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General introduction

1. Mechanisms of sexual selection

Sexual selection occurs whenever individuals arecampetition for access to
reproduction (Andersson & Iwasa 1996). When contipetihappens over mates, individual’s
access to mate is constrained by the mating sucokesmpetitors or by competitors
themselves through contests over mates (Anders384).10n the other hand, competition
can also happen over fertilization. If reproductpaatners mate with multiple individuals, a
strong competition occurs for the fertilisation tifeir gametes (Parker 1970). Several
mechanisms enhance sexual selection through cdiopefor reproduction under two main
conditions: (i) when mates are scarce in spacenw®, tindividuals should strongly compete
for their prior access and (ii) when potential pars reject some mating attempts, individuals

should compete to avoid rejection (Andersson 1994).

Sexual selection essentially occurs in males (Baterh948). Males have small
numerous gametes which are rapid and cheap to ggo@omparatively, females have a few
large gametes which require a long time and greatergy to produce. At any given time,
male gametes are more abundant than female ganmeeidisng to competition and sexual
selection in males (Bateman 1948, Trivers 19723it3rconferring males with a fertilization
advantage such as larger ejaculates invested im eaating (Parker 1970), mate
monopolization after mating (Alcock 1994) or matiplyigs which prevent females from
mating with competitors (e.g. Baer et al. 2001) i sexually selected.

If females are dispersed in space and/or timet mtwe males are ready to mate than
females, leading to male-biased operational ser (&I1SR, i.e. the ratio of the number of
sexually available males over the number of seyualiilable females, Emlen & Oring 1977)
and strong competition among males for accessnalies. Sexual selection will then favour

traits that increase male’s chance to gain aceessate in contests with competitors and/or



traits that increase male’s ability to find a mléfore competitors. For instance, traits such as
weaponry and large bodies, providing males withoanmetitive advantage in agonistic
interactions with other males, are selected. Onother hand, sexual selection also leads to
the evolution of greater sensory abilities or ogyéor efficient locomotion to locate mates
(reviewed in Murphy 1998). Similarly, if femaleseaonly receptive for copulation for short
periods of time, it pays males to present traitsueng prior access at the time of their
receptivity. For example, in species with defift@eding season as it is the case in several
birds, males arrive earlier than females at thedirg site in response to competition for
territories (reviewed in Morbey & Ydenberg 2001hig adaptation called protandry also
exists in insects where males maximise their matipgortunities by maturing earlier than

females (lwasa et al. 1983).

Sexual selection also results from mating biasgsessed by females that generate
difference in mating success among males (Kokkal.e2003). Females discriminate among
potential males before mating, choosing partnerpreferred particular phenotypes. This
mate choice creates non-random mating in maledesu$ to strong male-male competition
for access to reproduction. The resulting sexuigcien favours the evolution of male traits
that increase their probability to be chosen bydies Males will present ornaments and/or
elaborate displays whose evolution is partly driveg female mating preferences
(Pomiankowski et al. 1991). Alternatively, matinigdes can arise if females do not actively
reject males of given phenotypes but resist mapieg se (Kokko et al. 2003). Mating is
sometimes costly for females who evolve resistdyetgaviour in an attempt to avoid these
costs (Parker 1979). In that case, competitionea®es in males, hence leading to sexual
selection (Gavrilets et al. 2001). In response, esiavolve persistence in their mating

attempts in order to overcome females’ resistasmmetimes leading to coercive mating.

It is worth pointing out that mate availability anghte choice are not two exclusive
mechanisms which drive competition and sexual seleclf, due to low opportunity for
reproduction, males compete for access to matesalés will end up having potentially
access to several mates at a given time. In tisa, dgpays females to become choosy (Kokko
& Monhagan 2001). Also, competition for fertilisati creates less paternity insurance among
males because female’'s eggs are susceptible teertibséd by competitors. Males are
therefore less prone to provide parental care (@u&997). In species where parental care is

necessary for offspring survival, it is femalestthall thus care most. In that case, females



become less available for reproduction at any tilmence increasing competition and
opportunity for sexual selection in males (Kokkal&nions 2003). Females can afford to be
choosy because a lot of males are available tolatgpwith them at any given time which

further increases competition among males to beeao

2. The evolution of female and male mate choice

Time and energy devoted to one reproductive evemes at a cost to future
reproduction. Lifetime reproductive success of widlials investing heavily in each mating
therefore depends on the success of a few repliodactPotential mates sometimes vary
greatly in the benefits they provide for reprodowtiln that case, it pays individuals to choose
mating partners associated with great fitness pay(#arker 1983, Kokko & Monhagan
2001). The evolution of preferences for particulaits of mates is driven by the fitness
benefits associated with these traits. Prefereseestarget partners’ traits associated with
direct benefit for individuals’ life-time fithesg-or example, females evolve preferences
towards fertile males or towards males which prewidem with food, breeding site, paternal
care, or protection against harassment (lwasa &i&dmwski 1999). Preferences can also
evolve towards traits associated with indirect igmeFemales mating with fitter males will
have offspring that inherit the male’s good genssoaiated with higher survival and/or
reproduction (Kirkpatrick & Ryan 1991, Kokko et &003). Mate choice is also likely to
evolve in the sex that suffers less competitionaiccess to mates because the opportunity to
find receptive mates is high and the cost of r@jgch partner is low. Mate choice has mainly
been thought to evolve in females because they etanfgss than males for access to
reproduction and because they are likely to spebdtantial time and energy in each mating,
by providing parental care for instance (Triver§2p

However, this view has been challenged in receatsywith an increasing number of
studies reporting examples of choosy males (seel@nsky 2001 for a review). Although
costly parental investment is thought to be thennwindition for the evolution of female
mate choice, it cannot generally account for thaeasions of male mate choice as males
usually provide less parental investment than femélrivers 1972). Other conditions favor

male mate choice though. First, if females varyaljdn quality, it should become beneficial



to discriminate them and seek for high quality rmafehis is of particular interest for the
study of male mate choice considering that femafean greatly vary in quality, sometimes
even to a larger extent than males (Edward & Chap2@ll). Second, if the cost of
searching for potential mates and assessing theality is relatively low, individuals should
become choosy (Kokko & Monaghan 2001, Bonduriarb@1, Kokko & Johnstone 2002).
Population density as well as mate sampling andsassent strategies used by males during
decision making are thus expected to affect maosiness. Third, if mating is costly for
males in terms of future reproductive success, #muld seek high quality females to mate
with. For instance, long lasting displays are galheassociated with greater mortality due to
energy loss or increased predation risk. Similarhales who invest heavily in sperm
competition may require more time to reform thgiersn stock to mate again. The evolution
of costly giant sperm irosophilahas been shown to reduce sexual selection impmsed
males (Bjork & Pitnick 2006). When male adaptatitmsexual selection impede the prospect
of future reproduction by lowering their matingeatr increasing mortality, males should
become choosy (Kokko et al. 2012).

3. Sexual selection and mating patterns

Mating biases such as preferences and resistaeceatreasy to detect in natural
populations. Several researchers use observatfanatong patterns to get information about
the underlying mechanism that leads to it. Thisrapgh has flaws because several
mechanisms may lead to the same mating patters.i$fhe concept of equifinality (Burley
1983). Burley (1983) also presented the concephufifinality according to which multiple
patterns can result from a given mechanism. Bupesented these two concepts for the
study of a well-described mating pattern: assaatnating. Assortative mating occurs when
individuals of similar phenotypes mate more ofteant expected at random. In an attempt to
explain the cause of such pattern, researchers siteply assume that individuals prefer to
mate with alike, a preference called homotypic.l®uclaims that this shortcut is misleading
as assortative mating can also result from a daeak preference; i.e. when individuals in a
population share a preference for partners of aipephenotype. Let us consider a
population where high quality individuals are ofepbtype A while low quality individuals

are of phenotype B. Every individual, either madesemales, prefers to mate with partners of



phenotype A. High quality males and females witegat each other as mates but will reject B
individuals. B individuals will therefore have ntnaice but to mate with each other hence
presumably leading to assortative mating. In h@epaBurley calls violations of equifinality
“inferential fallacies” and strongly warns reseanchto avoid them.

However, Burley implicitly considered that as soas individual preferences are
known and a particular mating pattern is observieth@a population level, one can safely
conclude that these preferences are responsibtédagiven pattern. However, this inference
may not always stand. Even if we know for sure piygres targeted by a preference, it does
not necessarily means that choosy individuals eviintually mate with preferred mates. This
iIs because pairing processes are subject to const(&/agner 1998, Cotton et al. 2006). For
instance, when every individual prefers to matehwgartners of a specific phenotype (i.e.
directional preference), competition for accesthse partners is strong. As a consequence,

choosy individuals may not all satisfy their preiece.

Precopulatory mate guarding is a male coercive\netain response to strong male-
male competition for access to rare receptive femadt represents a fascinating behaviour to
study male mate choice, pairing process and théurance on pairing patterns. It is the focus

of the present manuscript and will be now presentetke extensively.



Chapter 1

Precopulatory mate guarding in

crustaceans: love me tender, love me long.

1. Mate guarding

In several human societies, it is the responsjbdit parents or elder members of the
family to choose children’s spouses for life (Amdsti 2007). These arranged marriages
occur particularly in the Middle East, India, SouHast Asia or Africa. Children are
sometimes married very young to people of the sageeor older. Some are married before
the age of 10 or a little bit later, just afterytheached sexual maturity. The causes of these
early marriages are multiple and mostly relateédonomic considerations. Young girls are
seen as an economic burden and are married to mlelethat can provide for them instead of
the family. In other situations, early marriage areanged to ensure protection of young girls
by male guardian, against undesired sexual rekitips and illegitimate pregnancies.
Although causes for such pairing processes ardylikebe cultural, it resembles the well-
known evolved pairing behaviour in animals thanheste guarding.

Mate guarding is described as a mate monopolisatiaiegy usually performed by
males. It involves one or several males guarding anseveral females and can occur either
after (i.e. postcopulatory mate guarding) or befoiing (i.e. precopulatory mate guarding).
During mate guarding, males either stay at clogiprty to their female and defend her
from other males or initiate physical contact witér, usually by holding on to her. It has
evolved under different constraints in many taxa. iRstance, postcopulatory mate guarding
has mainly evolved as a response to male-male ditropéeor fertilization of eggs (Alcock
1994). In many species, females mate multiply whHedds to sperm competition between



different male gametes inside female genital t(Batkhead & Mgller 1998). In response to
such competition, males sometime guard females efjgulation, therefore preventing them
to re-mate with other males and securing theirrpdteover the brood (Alcock 1994). Such
forms of mate guarding are particularly well ddsed in mammals (Brotherton & Komers
2003, Komers et al. 1994, Huck et al. 2004, Schudteal. 2009) and in birds where females
often seek extra pair copulations (Mgller & BirkbdeE091, Komdeur 2001). One well-known
example is given by harems in elephant seals, wlaeger dominant males guard and mate
with several females to prevent sneaky copulativas lower ranked males (Le Boeuf
1974). Postcopulatory mate guarding is also commoinvertebrates, especially in insects
where it functions to allow multiple copulations males to ensure paternity of female eggs
(Arngvist 1989, Watson et al. 1998).

Under rather different constraints, mate guardiag also happen before copulation.
This later case of mate guarding is the main salgethis work and will now be presented

more extensively.

1.1 Where does precopulatory mate guarding exist?

Depending on the species where it is describedoprdatory mate guarding takes different
names and relates to different mating strategiesreid, | will thus briefly review

precopulatory association between mating partnétisirnthree groups of animals where it
has been observed: amphibians, insects and arachlitiough their behaviour is of great
interest for the theory tackled in the present wdHese taxa are not the focus of our
experiments, which we conducted in an amphipodtacesn. | will provide a more detailed
review about the reproductive biology of crustaseand about their precopulatory mate

guarding behaviour after the following section.

1.1.1 Precopulatory mate guarding in anurans awodédla:

In toads and frogs, mate guarding has often beportexd during breeding seasons
(Davies & Halliday 1979, McLister 2003). In thespesies, guarding is called amplexus
which comes from “amplecti” that literally meansi“ambrace” in Latin. Males usually grasp
females with their front legs to secure reproductumder strong male-male competition. In
the common toa@ufo bufofor instance, males arrive before females at teeding site and

spawning usually occurs several days after ar(Mélglund 1989). As a consequence, when



females start to arrive, sex ratio is biased towardles and a lot of interferences between
single and amplexed males occur (Davies & Hallid&®9). This sometime leads to the
displacement of an amplexed male by a competitdsel@aviour called “takeover”, or to
several males being amplexed with the same ferdalei¢s & Halliday 1979).

Newts and salamanders also present amplexus althtinay differ from those of
anurans in their form. Males have been describdwbld females with their legs and/or their
tails by facing them ventrally or by riding them bmer back (Halliday 1990). Amplexus is
viewed as a courtship strategy in these speciecamdhave a role in spermatophore transfer,
or functions to increase female receptivity to mgt{Halliday 1990). In the red-spoted newt
(Notophthalmus viridescens viridesceramplexus has also been reported to ensure famale
defence against interference from competitor maéiegsg fertilization (Gabor et al. 2000).

1.1.2 Precopulatory mate guarding in insects aadhenids:

Although insects mainly display postcopulatory mguarding, in a few species males
have been showed to guard females before copuldtia@y sometimes guard females that are
not sexually mature yet at the late stage of tlasir moulting cycle. For instance, in the Zeus
bugs Phoreticovelia disparatamales ride fourth instar juvenile females on rthHeack for
several hours before they reach sexual maturithw@@ist et al. 2007, Jones et al. 2010).
Analogous precopulatory behaviour is found in anégth where males remain in webs of
immature virgin females for several days and defdran against competitors to ensure
reproduction when they reach maturity (Bel-Vennevénner 2006).

In certain insect species, precopulatory mate gongrdf adult and sexually mature
females also occurs. In the cricketyllus bimaculatusmales transfer spermatophores during
copulation, hence facing sperm depletion and at seproductive time out right after mating
(Parker & Vahed 2010). When males encounter by @hansingle female while still forming
a new spermatophore, they can guard her until #reyready to mate again, which takes
about an hour (Parker & Vahed 2010). In a littldeopteran, the green chaf@nomala
albopilosa sakishimananales also guard females before copulation bectusse only mate
during a short period of about 2 hours within tlag.dThis behaviour provides the male with
prior access to copulation at the time of femaleepéivity in face of strong male-male
competition over mating (Arakaki et al. 2004).

Except for this latter case, precopulatory materg@jung in insects and arachnids takes

place before females’ sexual maturity. Femalestlame guarded once in their life. This is



fairly different from the behaviour of crustaceavisere males guard adult females when they
are in a phase of non-receptivity to mating. Althlounsects and arachnids provide good
examples of precopulatory mate guarding, the liteeadealing with such behaviour is far

more important in crustaceans. Mate guarding ccestas are the subject of the next section.

1.2 Precopulatory mate guarding in moulting crustaeans

“This same naturalistfCharles Spence Bd{eseparated a male sand-skipper (...),
Gammarus marinygrom its female, both of whom were imprisonethansame vessel
with many individuals of the same species. Thelemdnen thus divorced, soon joined
the others. After a time the male was put agaia the same vessel; and he then, after
swimming about for a time, dashed into the crowdj aithout any fighting at once
took away his wife. This fact shews that in the Wpgala, an order low in the scale, the

males and females recognise each other, and areaityattached.”

C. Darwin 1874, pp 270

Precopulatory mate guarding is often simply reféiee as “mate guarding” or “mate
monopolization” in many taxa such as insects aratharids, maybe because it does not
always involve a male physically grasping a femalte.amphibians, it is mainly called
“amplexus”, a word that had pass to the crustatieamature because many useful concepts it
uses come from mate guarding in amphibians. O#rend such as “precopula” or the less
employed “precopular” (e.g. Hume et al. 2005) haleo been extensively used in
crustaceans. “Precopula” is the term | will mosthyploy due to its strong connections to the
empirical and theoretical literature about precaparly mate guarding in crustaceans.

In his book, Ridley (1983) applied the comparatineethod to the study of
precopulatory mate guarding. For that purpose, bdera nearly exhaustive review of the
literature about mating associations in arthropaad anurans. Among papers dealing with
crustaceans, he found 101 species described asnpings a precopulatory mate guarding
phase and 78 species that did not present one. b&tmtged to (i) Branchiopoda which are

known to comprise brine shrimps, water fleas, téelpghrimps and clam shrimps, (ii)

! Charles Spence Bate was a famous British natufaB49-1889), elected a fellow of the Royal Sociat1861
for his knowledge about the biology of crustaceatesmaintained a correspondence with Charles Damhim
often cited him in his books.



Copepoda which are mainly parasitic or planktom@k crustaceans and (iii) Malacostraca,
the taxon comprising most crustacean species imguarabs, lobster, shrimps and
Peracaridae which are the model taxon for the ptegerk. Since Ridley (1983), the research
on precopulatory mate guarding crustaceans has beea large majority focused on three
groups: hermit crabs (e.g. Goshima et al. 1998, AMddal. 1999, Wada et al. 2011), isopods
(e.g. Shuster 1981, Verrel 1985, Jormalainen & Migai 1993, Sparkes et al. 1996,
Jormalainen & Shuster 1999) and most notably angolsife.g. Greenwood & Adams 1984,
Ward 1986, Elwood et al. 1987, Iribarne et al. 1996nn 1998, Bollache & Cézilly 2004a,
Cothran 2004).

In our work, we focused our investigations on ampbs crustaceans. Among
Peracaridae, the super-order which comprises aroghipnd closely related isopods, Ridley
found 56 species presenting a precopulatory matedqug phase whereas only 6 did not. This
shows the high prevalence of precopulatory matedjjug in these species and explains why
they have been the subject of most of the liteeatalyout it (Jormalainen 1998). The next
section will mainly present the biology of amphipoctustaceans and more precisely of the
speciesGammarus pulexin the manuscript, we will refer to it as gamndaras a vernacular
name for the taxon). However, it can for a good par generalised to many taxa of other

well-studied moulting crustaceans such as isopmafs®epods and decapods (Ridley 1983).

1.2.1 General considerations

In order to understand the evolution of precopujatbate guarding in crustaceans,
one must understand their reproductive biologyslnater gammarids live in streams, rivers,
ponds and lakes of Eurasia and America. The g&ammaruscontains over 200 described
species. However, a lot more species are likelyetaiscovered in the future thanks to new
molecular techniques that help to unravel the ingmrcryptic diversity existing in this taxon
(e.g. Witt et al. 2006, cf chapter 3). Gammarids extensively studied in several fields of
biological sciences. It is particularly well-studign ecotoxicology research because it
represents a good indicator of water quality. lol@gy, it is a model taxon for studying
biological invasions (Bollache et al. 2008, Pisadral. 2009). It is also extensively studied in
evolutionary biology. For instance, many species iatermediate hosts for manipulative
parasites that alter gammarids’ behaviour in otdencrease their predation by the parasite’s
definitive host (Lagrue et al. 2007). However, mierests are more directed towards the wide

literature dedicated to gammarid sexual behaviouarghe second edition of his bookhe
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descent of man, and selection in relation to @8¢4), Charles Darwin presented one of the
first records of interrogations about the evolutioh amphipods sexual behaviour. In a
Brazilian amphipodOrchestia darwinij he was wondering how the evolution has led to two
distinct morphs of males, both different from tleengle’s morph. Darwin (1974, pp. 265)
also recognized thatUnfortunately the habits of crustaceans are verparfectly known,
and we cannot explain the uses of many structueesiliar to one séx Since Darwin, we
fortunately know more about crustacean biology twedevolution of its sexual behaviour.

Reproductive biology

Gammarids grow continuously all along their livelem each moulting episode.
Between two moults, during a period called therimtul?, individuals renew their cuticle
(Cornet et al. 2012). Moulting is under the contbla steroid hormone called ecdysone (or
crustecdysone) (Borowsky 1980). Ecdysone’s titerdases during female moulting cycle. It
reaches a pic at the end of intermoult before d@istically decreases and moulting occurs
(Skinner 1985).

