICATION

Diversity of warning signals may favour speciation via the evolution of reproductive iso-
lation caused by assortative mate preferences. Based on our current knowledge of the
ecology of Heliconius butterflies, I relaxed hypotheses done in mathematical models and
I therefore refined our understanding of the process of speciation. Macroevolutionary
patterns of diversification in Müllerian mimetic clades do not only rely on the ‘magic
trait’ property of warning signals. Macro-evolutionary patterns of diversification are also
linked to geological, spatial and ecological diversification. In Part III, I specifically focus
on indirect effects of mimicry on macro-evolutionary patterns of diversification. First,
using a spatialized agent-based model, I study the link between spatial, ecological and
phylogenetic diversification of aposematic organisms (Chapter 5). Then, I highlight the
role of warning signals in structuring ecological communities, which also drive diversifi-
cation at the macroevolutionary scale (Chapter 6).
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Abstract

Species richness varies among clades, yet the drivers of diversification creating this

variation remain poorly understood. While abiotic factors likely drive some of the varia-

tion in species richness, ecological interactions may also contribute. Here, we examine

one class of potential contributors to species richness variation that is particularly poorly

understood: mutualistic interactions. We aim to elucidate large-scale patterns of diversi-

fication mediated by mutualistic interactions using a spatially-explicit population-based

model. We focus on mutualistic Müllerian mimicry between conspicuous toxic prey

species, where convergence in colour patterns emerges from predators’ learning process.

To investigate the effects of Müllerian mimicry on species diversification, we assume that

some speciation events stem from shifts in ecological niches, and can also be associated

with shift in mimetic colour pattern. Through the emergence of spatial mosaics of

mimetic colour patterns, Müllerian mimicry constrains the geographical distribution of

species and allows different species occupying similar ecological niches to exist simulta-

neously in different regions. Müllerian mimicry and the resulting spatial segregation of

mimetic colour patterns thus generate more balanced phylogenetic trees and increase

overall species diversity. Our study sheds light on complex effects of Müllerian mimicry

on ecological, spatial and phylogenetic diversification.
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CHAPTER 5. SPATIAL MOSAIC OF MORPHS AND
DIVERSIFICATION

5.1 Introduction

One of the most remarkable macroevolutionary patterns in biology is the heterogene-

ity of species richness observed across the tree of life. Factors that generate and shape

such variation between clades are numerous and are still debated among evolutionary

biologists. Species diversity within a clade results from the balance between speciation

and extinction rates [Rabosky 2013], which are known to be affected by biogeographi-

cal processes, such as geological [Newell 1952; Peters 2005] and climatic features [Erwin

2009; Figueirido et al. 2012; Fraser et al. 2015]. In addition to abiotic factors, ecological

interactions can also shape macroevolutionary patterns of diversity [Erwin 2000; Jablon-

ski 2007, 2008a; Cavender-Bares et al. 2009] through their effects on speciation [Schluter

1994; Dieckmann and Doebeli 1999; Bolnick 2004; Grant and Grant 2006] and extinction

rates [Weiner 1990; Law et al. 1997]. For instance, biotic interactions like competition

[Darwin 1871; Rabosky 2013], host-pathogens coevolutionary dynamics [Ricklefs 2010]

or predation [Sepkoski 1978] have been suggested to explain the dampening of diversity

trajectories observed in many phylogenies at the macroevolutionary scale [Rabosky and

Lovette 2008; McPeek 2008; Phillimore and Price 2008].

While the impact of competitive and other antagonistic interactions on diversification

has been extensively explored [Ehrlich and Raven 1964; Rabosky 2013], the effect of mu-

tualistic interactions – i.e. beneficial interactions between species – on diversification is

still debated [Jablonski 2008a; Hembry et al. 2014; Althoff et al. 2014]. On the one hand,

mutualism may help to create or maintain isolation between populations interacting with

phenotypically different partners [Kiester et al. 1984]. Changes in coevolved traits could

lead to reproductive isolation of the locally coevolving populations, resulting in matching

speciation events. Such co-diversification has been shown mostly empirically on mutual-

istic symbioses [Gómez and Verdú 2012; Litsios et al. 2012; Joy 2013] and plant-pollinators

interactions [Hodges 1997; Sargent 2004] – yet, phylogenies frequently display significant

mismatches between interacting species [see Althoff et al. 2014, for instance]. On the

other hand, while antagonistic interactions drive evolutionary arms races, mutualisms

lead to stabilizing selection because of positive frequency-dependent selection. This sta-

bilizing selection might reduce phenotypic diversity within populations, thus hindering

the process of diversification via ecological speciation [Kopp and Gavrilets 2006; Yoder

and Nuismer 2010]. Overall, the effect of mutualistic interactions on species diversifica-

tion remains unclear.

Here we investigate the impact of a mutualistic interaction, Müllerian mimicry, on

the process of diversification. Müllerian mimicry is a local selective process that drives

convergent evolution of warning signals among unpalatable species, because defended

species that exhibit a locally abundant warning signal benefit from a reduced predation

risk [Müller 1879; Mallet and Joron 1999]. This mutualistic relationship is observed in

a wide variety of taxonomic groups and involves interactions both within and among

clades. Phylogenies of mimetic clades have indeed revealed convergent evolution of
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warning colour patterns between both closely and distantly-related species in a large

panel of taxa, such as butterflies [Brower 1996; Jiggins et al. 2006], frogs [Symula et al.

2001], birds [Dumbacher and Fleischer 2001], bumblebees [Williams 2007], catfishes

[Alexandrou et al. 2011] and velvets ants [Wilson et al. 2012]. Mutualistic mimicry may

affect the diversification process. Indeed, Müllerian mimicry has been hypothesized to

favour speciation through mating preference associated with mimetic colour pattern [Jig-

gins et al. 2001; Merrill et al. 2011] and strong selection pressure against non-mimetic hy-

brids [Mallet and Barton 1989; Jiggins 2008; Merrill et al. 2012]. Shifts in warning colour

patterns therefore promote reproductive isolation between subpopulations via both pre-

and post-zygotic barriers [Chamberlain et al. 2009]. Müllerian mimicry also favours speci-

ation through ecological adaptation as shifts in mimetic colour patterns have been shown

to be associated with shifts in host plant [Willmott and Mallet 2004], microhabitat [Elias

et al. 2008] and even altitudinal niche [Chazot et al. 2014]. However, derived species

whose colour patterns do not match warning signals displayed by locally abundant de-

fended species suffer from high attack rate by predators [Mallet and Barton 1989; Kapan

2001; Chouteau et al. 2016]. Therefore, although a shift in colour pattern can promote

speciation, the establishment and the persistence of derived species displaying different

warning colour patterns are limited by predation. While the role of shift in mimetic colour

patterns in the initiation of speciation is well documented, the resulting effect of Mülle-

rian mimicry on the diversification processes at macroevolutionary scale warrants inves-

tigation.

By promoting local convergence in warning patterns, Müllerian mimicry greatly af-

fects the spatial distribution of species displaying different colour patterns. Geographi-

cal divergence of mimetic patterns resulting in a spatial mosaic of warning signals is ob-

served in most mimetic species including moths [Sbordoni et al. 1979], butterflies [Shep-

pard et al. 1985; Brower 1996], birds [Dumbacher and Fleischer 2001], frogs [Symula et al.

2001], bumblebees [Williams 2007], millipedes [Marek and Bond 2009] and velvet ants

[Wilson et al. 2012]. Spatial mosaics of mimetic patterns result from the combination of

the opposite effects of (1) positive frequency-dependent selection favouring convergent

mimetic patterns at local scale and (2) stochastic processes such as genetic drift allow-

ing new colour patterns to establish (shifting balance hypothesis) [Mallet 2010; Chouteau

and Angers 2011]. Theoretical approaches describing the formation of a spatial mo-

saic of mimetic forms usually assume relaxed predation pressure on rare warning signals

through absence of predators [Sherratt 2006] or predators’ neophobic responses [Aubier

and Sherratt 2015]. Once the spatial mosaic of warning signal is established, colour shifts

can be promoted if they represent adaptations to habitats/microhabitats with different

mimetic communities [Papageorgis 1975; Chouteau et al. 2016]. Shifts in colour pattern

can also be favoured when the abundance of non-toxic mimics becomes too large: de-

fended prey may benefit from increased protection when shifting toward better defended

mimetic communities [Franks et al. 2009; Aubier et al. 2017]. Overall, selection acting on

warning signals constrains the spatial distribution of mimetic species and has an impor-

tant influence on species range.
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Species range properties may exert positive or negative influences on diversification

[Jablonski and Roy 2003]. Limited range size is a powerful predictor of extinction prob-

ability [Kiessling and Aberhan 2007; Jablonski 2008b]. However the effect of range size

on speciation rate is less intuitive. On the one hand, species with large range size should

be less likely to speciate by vicariance – i.e. to split into isolated subpopulations because

of geographical barriers – because the existence of a contact zone is more likely if the

species range size is large in the first place [Pigot et al. 2010; Moen and Morlon 2014]. On

the other hand, larger ranges should increase the opportunity to encounter new habitats,

which could promote reproductive isolation between populations through local adapta-

tion. In addition, large population sizes should harbour higher standing genetic variation

on which selection can act, thereby favouring the emergence of new adaptive traits that

may promote ecological speciation [Birand et al. 2012]. Ecological interactions are known

to favour the generation and the maintenance of parapatric distributions [Bull 1991],

which limit dispersal and geographic range expansion over evolutionary time [Pigot and

Tobias 2013]. Such ecological effects on species range size could greatly affect per-lineage

rates of speciation and extinction, and therefore macroevolutionary patterns, in a simi-

lar way as competitive exclusion [Ranjard et al. 2014; Moen and Morlon 2014]. This calls

for spatially-explicit models to investigate the effect of mutualistic interactions such as

Müllerian mimicry on species diversification.

Here we use a theoretical approach to jointly assess the influence of Müllerian

mimicry on (1) the geographical distribution of mimetic species and (2) the diversifica-

tion process. We extend a population genetic model used to investigate the emergence of

mosaics of mimetic morphs [Sherratt 2006] to a macroevolutionary scale by implement-

ing speciation events. We consider either ecological speciation events where niche diver-

gence can lead to sympatric speciation, or allopatric speciation without niche divergence.

A proportion of these events are also set to be associated with shifts in colour pattern.

Therefore, we do not investigate the already well-described effect of Müllerian mimicry

on the evolution of reproductive barriers, but we investigate the effect of colour shifts on

spatial, temporal and phylogenetic diversification. Since many speciation events result

in immediate extinction because of negative selection by predators or competitive exclu-

sion, we record only effective speciation events, whereby species persist for at least a fixed

number of generations. We track extinction and effective speciation events to generate

phylogenies, and we analyze the resulting spatial and phylogenetic macroevolutionary

patterns. We specifically study the influence on diversification patterns of (i) the propor-

tion of speciation events associated with shift in mimetic pattern and (ii) the number of

possible mimetic morphs to tackle the following questions: (1) Does Müllerian mimicry

constrain species range sizes? (2) Does Müllerian mimicry promote species diversifica-

tion at the macroevolutionary scale? (3) What is the influence of the spatial distribution

of mimetic morphs and species on phylogenetic macroevolutionary patterns?

170



5.2. THE MODEL

5.2 The model

5.2.1 Purpose

We investigate how Müllerian mimicry affects geographical and phylogenetic diversifi-

cation of a clade. To link local processes and macroevolutionary patterns in an explicit

spatial context, we develop an agent-based model. We simulate the invasion of a spa-

tial grid by toxic species exhibiting colour patterns used as warning signals by predators.

Individuals of a species can locally diverge and form a new species. Two models of spe-

ciation are considered: (1) sympatric ecological speciation and (2) allopatric speciation.

When speciation is sympatric, the population living within a cell is split in two, one half

still belonging to the ancestral species and the other half belonging to a new species oc-

cupying a different ecological niche. When speciation is allopatric, the entire population

living within a cell becomes isolated and forms a new species, without ecological niche di-

vergence. In both cases, speciation can also be accompanied by a shift in colour pattern

with a certain probability. Since many speciation events result in immediate extinction,

we track only effective speciation events, i.e. cases where the derived species persists for

at least a chosen number of generations.

We perform simulations (1) with predation, whereby natural selection favours colour

pattern convergence (mimicry) and (2) without predation, which corresponds to a neu-

tral model without selection promoting mimicry. Neutral expectations regarding mimicry

are also simulated assuming a null proportion of speciation to be associated with shift in

colour pattern.

The model is implemented in C++. Table 5.1 sums up parameters notations and pro-

vides the default values implemented in the simulations.

5.2.2 State variables and scale

The model comprises two hierarchical levels: grid cells and species. We build a spatially-

explicit grid-based model in which space is represented by a regular G×G lattice of cells.

Each cell can contain populations of conspicuous and toxic organisms belonging to dif-

ferent species.

Species are distributed across the spatial grid. They are characterized by the state vari-

ables: morph (i.e. colour pattern), and position in the ecological niche space. The morph

mi of species i is a discrete number with mi ∈ {1,2, ... Nmorph} assuming Nmorph as the

number of possible morphs. Morphs are used as warning cues by predators during asso-

ciative learning. The ecological niche occupied by species i is described by its position zi

in a two-dimensional space that represents quantitative characters determining resource

use. The niche occupied by a species is thus a point with coordinates zi = (xi , yi ) in the

niche space with (xi , yi ) ∈R
2 and (xi , yi ) ∈ [0,1]2. The carrying capacity of each species in

any given cell is equal to K. However, the density reached by each species in any cell is
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determined by local interspecific competition for resources (see below).

We use discrete time steps, corresponding to non-overlapping generations.

Table 5.1 – Notations and numerical values.

Evolving trait Definition Range

mi Morph of species i mi ∈ {1, ... Nmorph}

Niche occupied by species i : pair of
zi = (xi , yi )

ecological traits xi , yi
(xi , yi ) ∈ [0,1]2

Parameter Definition Default value

αmin Minimum competition term possible 0.2

b Number of offspring per individual 4

C
Correlation coefficient linking the niche

500
distance di j

f to αi j

Factor of the polynomial relationship
f

between αi j and di j
5

G Size of the grid G×G 20

K Species carrying capacity in each cell 50

µ Migration rate 0.001

Nmorph Number of possible morphs [4,30]

pd Probability of cell destruction at any time step 1.10−5

Probability of predator presence in
pp a cell at any time step

0.9

ps
Probability of speciation of each species in a cell

2.10−5

at any time step

sc Proportion of speciation events with colour shift {0,0.25,0.50,0.75}

sn Proportion of speciation events without colour shift 1− sc

ssymp Proportion of speciation events in sympatry 1

σN Standard deviation of niche divergence 0.05

Number of prey attacked before predation on a
τmax given morph ceases

10

5.2.3 Process overview and scheduling

Within each time step, several phases are processed in the following order: local catastro-

phes (extinction of all populations in a cell), migration, predation, speciation (which may

cause effective speciation), reproduction, competition for resources. After reproduction,

parents are completely replaced by their offspring. These environmental and population

processes are described in the subsection “Submodels" below.
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5.2.4 Design concepts

Interactions. – Within a cell, populations of different species are competing for resources.

The intensity of competition between two species depends on the distance separating

them in the ecological niche space. In addition to this antagonistic interaction, predation

and predators’ learning process – characterized by the avoidance of prey with a colour

pattern known to be associated with toxicity – lead to mutualism between coexisting

species sharing the same morph. Mimetic species occurring in the same cell therefore

suffer from a reduced per capita attack rate, since they share the cost associated with

predators’ learning.

Stochasticity. – All environmental and population processes are probabilistic. Some

probabilities are defined as parameters of the model (probabilities of local catastrophes,

migration, presence of predators, speciation, shift in colour pattern). Predation and

survival rate are computed from the composition of the prey community.

Emergence. – The maintenance of a population in a cell depends on the local community

of species. For instance, a local population belonging to a species is more likely to persist

in a cell if it shares a mimetic morph already settled in the cell (thereby sharing the cost

of learning of predators), or if it exploits a different ecological niche (thereby lowering

competition). Species range then emerges from the ability of the species to persist and

expand in multiple cells.

In each cell, when predators are present, a dominant morph becomes rapidly established.

Individuals carrying a rare morph then suffer from a high per capita attack risk. A patch

is defined as contiguous cells where individuals share the same morph regardless of the

species they belong to. Spatial mosaics of morphs – composed of multiple patches – can

emerge, due to stochastic processes allowing new colour patterns to settle.

At the evolutionary scale, effective speciation rate emerges from the state variables of

the diverging subpopulation (i.e. occupied ecological niche and morph) and from the

species composition of the cell where divergence happens.

Observation. – We record the cell occupancy by each species, the state variable of each

species (occupied ecological niche and morph) and the resulting phylogeny at the end of

each simulation.

5.2.5 Initialization

At initial state, we introduce a single species in a corner of the grid since an invasion pro-

cess following local introduction has been shown to be the only scenario leading to the

emergence of morph diversity with the model of predation implemented here (presented

below) [Sherratt 2006]. Yet, the exact position of the initial species in the grid does not

change our results (Fig. S1 in Annex, page 193).
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5.2.6 Submodels

Local catastrophes. – Local catastrophes cause extinction of all populations occupying a

cell with a probability pd at any given time step. These stochastic events purge species

that have not invaded multiple cells.

Migration. – Each individual can migrate with a probability µ to one of the eight neigh-

bouring cells (King’s move). Borders of the lattice are assumed to be reflective so edge

cells have fewer neighbouring cells.

Predation. – Predators are not explicitly modelled, and we only implement predation

events on the community of prey. We assume that a community of predators is present

with probability pp in each cell of the grid. Stochasticity of predator presence in each

cell allows new colour patterns to invade through relaxed predation, as hypothesized in

Mallet’s (2010) shifting balance theory. At each time step, the community of predators

– when present – samples τmax individuals per morph, which enables predators to

associate given morphs to toxicity and to subsequently avoid prey carrying these morphs

[Mallet and Joron 1999; Sherratt 2006]. Each morph is treated independently by the

community of predators, and individuals carrying an abundant morph therefore benefit

from a low attack risk.

Speciation and effective speciation. – Speciation of any species can occur locally with

probability ps per cell. Speciation happens either in sympatry (with probability ssymp) or

in allopatry (with probability 1− ssymp). When sympatric speciation occurs, half of the

individuals from species i in the cell become reproductively isolated from the other half

and form a new species j . The derived species j occupies a different ecological niche z j =

(x j , y j ) derived from its ancestral one. The new ecological traits (x j , y j ) are drawn from

a normal distribution with means equal to the ancestral ecological traits (xi , yi ) and with

standard deviation σN. When allopatric speciation occurs, all individuals from species i

in the cell form a new species j , and occupy the same position in the ecological niche

space (z j = zi ).

To study the effect of shift in colour pattern on the diversification process, a specia-

tion event can be accompanied by a colour pattern shift as follows. When a speciation

event occurs with probability ps (either in sympatry or in allopatry), a species i leads to

the formation of a new species j whose individuals harbour either (1) the same colour

pattern (hereafter referred as speciation without colour shift, m j = mi ) with probability sn

or (2) a different colour pattern (referred as speciation with colour shift) with probability

sc (sn+sc = 1). When a colour shift occurs, the morph m j of the new species is drawn from

a uniform distribution in the discrete interval {1, ... ,Nmorph} until m j 6= mi . The total prob-

ability of speciation per species per cell ps is set to be constant, whatever the proportion

ssymp of ecological speciation in sympatry and the proportion sc of speciation associated

with colour shift. Our aim is not to investigate the impact of colour shift on the process of

speciation, but rather to test the influence of the emergence of new warning patterns on
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diversification.

Depending on their characteristics (colour pattern, ecological niche, initial density),

newly diverged species may frequently go extinct after a small number of generations

because of competition, predation or catastrophic events. To avoid any confounding

effect of such high species turnover, we thus consider only species persisting for more

than 500 generations in the summary statistics (changing this threshold does not affect

qualitatively our results, data not shown). When a speciation event produces a species

that persists for more than 500 generations, we consider such event as effective speciation

[similarly to models of protracted speciation, Rosindell et al. 2010].

Reproduction. – Reproduction is asexual and we assume equal fertility for every indi-

vidual, producing b offspring per time step. Parents are completely replaced by their

offspring, so that generations do not overlap.

Competition for resources. – Offspring survival depends on the carrying capacity of the

cell and on the competition among individuals, which itself depends on their ecological

niche. It is calculated using an analogue of the Beverton-Holt model: population growth

is logistic as a consequence of density-dependent resource competition. Offspring be-

longing to species i thus survive to the reproduction stage with probability vi :

vi =
1

1+ (b −1)
∑

j∈{1,... S}αi j N j

K

(5.1)

where b is the number of offspring per individual, S the number of species in the cell,

αi j the competition term between species i and species j calculated from their ecological

niche distance and N j the number of individuals from species j . K corresponds to the

carrying capacity of each species. A species can reach its carrying capacity K when there

is no competing species. Otherwise, it reaches a lower density due to interspecific com-

petition (see next paragraph). K is the same for all species, and its value has been chosen

arbitrarily.

