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Abstract

Spatial and temporal variations in the social environment are predicted to modulate the pat-
tern of inter-sexual interactions within populations through changes in the operational sex
ratio and phenotypic composition. Research exploring how the social environment plays a key
role in shaping variation in sexual selection usually compares spatially isolated populations
or the same populations between breeding seasons. However, small changes in demographics
can happen during a breeding season and may also alter selection. Moreover, studies mostly
focus on single-species populations with similar life histories, limiting the generalisation of
the role of environmental complexity on sexual selection. Driven by this context, this the-
sis aims to further our understanding of three broad questions (1) How do changes in social
context throughout a breeding season influence sexual selection? (2) How do different lev-
els of reproductive synchrony within and between sexes affect sexual selection? and (3) Can
the intra-specific process of sexual selection lead to interspecific sexual isolation in sympatric
species with synchronized breeding events? To achieve this, I used lampreys as a biological
model, as they constitute a highly polygynandrous system in which the duration of individ-
ual mating activity is short relative to the length of the breeding season. By developing a
model that decomposes the effect of individual traits on the two processes leading to mating
success (i.e. number of mating attempts, probability of successful mating), I first showed that
the advantage conferred by body size depends on the competitive environment faced by in-
dividuals during a breeding season, and their timing of activity (1). Through an experiment
study and an Agent-Based-Model, we then highlighted that the level of synchrony within and
between sexes modifies the strength and direction of sexual selection, inducing a potential
adaptative response in individuals’ reproductive timing (2). Finally, I show that considering
the complexity of the social environment, e.g. by incorporating the effect of conspecifics with
distinct life histories, may explain the emergence of alternative mating strategies through sex-
ual selection such as sneaking in lampreys and shed light on the potential mechanism behind
sympatric speciation (3). Overall, this thesis illustrates the role that variation in competitive
structure may play on how sexual selection operates both within and between populations
and advocates that the complexity and dynamics of the social environment should be more

often considered when studying mating system dynamics.
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CHAPTER 1

General introduction

1.1 SEXUAL SELECTION THEORY

1.1.1 How to define sexual selection

The theory of sexual selection was first formulated by Darwin (1871, 1859) while attempt-
ing to understand a remarkable class of male traits, including bright colours, songs, displays,
horns, and other weapons, that defied explanation by conventional natural selection to en-
hance survival or fecundity. Darwin (1871) suggested that these traits, which are sometimes
maladaptive to survival, are instead favoured by competition over mates. Darwin’s definition
of sexual selection, although not directly stated in the Descent of man, is broadly similar to
the one later used by Andersson (1994): "Sexual selection arises from differences in reproductive
success caused by competition for access to mates". However, this definition, which remains the
most widely used by researchers studying sexual selection (see Shuker and Kvarnemo, 2021),
focuses only on pre-copulatory sexual selection and excludes post-copulatory processes. Al-
though access to mates is a necessary step towards access to gametes (at least in internal
fertilisers or external fertilisers where copulation is necessary), mechanisms occurring after
mating (i.e. after pairing) may also increase or limit fertilisation success, ultimately constitut-
ing a fully-fledged fitness component. Many researchers have therefore recently advocated
broadening Anderson’s definition to include post-copulatory processes by defining sexual
selection as, for instance, "selection generated by differential access to opposite-sex mates and

gametes" (Kokko et al., 2006). Recently, Shuker and Kvarnemo (2021) defined sexual selection,
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in terms of "any selection that arises from fitness differences associated with nonrandom success
in the competition for access to gametes for fertilisation". Although very similar to the previ-
ous definition, this new one emphasises that variations in access to mates or gametes may
exist even under a random-mating pattern (i.e. in absence of sexual selection, see 1.1.3.1).
Since Andersson (1994) work, most scientists, including the ones mentioned above, approved
the use of sex- and sex-role-neutral definitions of sexual selection. Although anisogamy (i.e.
the size difference in gametes) does mean that ova are more likely to be a limiting resource
than sperm, both males and females may display traits that are under sexual selection. More-
over, two sexes are not even required for sexual selection to occur; competition over mates
that differ in quality may also occur in hermaphrodite species (Ghiselin, 1969; Anthes et al.,
2010; Pelissié et al., 2012). This implies that sexual dimorphism (i.e. morphological differences

between the sexes) is not a prerequisite for sexual selection to occur.

Defining sexual selection in light of natural selection theory

The relationship between natural and sexual selection has been long debated; differences of
opinion abound on whether or not sexual selection is a subset of natural selection. In The
Origin of Species, Darwin made a clear distinction between natural selection and sexual se-
lection. This distinction was drawn because traits that are favoured by sexual selection are
sometimes opposed by natural selection (see above). In such conceptualization, natural se-
lection is considered in terms of viability selection: for instance, as a sexual ornament gets
bigger, natural selection through predation or competition for resources occurs to prevent
further elaboration. Traditional sexual selection modelling (e.g. Andersson, 1994) also con-
siders sexual selection as being balanced by natural selection. Endler (1986) was among the
first theorists to provide valuable insight into how the relationship between natural and sexual

selection could be summarised. Indeed, he defined natural selection in two distinct ways:
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+ Broad-sense natural selection: natural selection includes all possible components of
fitness, making sexual selection a subset of natural selection. This definition is the def-

inition used by Endler (1986) in his book.

« Narrow-sense natural selection: natural selection only comprises viability and fecun-
dity selection and is therefore separated from sexual selection. This is in accordance

with the Darwinian definition of natural selection.

Kokko (2021) and Shuker and Kvarnemo (2021) recently proposed that "natural selection
is about being able to enter and remain in the fertilisation game, and sexual selection is about
performance once in the game". However, partitioning fitness into different subsets can be
challenging in an empirical study, especially when fitness components align and confound
with each other, for instance in the case of the "endurance rivalry" mechanism (see Box 1.2).
Here, this challenge will be overcome as we will use semalparous species as a case study (see
1.3) i.e. species that reproduce once in their lifetime. Any trait that generates different access

to opposite-sex mates will therefore be attributed to sexual selection and not natural selection.

Defining sexual selection in light of mating systems theory

Mating system theory constitutes a great deal of empirical and theoretical work in evolution-
ary biology since the end of the seventies (e.g. Emlen and Oring, 1977; Shuster, 2009). The term
"mating system" refers to the way populations are structured in relation to mating (Emlen and
Oring, 1977; Davies, 1991). Historically, the classification of mating patterns emerged to better
describe and document the diversity of sexual behaviours in animals. The most important cri-
terion for summarizing a species or a population’s mating system is the number of mates that
each sex has during either one breeding season or over a lifetime. There are several categories
of mating systems based solely on the number of mates (Table 1.1). Monogamy is employed

when a single male and a single female reproduce exclusively with one another during ei-
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ther a single reproductive season (i.e. partial monogamy) or over a lifetime (i.e. sequential
monogamy). When males mate with more than one female, the mating system is described as
polygynous while the term polyandrous is employed when females mate with more than one
male. If both sexes mate with multiple partners, the mating system may be defined as either:
polygamous or more occasionally as promiscuous. In the latter case, the term is employed in
different contexts: when mating with multiple partners occurs in an indiscriminate way i.e.
in a random pattern without any selection-based process, or sometimes in case of absence of
any social ties between the mating partners. More rarely, the terms polygynandry and polyan-
drogyny can be employed to describe a polygamous mating system for which there is higher

variability in male than female mating success or the reverse.

Table 1.1. Classical categories of mating systems. Adapted from Emlen and Oring (1977) and Shuster
(2009).

Mating system Definition
Monogamy Each sex has a single mate for either a breeding season or its entire lifetime
Polygyny Males have more than one female mate during one breeding season or over

their lifetime while females have one single mate

Polyandry Females have more than one male mate during one breeding season or over
their life time while males have one single mate

Polygamy Both sexes have more than one mate
Polygynandry Male mating success is more variable than female mating success
Polyandrogyny Female mating success is more variable than male mating success
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The mating system being a descriptive summary of interactions between individuals, one
primary goal of research in this area is to understand the factors that lead to variations in
mating systems. However, understanding selection operating on individuals is a prerequisite
to explaining why a species presents a specific mating system. The distribution of matings
indeed depends on how individuals are selected to mate with more (or fewer) partners. In
this regard, there is a clear link between theories of mating systems and sexual selection.
For instance, let’s consider a population in which intense male-male competition for access
to females leads to pre-copulatory sexual selection in favour of large body size and strong
fighting ability in males. In such a case, the evolution of polygyny may likely occur due
to the process of pre-copulatory intrasexual selection in males. Yet, mating systems may
reciprocally impact how behavioural adaptations evolve in a feedback process. If polyandry
increases in this population, a stronger post-copulatory sexual selection in males to ensure
fertilisation will emerge. If a trade-off exists between pre- and post-copulatory performance,
the strength of pre-copulatory sexual selection will weaken, as will the investment in traits
enhancing male mating success. Mating systems are therefore both the foundation and the

outcome of selection on individuals.

Shuker (2010) advocated not to confound sexual selection with mating systems theory.
While mating system theory can be used to predict and hypothesize the strength and direc-
tion of sexual selection, it cannot be relied upon to determine whether or not sexual selection
actually occurs. Indeed, although mating systems theory allows us to estimate what opportu-
nities a particular type of system may have on competition for mates, calculating the variation
in success in competition for mates and gametes (see 1.1.3.1) remains necessary to actually

test the process of sexual selection.
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Early work on mating systems classification appeared long before behaviour tracking devices and genetic parent-
age analysis. A comprehensive knowledge of sexual interactions between adults of a population was therefore
lacking. Owing mainly to anisogamy, the potential of female multiple mating (i.e. polyandry) was underestimated.
While males were assumed to benefit from each additional mating, females, on the opposite, were assumed to gain
no fitness by mating with an extra male. Once paternity testing had been developed and revealed high levels of
polyandry, researchers aimed to identify the benefits of female multiple mating. Several explanations of potential
benefits of female polyandry have been proposed (Halliday and Arnold, 1987; Yasui, 1997, 1998) and would be dis-

cussed consecutively:

« Direct benefits: The direct or environmental benefit hypothesis supposes that mating with multiple males
generates a greater supply of sperm, provides females with food resources, defence against sexual harass-

ment from other males and predators, or parental care of offspring.

« Indirect benefits: On the other hand, another explanation would be that polyandry is a way to increase
female fitness by conferring genetic benefits. For instance, females may acquire genes which enhance the vi-
ability or competitiveness of their off offspring (good gene hypothesis), obtain male genes that are compatible
with their own genes (genetic compatibility hypothesis) or increase genetic diversity within their offspring,
which may increase the possibility that some offspring within a clutch can survive in a fluctuating environ-

ment (genetic diversity hypothesis) (Yasui, 1998).

Environmental benefits are easily understood and accepted by every researcher; however, genetic benefits have
many theoretical difficulties and remain controversial (Yasui, 1998). A hypothetical female strategy to deal with such
uncertainty is ‘genetic bet-hedging’ (Parker, 1992; Stockley et al., 1997b; Schneider and Elgar, 1998; Yasui, 1998).
In the context of evolutionary biology, bet-hedging is a risk-spreading strategy that causes a decrease in average
fitness but results in benefits that accumulate over generations due to a decrease in fitness variation. Consequently,
a ‘bet-hedger’ genotype is supposed to reduce the probability of extinction across generations. When females’
ability to discriminate male genotypes through mate choice is imperfect, having eggs fertilised by more than one
male may reduce sampling error in mate quality (bet-hedging under the good genes hypothesis) or mate compatibility
(bet-hedging under the genetic compatibility hypothesis). Alternatively, polyandry may be advantageous for females
in a fluctuating environment as they cannot predict the good genes required by the next generation (bet-hedging

under the genetic diversity hypothesis).
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1.1.2 Mechanisms of competition over mates and gametes

Competition over mates and gametes can take many different forms, occurring before and/or
after mating, and can promote a variety of morphological or behavioural traits (Table 1.2).
Mechanisms of competition are generally classified into two categories: (1) intra-sexual selec-
tion in which members of one sex compete to access mates of the other sex and (2) inter-sexual
selection in which individuals of one sex display phenotypic characters that make them more
attractive to members of the opposite sex. Scramble competition is the first pre-copulatory

mechanism that may allow individuals to have higher access to potential mates (Davies, 1991).

Table 1.2. Mechanisms of competition over mates and gametes. Adapted from Shuker and Kvarnemo

(2021) and based on Andersson (1994).

Mechanisms

Traits favoured in competing sex

Process

Before mating

Scramble Ability to quickly locate mates (e.g. through developed hearing and Intra-sexual
competition olfactory senses) competition
Contest Ability to outcompete competitors before mating through direct Intra-sexual
competition combat (e.g. body size, weapons), or ability to avoid such competition competition

Mate choice

through alternative reproductive tactics

Competition to be chosen through behavioural or morphological
traits that the the opposite sex finds attractive (e.g. ornaments,
indicators of "good" genes), or resources that the other sex needs (e.g.
parental care) or ability of avoiding mate choice (e.g. forced

Inter-sexual

selection

copulations)
After mating
Gamete Ability to outcompete competitors through gamete competition after  Intra-sexual
competition mating (e.g. large number of sperm or eggs), or ability to avoid that competition

Cryptic mate

gamete competition after mating (e.g. mating plugs, mate guarding)

Competition to be chosen after mating through traits that the

Inter-sexual

choice opposite sex prefers (indicators of "good" or "compatible” genes) selection
Other

Endurance Ability to endure prolonged reproductive activity (e.g. condition, Intra-sexual
rivalry lifespan) competition
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Scramble competition occurs when all individuals are “scrambling” to locate and acquire
as fast as they can the limiting resource, i.e. in the context of sexual selection, the members of
the opposite sex. Contest competition is probably the most famous form of competition over
mates and has been the centre of a large of empirical and theoretical studies (e.g. reviewed by
Andersson, 1994). The term contest is used when rivals display to or fight each other in compe-
tition over mates or resources needed to attract mates. Fights over mates generally select for
strength, often achieved by large size and for weapons such as horns. Mate choice refers to the
process by which individuals select and prefer certain mates based on specific traits. Gamete
competition is another mechanism that may be considered as the post-copulatory equivalent
of contest competition. Sperm competition in males not only leads to the selection of larger
testes and increased sperm production but also influences ejaculate composition and sperm
morphology (reviewed by Simmons and Fitzpatrick, 2012). Research experiments on a sex-role
reversed pipefish also demonstrated that females experience egg competition and can modify
the amount and size of eggs produced depending on the level of female-female competition
(Berglund, 1991). Cryptic mate choice is any process after mating by which individuals of one
sex deferentially allocate resources to members of the other sex with respect to their pheno-
type. In females, this manifests through the facilitation of sperm displacement or preferential
sperm use from the most attractive males (e.g. Eberhard, 1996), whereas in males, the focus
lies on the quantity or quality of sperm they transfer to females during mating (e.g. Engqvist
and Sauer, 2001). The last mechanism of competition over mates and gametes is endurance

rivalry, i.e. the ability to remain reproductively available for a long time.
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As explained in 1.1.1, it may be challenging to disentangle the respective role of natural and sexual
selection in the case of endurance rivalry as longevity and reproductive success are likely to be posi-
tively correlated. In accordance with energy allocation theory (Fisher, 1930; Williams, 1966), we may
also consider that there is a trade-off between somatic investment (i.e. in longevity via investment in
tissues maintenance for instance) and reproductive investment (i.e. gametic investment and competi-
tion for mates). In this case, an individual that has invested less energy in the reproductive function
would live longer but might have a lower reproductive success. In her commentary to Shuker and
Kvarnemo (2021), Kokko (2021) provided a concrete example of how the relative role of natural and
sexual selection in endurance rivalry may depend on the temporal scale at which we consider mating
opportunities. If we consider a male behavioural trait that confers greater access to females but which,
as a counterpart, implies a higher metabolic expenditure limiting the average number of partners en-
countered during a breeding season, one can easily accept that there is stabilizing sexual selection on
this trait. However, if we now consider that the energetic costs of this trait are not immediate (i.e.
there are no detrimental effects during the current breeding season) but influence the probability of
a male surviving to the next breeding season; we may still consider this trait to be under stabilizing
sexual selection, or rather that it is under directional sexual selection and is counteracted by narrow-
sense natural selection acting on survival. This example nicely reflects how the temporal scales at
which we consider reproductive opportunities can limit our perception of the evolutionary processes
underlying a trait fitness. Studying semelparous species for which the overall reproductive success
is easier to access would provide a better understanding of the role of sexual selection in endurance
rivalry (see 1.3 and Chapter 2). Moreover, the relation between endurance rivalry and reproductive

investment will be addressed in Chapter 3.

AN\
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1.1.3 Measuring the strength of sexual selection

Numerous metrics have been developed to predict and/or quantify the strength of sexual se-
lection. These can be classified into two main categories: variance- and population-based
approaches, or trait-based approaches. I will present here four measures commonly used in

studies on sexual selection, which I addressed as part of my thesis.

1.1.3.1 Traditional measurement
Operational sex ratio

Emlen and Oring (1977) postulated that the strength of sexual selection mainly depends on
mate monopolisation, i.e. the capacity of certain individuals of a given sex to control and
dominate access to potential mating partners at the expense of other individuals of the same
sex. The theory is that mate monopolisation by the most common sex is easier as the oper-
ational sex ratio (OSR, the ratio of males to females available at a given time and in a given
location for mating, Fig. 1.1) becomes either more male- or female-biased. More precisely, a
biased OSR is predicted to lead to stronger competition for mates of the most common sex
(intrasexual selection) and higher choosiness for mates of the rare sex (intersexual selection),
resulting in a higher monopolisation of mates by the most common sex. The OSR has been
therefore widely used as a proxy of sexual selection since then. However, recent works high-
lighted that the positive relationship between the OSR and sexual selection may not be as
ubiquitous as considered. Klug et al. (2010a) indeed showed through a straightforward the-
oretical example that potential competition is not the same as mate monopolisation. More
precisely, an increased number of rivals (i.e. a more biased OSR) does not necessarily facili-
tate mate monopolisation. A few empirical studies showed that mate monopolisation indeed
becomes more difficult when the number of potential rivals increases, as investing in intra-

sexual aggression may be very costly (Mills and Reynolds, 2003; Fitze and Le Galliard, 2008).
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For instance, in common lizards (Lacerta vivipara), a switch from a female- to male-biased
OSR led to a marked decrease in sexual selection on male body size (Fitze and Le Galliard,
2008). Authors suggested that in a population with a biased OSR, the most common sex may
invest in alternative behaviours rather than engage in direct contest competition (e.g. in mate
guarding, sneaking matings, or parental care) to maximise fitness. In this context, Weir et al.
(2011) investigated the effect of OSR, not only on pre-copulatory sexual selection (i.e. on traits
that directly influence mate monopolisation such as aggression or courtship behaviours) but
also on additional forms of mate competition, notably gamete competition and mate guarding,.
Using a meta-analytic approach, the authors highlighted that a male-biased OSR is positively
related to male-male aggression, but that the effect size decreases when the OSR becomes
highly biased due to the increased costs of competition as rivals become more numerous. The
OSR had no overall effect on sperm competition intensity, although it followed a similar trend
to that observed in male-male competition. However, the OSR did have a negative effect on
the courtship rate and a positive effect on mate guarding. This work highlighted that changes
in mating behaviours occur in response to OSR, the nature depending on the type of mating
behaviour studied.

Recently, two meta-analytical studies reconsidered the relationship between OSR and
mate monopolisation by investigating the effect of OSR on the opportunity for sexual selec-
tion [, defined as the variance in mating success divided by the squared mean mating success
of a given sex (see section 1.1.3.1). While Moura and Peixoto (2013) did not find a relationship
between OSR and male I, Janicke and Morrow (2018), on the contrary, highlighted that
male [, increases linearly with OSR. The latter study, which may be considered more robust
considering the higher sample size used and the statistical method used (phylogenetic
non-independence), is in line with Emlen and Oring (1977) classical theory that the OSR

is an important parameter driving the opportunity and direction of pre-copulatory sexual
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selection. On the contrary, they did not detect a relationship between OSR and female I
as variance in female mating success was low. This result suggests that females exhibit
mate monopolisation to a lesser extent than males and may benefit less in investing in

pre-copulatory intrasexual competition than in sharing mating partners.

To conclude, although the relationship between OSR and mate monopolisation is not ex-
clusively positive, individuals of one sex are still likely to compete intensely for mates and
gametes when the OSR is strongly biased towards that sex. Under such circumstances, selec-
tion likely favours behavioural or morphological traits leading to success in this competition,
operating either before or after mating, with the extent depending on the sex and the mating
system under study (Shuster and Wade, 2003). The relationship between OSR and the poten-
tial strength of sexual selection will be discussed in Chapter 2 and in the general discussion

(Chapter 5).

TIME IN TIME OUT

g

Sperm replenishment
Male parental care
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MATING POOL

Q dgd

I Operational Sex Ratio (OSR) |

Egg replenishment
Female parental care

Adult Sex Ratio (ASR)

Figure 1.1. Conceptual representation of the operational sex ratio (OSR, the ratio of males to females
available at a given time and in a given location for mating) and the adult sex ratio (ASR, the ratio
of adult males to adult females) developed by Clutton-Brock and Parker (1992). Sexually available
individuals form the "mating pool". As females are more likely to provide parental care than males
(Kokko and Jennions, 2008; Royle et al., 2012) and are sexually active for shorter time periods, the
length of the "time out" is generally higher in females, leading to an overall male-biased OSR, which

eventually translates into stronger sexual selection in males (Trivers, 1974).
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Opportunity for sexual selection

The opportunity for sexual selection (/), defined as the ratio of variance in mating success
and the squared mean mating success of a given sex (Wade and Arnold, 1980) is the most
frequently used measure to estimate the strength of sexual selection. Being unit-less, this
measure is particularly useful in meta-analytical studies, allowing us to compare classes of
individuals (e.g. males vs females) and species. The strength of sexual selection within a
sex is expected to increase as I, increases: the greater the variance in mating success, the
stronger the selection could be. However, although I, is a metric providing an upper bound
estimate of the strength of selection on mating success (Wade, 1979; Arnold and Wade, 1984)
and does not reflect actual strength of sexual selection, [ is often used as such (see Box 2,
Klug et al,, 2010a). Through theoretical models, Klug et al. (2010a) highlighted that I, can
lead to erroneous conclusions on the actual strength of sexual selection as /5 is sensitive to
both nonrandom (i.e. selection) and random (i.e. chance) variance in mating success and can
reach high values even when sexual selection is absent, especially when matings are scarce.
This is caused by the positive relationship between I, and OSR: as the OSR becomes more
biased, the mean mating success of the most common sex decreases. As encouraged by Klug
et al. (2010a) or Sutherland (1985) before them, a few empirical works (Janicke and Morrow,
2018; Moura and Peixoto, 2013) have since used bias-corrected /; by calculating the expected I
values under a random model (i.e. a null model) considering the density and the OSR observed
in the population under study. Thus, although some caution is required in /; calculations,
the metric remains useful to assess the maximum possible strength of selection, especially
in situations where it is difficult to quantify the strength of sexual selection in relation to
phenotypic traits (i.e. using selection gradient, see section 1.1.3.1) e.g. in species with weak

or no sexual dimorphism.
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Selection gradients

In addition to adopting variance- and population-based approaches to estimate the strength
of sexual selection, Lande and Arnold (1983) suggested using direct, trait-based measures
of sexual selection called "selection gradients" (). This measure, defined as the covariance
between relative fitness and a trait, is a powerful tool to measure the actual strength of sexual
selection operating on phenotypic traits. Selection on such traits can be expressed as 3., the

slope of the regression of relative fitness /' on a given trait z:

F=3%z4+a«a (1.1)

where o represents the intercept of the regression.

Selection gradients might also be called "selection differential" (s’) when fitness is mea-
sured as reproductive success (Lande and Arnold, 1983; Jones, 2009) or "mating differential”
(m’) when fitness is measured as mating success (Jones, 2009). Therefore, m’ quantifies suc-
cess in pre-copulatory sexual selection while s’ shows the direction of sexual selection after
one generation. However, the potential for using selection gradients is sometimes limited, as
researchers may fail to identify and measure traits that are the target of selection and ulti-
mately underestimate the overall strength of sexual selection in a particular mating system.
Krakauer et al. (2011) therefore recommended first defining the potential for sexual selection
to operate (see section 1.1.3.1 on [;) and then determining whether it correlates with actual

selection on targeted phenotypic traits.
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Bateman gradient

The Bateman gradient (8ss) is a specific type of selection gradient measuring the relationship
between reproductive success and mating success of a given sex (Bateman, 1948). Mathemat-
ically, it is the slope of the linear regression of reproductive success on mating success. The
Bateman gradient is often used as a proxy for the strength of pre-copulatory sexual selection as
it provides a measure for the fitness gain of having an additional mate. More precisely, (Jones,
2009) highlighted that the process of pre-copulatory sexual selection may be partitioned into
two parts, on one hand, the "mating differential” (m’) (see previous section) that generate co-
variance between trait values and mating success, and on the other hand [sg that convert
this mating differential into actual selection on the traits. Thus, a non-zero Bateman gradient
is required for pre-copulatory sexual selection to operate on these same traits. The concept
of the Bateman gradient gained more momentum when Arnold and Duvall (1994) reviewed
empirical studies highlighting: (1) a greater variance in both mating and reproductive success
in males than females and (2) a stronger relationship between reproductive success and mat-
ing success in males than females, i.e. a steeper Bateman gradient in males than in females.
This widespread pattern implies that selection to increase mating success (i.e. pre-copulatory
sexual selection) is likely stronger in males than females. Interestingly, the Bateman gradient
is steeper for females than males in sex role-reversed species (e.g. species with greater female-
than-male competition and greater male-than-female care), highlighting how this parameter
is reliable for predicting sex-specific differences in the strength of pre-copulatory sexual se-

lection.
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1.1.3.2 Methodological biases in the measurement of sexual selection
Decomposing fitness

Although the concept of mating success is at the core of each of the measurements listed
above (i.e. I, m’ and fsg), definitions for individual mating success are numerous. With
the rise of molecular analysis for parental assignation, individual mating success has been
mainly defined as the number of mates with whom a focal individual copulated and produced
offspring. Since parentage analyses are generally performed at the end of the breeding sea-
son, such a definition of mating success enables to investigate the overall fitness benefits of
a reproductive strategy. However, this approach does not allow us to disentangle the relative
importance of pre- versus post-copulatory processes (Henshaw et al., 2018, 2016; Anthes et al.,
2017). For instance, if one individual appears to have produced no offspring based on parent-
age analysis, its mating success would be 0. This zero value may indeed represent no mating
success but it may alternatively constitute (1) a mating event that never produced offspring
due to post-copulatory mechanisms (gamete competition and/or cryptic mate choice), (2) a
mating event that produced offspring who died before sampling or (3) a mating event that
produced offspring who failed to be sampled. Jones and Avise (2001); Pélissié et al. (2014);
Pischedda and Rice (2012) therefore advocated separating components that depend on mat-
ing activity (i.e. mate acquisition and number of matings achieved) from post-copulatory
components (e.g. fertilisation, good genes effects) to have an insight of selection processes
occurring before mating. With this approach, pre-copulatory success includes variance in the
number of mates as well as variance in the number of matings, allowing selection on any trait
that affects both mate acquisition and matings frequency to be considered. Such an approach
therefore requires mating success to be deducted from behavioural observations, which may
pose other issues than those arising from genetic parentage analysis. For instance, Klug et al.

(2010Db) revealed the implications of variation in who is included in the measure of mating suc-
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cess in animals that require resources for reproduction (e.g. nests). Authors highlighted that
excluding non-mating males that are absent from breeding aggregations underestimates the
opportunity for sexual selection. This raises again the difficulty of defining the boundary be-
tween sexual selection and natural selection when it comes to competition for resources (see
1.1.1). Such problems arising in the wild may be avoided by using experimental approaches

that allow to consider all sexually receptive individuals in the measure of mating success.

Scales at which estimates are calculated

Fluctuations in narrow-sense natural selection have long been recognised as environmen-
tal conditions, which serve as the selective forces, vary over time and space (Endler, 1986;
Grant and Grant, 2002). In the context of sexual selection, traditional selection analysis stud-
ies suggest, in contrast, that the competitive context and selection pressures are homogeneous
across populations. By calculating single population estimates, mechanisms of sexual selec-
tion (intra-sexual selection and intra-sexual competition) are suggested to induce directional
and constant selection pressures on phenotypic traits. However, these two processes of selec-
tion are relative processes because of the context dependence of the many factors involved
in sexual selection. For instance, the density of individuals, sex ratios, and presence of het-
erospecifics may vary in time and space, affecting the genetic and phenotypic composition of
populations and so the social structure in which individuals interact. Thus, selection analyses
that are repeated over space and time (and thus in a certain context) are necessary to measure

lifetime fitness and have an accurate picture of the overall selection on phenotypic traits.
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1.2 TEMPORAL VARIATIONS IN THE SOCIAL ENVIRONMENT

Several studies have examined how sexual selection varies with spatial and temporal fluctu-
ations in the social environment. As my thesis work focuses on the temporal aspects, these
will be extensively presented in the next section, while the spatial aspects will be summarised

in a box (1.3).

1.2.1 Temporal fluctuations in sexual receptivity
Inter-annual fluctuations

Several studies have acknowledged the importance of considering the effects of long-term
environmental variations on sexual selection in iteroparous species. In a population of adders
(Vipera berus), seven years of fieldwork showed that inter-annual variations in the OSR have
considerable effects on the intensity of sexual selection for large body size in males. Indeed,
large body size strongly enhanced male reproductive success when the OSR was male-biased
(Madsen and Shine, 1993). In the superb fairywrens Malurus cyaneus, Cockburn et al. (2008)
highlighted a systematic directional sexual selection for early moult in males. However, sex-
ual selection strength was highly variable from year-to-year, suggesting that studies that
are not temporally replicated may misrepresent the pattern of sexual selection in the wild.
Through a database of temporal replicates of selection from studies of long-lived animals,
Siepielski et al. (2009) also showed that populations can undergo varying levels of sexual se-
lection strength over time, which can be attributed to demographic or environmental changes
occurring between breeding cycles. However, our understanding of the variation in sexual se-
lection throughout a breeding season, driven by smaller-scale fluctuations in environmental

factors such as the OSR, remains limited and will be discussed in the next section.
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1.2. Fluctuations in the social environment

The spatial distribution of resources needed for reproduction, e.g. food or nesting sites, is ex-
pected to affect the mating dynamics of a population. If resources are uniformly distributed in
space, it becomes challenging for the most attractive or competitive individuals to respectively
attract or get access to potential mates. Under these circumstances, mate guarding is expected to
increase and the potential for polygamy is expected to be low (Emlen and Oring, 1977). On the
opposite, if the resources needed for reproduction are clustered in space, expectations diverge.
On one hand, Emlen and Oring (1977) assumes that competitive and/or attractive individuals
may monopolise resources and the mates that need those resources for reproduction. Alter-
natively, some theoretical works suggest that the level of competition becomes so high that it
becomes difficult for individuals to monopolise those resources and mates, ultimately diminish-
ing the potential for pre-copulatory sexual selection to occur (Klug et al., 2010a).

Several studies investigated sexual selection repeatedly across different geographical locations
and the ecological factors that were demonstrated or suggested to influence changes. Local den-
sity has been the first demographic factor shown as responsible for spatially varying selection
on male traits. For instance, in arthropods (McLain, 1982, 1992), male-male competition tends
to increase at low-density levels, resulting in a greater selection on male body length. Simi-
larly, Lehtonen and Lindstrom (2008) observed that females were larger under low than high
nest density in the convict cichlid Archocentrus nigrofasciatus. Jirotkul (1999) also found that
male guppies reduced their investment in courtship behaviours as population density increased,
demonstrating that density may also induce variation in mating tactics. Differences in sex ratio
between spatially separated populations have also been shown to be correlated to changes in
the strength and direction of selection. A few studies highlighted that the intensity of selection
in males was higher when the ASR (Prohl, 2002) and the OSR (Kasumovic et al., 2008) was more

male-biased, aligning with classical theory (see 1.1.3.1).
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Within-season fluctuations

The availability of sexually receptive individuals can also change over the season due to fac-
tors like differential maturation rates, parental care, gamete stock depletion, or mortality (see
Fig. 1.3), leading to fluctuations in the OSR and variations in social structure. The gap in our
understanding of the potential within-season variation in sexual selection can be explained by
the preponderance of cross-sectional data over longitudinal data in estimating mating success.
In most empirical studies, individuals are sampled at one particular point in time and indi-
viduals are not followed repeatedly during the breeding season. Shuster (2009) showed that
single-interval estimates of the intensity of competition (i.e. OSR) tend to overestimate the
overall intensity of selection throughout the breeding season. As the OSR does not differenti-
ate between individuals who successfully mate and those that do not, the covariance among
time periods in individual mating success cannot be estimated. Consequently, assessing how
consistently certain individuals are accumulating mating events over time is not possible. For
instance, if male mating success does not remain constant over an entire breeding season (i.e.
if the covariance between time intervals is low), the overall variance among males would de-
crease. Thus, summing up single estimates of OSR over the season might lead to inaccurate
conclusions on the expected variation in mating success as it does not consider such covari-
ance.

Anthes et al. (2017) also demonstrated that sampling over an insufficient period of
time may induce a decrease in mean mating success, resulting in an overestimation of
the opportunity for sexual selection. Indeed, as a higher number of individuals risk
not being sampled, the number of individuals considered as "unmated" increases. In a
recent meta-analysis study, Carleial et al. (2023) investigated the temporal dynamics in
the opportunity for sexual selection over a breeding season across seven species and

demonstrated that daily instantaneous measures consistently overestimated the overall
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1.2. Fluctuations in the social environment

variance in mating success. Thus, single estimates must be used with some caution as
the underlying assumption behind this approach is that (1) small demographic changes
throughout the breeding season would not impact individual mating success and therefore
that (2) the fitness of a given trait character at an instantaneous sample period can be
extrapolated to the whole breeding season. On the opposite, a longitudinal approach
enables taking into consideration the potential within-season variation in individual mating
success and gives more accurate estimates of the strength of sexual selection. However,
having full knowledge of the mating sequences occurring might be difficult, as observing
all interactions among individuals within a population is time-consuming, especially in
long-lived iteroparous species. The appropriate temporal scale to adopt may depend on

the biological model under study (iteroparous vs semelparous, short vs long breeding season).

Recently, researchers started to investigate the extent to which within-season fluctuations
in demographics may cause variation in selection. For example, Kasumovic et al. (2008)
demonstrated within-season variations in OSR and density in different periods of the breed-
ing season in golden orb-web spiders (Nephila plumipes), resulting in significant differences
in the strength and direction of sexual selection on male body size. Similarly, Wacker et al.
(2014) highlighted changes in sexual selection within a season in male two-spotted gobies
(Gobiusculus flavescens) that coincided with changes in the OSR. Nevertheless, in this study,
the estimation of selection strength relies on a limited set of cross-sectional data rather than

on a longitudinal approach.

Overall, these findings emphasize the correlation between selection strength and the time

frame over which it is assessed, suggesting that averaging values over long-term periods

(whether it is over a single season or a lifetime) may lead to misrepresentation or underesti-
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mation of the impact of selection on phenotypic evolution. I will discuss in the next section
the environmental factors that may lead to spatial and temporal fluctuations in the social en-
vironment, with a particular emphasis on the ones that may impact the temporal dynamics

of mating opportunities and ultimately sexual selection (summarised in Fig. 1.3).
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In recent years, the scientific study of sexual networks has received much attention in the field of animal behaviour.
The interest in this approach grew significantly as several studies started acknowledging that spatial and temporal
variations in the social environment can influence the overall strength and direction of sexual selection (see 1.2). Sex-
ual networks are composed of nodes representing individuals (males and females) and the connections between these
individuals (edges) may characterise any intra- and intersexual interactions. These interactions can be quantified at
both the individual and group levels. Group-level metrics capture potential variations between groups regarding net-
work structure i.e. the overall patterns of interactions (e.g. network density, assortativity, nestedness), while individual
individual-level metrics quantify the position of each individual within their social network environment (e.g. connec-
tivity, centrality) (see review by Pinter-Wollman et al., 2014). In a few taxa, studies have highlighted a strong correlation
between an individual’s position within its social network and its own fitness. For instance, in the cooperatively breed-
ing cichlid Neolamprologus pulcher, Dey et al. (2013) showed that higher-ranked individuals had more conflict with
one another compared with lower-ranked individuals (i.e. higher connectivity), highlighting that the position of an
individual within their network can impact its vulnerability to experience aggression. As the fitness consequences
of social behaviours are likely to vary depending on group-level properties such as density and sex ratios, selection
on a particular social phenotype (i.e. a social network position) may be highly variable across time and space. In
forked fungus beetles Bolitotherus cornutus, Formica et al. (2021) recently showed that an individual’s position in a so-
cial network (based on spatial proximity) experiences different fitness consequences within different spatial contexts.
Indeed, selection on individual males’ connectivity and centrality was stronger in populations with male-biased ASR
and in larger populations. The fitness effects of having a particular position in the network at a particular time of the
breeding season might also depend on the current competitive environment. For instance, the percentage of successful
matings may depend on the individual’s position in its competitive network, i.e. the more competitors an individual
has, the lower its probability of mating successfully. Sexual networks theory was the basis of my modelling approach

developed in Chapter 2.
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Figure 1.2. Intra- and intersexual weighted network with both males (blue nodes) and females (orange nodes). An
edge between a male and a female node represents mating between these two individuals (black). An edge between

two males or females represents a competitive interaction and is directional (orange or blue). Edge thickness represents

the relative edge weight strength i.e. number of matings or aggressions
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1.2.2 Factors influencing the pattern of reproduction
1.2.2.1 Within-season variations in ecological factors

Temporal clustering of reproduction, i.e. reproductive synchrony, is a widespread phe-
nomenon in seasonal environments, as breeding only during optimal seasons of the year can
maximise reproductive success, offspring survival and subsequent recruitment. The cyclic
variations in environmental factors, such as temperature, photoperiod, and food availability
therefore play pivotal roles in shaping the timing of reproductive events (e.g. Bradshaw
and Holzapfel, 2007). As most fishes are poikilotherms, temperature highly influences their
reproductive synchrony, by altering the timing of gamete development and maturation as
well as spawning (reviewed by Munro et al, 1990). The effects of temperature can vary
depending on the time of year when spawning occurs, with elevated spring temperatures
being required to trigger maturation in spring-spawning species, while cold temperatures
initiate the onset of reproduction in autumn spawners (reviewed by Stacey, 1984; Munro
et al,, 1990; Pankhurst and Munday, 2011; Pankhurst and King, 2010). In some salmonids,
photoperiod determines the initiation of sexual maturation, which may take place at sea,
months before migration back to rivers, but the timing of spawning itself is more affected by

temperature (e.g. Davies and Bromage, 2002).

As global temperatures increase due to climate change, both marine (Pértner et al., 2019)
and freshwater (Liu et al., 2020) ecosystems are projected to experience increasing warmth,
accompanied by a greater occurrence and duration of extreme events like heatwaves. In
this context, extensive research has been conducted to gain a better understanding of how
significant increases in water temperature affect fish reproduction, especially regarding the
timing of reproductive events (e.g. sexual maturation, spawning). For instance, Sandstro et al.

(1997) highlighted that the breeding season of the European perch Perca fluviatilis L. was
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1.2. Fluctuations in the social environment

earlier and longer when individuals were exposed to warm effluent water. The causes of the
extended spawning period were not provided; however, asynchronous gonad development
could have led to various individual responses in reproductive timing. On the other hand,
high summer temperatures were correlated with a delay in fall spawning in salmonids
populations (Warren et al, 2012; Gillet, 1991). Changes in water temperature therefore
seem to influence inter-individual variations in the onset of spawning, ultimately resulting
in variations in reproductive synchrony. Moreover, temperature-induced and sex-specific
differences in the timing of maturation (Tréhin et al., 2021) may also cause biased adult sex

ratios or operational sex ratios at the beginning of the breeding season.