Reproduction is tightly linked to female moultingcte. Gammarids are iteroparous
and broods are produced at almost every moultistecpuring their moulting cycle, females
produce eggs in their ovaries in the dorsal patheir pereon (figure 1). Between two moults,
their cuticle is too hard to allow eggs to pas®tigh their oviduct (Sutcliffe 1992). Right
after moult, the oviduct wall is soft enough tooall migration for fertilisation of newly
produced eggs in their brood pouch situated orvéinéral part of their body, in-between their
coxal plates (figure 1). Oviposition (i.e. egg naiion in the brood pouch) thus only occurs
within the short period of time between moult ahd hardening of the new cuticle. Females
are therefore only receptive for copulation rightrtheir moult and for only a relatively
short amount of time. Depending on the species,gériod of sexual receptivity varies from a
few hours inG. pulexto more than 15 days iNiphargus spwhich lives in caves (Ridley
1983). Punctually, females perform a moulting cysiéely intended to growth during which
they do not produce eggs and thus do not reprofhmety-Grosset et al. 1998, Sparkes et al.
2000). However, the relative frequency of such dghowoults compared to reproductive
moults is not well described. Moulting cycle lengshpositively correlated to body size in

both males and females as larger bodies require miroe in order to reform a new cuticle

2 Intermoult also refers to a specific period of thmale moulting cycle that takes place betweerpteeious
moulting event and the start of the premoult s{@&mnet et al. 2012). In this manuscript, we wikuhe term
intermoult only to denote the period of time betwé&o successive moult.
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during moulting cycle. Also, females are not symcious in their moulting time within a
population. At any given time, only a small propamt of females are actually receptive for
copulation (this proportion roughly correspondgshe opposite of the mean length of female
moulting cycle 1/E(T), cf chapter 2).
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Figure 1: Gammarid morphology. Adapted from Roux (1971)

Fecundity varies with female body size. Sutclif®93) provided a clear and detailed
review of the literature on female fecundity in gaarids. Large females produce more eggs
compared to smaller females (Hynes 1955, Birkhea@l&kson 1980). The statistical link
between body size and egg number have been sudgeste either linear or following a
power or an exponential function (Sutcliffe 1998fg volume is also assumed to increase
with female body size, although there seem to beade-off between the number of eggs
produced by a female of particular size and thelume. Unfortunately, Sutcliffe (1993)
hardly presented any information about the variasfcegg humber and volume within each

female size class.
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Between two successive reproductions, females @lsy young gammarids in their
brood pouch from the copulation that took place¢hat previous moult. In the brood pouch,
fertilised eggs develop into young fully develogginmarids during the course of the female
moulting cycle and are released into the envirorimest preceding the next moult. Females
perform maternal care to their offspring during ithdevelopment, oxygenating them
regularly by creating a current flow into their bcbpouch and removing non-viable embryos
(Dick et al. 1998, 2002).

Precopula

Precopulatory mate guarding takes place during liEmatermoult. Before entering
in precopula, males have to encounter a femalda#ft been suggested that waterborne
pheromones function as attractant for males towaatspecific females (Dahl et al. 1970,
Hammoud et al. 1975, Borowsky 1991). In additionthars have suggested that contact
pheromones may also exist, presumably allowing snteassess female’s intermoult period
(Ducruet 1973, Borowsky 1991). One can only speeulabout the nature of such
pheromones. Borowsky (1991) showed that males Ve=® attracted to females that were
previously found unpaired compared to females pramly paired with a male. She
Hypothesised that unpaired females were too fan fn@oult to be attractive, suggesting that a
sexual pheromone associated with moulting cycle imaslved in mate recognition. For

instance, it is likely that ecdysone plays a ralsexual attraction (Hammoud et al. 1975).

Once a female found, males engage in a complexgasequence which has been
described inG. pulexunder laboratory conditions by Le Roux (1933),kBead & Clarkson
(1980) and Dick & Elwood (1989) and occurs as folo After encountering a female, the
male attempts to grab her with his gnathopods (@dy. If he succeeds, he then uses his first,
most anterior pair of gnathopods to hold the fentigutting his dactyli (i.e. little claws at
the end of each gnathopod, figure 1) under the li@mauticle on the top of her first (using
one gnathopod) and fifth (using the second gnattipgegment of her pereon (figure 1).
Females even possess on these locations speciahizadhat fits the shape of males’ dactyli
and work as a lock-on system (Platvoet et al. 20D@ying this early phase of the pairing
sequence, the male holds the female perpendiculdistown body. In that position, he then

starts to brush his antennas (figure 1) on femdledy and flexes his abdomen towards the
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ventral part of the female. After this phase, thiercan either reject the female or decide to
engage in long lasting pairing by holding her datal his own body beneath his ventral
surface until she moults and copulation occursu(ed?).

The way males hold females in precopula does nyt etween species of the genus
Gammarusbut it differs from precopula holds of other deélsed taxa (Borowsky 1984). For
instance, males of the closely related gerwyallela sphold females by putting their dactyli
under the cuticle of the second coxal plate on batbs of the female (Borowsky 1984).

Males are usually larger than females (Ward 198®88). Sexual dimorphism also
occurs regarding the size of two pairs of gnathgp@dure 1). Gnathopods of the second,
most posterior pair are particularly larger thansth of females (Hume et al. 2005). The
second pair of gnathopods (figure 2), does not playrole in grasping the female. However,
it has an important function in copulation. Withdbts second pair, males are not able to

initiate copulation with their female at the timieh@r moult (Hume et al. 2005).

Figure 2: Typical parallel hold during precopulatory mateagiing inGammarus pulexThe
male (on top of the drawing) uses the first)(ut not the second 19 pair of gnathopods to
hold the female in precopula. From Hume et al. 2005

Female’s sexual receptivity period
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Soon after moult, females are sexually receptivd aopulation can take place
between the female and the male holding her ingpréla. Fertilisation is semi-external and
happens in the female’s brood pouch. When inittatiapulation, the male is returning to the
perpendicular hold previously described. My ownesbation of the phenomenon made by
filming copulations inG. pulexmade me believe that it typically happens as ¥adloln order
to inseminate sperm, the male vigorously flexespibgterior ventral part of his body towards
the female’s brood pouch. These flexes are perfdrinesequences of about 10 moves.
Sequences are also repeated a few times (usuatly 8,times) being separated by short
resting periods of a few seconds. Repeated segaie@ht®dy flexing constitute what | call an
episode of copulation. They have been assumed rtoifpeale’s ejaculate to stick to the
female’s genital opening (Sutcliffe 1992). Betwasath episode, males get back to a parallel
hold of their female. During female’s sexual reocapt period, about 2 or 3 episodes of
copulation are usually performed by the male (Heib232, personal observations). However,
| do not know whether sperm is transferred duriagheepisodes of copulation. The overall
copulatory behaviour hardly last more than 2 hours.

Shortly after the first episode of copulation, féenmitiate egg migration from their
ovaries to the brood pouch where they presumabywith the sperm. Egg’s migration takes
about 15 minutes to be completed. This means ét@tepisodes of copulation actually occur
while eggs are already in the brood pouch. Ovipwmsits plastic. If females are not in the
presence of a male at the time of their moult, tbay delay egg migration up to 15 hours
after moult (Borowsky 1988, Borowsky 1991, persantadervations). In that situation, larger
females sometimes even begin a new moulting cydteowt having laid eggs, whereas,
smaller females always eventually lay their egg$o itheir brood pouch (personal
observation). Females do not store sperm in gandsé@@orowsky 1991) so that they have to
copulate with a male after each reproductive mdiudiome eggs have not been fertilized after
reproduction, females can resorb them, maybe as@my recycling strategy (Ridley 1983).
After reproduction, males usually leave their fenaliowever, when a male competitor is
present at proximity of the couple, males sometipedorm a short postcopulatory mate
guarding (personal observation). Although malesalliglevolve this behaviour to secure
paternity, there is no second male sperm precedargammarids and there is no description
of any sperm ejection by competitor males that@dwdmper their fertilization success. Even
more surprising is the study by Birkhead & Prin(l886) that showed that the first male to
copulate with the female fertilises about 90% @& &ygs, the rest being potentially fertilised

by another male. We do not know the function oftpmsulatory mate guarding but it might
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support the hypothesis of the presence of competiver fertilization in these species. On
the other hand, numbers of copulatory flexes, secpeeor episodes are not influenced by the
presence of a competitor male close to the coyaesgnal observations).

1.2.2 The evolution of precopulatory mate guarding

The duration of precopula and the proportion of flmale moulting cycle during
which it occurs has been observed to widely vatwben species, between populations of the
same species or within populations (table 1) dejpgndn environmental factors such as
temperature and photoperiod (Sutcliffe 1992, Jommah 1998). However, is it worth
pointing out that when measurements of precopuleataun are made under laboratory
conditions, some important factors influencing mgiberding may be missing (e.g. Kusano
1992). Under different conditions, individuals maglaptively change their mate guarding
behaviour. So far, | have described the proximalsea for precopula. Knowing these
mechanisms is of great importance when it comessttmly the adaptive function of
behaviours. In the next section, | will review thein hypotheses for the evolution of

precopulatory mate guarding.

Precopulatory mate guarding duration, mate choiod anale competitiveness

The evolution of precopulatory mate guarding hagireed much theoretical attention
(e.g. Parker 1974, Wickler & Seibt 1981, Ridley 39&rafen & Ridley 1983, Yamamura
1987, Jormalainen 1998, Hardling et al. 2004). Resehas mainly focused on understanding
the evolutionary significance behind males’ decisio guard females early in their
reproductive cycle, hence leading to long lastimgcppulatory mate guarding (Grafen &
Ridley 1983).

Let us consider a population where females are sakually receptive for a short
amount of time during their reproductive cycle. Gaky receptive females are scarce in this
population. Sexual selection would thus favour mdleat are able to detect the moment at
which females are sexually receptive. Initially,tenguarding does not exist in the population
so that males only pair up with females at the tiofietheir reproduction. Because the
operational sex ratio (i.e. the ratio of malesemaéles ready for copulation) is strongly male-
biased, there should be a strong male-male scranttgetition for access to receptive
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females. In that context, it should be stronglydjemml for a male to present an adaptation
that provides him with prior access to receptivedées. Let us assume a rare mutant male
who guards encountered females one day beforetrgtgm a population where every male
seeks receptive females. His behaviour should beallg selected because it guarantees his
access to reproduction after a short delay. Haexgly will thus spread until every male in the
population guards females one day before sexuabptty. The scramble competition for
these females thus becomes strong again. A mutafgsnstarting guarding female even
earlier in their reproductive cycle will be advaggd and his strategy will spread in the
population. Although under long lasting mate guagdiji.e. earlier initiation of mate guarding
in female’s moulting cycle) the proportion of femalconsidered to be suitable for paring
increases, operational sex-ratio remains male tidsemales considered suitable for pairing
are thus less frequent than are males availablpdowmg who are likely to always evolve
longer lasting mate guarding. In that sense, th@uéion of precopulatory mate guarding
proceeds as a ratchet moving forward and reachicgessive clanks; once males guard
females for a given time before reproduction, @limost impossible to start guarding females
earlier in their moulting cycle. This process iswsed to continue towards longer durations
of mate guarding until costs associated with prataputweigh the competitive advantage it
provides males with (Parker 1974, Wickler & SeiB81, Grafen & Ridley 1983, Jormalainen
1998). However, in theory, if it is not costly forales to guard females, precopulatory mate
guarding can last for the whole female reproductiyele and even lead to permanent
monogamy (Wickler & Seibt 1981, Grafen & Ridley B9®8rotherton & Komers 2003).

Precopulatory mate guarding has thus long beenidemesl as a male competitive
strategy in response to strong competition for s&te receptive females (Jormalainen 1998).
Actually, the fact that it is called “mate guardiradready assumes that males defend females
against competitors (Ridley 1983). It has mainlgrbexpected to occur when females are
receptive to copulation for a short amount of tisoethat fertilization opportunities are really
scarce for males (Parker 1974, Wickler & Seibt 19itlley 1983, Grafen & Ridley 1983).
This hypothesis has been later partly challengedyasnamura (1987) who showed that
guarding could actually evolve even when femalaeogeof receptivity is long lasting and as
long as guarding is not too much costly for maRr®copulatory mate guarding also evolves
even if females are synchronous in their receptipériod within the population (Yamamura
& Jormalainen 1996).

However, it is worth pointing out that the evolutiof such long lasting precopula

under strong male-male scramble competition onpfiap to situations where males all seek
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females that meet a certain threshold of acceptdndbe simple verbal model | presented at
the beginning of the section, every male in theutatpon initially prefers females receptive
for copulation. Male therefore show a mating prefee for female proximity to
reproduction. Mate guarding actually representsaderndecision rule for male mate choice
evolved under strong competition for preferred flEsmaAs a consequence, males paring with
females closer to reproduction when searching astéow (i.e. males have a high encounter
rate of single females, Grafen & Ridley 1983) orewliemales vary in quality (Parker 1983).
Practically, this view of the phenomenon does Bobnsider the previously described theory
according to which it is assumed to evolve. Howgweamknowledging that mate guarding
evolves through male mate choice extends the G€&lpossible investigations to understand
variations in mate guarding durations. For exampie would expect that male mate choice
based on multiple cues informing about female’sliguto have an effect on mate guarding
duration.

Also, decision rules for mate choice can dependthen condition of individuals
exerting the choice (Riebel et al. 2010). For examm mate guarding crustaceans, males
have been described to display takeovers, hencepinguthe female already taken in
precopula by another male when she is close tamdejptive moult (e.g. Ward 1983, Dick &
Elwood 1990, Cothran 2008b). Larger males are asduim be better able to perform these
takeovers due to their competitive advantage inemale agonistic interactions (Ward
1983). Therefore, authors have hypothesised thalilemmales should start guarding females
earlier in there moulting cycle compared to largeles who would rather tend to takeover
females from smaller males when they are closedolting (Grafen & Ridley 1983, Hardling
et al. 2004). Apart from takeovers, other condiil@pendent male guarding strategies may

exist and influence mean guarding duration obsenvg@mpulations (cf chapter 3).
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Table 1: approximate precopula duration in certain speocieamphipods. Modified from

Jormalainen 1998

Species

Approximated precopula duration References

Gammarus duebeni

Gammarus insensibilis

Gammarus pulex

Gammarus lawrencianus

Gammarus zaddachi
Hyallela azteca

Jesogammarus suvaensis

Eogammarus oclairi
Microdeutopus gryllotalpa

Paracalliope fluviatilis

5 to 10 days in the lab (~28%)
6 to 28 days in the field (~48%)

few hours

2 to 25 days in the lab (~40%)
7 to 30 days in the field (~54%)

4 days (40%)

4 days (24%)
1 to 5 days (53%)

6 to 15 days (30%) in the lab
60% to 80% in the field

up to 7 days (40%)
1 day (~14%)
1 to 4 days

Ward 1984, 1985, Sutcliffe 1992,
Dick & Elwood 1996

Thomas et al. 1995, 1996

Birkhead & Clarkson 1980, Ward
1983, 1984, 1986, Sutcliffe 1992,
Hume et al. 2002, Plaistow et al.
2003

Hunte et al. 1985, Robinson &
Doyle 1985

Jormalainen & Merilaita 1995

Welborn & Bartholf 2005,
Cothran 2008a
Kusano 1992

Iribarne et al. 1995
Borowsky 1980
Sutherland et al. 2007

@depending on the study, precopula durations arengin days and/or in the percentage of
female moulting cycle during which it takes plabet{veen brackets)

Precopulatory mate guarding is a costly behaviour

Precopulatory mate guarding has not always beesidered resulting solely from

male behaviours in response to competition. In femie authors have proposed that

precopula may evolve to ensure female’s fertil@atvhen they are receptive for a short time

(Blegvad 1922, Le Roux 1933). Later, studies hage aonsidered females behaviour in

response to precopula attempts made by males ancefiect on guarding duration

(Jormalainen 1998). As explained above, males [ieftem long guarding duration under
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strong male-male scramble competition for accedentles. However, this does not mean
that they do not incur costs while performing sbelhaviour. They may lose some energy in
precopula (Jormalainen et al. 2001, Plaistow eR@D3) or be more subject to predation by
fishes or insect larvae (Cothran 2004). In factrding costs incurred by males have been
shown to affect their decision rule (Grafen & RydlE983, Yamamura 1987, Yamamura &

Jormalainen 1996). When guarding is costly, malesulsl be choosier and start guarding
females closer to their moult.

Females also suffer the risk of being predated evpiired. In addition, they are
sometimes cannibalised by their male partner (@85, Jormalainen 1998). To avoid these
costs, they should prefer rather short precopuléisiied close to their moult (Jormalainen et
al. 1994a). If the balance between costs and kbena$isociated to precopula is different
between males and females, optimal guarding siestespould be different in the two sexes
(Parker 1979). Optimal guarding duration is assuntetle greater for males than females
thanks to benefits associated with guarding foresialAn intersexual conflict is therefore
likely to occur over the length of precopulatory tenguarding (Parker 1979, Jormalainen
1998). This is expected to lead female to evolgsstance towards males’ attempts to initiate
early precopula. In response, males may evolvagpense and coercion in order to overcome
female reluctance to pair (Parker 1979, ArngvistR&we 2005). According to theory,
depending on factors such as the rate at which smaleounter females, sex-ratio or
synchrony in female moulting cycle, the resultingagling duration may be either a perfect
compromised strategy between males and femalesliggaoptima or may be closer to the
strategy of one or the other sex (Jormalainen.et34, Yamamura & Jormalainen 1996).
These predictions have been tested empirically(@@inen & Merilaita 1993, 1995, Watson
et al. 1998, Jormalainen et al. 2000, Benvenuto &elg¢ 2012). Studies revealed that,
females of several species show resistance to @aglgopula that result in shorter mate
guarding duration (e.g. Ridley & Thompson 1979, §6u1981, Thompson & Moule 1983,
Jormalainen & Merilaita 1995). However, in otheecies, females barely resist precopula
initiation (e.g. inGammarus zaddachiormalainen & Merilaita 1995) and theory is lackio
explain this. The strength of a sexual conflictrowe optimal duration of precopulatory mate
guarding in the two sexes is likely to have a majbect on the observed length of precopula.
Different ecological conditions that affect theesigth or the outcome of the conflict may

explain the observed variation in precopulatoryextatarding duration between populations.
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1.2.3 Precopulatory mate guarding and pairing pate

Observing pairing patterns provides a first appnotar the study of pairing processes.
Evidences for non-random pairing such as phenotyfiferences between paired and
unpaired individuals as well as resemblance betweating partners with respect to certain
traits, may provide useful but indirect informati@about the underlying mechanisms that
might cause it. One extensively studied non-rangairing pattern is size-assortative pairing.
It is defined as a positive statistical correlatimiween males and females body size in pairs
(Ridley 1983, Crespi 1989, Ceézilly 2004). Surprigyn before the twentieth century, it was
only studied in humans (Ridley 1983). Karl Pearstamous for his product-moment
correlation coefficient, was one of the first toasare positive homogamy for size in humans
(Pearson 1899). He observed size assortment am@®@ Husbands and wives from data
provided to him by the Cambridge Anthropometricah@nittee (r = 0.3, CI [0.24, 0.35], we
measured this confidence interval using the figemethod on Pearson’s original results).
From his observations, he tried to understand tkehanism causing such pattern. This is

what he argued:

“Now there is little doubt that there is a certammount of conscious assortative mating
in this respect; a short man does not, as a rulke, & very tall wife.”
K. Pearson 1899, pp 26

With this statement, he committed an inferentidlaty by affirming that size-assortative
mating came from a male homotypic preference (hales prefer to mate with females of
similar phenotypes, Burley 1983). More importanthis measures of homogamy were
intended to study the consequences of such paitecouple fertility. In that case, inferences
about the potential link between male preference famtility are particularly subject to

caution. In a subsequent paragraph he also says:

“That in man, whether from conscious or unconscigegual selection, there is far
more homogamy than has hitherto been supposed,amylyf data cards amply
demonstrate. If in man, then with great probabiilitg can consider it to exist in other
forms of life.”

K. Pearson 1899, pp 32
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Pearson was right on this point, as homogamy ibaghly the most common mating
pattern observed in nature. Since Pearson, it éas bbserved in other mammals (Pack et al.
2012) and many other taxa including birds (Delera001, Helfenstein et al. 2004), reptiles
(Shine et al. 2001, 2003), fishes (McKaye 1986,dBawy & Hopp 1999, Baldauf et al. 2009,
Taborsky et al. 2009), insects (Fairbairn 1988,qdrst et al. 1996, Harari et al. 1999, Jones
et al. 2012), arachnids (Miyashita 1994, Hoefled 20and most notably crustaceans (for this
last taxon, | will present the main literature ab®ae-assortative pairing in chapter 3).

Long lasting physical associations between partiseo$ten a prerequisite for observation
of pairing patterns in the field. That is why sigsortative pairing is particularly well
described in amphipods (e.g. Crozier & Snyder 1®fkhead & Clarkson 1980, Elwood et
al. 1987, Bollache et al. 2000, Franceschi et @l.02. Authors have long been interested in
the mechanisms causing such pairing pattern and ingootheses, which | will review in
Chapter 3, have been put forward to explain it $rd989). Above all, mechanisms of mate
choice have long been considered to explain sisertmsent. Male mate choice based on
female body size is thought to play an importaé fia the occurrence of size-assortative
pairing yet little is known about the evolution saich mate choice in mate guarding species.
In fact, studies on precopulatory mate guardingetssidom linked males’ evolved guarding
criteria to patterns of size-assortative pairingesiied in the field (but see Elwood & Dick
1990, Bollache & Cézilly 2004a).

It is worth pointing out that size-assortative pajrdoes not necessarily involve size-
assortative mating as pairs may form only temposay may split up before reproduction. In
the present manuscript, we will use the term ssmdative mating or homogamy when
individuals of a pair are known to associate urgproduction and size-assortative pairing
otherwise.

Other noticeable patterns have been reported imgaids. Males are generally larger than
females in several species. This sexual size dinemp is also observed among pairs with
males being on average 30% larger than the fentedy are paired with (Adams &
Greenwood 1983, Greenwood & Adams 1984, Ward 1988)also very common to observe
size difference between paired and unpaired indalgl Males are usually larger in pairs
compared to unpaired males (Birkhead & ClarksorO1&dllache & Cézilly 2004b). On the
other hand, females in pair have sometime beernrtegpto be smaller than unpaired females
(Hatcher & Dunn 1997).
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2. Aims of the presented work.