The competition term αi j between species i and j is defined as follow:

αi j = max
[

1−C di j
f ,αmin

]
(5.2)

where C and f are chosen constants, di j =
√
‖zi − z j‖

2 =
√(

xi −x j

)2
+

(
yi − y j

)2 is the

Euclidian distance between the species’ positions in the two-dimensional niche space,

and αmin is the minimum competition term possible (Fig. S2).

αi j represents the niche overlap between two species. αi j decreases with the niche

distance di j between species. Thus, there is more competition between individuals from

the same species (intraspecific competition, αi i = 1) than between individuals from differ-

ent species (interspecific competition). We choose to implement a bell-shaped relation-

ship ( f > 1) between αi j and di j , so that competition between species occupying similar

niches is very intense (αi j ≃ 1), but then rapidly decreases when the niche distance be-
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tween species increases. Because we model the diversification of a clade where species

are relatively similar phylogenetically, it is realistic to assume a positive competition term

constrained to be greater than αmin.

5.3 Simulation experiments and statistics

5.3.1 Parameterization

Simulations end after five million generations, allowing sufficient time for equilibrium to

be reached (Fig. S3 and S4). We implement a grid size G = 20. Doubling the grid size does

not qualitatively change results (Fig. S5 and S6).

The default value of ssymp is 1 – i.e. speciation always occurs in sympatry with shift in

ecological niche. Speciation driven by ecological adaptation in sympatry is supported

by theoretical and empirical evidence in phytophagous butterflies [Ehrlich and Raven

1964; Mcbride and Singer 2010] and particularly in mimetic butterflies [Rosser et al. 2015].

Moreover, we obtain very close macroevolutionary patterns with ssymp = 0.5 in supple-

mentary analyses (Fig. S7).

The simple model of predation implemented generates positive frequency-dependent

selection on prey warning signals. Although the underlying model of predator sampling

behaviour has been challenged by some empirical studies [Beatty et al. 2004; Rowland

et al. 2010], positive frequency-dependent selection has been extensively documented in

nature [see Chouteau et al. 2016, for instance]. Here, we implement τmax = 10. This value

is chosen because it leads to intermediate levels of frequency-dependent selection. If

positive frequency-dependent selection is too strong, new morphs are strongly counter-

selected. If positive frequency-dependent selection is too weak, the invasion of the grid is

too fast and new morphs do not have time to settle in empty cells. In both cases, it gives

little opportunity to observe the emergence of spatial mosaics of morphs (Fig. S5).

In mimetic clades of butterflies [Jiggins et al. 2006], velvet ants [Wilson et al. 2012] and

catfishes [Alexandrou et al. 2011], it is common to observe sister species that either share

or diverge on colour pattern (due to stochastic or non-stochastic mechanisms listed in the

Introduction), which suggests that sc is not skewed toward 0 or 1 in nature. We therefore

implement values of sc ranging from 0 to 0.75.

A few dozen of morphs are typically observed across entire mimetic clades. For in-

stance, Williams [2007] used data for workers of all of the world’s known social bumblebee

species from the genus Bombus and described 24 mimicry rings. Likewise, Wilson et al.

[2012] assigned 60% of North American Dasymutilla species (velvet ants) to 6 mimicry

rings. Chazot et al. [2014] documented 26 mimicry patterns on a subsample of Ithomiine

species (butterflies) representing nearly 40% of the diversity of the mimetic tribe Ithomi-

ini. The observed number of morphs does not represent the maximum number of possi-

ble morphs, but it is probably a good indicator. We therefore implement values of Nmorph
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ranging from 4 to 30.

5.3.2 Statistics

To characterize the geographic patterns of diversification, we measure (1) species’ range

sizes and (2) the number of patches in the resulting spatial mosaic. (1) Species range

size is defined as the number of cells occupied by each species. (2) A patch of the spatial

mosaic is defined as contiguous cells where individuals share the same morph regardless

the species they belong to. To increase the likelihood that the patches observed at the end

of the simulation are not transient, we record only patches with a size greater than 5 cells.

In our simulations, polymorphism within cell does not occur so that the patches of the

mosaic are well defined.

We also record global and local species richnesses, corresponding to the total num-

ber of species existing in the grid and the mean number of species per cell, respectively.

To understand the mechanisms behind the formation of spatial mosaics with different

patchiness, we record the generation at which the first diversified patch (i.e. patch with

two species) appears and the generation at which every cell in the grid is occupied by at

least one individual.

To analyze how species occupy the ecological niche space, we measure the pairwise

Euclidian distances between the species’ positions in the two-dimensional niche space

(∀(i , j ) ∈ N
2, di j ). We compute the Hartigans’ dip test statistic [Hartigan and Hartigan

1985; Freeman and Dale 2013] to assess the multimodality intensity in the distribution

of pairwise niche distances, using the package diptest in R (R Development Core Team

2012). When species uniformly occupy the niche space, then the dip statistic of the dis-

tribution of the pairwise niche distances is close to 0. The dip statistic increases when

species distribution throughout the niche space departs from uniform expectations, re-

sulting in clustered, uneven coverage of niche space.

We build the phylogeny by retaining only branches leading to species present at the

end of the simulation. We measure tree imbalance, temporal shift in diversification rate

and proportion of convergence events. Imbalance refers to the distribution of branching

events among sub-clades: diversification rates that differ between sub-clades can lead

to unbalanced trees, while homogeneous rates lead to balanced trees. We measure the

normalized imbalance IC of the reconstructed trees based on the Colless’ index IColless

[Colless 1982], which has been evaluated as one of the best estimators of tree imbalance

[Kirkpatrick and Slatkin 1993; Agapow and Purvis 2002]:

IColless =
∑

(al l i nter i or nodes)

| TR −TL | (5.3)

Where at each node, the right and left branches subtend TR and TL tips respectively. To

compare trees with different sizes, we compute the normalized Colless’ index IC under

177



CHAPTER 5. SPATIAL MOSAIC OF MORPHS AND
DIVERSIFICATION

the Yule model (pure birth process) [Blum et al. 2006]:

IC =
IColless −n log(n)−n(γE −1− log2)

n
(5.4)

With Euler’s constant γE = 0.58 and n the number of extant species. Yule trees display

IC = 0, whereas trees more unbalanced than Yule trees have IC > 0 and trees more balanced

than Yule trees have IC < 0.

We measure temporal shifts in diversification rate (ρ) as the proportional difference in

rate between the first (r1) and second half (r2) of the reconstructed phylogeny:

ρ =
r2 − r1

r1 + r2
(5.5)

Rates are computed following Magallón and Sanderson [2001]: r = (log(ne )− log(ni ))/t ,

with ni and ne the number of species at the start and the end of the time period, respec-

tively, and t the length of the period. ρ = 0 indicates a constant diversification rate, ρ > 0

a speedup in diversification rate and ρ< 0 a slowdown in diversification rate. Similarly to

Pigot et al. [2010], we prefer this method to the γ statistic [Pybus and Harvey 2000], which

is sensitive to species richness [McPeek 2008].

We also record the proportion of events of colour pattern convergence observed on

the reconstructed phylogeny – i.e. when a speciation event with colour shift leads to

phenotypic convergence between the new derived species and already existing non-sister

species.

5.3.3 Simulations conducted

We perform simulations without predation (pp = 0 instead of 0.9) to characterize patterns

of diversification in the absence of mimetic interactions (since mimicry emerges from

predators’ learning process). We also perform simulations assuming a null proportion of

speciation to be associated with shift in colour pattern (pp = 0.9 and sc = 0).

Using multivariate linear models based on least-square estimation, we test the ef-

fect of varying levels of two factors, proportion of speciation events associated with

colour pattern shift (sc = {0.25,0.50,0.75}) and number of possible morphs (Nmorph =

{4,6,8,10,20,30}), on diversification and ecological statistics (Global species richness, Lo-

cal species richness, Median of species range size, Hartigans’ dip statistic, Proportion of

convergence events, IC, ρ). To investigate the effect of spatial distribution of mimetic

morphs, the number of patches of the resulting mosaics is then included as another

predictor in these multivariate linear models. Effect sizes of regression coefficients are

estimated using t-tests. Figures only display macroevolutionary patterns obtained with

sc = 0.50.

For each combination of parameter values tested, we perform 150 simulations.
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5.4 Results

Diversification patterns in the absence of predation (pp = 0) are similar to those with pre-

dation and speciation without colour shift (pp = 0.9 and sc = 0) (Fig. 5.3). Therefore, we

can assume that variation in sc captures the effects of Müllerian mimicry in the model. To

avoid redundancy, here we do not describe the diversification patterns in the absence of

predation, since they are similar to those generated under sc = 0.

5.4.1 Formation of the spatial mosaic of morphs

In our model, a stable spatial mosaic of morphs frequently emerges when speciation

events with colour shift are implemented (in about 50% of the simulations with sc = 0.5,

see an example of simulation in Fig. 5.1b). Derived species with non-mimetic morphs are

generally excluded from already occupied cells because they suffer from a high per capita

predation risk compared to already established species that benefit from mimetic protec-

tion. Therefore, derived species whose colour pattern shifted during speciation are more

likely to settle in empty cells rather than in already occupied cells. This plays a key role in

the invasion of the grid and therefore in the formation of spatial mosaics of morphs. The

number of patches of the resulting mosaic increases with the number of possible morphs

(Nmorph) (inversely proportional to the probability of convergence to an existing morph)

(Fig. 5.2b). Note that the number of patches of the resulting mosaic does not exceed the

lowest value of Nmorph tested (= 4).

Such effect of Nmorph on the formation of the mosaic is explained by the dynam-

ics of the invasion process. The number of patches of the resulting mosaic greatly

depends on the probability of emergence of a patch with two coexisting species (Fig.

5.2a). When two species occupying distinct ecological niches coexist within a cell,

the number of individuals in that cell is higher (up to twice the carrying capacity K if

there is no competition between those two species). From such cells, more migrants

(= migration rate × the number of individuals in the cell) invade the surrounding cells

leading to a quicker invasion of the grid. Derived species with exotic morphs have

then less time to invade empty cells, limiting the probability of establishment of new

patches with different morphs. Such acceleration in the invasion dynamic can even

lead to the collapse of neighbouring patches occupied by a single species. When a

speciation event is not associated with colour shift, the derived species displays the

same colour pattern as its ancestral species sharing the same cell. Thus, it benefits

from protection against predation because of Müllerian mimicry. Furthermore, the

settlement of such co-mimetic derived species in co-occurrence with its ancestral

species is favoured because the derived species can benefit from relaxed competition

with its ancestral species when speciation is associated with niche divergence (i.e.

simulations without allopatric speciation, ssymp = 1). When sc = 0.5, half of the speciation

events are associated to colour shift. The formation of a two-species patch is therefore

more likely if there is a high probability of convergence to a morph already settled in
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Without 

colour shift

(  With

 colour shift

b

a

Figure 5.1 – Output of the model after 5 million generations. Example of two simulations assuming
either (a) no speciation associated with colour pattern shift (sc = 0), or (b) a proportion of 50% of
speciation events associated with colour pattern shift (sc = 0.5, Nmorph = 30). From left to right,
we plot the distribution of the morphs in the grid (the opacity is proportional to the population
density in the cell), the occupation of the niche space by the species (represented by dots), and
the resulting phylogenies. Each morph is plotted as a distinct colour. In (b), the resulting mosaic
is composed of three patches – defined as contiguous cells (> 5 cells) where individuals share the
same morph. Parameter values: see Table 5.1.

the community. Therefore, under such conditions, the high convergence rate generated

by the low number of possible morphs Nmorph leads to a quicker grid invasion (Fig. 5.2a)

and to a mosaic with a low number of patches (Fig. 5.2b). Overall, the effect of Nmorph on

the patchiness of the mosaic is qualitatively the same than in Fig. 5.2b where sc = 0.5 – yet

there is no effect of Nmorph on the patchiness when sc is too low (e.g. sc = 0.25) (Fig. S8).

The formation of a mosaic is very sensitive to other parameters linked to predation

(number of prey attacked before predation on a given morph ceases, τmax) or stochastic

events (such as the probability of catastrophic events, pd ) as already noticed in the pre-

vious two-species model [Sherratt 2006] (Fig. S5). Furthermore, the probability of speci-

ation (ps), the probability of allopatric speciation without ecological shift (1− ssymp) and

the competition intensity (minimum competition term, αmin, and curvature of the com-

petition function, ( f ,C)) can also influence the formation of the mosaic of morphs (Fig. S5

and S9). Decreasing the probability of speciation (low ps leads to fewer speciation events,

including those associated with colour shift) or the survival of exotic morphs (high τmax,

or high pd ) decreases the effective speciation rate of species displaying a novel morph. In-
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creased effective speciation rate – including speciation without colour shift – (when αmin,

or τmax are low for instance) leads to a quick invasion of the grid, resulting into mosaics

with lower numbers of patches. When allopatric speciation without colour shift is imple-

mented, new morphs are more likely to persist because they are not in competition with

their parental species, leading to more patchy mosaics (ssymp = 0.5, in Fig. S9).

ba

Figure 5.2 – Effects of the number of possible morphs (Nmorph) on the formation of the spatial mo-
saic of morphs, when there is predation, and when there are colour shifts (sc = 0.5). We plot the
numbers of generations until the formation of the first patch with two species and until the com-
plete occupation of the grid (represented by mean values and their confidence intervals) (a), and
the proportion of simulations resulting in mosaics with different numbers of patches (represented
by different shades of grey) after 5 million generations (b). Parameter values: see Table 5.1.

5.4.2 Temporal, geographical and ecological dynamics of

species richness

Both the probability of speciation associated with colour pattern shift (sc ) and the num-

ber of possible morphs (Nmorph) affect the final species richness. Those parameters can

alter directly the diversification rate. Moreover, they can affect indirectly the dynamics of

species richness through their effects on the formation of the spatial mosaic of morphs.

• The proportion of speciation with colour shift (sc) and the number of possible

morphs (Nmorph) have direct and indirect effects on species richness.

As illustrated in Fig. 5.1, simulations with high values of sc or Nmorph lead to richer

clades (Fig. 5.3a; the regression coefficients associated with ‘sc ’ and ‘Nmorph’ are 25.30

and 0.32 respectively, with both Pvalue < 0.001, in the model ‘Global species richness ∼

sc + Nmorph’, Table 5.2). But, the global species richness and the number of patches of

the resulting mosaic are highly correlated (Fig. 5.3a; the regression coefficient associated

with ‘Number of patches’ is 19.96, Pvalue < 0.001, in the model ‘Global species richness

181



CHAPTER 5. SPATIAL MOSAIC OF MORPHS AND
DIVERSIFICATION

∼ sc + Nmorph + Number of patches’, Table 5.2). If we control for its effects on the number

of patches of the mosaics, increasing sc actually decreases the number of lineages per-

sisting at the end (the regression coefficient associated with ‘sc ’ is −9.33, Pvalue < 0.001,

in the model ‘Global species richness ∼ sc + Nmorph + Number of patches’, Table 5.2) be-

cause the effective speciation rate of species with exotic morphs is low due to positive

frequency-dependent predation. Similarly, Nmorph does not significantly affect the diver-

sification process if we control for its effect on the mosaic (Pvalue = 0.99 for the regression

coefficient associated with ‘Nmorph’, in the model ‘Global species richness ∼ sc + Nmorph +

Number of patches’, Table 5.2).

• The formation of the spatial mosaic constrains species ranges and extends niche

space.

The formation of the spatial mosaic of morph leads to increased local and global

species richnesses (Fig. 5.3a and 5.3b) for the following reasons. First, non-mimetic

species occupying distant ecological niches in different patches can co-occur within a

cell when speciation with colour shift leads to convergence toward the same colour pat-

tern (Fig. 5.3e), increasing local species richness. Second, the emergence of a mosaic

restricts species’ range sizes (Fig. 5.3C) because species with a given morph have reduced

probability to invade cells occupied by species displaying a different colour pattern. Such

spatial segregation favours the maintenance of species occupying close ecological niches

in different regions of the grid that would not have coexisted within cell because of inter-

specific competition. Altogether, the formation of a patchy mosaic favours a more uni-

form occupation of the ecological niche space (Hartigans’ dip statistic close to 0, in Fig.

5.3d, and see some examples of simulations in Fig. 5.1). It suggests that the local domi-

nant colour pattern corresponds to a new dimension in the ecological niche space, allow-

ing the same spatial grid to maintain more species. We note that simulations that did not

lead to the formation of a spatial mosaic do not differ in their macroevolutionary patterns

from simulations without mutualistic mimicry (i.e. without predation).

Table 5.2 – Multivariate linear regression model. Species richness, range size and ecology.

Term
Global species Local species Median of species Hartigans’ dip

richness richness range size statistic

Estimate Pvalue Estimate Pvalue Estimate Pvalue Estimate Pvalue

sc 25.30 <0.001 -0.83 <0.001 -198.98 <0.001 -3.43e-02 <0.001

Nmorph 0.32 <0.001 1.44e-02 0.003 -1.15 <0.001 -3.47e-04 <0.001

sc -9.33 <0.001 -2.85 <0.001 -53.76 <0.001 9.74e-03 <0.001

Nmorph -6.69e-5 0.99 -4.51e-03 0.31 0.20 0.33 7.10e-05 0.22

Number of patches 19.96 <0.001 1.16 <0.001 -83.75 <0.001 -2.52e-02 <0.001

Note: Multivariate linear models (least-square estimation) : Term ∼ sc + Nmorph, and Term ∼ sc + Nmorph +

Number of patches. Estimates that are significantly different than 0 are in bold (Pvalue of the t-test < 0.05).
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Figure 5.3 – Relationship between the number of patches of the mosaic emerging from the simu-
lations and the spatial and ecological structure of the prey community after 5 million generations.
Effects of the proportion of speciation events with colour shift (sc ) and of the number of possi-
ble morphs (Nmorph). In each subfigure, from left to right, the pannels corresponds to simulations
without predation (pp = 0), to simulations with predation and without colour shift (pp = 0.9, sc = 0),
and to simulations with predation and with colour shift (pp = 0.9, sc = 0.5). We plot the number
of species of the simulated clades – global (a) and local (b) species richnesses –, the median of
species range size (number of cells occupied) (c), the species’ niche occupation (Hartigans’ dip
statistic of the distribution of pairwise niche distance) (d), the proportion of convergence events
(e), the estimator of the imbalance IC of the resulting trees using normalized Colless’ index (f), and
the temporal shift in diversification rate ρ (g). The dotted lines in the graphs representing the val-
ues of IC and ρ correspond to the expected values under the Yule model (pure birth model). For
each combination of parameters, simulations are classified according to the number of patches of
their resulting mosaics (different shades of grey). The number of patches has a large ‘effect’ on the
macro-evolutionary pattern. Yet, note that simulations leading to patchy mosaics are relatively
rare (see Fig. 5.2). Data distribution is represented by box-and-whiskers plot. The central line, the
box upper/lower limits and the line upper/lower limits correspond to the median, the upper/lower
quartile, and the maximum/minimum, respectively. Parameter values: see Table 5.1.
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• Many parameters have direct and indirect effects on species richness.

All parameters affecting the number of patches of the resulting mosaic (pd , ps , ssymp,

τmax, αmin, curvature of the competition function in Fig. S10, S11, S7, S12, S13 and S14

respectively), thus alter the macroevolutionary pattern of species diversification. They

also have direct effect on the dynamics of species richness. For instance, decreasing the

minimum competition term possible (αmin) or increasing the overall probability of speci-

ation (ps) increases local species richness and therefore the global species richness (Fig.

5.5a and 5.5b). Similarly to sc , the direct and the indirect effects of αmin are antagonistic

(low αmin results in mosaics with low numbers of patches, but favours a high local species

richness).

Overall, local selection mediated by mimicry can increase species diversification

within clade, but mainly through the formation of multiple homogeneous patches shared

by different species that display the same mimetic signal (see the summary diagram, Fig.

5.4a).

ba

dc

Figure 5.4 – Direct (plain lines) and indirect (via the number of patches of the mosaic, dotted lines)
effects of sc and Nmorph on the global species richness (a), tree imbalance (IC) (b), the proportion
of convergence events observed (c), and the slowdown in diversification rate (1/ρ) (d). Positive and
negative forces are represented by (+) and (−) symbols, respectively. When the direct and indirect
forces are opposite, the dominant force is represented by a thicker arrow.

5.4.3 Phylogenetic tree shape and mimicry convergence

The shape of reconstructed phylogenetic trees depends on the combination of pa-

rameters sc and Nmorph, because of their effects on the diversification rate and on the

emergence of the spatial mosaic of mimetic colour patterns.
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• The formation of a spatial mosaic balances the phylogenetic tree.

The negative correlation observed between ‘Nmorph’ and the tree imbalance IC (re-

gression coefficient of −2.60e−03 , with Pvalue = 0.04 in the model ‘IC ∼ sc + Nmorph’, Table

5.3) is driven by the effect of Nmorph on the formation of the spatial mosaic of morphs.