Apart from environmental factors, the presence of heterospecifics or morphs with distinct
life histories (e.g. migratory versus resident forms in salmonids) during the breeding season
may also impact mating dynamics. Indeed, the spatio-temporal disjunction in breeding be-
tween species or between morphs with distinct life histories does not occur in many taxa.
For instance, mixed breeding grounds have been observed in birds (e.g. Monkkonen et al.,
1999) and fish (e.g. Lasne et al., 2010), where nest building is common. One hypothesis is that
the emission of similar-sex pheromones may induce synchronous spawning of neighbouring
individuals and attract closely related populations or species on the same spawning grounds.
Although heterospecifics or conspecifics with distinct life histories may directly alter demog-
raphy, influence intrasexual competition and engage in sexual interactions, they are rarely

considered as part of the social environment (McDonald et al., 2019).

1.2.2.2 Individual decisions / Life history traits

Numerous factors can cause variations in the temporal and spatial distribution of sexually

available individuals during a breeding season, which will be discussed consecutively below.
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« Reproductive timing: although reproductive timing is driven by changes in climatic
seasonality, notably through temperature and photoperiod effect on maturation rate and
spawning itself (see 1.2.2.1), it may also be caused by adaptive strategies that individuals
adopt to maximize their reproductive success (Ims, 1990; Koizumi and Shimatani, 2016;
Gochfeld, 1980). For instance, the ability to use visual cues from the environment (e.g.
density) may be sexually selected to strategically adjust rates of sexual development
or trigger mating behaviour (Jovani and Grimm, 2008; Koizumi and Shimatani, 2016).
Thus, social and behavioural factors may alter the temporal distribution of breeding
events by synchronizing or de-synchronizing breeding activity. However, many impor-
tant aspects of reproductive synchrony are not yet fully understood, such as the relative

importance of internal and external factors (Koizumi and Shimatani, 2016).

 Parental care: parental care may explain why an individual’s sexual receptivity varies
through a breeding season. When parents provide care to their offspring, they are gen-
erally unavailable for mating (although the trade-off between parental investment and
mating does not always exist, see review by Stiver and Alonzo, 2009). As females gen-

erally provide more parental care than males, OSR tends to be overall male-biased.

+ Post-mating refractory period: refers to a temporary period following mating during
which an individual is unable or less willing to engage in further sexual behaviour. This
period is often observed in species where gamete production is subject to physiological
constraints (e.g. sperm replenishment) that reduce mating frequency (?). In species with
internal fertilisation, males may also use mechanisms to prevent re-mating in females,
either by creating a physical barrier such as a mating plug or by causing a decrease in
female sexual receptivity through the transfer of sperm and/or seminal fluid proteins

(reviewed by Chapman, 2001; Avila et al., 2011; Gillott, 2003).

+ Dispersal: dispersal, i.e. defined in the context of reproduction as movements between
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1.2. Fluctuations in the social environment

suitable breeding habitats to optimize individual reproductive success, also affects the
social environment and thus mate availability. Because the benefits of dispersal depend
on local mate competition, it is likely that optimal dispersal strategies will differ between
the sexes, and also vary in response to different sex ratios (Clobert et al., 2001). The
interdependence between sex ratios and sex-specific dispersal may induce important

fluctuations in the social environment throughout a breeding season.

« Timing of mortality: sexual differences in mortality rate is often important during
the spawning season. The factors that induce sex-specific mortality can be diverse,
including vulnerability to predation or pathogens. For instance, the level of G. anomala
parasitism in three-spined sticklebacks Gasterosteus aculeatus was higher in males than
females, resulting in a female-biased ASR at the end of the breeding season (Arnold

et al., 2003).
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WITHIN-SEASON VARIATIONS INDIVIDUAL DECISIONS /
IN ECOLOGICAL FACTORS LIFE HISTORIES TRAITS
- Temperature - Reproductive timing 2
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Figure 1.3. Abiotic (environmental) and biotic (ecological) factors that may affect mating system dy-

namics and ultimately the strength and direction of sexual selection.
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1.3 LAMPREYS AS A BIOLOGICAL MODEL

Building upon the preceding sections, this part will provide an insight into the ecology of
lampreys and outline the reasons I used them as a case study throughout my thesis project
to investigate how temporal fluctuations in the social environment during a breeding season

affect sexual selection.

1.3.1 General ecology

The lampreys, together with hagfishes, are the only living members of the most primitive
group of vertebrates: the Agnatha. Lampreys can be categorised into three distinct mono-
phyletic groups, each recognized as distinct families (Fig. 1.4). Among these groups, two are
found exclusively in the southern hemisphere (Geotriidae and Mordaciidae), while the third,
which serves as the focus of my thesis, is limited to the northern hemisphere (Petromyzonti-
dae). The lamprey life cycle is predominantly spent as a burrowing larva known as an ammo-
coete, which is a small filter-feeding stage (from 1 to 15 cm in length) that resides in mud and
sand beds along riverbanks for several years. During an extensive period of metamorphosis,
marked by major morphological and physiological changes, mainly in the digestive tract and
visual perception, the ammocoete continues its nocturnal behaviour, burying itself in sedi-
ment or hiding under cover. After this complete metamorphosis, lampreys adopt distinct life
history paths. Out of the currently known 41 lamprey species, 23 called "brook lampreys" stop
feeding and directly reach sexual maturity at the end of the metamorphosis. Although some-
times describes as "non-migratory", adult brook lampreys still initiate upstream migration to
reach suitable spawning habitats in rivers. For instance, several Lampetra planeri populations
cover distances of less than 2 km in the few weeks preceding spawning while some oth-
ers engage in longer migrations, extending over six months and exceeding distances of 5 km

(Hume, 2011). The remaining 18 species adopt a parasitic life history, attaching to host species
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(mainly fishes) through their oral disc to feed on blood and tissues. Unlike non-parasitic lam-
preys, they are referred to as juveniles during this period of their life cycle, as they have not
yet reached sexual maturity after metamorphosis. This juvenile parasitic phase can last from
a few months to several years, after which the adult lamprey reaches sexual maturity and
undertakes a long migration back to the freshwater environment to reproduce. Given the
feeding phase of parasitic lampreys after metamorphosis, a large size difference is observed
at the adult stage; for instance, L. planeri is about 10-15 cm long while L. fluviatilis is 20-30
cm long (Docker, 2015). All lamprey species are semelparous i.e. they reproduce once in their

lifetime and die (Larsen, 1980).

1.3.2 Stem-satellite species complexes

Lamprey phylogeny exhibits a recurring pattern characterised by the existence of species
complexes, the members of which are commonly referred to as either paired species or stem-
satellite species (Vladykov and Kott, 1979; Docker, 2019). Within each complex, there are
one or more closely related species that are believed to have evolved from an anadromous
parasitic species (Zanandrea, 1959; Hardisty and Potter, 1971; Yamazaki et al., 2001). Most of
these derived species both stay in freshwater as adults and cease to feed while others exhibit
freshwater residency but remain parasitic. Despite ecological and phenotypic differences in
juveniles and adults, the members of a complex are often morphologically indistinguishable
during the larval stage (Zanandrea, 1959). Is it admitted that non-parasitic lampreys have un-
dergone recent evolutionary divergence in response to environmental changes and resource
availability (Evans and Limburg, 2019). Indeed, non-parasitic lampreys might have emerged
as a strategy to enhance their reproductive output by minimizing the risky adult phase in the
sea and extending the larval period. However, the specific cause and rate of such significant

adaptation remain unclear (Salewski, 2003; Docker, 2019). In several stem-satellite species
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complexes, speciation occurred over a long period of geographical isolation (i.e. allopatric
speciation) but the divergence times happened either (1) hundreds of years ago as a response
to anthropogenic influences, (2) thousands of years ago triggered by major glacial events or (3)
hundreds of thousands of years in reaction to geological change (Yamazaki et al., 2011; Docker,
2015). In certain cases, non-parasitic lamprey populations appeared to evolve repeatedly from
sympatric parasitic populations (i.e. sympatric speciation). Although many taxonomists con-
sider life history (and more precisely feeding type) to be specific to each species, the existence
of stem-satellite species complexes living in sympatry with no or few genetic differentiation
between members of them challenges this theory (Docker, 2019; Rougemont et al., 2015). For
instance, Rougemont et al. (2015) suggested that the non-parasitic L. planeri does not repre-
sent a single evolutionary lineage but rather represents an alternative life-history strategy of

the parasitic L. fluviatilis, thus forming a single polymorphic species.
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Figure 1.4. Phylogenetic relationships between 35 out of 41 lamprey species recognized by Potter et al. (2015), derived from cytochrome b sequence data and the three
alternative life cycles. Bayesian posterior probabilities are given for those nodes where values are more than 0.95. Geotria and Mordacia occur in the Southern Hemisphere
(Vic, Victoria; NSW, New South Wales; WA, Western Australia) while all other genera are found in the Northern Hemisphere. 11 lamprey species are anadromous (dark blue),
8 are freshwater-resident parasitic (green) and 18 are freshwater non-parasitic “brook lamprey” species (orange). Grey boxes reflect two stem-satellites species complexes. The
asterisk designates Lethenteron camstschaticum which is usually considered as an anadromous parasite only although a non-parasitic dwarf form was found in Japan (Iwata and

Hamada, 1986; Yamazaki et al., 1998). Species in bold are those I studied as part of my thesis.
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1.3.3 The spawning behaviour

Spawning occurs in the upper regions of rivers in spring or early summer, depending on
location and species. Lampreys aggregate in pairs or larger groups to create nests formed in
gravel and pebbles where they deposit their gametes. Both male and female lampreys are
usually present during the construction phase of the nests although some authors proposed
that males initiate nest building, as they generally arrive first in the spawning grounds
(Applegate, 1950; Hagelin and Steffner, 1958; Hagelin, 1959; Maitland, 1980). Initially, a patch
of stones and gravel is cleared of silt by the vigorous beating of an individual’s tail which
leads to the formation of a depression in the gravel. Lampreys then remove pebbles with

their mouth and move them downstream, further contributing to the formation of the nest.

The spawning act starts when the female attaches herself to a large stone located at the
front of the nest, aligning her body with the water current. The male approaches the female
from behind and glides along her body until he reaches the head region with its oral disc.
Subsequently, the male attaches to the female and extends the lower portion of his body across
the female, forming a loose coil around her trunk. This tail loop is then tightened, and both the
male and female vigorously vibrate and wag their tails for a few seconds. As a result, the ova
and milt are expelled into the nest, which quickly becomes covered in sand and small gravel,
providing a surface for the fertilised eggs to adhere to. Previous studies have highlighted the
function of the nest in enhancing the survivorship of eggs as depression in the gravel allows
for egg covering, which protects them from predation (Manion and Hanson, 1980). As there
is no refractory period following mating, both the male and female return to nest-building
activities or directly re-mate. It is quite common to observe multiple males attach to different
positions on a single female and vibrate at the same time (Malmqvist, 1983; Yamazaki and

Koizumi, 2017)
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Figure 1.5. The mating act in lampreys (from Sterba, 1962)

Evidence of alternative male reproductive behaviours has been documented in Lethenteron
appendix (Cochran et al., 2008) and in L. planeri (Malmqvist, 1983). During egg release, an
unattached male, known as the "sneaker," swiftly circles around the cloaca of a spawning pair

in an attempt to achieve egg fertilisation (Malmqvist, 1983).

1.3.4 Within-season fluctuations in lamprey’s social environment

Although numerous studies indicate that most lamprey species display a polygynandrous
mating system, limited information is available on the population structure of adult lampreys
during the breeding season and the factors that may impact its dynamic. Early works
indicate that males of several lamprey species reach the spawning ground first and begin

nest building while females arrive later (Applegate, 1950; Hagelin and Steffner, 1958; Hagelin,
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1959; Malmqvist, 1983), inducing a male-biased sex ratio at the start of the breeding season.
In L. planeri, Lethenteron reissneri and L. appendix populations, males also appeared to
dominate on spawning grounds later in the season (Hardisty, 1961; Seagle and Nagel, 1982;
Takayama, 2002). Jang and Lucas (2005) observed as well a preponderance of males during the
spawning phase but a domination by females during the nest-building phase, contrasting the
above-mentioned previous studies. However, although sex ratios obtained over a restricted
portion of time may be biased, no study to date has monitored a full spawning period except
the study conducted by Jang and Lucas (2005). Pletcher (1963) and Jang and Lucas (2005)
suggested that fluctuations in the OSR throughout the breeding season might be a result
of sex differences in life histories traits and/or individual decisions (see 1.2.2.2) e.g. sex
differences in the timing of maturation and lifespan (Dhamelincourt et al., 2021; Gardner

et al., 2012). However, a comprehensive investigation of this issue is still required.

The number of lampreys on a nest can also be highly variable within, as well as among
species. In Europe for instance, sea lamprey is considered mostly monogamous, although
more than two individuals can be regularly observed on a nest (Applegate, 1950; Manion and
Hanson, 1980; Dhamelincourt et al., 2021) while L. planeri and Lampetra fluviatilis are known
as highly polygynandrous and spawn in nests hosting clusters of two to 70 individuals (Jang
and Lucas, 2005; Lasne et al., 2010). Information is lacking regarding the potential fluctuations
of density during a breeding season. On a single spawning site (area of 450 m?) in the River
Derwent, England, the daily number of nests occupied by river lamprey varied between 27
and 102 over a 15 days spawning season while the mean number of lampreys per nest varied
between 12 and 24 (Jang and Lucas, 2005). Overall, the number of individuals observed each
day varied between 336 and 1804 (mean =+ SD = 1199 + 104 individuals/day). The temporal

pattern of abundance was not explicitly presented in their study, however.
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Within-season variations in phenotypic composition may also be observed due to the
occurrence of interspecific spawning associations between paired species living in sympa-
try. Such communal spawning has been observed between Lethenteron camtschaticum and L.
reissneri in Russia (Kucheryavyi et al., 2007) or L. planeri and L. fluviatilis throughout Europe
(Huggins and Thompson, 1970; Lasne et al., 2010). However, spawning times do not entirely
overlap between anadromous and resident species occurring in sympatry. In Europe for in-
stance, L. planeri typically spawns from February to April while L. fluviatilis, on the other
hand, generally reproduces slightly later, with their breeding season ranging from April to
June, with peak activity occurring in May (Renaud, 2011). Such staggered spawning between
species with large size differences may result in a preponderance of small individuals in earlier
months and an increased abundance of large ones later in the season, although this remains
to be explored. In the following section, I will discuss environmental factors that may induce
spatial and temporal variations in the social environment through changes in the OSR and

phenotypic composition.

Seasonal variations in ecological factors

One of the factors determining the onset of spawning in lampreys is water temperature. As
mentioned above, there is a difference in spawning time within the same species according
to latitude and climatic factors. For instance, the spawning season of L. fluviatilis occurs
between February and April on the upper Rhine River whereas it takes place from May
to early July in the lower Neva River, Russian Federation (Maitland, 1980; Renaud, 2011).
Applegate (1950) and Hardisty and Potter (1971) highlighted a clear relationship between
changes in water temperature and the density of individuals at spawning sites in L. planeri
and P. marinus. A decline in the numbers of individuals on the sites was indeed related to a
slight drop in temperature below the critical spawning temperatures of the species (i.e. the

temperature at which spawning is generally initiated: 10-11°C in L. planeri and 15°C in P.
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marinus). Furthermore, by comparing the temperature data and the dates of peak spawning
activity of a small population of L. planeri during four years, Hardisty and Potter (1971)
showed the duration of the breeding season was related to temperature trends in March
and early April but also to the density of the population. The season was typically short in
years with consistently high temperatures and low population densities. Conversely, during
years of higher relative abundance and variable temperatures, lampreys were observed on
the spawning grounds for an extended duration. As temperature and density merge into one
another, it is difficult to disentangle the relative role of each parameter. In the Pacific lamprey
Entosphenus tridentatus, Clemens et al. (2009) demonstrated that maturation timing is more
rapid under warm water temperatures, which raises questions about the potential impact this
may have on reproductive fitness. To my knowledge, no study has yet investigated the effect

of photoperiod on gonadal development, sexual maturation, or reproduction in lampreys.

Apart from temperature, the presence of pheromones plays a significant role in directing
adult lampreys towards rivers that are suitable for spawning. A few studies have shown that
adult lampreys were preferentially attracted to water containing ammocoetes and that the
response was stronger when the number of ammocoetes was higher (Sorensen et al., 2005;
Li et al., 2002). Interestingly, pheromones composition is not species-specific and induces the
same behavioural response in a wide range of petromyzontids species (Fine et al., 2004), sug-
gesting that they have been evolutionarily conserved. This may explain the occurrence of
interspecific communal spawning between closely related species. If pheromones produced
by a given species are attractive to other species, the spatial and temporal separation between
sympatric interspecific populations may be limited. Moreover, there is some indication that
non-parasitic lampreys may select larger and deeper nests of parasitic species to reduce the

energetic costs of building nests, reduce predation risk and boost their reproductive success
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by mating with larger individuals (Cochran et al., 2008). The occurrence of interspecific nest
associations complicates the social structure in which individuals may interact as it induces
strong variations in the phenotypic composition of sexually receptive individuals. Consider-
ing this more complex environment is particularly relevant in lampreys as sexual interactions
between species may change the evolutionary outcomes only predicted in single species sys-

tems.

1.3.5 Therole of sexual selection in sympatric speciation of lampreys

Although many researchers highlighted that non-parasitic lampreys are derived from
parasitic lampreys, the mechanisms leading to divergence and reproductive isolation remain
overlooked. The primary mechanism thought to play a role in the coexistence of parasitic and
non-parasitic lamprey species living in sympatry is size-assortative mating, i.e. the tendency
for individuals with a similar size to be more likely to mate with one another than would be
expected under a random mating pattern (Hardisty and Potter, 1971; Beamish and Neville,
1992; Malmqvist, 1983). Due to the high size difference between adults of non-parasitic
forms and parasitic forms (around 10-15 versus 20-40 cm), size-assortative has been hypoth-
esized to act as a pre-mating barrier to gene flow between diverging populations. More
specifically, it is believed that assortative mating occurs via mate choice and that individuals
tend to prefer mates of similar size. However, the only experimental study investigating

it was inconclusive due to the lack of adequate statistical analysis (Beamish and Neville, 1992).

Moreover, it remains uncertain whether the evolution of non-parasitic lampreys follows
a step-wise pattern (from anadromous parasitic to dwarf freshwater residents, and finally to
distinct non-parasitic species) due to the limited availability of systems that contain differ-

ent life history strategies (Docker, 2019). In Japan, Iwata and Hamada (1986) and Yamazaki
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et al. (1998) reported the presence of dwarf freshwater forms of the parasitic Arctic lamprey
L. camtschaticum. The total length of the dwarf individuals was similar to those of individu-
als at metamorphosis and considerably shorter than that of mature anadromous individuals.
Despite the large size difference due to their divergence in life history, the two types are mor-
phologically identical at the opposite of the satellite brook lampreys that occur in sympatry
(L. reissneri and Lethenteron kessleri, Yamazaki and Goto, 2000). The occurrence of sexually
mature specimens of two different phenotypes, each representing an alternative life history
strategy that belongs to a single species, provides a unique opportunity to test the potential of
size-assortative mating as a pre-mating barrier to gene flow between diverging populations.
The study of closely related species that have already diverged provides valuable insights
into the barriers to hybridisation. However, the investigation of different life forms within
the same species is even more compelling as it offers a deeper understanding of the initial

steps of the reproductive isolation process and the role of sexual selection in it.
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1.4 THESIS OVERVIEW

1.4.1 Thesis objectives

Through this general introduction, I identified gaps emphasizing (1) biases in the way pre-
copulatory sexual selection metrics are calculated, (2) a lack of knowledge on the influence
of within-season fluctuations in demography on sexual selection, (3) the need to take into
account complexity of social structure in sexual selection studies by incorporating the ef-
fect of heterospecifics or conspecifics with alternative life histories, (4), especially for species
such as lampreys for which mixed spawning grounds, involving highly contrasted pheno-
types, are common. The general objective of this thesis work is therefore to investigate the
effects of within-season variations in the social environment on the strength and direction of
pre-copulatory sexual selection in lampreys and more precisely to better understand how so-
cial factors (OSR, phenotypic distribution) can shape the evolution of traits and behavioural
responses. More specifically, this thesis aims to further our understanding of three broad

questions:

(1) How do changes in social context throughout a breeding season influence

pre-copulatory sexual selection? (Chapter 2)

(2) How do variations in reproductive timing within and between sexes affect

sexual selection? (Chapter 3)

(3) Can the intra-specific process of sexual selection lead to sexual isolation in

sympatric species with synchronized breeding events? (Chapter 4)
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1.4.2 Manuscript organisation

This Chapter 1 exposed the context of the thesis, introducing concepts related to the mea-
surement of sexual selection, the potential sources of temporal fluctuation in the social en-
vironment of reproduction, and the relevance of lampreys as a biological system to explore
these concepts. Chapter 2 firstly explores how changes in social context throughout a breed-
ing season influence pre-copulatory sexual selection on morphological and behavioural traits
in an experimental group of river lamprey L. fluviatilis. More precisely, I developed a model
that decomposes the effect of individual traits on the two processes leading to mating suc-
cess (i.e. number of mating attempts, probability of successful mating) to shed light on the
part of the mating process that is affected by individual and social characteristics. Chapter
3 uses an agent-based model to explore how the degree of reproductive synchrony between
and among sexes modifies the strength and direction of sexual selection. The output of this
simulation approach was compared to the results of an experimental study on the European
brook lamprey L. planeri. In an experimental group of Arctic lamprey (L. camstschaticum),
Chapter 4 investigates how complexifying the social environment by incorporating the ef-
fect of conspecifics with distinct life history may explain the occurrence of alternative mating
behaviours such as sneaking in lampreys and proposes insights on the potential mechanism
behind sympatric speciation. While Chapter 2, 3 and 4 provide answers to the three main
questions set out in the previous box, Chapter 5 presents a general discussion synthesizing
my main research findings, the encountered obstacles but above all the research areas that
require further investigation. Appendix A represents a parallel work I conducted during my
thesis, mainly in collaboration with another PhD student, on the role of the substrate on the
spawning preference and egg retention of river lamprey. Appendix B constitutes a collabo-
rative work resulting from a scientific network gathering researchers and students, of which

I was a member, working on demo-genetic agent-based models. This chapter provides useful
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information for understanding the importance of explicitly modelling sexual interactions (as I
did in Chapter 3) to explore the evolution of traits considering the dynamic aspects of mating

opportunities.
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CHAPTER 2
The importance of considering temporal

variations in mating opportunities

This section corresponds to an article accepted for publication in Animal behaviour. The

data used comes from an experiment conducted by Anne Michaud as part of her master’s

internship.
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Abstract

The strength of pre-copulatory sexual selection may vary within a breeding season depending
on fluctuations in the social environment faced by active individuals. Here, we investigate
within-season variations in pre-copulatory sexual selection in the river lamprey (Lampetra
fluviatilis). We determined individual lifetime mating success in a group of 20 females and 15
males through constant video recording in an experimental aquarium. Among each sex, we
calculated the potential strength of sexual selection and selection on identified traits (body
size and temporal spawning patterns) at two different time scales: a fine-grained scale in

which we considered mating events at daily time steps and a global scale in which we pooled
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all mating events that occurred during the breeding season. We found a predictable change
in the operational sex ratio that corresponded with a change in the opportunity for sexual
selection in males. Selection on both male and female body size was stronger when active
competitors were larger. In addition, the timing (onset and span) of both the male’s and the
female’s reproductive activity affected the number of matings performed over the season
with a strength dependent on individual body size. Overall, our study documented that
river lampreys experience within-season changes in pre-copulatory sexual selection. Such
temporal dynamics are important to consider, and we advocate for longitudinal observation
of mating behaviour to complement traditional time-integrated estimation of mating success

based on genetic parentage analysis or cross-sectional analysis.

Keywords: intra-sexual competition, mate choice, operational sex ratio, opportunity for sex-

ual selection, selection gradient.
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2.1 INTRODUCTION

Phenotypic variation found in natural populations is predicted by the strength and direction
of selection pressures acting on heritable traits (Fisher, 1930; Lande and Arnold, 1983).
Among these, sexual selection is any selection that is generated by differential access
to opposite-sex mates and/or gametes (Andersson, 1994; Kokko et al.,, 2006; Shuker and
Kvarnemo, 2021). In many animal taxa, the intensity of sexual selection varies among
spatially isolated populations (e.g. McLain, 1982), demonstrating how ecological variables,
such as population density (Prohl, 2002) or habitat complexity (Myhre et al., 2013), may cause
variations in sexual selection. Recently, a few studies have also shown that in long-lived
animals, populations may experience different levels of sexual selection strength over time
(e.g. reviewed by Siepielski et al,, 2009), due to demographic or environmental changes
between breeding cycles. These studies highlighted that selection strength can be correlated
with the time period over which it is measured, and averaging values over long-term periods

may misrepresent or underestimate the effect of selection on phenotypic evolution.

However, less is known about variation in sexual selection over the course of a breed-
ing season and how it may also be driven by smaller-scale changes in environmental or
social variables such as operational sex ratio (OSR, i.e. the ratio of sexually receptive
males to females; Emlen and Oring, 1977) within a season. In populations with a biased
OSR, the mate-limited sex is expected to compete more strongly for access to mates, and
therefore to face stronger sexual selection (Emlen and Oring, 1977). The availability of
sexually receptive individuals may change throughout the season, potentially affecting
selection on phenotype. Indeed, the rate at which males and females become sexually
receptive (e.g. due to differential maturation rates) or become sexually unavailable (due

to parental care, gamete stock depletion or death; Kokko and Jennions, 2008) generates
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fluctuations in OSR and heterogeneity in social structure. For instance, Kasumovic et al.
(2008) showed within-season variation in OSR and density at different times of the breeding
season in the golden orb-web spider (Nephila plumipes), leading to significant variation in
the strength and direction of sexual selection on male body size between those sampling
periods. Similarly, Wacker et al. (2014) highlighted within-season change in sexual selec-

tion in male two-spotted gobies (Gobiusculus flavescens), that aligns with a change in the OSR.

Nevertheless, most empirical studies, including those mentioned above, estimate mating
success via cross-sectional analysis. In this approach, the population is sampled at one or a
few particular points in time and individuals are not followed repeatedly during the breeding
season. Thus, if mating success varies over the season, single estimates or cross-sectional
estimates calculated from a few short time intervals may significantly over- or underestimate
overall success. This is particularly true for species that mate several times and for which
the duration of individual mating activity is short relative to the length of the breeding
season. Although a few studies on hermaphrodites have already inferred mating success via
intensive observations of individually tagged individuals (Anthes et al., 2010; Pélissié et al.,
2012), none to our knowledge have used longitudinal behavioural data to examine how the
selection operates when the social context changes. By ignoring the temporal variations in
mating opportunities during a breeding season, traditional selection analysis assumes that
small changes in demographics do not alter selection (Kasumovic et al., 2008; Wacker et al.,

2014).

In the present study, we estimated pre-copulatory sexual selection throughout the breed-

ing season of the European river lamprey (Lampetra fluviatilis) in an experimental setting.

This biological model is relevant for studying within-season variation in sexual selection
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as the OSR changes between breeding phases, from a majority of females during the nest-
building phase, to a prevalence of males during the spawning phase, followed by a return
to an excess of females at the end of the season (Jang and Lucas, 2005). Individuals mate
frequently (up to 20 matings/h) with different partners on the same nest or on several nests
successively, thus constituting a highly polygynandrous system (Docker, 2019). The brevity of
the lamprey breeding season (a few weeks; Hardisty and Potter, 1971) as well as their semel-
parous reproductive strategy (Docker, 2019) makes it possible to observe in a relatively short
time the overall mating success of all individuals studied. This point is essential, as it is net
selection over an individual’s lifetime that ultimately determines the overall response to se-
lection on phenotypic traits (Blanckenhorn, 2000). To investigate potential changes in sexual
selection, we calculated sexual selection metrics at a fine-grained scale that segments mating
events at daily time steps. We then estimated overall sexual selection by pooling all mating
events that occurred during the breeding season. The potential strength for sexual selection
was first estimated by using a fitness variance-based approach (i.e. the opportunity for sexual
selection /s, Crow, 1989; Wade, 1979) and a population-based approach (i.e. OSR, Emlen and
Oring, 1977). Although these measures do not reflect the actual strength of selection acting on
specific traits, they are essential to consider when the targets of selection are poorly known
as in lampreys. We then used direct, trait-based measures of sexual selection (i.e. sexual se-
lection gradients through two Bayesian models) to quantify actual mechanisms of selection
on identified traits (body size and temporal spawning pattern). As mating success is usually
estimated via genetic data, analysis of sexual selection treats male and female mating success
independently and ignores the fact that the success of a male-female sexual interaction can
be attributed to the phenotypes of both individuals in a specific demographic context. Using
constant behavioural data allowed us to incorporate this aspect as well as disentangle pre-

copulatory components of mating success and investigate the traits that affect each of them.
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In our study, we considered mating success as a sequence of two interdependent pairwise
processes: the number of mating attempts and the probability of successful mating. A first
Bayesian model, considering mating interactions at daily time steps, therefore aimed to de-
fine how daily variation in social environment (i.e. OSR, size of current competitors) impacted
the two processes leading to mating success (i.e. number of mating attempts, rate of success-
ful mating). First, we expected larger males and larger females to mate more successfully as
body size generally influences success during intrasexual mate competition (Hunt et al., 2009;
Malmgqvist, 1983). We also suspected that probability of mating successfully would be higher
in pairs of similar size as Hardisty and Potter (1971) predicted that size-assortative mating may
occur in lampreys. Then, we predicted interactive effects between individual phenotype and
social environment. For instance, we expected that the potentially positive effect of individual
body size would be stronger in a more competitive environment. At the scale of the whole
breeding season, a second Bayesian model aimed at investigating whether processes leading
to mating success were impacted by temporal characteristics of mating activities that may be
under selection. We expected that individuals starting early in the season and distributing
their mating effort over a long period may experience a higher number of mating attempts.
Finally, the interaction between body size and temporal distribution of mating activity was
tested, since the fitness benefit of adopting a given temporal distribution may depend on indi-
vidual phenotype. For example, smaller individuals may compensate for a lower competitive

ability by concentrating their mating activity in a shorter time.
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2.2 METHODS

2.2.1 Study species

The river lamprey is an externally fertilising fish that spawns in nests hosting groups of two
to 50 individuals (Jang and Lucas, 2005; Lasne et al., 2010) and whose mating act consists of a
fixed sequence of recognizable behaviours: female positioning, male mounting (i.e. attaching
his mouth to the female’s head), tail wrapping and squeezing (Docker, 2019), followed by
simultaneous release of gametes, when the pair quivers for approximately 2 s. Such distinctive
behaviours allow us to visually discriminate the focal individuals during copulations. This
parasitic species is suited for experimental behavioural studies as it can reproduce in captivity
(Hagelin, 1959) and tolerates the close presence of observers (Lasne et al., 2010; Yamazaki and

Koizumi, 2017).

2.2.2 Field collection and maintenance

Individuals were collected in early spring 2019 (between 15 and 26 March) as river lampreys
spawn between April and June (Hardisty and Potter, 1971). Thirty-five individuals (20 fe-
males, 15 males) were captured during their upstream migration on the Garonne river (south-
west France) by professional fishermen, and transferred to the INRAE experimental facilities
(ECP, https://doi.org/10.15454/1.5572402068944548E12) in Saint-Pée-sur-Nivelle, France. Lam-
preys were acclimated for 1-3 weeks (according to the fishing date) in tanks supplied with
Nivelle river water to avoid behavioural changes due to physical and chemical properties of
the water during the experiment. Although the chemical composition of Garonne and Nivelle
rivers probably differ, our set-up mimicked a situation in which river lampreys migrate from
the main stem of a watershed to a small tributary with a different water chemistry. Each indi-

vidual was tagged with a unique combination of three spots of UV-fluorescent visible implant
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elastomer (yellow, orange, red or blue) injected in the posterior dorsal fin to allow individual
recognition under both white light and UV light (Silver et al., 2009). We measured two mor-
phological traits: total body length (£0.5 mm) and total mass (£0.5 g). The two traits may be
targeted by sexual selection (Malmqvist, 1983) and their combination is an indicator of fish
condition (i.e. their quality and fecundity). Biometry and tagging were performed after fish

were placed in an anaesthesia tank containing benzocaine solution (0.3ml/litre) for 5 min.

2.2.3 Experimental set-up

The experiment took place in a 4 m® (10 x 1 m and 0.4 m water depth) longitudinal section
of a large 25 m3 circular flume, supplied with water from the Nivelle river in a semi-open
circuit, with water replacement of 6 litres/min. To mimic natural spawning conditions, current
speed was set to 0.3 m/s, spawning substrate and shelters (tiles, woody debris) were provided,
and water temperature (known to affect spawning activity, Hardisty and Potter, 1971) was
monitored daily and followed that of the river (between 14 and 18°C). To facilitate observation,
spawning substrate was limited to two 0.48 m2 (0.6 x 0.8 m) boxes placed 5 m from each other,
and filled (0.1 m depth) with a mixture of sand, gravels and pebbles corresponding to the
spawning habitat selected by river lampreys in natural environments (Jang and Lucas, 2005).
The aquarium was lit with white neon bulbs following the natural photoperiod (12:12 h with
30 min of dawn and dusk), but as river lampreys are active 24 h per day during the spawning
period (Sjoberg, 1977), we placed a UV light above the substrate boxes to identify individuals at
night. Two video cameras (Basler acA1920-40gc) continuously recorded lampreys’ activity in
each spawning patch throughout the experiment. The flume section was inspected three times
a day (morning, noon, evening) to ensure that no spawning occurred outside the spawning
substrate, and to collect dead individuals). All individuals were placed in the experimental

tank on 3 April and the experiment ended on 3 May, after the death of the last individual.
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2.2.4 Mating characterisation

All video footage was analysed with BORIS software (Friard and Gamba, 2016) to note the ex-
act timing of each behaviour and the identity of the individuals involved. Numerous attempts
to copulate were interrupted before the male could squeeze the female’s abdomen. We there-
fore discriminated successful matings acts (i.e. those ending with squeezing and quivering)
from failed mating attempts. Each successful mating act usually involved one male and one
female but sometimes two or more males copulated simultaneously with the same female,
as highlighted by previous studies (Case, 1970; Docker, 2015; Huggins and Thompson, 1970;
Malmgqvist, 1983). In that case, the identity of each male involved was noted, so that the female

was considered to have successfully mated with each of them.

2.2.5 Definition of mating success

Considering lampreys’ mating system, (external fertilisation, high polygynandry, very fre-
quent matings), the classic genetic view of mating success (i.e. number of different individ-
uals with which the focal individual produced at least one offspring) may show little inter-
individual variation, while a behavioural view that quantifies the number of mating events
may represent more accurately the link between an individual’s phenotype, its social environ-
ment and its ability to secure matings. Thus, we first calculated M Sp, defined as the number
of partners with which the focal individual successfully mated to fit the genetic definition of
mating success. Then, we calculated M S, as the number of successful mating acts performed

by the focal individual with all its mates to match the behavioural definition of mating success.

2.2.6 Estimation of potential strength of sexual selection

We first characterised the potential strength of sexual selection by calculating the opportunity

for sexual selection (/s) at the scale of the whole season. We measured /s for each sex as
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the variance in mating success (i.e. both as the number of mates, M Sp, and the number of
matings, M S)) divided by the square of the mean mating success (Wade, 1979; Wade and
Arnold, 1980). Recent research showed that /s is connected to OSR, even in the absence
of sexual selection as a result of a decreased mean mating success of the dominant sex
(Jennions et al, 2012; Klug et al., 2010a; Krakauer et al., 2011). To consider this source
of bias, we therefore evaluated the expected /s under random mating given the observed
OSR and mean mating success, as recommended by Janicke and Morrow, 2018. For this
purpose, we randomly distributed the total number of mating acts among all individuals
in each sex. We iterated this distribution 10000 times in R and we subtracted the median
Is of these simulations from the observed /s. The number obtained was defined as the
bias-corrected s (hereafter /s;.). We also report 95% confidence intervals for all estimates of
I sy obtained from the simulations. When simulating M Sp, care was taken to ensure that no
individual was assigned a higher mating success than the actual total number of individuals of

the opposite sex. Sex-specific differences in variances were also assessed using Levene’s F test.

We then split the breeding season into 22 daily periods, which allowed us to assess both
among-days variation in the social environment and a large number of mating events within
each day. In the same way as above, we analysed potential variation in the strength of sexual
selection by calculating Is;. each day. We then calculated OSR for each day as the ratio of
sexually receptive males to females. Individuals were considered sexually receptive from their
first mating attempt until their death, as there is no post-mating refractory period in male and
female lampreys (L. Daupagne, personal observation). We also calculated what we called the
functional sex ratio (FSR) on each day as the ratio of sexually active males to females (i.e.
individuals that actually attempted to copulate on that day). We then calculated correlations

between Is;. and OSR using a Spearman’ rank correlation test. Indeed, as stated by Emlen and
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Oring, 1977, a biased OSR should induce a greater variance in mating success of the dominant

sex due to a higher degree of mate monopolisation, and therefore a greater [ sj..

2.2.7 Quantitative estimation of sexual selection on identified traits

Instead of the classic multiple regression approach (e.g. Lande and Arnold, 1983), which sep-
arately models the mating success (number of mates) of either males or females as a linear
combination of individual phenotypic traits and possibly social environment (Okasha, 2004),
we considered each mating act as a statistical unit, following the approach of Gauthey et al.,
2017. In our first Bayesian model, we considered parameters reflecting changes in the social
environment each day that may affect sexual selection estimates: 1) individual body size of
both interacting partners, (2) size difference between partners, (3) OSR, (4) average competi-
tors’ size relative to the size of the focal individual, and (5) the time since the start of the
individual’s reproductive period. Competitors were defined as individuals of the same sex as
the focal individual and were sexually receptive on the focal day (i.e. those contributing to
the OSR). The last parameter (5) may reflect variation in mating effort over an individual’s
reproductive period. We first checked for correlation between morphological traits (body size
and body mass) with a Spearman’ rank correlation test. As they was a significant correlation
(p = 0.76), only total body size was included in our analysis. From daily behavioural obser-
vations, we constructed two different matrices confronting all possible pairs of individuals
of each sex each day: a first three-dimensional array of the total number of mating attempts
between each male m and female f on day ¢ (A, t+)), and a second three-dimensional array
of the total number of successful matings (C;,,r,;)) between each male m and female f on day
t. The number of mating attempts was modelled by a Poisson distribution and the number of

successful matings was modelled by a binomial distribution.
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A gt ~ Poisson(Tp, £.1)
(2.1)
Con,p1 ~ binomial(Ap, .4, 0m.11)

We tested the effects of body size of the focal male and female (S5,, and S, respectively),
the absolute difference in partner size (abs(S,, — Sy)), the average competitors’ size relative
to the size of the focal individual on day ¢ ((C'SM; — S,,,) and (C'SF; — Sy)), the OSR on day ¢
(OSR;) and time (days) since the start of the individual’s reproductive period (RF,, ; — RPs,)
on the number of mating attempts (7}, ¢+, Eq. 2.2) and on the probability that a mating attempt
was successful (0,,, 7+, Eq. 2.3). Because our goal was to test whether selection on an individual

trait depended on the social context, we also included interaction terms as follows:

Trn.pi = exp(ay + B1.Sm + 5255 + B3abs( Sy — S¢) + B1OSR; + Bs(Sm x OSR;)
+85(Ss * OSRy) + B7(CSM; — S,,) + Bs(CSF; — Sp) + BoR Py s (2.2)

+B10RPry + r1m +115)

Qm,f,t = inv.logit(ag + 5115m + ﬁme + 513ab5(5m — Sf) + 51405’Rt
+B15(Sm * OSRy) + Bi6(Ss * OSRy) + Brr(CSM; — Sy,) (2.3)
+515(CSE, — Sy) + B19RP i + BaoRPry + r2m + 72.5)

where r_,,, and r_; are random male and female effects (individuals’ effects) to better

account for uncontrolled sources of variation.
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Then, we constructed a second Bayesian model to test how mating success could be af-
fected by two variables pertaining to the temporal distribution of mating effort: date of first
mating attempt and delay between first and last mating attempt (i.e. duration of mating ac-
tivity). From behavioural observations, we constructed two different matrices confronting all
possible pairs of individuals of each sex: a first matrix of the total number of mating attempts
over the whole breeding season (4,, ) and a second matrix of the total number of successful
matings (C, r). The number of mating attempts between a pair was modelled by a Poisson

distribution while the number of successful matings was modelled by a binomial distribution.