Precopulatory mate guarding in crustaceans provalegerfect matrix to study
inferential fallacies. Although males evolve mategling in response to strong competition
for access to receptive females, the time costwitlves may provide with prerequisite for the
evolution of male mate choice. Mate choice is assumed to be of great importance in
creating specific mating patterns such as homoga@grtain topics included in this
manuscript have been extensively studied. Howewerpelieve that some previous works
may have made some shortcuts leading to over metapons of the research outcome. We
considered alternative but not exclusive explanatimr well described patterns imbedded in
the reproductive biology of mate guarding crustasedlowever, these new findings have
some theoretical importance in other fields of aliimehaviour and evolutionary biology. In
the present work, we used theoretical and empiragggroaches to study male mating
strategies under the strong scramble competitiqpogad by time limited opportunities for
fertilization.

In the second chapter, we will study the role oferraate choice strategies based on
multiple female traits informing on their qualityn dahe evolution of precopulatory mate
guarding. Using a theoretical approach, we wilitfipresent a study of male decision rules in
sequential mate sampling before entering in preleoptie will then consider male sampling
strategies and criteria used for mate choice wheoacurs while males are already paired with
a female.

In the third chapter, after a review of the diffgrenechanisms put forward to explain
size-assortative pairing in natural populations, wit investigate the role of a male state
dependent decision rule based on female proxinotymtoult on the occurrence and
maintenance of such mating pattern. We will alsesent a study revealing some potential
biases when surveying size-assortative pairindgnénfield in different cryptic populations of
gammarids living in sympatry. More generally, oumas to emphasize the potential for
inferential fallacies when linking mating preferesdo mating patterns.

In the fourth chapter, we will consider the effe€male guarding optimal duration on
the occurrence of sexual conflict over guardingation. Researches in reproductive
strategies have suffered a strong gender biasisttidy of males and females adaptations to

sexual conflict (Karlsson Green & Madjidian 2011). amphipods, authors have mainly
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focused on costs for females associated with l@sging guarding durations. Here, we

acknowledge several benefits that females could fygam being guarded.

I will present here the result of a collaborativerkv Even though | took full
responsibility for the researches undertook andtevtthe associated articles, | received
valuable theoretical and technical support from ynp@ople. It is for that reason that | will
acknowledge the help | received at the beginningamh chapter by naming people that took
part in each project. Although their contributioid dot always lead to an article or a section
presented in this manuscript, it markedly improvery understanding of biological

phenomenon understudied.
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Chapter 2

Mate choice and sampling rules: male

choosiness before and during precopula

Matthias Galipaud, Loic Bollache, Francois-XavieacBhaume-Moncharmont, Abderrahim

Oughadou, Tim W. Fawcett, Andrew D. Higginson, JbhrMcNamara, Alasdair I. Houston

1. Male mate choice before precopula

“The inherent plausibility of the hypothesis thattechoice is a common feature of the
sexual behavior of animals should make us espgcadutious and critical in our
evaluation of attempts to demonstrate its occureenmature”

T.R. Halliday 1983, pp 3

1.1 Introduction

Although studies of female mate choice prevailhe targe majority of the sexual
selection literature, in amphipods, researchesabm®st exclusively focused on male mate
choice (but see Cothran 2008c). Amphipod matingtesysis described as a coercive
polygynandry, which means that pairing decisiores raainly under the male’s control and
that both males and females mate multiply duriregrtlife with different partners (Shuster &
Wade 2003). Mate choice has only been thought tvige males with direct benefits.
Females’ quality as sexual partners is based onntaim female traits: their fecundity and
their proximity to reproduction. Female fecundisymainly determined by the number of her

eggs and the amount of vitellus they contain (#tec1992). It does not vary during female
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moulting cycle although females that are not in phesence of a male at the time of their
moult do not always lay eggs (Borowsky 1988). Gmather hand, proximity to reproduction
varies with time. A male pairing with a female vehdhe is far from moult will see the quality
of his partner increase with time (Hunte et al. @)9&directly, fecundity positively correlates
with females’ intermoult duration because they bptsitively correlate with female body
size. However, females of a given size can be ffrdnt times in their moulting cycle.
Therefore, only a weak correlation exists betweenumdity and female proximity to
reproduction (see figure 1 in manuscript 2 fortiertexplanations). A third female trait which
is sometimes put forward in male mate choice stu@eparasite load. In certain species,
males do not pair with infected females probablgdose parasites negatively affect their
fecundity (e.g. inGammarus puleXemales are castrated by an acanthocephalan tgarasi
Bollache et al. 2002). To my knowledge no studegsrted any mate choice providing males

with indirect fitness benefits.

Males assess potential partners’ quality usingecifit cues. Female’s body size has
often been considered as a reliable proxy of feityashd males have been suggested to base
their choice on this criterion rather than on fesfmfecundity itself (Dick & Elwood 1989).
Very little is known about how males assess femalesximity to reproduction, but it is
likely that hormones such as ecdysone or other wanstimuli play a role in such
assessment. Male mate choice has almost alwaysteste with the same protocol across
species: unpaired males are usually placed in pcesef two unpaired females differing in
qualities. Individuals are then left to interact fogiven time that varies between studies until
the male eventually initiates precopula with oneghaf two females. Table 2 summarizes the
results of different studies that tested male nwdteice on one or both cues of female’s
quality in amphipods and isopods. Observations adot between studies. Studies testing for
the effect of female body size alone on male matéce have either observed males choosing
larger more fecund females or pairing at randonhwihe of the two presented females.
Studies testing the effect of both criteria of féstsa quality on mate choice have either
reported males choosing on the basis of femaletyy l&ize alone, female’s proximity to
reproduction alone or both. However, in one studgles seemed to be unselective before
entering in precopula, pairing with the first carttd female (Goshima et al. 1998). Overall,
the number of studies reporting mate choice of felmdody size approximately equals the
number of studies reporting mate choice on fematarse left to moult. The lack of

consistency between observations of male mateiig@tion indicates potential differences
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in the ability of males to assess female’s relatjualities or environmental effects on benefits

associated with male mate discrimination on ontheother cue.

It is worth pointing out that testing male prefezeron one female trait by allowing
males to encounter simultaneously two unpaired kesndiffering in relative quality may not
necessarily predict pairings occurring in naturahditions (Wagner 1998). Mate choice
results from mating preferences but also from ofhetors such as sampling rules used by
individuals to have access to partners (Widemo &h8ee1999). Under strong male-male
competition for access to females, males may naalde to simultaneously encounter two
unpaired females because most of the females aesadgl paired with other males. In
addition, mating preferences can be based on raltpteria of mate’s quality (Candolin
2003). If males base their choice on the two adtef female’s quality, it is possible that their
preference threshold on female’s body size inflesrtbeir threshold on female’s time left to
reproduction. Only a few studies have considerezh sateraction between criteria in male
mate choice in mate guarding crustaceans (e.g. prom& Manning 1981, Ward 1984a,
Elwood et al. 1987). Authors argued that males khwalue potential partners by assessing
the return in terms of eggs per day spent guardimey are associated with. When
encountering two females simultaneously, males lshptefer to pair with the female that
provides them with the highest ratio of number ggsover the time they will have to guard
her before copulation (this ratio is sometimes rrefi to as female’s utility, Elwood et al.
1987). However, little is known about the influerafethis ratio on male mate choice when

females are encountered sequentially.

Theoretical investigations of the evolution of mpalatory mate guarding have
provided us with important insights on male mateich according to female’s time left to
reproduction. Under an even sex-ratio, males atepredicted to be very choosy, guarding
females early in their moulting cycle (Grafen & Rigl 1983, Yamamura 1987). In fact, when
encountering females sequentially, it has even Beggested that males should pair with the
first encountered female, regardless of her tinfe te moult (Grafen & Ridley 1983).
However, these models did not consider the podsilidr males to base their choice also on
female’s body size. Considering that males invdst af time in each mating by pairing with
females early in their moulting cycle, they shouldke sure that the female they carry is
fecund enough to compensate for the loss of matpuprtunities. Males should therefore be

choosier on female’s body size when they are not #leoosy on female’s time left to moult.
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We tested this hypothesis with a rate maximisatnaael considering that males were
able to discriminate females on both criteria befentering in precopula. Individuals are
classically thought to evolve mate choice whenehsra high opportunity cost associated
with each mating and/or when potential partner’alityivaries substantially in the population
(Parker 1983, Kokko & Monaghan 2001, Bateman & Hiey2006). However, mate choice
is usually described to hardly evolve when competitfor mates is strong (Reading &
Backwell 2007, Barry & Kokko 2010). Here we testied these three parameters on the
evolution of male mate choice on two criteria ahde’s quality in a context of precopulatory
mate guarding. Contrary to previous models of tr@wion of precopulatory mate guarding,
we did not consider the effect of variation in nsaleompetitive ability for access to females
(e.g. Grafen & Ridley 1983, Hardling et al. 2004)ad female’s resistance behaviour (e.g.
Jormalainen et al. 1994a, Yamamura & Jormalainég6)18n pairing outcome. In the next
section, | will describe the model and its predict regarding the evolution of precopulatory

mate guarding and male choosiness under male-roaipatition.

Table 2: number of studies reporting male mate choice orafeis body size or time left to
moult (TLM) in different species of mate guardingstacean

Choice on body Choice on TLM Choice on both

Tested criteria No choice Tot

size only only criteria
TLM aloné’ - 1 - 0 1
Body size alone 4 - - 2 6
Both' 2 2 2 1 7

& females’ body size and TLM were measured prioafter experiments. Authors assumed
that males were able to assess these traits aglyubafore making a choice.

References® Sparkes et al. 2006,Manning 1975, Adams et al. 1989, Jormalainen et al.
1992, Iribarne et al. 1996, Sutherland et al. 2@n et al. 2008¢ Birkhead & Clarkson
1980, Thompson & Manning 1981, Elwood et al. 198ick & Elwood 1989, Jormalainen et
al. 1994b, Goshima et al. 1998, Wada et al. 2011.
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1.2 The model

Although our model originates from interrogationmat the mating biology of mate
guarding crustaceans, it can be applied to sewsatihg systems where mating comes with an
opportunity cost because there is some time betweda encounter and actual reproduction.
Details about the R code of the following model banfound in appendix 2 (R development
Core Team 2012). We considered a population wharalies do not reproduce continuously.
Female reproductive cycle consisted of a periogepfoductive “time-out” during which they
could not reproduce, and a period of “time-in” aigriwhich copulation could occur. We
considered the time-in to be very short, takingcglat the end of each time-out period over
several reproductive cycles during female’s lifetimAt the end of a time-out, females
reproduced and instantly began a new time-out geNde therefore considered that the
length T of female reproductive cycle equalled kgegth of their time-out period. During
their reproductive cycle, females could be at aaget which takes discrete values between 1
and T. They changed stage at a gatby defaultg = 1). If they changed stagetat 1, they
reproduced and immediately began a new reproduatjcte att = T. Females had a
probability of P. = 1 — & to change from stageto staget-1. As a consequence, they
reproduced and began a new reproductive cycleaytiobability (1/T) xPe.

Within a population, females did not vary in thedéh T of their reproductive cycle
(by default, T=40) but they were not synchronous tleir receptivity period. As a
consequence, within the female populatiofollowed a discrete uniform distribution of mean
1+ T)/2.

Females also varied in body sigewvithin a population. As fot, we treateds as a
discrete variable. By defauk,took 40 values ranging from 0.025rtp the maximum female
size (by defaultm=1). Female size followed a discrete quartic distion Q(s) described by
this function:

Q(s) =s*(L-9)’ (1)

swas also positively correlated to female’s fectywtlaccording to this function:

f(s)=(a9’ +1 (2)
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whereb controls the shape of the relationship betweea aid fecundity. The greatly the
more accelerating the function is and the largerales have to be in order to have fecundity
greater than 1. This means that whHemcreased, only large females varied in fecundity
because below a certain threshold of size, femd&Eandity always equalled 1. Whén
tended towards O orod; every female in the population tended to havestdrae fecundity.
The other parameter of female’s fecundisy, controls the range of fecundity difference
between females. Whemnincreased, the difference in fecundity betweensthnallest and the
largest female in the population increased. Whaended towards 0, every female in the
population had a fecundity equal to 1. When do#imda were large, a few larger females had
a fecundity greater than 1, and there was an irapbnariation in fecundity among these
females.

A population consisted of ;Nemales and of N males. Males encountered unpaired
females at a rate This means that males encountered each unpanealdés\. times per time
step of the model. A male having access to a pdatidemale had to wait a tintidbefore she
became sexually receptive to copulate and he gamnéecundity f(s). While waiting, he
guarded the female, rendering her unavailable beromales in the population. When the
female became receptive, the couple instantly spiit and males and females were

immediately available for pairing with a new mate.

1.2.1 Male mate choice

Before pairing, males could choose females on #seshof their size (as a proxy of
their fecundity) and/or on the basis of their tihe& to reproductiont. Male mate choice
strategy consisted of having a probabifg,t) to pair up with a female of size s and ofdim
left to reproductiort. P(s, t) was a matrix containing values ranging frono 1 for each
combination of values taken Isyandt. ForP(s, t) = 0, males rejected females. On the other
hand, forP(s, t) > 0, males accepted females with a prolglgbrresponding to the value of
the matrix. Males did not choose females accorthrag particular threshold agabove which
they paired with a female regardlesst.ofhey did not have either a particular threshdld o
below which they chose a female of anyinstead, choosiness on one criterion could affect
choosiness on the other criterion so that the aabépy of a female of particular size
depended on her time left to reproduction.

Males mated over successive reproductive cyclescyéle consisted of a male

searching for a female, guarding this female uveil period of sexual receptivity, copulating
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with her and leaving her to begin searching agaime male beginning searching again
corresponded to the renewal time of the cycle. Témewal time could occur either after the
male left the female following copulation or aftee rejected an unacceptable female. For
each mating, a male thus gained a fecun@itand paid a time codd. The time cosD
corresponded to the time he spent searching facaaptable female AL/and the timd he
spent guarding her. Over several mating, the erepdeicundity gain achieved by a male in a
population where every male uses a stratgyt) was:

n,_(st)

E(G) =i > (9

(
P(st) 3)
t=1 s=0.025 N f-
where nr(s,t) is the number of unpaired females of a paldics andt and N is the total
number of unpaired females. On the other handexpected time cost this male paid was:

T m

E(D) = r\} Y MUE DR @)

/1 f- t=1 s=0.025 f-

The left hand side of equation (4) represents tlsé @fosearching for a suitable mate whereas
the right hand side represents the time cost ofdjug a mate until reproduction. Overall, the
mean rate of fitness gain achieved by a male inpulation of males using a strategs,t)

was:

_E@©)

E(D) ()

4

In order to calculate, we had to calculate.(s,t) given that males used a strat®gy,t). The

next section explains the procedure.
1.2.2 Feedback of male strategy on unpaired fernailiedity distribution
The change in the number of unpaired females at eads controlled by: (i) the

number of unpaired females &l who changed stage without pairing (i.e who gainie
step closer to reproduction, situation A, figure(8) the number of unpaired femalest atho
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changed stage without pairing (situation B, figBjyeand (iii) the number of unpaired females

att who paired up with a male without changing stag¢uétion C, figure 3). Females
changed stage at a probabiftyand paired up at a probabiliy =1-e"eY where R(s,t) is

the rate at which females paired up:
R(s,t) =N, AP (st) (6)

where N,. is the number of unpaired males in the populatiifn:= N - Nf - N¢. (at the start
of the model, - = Np).

Females that finished a reproductive cycle stagedew one unpaired. At T, the
number of unpaired females.(s, T) thus corresponded to the number of femajésln
(paired or unpaired) of each size who changed gtagethose at T who did not pair up or

change stage (situation D, figure 3). It was caltad as follows:
n_(sT)=n;(sHR. +n,_(sT)A-R)1-F,) (7)

The number of unpaired females of sizat any other stage corresponded to situation A plu

D in Fig. 3 and followed this equation:
n,_(st)=n; (st+)P A-P)+n, (st)1-F)A-F,) (8)

In a nutshell, given a particular male mate chatategyP(s,t), unpaired females
were always more likely to be at the beginning ledit reproductive cycle thanks to the
constant flow of unpaired females beginning a nepraductive cycle after recently being
released from precopula.

1.2.3 Finding the optimal strate@y(s,t) of male mate choice

The optimal strategi*(s,t) of male mate choice maximisgdGiven the resident rate

v achieved by males with a stratdgfg,t), the best response by a mutis,t) maximises

E(G") - E(D") (9)
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We used an iterative process in order to find thenmal strategy of mate choice. We
started from a given value of the mean net rateaindity gainy; calculated from equation
(5) under a particular starting strateBy(s,t). When every male in the population used the
strategyPi(s,t), it affected the distribution of remainingpaired females which we calculated
accordingly with equations (7) and (8). Takingas the resident mean rate of fithess gain in
the population, we then calculated the mutant exgsalP,(s,t) which maximised equation (9)
considering the distribution of remaining unpaifethales. After calculating, usingP(s,t)
in equation (5), we iterated the process untd y; .1 meaning thaPi(s,t) had stabilized. The
male mate choice strategy*(s,t) that maximised equation (9) with = y* was the

evolutionary stable optimal strategy.

paired
cl|P,(1-P)
P.(1-P,) P.(1-P,)
S €«
B A
(1-P.)(1-P,)
D
€
time

Figure 3: Path diagram showing the different ways in whioh humber of unpaired females
n.(s, t) of given sizes at stage of their reproductive cycle can change. Situaforepresents

the inflow of unpaired females of same size butnfretaget+1 who change stage without
pairing up with a probability?(1-Pp). Situation B represents the outflow of unpairethéles

att who change stage without pairing up at a prolgidi(1-Pp). Situation C represents the
outflow of unpaired females awho pair up without changing stage at a probatij(1-P).
Situation D represents unpaired femaleswaho do not pair up and do not change stage at a
probability (1P¢)(1-Pp).
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1.3 Results
1.3.1 Optimal mate choice strategy

At y*, males had reached an optimal strat@gys,t) of mate choice. Across different
situations, we never found an optimal strategy wélues of thd>*(s,t) matrix differing from
0 or 1, indicating that males either always rejgcte always accepted females of given
qualities according ts andt. Figure 4 shows optimal strategies at three diffeisex-ratios
(presented as the proportion of males in the pojpula Males were choosy when sex ratio
was female biased (SR = 0.4, figure 4a) or balari&i= 0.5, figure 4b) but they paired at
random when sex ratio was male-biased (SR = @6tdi4c). Male mate choice depended on
the interaction between both criteria of femaleligqpaThey tended to pair with female far
from reproduction only when those were large endogtompensate for the opportunity cost
associated with long lasting precopula (figure lfla,More precisely, let us consider a male
using the mate choice strate@y(s, t). If he encounters a female, he already padarching
time cost 1A and he has to decide whether to pair or to réjectIf he pairs with her, he will
have to guard her for a timdefore copulating with her and gain a fecundig).f(f he rejects
her, he returns to searching for a new female againng the same timg he will thus have
a rate of gain that equaj%t. As a consequence the fitness gain he will achikelie accepts
the female iSNaccept= f(S) Whereas if he rejects her he will achieviéreess gaimf Wigject =
v*t. Therefore, given*, males using?*(s, t) should accept females if f(s)y>t. From this
inequation, we can deduce the equation of the digueing the separation between accepted

and rejected females giveft

g -9 (10)
a

Equation 10 suggests that given a particular vafue male mate choice threshold on female
size should vary according to the two paramedeasdb describing the link between female
size and fecundity. In the next section, we wiltastigate the role of female fecundity on
male mate choice strategies and on the duratiomate guarding predicted in natural

populations.
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Figure 4: optimal mate choice strategies as a function ofale body size and time left to
reproduction. A female whose quality is comprisedhe white zone is always accepted as
mate by males. If on the other hand, the female@slity is in the grey zone, she should
always be rejected as mate. Optimal mate choi@prasented for three values of sex-ratio:
(@) 0.4, (b) 0.5, (c) 0.6. Other parametars:1,b=1,L =0.1.

1.3.2 Effect of parameters of female’s fecundityoptimal mate choice strategy

Fig. 5 shows the effect of the two parameters ofdie fecundity on mate guarding
duration. Here, male mate choice bdepended also os Therefore, contrary to previous
models of mate guarding, we could not predict di@dar threshold of below which males
should choose females. In order to quantify therdjng duration predicted under male mate
choice, we measured the mean proportion of femalesoductive cycle during which
precopula occurred (hereafter, the mean propodiguarding). This provided us with values
that could not exceed 0.5, for which females akeran precopula as soon as they start a new
reproductive cycle. Under female biased sex ratmales were choosy and the mean
proportion of guarding varied with both parametetdecundity (figure 5a). Whea andb
were small, it did not pay males to discriminatenées ors because females varied little in
fecundity within the population. As a consequenoejes only tended to reject female far
from reproduction, regardless of their size whielulted in rather short lasting precopula
(figure 5a). Whera andb increased, only large females carried several ggtigee population.
Among these females, there was a large variatidiedgandity and it paid males to become
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choosier on body size to reject small, less fecdahales. As a consequence, the mean
proportion of guarding tended to increase in theutation because males did not
discriminate females ohas much as before (figure 5a). They almost neggrcted large
females, even when they were far from reproductt@m.the other hand, they almost always
rejected small, less fecund, females even when g fairly close to reproduction. Under
balanced sex-ratio, wheamnandb were small, males were barely choosy on eithéeraon
(figure 4b, figure 5b). Wheb and/ora increased, males tended to increase their chasssine
on s. A greater number of females were rejected whenfrtam reproduction, therefore
leading to lower mean proportion of guarding duri@gpale reproduction cycle (figure 5b). In
certain cases (e.g.= 1.6,b = 8, figure 5b) it was even similar to values aled for female
biased sex-ratio.