Indeed, phylogenetic trees are significantly more balanced (lower IC) when mosaics

are patchy (Fig. 5.3f; the regression coefficient associated with ‘Number of patches’ is

−7.30e− 02, Pvalue < 0.001, in the model ‘IC ∼ sc + Nmorph + Number of patches’, Table

5.3). Species with large range sizes have more opportunities to give rise to new species in

our model. Therefore, by balancing species range sizes, spatial segregation of species due

to Müllerian mimicry gives similar opportunities of speciation to each lineage and leads

to more balanced phylogenetic trees. Therefore, Nmorph favours tree balance indirectly,

through its effect on the number of patches of the resulting mosaic.

• The formation of the spatial mosaic does not change the temporal dynamics of

diversification.

A slowdown of the diversification rate through time (ρ < 0) is observed for all com-

binations of parameters tested (Fig. 5.3g): when ecological niche space fills, the effec-

tive speciation rate is reduced due to inter-specific competition. The statistic measur-

ing temporal shift in diversification rate ρ is positively correlated to sc and Nmorph (the

regression coefficients associated with ‘sc ’ and ‘Nmorph’ are 0.14 and 2.52e− 03 respec-

tively, with both Pvalue < 0.001, in the model ‘ρ ∼ sc + Nmorph’, Table 5.3). The number

of patches of the resulting mosaic does not change the temporal dynamics of diversifica-

tion (Pvalue = 0.10 for the regression coefficient associate to ‘Number of patches’, in the

model ‘ρ∼ sc + Nmorph + Number of patches’, Table 5.3). Low values of sc or Nmorph lead to

quicker occupation of the niche space by initially increasing the effective speciation rate.

Thus, branching events slow down more rapidly as lineages accumulate, which results in

nodes being more concentrated close to the root of the phylogeny (low ρ values).

Table 5.3 – Multivariate linear regression model. Mimicry convergence and shape of phylogenies.

Term
Proportion of

convergence events IC ρ

Estimate Pvalue Estimate Pvalue Estimate Pvalue

sc 9.41e-02 <0.001 -6.59e-02 0.26 0.14 <0.001

Nmorph -1.03e-03 <0.001 -2.60e-03 0.04 2.52e-03 <0.001

sc 8.40e-02 <0.001 6.17e-02 0.34 0.16 <0.001

Nmorph -1.24e-03 <0.001 -1.39e-03 0.284 2.67e-03 <0.001

Number of patches 1.48e-02 <0.001 -7.30e-02 <0.001 -8.88e-03 0.10

Note: Multivariate linear models (least-square estimation) : Term ∼ sc + Nmorph, and Term ∼ sc + Nmorph +

Number of patches. Estimates that are significantly different than 0 are in bold (Pvalue of the t-test < 0.05).
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• The proportion of convergence events observed depends on the spatial mosaic.

The proportion of speciation events with colour shift sc and the probability of conver-

gence to an existing morph (1/Nmorph) both favour the occurrence of convergence events

(Fig. 5.3e; the regression coefficients associated with ‘sc ’ and ‘Nmorph’ are 9.41e − 02

and −1.03e − 03, with both Pvalue < 0.001, in the model ‘Proportion of convergence

events ∼ sc + Nmorph’, Table 5.3). We still observe this effect when we control for the

number of patches of the mosaics (the regression coefficients associated with ‘sc ’ and

‘Nmorph’ are 8.40e − 02 and −1.24e − 03, Pvalue < 0.001, in the model ‘Proportion of

convergence events ∼ sc + Nmorph + Number of patches’, Table 5.3). However, the number

of patches of the mosaic is positively correlated with the proportion of convergence

events (the regression coefficient associated with ‘Number of patches’ is 1.48e − 02,

Pvalue < 0.001, in the same linear model, Table 5.3). Therefore, sc and Nmorph affect

directly and indirectly (through their effect on the formation of the mosaic) the pro-

portion of convergence events observed. In particular, as expected, a high probability

of convergence (incurred by a low Nmorph) has a positive direct effect on the propor-

tion of convergence events observed in the reconstructed phylogeny. But its indirect

effect is negative: a high probability of convergence favours the formation of mosaics

with a low number of patches, giving us little opportunity to observe convergence events.

• Many parameters have direct and indirect effects on the phylogenetic tree shape

and on convergence.

The effects of other parameters on tree imbalance are mainly mediated by their effect

on the spatial distribution of morphs. Indeed, the parameters ssymp (Fig. S7), pd (Fig.

S10), ps (Fig. S11), τmax (Fig. S12), αmin (Fig. S13) affect the number of patches of the

resulting mosaic, which alters the imbalance of the resulting phylogenies (Fig. 5.5). They

have also indirect and direct effects on the proportion of convergence events. Those

effects can be redundant (high ssymp, high pd and low αmin result in mosaics with a

low number of patches, and directly favour a low proportion of convergence events) or

contradictory (low ps results in mosaics with a low number of patches, but favours a high

proportion of convergence events).

Therefore, the emergence of the spatial mosaic greatly affects the shape of phyloge-

nies of mimetic organisms (see the summary diagram, Fig. 5.4b, 5.4c and 5.4d). Müllerian

mimicry is a mutualistic interaction, which is expected to lead to more balanced trees

due to spatial segregation. Our model also predicts that mimetic clades where numerous

convergence events are observed are not necessarily those with the highest probabilities

of convergence. High probability of convergence leads to mosaics with a low number

of patches in a context of invasion, and therefore allows little opportunity to actually

observe these convergence events in the resulting phylogeny.
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Figure 5.5 – Direct (plain lines) and indirect (via the number of patches of the mosaic, dotted lines)
effects of other parameters on the global species richness and on tree imbalance (see supplemen-
tary figures S13, S11, S10 and S7 for more details). Positive and negative forces are represented by
(+) and (−) symbols, respectively. When the direct and indirect forces are opposite, the dominant
force is represented by a thicker arrow.

5.5 Discussion

Our model demonstrates that spatial variation of the mimetic environment should af-

fect the diversification process at a macroevolutionary scale. First, constraints imposed

by ecological interactions on species range size can equalize speciation rates among lin-

eages, resulting in more balanced phylogenies. Secondly, mutualistic coevolutionary dy-

namics can promote a larger coverage of the available ecological niche space, thereby

increasing the overall species richness in the clade.

5.5.1 Ecological interactions constrain species range size

and balance speciation rates among lineages

Phylogenies can be analyzed to investigate the underlying processes of diversification.

To extract such information from empirical phylogenies, many studies have focused on

dissecting how abiotic and biotic factors affect the shape of phylogenies. Here we pro-

vide theoretical evidence that mimetic interactions can balance the resulting phylogenies
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through constraints they exert on species geographic distribution. Since ecological spe-

ciation is a local process, we implemented a constant probability of ecological speciation

per cell. As a consequence, lineages with large range size – i.e. covering a large number

of cells – have higher speciation rates. Thus, this assumption of our model promotes dif-

ferences in speciation rate between species with small vs. large range size. If there are no

spatial constraints, a small number of species with large range size give rise to large num-

ber of derived species, leading to unbalanced trees. Geographical constraints imposed

by Müllerian mimicry reduce the differences between species range sizes, thereby ho-

mogenizing speciation rates among lineages. Hence, the resulting phylogenies are more

balanced when the spatial mosaics of morphs are patchy.

Empirical investigations (1) testing whether mimetic clades are more balanced than

non-mimetic clades or (2) assessing the correlation between patchiness and tree balance

among mimetic clades or subclades are needed to estimate the actual effects of mimetic

interactions on diversification over large phylogenetic scale. However, in order to test the

different predictions proposed in our study, information about species spatial distribu-

tions (including subspecies distributions if some exhibit different mimetic morphs), phy-

logeny and colour patterns are needed. Clades that fulfill these three conditions remain

currently rare. Yet, we hope our theoretical results will stimulate further research in that

direction. Moreover, we expect similar constraints on range size between species involved

in other forms of obligate mutualism, where mutualistic partners are completely interde-

pendent for survival (e.g. symbiotic relationship between algae and fungus in lichens).

We thus encourage testing our theoretical predictions on empirical data in organisms in-

volved in such mutualistic interactions.

Mimetic species often harbor multiple geographic races displaying distinct colour

patterns [Mallet and Joron 1999]. Polymorphic species gain protection against predators

in different geographical areas by displaying a locally-abundant colour pattern. Polymor-

phic species’ range sizes are therefore not limited by the spatial mosaic, reducing the indi-

rect effect of colour shift during speciation at macroevolutionary scale. For simplicity, we

did not consider polymorphic species in the model. Given the direct influence of colour

pattern shift on speciation rate, these races might correspond to early stages in the ecolog-

ical speciation continuum [Chamberlain et al. 2009] [but see Martin et al. [2013]], and can

therefore be regarded as incipient species. We also did not observe the maintenance of

different warning colour patterns within cells because of the strong frequency-dependent

selection implemented in our model. However, local colour pattern diversity is readily ob-

served in mimetic communities of neotropical ithomiine [Beccaloni 1997] and heliconi-

ine butterflies [Rosser et al. 2015], leaf beetles [Borer et al. 2010] or frogs [Chouteau and

Angers 2012], due to correlated microhabitat segregation for predators and prey within

communities [Elias et al. 2008; Gompert et al. 2011]. Here, we did not implement micro-

habitat segregation, because this would amount to subdivide each cell into smaller items

(microhabitats), and would lead to similar results, but at a smaller scale.

Other biotic interactions such as competition, reproductive interference or predation
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are known to generate and maintain parapatric distributions [Bull 1991]; therefore they

could have effects on macroevolutionary patterns similar to those driven by mutualistic

mimicry. Moen and Morlon [2014] already suggested that antagonistic ecological interac-

tions could indirectly affect macroevolutionary patterns of diversification when consider-

ing the influence of geography on diversification rates. As highlighted here, other features

of speciation (geographic mode of speciation, probability of speciation, ecological simi-

larity between species) and other processes (local catastrophes) can favour the formation

of spatial mosaics of morphs, and have therefore an indirect effect on macroevolutionary

patterns. This stresses the need for theoretical and empirical studies exploring direct and

indirect effects of any ecological process constraining species range size.

Finally, indirect effects of ecological interactions on the shape of phylogenies may de-

pend on the mode of speciation considered (i.e. allopatric vs. ecological speciation). In

our model, allowing a fraction of the speciation events to be allopatric facilitates the for-

mation of patchy mosaics and therefore leads to richer and more balanced clades than

when speciation is only sympatric. This suggests that allopatric speciation may be of

prime importance to explain the diversification of mimetic clades and the way they are

spatially structured. Landscapes may change because of the formation of mountains or

islands. Changes in climatic conditions, which can isolate population and drive allopatric

speciation, may also be largely responsible for the mimetic mosaics that are commonly

observed [Brown and Benson 1974; Brower 1996]. For simplicity, we assumed that al-

lopatric speciation occurs within a single cell, with equal probability in each cell. How-

ever, speciation due to vicariance is likely to affect species in multiple cells and its prob-

ability may be higher for species with intermediate range size [Pigot et al. 2010]. Indeed,

even if there is a high probability that a geographical barrier affects species with large

range sizes, this geographical barrier may not go through the entire range. Therefore,

when species range size is constrained by ecological interactions, the balance of the phy-

logeny and the temporal shift in diversification rate may be different under a model of

vicariant speciation where barriers can affect multiple cells.

5.5.2 Mutualistic mimicry extends the number of ecolog-

ical niche dimensions and enhances diversification

through the formation of the spatial mosaic of morphs

Mimetic colour patterns have been suggested to be “magic traits" – i.e. traits under

divergent selection that also contribute to non-random mating [Servedio 2011] – that

drive speciation [Jiggins 2008]. We did not implement such direct effects of colour pat-

tern shift on the probability of speciation, which makes our model conservative with

respect to the effect of colour pattern shifts on diversification of mimetic clades. How-

ever, under such conditions and despite positive frequency-dependent selection against
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non-mimetic derived species, we showed that implementing speciation with colour pat-

tern shift greatly enhances diversification of Müllerian mimetic clades. The enhanced

diversification of mimetic clades is entirely attributable to the formation of spatial mo-

saics, since increasing the proportion of speciation events with a colour pattern shift af-

ter controlling for the number of patches actually decreases species richness in our sim-

ulations. Observations of high diversification rates in Müllerian mimetic clades are in

agreement with this prediction. A recent empirical study on amphibians indeed showed

that clades exhibiting chemical defenses and warning colour patterns are characterized

by increased diversification rates [Arbuckle and Speed 2015]. Similarly, the neotropical

mimetic butterflies tribes Heliconiini (Nymphalidae: Heliconiinae, ∼100 species) and

Ithomiini (Nymphalidae: Danainae, ∼390 species) are remarkable by their species rich-

ness. Müllerian mimicry might be viewed as a key innovation, the acquisition of which

is repeatedly accompanied by an increased diversification rate due to the emergence of

spatial variation of the mimetic environment.

We showed that this spatial segregation of mimetic communities favours a more uni-

form occupation of the ecological niche space, and limits the diversification slowdown

triggered by ecological niche filling. Under Hutchinson’s definition, ecological niche coor-

dinates describe the environmental conditions (temperature, available resources...) nec-

essary for a species to persist [Hutchinson 1957]. Ecological niche filling has been hypoth-

esized to slow diversification down [Mayr 1942, 1947; Simpson 1953; Phillimore and Price

2008; Rabosky and Lovette 2008]. By explicitly modelling the ecological niche space, we do

observe diversification slowdown due to niche filling in our simulated phylogenetic trees,

but this slowdown is delayed in cases where a spatial mosaic of morphs emerges. Because

of positive frequency-dependent selection pressure exerted by predators, individuals ex-

hibiting the locally dominant morph benefit from a survival advantage. The local mimetic

pattern can therefore be considered as a new dimension of the niche, because species

can persist in a locality only if they display the dominant colour pattern, i.e. the pattern

most likely to be avoided by the predator community. In the cases where a spatial mosaic

is formed, this new niche dimension allows two ecologically similar species that should

exclude one another to persist if they harbor different colour pattern, because they are

spatially segregated. Therefore, geographical variation of mimicry ring composition indi-

rectly enhances the diversification process by increasing the ecological niche space avail-

able. Contrary to the two other niche dimensions initially implemented, mimetic colour

pattern represents a dimension of the ecological niche that generates a positive interac-

tion between species sharing the same colour pattern. On the other hand, it generates

an antagonistic interaction between co-occurring species with different colour patterns,

because species with less abundant colour patterns are eliminated by predation, due to

positive frequency-dependent selection.

Our study highlights that mutualistic coevolution – mediated by Müllerian mimicry

– can be geographically structured, and that such spatial variation of the biotic environ-

ment corresponds to multiple ecological niches. Empirical studies have provided sup-

port for the existence of similar mosaic when other mutualistic interactions are involved,
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such as legume-rhizobial symbioses [Parker 1999], mycorrhizal symbioses [Johnson et al.

2010] or plant-pollinator mutualism [Anderson and Johnson 2008]. Defense mutualism

– the ability of plants to form mutualistic interactions with animal defenders – has al-

ready been hypothesized to expand the realized niche of a plant [Bruno et al. 2003] and to

favour diversification, by increasing the probability that a lineage will encounter condi-

tions with ecological opportunity [Weber and Agrawal 2014]. More generally, many forms

of coevolution generate geographic constraints by imposing tight links between interact-

ing species [see the Geographic Mosaic Theory of Coevolution synthesized in Thomp-

son 2005]. Antagonistic interactions, between competitors for resources [Benkman et al.

2001], host-parasites [Burdon and Thrall 1999; Nuismer et al. 2003; Lively et al. 2004] or

between prey and predators [Brodie Jr et al. 2002; Toju and Sota 2006], are recognized to

promote spatial variation of coevolution. Due to the formation and the maintenance of

the geographic mosaic of coevolution – driven by random genetic drift for instance [Ki-

ester et al. 1984; Sherratt 2006] – the number of niche dimensions should be higher. Thus,

clades involved not only in antagonistic coevolution but also in mutualistic coevolution

are expected to be more diverse.

5.6 Conclusion

Our theoretical work suggests that Müllerian mimicry, and possibly other forms of ob-

ligate mutualistic interactions, can favour the diversification process at a macroevolu-

tionary scale by constraining species range sizes and by extending the ecological niche

space. Only a handful of empirical studies have shown that coevolution in mutualisms

can result in stable mosaic patterns of spatial differentiation, perhaps because theoretical

conditions leading to the formation of such mosaics are limited. In the well-documented

example of mutualistic Müllerian mimicry, multiple factors generating colour pattern di-

versity have been identified, although polymorphism in Müllerian mimicry has been con-

sidered paradoxical for decades. We now need to understand to what extent other forms

of mutualism can lead to the formation and the maintenance of mosaics of coevolution.

It would help to understand large-scale patterns of diversification, since we showed that

such mosaic of coevolution is expected to promote species-rich clades and to balance

phylogenetic trees. Our theoretical approach also stresses the need to empirically inves-

tigate the link between spatial mosaics of coevolution and macroevolutionary patterns.

It could guide future empirical research in Müllerian mimetic clades by providing clear

causal relationships between local processes and macroevolutionary patterns of diversi-

fication. Overall, our theoretical simulations are shedding light on the conditions under

which macroevolutionary patterns of diversification have emerged in nature.
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5.8 Annex: Supplementary figures

Figure S1 – Formation of the spatial mosaic of morphs. We plot the proportion of simulations
resulting in mosaics with different numbers of patches (represented by different shades of grey)
under two different starting conditions: when the initial species is placed at the corner or at the
center of the grid. Parameter values: see Table 5.1. sc = 0.50.
The results are qualitatively similar and the formation of the mosaic is possible whatever the posi-
tion of the initial species. Therefore, the position of the initial species does not matter.
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Figure S2 – Competition term αi j calculated from the Euclidean distance di j between positions
(xi , yi ) and (x j , y j ) of two species in the ecological space. The curves are drawn with different val-
ues of ( f ,C) (a) or of minimum competition term possible αmin (b). In subfigure a, the competi-
tion functions 1, 2 and 3 correspond to the competition functions with parameters ( f ,C) : (4,150),
(5,500) and (7,7000), respectively. The default values of ( f ,C) and αmin implemented in our study
are (5,500) and 0.2, but other values are tested in complementary simulations (see figure S5, S13
and S14).