A, g~ Poisson(T, 5)
(2.4)

Con, g ~ binomial(Ay, f, Om.f)

We tested the effects of body size of focal male and female (respectively .S,,, and Sy), ab-
solute difference in partner size (abs(S,, — Sy)), mating activity first date (/,,, and I) and
duration of mating activity (D,, and D) on both the number of mating attempts (7, ¢, Eq.

2.5) and on the probability of mating success (0, r, Eq. 2.6) as follows:

Ton.p ~ exp(aq + B1Sm + 025 + B3abs(Sy — Sy) + Balym + Bsls + Bs Dy + 7Dy
+/88(Sm * Im> + ﬁg(Sf * [f) + 510(Sm * Dm) + 511(Sf * Df) (2-5)

+7r1m + 7“1,f)

Hm,f ~ imj.logit(ag + B12Sm, + 5135]0 + ,314abs(5m - Sf) + Bisl, + 5161]“
+617Dm + Bis Dy + Bro(Sm * 1) + Bao(Sy * Iy) (2.6)

+B91(Sm * Dyy,) + Boa(Sy % D) + 11 +717)
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where 7 ,,, and r_; are random male and female effects to better account for uncontrolled

sources of variation.

2.2.8 Statistical analysis

All classical statistical analyses were performed using R software version 4.0.4 (R Core Team,
2022). Average values presented throughout the paper correspond to the mean. The two sta-
tistical models in this study were fitted under a Bayesian framework that allows the handling
of a large number of predictor variables using HMC sampling applied by STAN through the
R package RStan (Carpenter et al., 2017). For each model, three independent chains were run
to save 5000 iterations after a warmup of 1000 iterations and with a thinning of 5. In each
chain, we used a non-informative Cauchy distribution for all parameters (C(0,5), Gelman
et al., 2008. Chain convergence was visually checked and parameter convergence was as-
sessed with the Gelman and Rubin’s convergence diagnostic (gelman.diag function, Brooks
and Gelman, 1998; Gelman and Rubin, 1992. Each parameter was considered as significant
if 0 was not included in its highest density interval at 95% (H Dl1g5%). Information on the

validation of the models is provided in the Appendix (Fig. 2.A.7, 2.A.10 and Tab. 2.A.1, 2.A.2).

2.2.9 Ethical note

The use of experimental animals complied with the French environmental and animal wel-
fare laws, guidelines and policies as evidenced by the authorization issued by the ethi-
cal committee for birds and fishes in the French region Nouvelle Aquitaine (authorization
#2019021009248986). The potential harm to the animals is very limited and mainly concerns
exposure to electricity during fishing, tagging under anaesthesia and keeping the individuals
in an aquarium during reproduction. Lampreys are semelparous and die shortly after repro-

duction. Thus, the condition of the individuals deteriorates very rapidly during reproduction,
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even in the natural environment. We did not observe any pre-mating mortality (the dead

individuals had all participated in reproduction and contained no or very few gametes).
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2.3 RESULTS

2.3.1 General description of the mating system

Body size and weight did not differ between the sexes: males measured on average (+SD,
minimum:maximum) 282.9 mm (£21.7, 237:315) while females measured on average 284.2
mm (£16.9, 250:316). The mating season, calculated as the time between the first and last
day on which matings were observed, lasted 22 days. The first mating attempts occurred
on 9 April while the last one occurred on 30 April. Differences existed in terms of temporal
distribution of mating effort: females took part in the spawning during a much shorter period
than males in terms of number of days between the first and last mating attempt (Fig. 2.1),
on average 6.5 days in females and 14 days in males (ANOVA: F} 33 = 42.88, P < 0.001). The
females started to mate on average later than males (ANOVA: F} 33 = 4.74, P = 0.03) and more
gradually. Differences also appeared in terms of number of days between the last mating
attempt observed and the day of death: females died much faster than males (Fig. 2.1), on
average 1.5 days in females and 3.5 in males (Kruskal-Wallis test: Hyy = 9.16, P < 0.001).
This sex-specific temporal distribution of mating effort led to fluctuations in size distribution
of active individuals (Appendix Fig. 2.A.1). A total of 8582 mating attempts were observed,
among which 6815 were successful matings. The mating system clearly can be qualified as
polygynandrous, as the 15 males successfully mated on average (+SD, minimum:maximum)
454.33 (+355.82, 17:1088) times with on average 14.73 (2.91, 9:20) females, and the 20 females
mated on average 340.75 (£222.52, 8:897) times with on average 11.05 (£3.22, 4:15) males. The
number of successful matings was correlated with the number of mates for males (Spearman
rank correlation: r, = 0.7, N = 15, P < 0.005) but not for the females (r; = 0.29, N = 20, P =

0.21).
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Figure 2.1. Delay between the start of the experiment and the first mating attempt, duration of mating
activity and delay between the last mating attempt and death (days) in 15 Lampetra fluviatilis males
(blue) and 20 L. fluviatilis females (orange). The box plots show the median (horizontal line), mean
(cross) and 25" and 75" percentiles; the whiskers indicate the values within 1.5 times the interquartile
range and the circles are the jittered data points. Tests: one-way ANOVA/Kruskal-Wallis. *: P < 0.05,
% P < 0.005.
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2.3.2 Estimation of potential strength of sexual selection
2.3.2.1 At daily time steps

The OSR and FSR were on average (+SD, minimum:maximum) 1.97 (30.90, 1.08:3. 67) and 1.7
(£0.69, 0.75:3), respectively (Appendix Fig. 2.A.2). The indices were highly correlated (Spear-
man rank correlation, r; = 0.76, N = 20, P < 0.001), so only OSR was used in further analysis.
The Isp. with M Sp was on average (£SD, minimum:maximum) 0.38 (£0.59, -0.49:1.85) per
day in males and 0.54 (£0.52, -0.33:1.48) per day in females (Appendix Fig. 2.A.3, a). I s, with
M Sy, was on average (£SD, min:max) respectively 1.92 (41.24, 0.46:5.57) per day in males
and 2.07 (£1.05, 0.93:5.96) per day in females (Appendix Fig. 2.A.3, b). A Spearman rank cor-
relation was computed to assess the relationship between Is,. and OSR in each sex (Appendix
Fig. 2.A.4). There was a positive correlation between the two variables in males when 15,
was calculated with MSB (rs = 0.53, N = 20, P = 0.01) but not with M Sp (r, =-0.12, N = 20, P
= 0.60). There was no significant correlation in females with [s;,. calculated with either M .Sy,

(rs = 0.38, N =20, P = 0.07) or MSG (s = 0.15, N = 20, P = 0.49).

2.3.2.2 At the scale of the whole breeding season

The Isp, with M Sp was slightly lower for males than for females while the /s;. with M .Sy,
was higher for males (Table 2.1). Variances in relative mating success were not significantly
different as a function of sex, either for M Sp or M .Sy, (F = 2.08, P =0.16 and F' = 0.76, P =

0.39 respectively, Table 2.1).
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Table 2.1. Estimates of mating success and the potential strength of sexual selection in Lampetra fluviatilis
males and females at the scale of the whole breeding season. Number of individuals (/V), mean mating
success, standard deviation (SD), observed opportunity of sexual selection (Obs[s), and bias-corrected Is
(I spe) are presented with mating success calculated either as the number of mates (M .Sp) or the number

of mating acts (M Sy B). Differences in variances for mating success were estimated via Levene’s test.

Males Females Levene’s test

N Mean SD  Obsls Isp. N Mean SD Obsls Isp. F Df P
MSp 15 14.7 2.9 0.03 -0.01 20 11 3.2 0.08 0.03 2.08 1

MSy 15 454 356 0.61 0.60 20 341 223 0.43 0.41 0.76 1

0.16
0.39
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2.3.3 Quantitative measure of sexual selection
2.3.3.1 At daily time steps: variation in the social environment

Female body size had a negative effect on the number of mating attempts but a positive effect
on the probability of mating success, while male body size had a positive effect on the number
of mating attempts but a negative effect on the probability of success (Fig. 2.2a). Difference
in partner size had a negative effect on both the number of mating attempts and the proba-
bility of mating success (Fig. 2.2b). The OSR had a negative effect on the number of mating
attempts but had no effect on the probability of success (Fig. 2.2c). In both sexes, the inter-
action between body size and OSR had a positive effect on the number of mating attempts
(Fig. 2.2d,2.3a,c). In males, the interaction had a negative effect on the probability of mat-
ing success (Fig. 2.3d) while the interaction had a positive effect in females (Fig. 2.2d, 2.3b).
In males, the average size difference between the focal individual and its competitors had a
positive effect on the number of mating attempts but a negative effect on the probability of
mating success while in females, it had a negative effect on the number of mating attempts
but a positive effect on the probability of success (Fig. 2.2e). Finally, in males, the time (days)
since the start of the individual’s reproductive period had a negative effect on the number of
mating attempts, while in females, it had a positive effect on the number of mating attempts

but a negative effect on the probability of success.
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Figure 2.2. Posterior distribution for the parameters of the model inferring the effect of (a) individual body size,
(b) difference in partner size, (c) operational sex ratio (OSR), (d) interaction between individual body size and
OSR, (e) difference in competitors’ size and individual body size and (f) time since the start of an individual’s
reproductive period in males (blue) and females (orange) on the number of mating attempts and on the probability
of mating success. Labels on the x-axes refer to parameters presented in Eq. 2.2 and 2.3. Density plots show the
distribution of the parameter values sampled from 12000 iterations. The coloured portions inside the density

plots represent the 95% credible intervals. The dashed red vertical lines correspond to a null effect.
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Figure 2.3. Predicted number of mating attempts and probability of mating success in males (blue)
and females (orange) at low, even and high operational sex ratio (OSR). The grey areas represent the

95% confidence level interval for predictions from each linear model.
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2.3.3.2 At the scale of the whole season: temporal spawning patterns

In either sex, body size had overall no effect on either the number of mating attempts or the
probability of mating success (Fig.2.4a). The difference in partner size had a negative effect
on both the number of mating attempts and the probability of mating success (Fig. 2.4b). The
first date of mating activity had a positive effect on the number of attempts and a negative
effect on the probability of mating success in females, but it had no effect on both metrics
in males (Fig. 2.4c). The total duration of mating activity had no significant effect on either
the number of mating attempts or the probability of success in either sex (Fig. 2.4d). The
interaction between body size and the first date of mating activity had a negative effect on
the number of mating attempts in females and a positive effect on the probability of success,
while it had no effect on both metrics in males (Fig. 2.4e). Finally, the interaction between
body size and duration of mating activity had no significant effect on either the number of

mating attempts or the probability of success in either sex (Fig. 2.4f).
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Figure 2.4. Posterior distribution for the parameters of the model inferring the effect of (a) individual body size,
(b) difference in partner size, (c) first date of mating activity, (d) total duration of mating activity, (e) interaction
effect between body size and first date of mating activity and (f) interaction between body size and duration of
mating activity in males (blue) and females (orange) on the number of mating attempts and the probability of
mating success at the scale of the whole breeding season. Labels on the x-axes refer to parameters presented
in Eq. 2.5 and 2.6. Density plots show the distribution of the parameter values sampled from 12000 iterations.
The coloured portions inside the density plots represent the 95% credible intervals. The dashed red vertical lines

correspond to a null effect.

68



2.4. Discussion

2.4 DISCUSSION

Our results showed that (1) the social environment (OSR, body size distribution of active
individuals) fluctuated throughout the breeding season of a group of river lamprey in
controlled conditions, (2) the number of matings on a given day depended on individual body
size, social environment on that day, and their interaction, and (3) the timing (onset and span)
of breeding activity could affect the number of matings performed over the season with a
strength dependent on individual body size. We discuss the implications of these findings
in terms of both sexual selection in lampreys and broader meaning for sexual selection

estimation in polygynandrous external fertilisers.

Despite a female-biased adult sex ratio (0.75) in the breeding group, the OSR was always
male-biased and varied throughout the reproductive season (Fig. 2.A.2), because of sex
differences in the onset and time span of sexual activity (Fig. 2.1). While most males were
active from the beginning of the season and stayed active on average for 15 of the 22
days during which the group spawned, individual females started their activity in a more
gradual way and for on average 6.5 days. Such patterns have also been documented in the
brook lamprey (Lampetra planeri) in an experimental approach (Malmqvist, 1983) and in the
sea lamprey (Petromyzon marinus) in the field (Dhamelincourt et al., 2021). Although the
water recirculation in our experimental set-up may have increased the synchrony of sexual
maturation due to an accumulation of sex pheromones throughout the experiment, this result
suggests this is not the case or that such an acceleration of maturation also occurs in the wild,
for example, when spawning densities upstream are high (Wang et al., 2013). Besides the span
of reproductive activity, the time between last mating and death was shorter in females than
in males, further suggesting that the rapid senescence triggered by reproduction was more

acute in females than in males. This sex difference in the timing of reproduction therefore
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led to the observed biased OSR (Fig. 2.A.2), causing fluctuations in the social environment
in which sexual selection operates. We then found a positive correlation between OSR and
bias-corrected opportunity for sexual selection /s,. with M Sy, in males but not females
(Fig. 2.A.4, a), as originally suspected by Emlen and Oring (1977) and recently observed
by Janicke and Morrow (2018) in a meta-analysis performed on 82 estimates of /s;. in 58
animal species. Additionally, female Is;, with M S), was insensitive to OSR and remained
sufficiently high to equal male Is,. when cumulated over the whole season (Tab. 2.1). This
indicates that there was as much scope for sexual selection in females as in males in this
polygynandrous system, but that the availability of males was not the factor that constrained
the variability of access to mates and matings among females. Outcompeting rivals probably
do not bring significant direct or indirect benefits, leading to an overall less pronounced mate
monopolisation in females. Interestingly, no correlation between OSR and Is;. with M Sp
was found in males (Fig. 2.A.4, b), showing that the chosen quantitative approach to measure
mating success does affect the inference of sexual selection. By approximating the number of
mating events with the number of mates, the “genetic definition” of mating success cannot
detect potential multiple inseminations and thus the degree of mate monopolisation. This
first analysis, by using a population and a fitness-based approach, highlighted that changes
in the social environment affect both males’ access to reproduction in terms of the number

of matings achieved and, consequently, the potential strength of sexual selection in this sex.

With a statistical framework that models each mating as a two-step process (attempt and
success; Gauthey et al., 2017), we then investigated how these changes in social environment
directly modulate the strength of sexual selection on individual phenotypic traits. The
distinction between the number of mating attempts and the probability of success sheds light

on the part of the mating process that is affected by individual and social characteristics.
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We showed that social context affected each part of the process both directly and through
interactions with individual phenotype. In our model, larger males appeared to attempt
more matings, but smaller males had a higher probability of mating successfully. This
pattern was even stronger on days with higher OSR, as large males performed better
in terms of mating attempts, but smaller individuals had an even higher probability of
mating successfully (Fig. 2.2, 2.3). The first result was in line with our predictions, as we
initially expected that larger males would have an overall advantage in intrasexual mate
competition and thus have easier access to females, especially at a male-biased OSR. On the
other hand, the higher probability of mating success in small males was more surprising
as we initially thought that females would overall favour large males. This pattern may
reflect either a female preference towards smaller males that can be expressed more freely
under high OSR, or the choice of small males to mate with lower-quality females that
might accept them more easily, especially when the competition is high (see below). Our
model also highlighted that size-assortative mating does occur in lampreys, as suggested by
previous work (Malmqvist, 1983), and concerns both processes leading to mating (attempt
and success). The higher probability of success in pairs with similar size may be due to a
physical constraint imposed by size differences between partners while the higher number
of attempts in pairs with similar size may result from a mate choice in relation to one’s
own size. This latter may explain the higher probability of mating success in small males,
especially at a high OSR. If male-male competition is sufficiently costly, the benefits conferred
by mating with large females are outweighed, which may ultimately lead low-competitive
males (i.e. small males) to attempt to mate with small low-quality females (i.e. small
females) that would accept them more easily. The higher probability of mating successfully

in small males is therefore the result of a size-assortative mating pattern based on mate choice.
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The social context affected the number of matings in females too. High OSR increased
both the number of mating attempts and the probability of success for large females.
This suggests that under stronger male-male competition, larger females are more often
solicited by males and accept mating more readily. Lamprey females parcel their large egg
stock (around 26 000 in the anadromous river lamprey; Docker, 2019) in many clutches
(on average 341 in this study). Larger females bear more eggs and may therefore mate
with more males, which could benefit them directly and indirectly. A direct benefit of
female multiple mating in lampreys may be insurance against incomplete fertilisation
due to sperm limitation. On the other hand, indirect genetic benefits may include (1)
improved viability or competitiveness of their offspring or (2) higher genetic diversity of
offspring which may increase the possibility that some individuals can survive in a changing
environment (Fox and Rauter, 2003; Garcia-Gonzalez et al,, 2015; Yasui, 2001). Finally,
compared to their competitors the smaller females seemed to attempt fewer matings but
had a higher probability of mating successfully. This suggests that small females are so-

licited even less by males when competition is high and therefore more readily accept mating.

Given the interactions between individual phenotype and fluctuating social environment,
and the sex difference in the temporal distribution of reproductive activity, one could expect
to see sexual selection on the timing of reproductive activity, possibly in relation to sex and
phenotype. In males, there was a tendency for long-lasting males to perform more mating
attempts. This was in accordance with our initial thought that males mating over a long
period may maximize the number of mating opportunities by encountering more females
during the mating season. Interestingly, long-lasting males also appeared to have a slightly
lower probability of mating successfully. This may suggest that such males have more time

to seek out matings with high-quality females that have a higher probability of rejecting
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them. The duration of an individual’s mating season could also be an adjustment to its
ability to successfully mate with members of the opposite sex. If one individual repeatedly
fails to reproduce, it will remain in the breeding pool for longer to deplete its gamete stock.
The starting date had no effect on either the number of mating attempts or the probability
of mating success in males. This result was all the more surprising as in polygynandrous
species such as lampreys, males arrive at the breeding grounds before females, suggesting an
advantage of early males in terms of access to females (Morbey and Ydenberg, 2001). Females
are, however, relatively asynchronous (Fig. 2.1) and the OSR was lower from day 8 to day
13 than from day 1 to day 7; males starting early therefore did not have access to a higher
number of receptive females. However, we cannot exclude the possibility that this may be an
artefact of captivity. The early arrival of females in the wild may be more synchronous or

may be selected for reasons other than the mating parameters investigated here.

In females, early onset of mating activity decreased the number of mating attempts but
increased the probability of success, and the interactions with body size imply that these ef-
fects of early activity were stronger in smaller females. This may suggest that late-arriving
females attempt more matings with males active at the end of the season but are more selec-
tive towards them. A recent experiment using sea lampreys showed that ovulatory females
use spermine, a pheromone that originates in the seminal plasma, to identify males actively
releasing sperm (Scott et al,, 2019). As late-active males have a higher probability of being
sperm-depleted, females are probably more discriminating towards them to prevent costly
matings. Small females appeared to be even more selective which is consistent with their
lower fecundity. Such results suggest that females are selected to start early, especially if
they are small. Interestingly, estimates values (85/31¢) were similar to those corresponding

to the effect of the time since the start of the female’s reproductive period in our daily model
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(B10/P20)- This suggests that females that had been mating for a long time and were more
likely to have few eggs left, attempted more matings but were more selective to avoid costly

matings with low-quality males.

Conclusion

Overall, our study highlighted the within-season dynamics of pre-copulatory sexual selection
in lampreys and how it is directly related to characteristics of the sexual environment. From
a methodological perspective, our results illustrate the complexity of measuring sexual selec-
tion and the necessity to increase studies using fine-grained behavioural data sets. For most
studies, quantification of sexual selection remains generally based on one of a few samplings
per season that may therefore lead to biased or even incorrect estimation of sexual selection,
depending on which day the metrics are calculated. For instance, if we had only calculated
metrics on days when the OSR was high, we would have overestimated the actual strength of
sexual selection on female body size. Ongoing methodological advances in telemetry monitor-
ing (Tentelier et al., 2016; Whitford and Klimley, 2019) or video recording systems (Yang et al.,
2018), for instance, are overcoming previous difficulties in obtaining such high-resolution be-
havioural data. From a more theoretical perspective, showing that the benefits of exhibiting
specific sexual traits are highly context-dependent has important implications. Based on our
results, we can hypothesize that conditional temporal strategies, in which individuals adapt
the timing of sexual activity according to their own phenotype, may exist in lampreys. In
swordtails (Xiphophorus helleri), it has been shown that the age at sexual maturity shifts in
developing individuals in accordance with the perceived quality of competitors and potential
mates. After maturity, environmental visual cues might also lead to behavioural plasticity
(e.g. longer or shorter mating seasons) depending on the competitive challenges faced by

individuals.
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2.A APPENDIX
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Figure 2.A.1. Size distribution (total length in mm) of active individuals each day of the breeding
season (males: blue; females: orange). The box plots show the median and 25th and 75th percentiles;

the whiskers indicate the values within 1.5 times the interquartile range and the circles are the jittered

data points.
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Figure 2.A.2. The operational sex ratio (OSR) and the functional sex ratio (FSR) each day of the breed-
ing season. The OSR corresponds to the ratio of males to females that are ready to mate on a given
day while FSR corresponds to the ratio of males to females that attempt to mate on a given day. The
dashed line corresponds to an unbiased sex ratio (1) while the dotted line represents the adult sex ratio

in the breeding group (0.75).
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Figure 2.A.3. Bias-corrected opportunity for sexual selection (Isy.) with 95% confidence intervals
are presented (vertical whiskers) with mating success calculated either (a) as the number of partners

(M Sp) or (b) as the number of matings (A Sy) in males (blue) and females (orange) on each day of
the breeding season.

77



Chapter 2. Temporal variations in mating opportunities

5] @ (b) |

1.5 1

N

1.0 A

0549 = ]

/Sbc
Number of matings
|
/sbc
Number of partners

N

u -0.5 1 u

OSR OSR

Figure 2.A.4. Relationship between the biais corrected opportunity for sexual selection (Isp.) and the
operational sex ratio (OSR) with mating success calculated either (a) as the number of partners (M Sp)

or (b) as the number of matings (M S}/) in males (blue) and females (orange).

2.A.1 Bayesian model: at daily time steps

Random effects were slightly more variable for males than for females for the number of mat-
ing attempts (mean of respectively 0.61 and 0.47) while they were more variable for females
for the probability of mating success (mean of respectively 0.11 and 0.31) (Fig. 2.A.5). The
correlations between random individual effects of two processes were calculated in each sex

but none were statistically significant (Fig. 2.A.5).
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Figure 2.A.5. Posterior probability distribution of the standard deviation of random individual effects
on (a) the number of mating attempts and (b) the probability of mating success on each day for males
(blue) and females (orange). The dashed red vertical lines correspond to a null effect. Density plots
show the distribution of the parameter values sampled from 12 000 iterations. The coloured portions

inside the density plots represent the 95% credible intervals.

Spearman’s rank correlations were computed to assess the pairwise relationship between
random individual effects on the number of mating attempts and the probability of success
in both sexes. In males, there was no correlation between the number of mating attempts
and the probability of mating success (r = -0.09, df = 13, P = 0.75). Similarly, there were no

correlation in females (r = 0.26, df = 18, P = 0.27) (Fig. 2.A.6).
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Figure 2.A.6. Pairwise relationship between random individual effects on the number of mating at-

tempts and the probability of success for males (blue) and females (orange).

Model validation

We performed Gelman-Rubin diagnostic to analyse the difference between the three Markov
chains. For each parameter, the scale reduction factor 7 was equal to 1, highlighting that
all chains have converged (see Tab. 2.A.1 for details). Based on the posterior distribution
of all parameters of our model, the number of mating attempts and successful matings was
calculated for each individual and these predictions were plotted against the number of
mating attempts and successful matings observed in our experiment (Fig. 2.A.7). Spearman’s
rank correlations were computed to assess the pairwise relationship between the number of
mating attempts and successful matings predicted in our model and those observed in our
experiment. In both sexes, there were strong positive correlations between the predicted and
observed number of mating attempts (r = 0.99, df = 33, P < 0.001) (Fig. 2.A.7, a), and the

predicted and observed number of successful matings (r = 0.99, df = 33, P < 0.001) (Fig. 2.A.7,
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b). For most individuals, numbers predicted by the model were equivalent to the number
of interactions observed. The model predicted on average (+SD, [HDI95%]) 616 (1482,
[46:1388]) mating attempts in males, 462 (+312, [64:890]) mating attempts in females, 477

(382, [37:1117]) successful matings in males and 358 (4244, [46:758]) successful matings in

females.
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Figure 2.A.7. Pairwise relationship between the number of (a) mating attempts and (b) successful
matings predicted in our model and those observed in our experiment for males (blue) and females
(orange). The dashed line has intercept zero and slope one, which corresponds to a perfect fit between

observed and predicted values.
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2.A.2 Bayesian model: all season

Random effects were slightly more variable for males than for females for the number of
mating attempts (mean of respectively 0.67 and 0.41) and were similar for the probability of
mating success (mean of respectively 0.13 and 0.12) (Fig. 2.A.8) The correlations between
random effects of both processes were calculated in each sex but none were statistically

significant (Fig. 2.A.9).
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Figure 2.A.8. Posterior probability distribution of the standard deviation of random individual effects
on (a) the number of mating attempts and (b) the probability of mating success for males (blue) and
females (orange). The dashed red vertical line corresponds to a null effect. Density plots show the
distribution of the parameter values sampled from 12 000 iterations. The coloured portions inside the

density plots represent the 95% credible intervals.

Spearman’s rank correlations were computed to assess the pairwise relationship between
random individual effects on the number of mating attempts and probability of success in
both sexes. In both males and females, there was no correlation between the number of
mating attempts and probability of mating success (r = -0.32, df = 13, P = 0.24 for males and

r=-0.12, df = 18, P = 0.61 for females) (Fig. 2.A.9).
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Figure 2.A.9. Pairwise relationship between random individual effects on the number of mating at-

tempts and the probability of success for males (blue) and females (orange).

Model validation

We performed Gelman—-Rubin diagnostic to analyse the difference between the three Markov
chains. For each parameter, the scale reduction factor 7 was equal to 1, highlighting that
all chains have converged (see Tab. 2.A.2 for details). Based on the posterior distribution
of all parameters of our model, the number of mating attempts and successful matings was
calculated for each individual and these predictions were plotted against the number of
mating attempts and successful matings observed in our experiment (Fig. 2.A.10). Spearman’s
rank correlations were computed to assess the pairwise relationship between the number
of mating attempts and successful matings predicted in our model and those observed in

our experiment. In both sexes, there were positive correlations between the predicted and
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observed number of mating attempts (r = 0.48, df = 33, P < 0.05) (Fig. 2.A.10, a), and the
predicted and observed number of mating attempts (r = 0.46, df = 33, P < 0.05) (Fig. 2.A.10,
b). However, the numbers predicted by the model exceeded the number of observations in
most cases. Indeed, the model predicted on average (+SD, [HDI95%]) 1296 (41242, [66:3360])
mating attempts in males, 972 (£738, [133:2547]) mating attempts in females, 1038 (£996,
[53:2662]) successful matings in males and 778 (4615, [121:2134]) successful matings in

females.
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Figure 2.A.10. Pairwise relationship between the number of (a) mating attempts and (b) successful
matings predicted in our model and those observed in our experiment for males (blue) and females
(orange). The dashed line has intercept zero and slope one, which corresponds to a perfect fit between

observed and predicted values.
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Table 2.A.1. Summary of estimated parameters distributions and derived quantities using the posterior draws of the
model at daily time steps (see equation 2.2 and 2.3 for details). The summary includes means, Monte Carlo standard
errors (S€mean), standard deviations (sd), quantiles, effective sample sizes (n.y ), and split Rhats (i.e. the potential
scale reduction derived from all chains after splitting each chain in half and treating the halves as chains). m; 1.15
and f; 1,20 are random male and female effects. 0,,, and o ¢, are the standard deviation of random individual effects
for males and females, respectively. x refers to the process concerned, either (1) the number of mating attempts or

(2) the probability of successful mating. The summary comprises all chains merged.

mean se_mean sd  2.5% 25% 50% 75% 97.5% Neff Rhat
aq -0,27 0,01 0,29 -0,85 -0,46 -0,26 -0,07 0,27 2709,74 1,00
o 1,67 0,00 0,18 1,32 1,54 1,66 1,78 2,02 4045,39 1,00
51 4,01 0,00 0,27 343 3,83 4,02 4,19 4,50 3613,95 1,00
Bi1 -5,67 0,01 0,84 -7,33 -6,23 -5,66 -5,09 -4,03 5394,95 1,00
B2 -0,70 0,00 0,16 -1,02 -0,80 -0,70 -0,60 -0,40 4277,59 1,00
P12 1,41 0,00 0,31 0,80 1,20 1,41 1,61 2,00 6126,74 1,00
B3 -0,05 0,00 0,02 -0,09 -0,06 -0,05 -0,04 -0,01 14990,54 1,00
P13 -0,21 0,00 0,05 -0,31 -0,25 -0,21 -0,18 -0,11 10874,02 1,00
B4 -0,31 0,00 0,03 -0,38 -0,34 -0,31 -0,29 -0,25 9192,19 1,00
B4 0,14 0,00 0,12 -0,10 0,06 0,15 0,23 0,38 8142,88 1,00
Bs 0,14 0,00 0,02 0,11 0,13 0,14 0,16 0,18 15200,28 1,00
B1s -0,15 0,00 0,05 -0,24 -0,18 -0,15 -0,11 -0,05 11360,48 1,00
Bs 0,51 0,00 0,02 048 0,50 0,51 0,52 0,55 14614,69 1,00
B1e 0,34 0,00 0,12 0,09 0,26 0,34 0,43 0,59 8663,82 1,00
Jore 3,64 0,00 0,11 344 3,57 3,64 3,71 3,85 10071,95 1,00
Bz -5,24 0,01 0,77 -6,75 -5,75 -5,23 -4,71 -3,73 5593,68 1,00
Bs -1,14 0,00 0,07 -1,28 -1,19 -1,14 -1,10 -1,01 8107,89 1,00
Bis 1,10 0,00 0,23 0,66 0,95 1,10 1,25 1,54 8150,31 1,00
Bo -1,24 0,00 0,03 -1,31 -1,27 -1,24 -1,22 -1,18 12297,37 1,00
B -0,03 0,00 0,15 -0,31 -0,13 -0,04 0,06 0,27 5305,12 1,00
Bio 0,08 0,00 0,02 0,04 0,07 0,08 0,10 0,13 13422,73 1,00
B20 -0,33 0,00 0,09 -0,52 -0,40 -0,33 -0,27 -0,16 5288,98 1,00
m[l, 1] -0,13 0,01 0,41 -1,00 -0,37 -0,10 0,14 0,65 2749,25 1,00
m[l, 2] -2,24 0,01 0,38 -3,03 -2,48 -2,23 -1,99 -1,51 2859,43 1,00
m[l, 3] 0,56 0,01 0,31 -0,02 0,37 0,56 0,74 1,21 3484,68 1,00
m[l, 4] 0,17 0,00 0,25 -0,29 0,01 0,16 0,32 0,68 2670,22 1,00
m[l, 5] -0,04 0,00 0,23 -0,47 -0,19 -0,05 0,10 0,46 2701,11 1,00
m[l, 6] 0,82 0,01 0,38 0,03 0,59 0,85 1,06 1,54 2678,07 1,00
m[l, 7] 0,15 0,00 0,27 -0,36 -0,02 0,15 0,31 0,74 3396,21 1,00
m[l, 8] -0,53 0,01 0,65 -1,93 -0,92 -0,46 -0,11 0,66 2921,98 1,00
m[l, 9] -0,72 0,00 0,25 -1,20 -0,89 -0,73 -0,56 -0,21 2756,49 1,00
m[l, 10] -0,09 0,01 0,33 -0,72 -0,29 -0,09 0,11 0,60 3559,05 1,00
m[l, 11] 0,74 0,01 0,31 0,11 0,54 0,76 0,94 1,35 2624,90 1,00
m[L 12] -1,56 0,00 0,28 -2,08 -1,74 -1,57 -1,39 -0,97 3501,07 1,00
m[l, 13] -3,13 0,01 0,40 -3,93 -3,39 -3,12 -2,87 -2,34 3504,31 1,00
m[l, 14] 0,41 0,00 0,25 -0,05 0,25 0,40 0,56 0,93 2690,90 1,00
m[l, 15] -0,43 0,01 0,37 -1,14 -0,66 -0,43 -0,20 0,34 3570,19 1,00
m[2, 1] 0,04 0,00 0,12 -0,17 -0,03 0,03 0,10 0,33 9082,51 1,00
m[2, 2] -0,07 0,00 0,18 -0,55 -0,14 -0,04 0,03 0,23 7719,36 1,00
m[2, 3] 0,29 0,00 0,16 0,00 0,17 0,29 0,40 0,59 5528,73 1,00
m[2, 4] -0,29 0,00 0,13 -0,56 -0,39 -0,30 -0,20 -0,03 7390,86 1,00
m[2, 5] 0,03 0,00 0,12 -0,19 -0,04 0,01 0,08 0,31 5440,83 1,00
m[2, 6] -0,01 0,00 0,09 -0,19 -0,06 -0,01 0,04 0,18 8353,45 1,00
m[2 7] 0,00 0,00 0,11 -0,25 -0,06 0,00 0,06 0,23 5349,27 1,00
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Table 2.A.2. Summary of estimated parameters distributions and derived quantities using the posterior draws of

the model at the scale of the whole season (see equation 2.5 and 2.6 for details). The summary includes means,

Monte Carlo standard errors (s€eqn), standard deviations (sd), quantiles, effective sample sizes (n.yy), and split

Rhats (i.e. the potential scale reduction derived from all chains after splitting each chain in half and treating the

halves as chains). m; 1.15 and f; 1,20 are random male and female effects. 07, and o, are the standard deviation

of random individual effects for males and females, respectively. x refers to the process concerned, either (1) the

number of mating attempts or (2) the probability of successful mating. The summary comprises all chains merged.

mean se_mean sd 2.5% 25% 50% 75% 97.5% Neff Rhat
%} 3,29 0,01 0,44 2,32 3,06 3,32 3,56 4,03 4052,62 1,00
o 1,56 0,00 0,14 1,30 1,48 1,56 1,64 1,84 2791,11 1,00
51 0,04 0,01 0,40 -0,74 -0,18 0,03 0,25 0,89 5504,37 1,00
Bi1 -0,02 0,00 0,17 -0,29 -0,14 -0,04 0,09 0,37 2094,69 1,00
(B2 0,29 0,00 0,26 -0,24 0,15 0,29 0,43 0,82 4589,86 1,00
P12 0,15 0,00 0,15 -0,21 0,07 0,17 0,24 0,38 2926,51 1,00
33 -0,07 0,00 0,02 -0,10 -0,08 -0,07 -0,05 -0,03 17814,56 1,00
B14 -0,16 0,00 0,05 -0,25 -0,19 -0,16 -0,12 -0,06 11662,02 1,00
B4 0,36 0,01 0,40 -0,42 0,18 0,35 0,54 1,17 4775,91 1,00
B1s -0,04 0,00 0,16 -0,35 -0,11 -0,04 0,03 0,26 1984,36 1,00
Bs 0,35 0,00 0,26 -0,11 0,18 0,33 0,51 0,92 4239,83 1,00
Bie -0,41 0,00 0,18 -0,73 -0,54 -0,43 -0,30 -0,03 2263,44 1,00
Bs 0,58 0,01 0,40 -0,24 0,35 0,58 0,80 1,40 6255,50 1,00
Bi7 -0,25 0,00 0,15 -0,53 -0,35 -0,27 -0,17 0,08 3927,81 1,00
Jore 0,16 0,00 0,26 -0,47 0,04 0,18 0,32 0,62 3625,58 1,00
Big -0,04 0,00 0,09 -0,20 -0,10 -0,05 0,01 0,16 3703,81 1,00
Bs -0,14 0,01 0,63 -1,51 -0,45 -0,12 0,19 1,10 5054,39 1,00
B1o 0,04 0,01 0,27 -0,40 -0,13 0,01 0,20 0,67 1829,72 1,00
Bo -0,43 0,00 0,19 -0,84 -0,54 -0,41 -0,30 -0,08 4417,67 1,00
B20 0,32 0,00 0,16 -0,05 0,23 0,34 0,43 0,58 2065,44 1,00
Bio -0,11 0,01 0,37 -0,98 -0,29 -0,09 0,10 0,57 4698,07 1,00
B21 -0,16 0,00 0,13 -0,37 -0,24 -0,17 -0,09 0,14 3397,33 1,00
B11 0,15 0,00 0,34 -0,53 -0,04 0,14 0,33 0,83 4694,93 1,00
Bo2 0,16 0,00 0,17 -0,23 0,07 0,18 0,26 0,45 3459,58 1,00
m[l, 1] -0,04 0,01 0,57 -1,01 -0,38 -0,11 0,22 1,34 4128,58 1,00
m[l, 2] -2,21 0,01 0,52 -3,13 -2,51 -2,26 -1,97 -0,95 5108,04 1,00
m[l, 3] 0,50 0,01 0,79 -0,89 0,02 0,41 0,91 2,31 5404,75 1,00
m[l, 4] 0,09 0,01 0,38 -0,56 -0,14 0,05 0,26 0,98 5051,03 1,00
m[l, 5] -0,03 0,01 0,95 -1,90 -0,46 -0,06 0,34 2,03 4904,70 1,00
m[l, 6] 0,15 0,01 0,80 -1,34 -0,25 0,09 0,48 2,08 5969,21 1,00
m[l, 7] 0,29 0,01 0,59 -0,79 -0,05 0,23 0,58 1,67 594721 1,00
m[l, 8] 1,11 0,03 1,94 -1,29 -0,02 0,52 1,72 6,46 3758,41 1,00
m[l, 9] -0,06 0,01 0,59 -1,17 -0,40 -0,09 0,24 1,29 4968,83 1,00
m[L 10] -0,52 0,01 0,87 -2,41 -1,02 -0,45 -0,01 1,19 6507,46 1,00
m[17 11] 0,26 0,01 0,75 -1,14 -0,11 0,19 0,58 1,88 5064,46 1,00
m[17 12] -1,78 0,01 0,48 -2,65 -2,07 -1,81 -1,52 -0,70 5395,52 1,00
m[17 13] -1,95 0,01 0,88 -3,51 -2,52 -2,03 -1,46 -0,04 4498,35 1,00
m[L 14] 0,66 0,01 0,40 -0,03 0,41 0,62 0,84 1,61 4405,74 1,00
m[l, 15] 0,20 0,01 1,02 -1,70 -0,28 0,11 0,58 2,65 6099,90 1,00
m[Q, 1] 0,03 0,00 0,14 -0,23 -0,04 0,02 0,10 0,35 6920,90 1,00
m[?, 2] -0,05 0,00 0,19 -0,51 -0,13 -0,02 0,04 0,30 10790,19 1,00
m[?, 3] 0,48 0,01 0,40 -0,15 0,11 0,50 0,80 1,18 1978,76 1,00
m[Q, 4] -0,10 0,00 0,13 -0,41 -0,17 -0,07 -0,01 0,11 5702,03 1,00
m[2, 5] -0,18 0,01 0,44 -1,28 -0,26 -0,04 0,04 0,37 1938,46 1,00
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2.2 CHAPTER HIGHLIGHTS

+ Defining how the strength of sexual selection varies over a breeding season poses

multiple challenges;

« In the river lamprey, we found that changes in population demographics induce

within-season dynamics in sexual selection;

» Depending on the social environment faced by individual, the advantage con-
ferred by body size varies: when the size of competitors is high, larger individuals

mate more;

+ The spawning timing of an individual can also interact with its body size to affect

its number of matings.






CHAPTER 3
How changes in reproductive timing affect the

strength of sexual selection
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Chapter 3. Variations in reproductive timing

Variations in reproductive timing within and between sexes affect the strength of

sexual selection and drive the evolution of sexually selected traits

Léa Daupagnel’z, Siham Baaiz!'?, Emilien Lasne?3, Cédric Tentelier!?