1.3.3 Effect of encounter rate of females on opitimate choice strategy

When) increased, it decreased the time cost of seardbimmales because they were
more likely to encounter an unpaired female rapifilg. 6 shows the relationship between
and males choosiness (defined as the proportiogj@dted females) for female-biased (figure
6a) and even sex-ratio (figure 6b). As expectedremsingA tended to increase male
choosiness. However, for both sex-ratios, choosinesched a plateau’at 0.01 after which
it did not increase again. For female-biased st@& (8R = 0.4), increasing choosiness led to
shorter guarding in the population (figure 6a). Hoer, once choosiness stabilized,
increasing values df led to longer lasting guarding duration which dauaily reached the
mean guarding proportion of guarding observed wimahes were less choosy (figure 6a).
This indicates that greater choosiness only leadshorter guarding duration observed at the
population level when mate encounter rate is loar. [Balanced sex-ratio, male increasing
choosiness does not contribute to decrease guadlingtion (Figure 6b). Instead, with
increasing)k, males encountered more unpaired females. Unp&eredles rather far from
reproduction were therefore likely to be rapidlyuol and taken in precopula before they

became closer to reproduction.
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Figure 6: effect of mate encounter ratglogarithmic scale) on mean proportion of guarding
during female’s cycle (white dots) and on male choess (black dots) at (a) SR = 0.4 and (b)
SR = 0.5. The horizontal dotted line figures theximaim mean proportion of guarding
during female’s cycle when males pair up at randmmd have a high encounter rate of
females. Other parametess= 1,b = 1.

1.3.4 Mate choice on one or both criteria

Mean proportion of guarding during female’s cychaeged if males tended to choose
predominantly according to one or the other caterof female quality. We ran the model
considering that males did not have the possibdftgiscriminating females os so that the
optimal mate choice stratedy*(t) corresponded to a threshold @f above which males
rejected females. Under female-biased sex-raticenwmmales discriminated females on the
basis oft only, they tended to guard females closer to ypcton (i.e. lowet*) compared to
situations where males chose on both criteria anthfes varied substantially in fecundity (
= 1.6,b = 3, figure 7). This resulted in shorter mean prtipn of precopula during female’s
cycle observed at the population level (figure HQwever, as soon as sex-ratio was even,
males which only chose dnwhere not choosy anymore and paired at randayargi7b). If
A was large enough, this resulted in precopularnigstiver the whole duration of female

reproductive cycle (figure 7a). On the other hamdden males chose on both cues, they were
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still choosy at an even sex-ratio (figure 7b), iagdto slightly shorter guarding durations

(figure 7a). Under male biased sex-ratio, it did pay males to discriminate females
anymore, except when those varied substantialfgaandity within the populatiora(= 1.6,b

= 3, figure 7b). In that latter case, males s#jected some females before entering in
precopula under strong competition for pairingutisg in temporary mate guarding (figure

7a, b).
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Figure 7: effect of sex-ratio on (a) the predicted mean propn of guarding during female’s
cycle and (b) on male choosiness when males bagectivice ort only (white dots) or both
cues (crosses and triangles). Optimal choosines®tbncues was calculated for: &iF 1,b =

1, crosses, (iip = 1.6,b = 3, triangles. Vertical dotted lines figure balad sex-ratio. The
horizontal dotted line in (a) figures the mean pmipn of guarding during female’s cycle
when males pair at random and have a high encotateiof females. Other parametéers:
0.1.
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1.3.5 Male mate choice and observed precopulatate iguarding duration

Researchers observed a lot of variation in pre@puration in the field and they often
relied on measures of mean precopula duration fier iprocesses that account for such
variation (see table 1). They have mainly triedeiglain temporary mate guarding under
balanced sex ratio by considering difference inemabmpetitive abilities and/or sexual
conflict over guarding duration (e.g. Yamamura &ndalainen 1996, Hardling et al. 2004).
Here, we provided an alternative but not exclusxelanation, considering that males are
capable of assessing female’s body size as wd#raale’s time left to reproduction before

initiating precopula. Our main predictions are that

() Under balanced sex-ratio, mean precopula duratwuld be shorter when females
vary a lot in fecundity within the population. Ths especially true when an important
proportion of smaller females are little or even fecund at all. In that case, it pays male
to be choosier on female’s body size before imitgatprecopula in order to avoid
spending a lot of time guarding a small female essed with low fertility. In mate
guarding crustaceans, this situation can exispifinstance, males are likely to encounter
immature smaller females while looking for a madso, depending on species, the
relashionship between female body size and fecundities (Sutcliffe 1993). Female
disparity in fecundity within populations has beggscribed to vary between species. It
ranges from a twofold difference between the smealénd the largest female in the
population, to about a hundredfold difference. Hattlatter case, smaller females carry

almost no eggs while largest ones produce abounhdrbd eggs (Sutcliffe 1993).

(i) Mean observed guarding duration should be shaiterieen encounter rate between
partners is low. Under low density for example, @sado not encounter potential partners
often. Females who had just been released frone\aqus precopula and who are at the
beginning of a new reproductive cycle may come asla® their next reproduction
without pairing. This would tend to lead to tempgrgrecopula observed at the
population level. This is true even in cases wieades are not choosy and are willing to
pair with any females, even those far from reprdidac Mate density can be low due to
dispersion of individuals in the environment orthe dilution of acceptable mates in the
population. This latter case can occur in mate @jungrcrustaceans where several females

are not breeding at a particular time and do nodpce eggs. For instance, several
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females could be performing growth moults at a gitimme, making more difficult for a
male to find a suitable partner. Similarly, whem#&des are castrated due to parasite
infection, males tend to avoid them as mates (Bb#aet al. 2002). Under high parasitic
prevalence, the number of healthy fecund femalesildhbe low. Although males may
not be choosy on eitheror t, we predict rather short guarding duration becdes®les
available for pairing are difficult to find and aligely to come closer to reproduction
before pairing up.

(i) In accordance with previous models, we foyrdcopulatory mate guarding duration
to be strongly influenced by sex-ratio (Grafen &Ry 1983, Hardling et al. 2004).
Males tended to be choosier, pairing with femaleser to reproduction and/or larger
when sex-ratio was female-biased. Female biasedasies are described in certain mate
guarding crustacean species where individuals afected with sex-ratio disorder
microsporidian parasites (Terry et al. 2004). Hoevelittle is known about the fecundity
of males becoming female under parasite infectioth iés effect on male mate choice
(but see Hatcher & Dunn 1997 for a discussion).ti@nother hand, when sex-ratio was
male biased, the strong male-male competition ¢oess to females prevented males to
be choosy. They rather paired with the first enterad female regardless of her quality.
This is yet not entirely true in cases where fesalaried substantially in fecundity
within a population. It was then possible to obsenvale choosiness under balanced or

male-biased sex-ratios which resulted in tempopaggopula at the population level.

1.4 Possible explanation for the disparity in findags between studies of male mate choice

in mate guarding crustaceans

Our model can also help to understand why no causeaxists regarding criteria of

female’s quality used by males for mate choice I¢tad). Depending on parameters of

female’s fecundity or sex-ratio, males could eithase their choice on body size or on time

left to reproduction. Fig. 8 presents three possiblle optimal mate choice strategies under

different conditions. At an even sex-ratio, whenlgaaencounter females sequentially, we

predicted that males should not be strongly chabsgmales in the sampled population do

not vary markedly in fecundity (figure 7b, red lifigure 8). However, in experiments, males

are usually in presence of two females simultanigodsis may simulate a female-biased
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sex-ratio leading the focal male to become chookirus consider such an experiment using
individuals originating from a population where fales do not markedly vary in fecundity.
Male mate choice strategy under this condition &heoarrespond to the black line presented
in Fig. 8. An experimenter aiming to test for thregence of a male mate choice on both cues
would either present a male with two females ofghmes but differentt (A vsB or CvsD,
figure 8) or with two females of the sarnbut differents (A vsC or BvsD, figure 8). In the
former situation, males would tend to discriminb&tween females and choose the one with
the smallest. However, when facing femalesw& C, both close to reproduction, males would
tend to pair at random. When facing femalegsB®, both far from reproduction, he would not
pair at all. Although male mate choice strategipased on both cues of female quality, such
an experiment is more likely to detect a choiceelyobased on female’'s time left to
reproduction. The exact contrary happens if femalésthe sampled population vary
substantially in fecundity. In that case, male gt mate choice strategy corresponds to the
green line in Fig.8. When facing femalevAC or BvsD (figure 8), males would tend to pair
up with the largest of the two. However, males wop&ir randomly when housed with two
large females (Ars B, figure 8) and would reject both females whendea with two small
females (GrsD, figure 8).

This may explain the measured difference in maléenchoice strategies between
mate guarding crustacean species (table 2). A wadation in environmental conditions may
act on mate choice making males more eager toimiisete females on one criterion or the
other. However, experimental procedures involvimg enale simultaneously encountering
two unpaired females may not reflect male choosinesnatural conditions. Under strong
competition for females, males should accept alrewsty potential female and are likely to

pair with the first one they encounter.

1.5 Model conclusion

Although our model predicts temporary precopula asntlalanced sex-ratio and
specific relationship between female’s body sizd tetundity, male choosiness was never
really high. Most of the time, males are predictednly reject a small proportion of low
guality females before entering in precopula. T¢alls into question the existence of male
mate choice occurring before precopula when malesownter females sequentially.

Alternatively, males could use different strategefsmate choice and mate sampling that
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enable them to cope with the strong competitionr @agring. In the next section, | will
present an experiment testing male mate choiceaite guarding crustaceans when it occurs

while males are already paired.

0.4 0.6 0.8 1.0
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Figure 8: Optimal male mate choice strategies as a funafdemale’s body size and time
left to reproduction under three conditions: (i) SR.5,a=1,b =1, red line, (ii) SR = 0.35,
a=1,b=1, black line, (iii) SR = 0.44 = 10,b = 3, green line. Different letters (A, B, C and
D) represent potential females mate presented ttesmim simultaneous mate choice
experiments. See the text for interpretation offigere regarding potential biases associated
with such experimental procedures. Other parameéter9.1.
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2. Male mate choice during precopula

In mate guarding crustaceans, a few studies hamweeshthat paired males are capable
of releasing the female they currently guard ta paih a new one (Dick & Elwood 1989,
Dick 1992, Iribarne et al. 1996, Wada et al. 201iYhe hermit cralPagurus minddendorffii
males guard females by grasping the rim of theslldbefore spawning (Wada et al. 1996).
However, when an unpaired female is at proximityaotouple, the paired male has been
showed to sometimes assess the unpaired femalevamtually leave his current partner to
pair with her (Wada et al. 2011). This behavious h&so been observed @& pulexwhere
males can even simultaneously pair with two femdiesding them perpendicularly relative
to their own body for a few seconds before releasime of them (Dick 1992, figure 9). This
behaviour has been tested in a context of mateel{Bick 1992, Wada et al. 2011). Authors
showed that males tended to switch females whemtpaired female was relatively larger
than the female they currently paired with. HoweVieite is known about the role of female
time left to reproduction in male switching decisidn addition, previous studies have only
observed a few switching in controlled laboratooyditions (4 switching in Dick 1992 and 2
in Wada et al. 2011) suggesting that male decisit® may be subject to constraints. In
manuscript 1, we studied mate switchingsnpulexby presenting paired males with unpaired
females of various qualities and counting the nunabérials were males were found to have
changed females after 24h. Contrary to previoudiasumales did not seem to switch females
when the new female was of relative better qualitgtead, we found that males switched
females more often when the female they were Ihitipaired with was of absolute low
quality. Therefore, male decision rule did not setmbe based on the totality of the
information available. Leaving his current femalken she was of low quality regardless of
the quality of unpaired females at proximity, mathd not end up pairing with the best
available female in every situation. We suggest sheh a rule of thumb allows males to
perform well in general if potential mates assesdrisesomehow constraints and/or subject to
errors (McNamara & Houston 2009).

Contrary to what previously thought, precopulatorgte guarding is not a “passive
phase” (Parker 1970). Here, we propose that préatgoy mate guarding may function as a
sampling process by which males with poor inforovatabout the quality of females they
initially pair with could improve their assessmebinder this hypothesis, unpaired males

would first pair at random with the first femalesthencounter because high levels of male-
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male competition prevent them from being choosys linly after they are paired that males
could exert a mate choice and change partner wieendurrent female is of low quality. This
sampling process may exist in several species ichMfere is a substantial delay between
mate encounter and possible reproduction. In kepkscies for instance, females have been
found to change partner during the course of aosegBtter & Ratcliffe 1996, Ramsay et al.
2000, Jacot et al. 2010). Contrary to what we slloweG. pulex during these “within-
season” divorces, females left their current partagair with higher ranking newly widowed
males (Otter & Ratcliffe 1996). Further studies ameeded to understand the adaptive
significance of using partial information in deoisi making related to mate choice under

strong competition.

3. Conclusion

Even though long lasting precopulatory mate guardame associated with high
opportunity costs for males, it is difficult to @rsituations were males become highly choosy
on female body size before entering in precopuldy @hen females vary substantially in
fecundity within a population should male rejectadifiemales in favour of larger ones. Even
in that case, males should reject less than haffémale they meet before entering in
precopula which proves the difficulty for mate dawito arise from highly competitive
situations (Barry & Kokko 2010). Alternatively, ig possible that males use different tactics
of mate choice. Mating preferences sometime depanddividuals own quality (Riebel et al.
2010) or past mating experiences (Bleu et al. 20B2rause they are not shared between
males, these preferences may therefore be lesscsubjcompetition than preferences shared
with competitors. Also, males could exert mate caaluring precopula. After having paired
at random with the first female they contactedytbeuld switch partner before copulation.
Such mate choice strategy is of particular impagamwhen making inference about the
mating pattern. Considering that males are capatb$vitching mates, punctual observation
of pairs in natural populations may not necessanfgrm about the mating pattern. In the
next chapter, we will consider the link between enctoice strategies and mating patterns in

species with precopulatory mate guarding.
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(b)

Figure 9: simultaneous manipulation of two females by a n@danmarus pulex(a) An
unpaired female comes at proximity to a couple. Thg male grabs the two females
simultaneously. (c) He releases one of the two Fenteapair with the other. From Dick 1992
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Simple decision rule for mate-switching during preopula in an amphipod

crustacean.

Matthias Galipaud, Loic Bollache, Abderrahim Oughadnd Frangois-Xavier Dechaume-

Moncharmont

Abstract:

Comparable evaluation of potential partners isiaiff when individuals encounter them
sequentially. In addition, mate’s quality is usydiased on multiple traits which potentially
impair their precise valuation before during mateice. Under such constraints on decision
making, it has been suggested that individualsdcase simple decision rules that allow rapid
and adaptive decision making. In amphipods, malesdjfemales for a long time before
copulation in response to strong competition faripg. Consequently, mate discrimination
prior guarding when females are encountered seigligritardly evolves. However, during
guarding, males have been described to switch fsn&aving the female they guard for a
new one. Although this behaviour potentially pr@sdmales with the possibility of
comparing both females quality, little is known abmale’s decision rule for mate choice in
such a situation. We measured switching probabiityen males were housed with two
females differing in quality, one of which they wqraired with. Female’s quality was based
on two criteria, their body size and their time e#ning to copulation. Males made their
switching decision solely on the basis of theirrent female quality. They had a greater
probability to switch females when they were paivath a female of low absolute quality.
This shows that males’ decision rule was basednby asubset of the information available.
We discuss this apparent maladaptive behaviour kespect to current theory on adapative

decision making.
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Introduction:

Mate choice is favored in population where matesatly vary in quality (Parker 1983). It
then pays individuals to discriminate among potdrgartners and show preference for those
associated with the best direct or indirect fitnbssefits. In addition, potential mates are
generally dispersed in the environment. To spoir thveeferred partner within a population,
animals have evolved sampling strategies becaesedih not have the capacity to encounter
every potential partner before making a choice €tz 1980, Real 1990, Luttbeg 1996).
When mates are encountered simultaneously, dikatiparison of their relative quality is
presumably facilitated (Bateson & Healy 2005). Hoere except in rare cases (e.g. leks),
potential partners are encountered sequentiallyimgatheir relative comparison difficult
(Baker & Milinski 1991, Barry & Kokko 2010). In sagntial sampling, choosy individuals
have to assess each encountered potential maigyduedbre deciding whether to pair with it
or to reject it (Luttbeg 1996). Because individaatjuality is usually based on several
modalities, they also potentially have to basertdecisions on the assessment of multiple
cues (Candolin 2003). When scramble competitionaforess to preferred mates is strong,
individuals are yet less likely to find unpairedgatial mates. In that context, explaining how
they could afford to reject them is challenging rfBa& Kokko 2010).

Encountering, valuating and remembering the qualitylifferent potential mates based on
several cues in order to make rapid decisionsde td# strong competition over mating may
require cognitive capacity that animals sometimendb possess (Fawcett et al. in press).
These constraints on mate sampling and qualitysassent have led certain authors to suggest
that animals may use simple decision rules to mdpapidly and adaptively to complex
choice situations (Todd & Gigerenzer 2001, McNam&rblouston 2009, Fawcett et al. in
press). For instance, they may assess mate’s yjoaibone single cue (i.e. “take the best”
heuristic, Hutchinson & Gigerenzer 2005) or sanmglémited number of individuals before
making a choice (i.e. best-of-n decision rule, d@&980, Real 1990).

In mate guarding crustaceans, reproduction islyidgimked to females’ molting cycle as they
are only receptive for copulation shortly after tmg and only for a few hours. Female
fecundity is dependent on their body size withéarfgmales carrying more eggs than smaller
ones (Sutcliffe 1992). Within populations, moltscoc with no synchrony and interval
between two successive molts is longer for largdividuals. Females therefore greatly vary
in both fecundity and their proximity to reprodwcti In such mating systems, females

receptive for copulation are scarce and scrambhapetition among males is strong. In
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response to this competition, males engage in eoptgatory mate guarding (also called
precopula or amplexus), holding on a female foew hours up to several days before she
molts and copulation occurs (Parker 1974, Jormataih998). In simultaneous encounters
males seem to discriminate females before entaringrecopula. Laboratory experiments
reported that they based their choice on femaley lmize preferring larger, more fecund
females over smaller ones (Reading & Blackwell 20&¥aAnceschi et al. 2010, Wada et al.
2011). They can also discriminate females accordmgheir time left to molt (TLM)
choosing preferentially the female closest to mdien presented to two unpaired females
(Birkhead & Clarkson 1980, Thomson & Manning 198Lnn 1998, Lemaitre et al. 2009).
Choosing females close to molt (i.e. close to cajpah) potentially provides males with a
higher mating rate and shorter costly precopulanidtinen 1998). However, according to
theory, males should not exclusively choose femalesording to one or the other cue.
Rather, they are often supposed to discriminaténgarby combining both source of
information, preferring to consort with femalestthae the most fecund given the time they
need to be held before copulation (Thomson & Magiiig81, Elwood et al. 1987).

Precopula can last several hours up to several deysnding on the species (Jormalainen
1998). Despite this substantial time between matewnter and copulation, males have often
been assumed to be resolute in their choice, hpldim tightly to their female against
competitors and waiting for copulation. However,lesahave sometimes been observed to
switch partner during precopula, releasing themrent female to pair with a new one (Dick
1992, Iribarne et al. 1996, Wada et al. 2011). Thaing behavior has received only little
attention (but see Wada et al. 2011), although atld presumably be an efficient mate
sampling process when simultaneous encountersvefaleunpaired potential partners before
precopula initiation are rare. We studied male sleni rule for mate switching strategy in
Gammarus pulexan amphipod crustacean. Our aim was to understéanch modalities of
female quality were involved in switching decisiovhen a paired male encounters an

unpaired female.

Material and methods:

Using the kick sampling method (Hynes 1954) andaadhnet, sexually mature gammarids
were collected in the river Suzon (Burgundy, Fraride47°24,215 E: 4°52,974 between
March and May 2010. Individuals were immediatelpught back to the laboratory and

housed in a large tank filled with well aerated evadt 15°C that had been previously filtered
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and UV treated for pathogens. For experiments, inecitly collected gammarids from the
stock tank. They were first gently separated frogirtcurrent partner before being housed in
glass cups also filled with UV treated water. Induals used in experiments spent less than a
week in the lab.

Males were first isolated in glass cups for 24h &ed with elm leaves ad libitum for
acclimatization. After 24h, the leaves were remosad a female randomly chosen from the
previously paired females was added to the cufidw grecopula formation (hereafter called
the current female). Once the couple formed, wiyglically took a few minutes, we waited
20 minutes before adding a second single femaldoraty chosen from the previously paired
females (hereafter called the new female). We @alitite number of palpation attempts the
male made towards the new female with his postgmathopods for 30 minutes. The three
gammarids were then left to interact for 24h, aftbrich we determined whether the male had
changed partner for the new female. The male wars tbmoved from the cup. We estimated
his body size using the length of his fourth copalte (Bollache & Cézilly 2004) to control
for its potential effect on male capacity to haeeess to partners (Fawcett & Johnstone 2003,
Hardling & Kokko 2005).