Figure S3 – Formation of the spatial mosaic of morphs. We plot the proportion of simulations
resulting in mosaics with different numbers of patches (represented by different shades of grey):
after 4 million and after 5 million generations. Parameter values: see Table 5.1. sc = 0.50.
The results are qualitatively similar after 4 and 5 million generations. Therefore, our simulations
allow sufficient time for equilibrium to be reached.
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Figure S4 – Relationship between the number of patches of the mosaic emerging from the simula-
tions, the spatial and ecological structure of the prey community and the reconstructed phylogeny.
Effects of the number of possible morphs (Nmorph). From top to bottom, we plot the diversity of
the simulated clades (global and local species richnesses), the geography of species (median of
species range size), species niche occupation (Hartigans’ dip statistic of the distribution of pair-
wise niche distance), the proportion of convergence events, the estimator of the imbalance IC of
the resulting trees using Colless’ index, and the temporal shift in diversification rate ρ. We record
the community state and the phylogeny at two different time steps: after 4 million and after 5 mil-
lion generations. For each combination of parameters, simulations are classified according to the
number of patches of their resulting mosaics (different shades of grey). Data distribution is repre-
sented by box-and-whiskers plot. Parameter values: see Table 5.1. sc = 0.50.
The results are qualitatively similar after 4 and 5 million generations. Therefore, our simulations
allow sufficient time for equilibrium to be reached.
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Figure S5 – Formation of the spatial mosaic of morphs. Effects of the grid size (G), the probability
of cell destruction in any given cell (pd ), the probability of speciation of each species in any given
cell (ps), the number of prey attacked before predation on a given morph ceases (τmax), the mini-
mum competition term possible (αmin), and the competition function (see figure S2a). At the top,
we plot the duration to the formation of the first patch with two species and the duration to the
complete occupation of the grid. At the bottom, we plot the proportion of simulations resulting in
mosaics with different numbers of patches (represented by different shades of grey) after 5 million
generations. Other parameter values: see Table 5.1.
The formation of the mosaic is very sensitive to parameters affecting the effective speciation rate
with colour shift and the effective speciation rate without colour shift, the value of which greatly
affects the speed of invasion of the grid. See Fig S10 to S14 for details.
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Figure S6 – Relationship between the number of patches of the mosaic emerging from the sim-
ulations, the spatial and ecological structure of the prey community and the reconstructed phy-
logeny. Effects of the grid size (G). From top to bottom, we plot the diversity of the simulated
clades (global and local species richnesses), the geography of species (median of species range
size), species niche occupation (Hartigans’ dip statistic of the distribution of pairwise niche dis-
tance), the proportion of convergence events, the estimator of the imbalance IC of the resulting
trees using Colless’ index, and the temporal shift in diversification rate ρ. For each combination
of parameters, simulations are classified according to the number of patches of their resulting
mosaics (different shades of grey). Data distribution is represented by box-and-whiskers plot. Pa-
rameter values: see Table 5.1.
We implement a grid size G = 20 in our simulations, and doubling the grid size does not affect
much the output. We only observe more species in general, and we record less convergence events
since the perimeter/area ratio declines as the species ranges increase.
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Figure S7 – Relationship between the number of patches of the mosaic emerging from the simula-
tions, the spatial and ecological structure of the prey community and the reconstructed phylogeny.
Effects of the proportion of speciation in sympatry. From top to bottom, we plot the diversity of
the simulated clades (global and local species richnesses), the geography of species (median of
species range size), species niche occupation (Hartigans’ dip statistic of the distribution of pair-
wise niche distance), the proportion of convergence events, the estimator of the imbalance IC of
the resulting trees using Colless’ index, and the temporal shift in diversification rate ρ. For each
combination of parameters, simulations are classified according to the number of patches of their
resulting mosaics (different shades of grey). Data distribution is represented by box-and-whiskers
plot. Parameter values: see Table 5.1. sc = 0.50.
The formation of the mosaic is more likely when speciation can be allopatric (Fig. S9), because the
effective speciation rate with colour shift is higher. This effect of allopatric speciation on the spatial
mosaic affects the macroevolutionary pattern (higher species richnesses, smaller species ranges,
more balanced phylogenies, more convergence events observed, when the number of patches is
high). Moreover, since there are less shifts in ecological niche (we assumed that allopatric specia-
tion is not associated to ecological shift), the occupation of the ecological niche is also less even.
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Figure S8 – Effect of the number of possible morphs (Nmorph) on the formation of the spatial mo-
saic of morphs, when there is predation, and when colour shift is implemented (values tested:
sc = 0.25, sc = 0.5, sc = 0.75). We plot the numbers of generations until the formation of the first
patch with two species and until the complete occupation of the grid (represented by mean values
and their confidence intervals) (at the top), and the proportion of simulations leading to different
numbers of patches in the mosaic (represented by different shades of grey) after 5 million genera-
tions (at the bottom). Parameter values: see Table 5.1.
When sc is high (b, c, such as in Fig. 5.2b), low values of Nmorph, which confer a high probability
of convergence, can inhibit the formation of patchy mosaics. When sc is low (a), the formation
of a spatial mosaic with more than two patches is unlikely. Indeed, low sc favours the emergence
of a patch with two coexisting species and a rapid invasion of the grid, limiting the formation of
a mosaic. Under such conditions, there is no effect of Nmorph on the patchiness of the resulting
mosaic.
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Figure S9 – Formation of the spatial mosaic of morphs. We plot the proportion of simulations lead-
ing to different numbers of patches in the mosaic (represented by different shades of grey), when
speciation is entirely sympatric (ssymp = 1), and when speciation is either sympatric or allopatric
(ssymp = 0.5). Parameter values: see Table 5.1. sc = 0.50.
The formation of the mosaic is more likely when speciation can be allopatric (ssymp = 0.5).
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Figure S10 – Relationship between the number of patches of the mosaic emerging from the sim-
ulations, the spatial and ecological structure of the prey community and the reconstructed phy-
logeny. Effects of the probability of cell destruction in any given cell (pd). From top to bottom,
we plot the diversity of the simulated clades (global and local species richnesses), the geography of
species (median of species range size), species niche occupation (Hartigans’ dip statistic of the dis-
tribution of pairwise niche distance), the proportion of convergence events, the estimator of the
imbalance IC of the resulting trees using Colless’ index, and the temporal shift in diversification
rate ρ. For each combination of parameters, simulations are classified according to the number
of patches of their resulting mosaics (different shades of grey). Data distribution is represented by
box-and-whiskers plot. Parameter values: see Table 5.1.
Increasing the probability of cell destruction (high pd ) inhibits the formation of the spatial mosaic
(Fig. S5), because it reduces the effective speciation rate with colour shift. This effect on the spatial
mosaic affects the macroevolutionary pattern (lower species richnesses, larger species ranges, less
balanced phylogenies, more convergence events observed, when the number of patches is low).
Direct and indirect (through the formation of the mosaic) effects of pd on the macroevolutionary
pattern can be redundant – high pd results in mosaics with a low number of patches (thereby giv-
ing little opportunity to observe convergence events in the phylogenies) and favours directly a low
proportion of convergence events (lower effective speciation rate with colour shift).
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Figure S11 – Relationship between the number of patches of the mosaic emerging from the simula-
tions, the spatial and ecological structure of the prey community and the reconstructed phylogeny.
Effects of the probability of speciation of each species in any given cell (ps). From top to bottom,
we plot the diversity of the simulated clades (global and local species richnesses), the geography of
species (median of species range size), species niche occupation (Hartigans’ dip statistic of the dis-
tribution of pairwise niche distance), the proportion of convergence events, the estimator of the
imbalance IC of the resulting trees using Colless’ index, and the temporal shift in diversification
rate ρ. For each combination of parameters, simulations are classified according to the number
of patches of their resulting mosaics (different shades of grey). Data distribution is represented by
box-and-whiskers plot. Parameter values: see Table 5.1.
Increasing the probability of speciation (high ps) favours the formation of the spatial mosaic (Fig.
S5), because it increases the effective speciation rate with colour shift. This effect on the spatial
mosaic affects the macroevolutionary pattern (higher species richnesses, smaller species ranges,
more balanced phylogenies, more convergence events observed, when the number of patches is
high). Direct and indirect (through the formation of the mosaic) effects of ps on the macroevo-
lutionary pattern can be redundant – increasing ps both results in mosaics with high numbers
of patches (and therefore have a positive impact on global species richness) and increases local
species richness; or antagonistic – increasing ps results in mosaics with high numbers of patches
(giving more opportunities to observe convergence), but inhibits convergence (higher effective
speciation rate without colour shift – speeding up the invasion of the grid).
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Figure S12 – Relationship between the number of patches of the mosaic emerging from the simula-
tions, the spatial and ecological structure of the prey community and the reconstructed phylogeny.
Effects of the number of prey attacked before predation on a given morph ceases (τmax). From
top to bottom, we plot the diversity of the simulated clades (global and local species richnesses),
the geography of species (median of species range size), species niche occupation (Hartigans’ dip
statistic of the distribution of pairwise niche distance), the proportion of convergence events, the
estimator of the imbalance IC of the resulting trees using Colless’ index, and the temporal shift in
diversification rate ρ. For each combination of parameters, simulations are classified according
to the number of patches of their resulting mosaics (different shades of grey). Data distribution is
represented by box-and-whiskers plot. Parameter values: see Table 5.1.
Increasing or decreasing the number of prey attacked before predation on a given morph ceases
(τmax) inhibits the formation of the spatial mosaic (Fig. S5), because it increases the effective spe-
ciation rate without colour shift – speeding up the invasion of the grid –, or decreases the effec-
tive speciation rate with colour shift, respectively. This effect on the spatial mosaic affects the
macroevolutionary pattern (lower species richnesses, larger species ranges, less balanced phylo-
genies, more convergence events observed, when the number of patches is low).
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Figure S13 – Relationship between the number of patches of the mosaic emerging from the simula-
tions, the spatial and ecological structure of the prey community and the reconstructed phylogeny.
Effects of the minimum competition term possible (αmin) (see figure S2b). From top to bottom,
we plot the diversity of the simulated clades (global and local species richnesses), the geography of
species (median of species range size), species niche occupation (Hartigans’ dip statistic of the dis-
tribution of pairwise niche distance), the proportion of convergence events, the estimator of the
imbalance IC of the resulting trees using Colless’ index, and the temporal shift in diversification
rate ρ. For each combination of parameters, simulations are classified according to the number
of patches of their resulting mosaics (different shades of grey). Data distribution is represented by
box-and-whiskers plot. Parameter values: see Table 5.1.
Increasing the minimum competition term possible (high αmin) favours the formation of the spa-
tial mosaic (Fig. S5), because it decreases the effective speciation rate without colour shift – slow-
ing down the invasion of the grid. This effect on the spatial mosaic affects the macroevolutionary
pattern (higher species richnesses, smaller species ranges, more balanced phylogenies, more con-
vergence events observed, when the number of patches is high). Direct and indirect (through the
formation of the mosaic) effects of αmin on the macroevolutionary pattern can be redundant – in-
creasing αmin favours the formation of the spatial mosaic (giving more opportunities to observe
convergence), and favours directly convergence events; or antagonistic – increasing αmin favours
the formation of the spatial mosaic, which has a positive impact on global species richness, but
decreases local species richness.
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Figure S14 – Relationship between the number of patches of the mosaic emerging from the simula-
tions, the spatial and ecological structure of the prey community and the reconstructed phylogeny.
Effects of the competition function (see figure S2a). From top to bottom, we plot the diversity of
the simulated clades (global and local species richnesses), the geography of species (median of
species range size), species niche occupation (Hartigans’ dip statistic of the distribution of pair-
wise niche distance), the proportion of convergence events, the estimator of the imbalance IC of
the resulting trees using Colless’ index, and the temporal shift in diversification rate ρ. For each
combination of parameters, simulations are classified according to the number of patches of their
resulting mosaics (different shades of grey). Data distribution is represented by box-and-whiskers
plot. Parameter values: see Table 5.1.
Increasing or decreasing the intensity of competition inhibits the formation of the spatial mosaic
(Fig. S5), because it either increases the effective speciation rate without colour shift (Competi-
tion function 3) – speeding up the invasion of the grid – , or decreases the effective speciation rate
with colour shift (Competition function 1). This effect on the spatial mosaic affects the macroevo-
lutionary pattern (lower species richnesses, larger species ranges, less balanced phylogenies, less
convergence events observed, when the number of patches is low).
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Abstract

Local species assemblages are mostly shaped by underlying ecological interactions.

Theoretical developments have highlighted opposite effects of negative and positive

interactions in structuring ecological communities, in particular in term of ecological

similarity among interacting species. In real life, species belonging to the same guild may

often interact in both negative and positive ways, but the interplay between interactions

of different nature in intra-guild community dynamics remains poorly understood.

Müllerian mimetic communities are particularly suited for investigating the outcome of

the interplay between positive and negative interactions because positive (mutualistic

mimicry) and negative (competition for trophic resource and micro-habitat) interactions

are easily identified. Empirical research has shown that the combination of competition

and mutualistic mimicry does not necessarily drive convergence along all dimensions

of the ecological niche, but the determinants of such mixed result are unknown. Here,

we analyze the structure of Müllerian mimetic communities simulated with an agent-

based model. We show that mutualistic mimicry favours ecological convergence on

dimensions along which convergence favours co-occurrence among co-mimetic species.

Consequently, co-mimetic species use similar micro-habitats (relatively to random pairs

of species), but do not necessarily use similar resources. Heterogeneity of resources

among micro-habitats is necessary for ecological convergence on resource use among

co-mimetic species to occur. Our predictions therefore highlight the importance of

co-occurrence if we are to understand how positive and negative interactions structure

ecological communities. They also refine our understanding of species diversification via

cascading effects of mimicry on species’ ecology.
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6.1 Introduction

Unravelling patterns of species coexistence is a fundamental question in community

ecology. The occurrence of species is constrained by their ecological niche, which are

defined as the environmental conditions (e.g., temperature, micro-habitat, resources

available) required for species persistence [Hutchinson 1957]. In addition to those abi-

otic requirements, interactions among species also play a major role in determining the

persistence of species in communities. In particular, negative interactions (competi-

tion) among ecologically similar species have been seen as the major force shaping lo-

cal species assemblages, causing ecological divergence among interacting species or bi-

asing community assembly towards more ecologically divergent species [Gause 1934;

Macarthur and Levins 1967; Armstrong 1980; Losos et al. 2003; Cavender-Bares et al. 2004;

Lovette and Hochachka 2006].

For the past decades, the role of positive interactions among species belonging to dif-

ferent guilds (e.g., plant-pollinators) or to the same guild (e.g., plants engaging in facilita-

tive interactions) in structuring biological communities has been acknowledged. Mutu-

alistic networks with species of two guilds tend to be more nested (i.e., generalist species

of one guild tend to interact with specialist species) than antagonistic trophic networks

[Bascompte et al. 2003]; and it has been shown that this network architecture stabilizes

ecological communities involved in mutualism [Thébault and Fontaine 2010]. Addition-

ally, positive interactions among species can expand species’ realized niche and spatial

range [Bruno et al. 2003]. Consequently, positive interactions increase diversity, as shown

in plant communities [Valiente-Banuet and Verdú 2007; Brooker et al. 2008], and modify

the relationship between phylogenetic relatedness and species abundance, as shown in

yeast communities [Anderson et al. 2004]. Positive interactions can also lead to ecological

convergence. For instance, positive interactions among plant species occur via the pres-

ence of common pollinators and may have caused convergence in chemical and visual

floral phenotypes acting as cues for pollinators [Grant 1994; Thomson and Wilson 2008;

Kantsa et al. 2017]. Likewise, species that benefit from co-occurrence often have similar

habitat requirement and positive interactions can therefore lead to habitat convergence

among plants [Moeller 2004], animals [Stensland et al. 2003; Elias et al. 2008] and micro-

organisms [Anderson et al. 2004].

The effects of negative and positive interactions on community structure have been

studied independently for methodological convenience. In general, species from distinct

guild interact either negatively (e.g., predation, competition for resources) or positively

(e.g., service-resource relationships such as pollination or zoochory, or service-service re-

lationships such as ant nesting in special plant cavities and defending the plant against

natural enemies). However, species that belong to the same guild are often involved in

both negative and positive interactions in natural communities [Ings et al. 2009; Crowley

and Cox 2011; Jones et al. 2012]. Indeed, species from the same guild are often ecologi-

cally similar and compete for resources or habitat, but they also often interact positively,
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as in some communities of birds [via increased foraging efficiency or reduced predation,

Wiley 1971; Székely et al. 1989], mammals [via beneficial joint hunting or shared vigi-

lance, Bshary and Noë 1997; Stensland et al. 2003], plants [via shared pollinators, Moeller

2004] and yeasts [Anderson et al. 2004]. Accounting for the combined effects of both

negative and positive interactions is therefore necessary if we are to understand how

ecological communities are structured [Fontaine et al. 2011]. In a standard resource-

competition model, positive interactions among ecologically similar species have been

shown to counterbalance the negative effects of competition for niche space on long-term

species coexistence, thereby forstering higher diversity [Gross 2008]. This model suggests

that, through positive interactions, stable multispecies coexistence with a single resource

may be common, even if the net interspecific interaction remains negative. Yet, only few

empirical and theoretical studies have investigated how often and why positive interac-

tions overcome competition in shaping ecological communities [Jones et al. 2012]. Addi-

tionally, empirical evidences for such phenomena are biased towards plants (‘facilitative

interactions’, whereby a ‘nurse’ plant species provides shade and attracts water and nu-

trients, which are beneficial to other plant species in the close vicinity) [Valiente-Banuet

and Verdú 2007; Brooker et al. 2008]. Yet, facilitative interactions in plants acts through

changes in the abiotic environment or through other organisms. The nature of interaction

among plants is therefore difficult to identify.

Müllerian mimetic communities are particularly suited for investigating the interplay

between positive and negative interactions in animal community dynamics. Müllerian

mimics are unprofitable prey species that share the same warning signal. In short, Mülle-

rian mimicry between species is thought to arise as a consequence of selection to adopt a

common phenotype, which results in prey species sharing the cost of educating predators

[Müller 1879]. This mutualistic relationship is observed in a wide variety of taxonomic

groups; phylogenies of mimetic clades have revealed convergent evolution of warning

colour patterns between both closely and distantly related species in a large panel of taxa,

such as butterflies [Brower 1996; Jiggins et al. 2006], frogs [Symula et al. 2001], birds [Dum-

bacher and Fleischer 2001], bumblebees [Williams 2007], catfishes [Alexandrou et al.

2011], and velvets ants [Wilson et al. 2012]. Müllerian mimetic species co-occurring in

time and space (belonging to the same ‘mimicry ring’) are therefore mutualist. Conse-

quently, it is very easy to identify which species interact positively in a mimetic commu-

nity. Müllerian mimetic species are typically members of the same guild and are ecologi-

cally similar in a broad sense. Because of competition for niche space (e.g., micro-habitat

or resources), pairs of species can simultaneously interact in positive and negative ways

and it is therefore possible to assess the relative importance of each kind of interaction

in structuring Müllerian mimetic communities. Yet, empirical research is mixed in this

regard. While Müllerian mimicry drives ecological convergence along multiple ecological

axes despite competition (likely via increased co-occurrence) in the Neotropical butterfly

tribe Ithomiini (Nymphalidae) [Elias et al. 2008], it does not outweigh ecological differ-

entiation in resource use in neotropical catfishes [Alexandrou et al. 2011]. Similarly, in

ithomiine butterflies again, co-mimetic species sometimes share larval host plant species,
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but sometimes do not; in other words, mimicry may not necessarily drive ecological con-

vergence in resource use [Willmott and Mallet 2004].

Here, we investigate theoretically the interplay between positive (mimicry) and antag-

onistic (competition for resource and micro-habitat) interactions in structuring Müllerian

mimetic communities. The ecological niche space is multidimensional and Müllerian

mimicry may affect species niche use differently among niche axes. In mimetic com-

munities, competition occurs along two niche components that may function differently,

namely resources and micro-habitats (e.g., forest structure, topography, flight height in

ithomiine butterflies, Elias et al., 2008; Willmott et al., 2017). For instance, mimetic butter-

flies compete for host-plants where caterpillars can feed on and adult butterflies compete

for space within micro-habitat (e.g., ‘perching sites’ where males can easily court females,

sunny opening area facilitating body warming). Eventually, competition might drive eco-

logical divergence along those niche axes. By contrast, Müllerian mimicry is expected to

drive ecological convergence along those same niche axes. However, we hypothesize this

may occur only if ecological convergence promotes co-occurrence in space and strength-

ens mutualistic mimicry. This is the case for micro-habitat, but not necessarily for re-

sources, unless resources are segregated by micro-habitat. We here develop a stochastic

individual-based model to investigate how the extent of resource heterogeneity among

micro-habitats changes the outcome of the interplay between positive and antagonistic

interactions in Müllerian mimetic communities.

6.2 The system: Müllerian mimicry

Diversity in Müllerian mimicry has long been seen as a paradox [Joron and Mallet 1998]

because selection for uniformity has been extensively demonstrated [Chai 1986, 1996;

Mallet and Barton 1989; Mallet et al. 1990; Kapan 2001; Chouteau and Angers 2011;

Chouteau et al. 2016]. Yet, despite the positive frequency-dependent selection (strength

in numbers) that characterizes Müllerian mimicry, many Müllerian mimicry complexes

show spatial variation in forms (spatial mosaics) [e.g., in Sbordoni et al. 1979; Dumbacher

and Fleischer 2001; Williams 2007; Wilson et al. 2012]. More intringuingly, different warn-

ing colours can be observed in the same locality in some mimetic species [Brown and

Benson 1974; Beccaloni 1997; Joron and Mallet 1998; Joron et al. 1999; Borer et al. 2010;

Willmott et al. 2017].

At a regional scale, the formation of a spatial mosaic of warning signals is thought

to arise as a combination of stochastic effects and localized frequency-dependent selec-

tion for Müllerian mimicry [Sherratt 2006; Mallet 2010; Chouteau and Angers 2012; Aubier

and Sherratt 2015]. At a local scale, heterogeneity in predator micro-habitat use could ex-

plain local diversity in warning signals. In a mathematical model, Gompert et al. [2011]

showed that selection for convergence of mimetic form among species experiencing dif-

ferent predator communities is weak if those predator communities differ in their micro-

habitat use, thereby leading to segregation of mimicry rings across micro-habitats. Re-
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cently, Willmott et al. [2017] showed empirically such heterogeneity in micro-habitat use

of mimetic ithomiine butterflies and their bird predators. They also showed that the warn-

ing signal providing the best protection varies among among micro-habitats. Therefore,

different mimicry patterns can represent stable adaptations to different micro-habitats.

This can explain the maintenance of local diversity in warning signals.

Müllerian mimics are often members of the same guild and are ecologically similar in

a broad sense. They compete for resources and resource use is therefore one axis of the

ecological niche space. Resources are often biotic (e.g., host plants in butterflies, Elias

et al., 2008; algaes and fishes in catfishes, Alexandrou et al., 2011), and can be heteroge-

neously distributed across micro-habitats.

Finally, mating is rarely random in Müllerian mimetic communities. First, mating

probability may be higher among individuals using the same micro-habitat, because the

encounter probability is expected to be high within micro-habitat [as suggested by Fitz-

patrick et al. 2008]. Second, because rare hybrid individuals with distinct colouration suf-

fer high predation rate, preference for mates with the same colouration has often evolved

by indirect selection in Müllerian mimetic communities [Reynolds and Fitzpatrick 2007;

Chamberlain et al. 2009; Mérot et al. 2017], likely as a result of reinforcement [Kronforst

et al. 2007]. Assortative mating based on micro-habitat and colouration is therefore com-

mon.