1Université de Pau et des Pays de I’Adour, E2S UPPA, INRAE, UMR ECOBIOP, Saint-Pée-sur- Nivelle,
France
2DECOD (Ecosystem Dynamics and Sustainability), INRAE, L’Institut Agro, IFREMER, Rennes,

France

Abstract

Phenological shifts have been reported across various taxa and are considered a common
response of organisms to climate change. Research further indicates that changes in the
timing of phenological events, notably reproduction, might decouple interspecific inter-
actions due to differential plasticity in responses to similar changes in climate between
interacting species, ultimately impacting population demography. However, no study has
investigated how variations in the timing of reproduction, due to potential differential phe-
nological adjustment among individuals or sex-specific constraints, influence intra-specific
interactions. In this study, we combined an Agent-Based Model (ABM) with an experimental
study to investigate how variations in reproductive timing, within and/or between sexes,
influence the strength of sexual selection and drive the evolution of sexually selected traits

(i.e. competitive and attractive traits) in observed and simulated populations of lampreys.
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We found that the bias-corrected opportunity for sexual selection /s varied across breeding
scenarios, being higher in the asynchronous sex when there are inter-sexual variations in
reproductive synchrony. Moreover, we found that mating success was more affected by
reproductive timing than phenotypic traits conferring a mating advantage. Overall, our
results suggest that scramble competition may be selected in breeding scenarios where
there is an unequal shift in reproductive timing between males and females. We argue that
considering different responses in reproductive timing to climate change is essential to

improving our understanding of how species reproduction is influenced by climate change.

Keywords: reproductive timing, competitive environment, synchrony/asynchrony, pheno-

logical shift.
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3.1 INTRODUCTION

In recent decades, growing concern about predicting the impacts of climate change has led
to an increased focus on the role of phenology—the study of the timing of recurring seasonal
biological events—in the field of evolutionary biology (Walther et al., 2002; Parmesan, 2006;
Cleland et al., 2007). As the timing of activities such as migration and reproduction mainly
relies on climatic cues, many studies have investigated whether increases in temperature
and associated environmental changes influence the onset of these key life-history events.
This resulted in widespread reporting of phenological shifts in response to recent climate
change (e.g. Dunn, 2004; Walther et al., 2002). For instance, long-term studies monitoring fish
population dynamics have shown that warming water temperatures due to climate change
are associated with shifts in the phenology of reproduction. In some populations that have
experienced warming, earlier migrations and spawning in the spring have been observed
(McQueen and Marshall, 2017; Wedekind and Kiing, 2010; Legrand et al., 2021). Changes in
temperature also appeared to alter the total duration of the breeding season; warming was
correlated with prolonged seasons in multi-brooded species of birds and shorter seasons in

single-brooders (Halupka and Halupka, 2017).

Climate-driven changes may also influence ecological interactions at different scales
(individual to community to ecosystem) and trophic levels (producers to consumers) if
organisms involved display differences in phenological responses to climate change. This has
been widely documented in the case of interspecific interactions, where unequal phenological
shifts between interacting species have been shown to affect community structure and the
stability of ecosystems (e.g. Both et al, 2009; Rafferty et al,, 2015). For instance, Platt
et al. (2003) highlighted a “phenological mismatch” between food resource availability and

consumer reproduction, which can have drastic effects on consumers’ fitness, resulting in
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population declines. Interestingly, there is a lack of knowledge regarding potential differ-
ences in phenological plasticity between individuals within a species, especially about the
influence they may have on mating dynamics during reproduction. Indeed, climate change
may also affect the coincidence of sexually available individuals, due to intra-sexual and/or
inter-sexual variations in their sensitivity or responses to environmental cues. Sex-specific
differences in light or temperature sensitivity could be essential in mediating responses to
climate change, although the mechanisms that may underlie such sex-specific sensitivity
are limited due to the lack of comparison between sexes (Williams et al,, 2022). Recently,
McLean et al. (2022) showed that male and female deer mice (Peromyscus maniculatus) use
temperature as a breeding cue in different ways; females respond more negatively than

males, inducing sex-specific phenological timing.

These asynchronous phenological changes, by inducing potential inter-individual varia-
tions in the onset of breeding both within and between sexes, may alter the seasonal pattern
of sexual selection and the relative fitness implications for males and females. Indeed, the
temporal clustering of reproduction is one of the cornerstones of sexual selection theory. The
intensity of sexual selection is expected to be directly correlated to female synchrony (i.e.
receptive females aggregated in time) and the number of sexually active males relative to the
number of sexually active females in a population (i.e. Operational sex ratio, OSR) (Emlen and
Oring, 1977, Shuster and Wade, 2003). If female sexual availability is synchronous, the poten-
tial for mate monopolisation by males is expected to be limited, and most males are likely to
access and engage in mating with females. Under such circumstances, pre-copulatory sexual
selection on male traits conferring high competitive ability and attractiveness is likely to be

weak as they do not provide a mating advantage.
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Changes in reproductive timing, both within and between sexes, are therefore likely to
induce high variation in the social environment (OSR, density), resulting in major changes
in mating dynamics. However, observing climate-driven shifts in reproductive timing and
investigating their impact on the strength of sexual selection is difficult in nature for several
reasons: (1) although phenological changes may occur rapidly over time in the wild (Burrows
et al.,, 2011), long-term surveys, which are difficult to obtain, are still required to quantify
these changes (Sims et al., 2004), (2) measurement of sexual selection may be sensitive to
sampling effort, i.e the time span over which sampling occurs (Klug et al,, 2010b; Carleial

et al., 2023; Anthes et al., 2017), which may lead to biased estimations of its actual strength.

Here, we directly manipulated individual reproductive timing through both empirical and
modelling approaches to investigate how intra- and/or inter-sexual variations in reproduction
timing affect the potential strength of sexual selection. For instance, if females are accessible
for mating asynchronously and males are all available on the first mating opportunity (in a
male synchrony/female asynchrony scenario), we hypothesize that this breeding pattern may
strengthen sexual selection in males by increasing the potential for monopolisation (Emlen
and Oring, 1977; Kokko et al., 2012). We used lampreys as a biological model as they are excel-
lent candidates to fill this gap. First, the role of temperature in controlling spawning activity
has been highlighted multiple times (e.g. Binder and McDonald, 2008b). Second, lampreys
are semelparous, i.e. they have just one reproductive cycle in their lifetime, allowing sexual
selection to be estimated at the end of a single reproductive season. Thirdly, previous stud-
ies showed that the duration of individual activity is short compared with the length of the
breeding season (Hardisty and Potter, 1971; Docker, 2019; Daupagne et al., accepted for pub-
lication). Therefore, this pattern may induce high variations in the social environment, which

may be even more pronounced in asynchronous breeding scenarios. We first estimated the

96



3.2. Methods

opportunity for sexual selection in two experimental groups of the European brook lamprey
(Lampetra planeri) with two distinct breeding scenarios in which we manipulated female syn-
chrony. However, as an empirical approach may encompass only a minor part of all possible
breeding synchrony scenarios, modelling approaches can be used as a tool for extrapolation
across a wider range of synchrony contexts and gradients. Among them, Agent-Based Models
(hereafter, ABMs) are an intuitive and flexible class of computational models for simulating
ecological scenarios (DeAngelis and Grimm, 2014; Lamarins et al., 2022) and therefore as-
sessing the short- and long-term effects of variations in reproductive timing. By explicitly
modelling interactions between individuals, this approach allows us to identify how sexu-
ally selected traits interact with demographic effects in response to environmental pressures
(Dunlop et al., 2009). The reliability of the model predictions was tested by comparing the
predicted strength of sexual selection between simulated populations based on the reproduc-
tive ecology of lampreys with estimates derived from actually observed reproductive acts.
Combining experimental and modelling approaches therefore enabled us to provide formal
predictions on how intra-sexual and/or inter-sexual variations in reproduction timing affect

the potential strength of sexual selection.

3.2 METHODS

3.2.1 Empirical study
3.2.1.1 Field collection and maintenance

Individuals were sampled on 21 March 2022, as the European Brook lamprey spawns between
April and June (Hardisty and Potter, 1971). Fourty-two individuals (21 females, 21 males) were
electrofished during their upstream migration on the Nivelle river (Southwest France). Lam-

preys were transferred to the INRAE experimental facilities in Saint-Pée-sur-Nivelle, France
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(ECP, INRAE, 2018). On the 22"¢ of March (i.e. one day before the start of the experiment),
each individual was tagged with a unique combination of one or two spots of UV-fluorescent
visible implant elastomer (VIE, yellow, orange, red or blue) injected in the posterior dorsal fin
to allow individual recognition under both white light and UV light (Silver et al., 2009). We
measured two morphological traits: total body length (£0.5 mm) and total mass (+0.5 g) as
the two traits may be targeted by sexual selection (Malmqvist, 1983) and their combination
is an indicator of fish condition (i.e. their quality and fecundity). Biometry and tagging were
performed after the fish were placed in an anaesthetic bath containing benzocaine solution

(0.3ml/L) for 5 minutes.

3.2.1.2 Experimental setup

The experiment took place in a 25 meters long annular tank, supplied with water from the
Nivelle river, in a semi-open circuit, with a water replacement of 6 litres per minute. We
separated the tank into two linear sections of 1.5 m3 (2 m long, 1 m wide, 0.7 m water depth)
corresponding to respectively the “synchronous” spawning group and the “asynchronous”
group. Ten males and ten females were placed in the synchronous group on the 23" of March.
Eleven males and two females were placed in the asynchronous on the same day; then nine
females were progressively added, one every other day (so the last one was added on the 10"
of April). To mimic natural spawning conditions, current speed was set to 0.2 m/s, spawning
substrate and shelters (tiles, woody debris) were provided, and water temperature (known to
affect spawning activity, Hardisty and Potter, 1971) was monitored daily and followed that
of the river. To facilitate observation, the spawning substrate was limited to one 0.48 m2
(0.6 x 0.8 m) box filled (0.1 m depth) with a mixture of gravels and pebbles corresponding to
the spawning habitat usually selected by lampreys (Jang and Lucas, 2005; Daupagne et al.,

2022). The aquarium was lighted with white neon bulbs following the natural photoperiod

(12:12 with 30 minutes of dawn and dusk), but since brook lamprey is active 24 h per day
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during the spawning period (Sjoberg, 1977), we positioned UV light above substrate boxes to
identify individuals by night. One video camera (Basler acA1920-40gc) continuously recorded
lamprey’s activity in each spawning group throughout the experiment. The experiment ended

on the 20" of April, at the death of the last individual.

3.2.1.3 Mating behaviour characterisation and definition of mating success

All video footage was analysed with BORIS software (Friard and Gamba, 2016) to note the ex-
act timing of each mating behaviour and the identity of the individuals involved. For each day
of the experiment, we analysed 12 daily video sequences of 5 minutes by hour, thus amount-
ing to 1 hour per day. Numerous attempts to copulate were interrupted before the male could
squeeze the female’s abdomen. We therefore distinguished successful matings acts (i.e. those
ending with squeezing and quivering) from unsuccessful mating acts. Each mating act usually
involved one male and one female but sometimes, two or more males copulated simultane-
ously with the same female, as highlighted by previous studies (Case, 1970; Docker, 2015;
Huggins and Thompson, 1970; Malmqvist, 1983, Daupagne et al., accepted for publication). In
such a case, the identity of each male involved was noted, so the female was considered to
have mated with each of them. To estimate sexual selection related to both mate choice and
mating competition, we calculated several measures of sexual selection based on the mating
success of both males and females. To fit the genetic definition of mating success (Jones and
Ratterman, 2009), we calculated the M Sp defined as the number of partners with which mat-
ing occurred (i.e. the number of mates). However, since we have the necessary data, we also
calculated the M S), as the number of mating acts to fit the behavioural definition of mating

Success.
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3.2.1.4 Statistical analysis

We estimated the potential strength of sexual selection by calculating the opportunity for

sexual selection (Is) as follows:

_ Zi]\il(wi —w;) 1 (3.1)

where N is the total number of males/females in the population, w; the mating success of
each male/female, and w; the mean male/female mating success of all males/females (Wade,

1979; Wade and Arnold, 1980).

Recent works by Klug et al. (2010a), Krakauer et al. (2011) and Jennions et al. (2012) demon-
strated that /s is connected to OSR, even in the absence of sexual selection, due to a decrease
in the mean mating success of the dominant sex as the OSR becomes more biased. To account
for this bias, we characterised the expected /s under random mating given the observed OSR
and mean mating success. For this purpose, we randomly distributed the total number of mat-
ing acts among all individuals in each sex. We iterated this distribution 10000 times and we
subtracted the median /s of these simulations from the observed /s. The obtained number
was defined as the bias-corrected Is (Isp.). When simulating M .Sp, we made sure that no
individual was assigned a higher mating success than the actual total number of individuals
of the opposite sex. Sex-specific differences in variances were assessed using Levene’s F test.

We also characterised pre-copulatory sexual selection acting on male or female body size
by fitting a quadratic regression between individual relative mating success and individual
body size in each sex and in both AF-SM and SF-SM scenarios. As body size and body mass
were highly correlated (Spearman’s rank correlation test, p = 0.84 in males and p = 0.75 in
females), the selection gradients were only performed with body size. All statistical analyses

were performed using R software version 4.0.4 (R Core Team, 2022).
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3.2.2 Agent-Based Model

We designed an agent-based model (ABM) to simulate populations in which both males and
females interact according to individual characteristics (time of arrival in the mating pool,
competitivity) and have a preference for a certain sexually attractive trait (e.g. morphological
traits such as size or courtship display) that reflects individual quality in term of fecundity. As
recently reviewed by Lamarins et al. (2022), traditional analytical approaches (i.e. differential-
equation and difference equation models) do not allow to simulate complex ecological and
evolutionary scenarios as they consider those processes to be homogeneous within groups
of individuals (the population or life stages). Yet, group composition is constantly chang-
ing in terms of phenotypes and genotypes, impacting individual choices, related to local and
proximate conditions, and their group-level outcomes (i.e. emerging fitness effects). The gen-
eral approach of our model will be defined following the ODD (Overview, Design concepts,
Details) protocol (Grimm et al., 2006; Grimm and Railsback, 2005). We used the modelling

platform NetLogo version 6.2.1 (Wilensky, 1999) to design our ABM.

3.2.2.1 Purpose

We used an ABM to explore how the level of reproductive timing between individuals of
the same population (within and between sexes) affects the opportunity for sexual selection

through a breeding season.

3.2.2.2 Entities, state variables, and scales

The model has two kinds of entities: lampreys (individual level) and the global environment
(population level). Each individual is characterised by its identity number, sex, and other
state variables described in Table 3.1. Those descriptors are values that vary among indi-

viduals within each population and scenario. We parameterised these variables based on an
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experiment made on L. fluviatilis in which we had complete knowledge of the mating acts
that occurred. We first consider the attractive trait (2,,, and zy) as an honest indicator of an

individual’s fecundity. Therefore, we modelled both males’ and females’ fecundity (g,, and

gy) as:

Jm = Zm ¥ 114.4
(3.2)

gy = z5 x 3444.6

These calculations (see Table 3.2 for 2, and z; mean values) give a mean of 580 possible
mating acts in males (mean number of mating attempts observed in L. fluviatilis males, Dau-
pagne et al., accepted for publication) and of 17223 eggs in females (estimated number of eggs
for L. fluviatilis females with a observed mean size of 284.2 mm, Daupagne et al., accepted for
publication). This estimation is based on the relationship between fecundity (the total num-
ber of eggs, y) and the total length (x) as y = 0.0014x 2.8896 (Docker, 2019). Gametes stock is
complete from the beginning of the spawning period and there is no stock renewal through
it.

We then calculated the number of mating opportunities in males and females (0, and oy)
according to the values of the attractive and competitive traits. Indeed, we assumed a trade-off
between reproductive investment (i.e. energy allocated to the reproductive activity) and so-
matic investment (e.g. energy allocated to tissue maintenance). Individuals that allocate more
energy to their competitive ability (highly competitive individuals) and gamete production
(highly attractive individuals) during reproduction had a reduced number of mating opportu-
nities (i.e. lower longevity). This implies a cost associated with a "missed mating event". We

therefore modelled o,, and oy as:
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Om = 2550 — [(zm + ) * 127.5]
(3.3)

of = 1862 — [(z5 + cy) * 93.1]

These calculations (see Table 3.2 for z,,, zf, ¢,, and c; mean values) give a mean of
1275 mating opportunities in males (mean number of time steps between the start of the
experiment and the death of one male, Daupagne et al., accepted for publication) and of
931 mating opportunities in females (mean number of time steps between the start of the
experiment and the death of one female, Daupagne et al., accepted for publication). See

below how we modelled the "temporal resolution" of the model.

The global environment was first characterised by the type of breeding scenario. The type
of breeding scenario reflected whether or not reproductive timing varied between individ-
uals of the same sex as well as between males and females. There are four types of sce-
narios: (1) male asynchrony/female asynchrony (hereafter, AM-AF), (2) male asynchrony/fe-
male synchrony (AM-SF), (3) male synchrony/female asynchrony (SM-AF) and (4) male syn-
chrony/female synchrony SM-SF) (see section 3.2.2.4 for more details). We also investigated
how the level of asynchrony (weak asynchrony/strong asynchrony) may impact sexual selec-
tion. Therefore, both the type of breeding scenario and the level of asynchrony defined the
parameter value of ¢,, and ¢ (see Table 3.1, and section 3.2.2.4 for more details). We also
compared these four breeding scenarios at two distinct levels of population density: (1) at low
density, in populations constituted of 22 individuals, corresponding to the density of indi-
viduals used in the experimental study (see section 3.2.1) (2) at high density, in population
constituted of 200 individuals. The initial sex ratio remained fixed (1:1) in each population
simulation. Overall, the global environment was characterised by: the type of breeding sce-

nario, the level of asynchrony and the population density.
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Table 3.1. Individual parameters are values that vary among individuals within each population/sim-
ulation and determine mating probabilities. m subscript is for male traits, and f subscript is for female

traits. ¢,,, and £y may be fixed depending on the breeding scenario (see section 3.2.2.4)

Symbol Description Distribution/values
Zm OF Zf Attractive male or female trait Truncated Gaussian distribution with mean z,,,
value under sexual selection or Zy, standard deviation oz, or 0z, and

minimum zero

Cm OF Cf Competitive male or female trait Truncated Gaussian distribution with mean ¢,
value under sexual selection or ¢y, standard deviation oc,, or ocy, and
minimum zero

Ly orty Time of arrival of males or females If synchronous: t,, or t = 1, if asynchronous ¢,
in the mating pool or ty = [1:900] or [1:3000], see details 3.2.2.4
Gm OF g Number of possible mating actsin ~ Given by Equation 3.2
males or absolute fecundity of
females
Om OF Of Total number of mating Given by Equation 3.3
opportunities
P Number of progeny produced Truncated Gaussian distribution with mean P,

standard deviation o P, and minimum zero

Table 3.2. Input variables are model parameters that are fixed within each population/simulation. m

subscript is for male traits, and f subscript is for female traits.

Symbol Description Values
N Population density 22 or 200
= Sex-ratio 1:1

Dm, OF D Individual male or female preference 5

Sm OF Sf Male or Female preference strength 2

Zm O Zf Mean value of male or female attractive trait z 5

O%m O OZf Standard deviation of male or female attractive trait z 1

Cm, O Cf Mean value of male or female competitive trait ¢ 5

OCpy, OF OCy Standard deviation of male or female competitive trait c 1

P Mean number of progeny produced P 60

oP Standard deviation of number of progeny produced P 15
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The "temporal extent" scale of the model is one generation, i.e. the time for all individuals
to become sexually available, mate, produce offspring and die. The passage of time (i.e. the
"temporal resolution”) is simulated in our model using discrete time steps. In a previous ex-
periment on L. fluviatilis (Daupagne et al, accepted for publication), we highlighted that the
average duration of individual mating activity is 234,52 hours and that individual attempts
to mate on average 490.4 times. Thus, an individual attempts to mate every 0.48 hours on
average. We therefore decided to represent one time step as one mating opportunity and we
fixed At = 28.8 minutes as the increment at which time is advanced.

This model is not spatially explicit; we did not subdivide the global environment to create
multiple mating subgroups. We consider that all the individuals that are simultaneously active

in a population may meet and that there are no spatially formed subgroups.

3.2.2.3 Process overview and scheduling

Intra-sexual
@ Reproductive @ competition - Gamete - Time

timing + fertilization . out
Mate choice

Y

Figure 3.1. Process overview and scheduling

3.2.2.4 Submodels
1 - Reproductive timing

The first process executed by the model is the time of arrival of individuals in the mating pool.
This variable determines the sexual availability of individuals and therefore their reproduc-
tive timing. If one sex is considered as "synchronous", there is no inter-individual variation

in reproductive timing and all individuals of this sex are sexually available at the beginning
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of the experiment i.e. at the first time step. If one sex is considered "asynchronous", indi-
viduals join the mating group progressively. We designed the timing of arrival to mimic the
asynchrony level induced in our experiment (see 3.2.1). As each female was added every 48
hours and that one time-step represent 0.48 hours, we simulated the arrival of asynchronous
individuals every 100 time steps. We then modelled the temporal extent of arrival in two dif-
ferent ways. In weak asynchrony conditions (see section 3.2.2.2), we simulated the timing of
arrival of asynchronous individuals until day 18 (= 432 hours = 900 time steps) as we exper-
imentally did. In strong asynchrony conditions, we extended the timing arrival until day 60
(= 1440 hours = 3000 time steps, i.e. average duration of a breeding season) to reproduce the
level of asynchrony we may find in natural conditions (Johnson et al., 2015).To do that, we
generated for each sex a sequence of numeric values ranging from 1 to 900 or 3000, with an
increment of 100. We then randomly attributed a value to each individual that would define its
own timing of arrival in the mating pool (p,,/f). If the number of individuals was greater than
the number of values in the sequence (e.g. in weak asynchrony and high-density conditions),
a new sequence was immediately generated once the previous sequence had become empty.

Under such conditions, this means that some individuals had the same ¢,,,/; values.

2 - Intra-sexual competition and mate choice

The mate choice procedure is the following: all sexually available individuals of the population
can encounter each other but the probability of meeting is related to the competitiveness
trait values of both males and females. Two individuals with high competitiveness values
meet first, followed by individuals with intermediate values and finally individuals with low
competitiveness values. Each individual decides then to mate or not with its potential partner
based on a threshold decision rule (Janetos, 1980). In our simulations, individual mate choice is
probabilistic and is described by an open-ended preference function, i.e. a sigmoid describing

a preference for potential mates with higher z values.
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Figure 3.2. Open-ended preference function describing the probabilities of an individual mating with
a partner showing a sexually selected trait value z. The z axis refers to the difference between the trait

value of the partner 2,,,; and the focal individual preference p,,,/; (see 3.4)

Sigmoid functions are described by two parameters: an intercept and a slope. In females
for instance, the intercept is the p; value above which a male has a 50% probability of being
accepted, i.e. when a male z value is equal to the female preference value (z,, = py = 5).
The slope s determines the steepness of the sigmoid and is here fixed to two. Fixing this
parameter to two means, for instance, that males with a z,, trait value at 5% of the normal

distribution of the male trait in the population have a 5% probability of being accepted.

1
Pf o ]_ + eajp(*sf*(zm*pf)) (3 4)
JR— 1 '

1 + exp(—sm*(zr—pm))

If both a male and female mutually accept to mate, they form a pair and are no longer
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available to mate again for the current time step. If at least one individual rejects the
mating, neither of them returns to the mating group and both are single for the current time
step. When the population’s size is an odd number, or if one sex is no more available, the
least competitive individuals or the least attractive individuals of the mating group remain
unmated. As implicitly suggested above, we consider there is no within-population variation
in male and female mating preference (i.e. individuals from the same sex and population
have similar preferences for mate traits) and no variation in preference strength (i.e. in their

choosiness).

We estimated the opportunity for sexual selection for each sex at the end of the simulation
(i.e. generation) [, (see section 3.1). As recommended by Janicke and Morrow (2018), we
also calculated the expected /s values under random mating for each simulation condition.
Under random mating conditions, the modelling process of the intra-sexual competition was
not determined by competitive traits values and occurred randomly while the mate choice

procedure was not implemented.

In addition to /s, we characterised sexual selection acting on male c,,, 2,, and t,, traits
as well as female cy, zy and t; traits by fitting a quadratic regression between individual
relative mating success and the trait of interest of a given sex for every replicate. This en-
abled us to investigate whether sexual selection in each simulation was either directional,
stabilizing or disruptive. We also fitted Bateman gradients (3sgs) by fitting a linear regression
between relative reproductive success and relative mating success of a given sex (Bateman,
1948). Each individual’s relative mating/reproductive success was calculated by dividing the
mating/reproductive success of that individual by the mean mating/reproductive success for

all individuals of its sex. This enables to compare and interpret selection gradients between
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scenarios with varying mean fitness.

3 - Gamete fertilisation

The gamete fertilisation period following each mating occurs as follows: the female produces
on average 60 eggs at each mating (Malmqvist, 1983; see 3.1) and we consider that each male
that succeeds to mate with a female fertilises all the eggs released. For simplicity, we do
not integrate alternative mating behaviours (e.g. sneaky matings by satellite males) which
would potentially affect fertilisation success. Similarly, every fertilised egg hatches; we do
not integrate external mortality factors affecting hatching success (e.g. predation or egg con-

tamination).

4 - Permanent time out

Individuals permanently leave the mating pool when they reached either their total number of
possible mating events/do not have any eggs left (g,, and gy) or their total number of mating

opportunities (0, and o).

3.2.2.5 Design concepts

The basic principle in this model is the concept of reproductive synchrony — temporal vari-
ability in the individual starting time of the reproduction between and among sexes - which
is incorporated in the model design through the ¢,, and ¢ variable (see 3.2.2.4). The model
also implements hypotheses in its design related to the theory of energy allocation. We con-
sider there is a trade-off between energy allocated to somatic investment and reproductive
investment: since the energy used for reproduction (gamete production, competition) is not
allocated to somatic investment (e.g. tissue repair, immune function), it has a cost on survival.
Here, the number of possible mating acts in males (g,,) and the absolute fecundity of females

(gy) is directly related to gametic investment while the total number of mating opportunities
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(om and oy) is related to somatic investment. Both attractive and competitive traits can indi-
rectly improve individual fitness: high values of competitiveness and attractiveness improve
the mating success of individuals through respectively priority access to mating partners and
higher probability of being chosen but implies survival cost (i.e. reduced mating opportunities
in males and females).

Sensing is important in this model: lampreys are assumed to have a criterion (attractive
trait) to discriminate individuals’ genotypes. This model assumption is quite common as nu-
merous studies highlighted a "good genes" mechanism that is defined as a mate preference for
traits that are honest indicators of a partner’s ability to pass on genes that will increase the
offspring’s reproductive success (gamete quantity) (Yasui, 1998). Interactions play a significant
part of the model. Individuals of one sex indirectly interact with each other through same-sex
competition to access and mate with partners of the opposite sex. Second, males and females
directly interact with each other via reciprocal choice, mating and gamete release.

Stochasticity appears at different scales. First, individuals are sampled randomly to consti-
tute the mating pool. Mate choice itself is a highly stochastic process as it results from mutual

acceptance of both partners, through their respective mating preferences.
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3.3 RESULTS

3.3.1 Empirical study

Body size did not differ between sexes (Kruskal-Wallis test: H; = 1.6, P > 0.1), males measured
on average (£SD, minimum:maximum) 130 mm (+£6.9, 119:145) while females measured on
average 133 mm (£8.1, 120:153). The body size of females and males did not differ between
the two groups (Kruskal-Wallis test: H; = 0.2, P > 0.5).

The length of the mating season, calculated as the time between the first and last day on
which matings were observed, lasted 18 days in the AF-SM group and 6 days in the SF-SM
group. In the AF-SM individual group, females individually took part in spawning during a
much shorter period than males in terms of number of hours between the first and last mating
attempt, on average 32.8 hours in females and 145.1 hours in males (Kruskal-Wallis test: H;
= 0.02, P < 0.05). In the SF-SM group, no differences were observed between sexes (Kruskal-
Wallis test: H; = 0.37, P > 0.1), and the duration of the individual mating season was 99.6
hours in females and 95.2 in males.

In the AF-SM group, a total of 62 mating attempts were observed, among which 44 were
successful matings while in the SF-SM group, 120 mating attempts were observed, among
which 100 were successful. A chi-square test of independence was performed to examine the
relationship between the breeding scenario and the proportion of successful matings. The
relation between these variables was not significant, x* (1, N = 182) = 2, p = 0.16). The num-
ber of successful matings was correlated to the number of mates for males (Spearman rank
correlation: rs = 0.86, N = 21, P < 0.001) and for females (rs = 0.98, N = 21, P < 0.001).

In the SF-SM group, s, with M Sp was slightly higher for males than for females while
1 sy with M Sy, was slightly lower for males (Table 3.3). A large part of observed /s was ex-

plained by random variation in both sexes when /s was calculated with M Sp. When females
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arrived asynchronously (AF-SM group scenario), /s;. was much higher for females than for
males, both when mating success was calculated as M Sp and M S),. The observed variation
was not induced by random variation in females but was in males when mating was calculated
as M Sp. Isp. values observed are similar to those obtained in the ABM simulations where the
asynchrony was strong and the density low (Fig. 3.5, c¢). Variances in relative mating success
were not significantly different as a function of sex, neither for M .Sp or M .Sy, (F = 2.08, P =

0.16 and F = 0.76, P = 0.39 respectively, 3.3).

Table 3.3. Estimates of mating success and the potential strength of sexual selection in Lampetra
planeri males and females. Number of individuals (N), mean mating success, standard deviation (SD),
observed opportunity for sexual selection (ObsIs), and bias-corrected Is (Isp.) are presented with
mating success calculated either as the number of partners (M Sp) or the number of successful mating

acts (M S)y). Differences in variances for mating success were estimated via Levene’s test.

Males Females Levene’s test
N Mean SD Obsls Isp. N Mean SD Obsls Isp. F Df P

MSp
AF/SM 11 2.09 1.37 0.43 0 11 2.09 2.84 1.85 1.37 0.6 20 0.4
SF/SM 10 5.1 2.64 0.27 0.09 10 5.1 2.23 0.19 0.02 0 18 1
MSy
AF/SM 11 4 3.32 0.69 0.56 11 4 7.03 3.09 2.96 0.3 20 0.6

SE/SM 10 10 5.29 0.28 0.22 10 10 5.42 0.29 0.24 0.4 18 0.5
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Figure 3.3. Selection gradient on total length obtained from the experimental study (AF-SM: asyn-

chronous females/synchronous males, SF-SM: synchronous females/synchronous males) in a popula-

tion with low density (11M/11F) and weak asynchrony (females arrival within 18 days). Mating success

is calculated either as (a) the number of partners or (b) the number of matings. Colours represent the

95% confidence interval for each sex (blue: males, orange: females).
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Figure 3.4. Selection gradient on the timing of arrival obtained from the experimental study in a
population with low density (11M/11F) and weak asynchrony (females arrival within 18 days). Mating
success is calculated either as (a) the number of partners or (b) the number of matings. The grey area

represents the 95% confidence interval
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3.3.2 Agent-Based Model
3.3.2.1 Opportunity for sexual selection

In weak asynchrony conditions (Fig. 3.5 a, b), I's values slightly differed between the four
breeding scenarios (AF-AM, AF-SM, SF-AM and SF-SM) and between the sexes but remained
low, although higher than what would be expected under random mating. In simulations
at low density (Fig. 3.5, a), females /s values were higher than males’ in the AF-SM (mean
IS femates = 0.18, ISpqies = 0.11) and SF-SM (15 femaies = 0.41, ISpqes = 0.21) scenarios while
they were lower in the SF-AM scenario (/sfemates = 0.12, ISpqies = 0.22). In simulations at
high density (Fig. 3.5 b), the /s values pattern was similar to that of the simulations at low
density although values were slightly higher overall.

In strong asynchrony and low-density conditions (Fig. 3.5 c), the pattern of I values re-
mained similar: /5 fepmqies values were on average higher than males’ values in the AF-SM
(IS femates = 1.36, Ispaies = 0.45) and SF-SM (I's femates = 0.42, I5mq1es = 0.20) scenarios while
they were lower in the SF-AM scenario (IS femates = 0.48, I Spmaies = 2.20). In simulations with
high density (Fig. 3.5 d), 15 femaies values were even higher in the AF-SM scenario (I's femates =
1.92, Ispaies = 0.36) as well as 15,415 values in the SF-AM scenario (1 femates = 0.35, I Smaies
= 2.93). As Is;. obtained in the experiment were closer to the /s obtained in simulated popu-
lations with low density and strong asynchrony (Fig. 3.5 c), the results presented in the next

section (3.3.2.2) result from these simulations.
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Figure 3.5. Influence of four scenarios of breeding synchrony (AF-AM: asynchronous fe-
males/asynchronous males, AF-SM: asynchronous females/synchronous males, SF-AM: synchronous
females/asynchronous males, SF-SM: synchronous females/synchronous males) on the opportunity
for sexual selection Is calculated as the number of partners. We simulated populations with: (a)
low density (11M/11F) and weak asynchrony (males/females arrival within 18 days) (b) high density
(100M/100F) and weak asynchrony (males/females arrival within 18 days) (c) low density (11M/11F)
and strong asynchrony (males/females arrival within 60 days) (d) high density (100M/100F) and strong
asynchrony (males/females arrival within 60 days). Boxplots’ colours represent the sex (blue: males,
orange: females). The horizontal lines indicate the median (50th percentile) and quartiles (25th and
75th percentiles), the vertical whiskers are drawn to 1.5 times the interquartile range and the open
circles represent the jittered data points. The red crosses represent the average expected I's values
under random mating for each scenario and condition while the full red circles represent the s values

obtained in the experiment.
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3.3.2.2 Selection gradients: strong asynchrony / low-density conditions

With relative mating success calculated as M Sp, the selection gradient was always stabilizing
for male z,,, and female z; attractive traits across breeding scenarios. The selection gradient
was also stabilizing for male ¢, competitive trait in AF-AM, SF-AM, and SF-SM breeding
scenarios (Fig. 3.A.2, a). However, the stabilizing selection gradient was flatter in the SF-
AM scenario even though males with low ¢, values had a slightly higher mating success. The
same pattern was observed for the female c; competitive trait in the AF-SM scenario. In males,
Cpy trait was under disruptive selection in the AF-SM scenario while the female ¢ trait was in
the SF-AM scenario. Sexual selection was directional on female ¢y trait in the SF-SM scenario
and favoured females with lower ¢y values. The selection gradient was always stabilizing on
male t,,, and female ¢ timing of arrival in the AF-AM scenario (Fig. 3.A.6, a). In the AF-SM
scenario, selection was directional on ¢ and favoured early-arriving females. Similarly, the
selection gradient revealed a pattern of strong directional selection favouring earlier timing
of arrival in males (i.e. males with low ¢ values).

With relative mating success calculated as M Sy, sexual selection always favoured males
and females with higher z,, and z; values in AF-AM and SF-AM scenarios (Fig. 3.A.2, b). In
females, 2 trait was also under direction selection in the AF-SM scenario while the male z,,
trait was in the SF-AM scenario, favouring individuals with higher attractive values. However,
Zm trait was rather under stabilizing selection in the AF-SM scenario while the female 2 trait
was in the SF-AM scenario. The selection gradient was stabilizing for both ¢, and ¢y traits
in AF-AM and SF-SM scenarios although M Sy, was weakly correlated to ¢, and c¢; traits.
This flat stabilizing pattern also occurred for c; trait in AF-SM and c¢,, trait in SF-AM. In
contrast, sexual selection was directional for ¢,, in the AF-SM scenario and for c¢; in SF-AM
and strongly favoured individuals with high competitive values. Selection gradient on ¢,,, and

ts has a similar pattern to these with mating success calculated as M Sp.
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Figure 3.6. Selection gradients on competitive (c,,, and cy) and attractive (z,, and zy) traits obtained
for four scenarios of breeding synchrony (AF-AM: asynchronous females/asynchronous males, AF-SM:
asynchronous females/synchronous males, SF-AM: synchronous females/asynchronous males, SF-SM:
synchronous females/synchronous males) and in a population with low density (11M/11F) and strong
asynchrony (males/females arrival within 60 days). Each panel shows the selection gradient estimated
from 100 simulated populations. Relative mating success is calculated either as (a) the number of
partners M Sp or (b) the number of matings M S}s. Colours represent each sex (blue: males, orange:

females).
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Figure 3.7. Selection gradient on the timing of arrival (¢,, and t;) (AF-AM: asynchronous fe-
males/asynchronous males, AF-SM: asynchronous females/synchronous males, SF-AM: synchronous
females/asynchronous males) in a population with low density (11M/11F) and strong asynchrony
(females arrival within 60 days). Relative mating success is calculated either as the number of partners

M Sp or the number of matings M Sj;. Colours represent each sex (blue: males, orange: females).

3.3.2.3 Selection gradients: overall comparisons between the level of densities and

asynchrony

Selection gradients had a similar pattern between low and high-density conditions for both
levels of asynchrony. However, when the asynchrony was stronger, the shape of the selection
gradient with M S); in AF-SM and SF-AM breeding scenarios was steeper on respectively
¢m and ¢y traits at both low and high-density populations (Fig. 3.6 and 3.A.4). Additionally,
the selection gradient with M Sy, on either male (in AF-SM scenario) or female (in SF-AM
scenario) competitive trait (c,,, and c;) was even steeper in high-density conditions (Fig. 3.A.4),

highlighting a density effect when the asynchrony is stronger.
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3.4 DISCUSSION

We demonstrated, by combining an experiment and an agent-based model, that the bias-
corrected opportunity for sexual selection /s,. was related to both males’ and females’
reproductive timing but that, contrary to the generally accepted theory (Emlen and Oring,
1977), Isp. was higher in the asynchronous sex in scenarios with inter-sexual variations in
reproductive synchrony (i.e. in females in AF-SM scenario and in males in SF-AM scenario)
(Tab. 3.3 and Fig. 3.5, 3.A.1). In the ABM, this pattern was even more pronounced in

conditions with high density and strong asynchrony (Fig. 3.5 and 3.A.1, d).

In the AF-SM scenario, for instance, we initially expected that males would experience
strong pre-copulatory sexual selection as the capacity of certain males to control and domi-
nate access to potential partners is expected to be higher at a male-biased sex ratio. Although
male [s;. was similar in AF-SM and SF-SM breeding scenarios when mating success was
calculated as the number of partners (Fig. 3.5), refuting our initial prediction, it is interesting
to notice that when mating success is calculated as the number of matings, male /sy, is
higher in the AF-SM scenario. This pattern was observed in both the experimental study
and in simulated populations (Fig. 3.A.1 and 3.3). In addition, a stabilizing gradient on male
competitive trait was consistently observed except in the simulated AF-SM scenario, in which
there was a directional selection gradient towards males with highly competitive values (Fig.
3.6, b). The same pattern is observed in females in the SF-AM scenario. This only occurs
when mating success is calculated as the number of matings, suggesting that competitive
individuals are unable to control total access to mating partners, but still reproduce at a
higher rate than less competitive individuals when the opposite sex is asynchronous. Still
considering the simulated AF-SM scenario, we can also observe that the selection gradient

on the male attractive trait stabilises around mean values, whereas it is always directional
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toward large values in all the other breeding scenarios. This may be explained by the trade-off
we modelled between reproductive investment and somatic investment: individuals that al-
located more energy to their competitive ability and gamete production during reproduction
had lower longevity. In initially non-biased (AF/AM, SM/SF) and female-biased (AF/SM)
scenarios, being very competitive does not bring a strong mating advantage in males as all of
them may form a mating pair. In such a case, being highly attractive is more advantageous
as it confers higher reproductive success. In the AF/SM scenario, on the other hand, being
both competitive and attractive is too costly in terms of potential mating opportunities.
We studied the selection gradient on total length obtained from the experimental study to
test whether the potential advantage of large size in acquiring mates or matings differed

between the two breeding scenarios, but no clear pattern emerged from this analysis (Fig. 3.3).