Females in each trial were of different quality. \AMlened to present the male with a new
female of equal or better quality compared to hisrant female in an attempt to favor
situations of mate switching. Before adding thenth® cups, we roughly assessed females’
relative quality on the basis of their body sized/an their TLM. The two females were
considered varying in body size when we could olesarsize difference with the naked eye.
We estimated their TLM thanks to the maturity ofbepos in their brood pouch (Geffard et
al. 2010). Female were considered close to moltnwdaerying bright orange young in their
brood pouch and far from molt otherwise. After expents, we precisely assessed the
guality of each female used in trials. To meashertTLM, we individually housed them
with a new male until their molt to avoid biasetated to female plasticity in molting time
when unpaired (Galipaud et al. 2011). We then nredstheir body size following the same
procedure used for males (see above). This providedvith 93 trials covering a wide
spectrum of situations where the new female wdseeibf better quality according to both
cues, of better quality only according to sizepefter quality only according to time left to
molt, of same quality, or in a few cases, of worslity according to both cues (in 4 out of 93
cases). On average, the new female was 0.22 migh @33 larger and 6.21 days = s.d 11.6

closer to molt than the current female. The meaa of current females was 1.87 mm * s.d
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0.22 and that of new females was 2.09 mm + s.d. @.B& mean TLM of current females was
10.17 days + s.d 10.36 and that of new females3n@&days + s.d 4.5.

Using other gammarids, we also allowed 53 maleerm precopula with randomly chosen
females. However, we did not add a new female ¢octip. We recorded the number of split

couples after 24h, therefore measuring the batabifacouple separation.

Data analysis:

Before making a decision, males could have assessdr the other female absolute quality
(body size and TLM) or could have compared the f®ales. In both cases they may have
assessed females’ body size or TLM or a combinatiothese cues (Thomson & Manning
1981, Elwood et al. 1987). We therefore considéveal categories of explanatory variables.
(i) Simple variables were based on the absoluteevaf TLM and body size for both females.
(i) Composite variables included specific assocret between simple variables. For this
second category, we considered the difference blasathe values of the size differenég (

= §-&) and TLM difference Qym = TLM-TLM,) between the two females. We also
considered the ratio variables: values of the ratisize over TLM for both female&{ and
R,) and values of the difference between these rf@lés= R-R,). We did not have priori
knowledge about the relative importance of thedter@int variables. Therefore, inferences
about male mate choice behavior depended on a veidge of alternative models that
included either simple or composite explanatoryaldes.

Analysis of males’ number of palpation attemptsr@les’ mate switching probability were
performed separately. We compared alternative dinezdels generalized for a zero inflated
negative binomial distribution in order to expldire number of palpation males did towards
new females (R package “gimmADMB”). The probability§ switching was studied by
comparing logistic regression models. For both ysed we first constructed a set of
candidate models including only biologically meagfui variables based on our expertise on
gammarid biology. We then used Al® identify best models that explains male’s bébrav
(Burnham and Anderson 2002, Symonds & Moussallil20We performed distinct AIC
model selection procedures for set of models thatuded either simple or composite
variables in order to avoid problems related tdirearity (Freckleton 2011). We calculated
the differenceAAIC. between the model with the minimal Al@alue (i.e. the best model)
and alternative models. We also calculated for edtelnnative model its Akaike weights as

a measure of the weight of evidence that the modelthe best model to describe male’s
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behavior. For interpretations, we used a confidesateof models for which their cumulated
weights equals 0.95. Each variable’s importancéiwithis set of models was assessed using
a model-averaging method (Burnham & Anderson 20®¢monds & Moussalli 2011).
Variables with highest model averaged weights wexpected to be of higher relative
importance to explain male’s behavior. Every analysas conducted using R-2.15 (R

Development Core Team 2012).

Results:

From the 122 trials we started with, 112 malesatet! precopula with the first female (i.e.
the current female). This represents 8% of matectiein when both males and females were
unpaired. In 19 of the 112 remaining trials, ongha two females died or was eaten by a

male during the experiment. We thus used 93 tftalanalysis.

Males’ palpations towards the new female

During the first 30 minutes after the introductioh the second female in the arena, we
observed 80 males performing palpations perforningards the new female (mean number
of palpations 4.62 + s.d 3.44). However, we onlge@ied simultaneous manipulation of both
females by the male in one replicate. Based onntloglel selection procedure, males’
motivation to palp the new female was mainly expdal by their own size and the quality of
their current female (table 1). Males tended tdguer more palpations when they were large
and when their current female was large and closediting (table 2). The difference is TLM
and size between the two females also tended lieeimde the number of palpation attempts,
although the TLM and size of the new female aloiterst seem to affect it. However, the
close values of AIE (table 1) between the best models for the simpleables (AIG =
411.75) and the composite difference variables {(AC411.26) analysis does not allow a
clear rejection of one or the other effect to exptae number of palpations. Males may have
displayed more palpations when the difference imdies quality was low or only when their
current female was of bad quality. Number of pafpest had no effect on male’s probability

to switch females (logistic regression for a binahdistribution,y2 = 0.13,df= 1, P = 0.72).
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Mate switching

Although 89 out of 93 trials involved a new femalerelative better quality compared to
males’ current female, males switched females @tytimes. Thirteen out of 47 males
switched females when the new female was of bejtality than the current female
according to both cues. Nine out of 19 males swiicfemales when the new female was of
better quality according to size only. Four out2@f males switched females when the new
female was of better quality according to TLM orilythe 4 situations where the new female
was of lower quality according to both cues, maieser switched females. On the other
hand, in trials involving only one male paired widhe female, couples split up 3 out of 53
times.

Similar to analysis of the number of palpations,ewhusing a criterion oAAIC. < 2 for
model selection, mate switching probability wasyoakplained by male’s current female
quality (table 3). The best model to explain matétching (i.e the model with the lowest
AIC. value among all models considered in both simplé @mposite variables analyses)
only included the ratio of the current female sizer her TLM as an explanatory variable.
The male switched females when his female waswfjoality; i.e. her ratio of size over time
left to molt was low. This result is consistent lwithe model averaging procedure that
indicatedR. as the major variable to consider to explain ngtéching (table 4). It also
pointed out the importance of the TLM of the cutréamale alone and the difference in
females TLM as explanatory variables (table 4). édateemed to switch females with a
greater probability when their current female waisffom molting or when the difference in
females TLM was high. Current female size alonerditl seem to influence mate switching
(table 4) and, as for palpations, characteristichhe new female were of little explanatory

power for switching behavior (table 4).

Discussion:

When given a choice, the majority of males remaivéh their current female even when the
new female was both larger and closer to molt Whach potentially corresponds to a greater
fitness payoff). Males thus sometimes neglectedbtttéer available option. When they did
switch females, their decision appeared to be basethe characteristics of their current
partner only. This markedly differs from previodadies of mate switching in mate guarding

crustaceans which showed that males tended to elaarther for larger, more fecund female
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(e.g. Dick 1992, Wada et al. 2011). We suggestpassible interpretations for this apparent
suboptimal decision making.

First it is still possible that males actually camgd both females quality, but because of
constraints on assessment, they could not detecdifference in females’ quality. Mate
assessment and mate guarding decision in crustat¢eae been described to proceed as a
complex behavioral sequence during which males soras grab females and exert antennae
palpations (Dick & Elwood 1989). While in precopulia may be difficult for males to
accurately assess the quality of a new female. Yothr information about her quality, they
may be prone to errors leading to suboptimal degisiaking.

A second interpretation could be that males did coohpare the two females’ quality and
based their pairing decisions solely on their qurfemale quality. In many situations, it has
been reported that simple decision rules under hvaiimals purposely neglect a part of the
available information could perform well (Hutchimsa& Gigerenzer 2005). This may
especially be true when perfect information abdwe environment comes from several
sources. Animals processing all the available mitton may sometimes make optimal
decisions but may also be prone to errors leadirsgiboptimal behaviors associated with low
fitness payoffs. On the other hand, when decisiares only based on a subset of the
information available, animals make fewer errorassessment. Although such decision rules
do not lead to the choice of the best option imggduation, they allow a rather sure fitness
payoff over time. In certain situations the meaggbof such simple decision rules can be
greater than a more elaborate decision based oragkessment of multiple sources of
information (Gigerenzer 2008). Instead of usingfeknt strategy for every situation, hence
being prone to errors, individuals using such raeshumbs make good choices in general
(McNamara & Houston 2009). Knowing only their cunréemale qualityGammarusmales
could have decided to leave her when a novel sifegi@le was close to the couple. Further
investigations are needed to understand the fitwessequences of using such rules of
thumbs in mate switching. This also raises an ingmrquestion: how males value their
current female when they do not compare her quwiitly the quality of other potential mates
(Bateson & Healy 2005)? One answer could be thaé maluation depends on past mating
experience. Choosy individuals with initially ndermation about mates’ quality distribution
in the population can update their decision ruleoading to previous reproduction (i.e.
Bayesian decision making, Jennions & Petrie 199¢Namara et al. 2006). For instance,
“trade-up” choices (Halliday 1983, Bleu et al. 2p1&ccording to which individuals choose

mates of similar or higher quality than their pms one, have been described in several
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species (e.g. in fishes, Bakker & Milinski 1991;imsects, Bateman et al. 2001). Instead of
assessing the new female’s quality, mate guardiagsncould decide to leave their current
female when she is of lower quality than a thredlt@pending on prior knowledge of mates’
quality distribution. Bayesian decision making irt@text of mate choice has for example
been showed in another species of mate guardirgjaceanGammarus lawrencianug.g.
Hunte et al. 1985). Under this hypothesis, comparathoice happens between reproductive
events rather than between several available aptiathin a reproductive event. Males can
switch partners without assessing the new fematpiality but they have to acquire
knowledge about the quality of the female they ameently paired with. Assessing ratio of
female size over TLM can provide enough informatdaout current female’s quality in order
to make a switching decision (Elwood et al. 19&f)gaging in precopula may facilitate such

assessment when it requires some time to be aeq@atshima et al. 1998).

Male mate choice in gammarids may proceed as gquasWwitching sequences. A male could
first pair with the first encountered female andhga information about her quality while

guarding (Goshima et al. 1998). If single females available, he can then decide to switch
females based on his knowledge of his current majeality. This is of particular interest

considering that precopulatory mate guarding hasosi only been though as a male
competitive strategy (Grafen & Ridley 1983, Jornrada 1998), but never as a mate sampling
strategy. Mate guarding could represent a way fateento sample and find good quality
mates. Under strong scramble competition, maldegmeriong lasting mate guarding because
they encounter few single females. This is alsmajor importance when making inference
about the mating pattern based on the pairing ppatddate guarding crustaceans are often
found to pair in an assorted manner in nature, laithper males paired with larger females and
smaller males paired with smaller females (Creg89). When considering possibility of

mate switching, observations of the pairing pattd not necessarily account for the
subsequent mating pattern (Galipaud et al. in pr@dss is important when studying the

consequences of such assortative mating on gemefid selection.

The sampling rule that we described presumably nsitketions of mate choice easier to
evolve as male capacity to sample females do nged®a male capacity to reproduce.
Because the sampling process occurs while thewlegady paired, males would eventually
have access to reproduction even if they do nak dirbetter partner. More generally, studies

of mate choice usually consider reproduction teatly follow mate encounter. We believe
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that switching rules before copulation must be camnn species where latency exists
between mate encounter and actual reproductiors fhlaly especially be the case in several
species of crustaceans with precopulatory matedigr but it may also exists in insect,

monogamous birds or mammals, for which reproductmmetimes comprise a mate guarding
phase. We hope that this will stimulate future teéoal research on sampling rules used by
males that allow them to exert a choice under gtrmympetition. Future studies could also
focus on individuals’ decision rules for mate cleowhen mates are difficult to compare and
vary on several traits. Special emphasis shoulanbde on the adaptive value of rules of

thumbs over several mating events.
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Table legends:

Table 1. number of palpations towards the new feraala function of variables of females’
quality. Each model included a given associatiowafables and models with no variables
only included an intercept. For each model, we icamed its AlG value and their difference
AAIC. with the best model, that is, the model with theagest weightv().

Footnote:Syae Size of maleS size of the current femal&LM, time left to molt of the current
female,S, size of the new femal&LM, time left to molt of the new femal&; ratio of size
over time left to molt for the current femak, ratio of size over time left to molt for the new
female, Dy, difference in time left to molt between the twantgdes,Ds difference in size
between the two femaleBR difference in ratio of size over time left to mbktween the two

females.

Table 2. Model-averaged estimates for the efféctaniables of female qualities on male
number of palpations towards the new female. Foh eariable, we considered its averaged
coefficient ) and the standard error (adjusted SE) and 95%d=orde interval fop.

Footnote:? For the model averaging analysis, stsanmed the weights of each models where
the considered variable appeared based on the reeléetion process.

Snale Size of maleX size of the current femal&@LM, time left to molt of the current female,
S, size of the new femal&,LM, time left to molt of the new femal&; ratio of size over time
left to molt for the current femal®, ratio of size over time left to molt for the neeniale,
Dum difference in time left to molt between the twonfees,Ds difference in size between the

two femalesDR difference in ratio of size over time left to mbktween the two females.

Table3. probability of switching as a function @rables of females’ quality. Same remarks

than in table 1.

Table 4. Model-averaged estimates for the effedhefvariables of female quality on male

probability of switching females. Same remarks timatable 2.
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Figure caption:

Figure 1: male probability of mate switching asuadtion of (a) the current female ratio of
size over time left to moltR;) and (b) the current female time left to mdaliL\). Higher
values ofR; and low values of LM. were associated with greater female quality. Waedda
jitter on they axis values of data for representation purpose ddes not account for the real
values that can only take O, when the male staya s current female or 1 when he
switched females. Solid curves represent the estinkogistic regression based on GLM
model with a logit link functiony¢ = 23.72df = 1, P < 0.001 for (a) an@ = 18.38df=1, P

< 0.001 for (b)).
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Table 1

Type of variables  Models AICc AAICc w
Simple
Shale S TLM, 411.75 0.00 0.21
Shale S TLM. S 412.16 041 0.17
Shale S TLM, S TLM, 413.88 2.13 0.07
Shale S TLM, TLM, 414.01 2.26 0.07
Shale S 414.2 2.45 0.06
Smale S: S] 414.74 2.99 0.05
S TLM, 414.79 3.04 0.05
Shale TLM, 414.83 3.08 0.05
S TLM, 415.2 3.45 0.04
Smale 416 4.25 0.03
Shale TLM, S 416.02  4.27 0.03
Shale S S TLM, 416.09 4.34 0.02
Shale S TLM, 416.24  4.49 0.02
S 416.38 4.63 0.02
TLM 416.90 5.15 0.02
S S 416.92 5.17 0.02
Shale S 417.08 5.33 0.01
Shale TLM, TLM, 417.10 5.35 0.01
S TLM, TLM, 417.12  5.37 0.01
Shale S TLM, TLM, 417.32 557 0.01
41755 5.8 0.01
TLM S 41795 6.2 0.01
Composite
Smale 416 0.00 0.40
41755 155 0.18
Shale Re 417.74 1.74 0.17
Shale R, 418.26  2.26 0.13
Re 419.58 3.58 0.07
Ry 419.72  3.73 0.06
Shale Diim Ds 411.26  0.00 0.49
Shale Ds 412.82 1.55 0.22
Dtim Ds 413.78 252 0.14
Ds 41489 3.62 0.08
Shale Diim 415.03 3.77 0.07
Shale 416 0.00 0.55
41755 1.55 0.25
Shale DR 418.05 2.05 0.20
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Table 2:

Type of variables variables Sw; @ B Adjusted SE =~ 95% C.I fdp
Simple variables
TLM, 0.75 -0.016 0.01 -0.04 to -0.001
TLM, 0.23 -0.009 0.55 -0.17 to 0.09
S 0.84 0.904 0.47 0.17 to 1.99
S 0.44 -0.282 0.47 -1.56 to 0.27
Shale 0.81 0.659 0.36 0.1to 1.52
Composite variables
R 0.23 0.04 0.26 -0.35t0 0.68
R, 0.19 -0.0009 0.2 -0.4t0 0.39
Shale 0.69 0.524 0.39 -0.0007 to 1.53
Dim 0.7 -0.01 0.01 -0.04 to 0.0004
Ds 0.93 -0.771 0.34 -0.16 to -1.5
Shale 0.78 0.605 0.36 0.06 to 1.48
DR 0.2 0.016 0.18 -0.27 t0 0.43
Shale 0.75 0.559 0.39 -0.01to 1.51
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Table 3

Type of variables Models AICc AAICc w
Simple
S TLM, 81.16 0.00 0.22
TLM: 81.30 0.14 0.20
Shale TLM, 82.91 1.75 0.09
Shale S TLM, 83.00 1.84 0.09
S TLM, TLM, 83.36 2.20 0.07
S TLM. S 83.36 2.20 0.07
TLM S 83.43 2.27 0.07
TLM: TLM, 83.45 2.29 0.07
Shale TLM, 85.10 3.94 0.03
Shale TLM, TLM, 85.12 3.96 0.03
Shale S TLM, TLM, 85.25 4.09 0.03
Smale S TLMC Sh 85.26 4.10 0.03
Composite
R 78.40 0.00 0.57
Shale R 80.16 1.76 0.24
Re Ry 80.54 2.14 0.19
Dtim 81.56 0.00 0.49
Dtim Ds 82.49 0.93 0.31
Smale DtIm 83.26 1.70 0.21
DR 98.88 0.00 0.52
100.02 1.14 0.29
Shale DR 100.85 1.97 0.19
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Table 4

Type of variables variables Sw; @ B Adjusted SE =~ 95% C.I fdp

Simple variables
TLM; 1 0.111 0.03 0.0510 0.16
TLM, 0.20 0.001 0.09 -0.181t0 0.18
S 0.51 0.981 1.37 -1.71 to 3.67
S 0.20 0.031 0.65 -1.25101.32
Shale 0.29 -0.219 0.70 -1.59t0 1.15

Composite variables
R 1 -6.920 2.06 -11to -2.88
R, 0.19 0.011 0.26 -0.49t0 0.52
Shale 0.24 -2.489 0.6 -1.34t0 1.02
Dim 1 0.112 0.03 0.05t0 0.16
Ds 0.31 -0.327 1 -3t00.9
Shale 0.21 -0.152 11 -2.910 1.43
DR 0.71 -0.563 0.53 -1.60 to 0.47
Shale 0.19 -0.082 0.47 -1t00.84
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Chapter 3

Linking preferences to patterns:
different hypotheses for the occurrence of
Size-assortative pairing in mate guarding

crustaceans

Matthias Galipaud, Loic Bollache, Francois-XavieacBbaume-Moncharmont, Rémy

Destrebecq, Clément Lagrue, Rémi Wattier, Zoé Gauth

1. Causes for size-assortative pairing

Many hypotheses have been put forward to explae-assortative pairing observed
in natural population (Crespi 1989). Although certpossible causes have been partly
disputed, none have been unambiguously shown tbtteaomogamy. In the next section, |
will present some of these hypotheses before ptiegea new one susceptible to account for

size-assortment among pairs.

1.1. The mechanical constraints hypothesis

Among first attempts to explain homogamy was tlaneithat individuals pairing with

alike achieved a greater mating success. Pear889)hrgued that because assorted couple

68



have greater fertility, men should seek women wiilar size. Later, in an attempt to explain
Size-assortative pairing in crustaceans, Crozied &nyder (1923) hypothesised that
individuals were mechanically unable to pair or enatith partners differing too much in body
size compared to their own. Mechanical constrasrismating can occur if there is an
allometry between genitalia size and body sizee $izompatibilities in genital organs may
impede mating between partners differing too murchize, hence leading to size-assortative
mating at the population level. In leaf beetlEsrhabda canadensidor instance, size-
assortative mating had been suggested to resuit tlee inability of disparately sized
individuals to successfully achieve intromissiorrdBn 1993). However, such mechanical
constraints have been mainly considered to appdpézies with hard exoskeleton rather than
species with soft bodies (Willoughby & Pomerat 1932ale’s capacity to hold a female may
also be subject to mechanical constraints. In wsttéders, males ride females on their back
on the water surface. The efficacy of this graspmegture has been showed to be highly
dependent on male and female relative body siz@mwa pair, which would explain why they
are generally found to be assorted by size (Hal. &010). In gammarids, small males have
been thought to be unable to properly hold a togeldemale due to the small size of their
dactyli compared to the female specialized sitesqmt at the surface of her cuticle (Platvoet
et al. 2006). Smaller males may then be disadvadtagholding large females compared to
larger males, hence leading to size-assortativenga(Crozier & Snyder 1923). However,
Birkhead & Clarkson (1980) showed that small malese actually able to initiate pairing
with large females. Although this observation shigle about the relative disadvantage of
smaller males in holding large females for a langet the mechanical constraints hypothesis
is now rarely put forward to explain size-assov@apairing.