6.3 The model

6.3.1 Purpose

We investigate how resource heterogeneity among micro-habitats shapes Müllerian

mimetic communities, and specifically whether co-mimetic species tend to converge,

or instead diverge, on resource and micro-habitat use. To link local processes and

community structure within an explicit ecological niche space, we develop a stochastic

individual-based model.

We consider a species community of toxic prey, which exhibit colour patterns used as

warning signals by predators. Two components of the ecological niche space are mod-

elled independently: micro-habitat use and resource use. Each prey occupies a specific

micro-habitat and uses a specific resource. Competition for micro-habitat and resource

use therefore favours ecological divergence among species. We consider a full range of

resource heterogeneity, from highly segregated across micro-habitat to homogeneous. In

the former case, prey using the same micro-habitat are faced to a limited set of abun-

dant resources, while in the latter case prey are faced to a diverse set of rare resources.

During the reproduction phase, we also implement assortative mating based on micro-

habitat or colour patterns. We also implemented various extents of predator distribu-

tion heterogeneity across microhabitats. A high heterogeneity of predator micro-habitat

use can maintain diversity in warning signals despite positive frequency-dependent se-
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lection, whereby mimicry rings are segregated by microhabitat. Species converging to the

same warning signals are mutualists if they are faced to the same community of predators.

We implement the possibility of shifting colour pattern and micro-habitat use. Starting

from random prey communities, evolution of colour pattern and micro-habitat use oc-

curs. We then assess the level of ecological similarity (on micro-habitat occupation and

on resource use) as compared to random expectations in the resulting Müllerian mimetic

communities.

Table 6.1 summarizes parameter notation and provides the default values imple-

mented in our simulations.

Table 6.1 – Notations and numerical values

Notation Description Value/Range

State variables

zi = (xi , yi ) Micro-habitat occupied by individual i (xi , yi ) ∈ [0,1]

mi Morph of individual i mi ∈ {1,2, ...,Nmorph}

ri Resource used by individual i ri ∈ {1,2, ...,Nresource}

si Species of individual i si ∈ {1,2, ...,Nspecies}

Parameters

Nspecies Number of species 20

Nmorph Number of possible morphs 10

Nresource Number of available resources 4

Npredator Number of predator communities 4

Np
Number of prey encountered by each predator com-

munity per time step
500

np
Number of prey of each morph eaten by each preda-

tor community per time step
15

b Number of offspring per individual 2

ah
Strength of assortative mating based on the micro-

habitat used
5

am Strength of assortative mating based on the morph 0

Kmax Maximum of the carrying capacity function {575,550,500}

σK Standard deviation of the carrying capacity function {1,1.5,∞}

σc Standard deviation of the competition kernel 1

Adiffsp
Maximum competition term between different

species
0.05

Adiffres Maximum competition term on different resources [0,1]

z∗
r Ecological optimum for resource r [0,1]2

σz
Variance between parent and offspring micro-

habitat
0.05

mmorph Mutation rate to an alternative morph 0.01
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6.3.2 State variable and scale

The Müllerian mimetic community is composed of populations of conspicuous and toxic

individuals belonging to different species. Individuals are characterized by the follow-

ing state variables: species, morph (i.e., colour pattern), resource use and position in

the micro-habitat space. Each individual i belongs to one species si among the Nspecies

species implemented initially.

The morph mi of individual i is a discrete number with mi ∈ {1,2, ...Nmorph} assuming

Nmorph as the number of possible morphs. Morphs are used as warning cues by predators

during associative learning. They are also used as mating cues in some supplementary

simulations.

The resource ri used by individual i is a discrete number with ri ∈ {1,2, ...Nresource}

assuming Nresource as the number of possible resources. Intraspecific competition is

stronger than interspecific competition. Competition is also stronger between individu-

als exploiting the same resource than between individuals exploiting different resources.

The micro-habitat occupied by individual i is described by its position zi in a two-

dimensional space. The micro-habitat occupied by an individual is thus a point with

coordinates zi = (xi , yi ) in the micro-habitat space with (xi , yi ) ∈ R
2 and (xi , yi ) ∈ [0,1]2.

Competition is stronger between individuals using similar micro-habitat (niche overlap)

than between individuals using different micro-habitats. Species densities are thus con-

strained by intra- and interspecific competition, which depend on the micro-habitat used

and the resources exploited. Mating is also more frequent between individuals using the

same micro-habitats than between individuals using different micro-habitats.

Individuals from the same species can exhibit different morphs and use different

micro-habitats, but they all exploit the same resource. Implementing the possibility of

shifting resource use always leads to generalist species because reducing intraspecific

competition for resources is highly advantageous. Given that species are rarely generalist

in nature, we decide not to implement shift in resource use.

We use discrete time steps, corresponding to non-overlapping generations.

6.3.3 Process overview and scheduling

Within each time step, several phases are processed in the following order: predation,

reproduction (with mutations affecting individuals’ morph and micro-habitat use) and

competition. After reproduction, parents are completely replaced by their offspring.

These processes are described in the subsection “Submodels" below.

6.3.4 Design concepts

Stochasticity. – All processes are probabilistic. Individual predation, reproduction and

survival rates are computed from the composition of the prey community.
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Interactions. – Individuals are competing for resources. The intensity of competition

between two individuals depends on their species, their micro-habitat (i.e., the distance

separating them in the micro-habitat space) and their resource use. In addition to this

negative interaction, predation and predator’ learning process – characterized by the

avoidance of prey with a colour pattern known to be associated with toxicity – lead to

mutualism between species sharing the same morph and faced to the same community

of predators, because such co-mimetic species share the cost of educating those preda-

tors and therefore suffer a reduced per capita attack rate.

Adaptation. – Individuals’ morph and micro-habitat use are adaptive traits, which

determine their fitness. Individuals experience low predation rate if they harbor a morph

frequently encountered by the predator community. If predator micro-habitat use is

heterogeneous, comimics using the same micro-habitat experience the same predator

community and suffer from a low predation rate. Individuals also experience a low

death rate if their micro-habitat use reduces competition and provides them resources (if

resource distribution among micro-habitats is heterogeneous).

Emergence. – Several features emerge from the model. Different mimicry rings (i.e., sets

of species sharing the same morph) can emerge depending on the micro-habitat use of

the predator communities. Indeed, prey facing the same predator community – i.e., all

prey if predation is homogeneous or prey within the same micro-habitat if predation is

heterogeneous – rapidly converge on a common morph. Polymorphic species are rare

(Fig. S1 in Annex, page 226). However, species can shift to a morph that provides better

protection, thereby joining another mimicry ring. Additionally, the level of ecological

convergence among comimics hinges on the relative strengths of negative and positive

interactions (leading to ecological divergence and convergence, respectively), which

depend on the morph composition, micro-habitat use and the resource use of the prey

community.

Observation. – We record the state variables of all individuals at the end of each sim-

ulation. Ultimately, comimics can either use the same resource or different resources.

Likewise, comimics can either occupy the same micro-habitat or different ones. We are

interested in the extent of ecological convergence/divergence among comimics.

6.3.5 Initialization

At initial state, we introduce Nspecies = 20 at their carrying capacities. Individuals from

each species display the same morph and use the same resource. To ensure all species

are equally protected and suffer from the same competition intensity, we assume that

all morphs and resources initially present are equally represented and exploited at initial

state, respectively. The parameters Nspecies, Nmorph and Nresource implemented are chosen

accordingly.
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All possible morphs are initially present, and co-mimetic species do not necessarily

use the same resource. Additionally, a micro-habitat position defined by coordinates

(xi , yi ) in a bidimensional space is assigned to each individual i by drawing xi and yi

from a uniform distribution bounded between 0 and 1 – i.e., all species occupy the whole

micro-habitat space.

6.3.6 Submodels

Predation. – Following Gompert et al. [2011], predators are not modelled individually but

as fixed communities that may show variable micro-habitat segregation. We implement

Npredator distinct predator communities. At each time step, each predator community en-

counters Ns prey. Prey are encountered by predators following a beta probability density

function that is dependent on their micro-habitat. The relative probability of predators p

encountering a prey individual with micro-habitat use zi = (xi , yi ) is:

P(encounter | zi ) ∝
x
α

p
1 −1

i
(1−xi )β

p
1 −1

B(αp
1 ,βp

1 )
.

y
α

p
2 −1

i
(1− yi )β

p
2 −1

B(αp
2 ,βp

2 )
(6.1)

where (αp
1 ,βp

1 ,αp
2 ,βp

2 ) are the parameters of the beta predation function B for predator

community p within a two-dimensional micro-habitat space. They are chosen to adjust

the heterogeneity of predator micro-habitat use – i.e., the sum of encounter probabilities

across all predator communities are nearly uniform across micro-habitat space (Fig. 6.1).

Among the Ns prey that each predator community encounters, nk prey individuals of

each morph are consumed [Müller 1879]. When nk individuals of a morph have been

eaten, predation on this morph ceases (i.e., the local predator community has learned to

avoid this morph). Each morph is treated independently by each predator community.

Individuals carrying an abundant morph therefore benefit from a reduced attack risk.
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Figure 6.1 – Predator micro-habitat use. Predators communities are represented by different
colours. Each pixel in the graph is coloured proportionally to the encounter probabilities with
those predator communities. Here, predator micro-habitat use is heterogeneous and prey using
different micro-habitats are ‘visible’ to different predator communities. Only prey occupying the
micro-habitat of coordinate (0.5,0.5) encounter all predator communities with the same proba-
bility (illustrated by a mix of the colours representing the four predator communities). On the
contrary, if predator micro-habitat use is homogeneous, prey are equally ‘visible’ to all predator
communities (Fig. S2).
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Reproduction. – For simplicity, we assume that all individuals are hermaphroditic. Each

individual gives birth to b offspring (mother role) with a mate from the same species (fa-

ther role). Mates are encountered following a probability density function that is depen-

dent on their micro-habitat and morph. The relative probability of an individual i (using

micro-habitat zi and with morph mi ) encountering a mate j (using micro-habitat z j and

with morph m j ) is:

P(mating | zi , z j ) ∝

[

1−
1

1+ 1
am

.11mi 6=m j

]

× exp
(
−a2

h. || zi − z j ||
2) (6.2)

In the first term of this equation, 11mi 6=m j
= 0 if mi = m j and 11mi 6=m j

= 1 if mi 6=

m j . Therefore, the probability of mating can be reduced if individuals display different

morphs. am reflects the strength of assortative mating based on the morph. In the sec-

ond term of this equation, || zi − z j || is the Euclidian distance between the individuals’

micro-habitat and ah reflect the strength of assortative mating based on the micro-habitat

use [following the equation of Carvajal-Rodriguez and Rolán-Alvarez 2014]. If am = 0 and

ah = 0, mating is random. If am > 0, mating mostly occurs among individuals with the

same morph. If ah > 0, mating mostly occurs among individuals occupying similar micro-

habitats.

We determine offspring micro-habitat by sampling each micro-habitat variable

(xi , yi ) from a normal distribution with a mean equal to the mean of the parents’ vari-

ables and a specified variance σz. Offspring also randomly inherit one of its parent’s

morph, except when mutation occur with probability mmorph. In this case, offspring

exhibit a different morph that is randomly sampled. After the reproduction phase, the

entire population is reconstituted from offspring.

Competition. – Offspring survival depends on its resource use and on competition with

all other individuals . We use an analog of the Beverton-Holt equation – derived from

the discrete version of the logistic growth – to calculate the survival probability vi of each

individual i :

vi =
1

1+ (b −1)
∑

j αi j

Ki

(6.3)

with :

Ki = Kmax exp

(

−
|| zi − z∗

ri
||2

2.σ2
K

)

(6.4)

αi j = Aij.exp

(

−
|| zi − z j ||

2

2.σ2
c

)

(6.5)

where Ki is the carrying capacity function for an individual i using resource ri and oc-

cupying micro-habitat zi (Fig. 6.2). The carrying capacity function models a continuous

distribution of resources. It is a Gaussian function with maximum Kmax at phenotype z∗
ri

,

which is the ecological optimum to exploit resource ri , and standard deviation σK. Given

that z∗
ri

differ among resources, σK is inversely proportional to the strength of resource
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heterogeneity.

Competition strength αi j between each pair of individuals (i , j ) is modelled as a Gaus-

sian function of the Euclidian distance between their micro-habitats (zi , z j ) with maxi-

mum value Aij and standard deviation σc. Aij depends on whether individuals i and j be-

long to the same species and whether they use the same resource, such that Aij = Asp×Ares.

Asp = Adiffsp < 1 if i and j are from different species, Asp = 1 otherwise. Ares = Adiffres < 1

if i and j are using different resources, Ares = 1 otherwise. Therefore, competition is low

between individuals from different species and between individuals using different re-

sources. In particular, Adiffres reflects the strength of competition among individuals using

different resources.
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Figure 6.2 – Resource distribution accross micro-habitat space. The carrying capacity for each
individual is function of its micro-habitat occupation and its resource use. The four resources can
be homogenous (a), moderately heterogeneous (b) or highly heterogeneous (c).

6.4 Simulation experiments and statistics

6.4.1 Parameterization

Simulation runtime is highly limited by computer memory. We therefore implement

Nspecies = 20, Kmax < 600 and Adiffsp = 0.05 to limit the total number of individuals (≃

3,500). Even under such conditions, runtime limits the extent of our sensitivity analyses.

We choose the same parameters for the beta predation function as in Gompert et al.

[2011] (Table S1 in Annex, page 225). Predator micro-habitat use is either homoge-

neous or heterogeneous in our simulations (Fig. 6.1 and S2). Homogeneous predator
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micro-habitat use is used as a control; without mimicry pattern-based assortative mat-

ing, mimicry diversity is not expected to be maintained under this condition.

Resource distribution among micro-habitats is either homogeneous, moderately het-

erogeneous or highly heterogeneous with parameters (σK, Kmax) = (∞, 500), (1.5, 550)

and (1.0, 575), respectively (Fig. 6.2). Kmax is adjusted upward if resources are heteroge-

neously distributed (from 500 to 575); heterogeneously distributed resources can be more

abundant locally than homogeneously distributed resources. This ensures equal popu-

lations densities among simulations, i.e., differences among simulations are not caused

by differences in population densities (which greatly affect predation rate and therefore

the maintenance of mimicry diversity). Note that all resources are present in all micro-

habitats even if they are heterogeneously distributed (K ≥ 200, Fig. 6.2); differences in

resource use cannot be explained by the absence of some resources within micro-habitat.

Micro-habitat space is continuous. When there is heterogeneity in resource distribu-

tion and/or predator micro-habitat use, this space amounts to four types of micro-habitat

with distinct resources and/or predator communities (Nresource = 4, Npredator = 4) (Fig. 6.2

and 6.1).

Our aim is not to understand the conditions under which mimicry diversity is main-

tained [this has been addressed in Gompert et al. 2011]. Therefore, we implement param-

eters favouring the maintenance of mimicry diversity (heterogeneous predator micro-

habitat use, nk = 15, Ns = 500). Likewise, initial conditions are necessarily unrealistic (with

high mimicry diversity) because de novo generation of diversity is not possible with such

model [Gompert et al. 2011]. Therefore, we are not interested in the evolutionary dy-

namics leading to the equilibrium state; we instead analyze the resulting communities

at equilibrium after environmental filtering (i.e., after species evolution and extinction

driven by the environment). The mutation rate on morph in offspring (mmorph = 0.01)

and the variance between parent and offspring micro-habitat (σz = 0.05) are deliberately

high to reduce runtime.

6.4.2 Statistics

Mimicry diversity. – We calculate the effective number of mimicry rings for each com-

munity as exp(−
∑
m

pm ln pm) where pm is the relative frequency of prey individuals with

morph m. We refer to this statistics as mimicry diversity. This is the exponential of the

Shannon diversity index (a measure of entropy) and follows the formulation for effective

diversity given by Jost [2006].

Similarity in micro-habitat use among co-mimetic species. – We assess the level of sim-

ilarity in micro-habitat use among pairs of co-mimetic species compared to pairs of ran-

domly selected species. In each simulation, we calculate the mean micro-habitat distance

among pairs of co-mimetic species (i.e., the mean Euclidian distance between individu-

als’ positions in the two-dimensional micro-habitat space). We assess the extent of simi-
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larity in micro-habitat use among co-mimetic species (Dmicro-habitat) by substracting this

micro-habitat distance from the mean micro-habitat distance among random pairs of

species. If Dmicro-habitat = 0, co-mimetic species occupy similar micro-habitats as often as

random species. On the contrary, Dmicro-habitat > 1 (resp. Dmicro-habitat < 1) reflects high

similarity (resp. dissimilarity) in micro-habitat use between co-mimetic species com-

pared to random pairs of species.

Similarity in resource use among co-mimetic species. – We assess the level of similarity

in resource use among pairs of co-mimetic species compared to pairs of randomly se-

lected species. In each simulation, we determine the proportion of pairs of co-mimetic

species that use different resources (which is analogous to the “mean distance in resource

use" among pairs of co-mimetic species). We assess the extent of similarity in resource

use among co-mimetic species (Dresource) by substracting this proportion from the pro-

portion of randomly selected pairs of species using different resources. If Dresource = 0, co-

mimetic species share resources as often as random species. On the contrary, Dresource > 1

(resp. Dresource < 1) reflects high similarity (resp. dissimilarity) in resource use between

co-mimetic species compared to random pairs of species.

Mimicry diversity affects statistics measuring micro-habitat and resource similarity

among co-mimetic species. Therefore, for each combination of parameters tested, sim-

ulations are classified according to the number of morphs that remain in the mimetic

community at the end, such that simulations within the same category can be compared.

6.4.3 Simulations conducted

Simulations end after 1,000 generations, allowing sufficient time for equilibrium to be

reached. For each combination of parameters tested, we performed 20 simulations.

We vary the level of heterogeneity in predator micro-habitat use and of resource het-

erogeneity. We also vary the strength of competition between individuals using different

resources (Adiffres). Different values of strengths of assortative mating based on micro-

habitat and morph (ah, am) are tested.

6.5 Results

Regardless of the type of predation (heterogeneous or homogeneous), assortative mat-

ing based on morph enables community-level mimicry diversity to persist (Fig. S3) [like

in Gompert et al. 2011]. On the contrary, assortative mating based on micro-habitat use

cause community-level mimicry diversity to persist only under heterogeneous predation.

Below, we consider the case where assortative mating is based on micro-habitat use. Ad-

ditional simulations should be run to test the implication of the modality of mate choice

on the structure of ecological communities.
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Figure 6.3 – Maintenance of mimicry diversity and ecological convergence among co-mimetic
species. After 1,000 generations, we measure the remaining mimicry diversity (a). We also as-
sess the level of similarity in micro-habitat use (Dmicro-habitat) (b) and in resource use (Dresource) (c)
among co-mimetic species compared to random pairs of species. In different simulations, preda-
tor micro-habitat use is either homogeneous (Hom) or heterogeneous (Het). Likewise, resource
distribution among micro-habitat can be homogeneous (Hom), moderately heterogeneous (M-
Het) or highly heterogeneous (H-Het). In b and c, for each combination of parameters, simula-
tions are classified according to the number of morphs that remain in the community. If simi-
larity statistics are equal to 0 (dashed horizontal lines), pairs of co-mimetic species are as similar
as pairs of randomly selected species in term of resource use or micro-habitat use. If similarity
statistics are positive, co-mimetic species are ecologically more similar than expected, i. e., there
is convergence along the ecological dimension considered. Data distribution is represented by
box-and-whiskers plot. Parameter values: see Table 6.1.

If predator micro-habitat use is homogeneous, mimicry diversity is not maintained

because of positive-frequency dependent predation (Fig. 6.3a). In that case, all species

converge on the commonest morph. Consequently, all species become eventually

comimics and it is not possible to compare the level of ecological similarity among co-

mimetics to that of randomly selected species.

If predator micro-habitat use is heterogeneous, mimicry diversity is maintained (Fig.

6.3a). In that case, species converge on different morphs and the prey community is com-

posed of multiple mimicry rings. Co-mimetic species always occupy more similar micro-

habitats than random pairs of species (statistics measuring similarity > 0, Fig. 6.3b). Un-

der heterogeneous predation, comimics sharing the same micro-habitat are faced to the

same community of predator and suffer a low predation rate. Therefore, convergence

in micro-habitat use strengthens the mutualistic benefit of mimicry and this effect out-

weighs the competitive cost caused by micro-habitat overlap.

Contrary to micro-habitat occupation, co-mimetic species do not necessarily con-

verge on resource use (Fig. 6.3c; see single simulations in Fig. S4 and S5). If resource

distribution is homogeneous, competition for resources causes divergence in resource

use among co-mimetic species to the same extent as randomly selected species (statistics

measuring similarity close to 0). If resource distribution is heterogeneous, convergence

in resource use is linked to shared micro-habitat, which strengthens the mutualistic ben-
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efit of mimicry. This effect outweighs the competitive cost caused by micro-habitat and

resource overlap. This occurs even if species using different resources do not benefit from

reduced competition; convergence in resource use always promote co-occurrence among

co-mimetic species (Adiffres = 1; Fig. S6).