Interestingly, variations in /s;. translated into strong selection on male ¢,, and female
t reproductive timing in SF-AM and AF-SM scenarios, respectively; both when /s, is cal-
culated as the number of partners and the number of matings (Fig. 3.7). Individual mating
success and reproductive success were, therefore, both negatively correlated with ¢,, and ¢,
generating directional sexual selection for early arrival. This correlation was also observed in
the experimental study, where the two females arriving first in the mating pool mated with
a higher number of males and at a higher frequency (Fig. 3.4). Surprisingly, early-arriving
individuals did not have a mating advantage in the AF-AM scenario. We initially expected
that early-arriving individuals would maximise mating opportunities with multiple partners
and achieve greater reproductive success. This may be explained by the fact that the time
between two successive arrivals is relatively long (even in weak asynchrony conditions, Fig.
3.A.6, 3.A.7) and that individuals that start mating early deplete their stock of gametes or

energy (mating opportunities) before the arrival of new potential partners.
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In our ABM, we implemented males’ and females’ timing of arrival (¢,,, and ¢ ¢) based solely
on the breeding scenario and the level of asynchrony. It would be interesting to investigate
how sex-specific phenological shifts, initially determined by environmental changes, may ul-
timately alter the mating system by favouring scramble competition. Scramble competition
characterises a mating system under which sexual selection favours enhanced mate-searching
effort (Wiklund and Fagerstrom, 1977; Parker and Courtney, 1983; Bulmer, 1983). In such a
mating system, mating success indeed correlates with variation in traits that enable them to
efficiently locate and follow sexually available mates, rather than traits promoting dominance
over competitors or attractiveness towards potential mates. Scramble competition may se-
lect individuals capable of being less fine-tuned to environmental parameters, relying instead
on the social context to adjust the timing of their sexual activity. By triggering phenolog-
ical changes between males and females, climate change may favour this pattern through
increased sexual selection on traits favouring, for example, spatial ability to locate other sex-
ually available mates (Gaulin and Fitzgerald, 1989).

One limitation of our modelling approach is the way we approached mating preference.
Although theoretical models on sexual selection generally assume that individuals of a given
sex (mainly females) are consistent in their preferences for particular phenotypic traits within
the same population, several studies highlighted that variation in mating preference may be
quite common due to the context dependency of mating interactions (Chevalier et al., 2020;
Kokko and Mappes, 2005). Indeed, variation in mating preference may be determined by the
interaction between genes and environmental conditions such as the availability of mating
partners (both in quantity and quality). These fluctuations in the availability and quality of
partners may generate variation in the preference strength, i.i. choosiness, how strongly an
individual rejects a potential partner with trait values different from her preference. For in-

stance, Kokko and Mappes (2005); De Jong and Sabelis (1991) suggested that an individual’s
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acceptance threshold should reduce when its risk of remaining unmated is high i.e. when there
are opportunity costs of being choosy. Calabrese and Fagan (2004) specifically highlighted that
such cost may arise in situations of reproductive asynchrony. I, therefore, encourage future
studies to further investigate the link between within-season variation in mate availability
and choosiness. In this study, we investigated the effects of both (1) differential seasonal tim-
ing between members of the same sex and (2) sex differences in seasonal timing on sexual
selection. An interesting next step would be to define whether a relationship exists between
environmental variation and phenological variation for alternative life history forms of the
same species occupying the same habitats. Recent research in salmonid species showed that
there was intra-specific variation in phenological trends, where alternative life histories of
the same population show contrasting temporal trends in reproductive timing (Kovach et al.,
2013). Morita et al. (2014) investigated the effect of temperature-driven modifications on re-
productive timing in migratory and partially migratory masu salmon Oncorhynchus masou
populations. Individuals pursuing alternative life histories responded differently to environ-
mental variation: partially migratory individuals were little affected by temperature increases,
while migratory individuals displayed earlier migrations. Intra-population heterogeneity in
response to climate change could potentially be an important aspect to take into consideration
in lampreys.

Overall, our study reveals that the direction and intensity of sexual selection depend more
on sex-biased arrival timing rather than on intra-sexual variations. Our experiments also
provide some support for the hypothesis that scramble competition selects for individuals

with better cognitive ability when sex differences in seasonal timing occur.
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3.A APPENDIX

Table 3.A.1. Estimates of mating success and the potential strength of sexual selection /s in males and
females in a low density population with weak asynchrony. Number of individuals (N), mean mating
success, standard deviation (SD), opportunity for sexual selection (/s) are presented with mating success

calculated either as the number of partners (M Sp) or the number of successful mating acts (M Syy).

Males Females
N  Mean SD Is SD N  Mean SD Is SD

MSp
AF/AM 100 4.1 1.9 0.18 0.07 100 4.1 1.8 0.17 0.07
AF/SM 100 4.9 1.7 0.09 0.04 100 4.9 2.2 0.19 0.07
SF/AM 100 5.7 2.7 0.22 0.09 100 5.7 2.1 0.12 0.06
SF/SM 100 3.5 1.7 0.2 0.07 100 3.5 2.3 0.41 0.12
M Sy

AF/AM 100 188 156 0.64 0.27 100 188 119 0.39 0.2
AF/SM 100 166 137 0.59 0.26 100 166 118 0.51 0.27
SF/AM 100 122 121 0.87 0.32 100 122 89 0.47 0.21
SF/SM 100 190 154 0.64 0.27 100 190 121 0.40 0.20

Table 3.A.2. Estimates of mating success and the potential strength of sexual selection s in males and
females in a low density population with strong asynchrony. Number of individuals (N), mean mating
success, standard deviation (SD), opportunity for sexual selection (/s) are presented with mating success

calculated either as the number of partners (M Sp) or the number of successful mating acts (M Syy).

Males Females
N Mean SD Is SD N  Mean SD Is SD

MSp
AF/AM 11 3.2 1.7 0.27 0.15 11 3.2 1.4 0.18 0.08
AF/SM 11 2.2 1.5 0.44 0.36 11 2.2 2.6 14 0.79
SF/AM 11 2.1 3.0 2.15 1.17 11 2.1 1.4 0.42 0.41
SF/SM 11 34 1.7 0.21 0.07 11 34 2.2 0.39 0.11
MSu
AF/AM 11 163 155 0.82 0.34 11 163 116 0.5 0.27
AF/SM 11 64 101 2.19 1.58 11 64 103 2.54 1.46
SF/AM 11 47 98 3.71 1.82 11 47 71 1.9 1.33

SF/SM 11 191 156 0.66 0.27 11 191 121 0.41 0.22
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Table 3.A.3. Estimates of mating success and the potential strength of sexual selection s in males and
females in a high density population with weak asynchrony. Number of individuals (N), mean mating
success, standard deviation (SD), opportunity for sexual selection (/s) are presented with mating success

calculated either as the number of partners (M Sp) or the number of successful mating acts (M Syy).

Males Females
N Mean SD Is SD N  Mean SD Is SD

MSp
AF/AM 100 14.2 8.0 0.3 0.04 100 14.2 8.5 0.35 0.07
AF/SM 100 19.4 7.4 0.14 0.02 100 19.4 9.7 0.24 0.04
SF/AM 100 19.2 13.0 0.45 0.06 100 19.2 8.9 0.21 0.03
SF/SM 100 16.4 9.4 0.32 0.04 100 16.4 12.1 0.53 0.07
MSu
AF/AM 100 197 156 0.63 0.09 100 197 117 0.35 0.07
AF/SM 100 163 118 0.52 0.08 100 163 113 0.48 0.07
SF/AM 100 105 113 1.13 0.16 100 105 81 0.58 0.08
SF/SM 100 193 151 0.61 0.08 100 193 117 0.36 0.06

Table 3.A.4. Estimates of mating success and the potential strength of sexual selection s in males and
females in a high density population with strong asynchrony. Number of individuals (N), mean mating
success, standard deviation (SD), opportunity for sexual selection (/s) are presented with mating success

calculated either as the number of partners (M Sp) or the number of successful mating acts (M Syy).

Males Females
N Mean SD Is SD N  Mean SD Is SD

MSp
AF/AM 100 8.3 5.2 0.4 0.04 100 8.3 3.5 0.17 0.03
AF/SM 100 8.4 5.1 0.4 0.08 100 8.4 11.7 1.94 0.16
SF/AM 100 7.5 12.9 29 0.25 100 7.5 4.5 0.36 0.07
SF/SM 100 16.7 9.7 0.33 0.04 100 16.7 12.3 0.53 0.07

MSu

AF/AM 100 194 174 0.79 0.11 100 194 116 0.35 0.06
AF/SM 100 61 92 2.21 0.43 100 61 101 2.72 0.3
SF/AM 100 39 86 4.79 0.58 100 39 59 2.22 0.44

SF/SM 100 194 152 0.61 0.08 100 194 116 0.36 0.07
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Figure 3.A.1. Influence of four scenarios of breeding synchrony (AF-AM: asynchronous fe-
males/asynchronous males, AF-SM: asynchronous females/synchronous males, SF-AM: synchronous
females/asynchronous males, SF-SM: synchronous females/synchronous males) on the opportunity for
sexual selection [s calculated as the number of matings. We simulated populations with: (a) low den-
sity (11M/11F) and weak asynchrony (females arrival within 18 days) (b) high density (100M/100F) and
weak asynchrony (females arrival within 18 days) (c) low density (11M/11F) and strong asynchrony
(females arrival within 60 days) (d) high density (100M/100F) and strong asynchrony (females arrival
within 60 days). Boxplots’ colours represent the sex (blue: males, orange: females). In the box plots,
the horizontal lines indicate the median (50th percentile) and quartiles (25th and 75th percentiles), the
vertical whiskers are drawn to 1.5 times the interquartile range and the open circles the jittered data
points. The red crosses represent the expected s values under random mating for each scenario and

condition while the full red circles represent the Is values obtained in the experiment.
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Figure 3.A.2. Selection gradient on competitive ¢,,/c; and attractive z,,/z; traits obtained for the
four scenarios of breeding synchrony (AF-AM: asynchronous females/asynchronous males, AF-SM:
asynchronous females/synchronous males, SF-AM: synchronous females/asynchronous males, SF-SM:
synchronous females/synchronous males) and in a population with low density (11M/11F) and weak
asynchrony (females arrival within 18 days). Each panel shows the selection gradient estimated from
100 simulated populations. Mating success is calculated either as the number of partners (a) or the

number of matings. Colours represent each sex (blue: males, orange: females).
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Figure 3.A.3. Selection gradient on competitive c¢,,/cy and attractive z,,/z; traits obtained for the
four scenarios of breeding synchrony (AF-AM: asynchronous females/asynchronous males, AF-SM:
asynchronous females/synchronous males, SF-AM: synchronous females/asynchronous males, SF-SM:
synchronous females/synchronous males) and in a population with high density (100M/100F) and
weak asynchrony (females arrival within 18 days). Each panel shows the selection gradient estimated
from 100 simulated populations. Mating success is calculated either as (a) the number of partners or

(b) the number of matings. Colours represent each sex (blue: males, orange: females).
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Figure 3.A.4. Selection gradient on competitive ¢,,/cy and attractive z,,/z; traits obtained for the
four scenarios of breeding synchrony (AF-AM: asynchronous females/asynchronous males, AF-SM:
asynchronous females/synchronous males, SF-AM: synchronous females/asynchronous males, SF-SM:
synchronous females/synchronous males) and in a population with high density (100M/100F) and
strong asynchrony (females arrival within 60 days). Each panel shows the selection gradient esti-
mated from 100 simulated populations. Mating success is calculated either as (a) the number of partners

or b the number of matings. Colours represent each sex (blue: males, orange: females).
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Figure 3.A.5. Bateman gradients obtained for the four scenarios of breeding synchrony (AF-AM: asyn-
chronous females/asynchronous males, AF-SM: asynchronous females/synchronous males, SF-AM:
synchronous females/asynchronous males, SF-SM: synchronous females/synchronous males). Each
panel shows the selection gradient estimated from 100 simulated populations. Relative RS corre-
sponds to the relative reproductive success while relative M Sp corresponds to the relative mating
success calculated as the number of mating partners. Colours represent each sex (blue: males, orange:

females).
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Figure 3.A.6. Selection gradient on the timing of arrival (¢, and t7) (AF-AM: asynchronous fe-
males/asynchronous males, AF-SM: asynchronous females/synchronous males, SF-AM: synchronous
females/asynchronous males) in a population with low density (11M/11F) and weak asynchrony
(females arrival within 18 days). Relative mating success is calculated either as the number of partners

M Sp or the number of matings M Sj;. Colours represent each sex (blue: males, orange: females).
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Figure 3.A.7. Selection gradient on the timing of arrival (¢, and t;) (AF-AM: asynchronous fe-
males/asynchronous males, AF-SM: asynchronous females/synchronous males, SF-AM: synchronous
females/asynchronous males) in a population with high density (100M/100F) and weak asynchrony
(females arrival within 18 days). Relative mating success is calculated either as the number of partners

M Sp or the number of matings M .Sjs. Colours represent each sex (blue: males, orange: females).
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Figure 3.A.8. Selection gradient on the timing of arrival (¢,,, and t¢) (AF-AM: asynchronous fe-
males/asynchronous males, AF-SM: asynchronous females/synchronous males, SF-AM: synchronous
females/asynchronous males) in a population with high density (100M/100F) and strong asynchrony
(females arrival within 60 days). Relative mating success is calculated either as the number of partners

M Sp or the number of matings M .Sj;. Colours represent each sex (blue: males, orange: females).
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3.2 CHAPTER HIGHLIGHTS

« By combining an Agent-Based Model (ABM) with an experimental study, we found
that the opportunity for sexual selection /s varied across breeding scenarios, being
higher in the asynchronous sex when there are inter-sexual variations in reproduc-

tive synchrony;

« We show that mating success is more affected by reproductive timing than pheno-

typic traits conferring a mating advantage;

+ Our results suggest that scramble competition may be selected in breeding scenarios
where there is an unequal shift in reproductive timing between males and females

as early arriving individuals have higher fitness.
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The occurrence of form-assortative mating in

lampreys

This section corresponds to an article submitted for publication in Behavioral Ecology and un-
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Abstract

Evolutionary theory predicts that assortative mating is crucial for sympatric speciation by
generating reproductive isolation between diverging populations. Here, we investigate the
potential of size-assortative mating, an assumed mating pattern in lampreys, for sympatric
speciation. By continuously recording mating activity between anadromous and resident
forms of L. camtschaticum that greatly differ in body size, we show that lampreys tend to
mate with individuals of similar size in experimental conditions. However, we highlight
that this pattern does not result from a choice of same-form partner but is the result of the
simultaneous action of a preference of males — whatever their size — for anadromous females,
a higher competitive ability of aggressive males and physical constraints on mismatched
pairs. Moreover, we do not advocate that sympatric speciation, as the sole consequence
of size-assortative mating through sexual selection, is a plausible mechanism for the di-
versification of lampreys as a significant number of sneaking behaviours were observed in
resident males toward large anadromous females. Broader attention should be given to other
mechanisms than sexual selection potentially leading to size-assortative mating, such as

variations in spatial or temporal distribution during the reproductive season.

Keywords: size-assortative mating, mate preference, sneaking behaviour, intra-sexual com-

petition
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4.1 INTRODUCTION

Since Darwin’s pioneering work (Darwin, 1859) the traditional view has been that most
speciation processes occur as a consequence of geographic barriers to gene flow. However,
more recent work suggests that sympatric speciation - speciation with no physical isolation
and high levels of gene flow - is possible and may be more common than previously expected
(Bush, 1994; Higashi et al,, 1999; Via, 2001). Theoretical research supposes that sympatric
speciation is an ecological process resulting from the simultaneous action of two processes:
(1) disruptive natural selection, which favours two extreme phenotypes within a single
population and (2) assortative mating, the occurrence of matings of like with like, which
reduces gene flow between diverging groups and thus amplify the initial force driving
differentiation among them. One of the biological mechanisms that can generate assortative
mating is mate choice. Indeed, if disruptive natural selection occurs on traits also involved in
mate choice, implying a connection between sexual and ecological traits, divergent sexual
selection may emerge, ultimately generating premating isolation in sympatry (Lande, 1981;

Lande and Kirkpatrick, 1988; Schluter and Price, 1993).

Of the phenotypic traits whose divergence is linked to the exploitation of different
resource environments, body size is probably the most distinctive. Indeed, large differences
in body size between phenotypes correspond closely to distinct shifts in habitat use and
divergence in trophic preferences. Mainly documented in fishes (Skulason and Smith, 1995),
examples include stream and lake forms (Keast, 1978; in brown trout, Hendry, 2001; in artic
charr, Sandlund et al.,, 1992; Hendry et al,, 2002) or fluvial-resident or anadromous forms
(in lampreys, Malmquist et al,, 1992; Docker, 2019). Size at reproduction often involves an
alternative solution to a trade-off between growth and survival (Houston et al., 1993; Mangel

and Stamps, 2002; Werner and Anholt, 1993). For instance, there is a trade-off among life
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history forms in lampreys: either becoming a juvenile parasite with high growth potential,
fecundity but also mortality due to a more risky life, or remaining a detritivore larvae with
lower growth, fecundity and mortality (Docker, 2019; Evans and Limburg, 2019; Hardisty,
2006); the optimal life history depending on the environmental conditions encountered
during either the ammocoete or juvenile stages (Evans and Limburg, 2019). In addition to
being subject to natural selection, body size is also a key trait behind assortative mating.
Indeed, one of the most common examples of ecological factors influencing sexual isolation
is size-assortative mating: a mating pattern that is defined by a positive correlation between
the body sizes of mating partners. Size-assortative mating has been highlighted as a powerful
evolutionary force that may induce speciation and morphological evolution in many taxa,
including sticklebacks (McKinnon et al., 2004; Nagel and Schluter, 1998) and seahorses (Jones

et al., 2003).

In this paper, we investigated the potential of size-assortative mating as a key mechanism
ensuring reproductive isolation in lampreys. This class of vertebrates comprises at least ten
complexes of parasitic stem species, which mostly have an anadromous life history, and
non-parasitic satellite species, which are fluvial resident (Hardisty and Potter, 1971). Within
each stem-satellite species complex, the non-parasitic species are thought to be derived
from a single parasitic species (Hardisty and Potter, 1971; Salewski, 2003; Vladykov and
Kott, 1979), from which it is more or less genetically differentiated (Docker, 2019). More
precisely, a fluvial non-parasitic form is considered to be derived directly from an anadromous
parasitic species (Hardisty and Potter, 1971; Yamazaki and Goto, 2000; Zanandrea, 1959) or
via a fluvial parasitic form (Beamish, 1985, 1987). Interestingly, it has been observed that
distinct life-history forms can coexist within the same species (Beamish, 1987; Holcik, 1986;

Kucheryavyi et al., 2007; Yamazaki et al,, 1998), which provides the opportunity to study
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size-assortative mating as a factor of reproductive isolation in an early stage of speciation.
Focusing on a potential premating barrier during early population divergence is valuable
because it can evaluate the influence of this early barrier on the evolution of subsequent
ones within closely related species (Butlin et al., 2008; Rundle and Nosil, 2005). The early
divergence between life history forms may indeed be considered as the process constituting
the first step in lamprey’s speciation continuum. In the genus Lethenteron, Yamazaki et al.
(1998) first reported the coexistence of anadromous parasitic and fluvial non-parasitic L.
camtschaticum adults from the Ohno River, in Hokkaido Island, Japan. Life-history forms can
be easily differentiated at the adult stage based on significant differences in body size at the
onset of sexual maturity due to the ecological divergence between parasitic and non-parasitic
life history forms. Hardisty and Potter, 1971 therefore predicted that size-assortative mating
was occurring in lampreys and may promote reproductive isolation between forms in
sympatry. This hypothesis is often considered valid in the literature, even though the only
experimental test confirming it, made on the Lampetra ayresi - L. richardsoni pair species,
was inconclusive due to a lack of proper statistical analysis (Beamish and Neville, 1992).
Moreover, the evolutionary consequences of size-assortative mating may be counteracted
by alternative mating behaviours employed by males (Taborsky, 1998). “Satellite” spawning
behaviours have been observed in two lamprey genera (Lethenteron and Lampetra) where
males, also referred as sneakers, rapidly circle the urogenital area of a mating pair at the
time of gamete release, attempting to gain fertilisation of the female’s eggs (Cochran et al,,
2008; Hume et al., 2013b). Recently, Rougemont et al. (2015) demonstrated that the European
brook lamprey (Lampetra planeri) males could reproduce with European river lamprey L.
fluviatilis females under semi-natural conditions by calculating reproductive success through
genetic parentage analysis. However, as they did not calculate male mating success through

behavioural observations, they were not able to distinguish the fertilisation of females’ eggs
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gained directly by regular mating or indirectly by sneaking behaviour. Moreover, in the
absence of L. planeri females in their experiment trials, resident males may have had no
choice but to reproduce with interspecific females. This experimental setting may have led to
a potentially underestimate of the strength of size-assortative mating as a pre-zygotic barrier

to hybridisation in natural populations.

The objective of this study was therefore to experimentally evaluate the potential of size-
assortative mating as a central role in reproductive isolation by tracking mating behaviours
between anadromous parasitic and fluvial non-parasitic L. camtschaticum adults in a realistic
multiple-choice experimental design. Based on the very unique winding spawning behaviour
of lampreys (Malmgqvist, 1983), which physically constrains mating between individuals, we
hypothesize that we should observe a positive correlation between male and female size pair
(size-assortative mating), resulting in pairs only constituted of individuals with the same life
history (form-assortative mating). A pattern of size-assortative mating could emerge through
two size-dependent courting strategies in mates if male-male competition operates in combi-
nation with mate choice. The first mate choice strategy, referred to here as the “high quality”
strategy may result from mate choice for large size by one or both sexes. Mating with larger
females is advantageous as they are more fecund (Andersson, 1994). Larger males, on the
other hand, may contribute “good genes” for offspring or are less likely to be sperm lim-
ited (e.g. Kokko et al., 2002). However, as larger males are generally better at competing for
large fecund females, smaller, physically inferior males may be less discriminating and court
smaller females. Alternatively, size assortative mating may also emerge through a “prudent”
mating strategy when individuals favour mates with trait values similar to their own in which
case low-quality males ignore too high-quality females and prefer similar small low-quality

females. If intra-sexual competition in males is sufficiently costly, the benefits conferred by
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mating with large females are outweighed, which may ultimately lead to a “prudent” courting
strategy in males (Hérdling and Kokko, 2005). Under the “high quality” mating strategy, one
should observe (1) a preference of all males for large anadromous females through a higher
number of mating attempts or sneaking behaviours towards them, (2) a superior competitive
ability of anadromous males via a higher number of aggressive behaviours and (3) a higher rate
of success among mating attempts for larger males, irrespective of female size. Alternatively,
under the “prudent” mating strategy, one should observe (1) preference of males for females
of the same life history form through a higher number of mating attempts towards them (2) a
higher rate of success among mating attempts for homotypic pairs than for heterotypic pairs.
Considering the apparent strong male-male competition (i.e. intermale aggressivity, Docker,
2019), we hypothesize that size-assortative mating in lampreys should result from a choice for

. . 13 » :
a same-size partner via a “prudent” courting strategy:.

4.2 METHODS

4.2.1 Species description

The Arctic lamprey Lethenteron camtschaticum is distributed in parts of the northern hemi-
sphere, occurring mainly in Hokkaido and the northern part of Honshu Island, Japan but
also in certain areas of North America and Europe. Lethenteron camtschaticum generally has
an anadromous parasitic life history; after spawning, larvae hatch and live in rivers for five
years, metamorphose into juvenile lamprey and migrate to the sea where they undertake a
parasitic feeding phase for approximately two years until they migrate back to rivers in spring
to reproduce and die (Hardisty and Potter, 1971). Despite their extensive geographic range
around Japan, the current subpopulations of anadromous parasitic L. camtschaticum seem to

be panmictic with little to no genetic structure (Yamazaki et al,, 2011). A few studies also
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reported the presence of dwarf freshwater forms in Hokkaido and northern Honshu Island,
Japan (Iwata and Hamada, 1986; Yamazaki et al., 1998). The total length of the dwarf individ-
uals (138.0-161.2 mm TL) was similar to those of individuals at metamorphosis (153.1-215.0
mm TL) and clearly shorter than that of mature anadromous individuals (352.3-533 mm TL)
(Iwata and Hamada, 1986; Yamazaki et al., 1998). Despite the large size difference due to their
divergence in life history, the two types are morphologically identical, sharing in particu-
lar the same distinctive characteristic: a second dorsal fin with a dark blotch near the apex.
The mating system of L. camtschaticum has been described as polygynandrous; adults form

spawning aggregations of tens of individuals (Iwata, 1989; Yamazaki et al., 1998).

4.2.2 Sample collection

In May 2022, mature L. camtschaticum adults were collected at the Horikappu River and the
Onoppunai River, Hokkaido Island, Japan by hand-netting and electrofishing. The peak breed-
ing seasons of anadromous and freshwater forms in the Northern part of Japan mainly overlap
in late May (Iwata, 1989; Yamazaki et al., 1998). 20 freshwater (14 males and 6 females) and
12 anadromous individuals (8 males and 4 females) were collected in the Horikappu river on
May, 22nd while 12 anadromous individuals (8 males and 4 females) were collected in the
Onoppunai river on May, 24'h. Individuals were transported to the Tomakomai Experimen-
tal Forest (TOEF; 42°40°34.8"N 141°35°59.3"E), Hokkaido Island, Japan. All individuals were
sexually mature as we were able to distinguish genital characteristics for all individuals. Ripe
females develop a post-cloacal finfold (Hagelin and Steffner, 1958) and eggs are sometimes vis-
ible through a patch of translucent skin near the cloaca. Sexually mature male lampreys can be
identified by an obvious genital papilla that extends several millimetres from the cloaca. Adult
anadromous and freshwater-resident L. camtschaticum can be separated using body length as

seen in the previous section (Iwata, 1989; Renaud, 2011). Individuals were separated accord-
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ing to their sampling site, life history forms and sex, and were acclimated between 3 to 5 days
according to the fishing date in boxes supplied with Horonai river water in TOEF. One day
before the start of the experiment, all 44 individuals were tagged with a unique combination
of one or two spots of UV-fluorescent visible implant elastomer (VIE, yellow, pink, green, red
or blue) injected in the posterior dorsal fin to allow individual recognition under natural light
(Silver et al., 2009). We measured two morphological traits: total body length (£0.5 mm) and
total mass (£0.5 g). The first two traits may be targeted by sexual selection (Malmqvist, 1983)
while dorsal fins develop just before the onset of spawning and may therefore be considered
as a secondary sexual character in males (Hagelin and Steffner, 1958). Biometry and tagging
were performed after fish were placed in a water tank containing eugenol anaesthetic (FA-100,

DS Pharma Animal Health, Osaka, Japan) at a concentration of 0.3ml/L for 5 minutes.

4.2.3 Experimental design

The experiment took place in a 5 meters long annular tank, supplied with water from the
Horonai river, in a semi-open circuit, with water replacement of 1 litre per minute. We sep-
arated the tank into two linear sections of 1 m® (2 m long, 1 m wide, 0.5 m water depth) cor-
responding to respectively the “G1” group and the “G2” group. To mimic natural spawning
conditions, current speed was set to 0.05 m/s, spawning substrate was provided, and water
temperature (known to affect spawning activity, Hardisty and Potter, 1971) was monitored
daily and followed that of the river. To facilitate observation, spawning substrate was limited
to one 0.48 m? (0.6 x 0.8 m) box filled with a mixture of gravels and pebbles (0.1 m depth)
corresponding to the spawning habitat usually selected by lampreys (Daupagne et al., 2022;
Jang and Lucas, 2005). The aquarium was lit by natural light. Two video cameras (JVC Everio
GZ-L330-s) continuously recorded lampreys’ dial activity in each spawning group through-

out the experiment. Individuals were placed in the experimental tank on the 27" of May and
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the experiment ended on the 6" of June, at the death of the last individual. Both groups had
the same density and sex ratio of both life history forms: 8 anadromous males, 4 anadromous
females, 7 resident males and 3 resident females. Within each group and sex, we mixed the

anadromous individuals caught from the two localities in equal proportions.

4.2.4 Definition of mating success and mating behaviour characteri-

sation

All video footage was analysed with BORIS software (Friard and Gamba, 2016) to note the ex-
act timing of each mating behaviour and the identity of the individuals involved. Lamprey’s
mating act consists of a fixed sequence of behaviours: female positioning, male mounting (i.e.
attaching with his mouth to the female’s head), tail wrapping and squeezing (Docker, 2019),
followed by simultaneous release of gametes, when the pair quivers for approximately two
seconds. Such distinctive behaviours allow us to visually discriminate the focal individuals
during copulations. Numerous attempts to copulate were interrupted before the male could
squeeze the female’s abdomen. We therefore distinguished successful matings (i.e. those end-
ing with squeezing and quivering) from failed matings. Each mating act usually involves one
male and one female but sometimes, two or more males can copulate simultaneously with
the same female, as highlighted by previous studies (Case, 1970; Docker, 2015; Huggins and
Thompson, 1970; Malmqvist, 1983). If such a case occurred, the identity of each male in-
volved was noted, so the female was considered to have mated with each of them. Sneaking
behaviours were also recorded. Sneaky mating tactics are characterised by the following ob-
servation: sneaker male approaches the urogenital area of the typically spawning pair, tightly
circling around their bodies at the point of squeezing. The sneaker male then unwinds and
travels rapidly away from the mating pair. Finally, we analysed aggressive behaviours in males

as this could reflect the competitive ability of individuals to defend the breeding arena and
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monopolise potential female partners. For each of the 10 days of experiment, we analysed 28
video sequences of 10 minutes separated by 20 minutes, thus amounting to 4.6 hours per day,
and 44 hours overall. As mating activity appears to be higher during the day (Binder and Mec-

Donald, 2008b,a) and is challenging to observe at night, we only observed diurnal behaviours.

4.2.5 Statistical analysis
4.2.5.1 Pattern of assortative mating

The body size of all potential mating partners was first compared and a Spearman’s rank cor-
relation test was performed between the body size of successfully mated partners regardless
of the group to test for size assortative mating. Additionally, we explored the occurrence of
form-assortative mating by assessing the expected number of successful matings in each pair’s
types (AM-AF = anadromous male/anadromous female, AM-RF = anadromous male/resident
female, RM-AF = resident male/anadromous female, RM-RF = resident male/resident female)
under random mating. Specifically, we computed the total number of matings and we dis-
tributed the obtained number randomly among all the possible mating pairs. These simula-
tions were iterated 10 000 times and the results were compared to the ones observed in each
type. Additionally, we used a Scheirere-Raye-Hare test followed by Dunn’s post hoc multiple
comparisons to compare the number of successful matings between pairs’ types and between
groups (G1/G2). We also performed Fisher’s exact tests followed by pairwise comparisons to
evaluate whether the number of successfully mated pairs was related to the type of pairing in

each group.

4.2.5.2 Mate choice

Two additional Scheirere-Raye-Hare tests followed by Dunn’s post hoc multiple comparisons

were then used to compare (1) the number of failed matings and (2) the number of sneaky
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matings between pairs’ types and between groups in order to define mate preference in males.
Under the “prudent” mating strategy one should observe a higher number of successful, failed
and sneaky matings in homotypic pairs. Under the “high quality” mating strategy, successful
matings should only concern homotypic pairs and one should observe a higher number of

failed matings and sneaking behaviours in RM-AF than in RM-RF.

4.2.5.3 Male-male competition

A positive correlation between male and female size in pairs could emerge only if male-male
competition operates in combination with mate choice, so we used a Spearman’s rank
correlation test to investigate whether individuals that were the most competitive (i.e.
aggressive) were the ones that attempted to mate more. We employed a Scheirere-Raye-Hare
test followed by a Dunn’s post hoc multiple comparison to evaluate whether the aggressive
ability of males was related to their form type and the group (G1/G2). To investigate whether
the number of intermale aggressions was related to each male’s form (AP-AT = anadromous
perpetrator/anadromous target, AP-RT = anadromous perpetrator/resident target, RP-AT =
resident perpetrator/anadromous target, RP-RT = resident perpetrator/resident target), we
assessed the expected number of aggressions in each type under a random pattern, in the
same way as above. We also performed Fisher’s exact tests followed by pairwise comparisons
to evaluate whether the number of male-male aggressive pairs is related to the type of pairing

in each group.

All Scheirer-Raye-Hare tests were performed on all possible combinations of pairs to ac-

count for the fact that the number of individuals in each combination differed. Statistics were

performed with R software (R Core Team, 2022).
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4.2.6 Ethical statement

Permission for the collection of animals was given by the Hokkaido prefectural government.
Experimental design and handling of animals were approved and carried out in accordance
with the guidelines established by the Institutional Animal Care and Use Committee of the

National University Corporation Hokkaido University.

4.3 RESULTS

4.3.1 Pattern of size-assortative mating

Anadromous lampreys measured on average (+SD) 36.13 cm (4-2.12) with males measuring
on average 36.58 cm (£1.84) and females 35.22 (£2.48). Residents measured on average (£SD)
15.11 cm (41.12) with males measuring on average 15.4 cm (£1.02) and females 14.45 (4-1.15).
Body size of anadromous and residents did not differ between groups (Kruskal-Wallis test:
Hyy =9.16, P < 0.001). The behavioural observations of successful matings combined with the
body-size measurements did not clearly verify the occurrence of size-assortative mating in this
lamprey population (Fig. 4.1). Spearman’s rank correlation was used to assess the relationship
between the size of successfully mated partners. There was no significant correlation between

the two (r = 0.42, P = 0.09).
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Figure 4.1. Body size (in cm) of males and females that mated successfully (red circles), unsuccessfully
(grey triangles) and were involved in sneaky matings (blue squares). The regression between the size

of successfully mated partners is not significant (r = 0.42, P = 0.09, Spearman test).

4.3.2 Pattern of form-assortative mating

Our results verified the occurrence of form-assortative mating lamprey population as suc-
cessful matings only concerned homotypic (AM-AF and RM-RF) pairs (Fig. 4.2, Appendix
Tab. 4.A.1). However, the number of successful matings in RM-RF pairs was low and under
what would be expected from random matings. The analysis (Fig. 4.2) combines the two ex-
perimental groups as no differences were observed between them (Appendix. Fig. 4.A.1). A

Scheirer-Ray-Hare test revealed that there was no statistically significant interaction between
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the effects of group and paring type on the number of successful matings (H(3) = 3.48,P =
0.32). Simple main effects analysis showed that the group did not have a statistically signifi-
cant effect on the number of successful matings (H (1) = 2.95, P = 0.08). However, the pairing
type did have a statistically significant effect on the number of successful matings (H(3) =
33.56, P < 0.001). Pairwise comparisons indicated that the number of successful matings was
statistically higher in AM-AF pairs than in other pairing types. No other differences were

statistically significant.
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Figure 4.2. Number of successful matings observed (horizontal bars) and expected under random
matings (density plots) in each mating pair type (AM-AF = anadromous male/anadromous female,
AM-RF = anadromous male/resident female, RM-AF = resident male/anadromous female, RM-RF =
resident male/resident female). The number above each section refers to the total number of possible
combinations within each pairing type. Simulations were iterated 10000 times in R (R Core Team,

2022).
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4.3.3 Mate choice

Two additional Scheirer-Ray-Hare tests were performed to analyse the effect of group and
pairing type on respectively the number of failed matings and the number of sneaky mat-
ings (Fig. 4.3). The first test revealed that there was not a statistically significant interaction
between the effects of group and paring type on the number of failed matings (H(3) = 1.04,
P =0.79). Simple main effects analysis showed that the group did not have a statistically
significant effect on the number of failed matings (H (1) = 0.49, P = 0.48); but the pairing
type did have a statistically significant effect (H(3) = 22.20, P < 0.001). Pairwise comparisons
showed that the number of failed matings was statistically higher in AM-AF pairs and RM-AF
pairs than in the two remaining pairing types: RM-AF and RM-RF. Finally, the second test
revealed that there was not a statistically significant interaction between the effects of both
explanatory variables on the number of sneaky matings (H (3) = 7.22, P = 0.06). Simple main
effects analysis showed that the group did have a statistically significant effect on the number
of sneaky matings (H (1) = 9.43, P < 0.001). Similarly, the pairing type did have a statistically
significant effect on the number of sneaky matings (H(3) = 13.07, P = 0.004). Post hoc test
revealed that the number of sneaky matings is higher in RM-AF pairs than in AM-RF and in

RM-RF pairs.
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Figure 4.3. Total number of successful matings (red), failed matings (grey) and sneaky matings (blue)
observed for each pairing type. Bars for mating groups G1 (hatched) and G2 (plain) are stacked. The
number above each section refers to the total number of possible combinations within each pair-
ing type. Significant post hoc differences between pairs are indicated with different letters (pairwise

Wilcoxon test: P < 0.05) for each behaviour.

4.3.4 Male-male competition

The combined behavioural observations of matings and intermale aggressions verified the
influence of competitive ability on male access to females (Fig. 4.4). Spearman’s rank corre-
lation was computed to assess the relationship between the number of intermale aggressions

and the number of mating attempts. There was a strong positive correlation between the two
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variables, r = 0.88, P < 0.001). However, the aggressive ability of males was not related to
their form type and the group. Indeed, the Scheirer-Ray-Hare test revealed that there was no
statistically significant interaction between the effects of group and form type on the num-
ber of intermale aggressions (H (1) = 0.24, p = 0.63). Simple main effects analysis showed
that neither the group nor the individual form type had a statistically significant effect on
the number of intermale aggressions (respectively H(1) = 1.71, P = 0.19 and H(1) = 0.21, P
= 0.65). A total number of 241 intermale aggressions occurred during the breeding season
among which 56 (23%) took place in G1 and 185 (77%) in G2. Overall, 150 (62%) intermale
aggressions were perpetrated by six anadromous males while 91 (38%) were done by seven
resident males. Moreover, 215 (89%) of aggressions targeted anadromous males while 26 (11%)
targeted resident males. Simulations of the expected number of male-male aggressions under
random associations showed that the observed pattern differs between the two experimental
groups (Appendix. Fig. 4.A.2). In group 1, only the number of male-male aggressions in RP-
AT was slightly higher than what would be expected from random associations. In group 2,
the number of male-male aggressions in AP-AT was very high and above the expected num-
ber of aggressions while, on the opposite, it was lower in AP-RT and RP-RT pairs. Pairwise
comparisons using Fisher’s exact test also showed that in group 1, the number of male-male
aggressive pairs was similar within each pair (Appendix Tab. 4.A.2). In group 2, the number of
AP-AT aggressive pairs was statistically higher than the number of AP-RT and RP-RT pairs.
Moreover, the number of RP-AT aggressive pairs was statistically higher than the number of

RP-RT pairs.
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Figure 4.4. Relation between the number of mating attempts (i.e. both successful and failed matings)
and aggressive behaviours in anadromous (orange circles) and resident (white triangles) males. The

Spearman’s rank correlation test is significant (r = 0.88, P < 0.001).

4.4 DISCUSSION

With our experiment, we highlight that form-assortative mating occurs in the arctic lamprey
Lethenteron camtschaticum since, contrary to what would be expected from random mating
patterns, successfully mated pairs were composed only of individuals with the same life
history strategy (Fig. 4.2). However, we were not able to demonstrate size-assortative
mating as no positive correlation was found between the size of mating partners across

forms (Fig. 4.1), and too few pairs were observed to test size-assortative mating within
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forms. Interestingly, our results indicate that form-assortative mating in lampreys does not
result from a “prudent choice strategy”, as we had initially assumed. Indeed, this mating
pattern is not the result of a choice for a same-size partner, as males, independently of
their life history strategy, preferentially courted large anadromous females (Fig. 4.1, 4.3).
However, the physical constraint on pairings involving males and females with high size
differences led to a majority of unsuccessful mating attempts among resident males targeting
large anadromous females (Fig.4.3). Indeed, unsuccessful matings in resident males were all
characterised by the attachment of males’ mouths to the females’ heads and the consequent
inability to reach anadromous females’ cloacal contact. Thus, the mechanical constraint
due to the large difference in body size between life history forms rendered regular mating

between mismatched partners inefficient.

Surprisingly, the assumed superiority in intra-sexual competition of anadromous males
due to their larger size was not demonstrated in this experiment as the number of aggressive
behaviours was not higher (Fig. 4.4). However, it is important to point out the dominance
in intra-sexual competition of one single anadromous male that perpetrated 43% of all
aggressions in G2. Moreover, most of the intermale aggressions (89%) targeted anadromous
males, which could be explained by their constant presence in the spawning area throughout
the experiment. It is also possible that resident males were not considered as potential rivals
due to the mating constraint they encounter to fertilise high-quality females and the fact
that the aggressive ones were mostly not successful in undoing the establishment of an

anadromous male from spawning substrate.