1.2. The loading constraints hypothesis

Field surveys in gammarids have revealed posiize-assortative pairing, which has
not always been found in laboratory trials. Certaithors thus thought about possible
environmental effects, such as current velocityttos occurrence of size assortment among
pairs (Adams & Greenwood 1983). They hypothesibad lbbading constraints could explain
size-assortative pairing because small males mayniadle to efficiently swim in current
while carrying a relatively larger and heavier féen@dams & Greenwood 1983, Greenwood

& Adams 1984). Males therefore face a trade-ofiMeen pairing with larger, more fecund
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females but difficult to carry in currents and pagrwith smaller females easier to hold. Only
males relatively larger than their female woulddixe to hold her. This would explain why
pairs are size-assorted and why males evolvedrlbapy sizes compared to females (Adams
& Greenwood 1983, 1987, Adams et al. 1985, Greeaw&oAdams 1984, 1987). This
hypothesis has strongly been criticised by Ward§19987). Ward (1986) measured the
strength of size-assortative pairing found in twapylations of amphipods, one living in a
pond, the other living in a stream. According toaftts and Greenwood’s hypothesis, we
would expect two main patterns: (i) size assortm&mbuld be stronger in the stream
population because males should only pair with femahich they are capable of holding in
the current flow and (ii), the size ratio of maday¥fale within pairs should be lower in the
pond population compared to the stream populatemabse males are not constrained by the
current in the pond and can pair with relativehgér females. Contrary to these expectations,
Ward (1986) found a higher size ratio of male/fearfal pairs in the pound compared to pairs
in the stream (but see Greenwood & Adams 1987).tl@nother hand, although he did
measure size-assortative pairing in both habitegsgdid not compare these measures and he
did not report 95% confidence intervals around tteculated Pearson’s correlation
coefficients. We applied the Fisher's’z method ticalate confidence intervals around
Ward’s measures of size-assortative pairing. In gtream population, he measured size
assortment among 983 pairs and found r = 0.470@Pf 0.52]. In the pond population, he
measured size assortment among 229 pairs and foan@ 29, CI [0.16; 0.40]. This means
that in Ward’s study, size-assortative pairing \&agially lower in the pond population than
in the stream population, in accordance with Adaand Greenwood’s predictions. It is
therefore still unclear whether the loading constsa hypothesis can account for size-
assortative pairing. In fact the debate betweendWard Adams and Greenwood rapidly
became orientated towards possible explanationthéoobserved sexual size dimorphism in
amphipods (Greenwood & Adams 1987, Ward 1987). Niays, very few studies aiming to
understand the causes of size-assortative paiangnue to put forward this hypothesis (but
see Williams 2007).

1.3. The spatio-temporal size heterogeneity hypotbis

Let us consider a population where individuals pandomly but different size classes

of individuals occupy different habitats. If we rsege assortment by taking every individual
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regardless of their habitat for the analysis, weilb@expect size-assortative pairing to result
from the spatial segregation of individuals accogdito their body size. IrG. pulex
individuals of different sizes have been shown ribabit different substrates in the river
(Miller & Buikema 1977). Birkhead and Clarkson (D98thus sampled gammarids in 9
different patches. They found that individuals #igantly differ in body sizes between
patches. They also found no size-assortative gaoaturring within each patch but a strong
size assortment taking every sampled pairs regagdié their initial patch for the analysis.
Although these results would argue in favour ofoke rof spatial size heterogeneity in the
apparition of size-assortative pairing, subseqeéndies have pointed out that Birkhead and
Clarkson (1980) used a rather small sample siz@nvdach patch to measure it (typically n <
15). Birkhead and Clarkson found rather high valoB®earson’s correlation coefficient in
each patch (mean value among patches; r = 0.3@yiohi power test reveals that with less
than 25 sampled pairs, this rather strong cormalagippears non-significant. When repeating
their test by taking into account this possibleshisize-assortative pairing appeared to be
statistically significant within samples (Ridley&® Thompson & Moule 1983). This shows
that size-assortative pairing is likely to be caud®y another mechanism than spatial
heterogeneity of different size classes. In addjtB®ollache et al. (2000) conducted a similar
experiment by sampling gammarids in pairs from eéhdifferent substrates in the river.
Thanks to large sample size for each habitat teegaled that, although individuals from
different substrate differed in body size, hencadieg to strong overall size assortment
among pairs (e.g. overall assortative pairing inl@ala-Rue, r = 0.93, CI [0.90; 0.95],
Bollache et al. 2000), size-assortative pairingo at&curred within pairs found in each
substrate. Like Thompson and Moule (1983), theyckmed that size-assortative pairing in
G. pulexis likely to result from a different mechanismrtspatial size heterogeneity.

Instead of individual of different size being segated in space, they can be
segregated in time. Individuals of different sizandor instance have different breeding
period or different duration of sexual receptividading potential partners of similar size to
meet more frequently than expected at random (Cd€289). No studies but one seemed to
find a situation where such mechanism leads teassertative mating. In the Orb-web spider
Nephila clavataprecopulatory mate guarding occurs before ferhilee moult after which
they are adult and receptive for copulation (Miyesth993). Miyashita (1994) measured size-
assortative mating during the course of the sedderfound that larger females moulted and
became sexually receptive earlier in the seasorpaced to smaller females. Similarly, larger

males were found in precopula earlier in the seasompared to smaller males. As a
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conseqguence, across the season, positive sizdadssomating was found to occur although

no size assortment within pairs occurred at angrgniay of the season (Miyashita 1994).

1.4. The sexual selection hypothesis

Although the different hypothesis | presented soré&eived reasonable amount of
attention in the literature, mechanisms of sexeddcion are surely the most invoked cause
for size-assortative pairing. The sexual selectigpothesis suggests that size-assortative
pairing results from males and females behaviowkted to mate choice and/or
competitiveness. Two main mechanisms have beeriopward to explain it. The first one
considers that in a population where only one seghibosy and prefers larger mates, size-
assortative pairing should arise if large individuhave an advantage over smaller one in
getting access to preferred mates. The seconduggests that size-assortative pairing results
from a mutual mate choice where both sexes prafiget mates. In chapter 2, | already
presented empirical evidence for male preferenage ldoge females in mate guarding
crustaceans. On the other hand, very little is kmalout female mate choice in these species.
In the following section, | will consider the sexiselection hypothesis for size-assortative
pairing in mate guarding crustaceans. | will figesent evidences for large male mating
advantage before considering the possibility ofdemmate choice for large males in these

species.

1.4.1. Large male competitive advantage

In their seminal paper about male competitive sgigs in common toads, Davies &
Halliday (1979) observed a surprising male behaviéacing strong scramble competition
for access to females, unpaired males were abtbspace other, already amplexed males
from the back of their female partner in orderaket their place. These takeovers have later
been suggested to play a role in antagonistic cttiggeoccurring between males of mate
guarding crustaceans. Takeovers have also beem miteforward to explain size-assortative
pairing because larger males are presumably bistder smaller males at displaying them,
hence getting access to larger preferred femalegkh@d & Clarkson 1980). In table 3, |
reviewed different studies that tested the occueeof takeovers in amphipods. Although

takeovers have been suggested to occur in cenpaicies, only two studies reported a large
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male advantage at performing them. In addition sty showed any evidence for males
trying to takeover larger females. Overall, duetheir low prevalence and the lack of
evidence for their link with a mate choice for larigmales, it seems unlikely that takeovers
alone account for the size-assortative pairing dfotmmate guarding crustaceans. It is also
worth noting that no actual takeover behaviour haver been observed in these studies.
Experiments were usually conducted by housing angle and one single male in a cup.
Cups were then checked only once or twice a daychanges in the male guarding the
female. Such observed changes are only indirecteages for takeovers. Franceschi et al.
(2010) performed the same kind of experiment exdbpt they watched individuals’
behaviour in cups for 30 minutes. Interestinglyeythdid not observe any takeovers but
witnessed separations of couples probably duestyuént antagonistic interactions that single
males did toward paired males. Separations occuif® of the time, which roughly
corresponds to previously reported proportion @ipgised takeovers (e.g. table 3, Birkhead &
Clarkson 1980, Ward 1983, Elwood et al. 1987, leat dick & Elwood 1990, Sutherland et
al. 2007).

Table 3: occurrence of takeovers in different species gblsipods. The value reported in the

table represents the percentage of takeovers neehbyrhousing one couple with one single
male and looking for changes in the male guardimegfémale after a given time. Large males
were considered to have a competitive advantage aéhors found a significant positive

correlation between male body size and the occoerer takeovers. Similarly, males were
considered to prefer larger females when authoumdoa significant correlation between

female body size and the occurrence of takeovers.

Percentage of

Large male Preference for

Species takeovers advantage large females References

Gammarus pulex 10.7 % No No Birkhead & Clarkson 1980
Gammarus pulex 9% Yes No Ward 1983

Gammarus pulex 15 % Yes No Elwood et al. 1987
Gammarus pulex 0 % No No Dick & Elwood 1990
Paracalliope fluviatilis 0 % - - Sutherland et al. 2007
Hyalella azteca 33 % - No Cothran 2008b
Gammarus pulex 0% - - Franceschi et al. 2010
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Male competitiveness is not restricted to takeovarsnate guarding crustaceans.
Larger unpaired males have often been observedve an advantage over smaller ones in
gaining access to unpaired females (Ward 1983, &dwet al. 1987, Adams et al. 1989,
Iribarne et al. 1996, Cothran 2008b, but see Jaimah et al. 1992, Sutherland et al. 2007).
Two studies also showed a male preference foridegeales (Elwood et al. 1987, Iribarne et
al. 1996), one study reported no male preferensedan female body size (Adams et al.
1989) and two did not measure male mating prefeern®ard 1983, Cothran 2008b).
Overall, it is not really clear whether, in mateagling crustaceans, large males enjoy an

advantage over smaller males in pairing with ldegeales.

As an alternative to the hypothesis of a large naaleantage in initiating precopula
with large females, Elwood & Dick (1990) proposédttcosts associated with mate guarding
could explain the observed size-assortative pairMigre precisely, they suggested with a
verbal model that the relative greater energy essbociated with guarding may generate
variation among males in the capacity to undergzgpula. Even though they both prefer to
pair with larger females, only larger and strongees have the capacity to start to guard
females early in their moulting cycle, making thamavailable for smaller males who would
eventually pair up with smaller females. In thagrerio, larger males have an advantage in
guarding females, not in getting easier acceslsamtand this should result in size-assortative
pairing. According to this “timing hypothesis”, stassortative pairing results from the
tendency of larger males to pair with females eariln their moulting cycle than smaller
males do. However, size-assortative pairing shawldresult from a direct advantage over
smaller males in contest for access to females Aypothesis has received several attentions.
Authors have acknowledged that precopula is anggrgemanding behaviour (Robinson &
Doyle 1985, Jormalainen et al. 2001, Sparkes &(#12, Plaistow et al. 2003), and that larger
males were more tenacious in precopula (Ward 1RBEstow et al. 2003) and often guarded
females for longer durations compared to smalldesm@Vard 1984a, Elwood & Dick 1990,
Hume et al. 2002). However, the timing hypothesis been partially disputed by Hume et al.
(2002) in an experiment which found size-assorgapairing in situations where both small
and large females were close to moulting. In thegeations, assortative pairing could
therefore not result from a large male advantagéadliing females for longer time than
smaller males. Although the timing hypothesis i at possible cause for size-assortative
pairing, authors admitted that other form of malalercompetition may play a role in creating

such pattern.
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1.4.2. Female mating preference for larger males

As introduced above, another possibility for sizsseatative pairing to arise is that
both males and females prefer larger mates (Patk&3). Smaller individuals would
therefore be rejected as mates by larger indivgjuahding them to eventually pair up with
each other (Johnstone et al. 1996). Although inengatarding crustaceans, males seem to
show a preference for larger, more fecund fematles still not clear whether females prefer
to mate with larger males. Mate guarding is a dgermale mating strategy so that female
usually cannot provoke a male to pair with her.yrhave been described to sometimes resist
males’ attempts to initiate precopula (JormalaigemMerilaita 1993, 1995, Sparkes et al.
2000, 2002). This resistance behaviour is ofterught to be an adaptive response to the
sexual conflict presumably occurring over guardilugation (Parker 1979). However, it has
also been proposed to play a role in male discation (Ridley & Thompson 1979,
Jormalainen & Merilaita 1993, 1995, Cothran 2008othran et al. 2012). Authors have
argued that females may be more likely to be helgrécopula by larger males because those
are better at overcoming female’s resistance togmpéa attempts (Ridley & Thomson 1979,
Jormalainen & Merilaita 1993, 1995). Smaller mahssuld then presumably be less likely
than larger males to pair with large preferred flemahence leading to size-assortative

pairing.

Like previous ones, this last possible cause for assortative pairing suffers from the
lack of empirical studies actually reporting obsgians of the whole pairing process in
natural populations. Many of aforementioned behagoand mechanisms put forward to
explain size assortment among pairs may be strarggigtrained by scramble competition for
mates. Tests of mating preferences generally imeblone male having to choose between
two females in a cup, a design that is subjecintddtions (Wagner 1998, cf chapter 2). The
theoretical approach presented in Chapter 2 tetmladiggest that under balanced sex-ratio
and sequential encounter of potential partnersesnahould barely be selective on female
body size. Unfortunately, pairing processes ardicdif to investigate in the field. An
alternative can be to study pair formation theoedty, using computer simulations aid
silico experiments. In the next section, | will presemteav hypothesis for the occurrence of
size-assortative mating in mate guarding crustacelms summarizes the work my colleague

and | conducted in manuscript 2.
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2. A new hypothesis for size-assortative pairing

It remains challenging to explain size-assortapa&ing from a directional preference
based on body size that occurs before enteringeioopula (i.e. every male in the population
prefers large females). Alternatively, size-assmeapairing could come from a male mate
choice during precopula instead of before initigtin precopula. If every male prefers to
switch for larger females but only large males avke to do so, large males will presumably
tend to accumulate with larger females, even thdbgils initially paired randomly. However,
we showed in the previous chapter that male mattelswg does not seem to be based on the
guality of single females encountered during pretan G. pulex At least for this species, it
seems therefore unlikely that such decision rudeldeto a pattern of size-assortative pairing,
although we could not rule out this possibility matit studying the pairing process in natural
conditions.

Apart from directional preferences for body sizthen kinds of mating preferences
have rarely been considered to explain size-ags@tpairing in mate guarding crustaceans.
Mating preferences can depend on individual’'s eurgality or condition. Individuals of
many species prefer to mate with partners of smplenotypes (i.e. homotypic preferences,
Burley 1983). In cichlid fish for instance, malesvie been suggested to prefer to consort with
females of similar sizes, leading to a pattern iak-sssortative mating (McKaye 1986).
Individuals can also discriminate between partngcsording to a threshold of quality
depending on their own condition (Riebel et al. @0IThis is the case if less competitive
individuals display a prudent choice, preferringtpars of lower quality because it implies
limited risk of costly interferences with better ngpetitors (Fawcett & Johnstone 2003,
Hardling & Kokko 2005, Venner et al. 2010). Matipgeferences can also change with age.
In the garter snak€hamnophis sirtalis parietali®or example, an ontogenetic shift of mating
preference has been described in males (Shine 20@l). Large, older males tend to prefer
to court larger females while smaller younger malasrt smaller females, hence presumably
leading to size assortment within pairs.

In gammarids, some physiological constraints hagenbsuggested to affect male
mating preferences. While moulting, males are rae d@o hold their current female in
precopula any more due to the softening of theiiclauand, with it, the softening of their
dactyli that allow female’s grasping (Ward 1984barkke 1993). As a consequence, we
would expect males to choose to pair with femalbglwvare closer to moult than they are. If
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they moult before their female do, they have teasé her before she becomes available for
copulation. Such a state dependent decision rubde(smthreshold of female’s acceptance
varies with male’s own time left to moult) may bé interest to explain size-assortative
mating because individual moulting cycle lengthedily increases with individuals’ body
size. We therefore investigated the role of thisclma@ism in generating size-assortative
mating (the whole study is reported in manuscriptsing an individual based model, we
studied the effect of pairing processes over séveaalting cycles, individuals getting one
day closer to their moult at each time step ofsineulation. The full R code for the model can
be found in appendix 3. Pair formation was solelger the control of the state dependent
decision rule used by males. Males were also abpetfectly assess females’ maturity and to
pair accordingly with females closer to moult thdremselves (we later relaxed this
assumption, see manuscript 2). After several mayiticles, we looked at the pattern of size
assortment within pairs. We found size-assortatmating that varied according to sex-ratio,
with strong homogamy for male-biased sex-ratio améker, almost inexistent homogamy
for female biased sex-ratio. This is the first e to explain size-assortative mating in mate
guarding crustaceans from a male decision ruleighabt based on female body size. This
also emphasizes the fact that mating patterns tabeodirectly inferred from mating
preferences and that mating patterns do not neadgsisdorm about the underlying pairing
process (Burley 1983).

We called this new possible cause for homogamydhmle-sooner norm hypothesis
in reference to the male-taller norm well-describ@tbng human mating strategies (Gillis &
Avis 1980, Courtiol et al. 2010). In humans, wontend to pair with men exclusively taller
than they are (Gillis & Avis 1980). A parallel cdoe made between this state dependent
preference in women and the tendency of crustagesdas to pair exclusively with females

closer to moult than they are.

2.1 Indirect evidences for the female-sooner norm

Although it is still not clear whether males actyadair up according to the female-
sooner norm, some empirical evidences in mate quaictustaceans indirectly suggest that
they are. In box 1, | presented some predictiormiathe number of females that should be
accepted by males using the female-sooner normxperamental situation. In addition, this
section reviews a few studies reporting males’ beheis that could be related to the female-

sooner norm. One of the most compelling clues cainmes a study of Bollache and Cézilly
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(2004a) which showed that ®&. pulex males pairing propensity depended on their tiefie |
to moult, as males closer to moult were less iedito pair up than males further from moult.
In addition, they reported that males found unghirethe field were significantly closer to
moult than males in precopula pairs. This latteyultehas also been described in another
species of amphipodzammarus aequicaud@homas et al. 1998). If males use the female-
sooner norm, when pairs separate at the time o&lEsmmoult, males are rather close to
moulting. The female-sooner norm is therefore asipbs hypothesis to explain these
findings. Lemaitre et al. (2009) also showed thmbiag males which had recently copulated
after a period of precopula, only 42% paired ageih a new randomly assigned female. In
addition, accepted females were significantly aldeemoult than rejected females. Similar to
predictions made when males use the female-soamren, rthis result suggests that males
close to moult after a long lasting precopula témdavoid pairing with females far from
moult. Another indirect evidence for such a decisiale has been observed in an isopod,
Idotea baltica where males close to moult waited until their thexoult to pair again
(Borowsky 1987). Note that these empirical obséownstare not proofs for the occurrence of
the female-sooner norm in mate guarding crustaceldos/ever, we suggest that future

studies should acknowledge such male decisiorwhén studying pairing processes.

Box. 1: proportion of accepted females when malesa the female-sooner norm

The large majority of experimental procedures tet tenate choice in mate guarding
crustaceans involve individual sampled alreadyegphin the field. This is to make sure that

individuals are sexually mature and therefore dabl@air again in the lab. Although male
mate choice has especially been tested in situsatddnsimultaneous encounter of several
mates, a few studies have considered sequentialieter of potential mates. For this latter
type of experiment, one unpaired male is housedadanp with one randomly chosen unpaifed
female. The number of mate rejection is then meakacross several trials.
In this box, | will present the results of a smatbmputer simulation mimicking this
experimental design. The R code for the simulatan be found in Appendix 4. Let us
consider a population of unpaired individuals wath equal number of males and females.
Individual body sizes follow a normal distributiohmeanu, = 2.75 for males angdy, = 2 for

females and of standard deviatier= 0.2. The length of their moulting cycMnmax directly
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correlates to their body size with larger indivitulaving greateMmax (Mmax = 14.83 % body
size + 6.75, e.g. i. pulex L. Bollache unpublished data). However, they loarat any time
within their moulting cycle, so that their timetléd moultM is randomly chosen between
and Mnax. We considered that males paired according tofdheale-sooner norm, rejectir
females closer to moult than they are. We firstdoanly assigned a hundred males t
hundred females in order to simulate pairing odgngrin the field prior individual collectiof
for experiments. In the field, we predicted that giroportion of females accepted by ma
should be 0.62, C.I [0.52; 0.71]. Now, considert tva only take these 62 pairs previou
formed in the field for subsequent experimentshia liab. Similar to classical experimen
after separating partners, we randomly assign naddfemales and measured the propor,
of couple formed. We predicted that males shouteepicfemales at a proportion of 0.86
[0.78; 0.93].

tion

J-I

In a similar experiment, Dick and Elwood (1989) sed 50 dyads involving one male and

one female (both found previously paired in thédfieith other partners) in separate gls
cups. After 20 minutes, they observed 42 precopaies. This corresponds to 84% of pairi

1SS

ng.

In the 8 remaining cups, males have presumablgtezgjehe female. When bootstrapping this

result one thousand times, this gives a propouiaaccepted females of 0.84 C.1[0.74; 0.9
This is highly consistent with our predicted vabfeéd.86. In the experiment that we presen
in manuscript 1, males paired with 112 femalesadut22. This represents a proportion

accepted females of 0.92 C.1[0.86; 0.96], alstlyigonsistent with our prediction.