6.6 Discussion

Our study highlights the importance of the nature of ecological axes if we are to under-

stand the structure of Müllerian mimetic communities. Co-mimetic species are involved

in both positive (via mimicry) and negative (via competition) interactions that have an-

tagonistic effects on community structure. Are co-mimetic species close ecologically

despite competion? In other words, do mutualistic interactions overcome antagonistic

ones in structuring ecological communities? So far, empirical research tackling this ques-

tion has produced mixed results, with co-mimetic species being sometimes more similar,

and sometimes less similar than expected at random, depending on the ecological axis

and the Müllerian mimetic community considered [Willmott and Mallet 2004; Elias et al.

2008; Alexandrou et al. 2011]. We showed that convergence among co-mimetic species is

not expected to arise along all ecological axes. Via positive frequency-dependent selec-

tion, aposematism increases the survival of individuals sharing the warning signal that

is predominantly known by the local predator community. Consequently, mutualistic

mimicry favours (1) convergence in warning signals among species and (2) convergence

in any ecological trait that promotes co-occurrence in the eyes of local predators. By con-

trast, competition favours ecological divergence. In particular, we showed that mimicry

favours convergence in micro-habitat because mimicry always promotes co-occurrence

[as shown empirically by Elias et al. 2008]. On the contrary, mimicry does not necessar-

ily drive convergence in resource use; convergence does not promote co-occurrence if

the resource is homogeneously distributed (across micro-habitat or across space at larger

scale). Therefore, heterogeneity of resource distribution with regard to micro-habitat may

be a key component in structuring Müllerian mimetic communities; resource distribution

across space could explain why empirical evidences for similarity in resource use among

co-mimetic species are mixed [Willmott and Mallet 2004; Alexandrou et al. 2011].

Divergence in warning signal Heliconius butterflies via mimicry of other species is key

for reproductive isolation and speciation [Chamberlain et al. 2009; Mérot et al. 2017].

In addition to this direct effect on speciation rate, mutualistic mimicry should theoret-

ically affect the macro-evolutionary pattern of diversification at the clade level, through

its effect on spatial range [Aubier et al. 2017]. However, our understanding of the evolu-

tionary process of species diversification remains incomplete unless we jointly consider

positive and negative interactions [Fontaine et al. 2011; Jones et al. 2012]. The macro-

evolutionary pattern derived from divergence in warning signals is intimately linked to

other types of interactions because mimicry is likely to cause speciation through cascad-

ing effects on incipient species’ biology (via ecological convergence) [as suggested by Elias

et al. 2008]. Our model does not investigate directly the implication of competitive inter-
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actions for species diversification in mimetic communities. Yet, we showed that such ‘cas-

cading effects’ may not occur along all ecological axes. Our model suggests that macro-

evolutionary patterns of diversification driven by ecological convergence may be inti-

mately linked to the spatial context (modelled as micro-habitats in our model) because

the effects of mimicry on ecological convergence relies on co-occurrence. A model pre-

cisely investigating such indirect effects on ecological convergence and speciation should

be tailored to have an integrated view (across multiple trophic levels) of the process of di-

versification of mimetic species.

By promoting co-occurrence, mutualism sets the stage for competitive interactions

among mutualistic species. Competition is therefore a critical factor of the evolutionary

dynamics linked to mutualism, and vice-versa [Jones et al. 2012]. Here, we showed that

the ecological structure of mimetic communities greatly depends on the mimetic envi-

ronment that has emerged. Ecological network research has recently explored networks

simultaneously including different types of interactions [e.g., Kéfi et al. 2016]. In recent

theoretical work, the diversity of interactions is a key determinant for community stability

[Melián et al. 2009; Lee and Inouye 2010; Mougi and Kondoh 2012], as well as for the link

between network structure and community stability [Sauve et al. 2014; Kéfi et al. 2016].

Yet, our study on mimetic communities highlights that the theory related to intra-guild

communities is incomplete unless the effects of those interactions on co-occurrence is

considered. In our model, the same antagonistic interaction (competition) has different

outcomes on the community structure depending on how this antagonistic interaction af-

fects co-occurrence. Of course, mutualism and competition between intra-guild species

can take various forms [Crowley and Cox 2011; Jones et al. 2012] (e.g., competition for

the commodities that mutualists produce and competition between mutualists and ex-

ploiters) and our theory may not hold for all of them. In particular, mutualistic interac-

tions can derive from competition for food [e.g., group-foraging in cichlid fishes causes

environment disturbance and increases food intake, Yuma 1994]. To capture the impli-

cation of such complex competition-mutualism intractions, our model should be deeply

modified.

Ecological and evolutionary theory predicts that interspecific interactions often drive

phenotypic diversification and that species phenotypes in turn influence species inter-

actions. Consequently, several phylogenetic comparative methods have recently been

deployed with the goal of elucidating how interspecific interactions drive (or are driven

by) trait evolution [but still with low reliability, Drury et al. 2018]. Statistical tools to fit

process-based models of phenotypic evolution including within- and between-clade in-

terspecific interactions may greatly improve our understanding of the determinant of trait

evolution along phylogenies [Drury et al. 2016; Manceau et al. 2017], although such meth-

ods are still in their infancy. Our model highlights, however, that trait evolution relies on

spatial (and, by extension, temporal) co-occurrence and vice-versa, for the simple rea-

son that ecological interactions driving trait evolution occur among co-occurring species.

Trait evolution affects co-occurrence among species and, in turn, co-occurrence defines

the strength of ecological interactions among species. Of course, the deployement of

224



6.7. ANNEX: SUPPLEMENTARY TABLE

those statistical tools already faces much methodological challenges. Those methods al-

ready include a term to specify which lineages co-occur at any given time-point in the

phylogeny. This co-occurrence term can be inferred by biogeographical reconstruction.

Our predictions suggest that those statistical tools would certainly gain much power if

they account for fine-scale co-occurrence as a link between ecological interactions and

trait evolution.

In conclusion, we suggested an explanation for the mixed empirical evidence on eco-

logical convergence driven by mutualistic interactions. The nature of ecological axes in-

volved must be clearly defined, as well as their link to co-occurrence. For instance, con-

vergence in resource use among co-mimetic species is unlikely to occur if resources are

homogeneously distributed across micro-habitats (or across space at larger scale). More

generally, our predictions highlight the importance of co-occurrence if we are to under-

stand how positive and negative interactions are structuring ecological communities and

how interactions affect diversification.

6.7 Annex: Supplementary table

Table S1 – Parameter values (α
p
1 ,β

p
1 ,α

p
2 ,β

p
2 ) for predation functions (Equation 6.1). Unlike in Gom-

pert et al. [2011], mimicry diversity is not maintained in our simulations with moderately hetero-
geneous predator micro-habitat use (e.g., (1,2,1,2)) (not shown). This difference lies in the fact
that competition for resources, which makes the maintenance of mimicry diversity more difficult,
was not accounted in the Gompert et al.’s model.

Predator micro-habitat use Predators 1 Predators 2 Predators 3 Predators 4

Homogeneous (1,1,1,1) (1,1,1,1) (1,1,1,1) (1,1,1,1)

Heterogeneous (4,1.5,4,1.5) (4,1.5,1.5,4) (1.5,4,4,1.5) (1.5,4,1.5,4)
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6.8 Annex: Supplementary figures
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Figure S1 – Species diversity and species characteristics. After 1,000 generations, we record the
number of remaining species (a), the number of morphs carried by each species (b) and the mul-
timodality of species’ occupation of micro-habitat space (c). To increase the likelihood that the
morphs observed at the end of the simulation are not transient (morphs generated by recent muta-
tions that would have been eliminated by selection if simulations had continued), we only record
morphs carried by more than 10 individuals from the same species (b). To analyze how species
occupy the micro-habitat space, we measure the pairwise Euclidian distances between the indi-
viduals position in the two-dimensional micro-habitat space. We then compute the Hartigans’
dip statistic [Hartigan and Hartigan 1985; Freeman and Dale 2013] to assess the multimodality
intensity in the distribution of pairwise micro-habitat distances within species. When species’
occupation of the micro-habitat space is unimodal, then the dip statistics of the distribution of
the pairwise micro-habitat distances is close to 0. The dip statistic increases when individual
distribution throughout the micro-habitat space departs from unimodal expectations, resulting
in clustered, multimodal coverage of micro-habitat space. In other words, this statistics is high
for species occupying multiple micro-habitats. In different simulations, predator micro-habitat
use is either homogeneous (Hom) or heterogeneous (Het). Likewise, resource distribution among
micro-habitat can be homogeneous (Hom), moderately heterogeneous (M-Het) or highly hetero-
geneous (H-Het). Data distribution is represented by box-and-whiskers plots. The central line,
the box upper/lower limits, the line upper/lower limits and the points correspond to the median,
the upper/lower quartile, the maximum/minimum and the outliers, respectively. We record few
species extinctions in our simulations (a). Additionally, almost all species are monomorphic (b)
and occupy a restricted micro-habitat (c) (except some outlier species). Parameter values: see
Table 6.1.
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Figure S2 – Predator micro-habitat use. In our simulations, the probability of predator encounter-
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density function (Equation 6.1) are chosen such that the sum of encounter probabilities across all
predator communities are nearly uniform across micro-habitat space (Table S1).
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Figure S3 – Maintenance of mimicry diversity for different mating conditions. After 1,000 gen-
erations, we measure the remaining mimicry diversity. In different simulations, predator micro-
habitat use is either homogeneous (Hom) or heterogeneous (Het). Likewise, resource distribution
among micro-habitat can be homogeneous (Hom) or highly heterogeneous (H-Het). Mating can
be random (ah = 0; am = 0) or can be assortative based on the morph (am > 0) or micro-habitat use
(ah > 0). Data distribution is represented by box-and-whiskers plot. Overall, assortative mating
based on the morph or micro-habitat use favours the maintenance of mimicry diversity. Other
parameter values: see Table 6.1.
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Figure S4 – Example of ecological community with heterogeneous predator micro-habitat use and
homogeneous resources after 1,000 generations. Individuals’ morph (a) and resource use (b) are
shown. We represent the number of individuals with each trait value (graphs at the top), as well
as the micro-habitat use of each individuals from all 20 remaining species (graphs at the bottom).
Each colour corresponds to a morph value or a resource use value. Here, mimicry diversity is
maintained via heterogeneous predator micro-habitat use. Co-mimetic species often share the
same micro-habitat (a), but may differ in their resource use (b). Mimicry is linked to ecological
convergence along the micro-habitat axis, but not along the resource axis. Parameter values: see
Table 6.1.
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Figure S5 – Example of ecological community with heterogeneous predator micro-habitat use
and highly heterogeneous resources after 1,000 generations. See caption of Fig. S4 for de-
tails. Again, mimicry diversity is maintained via heterogeneous predator micro-habitat use. Co-
mimetic species often share the same micro-habitat (a), and the same resource (e.g., species 1, 8,
12 and 18) (b). Mimicry is linked to ecological convergence along the micro-habitat and resource
axes. Parameter values: see Table 6.1.
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Figure S6 – Maintenance of mimicry diversity and ecological convergence among co-mimetic
species in different contexts of competition for resources. For Adiffres = 1, competition between
species with the same or different resource uses is even. See caption of Fig. 6.3 for details. For
all conditions tested, convergence in resource use among co-mimetic species occur if resources
are heterogeneously distributed (because it promotes co-occurrence among co-mimetic species).
Parameter values: see Table 6.1.
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Many local processes shape macroevolutionary patterns of diversification. The

impact of single local processes on biological diversification is therefore hard to charac-

terize. Some traits like warning signals are known to be involved in specific intra- and

interspecific interactions and provide unique opportunities to have an integrative view

of the effects of local processes on biological diversification. In this thesis, I refined our

understanding of the role of positive frequency-dependent selection and mutualistic

interactions for evolutionary diversification at micro- and macroevolutionary scale.

First, I suggested a new hypothesis to explain the emergence of the paradoxical

diversity of warning signals. In Chapter 1, given that the selection pressure acting on

warning signals is caused by the predator sampling strategy, I tested the implication of the

optimal predator sampling strategy for the diversification of warning signals. This model

of predator cognition is more realistic than previous models in many ways. In particular,

this model generates neophobic behaviours that may occur when the ratio cost/benefit of

attacking unfamiliar prey is too high (e.g. when alternative palatable prey are abundant).

Neophobia causes negative frequency-dependent on warning signals. Therefore, the

optimal predator sampling strategy generates ‘mixed’ frequency-dependent selection

pressures with negative frequency-dependent selection when unpalatable prey are

rare, and positive frequency-dependent selection when unpalatable prey are frequent.

Overall, along with stochasticity, I showed that this mixed selection pressure greatly

favours the emergence of diversity in warning signals. In Chapter 2, I tested whether the

optimal predator sampling strategy generates parasitic ‘quasi-Batesian’ mimicry among

unequally defended prey and subsequent negative frequency-dependent selection on

the warning signal carried by the least defended prey. I showed that, while the number of

unpalatable prey attacked increases with increased number of less defended mimics, the

dilution effect caused by overall increased abundance of the warning signal prevails and

generates positive-frequency dependent selection on the warning signal. If predators

sample optimally, controversial ‘quasi-Batesian’ mimicry is therefore expected to be rare

and may not explain the generation of polymorphism of warning signals.

Second, I relaxed key assumptions made in mathematical models of speciation where

assortative mate preferences cause reproductive isolation. The implication of warning

signals for speciation has already received much empirical evidence; warning signals

are ones of those ‘magic traits’ under disruptive selection and used as the basis of mate

choice. In this thesis, I did not reinvent the wheel by highlighting the importance of

polymorphism of warning signals in generating reproductive isolation. I instead took

advantage of current empirical knowledge to refine our understanding of the evolution of

reproductive isolation via mate choice. In Chapter 3, based on the observation that males

and females express mutual mate preferences based on the colour pattern in mimetic

Heliconius butterflies, I showed that male and female choices have partly redundant

effects on assortative mating, and that their coevolution leads to periodic episodes

of random mating, favouring hybridization. Therefore, I highlighted that the process
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of establishing premating isolation proves very fragile if both sexes can contribute to

assortative mating. In Chapter 4, given that mimetic species are often distributed across

ecological gradients imposed by the mimetic environment, I tested the implications of

costs of choosiness on the evolution of mate preferences in a parapatric context. I showed

that, in this geographical context, costs of choosiness can have the counterintuitive effect

of favouring the evolution of strong choosiness via its effect on linkage disequilibrium.

Third, I highlighted indirect effects of mimicry on macroevolutionary patterns of

diversification. In Chapter 5, I demonstrated that spatial variations in mimetic envi-

ronment affect the diversification process at a macroevolutionary scale. Constraints

imposed by ecological interactions on species range size can homogenize speciation

rates among lineages, resulting in more balanced phylogenies and also promote a larger

coverage of the available ecological niche space, thereby increasing the overall species

richness in the clade. In Chapter 6, I inferred the conditions under which mutualistic

Müllerian mimicry may affect the macroevolutionary patterns of diversification via

convergence on other ecological axes (known to favour speciation). This cascading effect

of mimicry on species’ biology only occurs along ecological axes where convergence

favours co-occurence and strengthens mutualism. I therefore highlighted the key role of

spatial heterogeneity of resources for ecological convergence among mimetic species.

Let us now discuss a few general perspectives emerging from the different questions

addressed in this dissertation, in the light of few additional theoretical and empirical in-

vestigations.

Selection and biological diversification

Selection acting on ecological traits is an important determinant of macroevolutionary

patterns of diversification. As emphasized in this thesis, it is necessary to consider all

levels of biological diversification to infer how selection acting on a given trait affects

macroevolutionary patterns of diversification. In particular, species diversification

occurs through the speciation process, which relies on the evolution of reproductive

isolation [see a review by The Marie Curie Speciation Network 2012]. Selection pressures

indirectly acting on non-morphological traits can cause reproductive isolation. For

instance, as shown in Chapter 3 and 4, selection indirectly acting on preference traits

biasing the formation of mating pairs during sexual reproduction can generate reproduc-

tive isolation, ultimately causing speciation. Therefore, morphological diversification is

not linearly associated with species diversification. In the case of aposematic organisms,

positive frequency-dependent selection acting on warning signals leads new variants

to extinction and the diversification of warning signals is therefore hard to explain.

However, once diversity of warning signals is established (e.g. via stochastic processes),

positive frequency-dependent selection generates disruptive selection, which readily
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drives speciation via the evolution of assortative mating [Kirkpatrick and Ravigné 2002]

[but note that increased divergence between taxa also requires accumulation of other

barriers to gene flow, Mérot et al. 2017]. Additionally, as shown in Chapter 5, positive

frequency-dependent selection can constrain species ranges and favours the mainte-

nance of ecologically similar species in different geographical areas. Concluding that

positive frequency-dependent selection inhibits diversification on the basis of its first

impact on morphological diversification (selection for uniformity) would have been a

mistake. Once diversity of warning signals is established, positive frequency-dependent

selection can greatly favour species diversification at the macroevolutionary scale.

One can wonder if other types of selection pressures (e.g. negative frequency-

dependent selection, density-dependent selection caused by environmental heterogene-

ity) have such antagonistic effects on diversification at micro- and macroevolutionary

scales. Additional work tackling this question is surely required. However, given our

current knowledge on the effects of positive frequency-dependent selection, negative

frequency-dependent selection is likely to have similar antagonistic effects on diver-

sification. Negative frequency-dependent selection is a powerful type of balancing

selection that maintains many natural polymorphisms [Ayala and Campbell 1974; Turelli

and Barton 2004; Fitzpatrick et al. 2007; Kazancioǧlu and Arnqvist 2014]. While at the

macroevolutionary scale, the generation of discrete polymorphism appears to be a pre-

requisite for speciation with gene flow to occur, negative frequency-dependent selection,

unlike positive frequency-dependent selection, does not generate disruptive selection

and does not favour the emergence of such discrete polymorphism (Box 3). Therefore,

this selective force favours morphological polymorphism but is unlikely to drive species

diversification at the macroevolutionary scale.

In this thesis, I investigated the implication of one type of selection pressure for

diversification. However, the evolution of morphological traits is often driven by multiple

selective forces, and this diversity of selection pressures is likely to be a key determinant

of diversification. Selection can act via differential survival (called ‘viability selection’ in

this thesis) or differential mating success (‘sexual selection’) and both viability and sexual

selection can act on the same trait. For instance, in organisms carrying warning signals,

assortative mate preferences should cause positive frequency-dependent selection on the

colouration used as the basis of mate choice [as shown by Pennings et al. 2008; Otto et al.

2008], in addition to positive frequency-dependent selection caused by aposematism.

However, sexual and viability selective forces can also act in different directions. For

instance, in the butterfly Heliconius numata, viability selection acting on warning signal

is positive frequency-dependent (via aposematism) [Chouteau et al. 2016] but sexual

selection is negative frequency-dependent (via mate choice), thereby favouring the main-

tenance of polymorphism in this species [Chouteau et al. 2017]. Similarly, antagonistic se-

lection pressures act on different breeding tactics in bank voles (Myodes glareolus), which

may promote genetic variability in cyclic mammal populations [Mappes et al. 2008]. In

Chapter 1, I also showed that viability selection acting on warning signals via predator
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Box 3: From frequency-dependent selection to disruptive selection

I construct here a very simple model of trait evolution under frequency-dependent

selection. I consider a population of 1,000 individuals that are characterized by an

ecological trait x ∈ [0,1]. At each generation, 20% of the population are replaced by

offspring of the remaining population, such that the population size remains con-

stant. Reproduction is asexual. Parent individuals are chosen randomly and the eco-

logical trait x in offspring is drawn from a normal distribution with mean equal to the

parental ecological trait and with standard deviation 0.005. Individuals’ probabilities

to remain in the population are weighted by the frequencies of individuals’ ecolog-

ical trait in the population. The frequency of one ecological trait xi is calculated as

the number of individuals with ecological traits in the range [xi −0.05, xi +0.05] (i.e.

within a sliding window of size 0.1) divided by the total number of individuals.

I either implement positive frequency-dependent selection or negative frequency-

dependent selection, with probabilities to remain in the population that are propor-

tional or inversely proportional to individuals’ ecological trait frequencies, respec-

tively. Starting from a uniform distribution of phenotypes x, positive frequency-

dependent selection can completely deplete polymorphism, whereas negative

frequency-dependent selection always maintains continuous polymorphism. Unlike

negative frequency-dependent selection, however, positive frequency-dependent se-

lection can also generate disruptive selection, which is expected to drive speciation

(e.g. Fig. 9).
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sampling strategy may be negative and positive frequency-dependent at the same time.

Such mixed selection regime greatly favours diversication; negative frequency-dependent

selection favours the generation of polymorphism (Chapter 1), and positive frequency-

dependent may cause disruptive selection favouring speciation [Kirkpatrick and Ravigné

2002]. Despite mounting empirical evidence of neophobic behaviours [Crane and Ferrari

2017], the prevalence of such mixed selection regime acting on warning signals remains

to be tested in the field. Likewise, selective forces of different nature (density- and neg-

ative frequency-dependent) have been shown to act on the same breeding tactic in bank

voles [Mappes et al. 2008]. Overall, the extent to which mixed selection regimes act on sin-

gle traits as well as their implication for diversification (at micro- and macroevolutionary

scale) should receive much more attention.