Overall, the physical constraint imposed by large size differences explains the majority

of unsuccessful matings observed among pairs constituted of one anadromous female and
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one resident male (Fig. 4.1, 4.3). Our results therefore refute our initial hypothesis that
size-assortative mating would arise as the consequence of a prudent mate choice and rather
reflects the occurrence of form-assortative mating resulting from the simultaneous action
of (1) male preference for larger females, independently of the life history of males and (2)
physical constraint on mismatched pairings. The observed high-quality mating strategy in
males is in accordance with the traditional theory that larger females are preferred in reason
to their higher fecundity. This is particularly true in lampreys, as actual fecundity (i.e. the
number of eggs at maturity) varies by at least two orders of magnitude between anadromous
and brook lamprey species (reviewed by Docker, 2015). In L. camtschaticum, previous studies
have estimated that fecundity averaged 1,478 eggs in resident females (Kucheryavyi et al.,
2007) and up to 119 180 eggs in anadromous females (Yamazaki et al.,, 2001). Additionally,
Bird et al. (1993) discovered significant variations in the fatty acid composition of the ovary
of European brook and river lampreys, which correspond to variations in the lipids ingested
and stored during the preceding microphagous and parasitic feeding phases, respectively.
It is however still unknown whether such differences related to parasitic and non-parasitic
life histories affect egg viability and embryo survival. The cost related to the uncertainty
of successful fertilisation for males involved in mismatched pairs is therefore potentially
outweighed by the benefit of mating at least once with highly fecund anadromous females.
This would ultimately disfavour the evolution of mate preference towards females of similar

phenotype in resident males.

Moreover, the unsuccessful matings associated with strong size differences in heteroform
pairs as well as male-male competition may explain the emergence of an alternative mating
behaviour we have observed extensively in our study: sneaking behaviour in males. Satellite

male mating behaviours were reported previously within European and American brook
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lampreys (Cochran et al.,, 2008; Malmqvist, 1983). Interestingly, sneaking behaviours mainly
concerned resident males towards large anadromous females. The low success of small
males in regular matings with large females may select for alternative mating behaviours to
gain fertilisation of high-quality females’ eggs rather than a prudent mate choice through
phenotype matching. This type of alternative mating tactics is common to many teleost
species, including salmonids (Gross, 1984; Taborsky, 1994), in which there are often important
intrasexual size differences due to the divergence in the anadromous and resident life history
form. As males cannot engage in fair competition for the fertilisation of eggs, divergence
in optimal reproductive tactics would emerge, with large individuals monopolising mate
access and small ones employing alternative tactics (reviewed by Taborsky, 2008). Sneaking
male mating behaviour has been once reported in lamprey’s species exhibiting alternative
life-history strategies (Hume et al., 2013a); but as only one female was present in their
experiment design, males may have been forced to attempt to reproduce with interspecific
females, leading to an incomplete evaluation of the importance of such alternative behaviour
in the wild. Our multi-choice experiment, including males and females of both life history
forms, confirms their initial observation that sneaking tactics do occur between individuals
of different life history forms in complex settings. Although our experiment does not allow
us to define the proportion of eggs from an anadromous female’s clutch that is fertilised
by a resident sneaker male, we believe that such alternative mating tactics contribute to
limiting the evolution of sexual isolation. In a previous study on L.planeri and L. fluviatilis,
Rougemont et al. (2015) highlighted that male brook lampreys reproduced with river lamprey
females under semi-natural conditions despite the high size difference between those species,
which is similar to that observed between life history forms of L. camtschaticum. Although
the social context in which mating occurred differed between our two studies, the absence

of “regular” mating between life history forms in our experiment suggests that the observed
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pattern of fertilisation in their study may result from successful sneaking behaviours and not
regular matings. Some studies reported mixed-species spawning aggregations in the wild
(Cochran et al., 2008; Huggins and Thompson, 1970; Kucheryavyi et al., 2007; Lasne et al,,
2010), so the observed pattern in our study is probably not restricted to artificial conditions
and may also occur in the wild under natural conditions. It is however important to point out
that sneaking behaviours were also employed by anadromous males, highlighting that the
choice of tactics (regular mating vs sneaky mating) is not only dependent on relative body
size. Additionally, every male that exhibited a sneaking strategy also attempted to mate in a
regular way, demonstrating how male lampreys may be able to switch repeatedly between
tactics. Changes in reproductive tactics may therefore result from opportunistic responses
to specific factors other than body size such as sex ratio and density. The simultaneous use
of alternative mating tactics has been shown in many fish species with external fertilisation

such as wrasses and cichlids (reviewed by Taborsky, 2008).

Although our study focuses on the life history forms of a single species, our findings can
be extrapolated to already diverged lamprey species. Under the same circumstances (popu-
lations living in sympatry and displaying similar size differences), male preferences for large
fecund females in the small resident species may favour interbreeding in paired species, which
could oppose sexual isolation. Our results indeed suggest the potential antagonism between
size-based preference towards interspecifics and species-based assortative mating necessary
to maintain reproductive isolation. The high frequency of sneaking behaviours observed in
lampreys calls into question the assumption that size-assortative mating is a sufficient pre-
mating barrier to gene flow in sympatric populations. In addition, recent genetic studies have
also shown that no post-zygotic barriers to gene flow appear to exist between different pairs of

lampreys species. For instance, recent results from artificial inseminations between reciprocal
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crosses of L. fluviatilis and L. planeri (Hume et al., 2013b) demonstrated that a high propor-
tion of hybrid embryos are able to reach the burrowing pro-larval stage. Similarly, Rougemont
et al. (2015) showed that the hatching survival of hybrid larvae was nearly 100%, suggesting
no post-zygotic isolation between the species. However, the viability of hybrids could not be
comprehensively assessed, as the individuals studied were only raised for a few weeks due to

the difficulty of maintaining larvae under experimental conditions (Docker, 2019).

Conclusion

To conclude, the present study indicates that pre-mating barrier to gene flow between alter-
native forms, in the form of form-assortative through sexual selection, seems to occur in the
Arctic lamprey but may not be as strong as previously thought due to the high occurrence of
alternative sneaking behaviours between small resident males and large anadromous females.
The apparent weakness of this mating pattern as a pre-mating barrier, in addition to the ap-
parent absence of post-zygotic barriers, may explain all together the variable levels of gene
flow found between sympatric populations of paired species in both Lampetra and Lethen-
teron genera. Such a gradient of genetic divergence reflects that some population pairs may
be relatively sexually isolated in some rivers while others may instead correspond to alter-
native ecotypes of the same species. Others patterns of form or size-assortative mating may
however exist in absence of mate choice in lampreys as a consequence of covariation between
body size and ecological processes that affects the timing, duration or location of spawning
sites (Bracken et al., 2015). Temporal and spatial isolation between alternative forms during
breeding season may prevent gene flow between them (review by Docker, 2019) and therefore

explain the genetic differentiation observed in some sympatric populations.
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4.A APPENDIX
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Figure 4.A.1. Number of successful matings observed (horizontal bars) and expected under random
matings (density plots) in each pair type (AM-AF = anadromous male/anadromous female, AM-RF
= anadromous male/resident female, RM-AF = resident male/anadromous female, RM-RF = resident
male/resident female) and in each group. Simulations were iterated 10000 times in R (R Core Team,
2022).
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Table 4.A.1. Number of successfully mated pairs in each pairing type (AM-AF = anadromous

male/anadromous female, AM-RF = anadromous male/resident female, RM-AF = resident male/anadro-

mous female, RM-RF = resident male/resident female) and in each group. Parentheses indicate the

number of males:females involved. Significant post hoc differences between pairs are indicated with

different letters (pairwise comparisons using Fisher’s exact test: P < 0.05).

Group Pair type Active Non-active Total Significance
Group 1
AM-AF 5(3:2) 27 32 a
AM-RF 0 (0:0) 27 32 b
RM-AF 0 (0:0) 27 32 b
RM-RF 0 (0:0) 27 32 b
Total 5 100 105
Group 2
AM-AF 10 (4:4) 22 32 a
AM-RF 0 (0:0) 24 24 b
RM-AF 0 (0:0) 28 28 b
RM-RF 1(1:1) 20 21 b
Total 11 94 105
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Figure 4.A.2. Number of intermale aggressions observed (horizontal bars) and expected under random
matings (density plots) in each pair type (AP-AT = anadromous perpetrator/anadromous target, AP-RT
= anadromous perpetrator/resident target, RP-AT = resident perpetrator/anadromous target, RP-RT =
resident perpetrator/resident target) and in each group. Simulations were iterated 10000 times in R (R

Core Team, 2022).
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Table 4.A.2. Number of male-male aggressive pairs in each pairing type (AP-AT = anadromous per-
petrator/anadromous target, AP-RT = anadromous perpetrator/resident target, RP-AT = resident per-
petrator/anadromous target, RP-RT = resident perpetrator/resident target) and in each group. Paren-
theses indicate the number of perpetrator:target individuals involved. Significant post hoc differences
between pairs are indicated with different letters pairwise comparisons using Fisher’s exact test: P <

0.05)

Group Pair type Active Non-active Total Significance
Group 1
AP-AT 3 (2:3) 53 56 a
AP-RT 3(1:3) 53 56 a
RP-AT 5(3:3) 51 56 a
RP-RT 3 (2:2) 49 52 a
Total 14 206 220
Group 2
AP-AT 16 (4:8) 40 56 a
AP-RT 5(3:3) 51 56 bc
RP-AT 12 (4:6) 44 56 ab
RP-RT 1(1:1) 51 52 c
Total 34 186 220
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4.2 CHAPTER HIGHLIGHTS

« Evolutionary theory predicts that assortative mating is crucial for sympatric spe-

ciation by generating reproductive isolation between diverging populations;

+ In anadromous and resident forms of Lethenteron camtschaticum that greatly dif-
fer in body size, we found that form-assortative mating occurs but does not result
from a preference of same-form partner as males — whatever their size — preferred

anadromous females;

+ The occurrence of sneaking behaviours in males towards anadromous females
questions the strength of size-assortative mating as a pre-mating barrier to hy-

bridisation in already diverged species.
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CHAPTER 5

General discussion

The aim of this general discussion is first to provide a clear and brief summary of the main
results of my thesis, then to place this work in a broader perspective, and finally to discuss
the implications of my work in the field of sexual selection. I will also present two additional
analyses I realised to tackle some limitations I faced or questions I had. These latter approaches

will be presented as boxes placed in the appropriate section of the discussion.
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5.1. Results summary

5.1 RESULTS SUMMARY

The main objective of my thesis work was to investigate the effects of within-season variations
in the social environment on the strength and direction of pre-copulatory sexual selection in
lampreys and more precisely to better understand how social factors can shape the evolution
of traits and behavioural responses. In Chapter 2, I firstly demonstrated in an experiment
on Lampetra fluviatilis that populations demographics fluctuated during the breeding season
and induced within-season dynamics in the opportunity for pre-copulatory sexual selection
(Ispe). I also showed that the mating advantage conferred by body size is contingent upon
the social environment (OSR, size of competitors) with which individuals are faced. Addi-
tionally, the spawning timing of an individual can interact with its body size to affect its
number of matings: for instance, small females are selected to start early. In line with the
recent work of Carleial et al. (2023), this chapter demonstrated that daily calculations of s,
are constantly higher than the overall /s, leading to an overall overestimation of the actual
strength of pre-copulatory sexual selection. Overall, this chapter revealed the importance of
scales at which sexual selection metrics are calculated and emphasized the necessity to col-
lect longitudinal behavioural data. By combining an experiment on Lampetra planeri and a
modelling approach based on the reproduction of lampreys, Chapter 3 then explored how
intra- and/or inter-sexual variations in reproductive timing may affect the strength of sexual
selection and the evolution of sexually selected traits. I showed that opportunity for sexual
selection /s was related to both males’ and female’s reproductive timing but /s was higher
in the asynchronous sex in scenarios with inter-sexual variations in reproductive synchrony,
which contradicts traditional theory. Specifically, I pointed out that early reproduction can be
selected in breeding scenarios where there is an unequal shift in reproductive timing between
males and females. Finally, Chapter 4 complexified the social environment in which individu-

als interact by including the effect of conspecifics with alternative life history. In anadromous
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and resident forms of Lethenteron camtschaticum that greatly differ in body size, I showed that
form-assortative mating occurs through mechanical isolation and not mate choice. Moreover,
the high frequency of sneaking behaviours in small resident males towards large anadromous
females questions the strength of size-assortative mating as a pre-mating barrier to hybridis-

ation in already diverged species.

5.2 A LOOK AT THE METHODOLOGY USED

5.2.1 Reconsidering mating success

As presented in the introduction of my thesis, a major bias in sexual selection studies is the
way mating success is calculated. Due to the widespread use of genetic methods and the
difficulty of observing mating sequences, mating success is generally inferred from offspring
sampling via parentage analysis, which distorts the definition of a "mate" as a partner with
which a focal individual produced offspring. One of the originality of my thesis work was
therefore to approach the concept of mating success from a behavioural rather than genetic
perspective. This approach is biologically more relevant as it enables us to define more
accurately the covariance between a trait of interest and the number of mates acquired by
an individual by excluding pre-zygotic (failed fertilisation) as well as post-zygotic (embryo
death) events. Adopting this behavioural approach also allowed me to decompose mating
success into two successive processes (Chapter 2): the mating attempt and the probability
of mating success. Considering the reproductive behaviour of lampreys, the first process
allowed to investigate females traits that may be under male preference as well as male
traits that provide better access to females while the second one rather sheds light on female
preference for certain male traits as well as a morphological mismatch between mating

partners. In the latter case, directly calculating mating success from mating interactions
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enabled me to consider the process as not resulting solely from the phenotype of the focal
individual (traditional selection gradients are generally calculated separately for each sex)

but rather as the consequence of both partners’ phenotypes.

By using this approach, I thus demonstrated that partners with large size differences were
less likely to attempt to mate than partners with small size differences (Chapter 2). This result
was in accordance with the traditional theory that size-assortative mating occurs in lampreys
and results from a choice of same-size partner. Surprisingly, I then showed in Chapter 4 that
all males preferred to mate with large anadromous females, indicating that the size difference
between mating partners had no effect on the first process leading to mating success (i.e.
the number of mating attempts). The discrepancy between these two results would suggest
that at the intra-form scale (at least in L. fluviatilis) males preferentially select partners of
similar size. Alternatively, we can hypothesize that male-male competition was higher in the
Chapter 2 experiment in contrast to the Chapter 4 experiment, where small resident males
were often able to escape aggression attempts perpetrated by anadromous males due to their
large size differences (personal observation). Consequently, resident L. camtschaticum males
might have been able to express their preference for larger and more fecund females more

freely than the small males from the Chapter 2 experiment.

5.2.2 Assessing female preference

One of the difficulties I faced during my PhD was to clearly determine whether there was
an active female choice. In lampreys, spawning behaviour is mainly turned towards males
gaining access to females through their success in intra-sexual competition. As explained
in the previous section (5.2.1), it can be challenging to distinguish the relative role of males’

capacity to grab females (physical constraint) from females’ mate acceptance (inter-sexual
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choice) in the probability that a mating attempt is successful (Chapter 2).

During spawning, pre-copulatory active female choice appears to be limited. Although
avoidance behaviours may have occurred (e.g. females detaching from the substrate), I have
not observed any direct intersexual aggressions from females. Females mating preferences
and their mate choice ability may be tested in more artificial situations using simultaneous
choice and no-choice tests (Dougherty and Shuker, 2015; Wagner, 1998). By presenting si-
multaneously multiple males to females, choice tests would allow for comparisons between
available options, and therefore facilitate the assessment of directional preferences between
stimuli. Moreover, by spatially separating males from each other and from the female, this
measure of preference would preclude forced copulations by males and mechanisms of intra-
sexual competition. In no-choice tests, on the other hand, each female would be presented
with a single male with no physical barrier separating them. Such experimental design would
subsequently indicate the occurrence of active female choice by comparing the number of fe-
male aggressions or avoidance behaviours. Overall, this would nicely reflect both female mate
preference and their ability to express it, thereby providing a means to confirm or reject the
theoretical hypothesis I developed in Chapter 2 regarding female preference for male body

size and how it fluctuates according to the operational sex ratio.
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5.2.3 Collecting complete behavioural data: is it worth the effort?

The analysis presented in Chapter 2 required full knowledge of the copulations occurring in
a freely mating group constituted of 20 females and 15 males. Due to the reproductive biology
of lampreys (highly polygynandrous, absence of refractory period, high re-mating rate, both
diurnal and nocturnal mating activity), observing all mating individuals among individuals
was highly time-consuming. Although a complete observation has the advantage of provid-
ing a full description of the temporal distribution of individual reproductive activity, I came
to wonder whether such exhaustive knowledge of mating sequences was a prerequisite to
accurately define variance in copulatory activity. To that end, I realised an additional analy-
sis to compare sexual selection metrics (OSR, /s;.) based on the whole copulatory sequences
(Chapter 2 results) and based on partial data (5 min/h, 12 times a day, in accordance with
the approach used in Chapter 3). Overall, this additional analysis emphasized that complete
knowledge of mating behaviours is not necessary in lampreys to correctly estimate the overall
opportunity for sexual selection when longitudinal data collection is available. This further
implies that the sub-sampling used in Chapter 3 was sufficiently adequate for the results ob-
tained to be accurately interpreted. The results of this additional analysis are presented and

discussed in more detail in the Box 5.1.
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Taborsky and Brockmann (2010) advocated that "optimization, not maximization should be the aim" when
choosing an adequate sample size in behavioural studies. While too small sample sizes may give unreliable
results, there may be no benefit in large sample sizes if practical constraints make them unfeasible to implement.
As described in the previous paragraph, I encountered such difficulties when I started to analyse the behavioural
data of Chapter 2. This led me to question how to choose the appropriate range and time frame over which
to calculate mating success in order to minimize the sample sizes while preserving enough statistical power to

accurately estimate the strength and direction of sexual selection.

Thus, the objective of this additional analysis was to investigate whether (1) daily sexual selection metrics (OSR,
Isp.) calculated from more partial data reflected the temporal variation in selection observed from complete
data and (2) the overall opportunity for sexual selection calculated ( sp.) was similar between both analyses. In
Chapter 2, I examined potential within-season fluctuations in sexual selection by calculating sexual selection
metrics at a fine-grained scale that segments mating events at daily time steps. I then compared these measures

to the overall sexual selection estimated by pooling all mating events that occurred during the breeding season.

Here, I therefore first compared the operational sex-ratio (OSR, i.e. the ratio of sexually receptive males to
females; Emlen and Oring, 1977) calculated from partial data to the OSR calculated from the full sequence of
mating copulations (Fig. 5.1). Although the temporal pattern was similar in both analyses, we can observe that
on 16 days out of 22 days, the daily OSR calculated from partial data was higher than the one from complete data,
especially at the end of the breeding season. Such a result suggests that female activity tends to be undervalued
when sampling is more limited. This is in accordance with the results presented in Fig. 2.1 that showed that the
total duration of female activity was shorter than that of males and that their activity was more asynchronous.
By limiting sampling effort, the starting point of female activity has a higher probability to be delayed, resulting
in a higher daily sex ratio. This is particularly true at the end of the season where under-evaluation of female

activity led to a particularly high OSR due to a decrease in the mean number of active individuals.
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Figure 5.1. The operational sex ratio (OSR) each day of the breeding season. The OSR corresponds to the ratio of males
to females who are ready to mate on a given day. The grey dashed line corresponds to the OSR calculated from partial
data (5 minutes/hour, 12 times a day) while the black solid line corresponds to the OSR calculated with complete data. The
horizontal dashed line corresponds to an unbiased sex ratio (1) while the horizontal dotted line represents the adult sex

ratio in the breeding group (0.75).

I then compared the bias-corrected opportunity for sexual selection Isp. (Crow, 1989; Wade, 1979; Janicke and
Morrow, 2018) calculated from partial and complete data (see 2.2.6 for details on s calculation). In Chapter
2,1 showed that daily estimates of Is;. changed throughout the breeding season and consistently overestimated
the actual opportunity for sexual selection. Here, I demonstrate that this is particularly true if daily s, are
calculated from partial data, as daily Isp. were even higher on 15 days (Fig. 5.2, a) and 9 days (Fig. 5.2, b) in
females and males respectively when Is;. was calculated as the number of partners. Similarly, daily /sy, were
higher on 13 days (Fig. 5.2, ¢) and 16 days (Fig. 5.2, d) in females and males respectively when I's,. was calculated

as the number of matings. Interestingly, the overall /sy, is quite similar between the type of data used.
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Figure 5.2. Bias-corrected opportunity for sexual selection (I s,.) with mating success calculated either as the number
of partners (M Sp, a, c) or as the number of matings (M Sy, b, d) in males (blue) and females (orange) on each day of the
breeding season. The dashed and solid lines correspond to the overall I's. calculated from partial data or from complete

data, respectively.

This additional analysis first demonstrates that a complete knowledge of the mating sequences is not required
to accurately estimate the maximum potential strength of sexual selection at the end of a breeding event as the
overall /sy, was similar between both methods. On the other hand, it reveals that daily estimates of I s, further
overestimate the actual opportunity for sexual selection when metrics are estimated from partial data. This
suggests that daily measures may be even more biased when assessed from very short snapshots of time. How-
ever, such a pattern might only concern highly polygynandrous mating systems where intra-sexual variation in
mating success may erode over time. I therefore recommend future studies to perform longitudinal measures of
selection metrics across species with variable mating systems (e.g. monogamous species or species with strong
social dominance) to perform cross-species comparisons of temporal patterns of pre-copulatory sexual selec-
tion. This would give valuable information on the duration and frequency of sampling needed depending on

the biological model under study.
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5.2.4 The use of ABM and future opportunities

During the development of the ABM used in Chapter 3, I was forced to make some
modelling choices regarding mating behaviours, the reproductive traits considered, and
the representation of reproductive timing. In the next paragraph, I discuss in more detail
the reasons why I made these decisions, their limits, and the opportunities this ABM of-

fers to further investigate how variations in the social environment influence sexual selection.

Considering spatial distribution: the model I have developed is not spatially explicit. I
considered that all the individuals which were simultaneously active in the population could
meet and that there were no spatially formed subgroups. I made this modelling choice for
the following reasons. First, there is currently no empirical research that has determined
the relationship between population size and nesting activity on spawning grounds in
polygynandrous species of lampreys. Only a recent study on the sea lamprey (Petromyzon
marinus) highlighted that 202 nests were occupied by around 115 mature individuals; males
and females visited around 2 and 1.5 nests and encountered around 2.3 mates for males and
2.2 mates for females (Dhamelincourt et al.,, 2021). However, sea lamprey is known to be
mostly monogamous with generally fewer than five individuals per nest (Applegate, 1950;
Manion and Hanson, 1980) while communal spawning of multiple males and females occurs
in species such as L. fluviatilis and L. planeri. Secondly, I wanted to avoid the potential
consequences that subsetting the environment into multiple subgroups would have had
in the synchronous scenario. Indeed, although individuals would still have been sexually
receptive at the same time, including multiple spatial subgroups would have acted as a
random variable, with subgroups being more or less made up of mature breeding individuals.
Thus, even with an unbiased population sex ratio at the beginning of the breeding season,

there would still be variability in the sex ratio within sub-groups. However, depending on
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the research question, it might be appropriate to subdivide the global environment into
multiple mating subgroups. For instance, if we are interested in better understanding how
mating groups form and persist, we may investigate how mating dynamics and movement
between nest aggregations are impacted by sex-specific and/or density-dependent arrival

and departure.

Modelling mate choice: as many models of sexual selection (Castellano, 2009), I made the
assumption that individuals freely interact in the population (see previous paragraph), form
standing mating pairs based on their competitive ability, and sequentially decide whether to
mate or not following a threshold decision rule. I made this assumption because I wanted
the pair formation and mate choice process to be symmetrical (Bergstrom and Real, 2000;
Johnstone et al., 1996; Johnstone, 1997; Ramsey, 2011). However, as emphasized in section
5.2.2, lamprey mating behaviour is mainly based on males gaining access to females through
their success in intra-sexual competition. An alternative decision rule to consider for males
would therefore be a best-of-n rule (Janetos, 1980) (also called "pooled comparison", e.g.
Wittenberger, 1983; Uy et al,, 2001). The most competitive male would sample n females
before choosing the most attractive one within this pool. Such mating rule relies on the
assumption that males have the cognitive abilities to assess and order potential partners
based on their quality. The decision to mate, on the other hand, would only rely on a female
threshold decision rule. In Chapter 3, I pointed out a significant limitation of the model:
the preference strength (or choosiness) does not vary according to the social environment
faced by an individual. Implementing a best-of-n strategy in males would enable us to take
into consideration rapid within-season changes in female quality distribution, which would
ultimately limit this bias. Through theoretical simulations, several studies have shown that

the mate-sampling process chosen can indeed have consequences on the intensity of sexual
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selection (Dechaume-Moncharmont et al., 2016; Chevalier et al., 2020; Janetos, 1980; Gibson
and Langen, 1996). This additional investigation would therefore determine whether the
patterns of sexual selection observed in Chapter 3 are considerably dependent on the pairing

process used.

Integrating divergence in life histories: the ABM also offers an opportunity to better
understand under what conditions hybridisation between closely related species with
divergent life histories may occur. Individual-based simulations of various scenarios of
pre-mating barriers may be performed to explain the observed frequency of hybrids in the
wild. Pre-mating barriers may include temporal isolation during the spawning season and
patchiness of the breeding habitat. As mentioned in Chapter 1 and Chapter 4, previous
studies have indeed shown that the breeding season does not entirely overlap between
anadromous and resident species living in sympatry (Docker, 2015). In Europe for instance,
the spawning season of L. planeri occurs from March to April while L. fluviatilis tends to
reproduce from April to May (Renaud, 2011). Similarly, previous observations in France
suggested that L. fluviatilis tend to reproduce downstream, while L. planeri mainly occupy
upstream sites (Lasne et al,, 2010). In support of Chapter 4 results, we could also test
the relative effects of form-assortative mating and sneaking behaviours in preventing or
promoting hybridisation, respectively. Post-mating barriers, on the other hand, have been
recently investigated by Decanter et al. (under preparation) through an individual-based
simulation software NEMO that incorporates several genetic modules (Guillaume and
Rougemont, 2006). However, none of the simulated scenarios of hybrid viability explained
the observed proportions of adult hybrids of first generation in the Oir population, France. It
would be interesting to create an individual based-model that is both genetically and spatially

explicit to represent the complex life histories of lampreys (i.e. a demo-genetic agent-based
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model, see Appendix B). Modelling evolutionary processes (i.e. heritable traits transmission
across generations) as well as spatial and temporal distribution of individuals based on their

life cycle would unravel possible eco-evolutionary mechanisms behind lamprey speciation.

Representing reproductive timing: the hypothesis underlying my modelling approach was
that reproductive timing depended solely on changes in environmental seasonality. However,
several studies showed that reproductive timing also has biological determinants and can
be caused by social interactions. In mammals, French and Stribley (1987) showed that re-
productive synchrony can be achieved among group-living females through the exchange of
pheromonal stimulation. Similarly, Jovani and Grimm (2008) demonstrated that social cues
may influence the reproduction of conspecific individuals in birds and trigger reproductive
synchrony. Therefore, individual reproductive timing might not solely rely on individual sen-
sitivity to abiotic cues (climatic seasonality) but also on individual ability to sample potential
mates and competitors and to adjust its activity to the current social environment. Individuals
may indeed adapt their timing of sexual activity according to the perceived quality of competi-
tors and potential mates as well as their own phenotype. This aligns with the approach used
in Chapter 2, where I examined the potential sexual selection on the timing of reproductive
activity with respect to sex and phenotype and showed, for instance, that females are selected
to start early, especially if they are small. A more realistic modelling approach would there-
fore be to make reproductive timing dependent on an individual trait (e.g. social assessment
ability) that could potentially evolve as part of a reproductive strategy to improve individual
reproductive success (see Fig. 5.3). However, it may be complex to define the genetic basis of

this trait and to model the interplay between genetic and environmental changes.
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Figure 5.3. Abiotic (environmental) and biotic (ecological) factors that may affect mating system dy-
namics and ultimately the strength and direction of sexual selection. (1) represent the factor I had
initially planned to test (see 5.3) while (2) and (3) rather shed light on mechanisms that should be ex-

plored (see 5.2.4 and 5.4, respectively).
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5.2.5 Experimental approach

In light of the challenges associated with doing empirical work (notably monitoring natural
populations), many scientists are increasingly opting for theoretical modelling (Scheiner,
2013) as an alternative to conducting experiments. Although I highlighted in the previous
section the considerable opportunities offered by ABMs for studying ecological and evolu-
tionary processes that would be difficult to explore in experimental settings, I am convinced
that empirical research remains essential. While empirico-inductive methods are important
when there is a lack of knowledge on the basic reproductive patterns of the species under
study, hypothetico-deductive methods rather enable testing the validity of more theoretical
hypotheses. For instance, the in situ observations of communal spawning between L. planeri
and L. fluviatilis (Lasne et al.,, 2010) have been the foundation of many substantial works on
stem-satellite species complexes. I, therefore, believe that theoretical work and empirical

work should coexist closely and mutually stimulate each other in a feedback loop.

Across both the experimental approaches used in Chapter 2 and Chapter 4, sexual net-
work theory served as a conceptual tool to explore the role of the social environment in deter-
mining sexual selection. This implied doing experiments in a more realistic biological setting
than is generally done, without interfering with mate choice rules. Studies on sexual selection
and mate choice indeed generally use controlled copulations with very few partners (usu-
ally two in classical simultaneous choice experiments; Miller and Svensson, 2014; Dougherty,
2020). In such artificial situations, intra-sexual competition and inter-sexual preference are
largely constrained as individuals are generally restricted to a limited number of mates. By
creating relatively large mating groups of lampreys, I was therefore able to get experimental
conditions that more closely reflected the demographic conditions of natural populations and

are more suitable for testing how mate choice occurs.
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However, one can argue the necessity to do experiments in even more natural conditions
in order to measure the effects of selection in a completely realistic context. In the experi-
mental conditions, I restricted mating to a single substrate area, which may have increased
the probability of heteroform matings in Chapter 4 and, more generally, mating rates and the
potential for polygynandry (Chapter 2, Chapter 3). In France, ECOBIOP’s Lapitxuri experi-
mental channel (INRAE, 2018) offers a nice opportunity to replicate these experiments in more
realistic conditions. As the Lapitxuri channel is a derivation of a natural river (the Lapitxuri
stream, in southwestern France), it offers environmental features close to natural conditions,
including an unlimited substrate for nest construction, while enabling reproductive activity to
be monitored. However, I am not totally convinced that the experimental settings have accen-
tuated the level of polygynandry or intra-sexual competition as a few studies demonstrated
high promiscuity in natural settings (for instance up to 70 individuals in a L.fluviatilis/L.planeri

nest, Lasne et al., 2010) with similar sex-ratio.

5.2.6 Working on non-model organisms

A recent literature survey conducted by Zuk et al. (2014) emphasized that sexual selection
studies primarily concentrate on insects (29%) and birds (27%) and to a lesser extent on fishes
(16%). For the latter, the authors’ search returned 161 empirical articles on sexual selection
that concerned 81 different species. However, nearly 27% of studies using fish as a model
species have been made on the three-spined stickleback Gasterosteus aculeatus and the guppy
Poecilia reticulata. Although these two famous model species have contributed significantly
to the understanding of sexual selection during recent decades (notably the role of colouration
in mate choice), the large proportion of studies that are made on the two species reflects the

lack of general knowledge about the evolution of reproductive behaviours in fishes.
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Using lampreys as a biological model was therefore very stimulating as it gave me the
opportunity to address many unexplored research questions, fuelled by previous studies on
other organisms. In my opinion, working on non-model species, especially as part of a PhD
thesis, greatly facilitates the development of original experimentation. One way lampreys
deviate from most other model species is in terms of their lack of sexual dimorphism and con-
spicuous ornamentation. This, together with their polygynandrous mating system, made the
strength of pre-copulatory sexual selection quite difficult to predict, making them a fascinat-
ing model to study. On the other hand, I was confronted with unexpected events (see 5.3) that
make me realise that some species are perhaps little studied for certain logistic reasons. The
first is the size and density of lampreys. Most popular model fish species in current research
on sexual selection are quite small and occur at high densities. This makes laboratory work
logistically easier and allows many more replicates to be carried out in parallel. Although this
applies to L. planeri, the anadromous species are rather medium-sized and are increasingly
difficult to observe in the field due to their general decline; e.g. in the Iberian peninsula for L.
fluviatilis (Cabral et al., 2005) and in the Japanese Archipelago for L. camschaticum (Renaud,
1997; Yazawa, 1998). For these reasons, I was not able to do more than two replicates in Chap-
ter 4. Additional difficulties inherent to the species under study were also faced. The first is
the inability of identifying males from females, except just before spawning. The overall ab-
sence of sexual dimorphism until the period of reproduction is complicated to manage when it
comes to manipulating sex ratio and densities. Second, it is a challenge to work on long-lived
species exhibiting seasonal reproduction within the framework of a 3-year PhD project. As
explained in the next section (5.3), the failure of my first experiment forced me to reconsider
my thesis plan and postpone the new projects arising from this reflection until the following
year. Working on species that breed approximately all over the year prevents such practical

risks.
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Despite difficulties linked to working with less-known species, I still encourage further
studies to use new model systems to generate more meaningful theories about sexual selec-
tion. Fishes are incredibly diverse, not only in terms of species number but also in terms of
sorts of mating systems represented (Forsgren et al., 2002). Restricting our focus on a few sets
of model organisms may therefore limit our knowledge of the potential variation of patterns

of selection across taxa.

5.3 THE FAILED EXPERIMENT: THE MISSING PIECE

Numerous studies revealed the increase of heat waves in recent decades due to climate
change (e.g. Easterling et al,, 2000; Orlowsky and Seneviratne, 2012). Indeed, heat wave
frequency, duration and intensity have been shown to increase in the northern hemisphere
due to global warming. Although river water temperature may differ considerably among
different rivers due to factors such as river size or flow velocity (Arismendi et al.,, 2012), the
overall increase in air temperatures has been identified as the primary cause of the warming
trend in European rivers (Webb and Nobilis, 1995). As most fishes are poikilotherms, rising
water temperatures highly influence their reproductive synchrony, by altering the timing of

maturation and spawning (Munro et al., 1990; McQueen and Marshall, 2017).

One aspect I omit to introduce until here is that the first experiment of my thesis project
initially aimed to investigate whether a rapid and strong increase in water temperature rate
in March (based on an extreme event observed in the Nivelle river, France) was sufficient
to alter the onset of sexual maturation and induce inter-individual variations in maturation
timing (see Fig. 5.3).  had hypothesized that (1) individual sexual maturity would respond to
a thermal reaction norm (Hardisty and Potter, 1971), (2) a rapid rise in spring temperature

would increase maturity synchrony compared with a slow rise (Clemens et al., 2009), and (3)
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sex-differences in maturity timing to heatwave would occur (e.g. in squirrels Kucheravy et al.,
2021). Ultimately, this experiment was intended to provide conditions and circumstances
surrounding the research question presented in Chapter 3, and to justify the assumption that
climate-driven changes in environmental seasonality would induce intra-and/or inter-sexual

variations in the timing of reproduction in lampreys.

Unfortunately, all individuals died before reaching sexual maturity in both the test (i.e.
rapid increase) and control (i.e. slow increase) conditions. This mortality may be explained by
the environmental conditions in which individuals were maintained. They were kept in small
individual tanks to exclude the effect of pheromones on sexual maturation synchrony and
were manipulated daily to assess secondary sexual characteristics. The regular handling, lack
of environmental enrichment, and absence of social contact likely contributed to increased
stress in lampreys, ultimately leading to deleterious effects on their development and immune
function. Although this experiment was unsuccessful, I still consider that this project was
interesting overall for (1) contextualizing more clearly the theoretical assumption of the ABM
used (Chapter 2), and for more broadly (2) testing the effect of climate change on population
dynamics and sexual selection. However, it might be preferable to consider other species for

which potential sources of stress are well known to tackle this specific research question.
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54 BUT WHAT HAPPENS AFTER COPULATION?

A behavioural-based approach to mating success has its drawbacks, however. Although defin-
ing mating success as the number of matings performed by the focal individual allows us to
approximate its reproductive success, the omission of mechanisms occurring after copulation
prevents us from properly determining whether the observed covariance between a focal trait
and mating success actually translates into real selection on this trait (i.e. whether the Bate-
man gradient would be positive). This is particularly true for group-spawning species with
external fertilisation such as lampreys, for which there is a high potential for gamete compe-
tition and cryptic mate choice (Petersen and Warner, 1998; Stockley et al., 1997a; Fitzpatrick,
2020). In this part of the discussion, I will first investigate the potential of sperm competition
and cryptic female choice in lampreys considering the available literature and some results of
my thesis. Additionally, I will shed light on lesser-explored mechanisms, i.e. egg competition
and cryptic male choice, which could also have an influence on how I assessed the strength

of pre-copulatory sexual selection.

5.4.1 Sperm competition and cryptic female choice: what we know

and what we could expect

Externally fertilising males are believed to exert limited control over paternity as they re-
lease their gametes externally, enabling group spawning and sneaking behaviours (Petersen
and Warner, 1998; Stockley et al., 1997a). This high risk of sperm competition is expected
to weaken the pre-copulatory sexual selection as behaviourally successful matings may not
result in egg fertilisation. The main limitation of my thesis work is that I have not been able to
access the overall reproductive fitness of lampreys through parentage analysis. To tackle this
problem, I tried to estimate the potential level of sperm competition in L. fluviatilis (Chapter
2) via an additional networks analysis that took into consideration matings "shared" by mul-

tiple males (see Box 5.2 for details).
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With polyandry, a male’s reproductive success not only depends on the total number of mates and matings he has managed
to acquire but also on the degree of polyandry of its partners as successful sperm release may not necessarily result in the
fertilisation of ova under sperm competition. The relationship between males’ mating success and the sperm competitive
environment they face may be explained by the degree of assortativity of the overall population mating network. In
a mating network characterised by positive assortativity (Fig. 5.4, a), males with the highest number of partners also
tend to mate with females with the highest number of partners. As males that mate with many females face the most
intense sperm competition, such mating pattern may ultimately reduce the strength of pre-copulatory sexual selection on
mating success by flattening the relationship between reproductive success and mating success (i.e. a shallower Bateman
gradient). Conversely, in a mating network characterised by negative assortativity (Fig. 5.4, b), males with the highest
mating success display mate monopolisation, facing lower sperm competition than males with few partners. In such a
case, the relation between reproductive success and mating success would be stronger (i.e. a steeper Bateman gradient).
The assortativity of a mating network can be quantified through different network metrics such as Newman'’s assortativity
(Newman, 2002), nestedness measurements (e.g. NODF, Almeida-Neto et al., 2008) or more recently the sperm competition

intensity correlation (SCIC, McDonald and Pizzari, 2016).
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Figure 5.4. Relation between mating network assortativity and the Bateman gradient. A mating network characterised
by positive assortativity is expected to weaken the relationship between reproductive success and mating success, resulting
in a shallow Bateman gradient (a) while a mating network characterised by negative assortativity is expected to strengthen
the relationship between reproductive success and mating success, resulting in a steeper Bateman gradient (b). Orange

nodes represent females, blue nodes represent males. Grey ties indicate a mating pair. Adapted from Greenway et al. (2021)
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However, applying these metrics to organisms with external fertilisation may be problematic. Unlike internal fertilisers, a
male’s reproductive success does not entirely depend on how polyandrous his partners are since there is, by definition, no
sperm storage by females. Although a female may successfully mate with multiple males throughout a breeding season,
these males may not compete with each other as their ejaculates may not overlap at the time of fertilisation (e.g. in the
absence of sneaky matings). During the experimental study presented in Chapter 2 on L. fluviatilis, I have regularly
observed successful matings involving two or more males at the same time. Under such circumstances, we may consider
that the target female represents a resource shared by the different males acting simultaneously, inducing a high potential
for sperm competition. In this context, I constructed a unique competitive environment for each male of the population,
either on a daily basis or over the whole breeding season. Competitive networks were derived via matings networks
constructed for each mating interaction where multiple males were active (Fig. 5.5). For instance, if both males were

simultaneously mating with the same female, they both shared a competitive tie in their respective competitive network.
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Figure 5.5. Representation of the network approach used to estimate the sperm competitive environments of males.
Mating networks, where ties represent copulations, were constructed for each male and were projected into a competitive
network, where ties represent indirect competitive interactions. The global mating and competitive network of each male

was then constructed either daily or at the scale of the whole breeding season.
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The overall mating success was calculated either as the number of mates M Sp or the number of matings M Sj,;. Males’
connectivity in their competitive network was characterised by the density of the network (i.e. the number of competitors)
and the ties’ strength (i.e. the number of competitive interactions). While the relationship between M Sp and density
metric reflects the level of assortativity of the network (Fig. 5.4), interpretation may be limited as it only quantifies binary
ties, i.e. whether the pair either copulated/competed or not. Calculating both tie strength and its relation with M Sy,
allows us to consider the frequency with which a male mated with females and competed with other males, giving clearer
insight into the impact of having additional matings on reproductive success. The pairwise relationship between males
mating success and their sperm competitive networks was assessed via Pearson correlation coefficient or Spearman’s rank

correlations tests.
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Figure 5.6. Relation between males mating success and their sperm competitive network. Male mating success was
calculated either as the number of partners M Sp (a,c) or the number of matings (b, d) and either daily (a, d) or over
the whole season (a, b). Connectivity in the competitive network was characterised as the number of male competitors

(density, a, c) or as the total number of indirect male competitive interactions (strength, b,d).