This result does not directly prove that males theefemale-sooner norm in mate guardlirng

crustaceans. To prove it, we would have to obsegaging processes under natu
conditions. However, this represents an exampligsgbotential to explain observed mati

patterns.
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3. Cryptic diversity and size-assortative pairing

In previous sections, | reviewed different mecharsighat have been empirically and
theoretically tested in order to explain the paitac pattern of size-assortative pairing. On the
contrary, researchers sometimes use observatiosgz@fassortative mating in the field to
infer particular mechanisms of pair formation. Tapproach should be particularly subject to
caution because several mechanisms can lead tatiaufga pattern (i.e. the concept of
equifiniality, Burley 1983). It is tempting from meta-analysié tbe strength of size-
assortative pairing between different populationspecies to infer general properties that
may create this mating pattern (e.g. Arnqvist etlb6). However, some unexpected biases
potentially associated with pairing processes witkach population may prevent such
generalisation. In manuscript 3, we showed thaptarydiversity occurring within gammarids
lead to miscalculations of size-assortative pairfagrevious study has reported the existence
of cryptic diversity in two species of amphipodggent in the rivers of Burgundy (Lagrue et
al. in prep). Many sexually isolated groups of gaamids have been found living in sympatry.
In addition, the mean size of individuals betwe@est groups often differed. Without
molecular characterization of each sampled indaidit is difficult to distinguish between
individuals from different groups in sympatry whiokay lead to biases when measuring size
assortment among couples. Similar to the habitirbgeneity presented above, even under
random assortment within each group, the bodydifterence of individuals between groups
would possibly lead to the measure of overall sigeortment within couples. We tested for
such spurious correlations in the 10 rivers we dadh@nd where two groups of non-
interbreeding gammarids were found in sympatry. Mveasured specific size-assortative
pairing within each group. We also measured ovesiak-assortative pairing within rivers
taking into account individuals from both groups fbe analysis. Although this revealed
positive size assortment among pairs within groopsyall size-assortative pairing was often
greater than specific one found within groups. Sigsortative pairing could therefore be
overestimated in natural gammarid populations. THis of great importance when
interpretations are made from the pattern of sgsmdative pairing. For example, we
observed strong variation in the strength of ovdramogamy between rivers. A common
interpretation would conclude for a possible effettiver specific characteristics on size-

assortative pairing. If we acknowledge the crypliiersity occurring within these rivers, we
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would instead conclude for a possible effect of méady size between individuals of

different groups on the pattern of size-assortgtsieing.

4. Conclusion

Models are, by definition, not reality. Howevergyhare informative when studying
the plausibility that particular mechanisms creatgiven pattern. The female-sooner norm
hypothesis is a plausible explanation, among mathers for the occurrence of size-
assortative mating in mate guarding crustaceangetiirental insights about pairing
processes in mate guarding crustaceans are not aticordance with our hypothesis. For
example, laboratory experiments involving severgbaired males and females housed in a
tank have shown that size-assortative pairing cae avithin a few hours, suggesting that it
results from rapid pairing processes (Bollache 2@0Bollache personal communications).
Our model, on the other hand, creates size-assertatating after a few moulting cycles
when starting from randomly picked individuals. Wle not aim to replace a dogma by
another. Rather, we think that it is imperativeatlknowledge the importance of considering
the whole pairing process when studying the linkwieen mechanisms and potentially
resulting patterns in order to avoid inferentidlaf@es (Burley 1983). Besides, we believe that
male mating preferences and male competitivenessldibe studied with more scrutiny
under realistic situations of competition for fes®lin order to understand their role in the

establishment of particular patterns.
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Assortative mating by size without a size-based plerence: the female-

sooner norm as a mate-guarding criterion.

Matthias Galipaud, Loic Bollache and Frangois-Xafdechaume-Moncharmont.

Abstract :

The study of size-assortative mating, or homogampf great importance in speciation and
sexual selection. However, the proximate mechanigraslead to such patterns are poorly
understood. Homogamy is often thought to come femdirectional preference for larger
mates. However, many constraints shape matingnerefes and understanding the causes of
size assortment requires a precise evaluationeopdir formation mechanism. Mate-guarding
crustaceans are a model taxon for the study of gamg. Males guard females until moult
and reproduction. They are also unable to holdn@afe during their own moult and would
tend to pair with females closer to moulting th&en. Using a theoretical approach, we
tested the potential for size-assortative matingarise from such a state-dependent male
decision rule. Consistent with previous experimeokservations, we found a pattern of size
assortment that strengthened with male-male cotietover females. This decision rule,
which we call the female-sooner norm, may be a maase of homogamy in mate-guarding
crustaceans. This highlights the potential for sazsortment to arise from preferences not
based on body size and emphasises the importancensidering pair formation processes

when studying the link between preference and mgatattern.
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Introduction:

Mating partners are often found to resemble eabbratn various traits, such as colour, age
or body size (Ridley 1983). This pattern, calledipee assortative mating or homogamy, is
particularly widespread in nature. Size-assortaimading, defined as a correlation between
male and female size among couples in a populatias been well described in several taxa
including birds (Helfenstein et al. 2004), repti{&hine et al. 2001, 2003), fishes (Baldauf et
al. 2009) and humans (Courtiol et al. 2010). Bubstmotably, it is a very common mating
pattern in insects (Arnqvist et al. 1996) and @osans (Bollache & Cézilly 2004a).

Because it restricts gene flow within populationemogamy can have major effects
on sexual selection and speciation and is the subfentense research (Kirkpatrick 2000; de
Cara et al. 2008). Beyond its evolutionary conseqes, the causes of homogamy remain
largely unknown. However, the link between the véaral traits and the resulting mating
pattern is rarely straightforward. For a full ungtending of the evolution of these traits, we
need to consider not only the consequences oftecydar mating pattern on gene flow but
also the underlying mechanisms by which they leadsiuch pattern. That is why the
mechanisms leading to size-assortative mating baee a major research topic over the past
three decades (Parker 1983; Ridley 1983; Vennat. 2010). Crespi (1989) proposed that
size-assortative mating results from three nontesteé mechanisms. First, physical
constraints can prevent mismatched pairs from &gigemating. For example, a male could
be physically unable to pair with a female too ¢y too small compared to his own size,
therefore making mismatched pairs less frequem #iae-assorted pairs (e.g. Han et al.
2010). Second, if same-sized mates co-occur in timespace, mating should be size-
assortative. Individuals of different sizes somesnhave different periods of receptivity for
pairing (Miyashita 1994) or have been found in aefiéint habitats (Bollache et al. 2000).
Third, size-assortative mating can be observed poulation where one or both sexes are
exerting directional preference toward larger matéshnstone 1997). When each male
prefers large mates, size-assortative mating arfskesger males also out-compete smaller
males for access to preferred females, leaving tiogpair with smaller females (e.g. Fawcett
& Johnstone 2003; Hardling & Kokko 2005; Venneraét2010). When females also prefer
larger males, smaller individuals of both sexes eeected by larger mates and size
assortative mating occurs (Parker 1983). Directionate preference for large partners has
been extensively explored since Crespi (1989).efhains, by far, the most commonly

invoked process to explain size-assortative maitingature (e.g. Beeching & Hopp 1999,
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Brown 1990; Elwood et al. 1987; Rowe & Arnqvist 89%hine et al. 2001; Baldauf et al.
2009; but see Taborsky et al. 2009).

However, studying the link between a mating prefeecand a mating pattern is highly
challenging (Wagner 1998; Widemo & Seether 1999)mAting pattern results from the
interaction between individuals’ preferences artdrimal or external constraints that may act
on these preferences (Cotton et al. 2006). Foamust, scramble competition in mating (i.e.
competition when individual’'s access to mates Islga@onstrained by the pairing success of
competing individuals) is likely to strongly restrathe availability of potential partners,
therefore limiting access to preferred mates. lat tbontext, observations of individual
preferences in the absence of competition, as tegban several experimental studies, do not
necessarily account for a particular mating pat{gvagner 1998). Reciprocally, an observed
pattern of size-assortative mating is not suffitiém identify the traits targeted by the
underlying preference nor it is enough to infeheitthe shape of the preference function or
the decision rule used to discriminate mates. iddiads may base their preferences on a
variety of traits other than body size that refldat quality of their potential partners. Also,
apart from directional preference for larger mapgsference functions may sometime depend
on an individual’'s own quality (Alpern & Reynier®99). They could either prefer to mate
with like (i.e. homotypic preference; Burley 1983¢zilly 2004) or discriminate among
potential mates according to a state-dependenstibleé (Riebel et al. 2010). Homotypic or
state-dependent preferences have rarely been idvokexplain assortment by size (but see
Kalick & Hamilton 1986), nor have been mating prefeces based on traits other than size.

Size-assortative mating is usually reported whemspare conspicuous and easily
identified. This is the case in species where rgapartners share parental investment or
display pre- or post-copulatory mate guardingslprobably why size-assortative mating in
mate-guarding crustaceans has been the subject ektansive literature (e.g. Birkhead &
Clarkson 1980; Adams & Greewood 1983; Elwood efl@87; Iribarne et al. 1996; Bollache
& Cézilly 2004a, b; Franceschi et al. 2010), altfouts proximate mechanisms are still
poorly understood (Sutherland et al. 2007). In rogi@rding crustaceans, individuals grow
continuously throughout their lives after each nho&h individual’s intermoult duration (the
time between two successive moults) increaseshuitly size. Females are only receptive for
copulation for a short period of time as their eggs only be fertilised for a few hours after
their moult. The strong male-male competition focess to receptive females favoured the
evolution of long-lasting precopulatory mate guaglias guarding a female earlier in her

intermoult period provides the male with a competitadvantage (Parker 1974; Grafen &
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Ridley 1983; Jormalainen 1998). Perhaps owing itodlose link between precopulatory mate
guarding and sexual selection, size assortmenthigs ating system has often been
considered to result from a directional male matprgference for larger, more fecund
females combined with a size bias in male competitibility (e. g. Elwood et al. 1987;
Elwood & Dick 1990; Bollache & Cézilly 2004a; Suttend et al. 2007). Larger males are
commonly expected to have a competitive advantage smaller ones in gaining access to a
preferred female. They can usurp larger femalems father males after take-overs (Ward
1983) or invest more energy in mate guarding tmaaller males (Elwood & Dick 1990).

Surprisingly, other parts of the amphipod biologpavé been overlooked in
explanations of size assortment. Males have beesaoribed as unable to guard a female
during their own moult (Ward 1984). Because matmgnly ensured if a male holds a female
at the time of her moult (i. e. female sexual rédy), males should decide to pair with
females that moult before they do (Thomas et @818ollache & Cézilly 2004b). Although
mating preference based on time left to moult hesnbstudied in amphipods (Birkhead &
Clarkson 1980; Ward 1984; Elwood et al. 1987; Galgh et al. 2011), its potential role in
leading to size assortment has almost never beestigated.

In this paper, we tested the overlooked hypothtbsisa state-dependent decision rule
based on time left to moult is sufficient to leadsize-assorted pairs. Using an individual-
based model, we studied pair formation when madegdéd to pair with females that moulted
before themselves and we observed the resultinghgnpattern. Unlike other hypotheses we
did not consider any interference between malemgreffect of female behaviour. However,
we explicitly took scramble competition into accoamd we never assumed any preference

function or decision rule based on body size.

The model:

We parameterised the model in reference to thedwobf Gammarus pulexa well-studied
species of amphipod crustacean but we kept it asrgeas possible in order to fit to the
biology of most species of crustaceans with comtisugrowth. All individuals were sexually
mature. Each individual was defined by its sex,imgastatus (unpaired or paired) and its size
S (usually measured in millimetres [@. puley. Male and female sizes were drawn from
normal distributions with means, andy;, respectively, and standard deviatrBy default,
we usedun, = 2.75 mm andiis = 2 mm as these are the mean sizes of the fooral plate

(used as a proxy of body size) measured in napaadlilation ofG. pulex(Bollache & Cézilly
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2004a). Sexual size dimorphism (SSD) was repredeagehe ratiquy, / pr. As default value,
we chose SSD = 1.375 which roughly correspond @oS8D found in natural populations of
G. pulex The length of an individual's moulting cydi&,.x (in days) was assumed to increase
linearly with its body sizeMmax = 14.83 xS + 6.75, figure 1, e.g. i®. pulex L. Bollache
unpublished data, Galipaud et al. 2011). The tiefietd the next moult\M (in days, figure 1),
equalledMn,ax iImmediately after a moult, but declined by 1 wath day in between moults.
After each moult, individuals grew in size by attag, the relative growth rate (by defagit

= 1.1). When a paired female moulted, she becaceptiwe for copulation, after which the
couple separated. When a paired male moulted, ld oot hold his female anymore, so the
couple separated (Ward 1984). Every day, each ishaiv had a probabilitg of dying d =
0.012 by default). Individuals thus had a life estpacy of 83.3 days and 99% of them died
before reaching 380 days. This is consistent wighlife span observed in natural populations
of G. pulex(Sutcliff 1993). Every dead individual was repldd®y a mature individual of the
same sex and of a size chosen from the normaildisons described above. This ensured
that population size and sex-ratio were constémin individual died while paired, its partner
immediately became available for re-pairing.

The population was composed Mfindividuals of both sexes. The numbers of males
and females depended on the sex r&8td defined as the proportion of males. In order to
simulate reproductive asynchrony, individuals exdethe population with a value of
chosen randomly from the distribution of all possitbalues between 0 amdnax (figure 1).
Pairings occurred through male mate choice onlyleManly paired with females that would
moult sooner than themselves, thereby preventieghature couple separation due to their
own moult (this assumption is relaxed in latterlgsia, leaving the possibility for males to
make errors). Each time stepf the simulation represented one day for indiglduAt each,
we ordered the unpaired males randomly and thee gaeh one in turn the opportunity to
pair. For a given male, a mate was randomly ché&reen the remaining unpaired females that
met his guarding criterionM; < Mp,), if any. After being assigned to a particular ena
female was not available for pairing with other esabefore she was released by her current
partner. Pairs remained together until the fematellited or one of the two partners died.
After separation, males and females were immediaehilable for pairing with a new mate.

The model was written in R language (R developmerdg team 2012)
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Simulations

We allowed these cycles of guarding and matingotdtioue until the pattern of size-
assortative mating had reached an equilibrium, wiatwvays happened within 1000 time
steps (nhay. We assessed the degree of size-assortment letwagng partners with the
Pearson coefficient of the correlation between naalé female size in pairs (Arngvist et al.
1996). Pairing sequence may be subject to varsib@tween replicates of a given simulation.
To make sure that we could draw conclusions froenabserved pattern, we rameplicates
of the same simulation (i.e. with exactly the saeeof parameter values) and considered the
mean response for interpretation. Because the aiity of partners influences mating
patterns, we first assessed the effecBBbn size-assortative mating. Second, we considered
the effects ofj, d and SSD on homogamy for size.

At thax We also looked at the size of unpaired and pairdividuals within each sex.
To guarantee independence between observationsawvd®mly sampled one individual at
tmax fOor each repetition of the simulation among ungair(for 500 repetitions of the
simulation) and paired individuals (for a sepasstof 500 repetitions). We then assessed the
strength of the disparity in size between unpaéaned paired individuals calculating the Cliff's
o as a measure of effect size (Nakagawa & CuthiliZ20Following the same procedure, we
measured the time that paired males spent in putgoepth a particular female by looking at
the M; of their current partner df.x We also tested for an effect of male body size on

precopula duration with a linear regression model.

Individual’s error in choice

In nature, males are unlikely to be able to pelyeadsess a female’s time left to moult
relative to their own before engaging in precopWe therefore added errors in male’s
decision making in our simulations (McNamara etl&97). When encountering a female, a
male had a probability of accepting her, given by

1
P= -AM ,-M )
1+e 77"

where M, and M; represent the male and the female time left to lmagpectively and
controls the accuracy of male choice. The greaewralue of., the better the male can assess

the female’s time left to moult. Whéw,, >> M;, P =~ 1 whereas wheNl,, << M;, P= 0.
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Results:

All simulations led to positive size-assortativetm@. The strength of homogamy varied
according to the sex ratio (figure 2). One impdrtaechanism in creating the mating pattern
was a disadvantage of small males with relativelyrtsM,, in getting access to large females
with long M;. However, this mechanism only led to size-assantmender particular
conditions of male-male scramble competition faripg.

There was two ways for pairs to split up. Separatizvere either caused by the death
of one of the two partners or, in the vast majooitycases, by the female’s moult. Under low
SR females were abundant in the population, maleersatamble competition was low and
size-assortative mating was weak (figure 2). Newdyeased females did not always
immediately find a new male with which to form popala. To do so, they had to wait for a
few days, bringing them closer to the moult. Beeaosth large and small females sometimes
did not pair until close to their moult, this retgal in a weak correlation between female size
andM;. Unpaired males were thus likely to pair with féesaof any size whatever was their
own Mp,. That is why we observed only weak size-assosratnating for low values dbR
(figure 2). WhenSRreached higher values, male-male scramble congeiitcreased and
size-assortative mating was stronger (figure 2chEmale that secured a female strongly
affected the pairing success of other males. Afteir moult, females rapidly entered into
precopula with a new male. Newly released malesew#ose to their moult and were
therefore unable to find a female meeting theirdung criterion. In order to pair with a new
female, they had to wait until their own moult ahe beginning of a new moulting cycle.
Size andM,, were therefore correlated in males that were #&blpair. In a nutshell, with
increasing male-male competition, there was a gtommrelation between size and time left to
moult in the population of unpaired individuals tthaere able to pair. Under these
circumstances, small males had a disadvantagecdessado large females witd; > Mp,
which resulted in more frequent assorted pairsufég2). This also explains why large
females were less likely than smaller females tddamd in precopula and why unpaired
males were smaller than paired males (table 13dtfition, large males tended to be passively
trapped for a long time with females, thereforensiirgg more time in precopula than smaller
males ER=0.4: {9g=1.29,P = 0.2, slope = 1.75, Cl from -0.91 to 4.8R= 0.5: tgg= 1.02,

P = 0.3, slope = 1.24, CI from -1.14 to 3.6&R= 0.6: tgg = 6.13,P < 0.0001, slope = 7.93,
Cl from 5.40 to 10.47). Thus, at any time, largelemavere more likely to be paired than

small males. This also account for the size diffeeebetween paired and unpaired males we
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observed (table 1) and is consistent with previexgerimental studies (Rowe & Arnqvist
1996). By segregating individuals according to itisi&ze, this passive accumulation of large
males with large females resulted in even strosges-assortative mating. However, passive
accumulation alone is not sufficient to explainesiassortment. Without state-dependent
decision rule, no size-assortative mating was foangmore. To sum up, when male-male
scramble competition increased, this strengthelneddrrelation between size and time left to
moult among males and females that formed precofuteall males were unable to pair with
large females far from moult, therefore creatingesassortative mating at a population level.
The necessary component for homogamy to arise heapdsitive correlation between S and
M. Without this correlation, no size-assortativetimgwas observed.

It is worth pointing out that a88R= 0.5, some newly released unpaired males were
close to moulting and were unable to find a mateting their guarding criterion, due to the
long M; of unpaired females (i.e. females that just begaew moulting cycle). Despite there
being an equal number of males and females in ¢pelption as a whole, the actual number
of unpaired males able to pair (i.e. with a largg)Was still lower than the number of
available unpaired females. The operational se @SR, here defined as the relative
number of males and females available for painmtg,for mating, Lemaitre et al. 2009) was
thus female-biased and the strength of male-matgettion was still low. This accounts for
the relatively low size-assortative mating we oledrat SR = 0.5, before it rapidly increased
as the OSR became biased towards males (figure 2).

Size assortment was also sensitive to individudhtive growth rates and the
probability of dying. For these parameters, thedifvalues we chose led to a weaker pattern
of size assortment than expected under slightlyediht conditions. Mates were more
strongly assorted by size when they were less ptibteto individual mortality (figure 3a) or
when they grew more at each moult (figure 3b). Sigsortative mating also increased when
males and females tended to be similar in sizeif@gl). Under low SSD, males and females
tended to be more similar in théM.. Several females had thét,.x greater than small
males’ Mmax The size bias in pairing success among males thva®fore strengthened
because small males were even less likely to erteparlarge female meeting their guarding
criterion. Size-assortative mating was resistanértors in male assessment of female time

left to moult (figure 5).
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Discussion:

We showed that it is possible to find size-asswgatmating without assuming either a
preference function or a decision rule based orylsizk. This contrasts with previous work
on amphipods, which considered male mating preéerdor larger, more fecund females as
the main mechanism leading to homogamy (Elwood.et987; Bollache & Cézilly 2004a;
Sutherland et al. 2007). One could argue that esult is only a by-product of the weak
correlation between size and time left to moult feend in the simulations. A preference
based on time left to moult would then be actuallgreference for body size. If so, males
would presumably prefer, and most likely pair witlnger, more fecund females who also
happen to be far from moult. This is precisely tpposite of the pattern reached in the
model, with males tending to pair with smaller féasarather close to moult, leaving larger
females unpaired (e.g. Hatcher & Dunn 1997 ). Thaenguarding criterion we modelled
based on time left to moult did not act as a dioeeti mating preference for large females.

The state-dependent male decision rule we assusnedmparable to the male-taller
norm in human mating (Gillis & Avis 1980). Humannfales are described to prefer to
consort with males that are exclusively taller tila@m. This human mating strategy has also
been shown to lead to size-assortative mating (@bt al. 2010). Similarly, in our model,
we considered that males would tend to pair exetgiwith females closer to moult than
they are. This female-sooner norm represents al tyymthesis to explain size-assortative
mating in crustaceans.