Molecular basis of diversification

I attempted to investigate the process of biological diversification with an integrative

view, at micro- and macroevolutionary scale. However, I modelled the genetic basis of

ecological traits in very simplistic ways. One could go a step further and consider the

molecular basis of diversification. In particular, specific genetic architectures allow the

maintenance of polymorphism despite genetic recombination. The determinants of the

evolution of such architectures are therefore of great importance if we are to understand

the process of biological diversification.

Genetic recombination is a universal biological mechanism. All cellular life forms

encode enzymatic machinery for recombination, and multiple recombination events

occur during each cycle of reproduction in sexually reproducing organisms. Because

recombination often breaks up combinations of alleles favoured by selection, the

ubiquity of recombination therefore poses a theoretical challenge [Fisher 1930]. The

prevalence of recombination might have a proximal or mechanistic explanation, such as

a predominant role of recombination in repairing DNA. Recombination also confers a

fitness advantage that can offset its cost, thereby providing an evolutionary explanation

to its ubiquity [Barton and Charlesworth 1998]. In particular, recombination breaks

apart less-fit combinations of genes and increases the fitness variance of the offspring,

thereby increasing the efficacy of selection [Barton 1995]. Genetic recombination is

also an homogenizing force that tends to inhibit genetic polymorphism. Interestingly,

complex phenotypes are often controlled by specific genetic architectures, that can

be grouped under the term “supergene", where chromosomal rearrangements reduce

recombination between co-adapted loci and precludes the formation of non-adapted

recombinant phenotypes [Schwander et al. 2014]. These supergenes segregate as sta-

ble polymorphisms within or between natural populations and influence ecologically

relevant traits. Different combination of alleles, blocked by such chromosomal rear-

rangement, thus correspond to different adaptive strategies. Supergenes are common
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and often explain the maintenance of ecological polymorphisms. For instance, floral

heteromorphy determining alternative pollination strategies [Li et al. 2016], mating

tactics in several bird [Küpper et al. 2015; Tuttle et al. 2016], social organisations in

ants [Wang et al. 2013] or the wing patterns in many mimetic butterflies species [Joron

et al. 2006; Timmermans et al. 2014; Kunte et al. 2014; Iijima et al. 2018] have been

shown to rely on supergene architectures. Morphological diversification is therefore

tightly linked to the evolution of new variants via the formation of such chromosomal

arrangement. However, we do not fully understand how the multiple changes required

to generate a functionally new variant can accumulate despite negative selection exerted

on intermediate stages [Llaurens et al. 2017]. Recruitment of large-effect mutations

and gene duplication may explain the emergence of new adaptive alleles. More likely,

introgression of new haplotypes favoured by selection can cause the emergence of highly

divergent adaptive variants highlighted in balanced polymorphisms. Introgression is

involved in the supergene formation of the mimetic butterfly Heliconius numata [Jay

et al. 2018] (Fig. 10) and may have played a key role in the formation of other supergene

architectures [e.g., Wang et al. 2013; Tuttle et al. 2016]. However, the conditions leading

to the formation of supergenes via introgression remain to be explored theoretically.

Both genetic (e.g. recombination rate, genetic burden of new variants) and ecological

(fitness landscape, mating preferences) contexts may affect the formation of supergene

Figure 10 – Supergenes are genetic architectures underlying complex polymorphisms in many
organisms. Here, a supergene controlling mimicry polymorphism in Heliconius numata was
formed by the introgression of a chromosomal inversion from another butterfly species (Helico-

nius pardalinus). Therefore, 1.3 Ma of evolution in separate taxa explains the divergence of super-
gene haplotypes. Introgression may play a key role in the formation of novel genetic architectures
like supergenes. The determinants of supergene formation leading to balanced polymorphism
remain to be investigated. From Jay et al. [2018].
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architectures and subsequent balanced polymorphism. Overall, tackling the question

of the emergence of new genetic variants despite recombination will surely refine our

understanding of biological diversification.

I modelled convergence of warning signals as single ‘mutations’ leading to perfect

mimicry. This assumption is not completely unrealistic. The difficulty of initially evolv-

ing mimicry, as well as its degree of fidelity to its model (see next Section for details),

depend ultimately on the underlying similarity between the proximate mechanisms that

models and mimics use to produce their phenotypes. Proximate mechanisms include ge-

netic architectures but also the developmental processes and metabolic pathways used

to produce the convergent phenotypes of models and mimics [Arendt and Reznick 2008;

Manceau et al. 2010]. The widespread convergence of warning signals would be the-

oretically difficult to achieve if accomplished through different metabolic bases. How-

ever, there is an increased appreciation that these shared patterns may be accomplished

through parallel modifications to shared underlying developmental or genetic pathways.

For instance, mimetic and non-mimetic snakes appear to share the same pigment pro-

duction system [Kikuchi and Pfennig 2012; Kikuchi et al. 2014]. Likewise, in the butter-

fly genus Heliconius, Müllerian mimicry is based on multiple convergent transitions to

similar patterns under the control of an Optix transcription factor and a Wnt ligand in-

volved in a signaling cascade [Reed et al. 2011; Martin et al. 2012]. One locus called cortex

also controls pigmentation patterns via the development of wing scale cells in butter-

flies [Nadeau et al. 2016]. In particular, cortex regulates switches in the wing colour pat-

tern of lepidopterans including the peppered moth Biston betularia [Van’t Hof et al. 2011]

and the butterflies of the genus Heliconius [Nadeau et al. 2016]. Phenotypic variations

in wing colouration in the silk moth Bombyx mori [Ito et al. 2016] and the butterfly Bicy-

clus anynana [Beldade et al. 2009] also map to the genomic region of cortex, suggesting

a widespread role for this locus in eyespot determination in lepidopterans. Interestingly,

cortex is involved in both Batesian and Müllerian mimicry [Nadeau et al. 2016]. Con-

sequently, similarity between model and mimic goes largely beyond the identity (or the

visual properties) of their colours, but extends to the molecular basis of colouration. In

Heliconius butterflies, a small number of genes control the development of diverse wing

colour patterns and variation around colour pattern genes is highly modular, with nar-

row genomic intervals associated with specific differences in colour and pattern [Van Bel-

leghem et al. 2017]. Therefore, mimicry between distantly related groups has been facili-

tated by the availability to both models and mimics of similar pattern units more likely to

be expressed, and to be modified in parallel ways, due to shared developmental pathways.

This may explain the abundance of mimicry as an adaptive strategy as well as the num-

ber and taxonomic diversity of participants to some mimicry complexes. Therefore, mod-

elling convergence in warning signals via a limited number of mutations is not unrealistic.

However, the determinants of such similarity in the molecular basis of warning signals

as well as its implication for diversification require further investigation. In particular,

shared developmental pathways of co-mimetic species may ultimately lead to increased

evolvability – i.e. increased ability of organisms to generate adaptive genetic diversity.
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Such increased evolvability in Müllerian mimetic communities may evolve in response to

selection. In my model of diversification of warning signals (Chapter 1), the phenotypic

mutation rate affecting colour pattern can be implemented as a continuous state variable

that defines individuals (and not as a constant parameter). After implementing mutations

affecting the value of this phenotypic mutation rate, this model allows us to investigate

the determinants of the evolution of evolvability as well as its consequences for Müllerian

mimetic communities. Simulations suggest that high evolvability (high mutation rate af-

fecting colour pattern) can evolve in response to selection; offspring of individuals with

high evolvability are likely to colonize new environments by joining local mimicry rings

(Fig. 11). In turn, evolution of increased evolvability generates warning signals that may

be locally rare; this promotes the emergence of diversity of warning signals via stochas-

tic shifts (following Wright’s “shifting balance" theory, 1932). More generally, in mimetic

clades, developmental or genetic pathways may promote effective responses to selection

pressures driven by mimetic interactions. The evolution of such pathways may explain

why some clades are composed almost exclusively of mimetic species (e.g., Papilio and

Heliconius butterflies). Overall, investigating the transitions from genes, through devel-

opmental pathways, to phenotype, function, and fitness, should greatly extend our ap-

preciation of biological diversification.
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Figure 11 – Evolution of evolvability across time and morph composition of each toxic species
across space after 200,000 generations, using the theoretical framework of Chapter 1. Evolvabil-
ity corresponds to the individual’s phenotypic mutation rate affecting the morph and is initally
equal to 10−4. The grid is occupied by 8 species that are initially monomorphic such that there
are 4 morphs in total. Each individual can mutate to a different morph (10 possible morphs) with
a probability corresponding to its evolvability. Evolvability can also mutate (an increase or a de-
crease of 5% compared to parental values) with probability 0.01. Predators follow the optimal
sampling strategy and species compete with each other (with a niche overlap equal to 0.25). In-
creased evolvability evolves and is associated with increased morph diversity; diversity indexes are
Hγ = 1.00 (a) and 2.28 (b). Species that have not evolved a high evolvability get to extinction (red
dots in the time serie) because they cannot cope with the changing mimetic environment.
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Perception of warning signals and selection

Selection acting on warning signals relies on how those signals are perceived in the first

place. Viability selection on warning signals is caused by the predator sampling strategy

(explicitly modelled in Chapters 1 and 2), but also by predator perception. In this thesis,

mimicry patterns are modelled as discrete numbers. However, mimetic communities are

characterized by variables levels of mimetic fidelity between species, ranging from vague

similarity to near perfect resemblance, at least to our human eyes. Several non-mutually

hypotheses have been proposed to explain variable mimicry perfection [reviewed by

Kikuchi and Pfennig 2013; Sherratt and Peet-Paré 2017]. In particular, there could be

little advantage in improving mimetic fidelity once a certain threshold of resemblance is

achieved. Indeed, predators perceive visual signals in a hierarchical way, which indicates

that some features of the signal may be of lower importance and some others represent

key element for recognition [Aronsson and Gamberale-Stille 2012]. Therefore, general-

ized avoidance of warning signals during the learning process may be common [Beatty

et al. 2004; Kikuchi and Pfennig 2010], with great consequences for prey communities.

Indeed, quantification of wing colour pattern variation in communities of Neotropical

mimetic butterflies revealed that perfect mimicry is not predominant and that the

phylogeny is structuring the variations in mimetic fidelity observed within mimicry rings

[PhD thesis of Le Poul 2014]. Whether generalization is caused by perceptual limitations

or by cognition [e.g. optimization of the sampling strategy, Kikuchi and Sherratt 2015;

Sherratt and Peet-Paré 2017] remains to be disentangled. I attempted to tackle this issue

by measuring vertebrate perception using experimental computer games for human

volunteers. I constructed a perception map of mimetic butterflies, describing how the

mimetic community is perceived by an human eye with a webcasted game. Anonymous

players were sequentially presented triplets of butterflies [from the community sampled

by Le Poul 2014], with one indicated to be a reference, during one minute. They had

to decide which of the other two butterflies is the most similar to the reference. The

order between and within triplets was randomized for each player. Then, using gener-

alized non-metric multidimensional scaling [Agarwal et al. 2007], I constructed a mean

perception map of the butterfly community [as in Bernstein and Heer 2014] (Fig. 12).

This perception map provides evidence that vertebrate predators may perceive those

subtle difference among wing patterns [that have been measured quantitatively by Le

Poul 2014]; mimicry is rarely perceived as being perfect. Of course, this perception

map is not based on a sampling experiment; this map does not tell us how a vertebrate

predator would generalize mimicry pattern in a context of associative learning. However,

this empirical work raises some questions. How does selection act on such continuous

morphospace? Does the theory on mimicry (and mimetic diversification) hold even

if it has been mainly built on the hypothesis that warning signals are dicrete? One

experiment shows that learning in bird predators depends on the composition of prey

community [Ihalainen et al. 2012] [also shown by Beatty et al. 2004, with a computer

game for human volunteers]. Therefore, we may expect that predator learning, as well
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Figure 12 – Perception map of a butterfly mimetic community, using generalized non-metric mul-
tidimensional scaling on 22,900 presentations of butterfly triplets (1,497 different players). Scaling
is irrelevant; only relative distances matter in this perception map. Sampling and treatment of the
images of butterflies (segmentation of the colour patterns) have been done by Le Poul [2014].

as subsequent selection caused by differential predation, is different if warning signals

are continous traits. In particular, selection for mimicry may be relaxed, giving scope for

further diversification of warning signals.

As highlighted in this thesis, warning signals are under strong sexual selection. Sex-

ual selection on warning signals is explained by mate choice (the evolution of which is

the focus of Chapters 3 and 4), but also by conspecific perception. Yet little is known

about how conspecific perceive warning signals during mate choice. Many species have

different visual sensitivities to that of their predators, particularly in their sensitivity to

UV in the case of avian predators [Cuthill et al. 2000]. This can have great consequences

for signal evolution. In particular, colouration in lizards has been shown to enable si-

multaneous conspicuous sexual signaling and camouflage by partitioning signals that are

better tuned to the visual systems of their conspecifics than to that of their avian preda-

tors [Marshall and Stevens 2014]. This emphasizes the importance of considering both

the different viewing perspectives and the visual system properties of predators and con-

specifics. Yet, this is not the case in most studies of warning signal evolution [see Rojas

et al. 2018, for a review]. Additionally, other traits (like pheromones in butterflies) are

used as mating cues. Two Heliconius species (H. timareta thelxinoe and H. melpomene

amaryllis) with near-identical wing patterns have been shown to mate assortatively, im-

plying that other factors (short-distance cues) than wing patterns keep the two taxa apart

[Mérot et al. 2013, 2015]. Although those species are not sister species, this case study
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still raises some questions about the evolution of assortative mate preferences. What are

the cues used during the evolution of assortative mate preferences? If preference can be

based on different cues (e.g., visual and olfactory cues), how do underlying preference

traits co-evolve? Preference traits based on different cues lead to the same pattern of as-

sortative mating. Therefore, in a context of disruptive selection acting on the ecological

trait used as a visual cue for mate choice, indirect viability and sexual selection pressures

acting on those different preference traits give scope for perhaps intringuing coevolution,

just like in Chapter 3.

Conclusion

Over the course of my PhD, I investigated the process of diversification in aposematic

organisms at different hierarchical levels of organization. At first glance, these theoretical

studies may appear very specific. However, altogether, this work refines our under-

standing of the role of positive frequency-dependent selection (which is widespread

in signaling and communication) and mutualistic interactions in biological diversifi-

cation. With such an integrative approach, I also highlight opposite effects of positive

frequency-dependent selection on morphological and clade diversification. This stresses

the absolute necessity of building bridges among micro- and macroevolutionary scales

of diversification.

To adopt Bates’ prose†, the fantastic diversity of the living world with its myriad of

adaptations may seem like a pure enchantment. Identifying the determinants of biolog-

ical diversification is a daunting challenge because many different abiotic and biotic fac-

tors come into play. Although performing integrative research on very specific local pro-

cesses does not provide the whole picture of biological diversification, such studies may

allow us to characterize key factors underlying biological diversification, such as positive

frequency-dependent selection. We might eventually end up identifying what wood the

“enchanter’s wand" is made of.

† See the epigraph of this thesis, page 2.
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Contexte

Le monde vivant est caractérisé par une grande diversité d’espèces. Cette diversité

est hétérogène entre groupes d’organismes. Par exemple, on observe une incroyable

diversité d’espèces de coléoptères alors que seulement quelques espèces représentent

certains groupes d’animaux ou de plantes. L’étude des facteurs écologiques et évolutifs

qui causent ces variations entre clades est essentielle à notre compréhension de l’origine

et de la dynamique de la biodiversité. Bien sûr, décrire la diversité spécifique n’est pas

suffisant pour appréhender la diversité du vivant qui est aussi caractérisée par une

incroyable diversité génétique, morphologique et écologique. La diversification des es-

pèces est intimement liée à ces autres patrons de diversification. Cependant, faire le lien

entre tous ces niveaux de diversification des organismes n’est pas simple. La morphologie

des organismes définit la nature et la force des interactions entre individus et peut donc

affecter les processus macro-evolutifs de spéciation et d’extinction d’espèces. Or, chaque

trait morphologique est souvent impliqué dans plusieurs types d’interactions différents.

Et, à l’inverse, chaque interaction peut être affecté par plusieurs traits morphologiques

différents. Définir l’effet d’un processus local sur la diversification d’espèces à partir de

l’observation d’un patron de diversification morphologique représente l’un des défis

modernes de la biologie évolutive.

Cependant, l’étude de la diversification de traits facilement mesurables et modulant

un nombre restreint d’interactions permet de comprendre le processus de diversification

biologique de façon intégrative, à l’échelle micro- et macro-évolutive. Étudier la diversi-

fication de ces traits écologiques permet de mieux comprendre comment la nature des

pressions de sélection naturelle et sexuelle peut affecter l’évolution des organismes. La

coloration des organismes fait partie de ces traits. En effet, le rôle de la coloration dans

l’écologie des organismes (modulation de la prédation et reproduction notamment) est

relativement bien définie. De plus, la diversité de la coloration intra- et inter-espèce est

facilement observable. Au cours de ma thèse, je me suis concentré sur des patrons de

coloration particulièrement spectaculaires qui continuent de fasciner les biologistes : les

signaux d’avertissement. Certains organismes dits aposématiques sont dotés de moyens

de défense (toxicité, venin...) et portent des patrons de coloration clairement percep-

tibles par d’éventuel prédateurs. Les prédateurs peuvent associer ce signal au danger

que représente la proie. Cette association cognitive est rarement innée. Constamment,

des prédateurs naïfs (en particulier des juvéniles) attaquent les proies avant d’associer

le signal au danger. Plus le signal est fréquent, plus le coût d’éducation des prédateurs

est dilué entre individus qui portent ce signal. Ce processus d’échantillonnage génère

donc de la sélection fréquence-dépendante positive : les proies portant un signal en forte

fréquence souffrent d’un taux de prédation plus faible que celles qui portent un signal

en faible fréquence. Cette pression de sélection fréquence-dépendante positive favorise

la convergence de patron de coloration entre espèces défendues, phénomène appelé

mimétisme Müllerien. Ces espèces mimétiques sont donc mutualistes : en portant le

même signal, ces espèces partagent le coût d’apprentissage des prédateurs.
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Malgré une pression de sélection qui favorise la convergence des signaux, on observe

une incroyable diversité de signaux d’avertissement dans la nature, à l’échelle régionale

mais aussi à l’échelle locale. De plus, les clades d’espèces mimétiques sont extrême-

ment diversifiés. Dans cette thèse, j’étudie le processus de diversification des espèces

mimétiques, à l’échelle micro- et macro-évolutive, et décris donc l’effet de la sélection

fréquence-dépendante positive sur la diversification des organismes.

Cognition des prédateurs et diversité des signaux

Le comportement d’échantillonnage des prédateurs génère cette pression de sélection

fréquence-dépendante positive favorisant la convergence des signaux d’avertissement.

Pourtant, on observe une grande diversité de signaux dans les communautés mimétiques.

Plusieurs hypothèses ont été soumises pour expliquer ce paradoxe : relâchement de la

pression de sélection via l’absence de prédateurs dans certaines localités, mimétisme

parasite entre espèces avec des niveaux différents de toxicité générant de la sélection

fréquence-dépendance négative, ségrégation des communautés de prédateurs et proies

dans différents micro-habitats. Cependant, aucun modèle théorique n’a montré ex-

plicitement que les signaux d’avertissement peuvent se diversifier sous ses conditions.

Le comportement des prédateurs est à l’origine de la sélection fréquence-dépendante

positive. Étonnamment, la stratégie d’échantillonnage de Müller (prédation d’un nom-

bre fixe de proies toxiques portant un signal donné) est utilisé dans la grande majorité

de ces modèles théoriques bien qu’il n’ait reçu aucun support empirique. J’ai donc

testé l’effet d’un modèle plus réaliste de cognition des prédateurs – la stratégie opti-

male d’échantillonnage basée sur un compromis entre exploration et exploitation de

l’information – sur la diversification des signaux à l’échelle morphologique.