There was a strong correlation between mating success and connectivity when mating success was calculated over the

whole season; either with M Sp (r = 0.85, df = 13, P < 0.01) or with M Sjs (r = 0.89, df = 13, P < 0.01). Similarly, there was a
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strong correlation between mating success and connectivity when mating success was calculated daily; both with M Sp (r
=0.87, df = 328, P < 0.01) or with M Sy (r = 0.88, df = 328, P < 0.01). The positive assortativity between M Sp and density
metric suggests that males with the higher number of partners constantly faced higher sperm competition as they mated
with the most polyandrous females throughout the mating season. Similarly, the positive relationship between M Sy,
and network strength implies that males with the highest re-mating rate mated with females with the highest re-mating
rate. Such a pattern further suggests that the strength of pre-copulatory selection on mating success might be reduced in
this mating system, as both the number of mates and the number of matings might be weakly or even not correlated to
reproductive success.

Here, the scope and potential for sperm competition to operate in L. fluviatilis has only been estimated by analysing matings
involving multiple males. However, the occurrence of sneaking behaviours is quite common in lampreys (see previous
section and Chapter 4). Although ejaculates from sneaking individuals are likely subject to greater dilution than the ones
of regular males, sneaky males may still succeed in fertilising ova, which may further limit the strength of pre-copulatory
sexual selection on having additional mates by increasing the potential of sperm competition. As mentioned in the previous
section of the discussion, genetic parentage analysis may be used in combination with behavioural observations to have a

more comprehensive view of the relationship between mating success and reproductive success in lampreys.

Figure 5.7. Overall mating network in the experiment from Chapter 2 on Lampetra fluviatilis. Males are in blue while
females are in orange. A grey tie represents a mating interaction. The thickness of the tie reflects its weight i.e. the number

of copulations between the mating pair.
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Previous studies have shown that the duration of lamprey sperm motility is high in
comparison with many other externally fertilising fish (Browne et al,, 2015). For instance,
Kobayashi (1993) and Ciereszko et al. (2002) demonstrated that Arctic and sea lamprey
sperm were motile for 4 to 5 minutes following activation, while rainbow trout sperm are,
for instance, motile about 30 seconds. As the time between egg emission and fertilisation
by lamprey sperm may be relatively long, the occurrence of sneaking behaviours in males
(Chapter 4) could further accentuate sperm competition risk. This is all the more important
in light of the evolutionary context of lamprey speciation since a high proportion of sneak

matings involved non-parasitic resident males and parasitic anadromous females.

In Chapter 4, I investigated how sexual selection may drive reproduction isolation
through pre-copulatory mechanisms (male-male competition and mate choice) and showed
that form-assortative mating does occur, but through mechanical isolation. Sexual selection
may also drive lamprey speciation through post-mating, pre-zygotic processes that include
cryptic female choice (Andersson, 1994; Hosken et al., 2002; Howard et al., 2009; Tyler et al.,
2013; Yeates et al., 2013; Firman et al., 2017). Cryptic female choice may indeed facilitate
speciation by favouring fertilisation of conspecific sperm in sympatric conditions where there
is a risk of genetic incompatibility due to hybridisation (Yeates et al., 2013). Using a common
garden experimental design that controls for direct parental effects, Rodriguez-Mufioz and
Tregenza (2009) showed that male x female interactions had a highly significant effect
on hatching success in sea lamprey, highlighting variation in male—female reproductive
compatibility. These findings suggest that females may enhance their reproductive success by
promoting those sperm conferring the highest offspring fitness to be the successful fertilisers.
In this context, Decanter et al. (2023) recently investigated the potential of conspecific sperm

precedence (CSP, Howard et al., 2009) as an enforcer of reproductive isolation (Firman et al.,
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2017) between L. fluviatilis and L. planeri. Using sperm competition experiments either at
equal semen volume or at equal sperm number, the authors found no evidence for cryptic
female choice as there was no tendency of eggs to be fertilised by sperm of conspecific males.
Additionally, Decanter et al. (2023) also demonstrated complete fertilisation compatibility
between both species in no-choice fertilisation experiments, as previous studies on the L.
planeri/L. fluviatilis species pair suggested (Hume et al., 2013a; Rougemont et al., 2015). This
result further indicates that post-mating pre-zygotic barriers to reproductive isolation are
weak in lampreys and that the sneaker males observed in Chapter 4 might have achieved

fertilisation of heteroform eggs.

Although lamprey females do not appear to display cryptic female choice through
biased fertilisation (at least towards homospecifics), they could express their preference by
controlling the release of their eggs. Yamazaki and Koizumi (2017) recently showed that
female lampreys of five species (P. marinus, L. planeri, Lethenteron appendix, Lethenteron
kessleri and Entosphenus tridentatus) engage in sham mating, a behaviour where they mate
without releasing eggs. In L. kessleri, the authors demonstrated that the release of eggs was
affected by the body size of both mating partners due to the physical constraint of lamprey’s
mating behaviour. Specifically, if a male is either too small or too large, its ability to squeeze
eggs from the female is reduced. However, Yamazaki and Koizumi (2017) did not investigate
a link between male potential quality (absolute body size) and the number of eggs emitted
by the female. Interestingly, the authors also observed that the frequency of sham matings
was higher in conditions of high male abundance (single female with three males) compared
to conditions with low male abundance (single female with one male). Such observation
suggests that female lampreys may also adopt post-mating strategies in response to changes

in population demographics. Previous studies showed that overabundance of competing
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sperm at high densities may induce reproductive failure in females due to polyspermy (i.e.
fertilisation of an egg by more than one sperm that generally results in an unviable zygote)
(Levitan, 1998, 2004; Okamoto, 2016). However, the absence of polyspermy in lampreys
refutes the hypothesis that sperm saturation at high densities could be a factor promoting
sham mating in females (Kobayashi et al., 1994). In Chapter 2, I showed that late-starting
females attempt more matings with males active at the end of the season, but appear to be
more selective towards them. As late-active males are more likely to be sperm-depleted, I
suggested that females are probably more discriminating towards them to prevent costly
matings. This hypothesis is supported by a recent study highlighting that sea lamprey
females are attracted to spermine, a seminal plasma pheromone emitted by spermiating
males (Scott et al., 2019). Considering the limited ability of female lampreys to avoid mating
attempts (see section 5.2.2), I hypothesize that females may also exert post-mating control
by exhibiting sham mating behaviours towards sperm-depleted males. Through no-choice
test experiments, it would be interesting to explore whether females exposed to spermiating
males with inhibited spermine production exhibit a higher occurrence of sham mating

behaviours.

Interestingly, Decanter et al. (2023) also reported that L. planeri males have a higher sperm
concentration than L. fluviatilis males. The authors proposed that differences in this sperm
trait among species could be attributed to the sneaking strategy employed by L. planeri. Fur-
thermore, they suggest that this tactic may not evolve in allopatric populations, indicating that
the evolution of the sneaking strategy emerged as an alternative way to fertilise L. fluviatilis
eggs. However, in Chapter 4 I showed anadromous L. camtschaticum males also displayed
sneaking behaviours towards anadromous females. Similarly, sneaking behaviours were also

observed in both L. fluviatilis (Chapter 2) and L.planeri (Chapter 3). Moreover, males dis-
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playing sneaking behaviours also engaged in typical spawning with females, highlighting
that both behaviours are not mutually exclusive in male lampreys. These observations over-
all highlight that (1) sneaking also occurs at the intra-form/intra-specific scale and (2) male
lampreys may switch back and forth between tactics. I therefore assume that the sneaking
strategy did not evolve as the sole consequence of the presence of large heterospecifics (al-
though relative body size may be a key factor) but may also be a conditional choice depending
on additional social factors such as sex ratio and density at spawning aggregations (Taborsky
and Brockmann, 2010; Lee, 2005). Based on the data of the experimental study presented in
Chapter 3, I performed a chi-square test of independence to examine the relation between
the breeding scenario and the ratio of the number of sneaking behaviours to the total number
of successful matings. The relation between these variables was significant (x? (1, N = 200)
=1, P < 0.01). The occurrence of sneaking behaviours was higher in the AF-SM scenario, i.e.
when the OSR was male-biased at the beginning of the experiment than in the SF-SM sce-
nario, i.e. when the OSR was male-biased at the beginning of the experiment. This suggests
that males are more likely to adopt a sneaking strategy when the level of competition is high.
Further investigation is required to demonstrate whether fluctuations in mating opportuni-
ties and sexual selection intensity influence the expression of male alternative reproductive

tactics in lampreys.

5.4.2 Egg competition and cryptic male choice: what we (mainly do
not) know and what we could envisage

Although there has been a significant increase in interest regarding the impact of sexual se-
lection on females in recent decades (mainly concerning cryptic female choice, e.g. Eberhard,
1996; Firman et al., 2017), research on sexual selection has rarely focused on female traits

that may confer a competitive advantage for access to mates and male gametes (Hare and

195



Chapter 5. Discussion

Simmons, 2019). In Chapter 2, one of my wishes was to report symmetrically how sexual
selection acts in both sexes to get more accurate knowledge on the mechanisms and effects
of sexual selection in lampreys. By measuring the opportunity for sexual selection /s;. in
both males and females, I showed that there was as much scope for pre-copulatory sexual
selection in females as in males. Similarly, I demonstrated that sexual selection may also act
on female body size and on female behaviours such as spawning time and duration. Such re-
sults made me think that sexual selection may also act on aspects of gamete morphology and
post-mating behaviour through egg competition, where eggs from different females compete
for fertilisation. However, this term is barely used, partly due to the difficulty of disentangling
egg competition and cryptic female choice processes (although this difficulty also happens in
males, and the term cryptic male choice is, on the other hand, rarely employed). To my knowl-
edge, Berglund (1991) was the first to explicitly demonstrate egg competition in an externally
fertilising fish. When small and young Syngnathus typhle females had unrestricted access to
males but were simultaneously in the presence of a visibly larger female who was confined,
they reduced their egg production and instead prioritized their growth. This behaviour dif-
fered from their response when they were in the presence of another small female or when
no other female was present at all. One can argue that this outcome is a consequence of the
larger female exerting intra-sexual dominance due to a male preference for larger females that
can produce more and larger eggs.

Levitan (1998) then suggested that egg competition may strongly influence female
reproductive success in sperm-limiting conditions e.g. when the OSR is too low. Since
Levitan (1998) work, only two studies, to my knowledge, have explicitly tested the hypothesis
that egg competition occurs (Marshall and Evans, 2005; Okamoto, 2016). In the sea urchin
(Strongylocentrotus purpuratus), Okamoto (2016) showed that at low sperm densities, eggs

compete for fertilisation by secreting sperm-chemoattractant while at high sperm densities,
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eggs cooperate to mitigate the risk of polyspermy. Considering the degree to which the
discovery of sperm competition mechanism reshaped the sexual selection landscape, this is
highly surprising that egg competition has not been further investigated yet in taxa where
the potential is high. In the previous section of the discussion (5.4.1), I introduced sham
mating behaviours (Yamazaki and Koizumi, 2017) as a potential mechanism underlying
female post-mating choice in lampreys. Alternatively, such a mechanism may result from
female-female competition for gametes when mating opportunities are highly variable.
However, Yamazaki and Koizumi (2017) were unable to determine whether the occurrence
of sham mating behaviours was related to the competitive environment faced by females as

only one female was present in their experimental setting.

Cryptic male choice, defined as the variation in the number of resources that males allocate
to females of varying quality, is also expected to occur whenever there is sufficient variation
in female quality and male mating costs are high (Reinhold et al., 2002). Under female-biased
operational OSR or/and when sperm limits male reproductive success (e.g. in the absence of
sperm renewal during the breeding season), the evolution of strategic sperm allocation for re-
productively superior females is expected to occur. In several species, males have been shown
to transfer more sperm when mating with large females (Engqvist and Sauer, 2001; Reinhold
et al.,, 2002; Gage and Barnard, 1996; Gage, 1998; Cornwallis and O’Connor, 2009). Similarly,
Pizzari et al. (2003) showed that male jungle fowl (Gallus gallus) deliver larger ejaculates to
more elaborately ornamented females, especially when the risk of sperm competition is high.
Males are therefore expected to choose cryptically by varying their investment when it pays
them to do so. In lampreys, competitive males could mate with low-quality females to mo-
nopolise them without using too much sperm while investing more with high-quality females.

While such a strategy limits gamete cost, it nevertheless entails an energy cost.
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5.4.3 Exploring how changes in the social environment affect post-

copulatory processes

The main objective of my thesis was to investigate how changes in the social environmental
influence the strength of pre-copulatory sexual selection. In Chapter 2, I showed that the
number of mating attempts in lampreys is affected by individual and competitive environ-
ment characteristics, highlighting their potential ability to access the number of competitors
and potential mates present and adapt their sexual activity accordingly. Previous works I
have presented in earlier sections of the discussion suggest that both males and females
may also adopt post-mating strategies in response to changes in population demographics,
by allocating gamete differently according to the gamete competition risk or the quality of

potential partners.

I suggest that future studies focus on determining the relative importance of pre- versus
post-copulatory processes in lampreys and more precisely investigate how different compo-
nents of mating competition/mate choice change in response to changes in the social envi-
ronment (see Fig. 5.3). Indeed, the pattern of pre-copulatory sexual selection highlighted in
Chapter 2 may be biased if sexual selection acts independently on pre- and post-copulatory
stages. For instance, the existence of a trade-off between pre- and post-copulatory competitive
investment may weaken the estimated strength of pre-copulatory sexual selection on having
additional mates (Simmons and Emlen, 2006; Pitcher et al., 2009; Klaus et al., 2011). In the Box
5.2, I also pointed out that males with higher mating success also tend to face a higher sperm
competition risk as they overall share more matings with other males. In such conditions, the
mean number of eggs emitted by females at each mating event is reduced, further limiting
pre-copulatory sexual selection by flattening the relationship between reproductive success

and mating success (i.e. by inducing a shallower Bateman gradient).
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This relationship may be further weakened through sexual conflict. As a male-biased OSR
is expected to increase sexual harassment of females by males (Clutton-Brock and Parker,
1995; Fitze and Le Galliard, 2008), females might change their post-copulatory mate choice
behaviour by diminishing the numbers of eggs emitted if their ability to express their prefer-
ence is limited at the pre-copulatory phase. Such strategy relates to the convenience polyandry
hypothesis, which postulates that females increase their receptivity to mating based on the
relative costs of resistance and mating. Females may indeed be more inclined to accept mating
if resisting superfluous matings with persistent males is more energetically demanding. The
convenience polyandry hypothesis is usually tested by comparing female mating activity (fre-
quency and duration) under different OSRs as harassment of females is expected to be higher
under a male-biased sex ratio. However, I did not find any significant correlation between
OSR and female mating frequency (Spearman test; r = 0.19, df = 20, P = 0.39) using the data
from Chapter 2. The OSR also had no effect on the mean number of mating acts performed
by L. kessleri females (Yamazaki and Koizumi, 2017). Still, the authors proposed sexual harass-
ment as a possible explanation for the high frequency of sham mating in female lampreys. By
combining both behavioural and molecular data, the statistical approach I used in Chapter
2 (i.e. a Bayesian model decomposing mating success in two successive processes) could be
developed further and include post-mating processes (i.e. gamete emission, fertilisation suc-
cess) to ultimately determine whether post-copulatory episodes of sexual selection oppose or

reinforce pre-copulatory sexual selection.

5.5 CONCLUSION

This thesis has demonstrated that taking into account within-season variations in the struc-
ture of the social environment is essential to gain a comprehensive understanding of the di-

rection and strength of pre-copulatory sexual selection in a polygynandrous mating system.
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Although this applies particularly to species that undergo important shifts in demography,
such as lampreys, similar dynamics could be common in the wild as the social and physi-
cal environment changes over the breeding season in many species. I also believe that the
methodological approaches used in this thesis could be useful in the field of sexual selection
and could be further developed to incorporate post-mating processes. Overall, I hope that my
work will encourage future empirical and theoretical studies to further examine the potential
within-season variations in sexual selection across a wide range of mating systems and to

determine the resulting evolutionary implications.
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APPENDIX A

Spawning preference in Lampetra fluviatilis

This section corresponds to an article published in the Journal of Fish Biology. This work
has been designed, analyzed and written mainly in collaboration with a doctoral colleague
from my research unit. As this work is not directly related to the thematic of my thesis

project, I decided to introduce this paper in a Appendix section of my manuscript.
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Realistic variations in substrate composition affect spawning preference and egg

retention in river lamprey (Lampetra fluviatilis)
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Abstract

Egg drift from the nest is clearly an important cause of mortality in lithophilic species; how-
ever, the effect of substrate composition on this process has been overlooked. Here, we inves-
tigated the role of substrate on the spawning preference and egg retention of river lamprey
(Lampetra fluviatilis) during a whole breeding season in a two-option experimental setting.

Despite no initial preference, the lamprey eventually favoured the most efficient substrate for
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egg retention. The pebbly substrate hosted 12 times as many matings as the sandy one, while

blurting 20% fewer eggs.

Keywords: spawning habitat, reproduction, habitat choice, South-West France
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A.1 INTRODUCTION

Among the 41 lamprey species (order: Petromyzontiformes; Potter et al., 2015), the European
river lamprey Lampetra fluviatilis (Linnaeus, 1758), also known as the river lamprey, is
a parasitic anadromous species that is widespread throughout Europe (Hardisty, 1986;
Maitland, 1980). Although the river lamprey has been globally considered Least Concern
according to the IUCN Red List of Threatened Species, the species is considered endangered
in the Iberian Peninsula. In Spain, L. fluviatilis is considered Regionally Extinct (Doadrio
et al, 2001) while in Portugal it is included in the Critically Endangered category of the
red list of endangered species (Cabral et al., 2005). One of the main reasons for the general
drop in population size is the loss of spawning and larval habitat due to river fragmentation
induced by dredging, engineering works or impoundments (Lucas et al., 2021). Lampreys
being lithophilic (i.e. they deposit eggs and sperm within the substrate in shallow water)
(Jang and Lucas, 2005; Nika and Virbickas, 2010), such anthropic disturbances make the
accessibility to suitable spawning grounds challenging. The river lamprey spawns in nests
built by removing coarse substrate (pebbles) with their oral disc and fine substrate (sand
and gravel) with their tail (Jang and Lucas, 2005). Egg drift from the nest is a major cause
of mortality for rheophilic fishes (e.g. Gauthey et al, 2017), especially for lampreys. By
comparing the number of eggs in nests of sea lamprey (Petromyzon marinus L.) with the
number expected from the number and size of females, Manion and Hanson, 1980 estimated
that 86% of the eggs were washed from the nest. In another study, Silva et al., 2015 placed
drift nets downstream from nests of river lamprey in which dyed eggs were inserted, and
caught from 1.5% to 86% of the inserted eggs, increasing with higher current speed to which
the nests were exposed and decreasing with the distance from the spawning habitat (depth
effect not considered here). Since egg survival is very high in the nest and virtually nil out of

it, mainly because of predation (Manion and Hanson, 1980: survival rate in nest = 90%; Smith
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and Marsden, 2009: no viable egg outside of nest), the ability of lamprey to choose nesting
conditions that reduce the likelihood of egg drift must be under strong selection. Silva et al.,
2015 highlighted an egg hatching success of solely 52.0% downstream from the nests with
silt beds, generally found downstream of spawning areas. However, as their observation was
made in the laboratory without egg predation, we therefore suspect that this percentage is

overestimated.

Of all the environmental factors that could affect egg retention in the nest, substrate is
probably, alongside current speed where the nest is built (Silva et al.,, 2015; Dhamelincourt
et al., 2021), one of the most significant. Indeed, freshly laid lamprey eggs are coated with an
adhesive structure that aggregates sand grains (Yorke and McMillan, 1979). Thus ballasted,
the eggs sink in cavities between pebbles, where they nestle safe from drift and predators.
Consistently, lampreys typically spawn in stream beds covered with a mixture of sand, gravel
and pebbles (Jang and Lucas, 2005; Johnson et al.,, 2015). Although Smith and Marsden, 2009
showed that egg retention was better in gravel than in silt, lampreys rarely, if ever, spawn in
silt, and one can wonder if more realistic variations in substrate composition can affect egg
drift. If so, one would expect lampreys to prefer the substrate that better retains the eggs.
Such assessment may help to understand the effects of substrate subtle modifications within
spawning grounds. Hence, the objective of the present study was to accurately determine the
role of the relative proportion of sand and pebbles on both the choice for spawning micro-
habitat and the retention of river lamprey eggs during a whole breeding season. A gradual
change from one substrate type to another may occur more frequently than a total switch, as
such variation is prone to be found within real spawning grounds affected by environmen-
tal variations. To do this, we placed 35 adults of river lamprey in a large fish tank with two

spawning patches containing a mixture of gravel (50%) and a large proportion of either sand
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or pebbles (40% and 10%). The number of spawning acts performed on both substrate patches,
and the number of eggs drifting from them was compared. If the factor limiting egg retention
is the ballasting sand grains, egg drift should be less likely from the sandy patch, and lamprey
should prefer to spawn on it. The expected outcome would be reversed if cavities between

coarse particles are the limiting factor.

A.2 METHODS

A.2.1 Study species

The L. fluviatilis used in this study were captured with drift nets in early spring 2019 (be-
tween March 15" and 26!") during their upstream migration on the Garonne river (South-West
France) by professional fishermen. A total of 35 individuals (15 males, total length: 28.3 + 2.1
cm and mass: 45.2 + 8.3 g; 20 females, total length: 28.4 + 1.7 cm and mass: 51.6 £ 7.5 g) were
sampled and transferred in an oxygenated and temperature-controlled tank with Garonne wa-
ter (13°) to the INRAE experimental facilities in Saint-Pée-sur-Nivelle, France (INRAE, 2018).
Individuals were acclimated for a few days in tanks (between 8 and 19 days depending on the
capture date, 13.8 + 0.8 °C in tanks) supplied with water from the Nivelle River (France) to
avoid behavioural changes due to transportation and/or differences in water properties dur-
ing the course of behavioural observations. The day before the experiment, we tagged each
lamprey with a unique combination of three spots of UV-fluorescent visible implant elastomer
(VIE) injected in the posterior dorsal fin to allow individual recognition under both white light

and UV light. Tagging was performed after fish were anaesthetised with benzocaine (0.3ml/L).
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A.2.2 Experimental design

The experiment took place in a 4 m* (10 x 1 x 0.4 m) linear section of a 25 metres long circu-
lar aquarium, supplied with water from the Nivelle River in a semi-open circuit, with water
replacement of 6 litres per minute. To define whether egg drift from nests was influenced by
substrate size and the degree of activity of the spawners, spawning substrate was limited to
two 0.48 m? (0.8 x 0.6 x 0.1 m) boxes placed 5 meters from each other, and filled with a mixture
of sand, gravels and pebbles corresponding to the spawning habitat selected by river lampreys
(Jang and Lucas, 2005; Figure 1). The first box, referred to as the “sandy patch”, was filled with
50% (in volume) gravels (= 2-4 mm), 10% pebbles (4-64 mm) and 40% sand (0.125-2 mm) while
the second box, referred to as the “pebbly patch” was filled with 50% gravels, 40% pebbles and
10% sand. Current speed was set to 0.6 m/s on both substrates and water temperature was
monitored daily and followed that of the river (15.87 + 0.95 °C). A net with a 0.5 mm nylon
mesh size and 70 cm width was placed immediately downstream of each substrate box and
covered the entire water column while being larger than the boxes. Nonetheless individuals
could easily move around as the nets left a gap on the left side of the boxes. Eggs were re-
covered from nets at the same time each day and stored in Falcon® tubes with 90° ethanol
up to the exhaustive count. Two video cameras (Basler acA1920-40gc) continuously recorded
lampreys’ activity in each spawning substrate throughout the experiment. The aquarium was
lighted with white neon bulbs (1800 I1x delivered at the water level) following the natural pho-
toperiod (12:12 with 30 minutes of “dawn” from 8 to 8:30 AM and 30 minutes of “dusk” from
8:00 to 8:30 PM), but since river lamprey is also active at night during the spawning period
(Sjoberg, 1977), we positioned UV light above each substrate box (20 Ix delivered at the water
level). Individuals were placed in the experimental tank on the 3"¢ of April and the experiment
ended on the 3" of May, at the death of the last individual. Individuals were only removed

from the aquarium once they died. Recorded videos were analysed using BORIS software (Fri-

209



Appendix A. Spawning preference

ard and Gamba, 2016) and the number of spawning acts occurring each day during the entire
spawning season was exhaustively noted by the observer. A spawning act was identified as
body entwinement and vibration (Hardisty and Potter, 1971) of at least one male and one fe-
male, the species being polygynandrous (Jang and Lucas, 2005). During the spawning act, the
female is usually attached to a pebble with her oral disk, and her cloaca is in contact with the
substrate in order to lay the eggs in it, so the body vibration associated with spawning often
results in substrate movement. The first and last mating acts occurred on April 9** and 30"

respectively, making the spawning season 22 days long.
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Figure A.1. Experimental setup used for the experiment. 1: substrate boxes (0.8 x 0.6 x 0.1 meter) with
either fine or coarse substrate; 2: UV light used during the night, replaced by white light during the
day; 3: cameras recording spawning activity. Current speed was set to 0.6 m/s on both substrates. The

scale in each box refers only to the substrate size.

A.2.3 Statistical analysis

All analyses were performed using R software version 4.1.0 (R Core Team, 2022) and using

a significance level of 0.05. Non-parametric Kruskal-Wallis test was used to test whether
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the daily recorded number of spawning acts differed between the coarse and fine substrate
patches. A binomial test was used to test whether the first spawning act performed by each
individual was more likely to occur on either substrate. A Generalized Linear Model (GLM)
was applied to test whether the number of eggs caught downstream from a spawning patch
on a given day depended on 1) substrate size, 2) the number of spawning acts performed
on it on that day, and 3) the cumulated number of spawning acts performed on it over the
last twelve days. While the number of spawning acts on a given day is an indicator of both
the number of eggs laid on that day, the cumulated number of spawning acts over the last
twelve days was used to indicate the number of eggs buried in the substrate and possibly
dislodged from it. Indeed, eggs of river lamprey hatch after 200 degree.days (Moser et al.,
2019), which corresponded to twelve days in our experimental conditions. The GLM assumed
a negative binomial distribution to account for data overdispersion, and a Log link function.
The three independent variables and their interactions were included in an initial full model,
which was reduced through a model selection procedure based on the minimization of Akaike

Information Criterion (function stepAIC in MASS package for R; Venables and Ripley, 2002).

A.2.4 Ethical statement

The care and use of experimental animals complied with the French animal welfare laws,
guidelines and policies as approved by the ethical committee for birds and fishes in the French

region Nouvelle Aquitaine (authorization #2019021009248986).

A.3 RESULTS

A total number of 6815 matings occurred during the breeding season, among which 515 (7.5%)
took place on the sandy patch and 6300 (92.5%) on the pebbly patch. An average (+ SD) of 23.41

(£ 58.11) matings per day occurred on the sandy patch while an average of 286.36 (+ 367.76)
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took place on the pebbly patch (Figure 2a). The number of mating acts differed significantly
between the substrate types (Kruskal-Wallis test: y? = 15.51, P < 0.001). A total of 16 females
and 14 males spawned at least once on the sandy patch (between 1 and 149 acts per female;
between 1 and 93 acts per male), whereas 18 females and all 15 males spawned at least once
on the pebbly patch (between 2 and 803 acts per female; between 10 and 1054 acts per male).
Six (30%) females and 10 (67%) males spawned first on the sandy patch, indicating no initial
preference for either substrate (Binomial test; P = 0.1153 for females, P = 0.3018 for males,
P = 0.7353 for pooled females and males), when individuals did not experience any patch by
digging on it. Overall, 5900 eggs drifted during the experiment, among which 3277 (55.5%)
were found downstream of the sandy patch and 2623 (44.5%) downstream of the pebbly patch.
An average (+SD) of 148.95 (£180.49) eggs drifted per day on the sandy patch while an average
of 119.23 (£277.59) eggs drifted from the pebbly patch (Figure 2b). The final model after the
AIC-based selection procedure indicated a negative effect of pebbly patch (z value = -3.862,
P < 0.001) and a positive effect of the number of spawning acts observed during the current
day (z value = 3.731, P < 0.001) on egg drifting from the spawning patch. Hence, the sandy
substrate and an increase in the number of spawning acts influence negatively the retention

in the nest. Table 1 summarises the results for the number of mating acts and number of eggs

that drifted.
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Figure A.2. Daily number of mating acts (a) and eggs drifting (b) from the pebbly (grey bars) and sandy
(white bars, stacked on grey bars) substrate patches, placed in an aquarium containing 20 females and
15 males of river lamprey (Lampetra fluviatilis). The first and last mating acts occurred on April 9"

and 30" respectively, making the breeding season 22 days long.
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Table A.1. Comparison of the results for the number of mating acts and the number of eggs that

drifted between pebbly and sandy substrate.

Variable Sandy substrate Pebbly substrate
Number of matings 515 (7.5%) 6300 (92.5%)
Number of matings per day 23.41 £ 54.66 286.36 + 370.19
Number of females 16 18
Number of males 14 15
Number of mating acts for females 1-149 2-803
Number of mating acts for males 1-93 10-1054
First spawning act (females) 6 (30%) 14 (70%)
First spawning act (males) 10 (67%) 5(33%)
Total egg drift 3277 (55.5%) 2623 (44.5%)
Daily egg drift 148.95 + 180.49 119.23 + 277.59
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A.4 DISCUSSION

The pebbly substrate was clearly better at retaining eggs, and river lamprey clearly preferred
to spawn on it. Their preference seems to emerge from a sampling process, as the probability
of choosing either substrate on the first spawning occasion was balanced considering the
binomial test results - showing no preference of one substrate for each sex independently or
with all individuals pooled - whereas the proportion of total spawning acts performed on the
pebbly substrate was 12 times higher than on the sandy substrate. Lampreys are certainly
able to assess substrate composition during nest-building, using their mouth and tail to
build the nest. Moreover, lampreys can spawn hundreds of times (here, on average 341 for
females and 454 for males) within a few days in the same or different sites (Dhamelincourt
et al., 2021; Jang and Lucas, 2005), reinforcing the idea that they may be able to sample their
environment and choose their spawning site accordingly. Gardner et al., 2012 observed a
negative association between the abundance of sea lamprey nests and substrate cover by
fine sediment, and suggested that this result could be due to lampreys either preferring
coarser substrate, or coarsening the substrate through repeated nest-building in the same
spots, or both. Here, we showed that river lamprey deliberately selected a suitable spawning
habitat by preferring pebbly substrate over sandy substrate, from which eggs were more
likely to drift, suggesting that an excess of fine particles on nesting sites was detrimental to
egg retention in the substrate. The coarsening effect of spawning activity on substrate size
suggested by Gardner et al., 2012 is unlikely to have occurred in our study: a priori, heavy
scouring was prevented by the moderate current speed and the containment of substrate
in boxes; a posteriori, no accumulation of substrate was observed on the bare concrete
surrounding the boxes. Substrate size in the nest may affect egg survival through exposure
to low-oxygenated water, fungal contamination or predators (Silva et al., 2015; Smith and

Marsden, 2009). While coarse particles offer shelter from predators, fine particles may
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cause suffocation but also limit the contact surface for fungus propagation. The optimal
response to this trade-off certainly depends on the prevalence of each source of mortal-
ity at the spawning site, and echoes the trade-off faced by all nest-building animals when

choosing a nesting site (Lissaker and Kvarnemo, 2006; Mayer et al., 2009; Tieleman et al., 2008).

Although the great risk of egg drift documented in the field was not even approached in
our experimental setup, our results highlight substrate composition and over digging as two
realistic sources of variation in the risk of egg drift. Assuming that female fecundity ranges
from 16 000 to 37 000 eggs (Docker, 2019), the 5 903 eggs that drifted from both substrate
patches only represent 0.8% to 1.8% of the number of eggs produced. Several features of our
setup could explain this low proportion, among which the constant and moderate water flow
(0.6 m/s) and the fact that the substrate was contained in boxes that prevented heavy scouring.
However, one commonality between our setup and natural conditions in the field was that
lamprey repeatedly spawned on the same patch, so eggs previously laid on it could have
been resuspended and drift downstream. However, the number of eggs drifting on a day was
positively linked to the number of matings occurring on that day, not on the twelve previous
days. This initial failure to sink in the substrate may be the main cause of drift, and eggs that
managed to sink in the substrate may be not disturbed by subsequent spawning activity. The
deleterious effect of overdigging documented in salmonids (Fleming, 1996), can however not
be completely ruled out: Although we were not able to determine the precise age of eggs to
check if eggs older than one day still drifted, some prolarvae (from stages prior to their natural
downstream migration; Piavis, 1961) were caught in the nets. In the field, overdigging can be
accentuated by obstacles to migration and habitat loss that lead to spawning aggregation in
suboptimal (e.g. sandy) habitat. Overall, our results confirm the necessity to consider the

spawning-site substrate as an important factor influencing lamprey egg retention in the nest
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and therefore egg survival and larvae hatching. As advocated by Lucas et al., 2021, attention
should be paid to the preservation or restoration of adequate substrate in areas suitable for

lamprey spawning.
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APPENDIX B
The benetfits of eco-evolutionary agent based

modelling approaches

This section is related to a paper that was published in the Evolutionary applications
journal and presents models that address the difficulties that have previously been noted in
the investigation of population eco-evolutionary responses. This paper is the outcome of
a team effort and is a component of a scientific network that brings together researchers
interested in this modeling approach. As this work was not part as my thesis project, I chose

to include this paper as an Appendix.
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Importance of interindividual interactions in eco-evolutionary population

dynamics: the rise of demo-genetic agent-based models
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Abstract

The study of eco-evolutionary dynamics, that is of the intertwinning between ecological and
evolutionary processes when they occur at comparable time scales, is of growing interest
in the current context of global change. However, many eco-evolutionary studies overlook
the role of interindividual interactions, which are hard to predict and yet central to selective
values. Here, we aimed at putting forward models that simulate interindividual interactions
in an eco-evolutionary framework: the demo-genetic agent-based models (DG-ABMs). Being
demo-genetic, DG-ABMs consider the feedback loop between ecological and evolutionary
processes. Being agent-based, DG-ABMs follow populations of interacting individuals with
sets of traits that vary among the individuals. We argue that the ability of DG-ABMs to take

into account the genetic heterogeneity — that affects individual decisions/traits related to
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local and instantaneous conditions — differentiates them from analytical models, another
type of model largely used by evolutionary biologists to investigate eco-evolutionary feed-
back loops. Based on the review of studies employing DG-ABMs and explicitly or implicitly
accounting for competitive, cooperative or reproductive interactions, we illustrate that DG-
ABMs are particularly relevant for the exploration of fundamental, yet pressing, questions in
evolutionary ecology across various levels of organization. By jointly modelling the effects of
management practices and other eco-evolutionary processes on interindividual interactions
and population dynamics, DG-ABMs are also effective prospective and decision support
tools to evaluate the short-and long-term evolutionary costs and benefits of management
strategies and to assess potential trade-offs. Finally, we provide a list of the recent practical

advances of the ABM community that should facilitate the development of DG-ABMs.

Keywords: agent-based models, demo-genetic models, DG-ABMs, eco-evolutionary dynam-

ics, eco-genetic models
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B.1 INTRODUCTION

Understanding and anticipating populations’ response to changes in environmental and
anthropogenic pressures requires conceptual and modelling approaches coupling ecological
and evolutionary processes. This is largely motivated by the increasing realisation that
ecological and evolutionary responses of populations can occur on similar temporal scales,
with potential consequences on dynamics from gene to ecosystem (Carroll et al., 2007).
The burgeoning literature investigating eco-evolutionary dynamics illustrates this growing

interest (Dunlop et al.,, 2009; Schoener, 2011; Romero-Mujalli et al., 2019; Bassar et al., 2021).

The conceptual framework of eco-evolutionary dynamics depicts feedback loops between
response processes at different levels of biological organisation in a contemporary time scale
(Pelletier et al., 2009; Hendry, 2016; Govaert et al., 2019). These feedback loops acknowledge
that (1) genetic diversity and its architecture determine the demographic structure and pop-
ulation dynamics through phenotypic expression; (2) demographic structure and population
dynamics determine evolutionary processes, i.e., genetic drift, selection and gene flow, which
in turn (3) determine genetic diversity. As an illustration of such feedback, the competition
between trees within a forest results in a selection process contributing to genetic evolution,
while the genetic composition of the tree population drives interindividual competition
and forest productivity (Pretzsch, 2021). To account for feedback loops, eco-evolutionary
models must integrate inheritance mechanisms and the multiple driving forces control-

ling the dynamics of the distributions of heritable traits across generations (Bassar et al., 2021).

One of these key drivers of selection is the interactions between individuals within
populations, as they directly or indirectly affect individual fitness at the core of any evolu-

tionary dynamics (Maynard Smith, 1974; Webber and Vander Wal, 2018). We focus here on
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within-population interindividual interactions (i.e., competition, cooperation, and mating)
affecting the demographic dynamics (growth, reproduction, mortality) and ultimately indi-
vidual fitness or even inclusive fitness (Box 7.1). In essence, the outcome of such interactions
is eminently stochastic and context-dependent, and population structure itself is part of the
context. It is now recognised that the structure of social networks within a population may
affect natural selection and traits evolution through indirect genetic effects (traits affected
by genes in other individuals, Wade et al.,, 2010; Kazancioglu et al., 2012). Additionally, these
networks are themselves dynamic, since changing the social environment may influence
an individual’s later decisions in a social interaction, leading to rapid shifts in networks’
structures (Farine and Whitehead, 2015). For instance, individuals are able to modify their
mating tactics, which diminushes the selection they endure (Oh and Badyaev, 2010) and
thus affects selection at the population level. Likewise, the distribution of phenological
traits (e.g., flowering or maturation time) shapes mating opportunities within plant and
animal populations, and possibly leads to assortative mating (here, the positive correlation
of phenology between mates). Compared with random mating, assortative mating can either
deplete or increase the genetic variance available for selection depending on whether the
environment is stable or changing, with contrasted consequences on genetic adaptation
(Godineau et al,, 2022). Unfortunately, the interindividual interactions are usually little
appreciated in eco-evolutionary models, with potential consequences on our understanding

of the full range of eco-evolutionary responses.

Our objectives here are to put forward models that explicitly or implicitly account for
variable within-population interindividual interactions in an eco-evolutionary framework:
the demo-genetic agent-based models (DG-ABMs). After defining these models, we survey

the literature to illustrate how DG-ABMs can be used to investigate fundamental issues in
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evolutionary ecology, as well as to assist the management of natural populations facing envi-

ronmental changes.

Here, we focus on interactions between conspecific individuals within a population - mainly competition,
cooperation, and mating - which directly drive the processes of mortality, growth, and reproduction (e.g.,
A, C, D below) and whose variations subsequently induce evolutionary changes. This also includes the
variety of ecological interactions indirectly impacting demography, such as exchange of information
(e.g., on predator, or resource availability), movement (e.g. to escape predation or competition) or group

behaviour (e.g. affecting predator’s avoidance or resistance, A, B below).

The major reason why we focus on local (i.e., within-population), variable, conspecific interactions is
that evolution is a population-specific process, primarily fuelled by differences in individual fitness aris-
ing from the response to abiotic and biotic environments, the latter including the social context. Inter-
specific interactions may also shape the within-population social context and contribute to evolution:
for instance, the existence and strength of plant-pollinator interactions define the social context within
which selfing may evolve (Katsuhara et al., 2021). Trophic interactions may contribute to the resource
context within which functional traits related to resource acquisition may evolve (Kang and Thibert-
Plante, 2017). On a macroevolutionary timescale, intra- and inter-specific competition for resources can
drive speciation (Gavrilets et al., 2007; Weber et al., 2017). However, considering interspecific interac-
tions without genetic variation in at least one of the partners of the interaction is not enough to model
the dynamic feedback loop between ecological interactions, fitness, and the genetic composition of the
population. This is particularly why predation was not considered as a focal interaction in this review:
indeed, when predation is investigated from the point of view of the variation of a prey’s trait conferring
variable avoidance ability from the predator, or from the variation of a predator’s trait conferring variable
ability to catch prey, then it becomes a trait involved in competition among prey to escape predators,
or among predators to optimize prey foraging and selection (e.g., Kelly and Phillips, 2019; Labonne and

Hendry, 2010).
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A: School of common minnow (Phoxinus phoxinus) individuals maintained in an experimental tank at
INRAE, Saint-Pée-sur-Nivelle, France. Schooling behaviour in this species is supposed to be both an
anti-predator and a foraging optimisation strategy (Photo: ©INRAE - Stéphane Glise).

B: Fifth instar hoppers of gregarious desert locust basking in the morning sun within herbaceous plants of
the Mauritanian desert; grouping behaviours and bright coloration in desert locust (Schistocerca gregaria)
are supposed to be an anti-predator strategy (Photo: © JIRCAS - Koutaro Ould Maeno).

C: Sea lamprey (Petromyzon marinus) spawning in the Nive River (South-western France). Species from
the Petromyzontidae family are semelparous, but the number of mates is highly variable among species
(Photo: ©INRAE - Stéphane Glise).

D: Beech (Fagus sylvatica) trees with late and early phenologies on Mont-Ventoux, France. Phenological

mismatch limits male more than female reproductive success (Photo: ©INRAE — Frédéric Jean)
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B.2 How TO MODEL ECO-EVOLUTIONARY FEEDBACK

LOOPS: FROM ANALYTICAL MODELS TO DG-ABMSs

At the very core of the eco-evolutionary models is the need of specifying the genetically vari-
able and heritable traits, their impact on the focal organism’s life history and the ecological
embedding that determines how life-history traits affect and are affected by environmental
conditions and the demographic context (Dieckmann and Ferriere, 2004). This can be achieved
by various approaches (Fig. B.1). First, there is a long tradition in evolutionary ecology to
rely on analytical models (differential-equation and difference equation models), which offer
elegant solutions and provide general knowledge on elementary eco-evolutionary feedback
loops, generally at the cost of simplifying hypotheses. Among the most common analytical
formalisms of eco-evolutionary feedback loops are (1) adaptive dynamics models (Dieckmann
and Ferriere, 2004), which incorporate ecological realism, in particular, the notion that the suc-
cess of any given strategy depends on its frequency within the population, but often bypass
the complexity of genotype—phenotype relationship (for instance by assuming asexual repro-
duction, clonal inheritance); (2) evolutionary quantitative genetics models (Kirkpatrick and
Barton, 1997; Pease et al., 1989; Slatkin, 1978), which integrate the genotype—phenotype map
with population demography (e.g. density-dependence) but where other ecological changes
remain independent from the population dynamics; and (3) integral projection models (Smal-
legange and Coulson, 2013), which use population models classically developed in popula-
tion dynamics to describe the evolution of continuous characters in a quantitative genetics
framework. We purposely do not mention traditional optimisation models, such as stochastic
dynamic programming used to represent individual behaviour (e.g. life-history decisions) and
development (e.g. growth and sexual maturity) and their consequences for population dynam-
ics (Mangel, 2015), as these models do not specify the genetic architecture of traits, which is

yet mandatory for eco-evolutionary feedback to emerge. The main limitation of the above-
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listed analytical approaches is that they consider evolutionary and ecological processes (be
they deterministic or stochastic) to be homogeneous within groups of individuals (the pop-
ulation or life stages), whereas group composition constantly varies in terms of phenotypes
and genotypes, affecting individual decisions, linked to local and instant conditions, and their

outcome at the group level (i.e. emerging effects).

ANALYTICAL MODELS
Scale

Population
dynamics

Within-population
variation

Inter-individual
interactions

Trait-fitness
relationship

Management
practises

Figure B.1. Different approaches to model eco-evolutionary feedback loops. This scheme summarises
the main differences between two major modelling approaches used to investigate eco-evolutionary dy-
namics: analytical models on the left and Demo-Genetic Agent-Based Models (DG-ABMs) on the right.
Their main difference is that analytical models consider evolutionary and/or ecological processes to
be homogeneous within groups of individuals (the population or life-stages), whereas DG-ABMs can
account for phenotypic and genotypic variation in groups of individuals, its effects on individual deci-
sions/traits linked to local and instant conditions, and their outcome at the group level (i.e., emerging
effects). In particular, some (although not all) DG-ABMs model interindividual interactions, and their

effects on individual fitness, which emerge in part from these interactions.

Yet the question of individual heterogeneity and its effects has long preoccupied eco-
evolutionary ecologists. For several decades, simulations using agent-based models (ABMs,
also called individual-based models or IBMs in ecology) were used to investigate more com-

plex scenarios and explore unexpected eco-evolutionary feedback loops, with approaches

spreading on a spectrum of complexity well-described by DeAngelis and Mooij (2005). On
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the one side of the spectrum, some ABMs were developed to validate and/or explore the
predictions made with analytical models, replace these models and/or eventually nurture
their future development. To keep these ABMs as simple as possible, individuals usually have
a minimum number of attributes and fitness does not depend on interindividual interactions.
For instance, by coupling a niche-based model with individual-based demo-genetic simu-
lations, Cotto et al. (2020) investigated the evolutionary constraints related to alpine plant
response to a changing climate. The key originality of their approach is to model individuals
as spatial points across a complex climatic landscape, where the individual phenotypes are
explicitly linked to climatic variables and where the optimal phenotype is prescribed by
the niche-based model and varies through time. They use a classical multistage life cycle
model (from seeds to adults) where individual survival and ultimately fitness increases when
the multivariate phenotype is close to the optimal phenotype but is independent of the
phenotype of other individuals. This typical top-down approach aims at extending classic

analytical models into more complex domains with the assistance of ABMs.

On the other side of the spectrum, some ABMs employ a specific bottom-up approach to
fully integrate individual interactions and their outcome over time and space within a popula-
tion, the result of which will dictate the strength and direction of evolutionary processes at the
population level (DeAngelis and Mooij, 2005; Huston et al., 1988). These ABMs acknowledge
that individuals have inherently nonuniform interactions with each other, and that the con-
sequences of the variation in traits mediating interindividual interactions are better described
by rule-based simulations than by mathematical models. Accordingly, these approaches de-
pict the interactions between individuals and their effects on individual fitness, accounting for
the social context, and observe the resulting dynamics in terms of distributions of heritable

traits and demography. We hereafter refer to these ABMs as DG-ABMs, DG-ABMs (another
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possible acronym would be eco-genetic ABMs). DG-ABMs can be defined as individual-based
(meta) population dynamics models with heritable trait variation and phenotype-dependent
interactions between individuals (Box 7.2). A key feature of DG-ABMs is that fitness varia-
tion emerges mechanically from interactions between individuals (as opposed to assuming an
a priori fitness function) and gives rise to the evolution of patterns structuring the population
diversity and its dynamics (e.g. genetic architecture and spatial genetic structure). Typical
examples of emerging fitness variation are spatially structured individual-based models fo-
cusing on dispersal evolution (Bach et al., 2006; Kubisch et al., 2013; Poethke et al., 2007). In-
deed, these studies demonstrated that genetic structure and kin competition emerge from the
spatial design of their DG-ABMs, when the genetic architecture of dispersal and competition
is included (here implicitly). Hence, dispersal evolves to reduce kin competition and increase
inclusive fitness, ultimately driving back kin structure within populations. This is radically
different from assuming a prescribed relationship between traits and fitness, as done in an-
alytical models and some ABMs (e.g. Cotto et al,, 2020). We argue here that this bottom-up
construction of fitness in DG-ABMs provides different and new insights into various funda-
mental and applied questions in ecology and evolution, and illustrate further our point of view

by a review of the literature.
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Modelling interindividual interactions: ABMs have the general capacity to represent both direct
interactions among agents (i.e., when one agent identifies one or more other agents and directly affects
them, e.g., by having some kind of contest with them, eating them, or choosing them to mate) and
mediated/indirect interactions (when one agent affects others indirectly by producing or consuming a
shared resource).

The choice to model these interactions explicitly or implicitly in DG-ABMs depends on the interaction
type, the degree of realism/complexity desired, and on the focal, evolvable trait(s) involved in the in-
teraction (see Table B.1 for examples of these traits). Direct reproductive interactions are most often
explicitly modelled, through variable mate preference or competitiveness among potential mates (e.g.,
Chevalier et al., 2022), or assortative mating for a variable phenological trait (e.g., Soularue and Kremer,
2014). This is also the case of direct cooperative interactions, where the mechanisms involved (e.g., in
grouping behaviour) are usually explicitly represented (de Jager et al., 2020; van der Post et al., 2015).
Indirect interactions such as competition for resources can be implicitly modelled through density-
dependence functions. For instance, most DG-ABMs investigating fisheries-induced evolution assume
that increasing density will lead to increasing competition, the competition strength also depending on
individual size (Ivan and Ho6k, 2015; Piou and Prévost, 2012). By contrast, some DG-ABMs consider com-
petition in an explicit prey-predator (Costa et al., 2015) or consumer-resource (Kang and Thibert-Plante,
2017) system; in these cases, the level of the resource and the consumption process at each time step are
explicitly modelled, and the traits involved in the interaction can be more realistically represented (e.g.,

gill-raker count in Kang and Thibert-Plante, 2017).

DG-ABMs applications: DG-ABMs also offer the opportunity to study eco-evolutionary dynamics at
multiple levels of organisation and spatio-temporal scales. At population scale, habitat structuring and
variation in the abiotic environment can be included to account for selection, stochastic events and subdi-
vision of the social environment. These models also allow simulations of several populations’ dynamics
connected through dispersal with potential gene flow, such as in a metapopulation case. At a higher level,
community dynamics can be modelled through interspecific interactions between individuals from di-

rectly or indirectly interacting species.
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Table B.1. Interindividual interactions and associated evolvable traits modelled in DG-ABMs. To illustrate

the categories of traits considered as evolvable in the reviewed DG-ABMs, we listed some examples depending

on the interaction type considered (IT): competition, reproduction or cooperation.

IT  Evolvable traits Examples Examples of references
category (species/kingdom)
Size at emergence Fielding, 2004 (grasshopper); Ayllon et al.,
2016, 2018 (trout)
(1) Growth/ . L ) )
) Threshold for size at migration Piou and Prévost, 2012, 2013 (salmon)
maturation ) )
Growth rate Kang and Thibert-Plante, 2017 (alewife);
Moya-Larafio, 2011 (generic); Travis et al.,
2010
(2) Abstract trait Competitive abilities Gascuel et al., 2015; Pontarp et al., 2015;
Ward and Collins, 2022 (all generic for
species community)
= i ) Prospecting of habitat quality Fronhofer and Altermatt, 2017 (generic)
5] (4) Dispersal trait ) i o
b Dispersal distance LaRue et al., 2019 (sea rocket); Leidinger
;l.. et al, 2021 (plant)
° ) Movement preference Hrycik et al., 2019 (perch)
O (5)Behaviour o .
Drifting Mazzucco et al., 2015 (shrimps)
(6) Energy, Functional traits related to energy ~ Ivan and Hook, 2015 (perch); Mollet et al.,
allocation acquisition 2016 (plaice)
Toxin production de la Pefia et al., 2011 (plant-herbivores)
(7) Defence .
Abstract defence Costa et al., 2015; Urban et al., 2019 (generic)
(8) Virulence Pathogen virulence Papaix et al., 2018; Rimbaud et al., 2018 (plant
pathogen)
(1) Growth/ Threshold for size at maturity Aylléon et al., 2016, 2018 (trout); Piou and
maturation Prévost, 2012, 2013 (salmon); Kane et al., 2022
(trout)
.5 Slope/intercept of the maturation =~ Dunlop et al,, 2007 (bass)
-
2 reaction norm
=]
e i Selfing or self-incompatibility Kirchner et al., 2006; Katsuhara et al., 2021
& (3) Mating
& (plant)
Mate choice (preference, Berec et al., 2018; Chevalier et al., 2022
competitiveness), mate search (generic) ; Labonne and Hendry, 2010
(guppy) ; Nathan et al., 2019 (trout)
g (2) Abstract trait Mutualistic or antagonistic trait Maliet et al., 2020 (generic)
.c‘:?s' (5) Cognitive Grouping, schooling behaviour van der Post et al., 2015 (generic); Reuter
% behaviour et al., 2016 (fish)
8 Attachment density de Jager et al., 2020 (mussel)
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B.3 OBJECTIVE & METHOD FOR THE LITERATURE REVIEW

In their recent review of individual-based modelling of eco-evolutionary dynamics, Romero-
Mujalli et al. (2019) illustrated how ABMs have been applied to assess organisms’ and popu-
lations’ responses to environmental change, but overlooked whether these ABMs accounted
or not for interindividual interactions. Here, we specifically reviewed DG-ABMs in which fit-
ness variation emerges mechanically from interactions between individuals. To that aim, we
searched the Web of Science Core Collection between 1955 and 2022 for various combinations
of keywords (Appendix.). A first query using (Individual-based model* OR IBM*) AND (eco-
evol"OR demo-genet*OR demogenet™ OR ecogenet*OR eco-genet”) returned 138 publications.
Using the terms (Agent-based model OR ABM) instead of (Individual-based model*OR IBM*),
we obtained 15 publications indicating that the eco-evolutionary community has not appro-
priated the term ABM despite its broader meaning (e.g. Railsback and Grimm, 2019). Of all
these 153 publications, only 54 included the terms ([interindivid* OR inter-individ*OR indi-
vid*] AND interact®). After excluding reviews, technical publications, book chapters, preprint
and duplicated studies (Table S2), we retained 120 publications. Finally, as we were interested
in studies using a DG-ABM approach, we checked whether these 120 remaining publications
(1) use an IBM; (2) simulate dynamics over multiple generations; (3) represent (direct or in-
direct) interactions between conspecific individuals; (4) represent individual variation in the
interaction-related trait(s); and (5) consider that part of this variation is heritable. With this
method, we filtered out 45 additional publications that did not satisfy these five criteria, re-
sulting in a total of 75 publications using DG-ABMs where interindividual interactions affect
fitness. Using a nonexhaustive snowball approach, we found 14 additional references cited in
or citing the 75 selected publications. Note that the difficulties we encountered in selecting
studies using DG-ABMs with interindividual interactions from the WOS illustrate the need

for clearer referencing based on keywords better shared by the community.
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B.4 SYNTHESIS OF THE LITERATURE REVIEW

In the selected 89 studies, competition was by far the most considered interaction (79 studies),
followed by reproductive interactions (38 studies) and cooperative interactions (four studies

only). We found 32 studies accounting for two types of interaction simultaneously.

On average, 1.9 traits (between 1 and 19 traits) per study were considered as evolvable.
The nature of evolvable trait(s) depended on the interaction type, the species/kingdom
considered and the level of generality/realism/precision of the model (following the classifi-
cation of models properties of Levins, 1966). We distinguished eight categories of evolvable
traits (Tables B.1, B.2): (1) traits related to growth and/or maturation thresholds (36 studies);
(2) traits related to mating (12 studies); (3) dispersal traits (12 studies); (4) traits related
to cognitive behaviour and information exchange (six studies); (5) traits related to energy
acquisition or allocation (six studies); traits related to (6) defence (five studies) or (7) virulence
(two studies); (8) and finally, abstract traits—meaning that they do not correspond directly
to a measurable trait—generally related to competitive ability or/and assortative mating (17
studies). We found seven studies considering two types of traits simultaneously. While some
of these traits directly mediate interindividual interactions (e.g. mating traits for reproduc-
tion, behavioural traits for cooperation), most of them indirectly impact interactions. For
instance, dispersal traits or movement preferences are often associated with avoidance of
competition and/or predation, or mate search for reproduction (Fronhofer and Altermatt,
2017; Travis et al., 2012). Traits related to growth, maturation and energy acquisition or allo-

cation, influence individual size, which often plays a major role in the outcome of competition.

These evolvable traits are at the core of the eco-evolutionary feedback loops in DG-ABMs,

since fitness variation emerges from interactions among individuals that differ in these traits,
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giving rise to population dynamics in terms of both distribution of evolvable traits and
demography. We distinguished five main types of eco-evolutionary feedback in the reviewed
DG-ABMs (Table B.2). We found 17 ‘Ecology-focussed’ DG-ABMs, with a high level of realism
in the demographic and ecological processes, and incorporating a ‘dose’ of evolutionary
processes to gain a better understanding of the ecological/demographic behaviour. In these
DG-ABMs, evolvable traits were most often growth/maturation traits, but six other trait cate-
gories were considered. Then, we found 19 ‘Microevolution-focussed’ DG-ABMs, with a high
level of generality in the evolutionary processes, and incorporating a ‘dose’ of demographic
and ecological processes to gain a better understanding of the evolutionary behaviour at a
contemporary timescale. Similarly, there were also 13 ‘Macroevolution-focussed’ DG-ABMs,
dedicated to the understanding of speciation at a macroevolutionary timescale. In these
‘Micro-or macroevolution-focussed” DG-ABMs, the evolvable trait was most often abstract,
but mating traits were also often considered. Then, we identified 24 ‘Management-focussed’
DG-ABMs, used to address how management practices interfere with eco-evolutionary feed-
backs; in these DG-ABMs, evolvable traits were most often growth/maturation traits. Finally,
we found 16 ‘Spatial-focussed” DG-ABMs, used to investigate eco-evolutionary feedback
loops in a spatially explicit context (e.g. metapopulation). These DG-ABMs investigated in

particular the evolution of dispersal traits.

Another characteristic of DG-ABMs is the type of inheritance framework used to model
genetic variation in the evolvable traits. We found that 64 studies (71.9%) used a Mendelian
inheritance process either in a population genetic framework (one locus, possibly multi-allelic,
which directly determines the phenotype) or combined with a quantitative genetic framework
(several loci, together with the environment, which govern trait variation). Besides, 22 studies

(24.7%) used an infinitesimal quantitative genetic framework (where each offspring inherits
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the mean of the two parent’s genetic values), and two studies (2.2%) tested for population
versus quantitative genetic framework. Note that our definition of DG-ABM is larger than
the one suggested by some authors (e.g. Frank and Baret, 2013), who proposed to reserve
the term ‘eco-genetic’ to models based on a quantitative genetics framework, and the term
‘demo-genetic’ to models based on a population genetics framework. Beyond these general
typologies, we illustrate below the main applications of the reviewed DG-ABMs, through

selected examples.
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B.5 DG-ABMs TO BETTER UNDERSTAND ECO-

EVOLUTIONARY FEEDBACK LOOPS

Accounting for variable within-population inter-individual interactions in a bottom-up
approach allows DG-ABMs to better investigate the emergence of fitness variation resulting
from several complex eco-evolutionary processes and the interactions between them. Ac-
counting for the stochastic and context-dependent outcomes of competitive, cooperative or
reproductive interactions can change the predicted evolution of life-history traits compared
with an approach where the relationship between traits and fitness is prescribed. Below, we
emphasize relevant studies from our literature review which investigate these three types of

interaction.

We start with examples of DG-ABMs considering explicit competitive interactions
within species. Fielding (2004) investigated competition in grasshoppers and showed that
contrasted optimal values of life-history traits can emerge from different types of localized
interindividual interactions, that is exploitative or size-based competition. In their DG-ABM
of trout population, Ayllon et al. (2016) observed the emergence of different eco-evolutionary
outcomes due to explicit competitive interactions for food in a changing environment.
These two DG-ABMs with explicit competitive interactions were built from well-tested
demographic models, and additionally considered that the same traits (size at emergence
and maturity size threshold) could evolve and interact with the spatial distribution of food
resources to shape population dynamics. Most often in the reviewed DG-ABMs focussing on
single species adaptive dynamics, competition is implicitly considered, for example through
a density-dependence function. In a perch species, Ivan and Hook (2015) showed variable
patterns of energy allocation along individual ontogeny, resulting from the interplay between

plastic and adaptive responses to selection and density-dependent competition for food.
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Using a DG-ABM representing competition among individuals choosing different life-history
tactics, Piou and Prévost (2012, 2013) showed that climate change may modify salmon
population dynamics through plastic responses of individual size. These two DG-ABMs
acknowledge the main role of individual size on competition, and incorporate both genetic
and plastic variation into this trait to gain a better understanding of the adaptive population

dynamics in future, changing environments.

Integrating behavioural interactions between individuals and eco-evolutionary feedback
is logically critical to understand the evolution of sociality and cooperation. van der Post et al.
(2015) investigated how grouping, a taxonomically widespread social process, co-evolved
with two cooperative social behaviours: anti-predator vigilance and foraging. In a simulation
experiment where behavioural processes were specified through 19 variable traits, but not
the cost and benefits of each decision strategy, they showed eco-evolutionary interactions
between group size and vigilance with an evolutionary trajectory towards bigger groups
and less vigilance, eventually leading to fission into small groups with high vigilance and
back. Accounting for heritable interindividual differences and environmental heterogeneity
in resource distribution, Reuter et al. (2016) were able to relate landscape structuration to
the evolution of schooling behaviour and collective foraging in fish. Although these studies
mostly focussed on how cooperation can emerge in models where costs and benefits are not
explicitly specified but related to other behavioural traits, reverse strategy, where cooperation

is the evolvable trait, could also be used to investigate adaptive dynamics.

Reproductive interactions are an obvious major driver of demographic dynamics, and

‘Ecology-focussed” DG-ABMs are particularly suitable to investigate this issue in an eco-

evolutionary framework. For instance, to explore how mating behaviour and population size
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jointly affect fitness components or population growth rate through Allee effects, Berec et al.
(2018) considered the rate of mate search as evolvable and found different optimal values
of search rates for populations at different densities, resulting in lower Allee thresholds in
populations kept at lower densities. DG-ABMs are also relevant to examine the interplay
between demographic processes and the mating system when self-incompatibility (Kirchner

et al, 2006) or sterility (Nonaka and Kaitala, 2020) occur as a direct consequence of the

genotype.

Reproductive interactions are also known to drive evolutionary dynamics (Maan and See-
hausen, 2011), and explicit representation of mating interactions is important as sexual selec-
tion can sometimes oppose natural selection (Labonne and Hendry, 2010), or eventually rein-
force it (Soularue and Kremer, 2014). Mate choice strongly depends on the population struc-
ture, making the outcome challenging to predict yet rarely random (Klug and Stone, 2021).
DG-ABMs, by allowing to represent explicitly sexual interactions, are particularly adapted
to explore the evolution of traits considering the dynamic aspects of mating systems, such
as when sexual preference and competition over mating partners occur, while still account-
ing for natural selection (Chevalier et al., 2022; Nathan et al,, 2019). In this context, growth
traits, or traits related to life-history decisions such as migration or maturation, are often cho-
sen as key traits to jointly consider size-dependent survival and reproductive interaction and
their possible interactions (Ayllon et al., 2019; Piou et al,, 2015). Another application is the
investigation of sexual dimorphism, which can arise when a given trait is subject to different
selection pressures in males versus females (or even opposing pressures in the case of sexual
conflict), but has a shared genetic basis between the sexes. Hook et al. (2021) showed how
sex-specific plasticity for size could evolve by looking at perch evolutionary response to envi-

ronment. Kane et al. (2022) showed that optimal migration propensity differed among males
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and females in trout, and that populations could adapt to environmental change across a range
of intersex genetic correlations for migration propensity, which influence the magnitude of

sexual conflict.
B.6 EXTENDING IN SPACE, TIME AND LEVELS OF ORGANI-

SATION

In most examples detailed above, eco-evolutionary dynamics are modelled within a non-
spatially explicit population. However, the spatial arrangement of habitats shapes animal
movements or gametes propagation, and therefore also shapes social interactions and sexual
networks (He et al,, 2019). Since they allow fine-scale explicit representation of habitats as
well as individual movements, DG-ABMs are well-suited to represent spatial evolutionary
dynamics. Focussing on the evolution of dispersal, Fronhofer and Altermatt (2017) showed
how eco-evolutionary feedback can emerge from a simple spatially explicit DG-ABM.
Depending on network topology and connectivity, variable evolutionary stable dispersal
strategies emerged from their model via kin competition, and lead to eco-evolutionary feed-
back by changing back the network’s demography and genetic structure. Hrycik et al. (2019)
explored the importance of environmental cues in perch vertical movement. By allowing
movement rules in response to these cues to evolve, they illustrated the role of DG-ABMs in
determining appropriate movement rules in spatially explicit ecological modelling. Travis
et al. (2010) used a mechanistic DG-ABM approach to model the evolution of seed dispersal
in plant populations, accounting for likely trade-offs between traits in a patchy landscape.
Additionally, sexual selection can determine the reproductive success of immigrants in
populations and thus the strength and direction of demo-genetic consequences of dispersal
(e.g. demographic rescue, evolutionary rescue vs. gene swamping). For instance, Soularue

and Kremer (2014) highlighted the major importance of gene flow and assortative mating in
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shaping the genetic differentiation between populations in a heterogeneous environment.

Interactions between conspecific individuals are at the core of DG-ABMs. In addition,
considering explicitly higher levels of organization (e.g. community level) to represent
interspecific interactions may ultimately change the evolutionary outcomes expected from
single species systems (terHorst et al., 2018; Weber et al., 2017). We found examples of such
multispecies DG-ABMs used to investigate mating interactions: for instance, using an ABM
in which two plant species share the same pollinators, Katsuhara et al. (2021) highlighted that
the evolution of selfing without pollinator assistance (autonomous selfing) may increase pop-
ulation growth rates of inferior competitors and consequently favour long-term coexistence
via an evolutionary rescue. Furthermore, McDonald et al. (2019) showed that the strength of
intraspecific competition for mates may result from sexual interactions with heterospecifics,

which may interfere with sexual selection (i.e. interspecific reproductive interference).

Most of the reviewed multispecies DG-ABMs focussed on competitive interactions, in
an explicit prey—predators’ or community context. For instance, Kang and Thibert-Plante
(2017) illustrated that considering trophic interactions and the genetic basis of functional
traits within a single model could improve the understanding of evolutionary morphologi-
cal changes in fish. Hillaert et al. (2020) showed that in a fragmented habitat, the presence of
predators selects for increased herbivore movement and hence larger herbivore size. Demo-
genetic models of plant-virus interactions allowed to investigate the emergence of plant viral
genotypes breaking down plant qualitative resistance genes (Fabre et al., 2009). Ecological
interactions at the community level may drive selection within species, and selection may
affect in return the processes of species assembly at a community scale (Leidinger et al,,

2021). Finally, as multispecies DG-ABMs represent both intra-and interspecific complexity,
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they are especially suited to address macroevolutionary consequences of interspecific interac-
tions, such as speciation (Gavrilets et al., 2007; Weber et al., 2017). We found several examples
of macroevolution-focussed DG-ABMs developed to investigate adaptive radiation, that is the
rapid diversification of a single lineage into many species with a great diversity of ecological
strategies (Gascuel et al., 2015; Pontarp et al,, 2015; Ward and Collins, 2022). These models
generally consider a limited number of abstract, phenotypic traits reflecting the competitive
ability of the focal individual with all the other individuals of the local patch. The distance
between these ecological phenotypes within a patch drives exploitative competition, while
heritable variation of the ecological phenotype fuels the processes of local adaptation and
speciation.

Overall, it appears that DG-ABMs have a large potential to address fundamental eco-
evolutionary questions accounting for multiple drivers of fitness, and are increasingly used

in an integrative way, allowing effects to flow up and down between organization levels.

B.7 DG-ABMS TO ASSIST MANAGEMENT STRATEGIES

Another key feature of DG-ABMs is their capacity to model the effects of management
practices on individuals and their interactions, together with that of other eco-evolutionary
processes. Hence, by allowing emerging effects, DG-ABMs can also be efficient prospective
tools to elaborate and assess management strategies. When management consists of demo-
graphic control of populations, in particular through individual phenotype-based choices,
it can deeply impact all demographic processes and population genetic composition, and
therefore the intensity and direction of the evolutionary processes (Lefevre et al., 2014). For
example, selective fishing (or harvesting) directly affects competition among surviving fish
(or trees), while genetic composition determines optimal fishing (or harvesting) patterns.

In particular, different DG-ABMs were used to understand how selective fishing can affect
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the demography and evolution of fish populations (fisheries-induced evolution), through
cascading and sometimes counterintuitive effects on population demographic structure,
growth and maturation thresholds (Ayllon et al., 2018; Piou et al,, 2015; Wang et al., 2017;
Wang and Hook, 2009). By simultaneously modelling the plastic and genetic responses of
individuals, DG-ABMs can also disentangle the role of selective fishing and environment in

the observed and predicted population declines and phenotypic changes (Piou et al., 2015).

When evolutionary dynamics and land use planning decisions are linked, DG-ABMs also
represent valuable decision support tools. For example, Papaix et al. (2018) and Rimbaud
et al. (2018) used a spatially explicit demo-genetic model to assess the joint effect of crop
cultivar deployment strategies in space and time and key pathogen life-history traits on
epidemiological dynamics, resistance durability and long-term evolutionary control. Using a
DG-ABM, Mims et al. (2019) found strong effects of spatial connectivity on demo-genetic out-
comes in reintroduced bull trout populations, and allowed identification of watershed areas
with higher persistence probabilities. In the case of hybridization between native/wild and
introduced/domesticated gene pools, DG-ABMs allow to study the impact of management
on the dynamics of crossing within and between gene pools, which depends on differential
social interactions (e.g. mating preference) and genetic performances (e.g. local adaptation)
between gene pools (Castellani et al., 2015; Nathan et al., 2019). In this context, DG-ABMs
are an effective means of developing genetic enrichment strategies in a prospective approach
(which genetic resources and which deployment modalities for which risks?), and conversely

of evaluating strategies aimed at preserving the local gene pool from unwanted introgression.

In these different case studies, DG-ABMs offer a relevant framework to evaluate the short-

and long-term evolutionary costs and benefits of management actions and to assess potential
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trade-offs between them. For example, they allow to address the issue of exploiting a pop-
ulation or a metapopulation (e.g. fishing and wood production) while preserving its genetic
value and diversity, or to determine how to minimize the risks of demo-genetic collapses of
populations facing climate change. Furthermore, by controlling the social context of popula-
tions, management drives the overall ecological processes and thus affects biotic and abiotic
stressors, the susceptibility of populations to these stressors, and selection intensity (Jactel

et al., 2009).

B.8 TAKING ADVANTAGE OF ABMs FOR DG-ABMs

The above-listed examples from our literature review illustrate the diversity of interindi-
vidual interactions, adaptive traits and ecological processes that can be investigated using
DG-ABMs. This diversity is a strength but requires active strategies to better identify
possible links between similar models developed to answer different questions, and to
structure the community of developers and users of these models. Identified as ABMs,
DG-ABMs can benefit from multiple advances in the ABM community. The flexibility of
the approach ranges from very simple and generic models to very complex and specific
models, depending on model assumptions and objectives (Edmonds and Moss, 2005). A wide
panel of tools and methodologies are available to explore DG-ABMs (Thiele et al., 2014).
The exponential increase in genomic databases should help in the calibration/validation of
DG-ABMs (Rudman et al.,, 2018). The use of description protocols such as Overview, Design
concepts and Details protocol ensures the replicability and enhances the understanding
of the models (Grimm et al., 2020). The TRACE framework (Grimm et al., 2014) is also a
powerful tool for planning, documenting and assessing model development, analysis and
application. Software for ABM development have increased in simplicity, quality, speed of

computation and reliability and allow sharing pieces of code easily (Dufour-Kowalski et al.,
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2012); in particular, quantitative genetic libraries can be plugged into existing population
dynamic models to describe the genetic architecture of adaptive traits (e.g. ‘Genetics’ library
in CAPSIS Dufour-Kowalski et al., 2012; Oddou-Muratorio and Davi, 2014). Software for
complex model exploration have been proposed (Reuillon et al., 2013). Complex and multi-
authored models may use modelling notebooks to keep trace of all steps of conceptualisation,
model development, implementation and exploration in order to enhance the confidence of
end-users of DG-ABMs in the management communities (Ayllon et al,, 2021). Finally, the
publication of model codes on specific dissemination platforms is encouraged in the ABM
community (e.g. https://www.comses.net/codebases/). All these recommendations should

benefit the development of DG-ABMs.

Intrinsically, DG-ABMs conception requires a multidisciplinary approach integrating mul-
tiple levels of knowledge and can be used in interdisciplinary research projects as a tool of
interaction among disciplines. ABMs are also used as frontier objects in several contexts
(Le Page and Perrotton, 2018; Reilly et al,, 2021). As such, DG-ABMs are important tools in
interacting with management or other end-user communities that need to incorporate evo-
lutionary processes in their decisions. Although this has not been done so far, DG-ABMs
could even be developed as part of a participatory modelling approach (Le Page et al., 2012) to
integrate the knowledge of a diverse community of experts that need to manage constantly
evolving ecosystems. Finally, they should become essential to adaptive management with an

evolutionary perspective (Groot and Rossing, 2011).

Conclusion

In complement to the analytical models traditionally employed by evolutionary ecologists
to investigate eco-evolutionary feedback loops, this review puts forward DG-ABMs, which

are individual-based (meta)population dynamics models with heritable trait variation and
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phenotype-dependent interactions between individuals. Our literature review illustrates how
the bottom-up construction of fitness in these DG-ABMs allows them to provide new insights
into various fundamental and applied questions in ecology and evolution.

Previous reviews of the literature have indicated that ABMs in general are not used to
address general questions in ecology and evolution, but have a more ‘narrow’ or ‘pragmatic’
scope (DeAngelis and Grimm, 2014). We advise modellers working on eco-evolutionary pro-
cesses to carefully consider the benefits of accounting for the effects of interactions between
individuals on fitness in their approach, since it might significantly affect the direction and
magnitude of evolution. This is true for theoretical investigations and for more applied ob-
jectives, since these eco-evolutionary mechanisms also operate on rather short timescales
(a handful of generations). Using a dedicated term—such as DG-ABM—would facilitate a
distinction between categories of modelling approaches, highlighting the specifics of eco-
evolutionary models accounting for interindividual interactions and their variations, and the

potential differences in their respective predictions.

B.9 APPENDIX

Additional supporting information can be found online in the Supporting Information section
at the end of the article https://doi.org/10.1111/eva.13508. The database of the 89 original re-
search studies using DG-ABMs with interindividual interactions affecting fitness is available

at: https://doi.org/10.57745/FUQGSG.
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Abstract

Spatial and temporal variations in the social environment are predicted to modulate the pattern of inter-sexual
interactions within populations through changes in the operational sex ratio and phenotypic composition.
Research exploring how the social environment plays a key role in shaping variation in sexual selection usually
compares spatially isolated populations or the same populations between breeding seasons. However, small
changes in demographics can happen during a breeding season and may also alter selection. Moreover, studies
mostly focus on single-species populations with similar life histories, limiting the generalisation of the role of
environmental complexity on sexual selection. Driven by this context, this thesis aims to further our under-
standing of three broad questions (1) How do changes in social context throughout a breeding season influence
sexual selection? (2) How do different levels of reproductive synchrony within and between sexes affect sexual
selection? and (3) Can the intra-specific process of sexual selection lead to interspecific sexual isolation in
sympatric species with synchronized breeding events? To achieve this, I used lampreys as a biological model,
as they constitute a highly polygynandrous system in which the duration of individual mating activity is short
relative to the length of the breeding season. By developing a model that decomposes the effect of individual
traits on the two processes leading to mating success (i.e. number of mating attempts, probability of successful
mating), I first showed that the advantage conferred by body size depends on the competitive environment
faced by individuals during a breeding season, and their timing of activity (1). Through an experiment study and
an Agent-Based-Model, we then highlighted that the level of synchrony within and between sexes modifies the
strength and direction of sexual selection, inducing a potential adaptative response in individuals’ reproductive
timing (2). Finally, I show that considering the complexity of the social environment, e.g. by incorporating the
effect of conspecifics with distinct life histories, may explain the emergence of alternative mating strategies
through sexual selection such as sneaking in lampreys and shed light on the potential mechanism behind
sympatric speciation (3). Overall, this thesis illustrates the role that variation in competitive structure may play
on how sexual selection operates both within and between populations and advocates that the complexity and

dynamics of the social environment should be more often considered when studying mating system dynamics.

KCYWOI‘ ds: sexual selection, social environment, lampreys
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Résumeé

Les variations spatiales et temporelles de '’environnement social sont supposées moduler le schéma des
interactions inter-sexuelles au sein des populations par le biais de changements dans le sex-ratio opérationnel
et dans la composition phénotypique. Les recherches explorant la maniére dont 'environnement social joue
un role clé dans la variation de la sélection sexuelle comparent généralement des populations isolées dans
I'espace ou des mémes populations entre des saisons de reproduction successives. Cependant, des changements
démographiques peuvent survenir au sein méme d’une saison de reproduction et ainsi modifier la sélection
a plus petite échelle. De plus, les études se concentrent principalement sur des populations monospécifiques
avec des histoires de vie similaires, ce qui limite la généralisation du réle de la complexité de 'environnement
sur la sélection sexuelle. Dans ce contexte, cette these visait & approfondir notre compréhension de trois
questions majeures (1) comment les changements du contexte social au cours d’une saison de reproduction
influencent-ils la sélection sexuelle ? (2) comment les différents niveaux de synchronie reproductive entre
et parmi les sexes affectent-ils la sélection sexuelle ? et (3) le processus intraspécifique de sélection sexuelle
peut-il conduire a un isolement sexuel interspécifique chez les espéces sympatriques dont les événements de
reproduction sont synchronisés ? Pour ce faire, j’ai utilisé les lamproies comme modéle biologique, car elles
constituent un systeme hautement polygynandre dans lequel la durée de I’activité d’accouplement individuelle
est courte par rapport a la durée de la saison de reproduction. En développant un modele qui décompose I'effet
des traits individuels sur les deux processus menant au succés de ’accouplement (c’est-a-dire le nombre de
tentatives d’accouplement et la probabilité d’accouplement réussi), j’ai d’abord montré que I’avantage conféré
par la taille corporelle dépend de I'environnement compétitif auquel les individus sont confrontés pendant la
saison de reproduction, et de leur timing d’activité (1). Par le biais d’une étude expérimentale et d'un modele a
base d’agents, j’ai ensuite mis en évidence que le degré de synchronie entre et parmi les sexes modifie la force
et la direction de la sélection sexuelle, induisant une réponse adaptative potentielle dans le timing reproductif
des individus (2). Enfin, je montre que la prise en compte de la complexité de 'environnement social, par
exemple en incorporant l'effet des congénéres ayant des histoires de vie distinctes, peut expliquer I’émergence
de stratégies d’accouplement alternatives par la sélection sexuelle, telles que le sneaking chez les lamproies, et
mettre en lumiére le mécanisme potentiel de la spéciation sympatrique (3). Dans ’ensemble, cette thése illustre
le role que la variation de la structure compétitive peut jouer sur la maniére dont la sélection sexuelle opére a la
fois au sein des populations et entre elles, et préconise que la complexité et la dynamique de 'environnement

social soient plus souvent prises en compte dans I’étude des dynamiques des systémes d’appariement.

Mots clés: sélection sexuelle, environnement social, lamproies
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