Dans le Chapitre 1, nous explorons les conséquences de la stratégie optimale

d’échantillonnage des prédateurs sur une communauté de proies toxiques et aposéma-

tiques. Contrairement aux prédateurs suivants la stratégie d’échantillonnage de Müller,

ces prédateurs n’échantillonnent pas tous le même nombre de proies toxiques, et certains

présentent même des comportements de néophobie (quand le nombre de proies alterna-

tives non toxiques est élevé par exemple). La stratégie optimale d’échantillonnage génère

donc une variété de prédictions concernant la communauté de proies : du mimétisme

mais aussi de la diversité régionale et locale (Fig. 13). De plus, l’hétérogénéité du

comportement des prédateurs à travers l’espace et le temps que permet une stratégie

d’échantillonnage plus réaliste facilite l’émergence de diversité locale et régionale des

signaux d’avertissement des proies. Le comportement d’échantillonnage qui conduit au

mimétisme Müllerien, reconnu par Müller il y a plus d’un siècle, explique aussi la généra-

tion et le maintien de diversité. La prévalence du comportement de néophobie des pré-

dateurs en milieu naturel reste à prouver.
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espèce 1 espèce 2 espèce 1 espèce 2

Stratégie optimale d'échantillonnagea bStratégie d'échantillonnage de Müller

Figure 13 – Signaux d’avertissement dans une communauté de proies toxiques après 500 000
générations. Initialement toutes les proies toxiques portent un signal rouge. Le comporte-
ment d’échantillonnage suit le modèle de Müller (a) ou celui de l’échantillonnage optimal (b).
Les deux modèles de cognition des prédateurs favorisent la convergence des signaux entre dif-
férentes espèces, mais seul le modèle d’échantillonnage optimal génère la diversité des signaux
d’avertissement.

Dans le Chapitre 2, nous explorons les conséquences de la stratégie optimale

d’échantillonnage des prédateurs sur la nature du mimétisme entre espèces avec des

niveaux différents de toxicité. Si ce type de mimétisme est mutualiste (“Müllerien"),

la sélection fréquence-dépendante positive favorise le monomorphisme des signaux

d’avertissement. Au contraire, s’il est parasite (“quasi-Batesien"), la sélection fréquence-

dépendante négative favorise le polymorphisme de l’espèce la moins toxique (tout

comme dans le mimétisme “Batesien" d’espèces comestible envers des espèces toxiques).

Identifier correctement la nature du mimétisme est donc nécessaire à notre compréhen-

sion de la nature de la sélection affectant les signaux, ainsi que leur dynamique évolu-

tive. Nous identifions la stratégie optimale d’échantillonnage des prédateurs capables de

classer les proies dans différentes catégories de comestibilité/toxicité et contrastons les

implications de cette stratégie d’échantillonnage pour l’évolution du mimétisme avec un

modèle de cognition “Pavlovien" (basé sur le conditionnement). Dans les deux cas, la

présence d’espèces mimétiques modérément toxiques entraîne une augmentation de la

consommation globale des proies portant ce signal. Cependant, dans le cas de la stratégie

optimale d’échantillonnage, cette augmentation de consommation est généralement

compensée par l’augmentation de la densité globale des proies partageant l’apparence

du modèle, entraînant une diminution de la mortalité (“effet de dilution"). Le mimétisme

entre espèces toxiques serait donc rarement parasite (quasi-Batesien) (Fig. 14), ce qui ex-

plique que les preuves empiriques démontrant ce type de mimétisme soient aussi rares.

Le mimétisme quasi-Batesien ne serait donc pas l’hypothèse principale expliquant le

polymorphisme des signaux d’avertissement. Néanmoins, notons que si les proies peu

toxiques sont bénéfiques pour des prédateurs affamés, alors le mimétisme entre espèces

avec des niveaux différents de toxicité peut être parasite. Cependant, si certaines proies

ne sont pas toxiques pour le prédateur, ce type de mimétisme peut plutôt être considéré

comme étant Batesien, et non quasi-Batesien.
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Figure 14 – Nature du mimétisme entre une espèce modèle toxique et une espèce mimétique co-
mestible ou faiblement toxique. Les prédateurs suivent une stratégie d’échantillonnage basée sur
le conditionnement (a) ou suivent la stratégie optimale d’échantillonnage (b). La prévalence du
mimétisme parasite “quasi-Batesien" dépend de la stratégie d’échantillonnage implémentée.

Diversité des signaux et spéciation

Alors que la diversification morphologique des signaux d’avertissement a toujours été

perçue comme paradoxale, le rôle de cette diversification phénotypique des signaux

dans le processus de diversification spécifique est bien compris. Une fois que la diversité

de signaux a émergé, la sélection fréquence-dépendante positive génère de la sélection

disruptive (les signaux hybrides sont rares et souffrent d’une forte prédation), qui facilite

grandement l’émergence d’isolement reproducteur entre populations différenciées

écologiquement. En effet, les signaux d’avertissement sont utilisés comme référence

lors du choix de partenaire sexuelle. Si une espèce aposématique est polymorphe, la

sélection naturelle disruptive agissant sur le signal favorise indirectement l’évolution

de préférences homogames (préférence pour un partenaire qui porte le même signal).

Cette propriété des signaux d’avertissement a fait de certains groupes d’organismes

mimétiques comme les papillons du genre Heliconius des références pour étudier le pro-

cessus d’émergence de nouvelles espèces : la spéciation. Le rôle de la diversification des

signaux d’avertissement pour la spéciation est déjà reconnu et a confirmé les prédictions

théoriques de certains modèles mathématiques. Cependant, des hypothèses faites dans

ces modèles ne sont pas vérifiées chez les papillons du genre Heliconius. Je propose

donc de relâcher ces hypothèses pour affiner notre compréhension du processus de

spéciation.
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Dans le Chapitre 3, nous explorons l’implication du choix mutuel de partenaire sexuel

pour l’émergence d’isolement reproducteur. Les interactions sexuelles jouent un rôle im-

portant dans l’émergence d’isolement reproducteur avec des conséquences claires pour

la spéciation. Malgré les preuves empiriques croissantes d’isolement causé par le choix

mutuel de partenaire sexuel (notamment chez les papillons mimétiques du genre Helico-

nius), les développements théoriques se sont concentrés sur l’évolution des préférences

par les femelles ou par les mâles, indépendamment. En utilisant un modèle de génétique

des populations, nous étudions l’évolution conjointe du choix du partenaire sexuel par

les femelles et par les mâles (préférence homogame) dans un contexte d’isolement re-

producteur émergent. Nous montrons que l’évolution de préférences homogames chez

les femelles augmente le succès reproducteur des mâles avec des préférences récipro-

ques. Par conséquent, la sélection favorisant le choix mutuel de partenaire sexuel de-

vrait être commune. Cependant, l’évolution de préférences homogames chez les mâles

affaiblit la sélection indirecte favorisant la préférence homogame chez les femelles. Par

conséquent, avec une faible dérive génétique, la coévolution du choix du partenaire sex-

uel par les femelles et par les mâle conduit à des épisodes périodiques d’accouplement

aléatoire avec un taux d’hybridation accru (Fig. 15). Ainsi, le processus d’établissement

de l’isolement reproducteur s’avère très fragile si le choix fait par les deux sexes peut

contribuer à l’accouplement homogame. Ces prédictions changent donc notre vision

de la dynamique évolutive de l’isolement reproducteur et encouragent la poursuite des

recherches sur la labilité des barrières d’isolement reproducteur. De plus, cette dy-

namique de coévolution pourrait aussi expliquer l’hybridation ponctuelle entre espèces

distinctes, et donc les patrons d’introgression génétique observés chez de nombreux tax-

ons.
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Figure 15 – Coévolution de la préférence homogame par les femelles et par les mâles (codés par
des locus indépendants) dans un contexte d’émergence d’isolement reproducteur (sélection dis-
ruptive sur le trait utilisé comme base du choix), et taux d’hybridation. Les deux graphes représen-
tent la dynamique évolutive d’une même simulation. Le gradient arc-en-ciel représente le temps
passé. Pour la combinaison de paramètres considérée (réallocation partielle de l’effort de parade
nuptial), la préférence homogame des mâles est favorisée par celle des femelles. Mais, une fois que
la préférence homogame des mâles évolue, la préférence homogame des femelles dérive. Passée
un seuil, la préférence homogame des mâles n’est plus favorisé. Cela enclenche un pic temporaire
d’hybridation, malgré la sélection favorisant le choix mutuel.
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Dans le Chapitre 4, nous explorons l’implication des coûts associés aux préférences

de partenaire sexuel pour l’émergence d’isolement reproducteur en parapatrie. L’étude

de la spéciation s’est concentrée sur le rôle de la sélection naturelle et sexuelle dans

l’évolution de préférences homogames. En contre-partie, le contexte géographique a

été délaissé, sûrement parce que l’évolution d’isolement reproducteur paraît plus com-

pliqué à expliquer dans un cadre sympatrique (sans isolement géographique entre éco-

types). Pourtant, les organismes s’organisent souvent le long de gradients écologiques.

En particulier, chez les papillons du genre Heliconius qui présentent des préférences ho-

mogames, la mosaïque spatiale des signaux d’avertissement favorise la distribution para-

patrique des espèces polymorphes. La parapatrie offre un cadre de spéciation bien par-

ticulier, avec un changement des fréquences des différents écotypes le long du gradient

écologique. Le contexte géographique affecte donc les processus fréquence-dépendants.

En particulier, la préférence homogame de partenaire sexuel peut être coûteux si le nom-

bre de partenaires sexuels potentiels rencontrés est limité (en induisant un risque de ne

pas se reproduire) et ce coût dépend de la fréquence locale des écotypes. Avec un mod-

èle individu-centré, nous montrons que ce coût associé aux préférences peut favoriser

l’évolution de préférences homogames en parapatrie (Fig. 16). Un coût associé au choix

modifie le déséquilibre de liaison entre préférence et trait écologique, affectant ainsi la

force sélective indirecte agissant sur la préférence (via la mort des descendants des indi-

vidus maladaptés à l’environnement local qui ont exprimé une préférence homogame).

Cette prédiction est contre-intuitive. Elle souligne l’importance d’étudier la spéciation

parapatrique au lieu d’inférer les conditions de spéciation parapatrique à partir de pré-

dictions faites sur des modèles de spéciation sympatrique. De plus, implémenter un coût

associé aux préférences homogames change les prédictions faites jusqu’alors concernant

l’effet de la taille de la zone hybride sur l’évolution de l’isolement reproducteur.
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Figure 16 – Différentiation génétique entre écotypes distribués le long d’un gradient écologique
via l’évolution de préférences homogames par les femelles. Si les préférences homogames sont
associés à un risque intermédiaire de ne pas se reproduire (quand le nombre maximum de mâles
rencontrés est intermédiaire), l’évolution de préférences homogames est favorisée conduisant à
un fort isolement reproducteur et une forte différentiation génétique.
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Diversité des signaux et diversification à l’échelle

d’un clade

La diversification des signaux d’avertissement favorise l’émergence d’isolement repro-

ducteur et donc la spéciation. La forte diversité des clades d’organismes aposématiques

confirme cette prédiction et les patrons de diversification à l’échelle macro-évolutive

dépendent donc de cette propriété des signaux d’avertissement. Cependant, la diver-

sification d’un clade est aussi soumise à d’autres forces écologiques et évolutives dont

l’intensité peut dépendre du processus de diversification des signaux d’avertissement.

J’ai donc testé théoriquement l’importance des contraintes géographiques et de la con-

vergence écologique lors de la diversification des clades aposématiques. Je montre que

ces effets indirects de la diversification des signaux peuvent fortement contribuer à struc-

turer les patrons de diversification à l’échelle macro-évolutive des clades aposématiques.

Dans le Chapitre 5, nous explorons l’implication de la diversification spatiale des sig-

naux pour la diversification phylogénétique des clades mimétiques. La richesse en es-

pèces varie selon les clades, mais les causes de ces variations restent mal comprises. Des

facteurs abiotiques, mais aussi les interactions écologiques peuvent contribuer à générer

de telles variations. Dans ce chapitre, nous examinons l’implication d’une catégorie

d’interactions donc l’effet sur la diversification des espèces à l’échelle macro-évolutive

est particulièrement mal comprise : les interactions mutualistes. Nous cherchons à char-

actériser les patrons de diversification causés par des interactions mutualistes en util-

isant un modèle individu-centré. Plus particulièrement, nous nous concentrons sur le

mimétisme mutualiste Müllerien. Pour étudier les effets du mimétisme Müllerien sur la

diversification des espèces, nous supposons que certains événements de spéciation sont

causés par de la divergence écologique, et peuvent également être associés à un change-

ment de signal d’avertissement. Dans ce modèle, le mimétisme Müllerien contraint la ré-

partition géographique des espèces et permet à différentes espèces occupant des niches

écologiques proches de se maintenir en occupant différentes régions géographiques. Par

le biais de cette ségrégation spatiale, le mimétisme Müllerien génère ainsi des arbres phy-

logénétiques plus équilibrés et augmente la diversité globale des espèces (Fig. 17). Cette

étude met donc en lumière les effets complexes du mimétisme Müllerien sur la diversi-

fication écologique, spatiale et phylogénétique et fournit des prédictions testables con-

cernant la forme et la taille des arbres phylogénétiques des clades mimétiques. En par-

ticulier, la forte diversité des clades mimétiques ne s’explique pas seulement par l’effet

de diversification des signaux sur la spéciation (qui n’est pas modélisé dans notre mod-

èle), mais aussi par son effet sur la ségrégation spatiale des espèces. Ces prédictions

s’appliquent aussi aux patrons de diversification médiés par d’autres interactions mimé-

tiques obligatoires où les espèces mutualistes sont complètement interdépendant pour

survivre (comme l’association entre algues et mycoses dans les lichens). Plus générale-

ment, notre étude souligne l’importance du lien entre diversification géographique et di-

versification à l’échelle macro-évolutive.
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Figure 17 – Patron macro-évolutif avec ou sans diversification des signaux d’avertissement, après 5
millions de génération. Distribution des signaux dans l’espace, occupation de l’espace écologique
par les espèces, et phylogénie. La diversification des signaux ségrège les espèces dans l’espace,
conduisant à une occupation plus uniforme de l’espace écologique et une diversité spécifique
accrue.

Dans le Chapitre 6, nous testons les conditions sous lesquelles la convergence

écologique entre espèces co-mimétiques peut affecter la diversification spécifique des

organismes aposématiques. Les interactions écologiques entre espèces structurent les

communautés et cette structure peut affecter le processus de diversification des espèces.

Notamment, la convergence écologique entre espèces mimétiques peut précipiter la di-

versification spécifique en favorisant la spéciation. Cependant, l’effet du mimétisme

sur la structure des communautés, en termes de convergence écologique entre espèces

mimétiques, reste mal compris. Les tests empiriques démontrent des effets contradic-

toires, selon la nature de la dimension écologique considérée. Avec un modèle individu-

centré, nous testons les conditions de convergence écologique entre espèces mimétiques.

Nous modélisons explicitement deux dimensions écologiques, les ressources et les micro-

habitats, pour lesquelles les espèces sont en compétition. Cette distinction est impor-

tante, car la convergence écologique le long de ces dimensions ne promeut pas forcément

la co-occurrence d’espèces co-mimétiques. En particulier, la convergence d’utilisation

des ressources ne favorise pas la co-occurrence si les ressources sont distribuées de façon

homogène dans l’environnement. Le mimétisme ne favorise donc pas la convergence

sur cette dimension écologique dans cette condition (Fig. 18). L’effet de la convergence

écologique sur la diversification des clades d’organismes aposématiques est donc à rel-

ativiser. La diversité des signaux ne favorise pas forcément la diversification spécifique

via la convergence écologique des espèces mimétiques. Plus généralement, cette étude
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met en lumière l’importance du patron de co-occurrence des espèces sur la structure des

communautés écologique. Etablir le lien entre convergence écologique et co-occurrence

est nécessaire pour inférer les effets d’interactions écologiques, positives ou négatives, sur

la structure des communautés.

Homogène

Très hétérogène

Moyennement hétérogène

0.0

0.2

0.4

0.6

1 2 3 4

0.0

0.2

0.4

0.6

1 2 3 4

Nombre de cercles mimétiques

S
im

ila
ri
té

 d
e
s
 r

e
s
s
o
u
rc

e
s
 u

ti
lis

é
e
s
 

p
a
r 

d
e
s
 e

s
p
è
c
e
s
 m

im
é
ti
q
u
e
s

S
im

ila
ri
té

 d
e
s
 m

ic
ro

-h
a
b
it
a
ts

 u
ti
lis

é
s

p
a
r 

d
e
s
 e

s
p
è
c
e
s
 m

im
é
ti
q
u
e
s

Nombre de cercles mimétiques

Distribution des 
ressources:

Figure 18 – Similarité entre paires d’espèces co-mimétiques, comparée à la similarité entre paires
d’espèces aléatoirement choisies dans la communauté. Il est nécessaire de contrôler par le nom-
bre de cercles mimétique pour comparer ces statistiques de mesure de similarité. Si ces statis-
tiques sont égales à 0, l’environnement ne favorise pas la convergence d’utilisation des ressources
ou de micro-habitat chez les espèces mimétiques. Une fois la diversité des signaux maintenue, le
mimétisme favorise la convergence écologique en terme de micro-habitat. Par contre, la con-
vergence d’utilisation des ressources entre espèces mimétiques dépend de la distribution des
ressources entre micro-habitats.

Conclusion

Dans cette thèse, j’ai donc affiné notre compréhension de la diversification des organ-

ismes aposématiques et mimétiques, à l’échelle micro- et macro-évolutive. Chez certains

organismes aposématiques comme les papillons du genre Heliconius, la base génétique

des signaux d’avertissement est de mieux en mieux comprise. Lier la diversification géné-

tique aux autres niveaux de diversification est donc le prochain défi à relever pour con-

struire une vision intégrative du processus de diversification biologique. De même, les

pressions de sélection affectant les signaux d’avertissement reposent sur la perception du

signal qu’ont les prédateurs et les partenaires sexuels potentiels. Mesurer la proximité

perçue entre signaux et comprendre la nature de la sélection affectant des signaux conti-

nus et non discrets est nécessaire à notre compréhension de la diversification des signaux.
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Diversity of warning signals, speciation and clade diversification

The display of warning signals by unpalatable (or otherwise defended) prey provides a won-
derful opportunity for establishing an integrative view of biological diversification. Warning sig-
nals are known to be under strong natural and sexual selection. On the one hand, the sampling
strategy of predators, characterized by a learned avoidance of signals associated with unpalata-
bility, generates natural selection in favour of warning signals in high frequency in the prey com-
munity. Such positive frequency-dependent selection favours phenotypic uniformity and causes
unpalatable species to converge on common warning signals (mutualistic “Müllerian" mimicry),
as seen in a large panel of taxa. On the other hand, warning signals are used as a phenotypic cue for
mate choice, generating sexual selection with important consequences for reproductive isolation
and speciation.

Paradoxically, despite powerful selection favouring phenotypic convergence, warning signals
are fantastically diverse, both within and between species, and this morphological diversification
is often associated with extensive species diversification at the clade level. In this thesis, I tackle
this apparent paradox from the ground up and I thereby refine our understanding of the role of
positive frequency-dependent selection and mutualistic interactions for evolutionary diversifica-
tion at micro- and macroevolutionary scales. First, I show that the predator sampling strategy
can favour the emergence of diversity of warning signals despite positive frequency-dependent
selection. Second, I dissect the conditions allowing the evolution of strong and stable reproduc-
tive isolation, necessary for speciation to occur, in a number of ecological situations where warn-
ing signals are under natural and sexual selection. Third, I highlight important indirect effects
of frequency-dependent selection on diversification at macro-evolutionary scale via spatial con-
straints and by-product ecological convergence.

Diversité des signaux d’avertissement, spéciation et diversification

Les signaux d’avertissement que portent les proies toxiques (ou autrement défendues) offrent
une opportunité unique de développer une vision intégrative de la diversification biologique.
Ces signaux sont soumis à une forte sélection naturelle et sexuelle. D’une part, la stratégie
d’échantillonnage utilisée par les prédateurs, caractérisée par l’apprentissage des signaux associés
à la toxicité, protège les signaux en forte fréquence dans la communauté de proies. Cette sélection
fréquence-dépendante positive favorise l’uniformité des phénotypes et la convergence de signaux
entre espèces toxiques (mimétisme mutualiste dit “Müllerien") dans de nombreux taxons. D’autre
part, les signaux d’avertissement sont utilisés comme critères de choix entre partenaires sexuels et
sont donc soumis à de la sélection sexuelle avec des conséquences importantes pour l’émergence
de l’isolement reproducteur et la spéciation.

Paradoxalement, malgré une forte sélection naturelle favorisant la convergence, les signaux

d’avertissement sont incroyablement diversifiés, à la fois au sein de la même espèce et entre es-

pèces. Cette diversification morphologique est souvent associée à une importante diversification

des espèces à l’échelle des clades. Dans cette thèse, j’apporte quelques explications à ce para-

doxe et j’affine ainsi notre compréhension de l’effet de la sélection fréquence-dépendante posi-

tive et du mutualisme sur la diversification à l’échelle micro- et macro-évolutive. Premièrement,

je montre que la stratégie d’échantillonnage des prédateurs peut favoriser la diversification des

signaux d’avertissement malgré une sélection fréquence-dépendante positive. Deuxièmement, je

dissèque les conditions permettant l’évolution d’un isolement reproducteur stable, nécessaire à

la spéciation, dans certaines situations écologiques où les signaux mimétiques sont sous sélec-

tion naturelle et sexuelle. Troisièmement, je décris des effets indirect de la sélection fréquence-

dépendante sur la diversification à l’échelle macro-évolutive par le biais de contraintes spatiales

et de convergences écologiques secondaires.