The effect of variation in mate-guarding duratioas hpreviously been invoked to
explain size assortment. Some authors have ardpaddnt reproductive systems where larger
individuals have longer-lasting breeding periodsgér males would tend to accumulate
passively with larger females, hence leading te sigsortment (McCauley & Wade 1978).
However, according to our results, this “passiveuawulation” alone is not a sufficient
mechanism to explain the pattern of size assortnfardther previous hypothesis, called the
“timing hypothesis” (Elwood & Dick 1990) also sugged that, because males incur an
energy cost in precopula, there should be a sae toward males’ ability to guard females.
Large males, with more energy should be more sg@des guarding females over a long
period of time compared to smaller males. Accordmghis hypothesis, every male prefers
larger females also further from moult than smalkenales. Large males are better able to
overcome the costs of guarding them, hence leddisge assortment. Our hypothesis differs

on two points from the “timing hypothesis”. Firghe female-sooner norm we proposed does
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not consider costly precopulas for males. Even authconsideration of size or energetic
reserves, males close to moult were less likelffind a female meeting their guarding
criterion. Under strong male-male competition, dnradles tended to be closer to moult than
large males. This resulted in a size bias in matess to unpaired females and eventually to
size-assortative mating. Second, the “timing hypsi$i’ predicts that males should trade
female size against time left to moult to chooseneas in order to maximise the number of
offspring they sire per guarding events (Elwoo@letl987). In our study, males based their
choice solely on female time left to moult, whiddlto size-assortative mating even under
rather strong errors in assessment. In that semsesuggest a parsimonious alternative to
explain homogamy in mate guarding crustaceans.

In our model, male-male scramble competition focess to females is the main
mechanism to explain size-assortative mating. 8sssrtative mating strongly increased with
more male-biased sex-ratio. This is highly consistaith previous observations of
homogamy in crustaceans (Bollache et al. 2000;aBb# & Cézilly 2004a). We also found
that paired males tended to be larger than unpairalés. This has also been observed in
previous studies (Birkhead & Clarkson 1980; War@6a)9 Yet, authors often erroneously
interpret this pattern as evidence for large mhbasng priority of access to larger, preferred
females. Here we have shown that it is possiblebtain these patterns without any size bias
in male capacity to undergo precopula or to distodgmpetitor from preferred females (e.g.
take-over). Because mating patterns potentiallysearfrom several processes, mating
preferences or biases in mating success cannonfeered only from patterns of size-
assortative mating at the population level (RowAr&qvist 1996).

It is also worth noting that the very same deciside can lead to wide variation in the
level of homogamy according to environmental caodg. Death rates, relative growth rates
and sexual size dimorphism all affected the stiengft size assortment in our model.
Populations under different conditions of predatimod availability or selection pressure on
growth may therefore vary widely regarding the ragite of size assortment between mating
partners, even if the main mechanism it resultsnfremains the same. This could partly
account for the strong intraspecific variation i@esassortative mating observed between
different natural populations (e.g. Ward 1986; Aristiet al. 1996; L. Bollache unpublished
data; Bollache et al. 2000).
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Conclusion:

The female-sooner norm represents a novel hypathesixplain size-assortative mating. It is
embedded in the biology of mate-guarding crustageanparticularly well-studied taxon
when it comes to homogamy. Unlike previous hypatkest considers size assortment to
result from a decision rule not based on body dizales tended to pair with females that
moulted sooner than themselves. State-dependefdrgmees are not as restrictive as a
directional preference, so males still found pleoftypotential mates meeting their criterion.
Competition among males is also presumably relaxsdker such a preference, making its
maintenance easier to explain within natural papuia (Barry & Kokko 2010). This
highlights the fact that there is not necessaritliract relationship between preferences and
mating patterns. There are likely to be many caiivss on pairing processes resulting from a
particular mating preference under natural cond#iolts observation under controlled
environments using specific experimental procedig@st sufficient to infer a mating pattern
at the level of the population. There is need fdretter understanding of pairing processes
leading to mating patterns in order to link prefee functions and decision rules to actual

reproduction, and thus evolution.
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Table 1. size disparity between unpaired and pamdtviduals within each sex. Negative

values of Cliffsé indicated that paired individuals were larger tharpaired individuals

while positive values indicated the opposite.

male female
Sexratio  CIiff'sd 95% confidence interval  Cliff's & 95% confidence interval
0.4 -0.15 -0.21 to -0.07 0.06 -0.01t0 0.14
0.5 -0.08 -0.15t0 -0.01 0.19 0.12t0 0.26
0.6 -0.19 -0.26 t0 -0.12 0.99 0.96 to 1.00
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Figure 1: time left to the next moult as a functafrbody size. The dotted line represents the
correlation between body size and maximum time teftmoult. As moulting was not
synchronous, at the beginning of the simulationviddals (N = 1000) entered the population
with a time left to moult randomly chosen amongueal between 0 a4 This resulted in

a distribution ofM almost uniform in a population, although indivitibady sizeS followed a

normal distribution.
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Overestimation of the strength of size-assortativepairing in taxa with

cryptic diversity: a case of Simpson’s paradox.

Matthias Galipaud, Loic Bollache, Rémi Wattier, ri€rais-Xavier Dechaume-Moncharmont

and Clément Lagrue.

Abstract:

Size-assortative pairing is one of the most comipanng patterns observed in nature. It is
widespread in crustaceans, taxa from which crymtigersity is regularly reported.

Consequently, previous measures of size-assortptireng in crustacean species may have
been biased by the occurrence of previously unteEtemon-interbreeding groups of

individuals living in sympatry. To quantify this fsmtial bias, we measured size-assortative
pairing among pairs of gammarids in populationstaoimg two non-interbreeding groups

living in sympatry. We measured overall and witnoup size-assortative pairing to test for
potential effects of cryptic diversity on homogariye found positive size-assortative pairing
in almost every group. However because of indiaichody size differences between groups,
overall size-assortative mating tended to be s&on@e discuss this case of Simpson’s
paradox in relation to potential inferential fallee when studying the cause of pairing

patterns.
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Introduction:

Size-assortative pairing occurs when pair formatianng reproduction is non-random and
leads to a positive statistical correlation betwdenbody sizes of mates (Crespi 1989, Cézilly
2004). It is one of the most widespread pairinggras observed in nature and has been
described in numerous taxa including birds (Helfeinset al. 2004), reptiles (Shine et al.
2001), fishes (Beeching & Hopp 1999), mammals @delg humans, Courtiol et al. 2010)
and most notably insect (Arngvist et al. 1996) andtaceans (Ridley 1983). Size-assortative
pairing is thought to result from a wide array aéchanisms related to sexual selection and/or
conflict (Parker 1983, Crespi 1989, Fawcett & Jobne 2003, Hardling & Kokko 2005,
Venner et al. 2010) but also mechanical (Han e2@l0), physiological (Myashita 1994,
Galipaud et alin pres$ and environmental constraints (Adams & Greenwb@8i3, Bollache

et al. 2000). Evolutionary consequences of sizertstsve pairing are also extensively
studied. When adult body size is fixed, size-assiwg pairing, if it leads to mating, can
reduce gene flow between size classes thus allomeigtenance of genetic variation within
populations and in extreme cases, leading to symsgteciation (Partridge 1983, Kirkpatrick
2000, Jones et al. 2003). When fecundity increasts body size, size-assortative pairing
may also have important consequences on varianceepmoductive success among
individuals.

Many crustacean species display size-assortativeg#Ridley 1983, Elwood & Dick 1990,
Sutherland et al. 2007, Franceschi et al. 2010)edhold on to females before copulation, a
behaviour called precopulatory mate guarding (atsdled precopula or amplexus,
Jormalainen 1998). Mating pairs are often longingstallowing observation of pairing
patterns within a given population and making @osans ideal models for the study of size-
assortative pairing. Cryptic diversity has alsorbegported in several species of crustaceans
(Lefébure et al. 2006, Bickford et al. 2007). Canstand rapid progress in molecular
techniques used for species identification increglgishow that morphological identification
may under-estimate the number of genetic unitsiwighgiven taxonomic species. In many
freshwater crustaceans, non-interbreeding genetiapg of individuals have been found
living in sympatry where a single taxonomic species previously described (Wellborn &
Cothran 2004, Lagrue et al. in prep). The studyadfing patterns in these taxa may have thus
been subject to errors. If non-interbreeding groopsur in sympatry, observed pairing
patterns may differ from within group patternssife-assortative pairing exists within each

group, it is possible that no overall size assontmis observed when groups are not
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considered for analysis. Conversely, it is possitiegenerate overall patterns of size
assortment among pairs if individual body sizegedibetween groups (figure l1la). Simple
simulations showed that significant, positive sissortative pairing can arise in mixed
populations even when size differences betweenpgrate small (figure 1b).

This spurious correlation is known as the Simpsgasadox (Yule 1903, Simpson 1951).
However, it is rarely considered in an ecologicattext (but see Allison & Goldberg 2002).
In this study, we measured size-assortative paiimghe Gammarus puld&Gammarus
fossarum species complex. These amphipod crustaceans arfeculdif to identify
morphologically and cryptic taxa have recently bedtumented to occur in sympatry

(Lagrue et al. in prep).

Methods:

A previous study has revealed important crypticetsity among gammarid populations of
Burgundy, France (Lagrue et al. in prep). Authoosind non-interbreeding groups of
gammarids, referred hereafter as molecular opextimxonomic units (MOTU, Blaxter et
al. 2005), living in sympatry in several rivers.eThumber of MOTUs varied between rivers,
and some rivers contained only one MOTU. We cddiégirecopulatory pairs of amphipods
using the kick sampling method (Hynes 1954) in d@rs that contained only 2 MOTUs
(names and GPS localisations of each river carobedf in the figure 2 footnote). Genetic
identification of each individual was performed ngsia DNA barcoding method on COI
sequences (for details on the molecular identibcaprotocol see Lagrue et al. in prep). We
measured gammarids body size using height of thelf@oxal plate as a proxy (Bollache et
al. 2004). For each sex within each river, we gtiadtthe difference in individual body size
between MOTUs using Cohentsas a measure of effect size (Nakagawa & Cuthill 720
Within each MOTU, we then quantified the strengtlsiae assortment among precopulatory
pairs using Pearson’s coefficient of correlationaaseasure of effect size (Arnqvist et al.
1996, Nakagawa & Cuthill 2007). For each river, algo measured overall size-assortative
pairing considering all individuals in the analysiegardless of their MOTU. Statistical
interpretations on differences between measuregzefassortment were made using the 95%
confidence interval (C.I.) range around effect siz8ignificant differences between effect
sizes were thus assessed by comparisons of thé€C@nming & Finch 2005).
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Results:

Overall, we collected and genetically identifiedB&3jammarids belonging to seven different
MOTUSs. In five of the ten rivers, some precopulgtpairs were constituted of individuals
from different MOTUs (number of mixed pairs: Romairl; Veze, 2; Ouche, 6; Seine, 5;
Résie, 3). However, these mixed pairs representedxdmum of 6% of the overall number of
pairs sampled.

Size-assortative pairing within rivers as well athim each MOTU varied in strength but was
almost always significant (figure 2). Size-assav&apairing was also fairly consistent within
individual MOTU, even across different rivers. Cinlesing 95% CI overlap, the strength of
size assortment among pairs did not differ sigaiftty in 4 (3, 5, 6 and 7) out of the 6
MOTUs observed in more than one river. For 2 MOTWsand 2), we found significantly
different values of size-assortative pairing betweeers.

Overall values of size-assortative pairing withivers (i.e. considering MOTUs as a single
functional unit in the analysis) varied substahtiglFigure 2). Overall values of size
assortment among partners were generally strorogepared to values detected in individual,
sympatric MOTUs. In 6 rivers, one or both measwfesize assortment within MOTU were
significantly weaker than the overall measure @esassortative pairing (Figure 2). This
illustrates Simpson’s paradox in that the overaflasure of correlation between male and
female body size overestimated actual size-assa@tpairing within MOTUS .

As predicted by theoretical simulations (figure,ldyerall size assortment tended to increase
with increasing differences in body size betweeatividuals from two sympatric MOTUs for
both males (figure 3a, rho = 0.68, p = 0.035) amddles (figure 3b, rho = 0.93, p < 0.001).
Unlike the simulation, for which random mating viithMOTUs was assumed, field data
showed significant, positive size-assortative pgirwithin most MOTU. This may account
for the tendency of observed pattern of overakk sizsortment to be greater than predicted

ones.

Discussion:

Our results show that, according to Simpson’s patadryptic diversity may lead to an over-
estimation of assortative pairing levels in natufahctional populations. This trend was
detected in more than half of the rivers sampledoium study. Measurements of size

assortment among pairs made without consideringticrydiversity did not reflect size-
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assortative pairing occurring within each MOTU. Bpurious correlation is likely to exist
in a number of other taxa where cryptic diversi&g lbeen documented, suspected or is likely
to occur. In arthropods, especially crustaceangticr diversity is assumed to be common
(Witt et al. 2006, Bickford et al. 2007). Since $bdaxa have also been the subject of most of
the studies on size-assortative pairing (CrespR}9Be reliability of documented measures
of the strength size-assortative pairing may nedaktre-examined and confirmed in the light
of our findings.

This poses several problems when trying to identifyises for observed size-assortative
pairing strength. Size assortment among pairs bag been reported to originate from
mechanisms of mate choice (Parker 1983, Crespi )198& instance, it can occur if
individuals prefer to pair with mates of similarguotype/size, either because assorted pairs
have higher reproductive success (i.e. homotypatepence, Burley 1983) or because less
competitive individual avoid seeking high qualitgrmers (i.e. prudent choice, Fawcett &
Johnstone 2003, Hardling & Kokko 2005). When crygtiversity occurs, observations of
partner rejection based on body size could be kesty taken as evidence of prudent choice
or homotypic preference. Yet, rejections may atyuatcur between individuals from non-
interbreeding groups differing in mean body sirethiat case, Simpson’s paradox may lead to
misinterpretations of observed mating behaviour possible errors in our interpretation of
Size assortment.

Another hypothesis considers size-assortative rmgpids a result of spatial distribution of
individuals of similar size within populations (i.the micro-habitat segregation hypothesis,
Birkhead & Clarkson 1980). Even under random assemt of individuals, size-assortative
pairing should thus arise in populations due t@-setated spatial segregation (Birkhead &
Clarkson 1980). This hypothesis has been testeaniphipod crustaceans, individuals of
different sizes often occupying different micro-hats in the river, creating a strong size
assortment among pairs in the overall populatibrwds thus concluded that the observed
pairing pattern in amphipods could be induced lag selated micro-distribution (Birkhead &
Clarson 1980, but see Bollache et al. 2000). Attewely, it is possible that the different sub-
groups found in different micro-habitat and assuntedbelong to the reproductively
functional unit were actually distinct non-interbdéng MOTUS, as described in this study. If
S0, size-assortative pairing arose for spuriousetations between male and female sizes of
individuals from different MOTUs. Again, the lackiaformation about cryptic diversity may

have led to misinterpretations of the mechanismsiog this pattern.
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Confusion can also occur when measuring size-ags@tpairing in different populations
from several locations. In our study, we observadations in the strength of overall size-
assortative pairing between rivers. Without knowkedf cryptic diversity, measures are
assumed to be made among different populationseo§ame taxonomic unit. Environmental
effects may thus appear to be a likely cause feenked variations in size-assortative pairing
between rivers. However, in our case, size assottar@ong pairs increased with increasing
size difference between MOTUs within rivers. Vagas in the pairing pattern between rivers
probably arose from a statistical effect due tdatems in mean individual size differences
between MOTUSs rather than effects related to rieberacteristics. This is also in accordance
with the consistency in the strength of size-assimg pairing within individual MOTU across
rivers.

Beside these problems, it is worth noting that cangon of size-assortative pairing between
sympatric MOTUs may also inform about its causest &xample, in our analysis, the
consistent strength of size-assortative pairindiiwiparticular MOTUs across rivers argues
against environmental causes for variations inghisern. Instead, within MOTU individuals’
specific mating behaviours may account for thergjrdifference in size assortment among
pairs observed between MOTUs. However, such indgipons must be made with caution
because inferring causes from observed pattermsuligect to limitations (Burley 1983,

Galipaud et al. in press).

Conclusion:

The recent discovery of cryptic diversity impliescitical reappraisal of previous findings
made in the species involved. Errors in the intgiron of causes and consequences of size-
assortative pairing may be present in the litemtdue to the genuine ignorance of cryptic
diversity in natural populations and the lack obléoto detect such diversity. In most of
experimental and field studies, cryptic diversisy by definition, far from obvious if not
actively sought. Errors are therefore likely to thome to occur in fields that are not used to
employ phylogenetic. Although sequencing technicaresmproving (Gardner et al. 2011), it
is still mostly applied to research on populatiamd econservation genetics. Perhaps and
maybe hopefully, a time will come when moleculagntfication will be as common as body

size measurements in our labs!
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Figure 1. lllustration of Simpson’s paradox on si&@sortative pairing in taxa with cryptic
diversity. [a] plot of male body size against féenhody size within pairs of two simulated
sexually isolated groups (n = 100 pairs each),revineales and females mated randomly (i.e.
no size-assortative pairing within groups). In baggfoups, body sizes were drawn from
normal distributions. Among individuals of grougvthite dots), mean body size wag= 1.5
for females angim:= 1.95 for males. For individuals of group 2 (blatis), = 2 andum>=
2.65. Within both groups, standard deviation oégirstribution wasr = 0.5. The size of the
difference between the two groups correspondedQoleen’sd value of 0.8. Dashed circles
represent 95% confidence ellipses for bivariatea.daithough no size-assortative pairing
occurred within groups, an overall positive sizeaanent was found when including both
group in the analysis (Pearson's correlation coefit r = 0.31, 95% CI = [0.18; 0.43], p <
0.001). The correlation was illustrated by a robostjor axis regression and its 95%
confidence interval in grey (Warton et al. 20063:2R0.096,P < 0.001. [b] Simulated effect
of body size difference between the two groupsesf@ntioned (measured with a Cohen’s d)
on the strength of size assortment measured asdPémcoefficient of correlation (with 95%
C.l. in grey). Vertical dashed line correspondeth®situation described in [a].
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Figure 2. Strength of size-assortative pairing (Ba@as correlation coefficient) within rivers
(white dots) and within each MOTU (black dots). dEribars represent 95% confidence
interval for each measure of size assortment. Numbesampled precopulatory guarding
pairs is given for each MOTU (values in brackets).

Footnote: GPS localisation : Suzon, 47°24'14.451M53'1.46"E ; Romaine, 47°31'53.88"N,
5°53'4.15"E ; Veze, 47°14'1.42"N, 5°34'37.69"E ; cbe, 47°17'54.56"N, 5°2'21.97"E;
Serein, 47°27'58.15"N, 4°7'42.20"E; Seine, 47°3Y8'N, 4°41'42.12"E; Source,
47°20'57.4"N, 4°47'56.70"E ; Morte, 47°26'48.30"Bf41'56.52"E ; Résie, 47°19'28.54"N,
5°32'23.20"E ; Brizotte, 47°12'17.30"N, 5°26'32 E9"

116



(a) (b) ——
08 - —ﬁi 08 - e,

0.6 0.6

0.4 0.4

0.2 0.2

Pearson's coefficient (+/- 95% C.1)

0.0 0.0

0.0 0.5 1.0 1.5 2.0 25 0.0 0.5 1.0 1.5 20 2.5

Cohen's d (+/- 95% CL.I)
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Chapter 4

Sexual conflict over guarding duration:
when pairing decision is not solely made by

the male

Matthias Galipaud, Loic Bollache, Francois-XavieacBhaume-Moncharmont, Abderrahim
Oughadou, Maria Gaillard, Sébastien Motreuil, TihyidRigaud, Tomasz Podgorniak, Sophie
Tartarin, Zoé Gauthey

1. Gender biases and sexual conflict research

In their recent paper, Karlsson-Green and Madjid#911) argued that sexual conflict
research is subject to biases regarding the relatile of sexes in the conflict outcome. More
precisely, they surveyed terms used to refer tesat females in 30 well-cited articles from
the literature on sexual conflict. They concludedttmale traits are almost always referred to
in “active” terms whereas females are often conede‘reactive” to male traits. This
emphasizes the gender bias occurring in sexuallicomésearch leading researchers to
consider that females generally suffer from madekptation to mating.

Karlsson-Green and Madjidian (2011) also pointetl that researchers often omit
potential costs for males which are expected uadérgonistic co-evolution resulting from
sexual conflict. Because male traits are thougltetdvarmful to females, the resulting sexual
conflict should favour the evolution of female tsato avoid these costs (Arnqvist & Rowe
2005). Karlsson-Green and Madjidian (2011) clainbdt female adaptations can also

potentially be harmful to males. According to thathers, these costs for males are not
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sufficiently recognized in the sexual conflict iature, especially in theoretical works (but see
Perry & Rowe 2012).

Biases described by Karlsson-Green and Madjidi@i12 may only apply to studies
where co-evolutionary arm race is already descril@deen sexes. For this arm race to exist,
males and females must be in conflict over the mute of the expression of a trait in one of
the two sexes (Chapman et al. 2003). In additiemahstrating the very existence of a sexual
conflict may also be subject to gender biases.

Sexual conflicts usually result from adaptatioret @re not primarily intended to harm
mating partners (Parker 1979). In most studieds;asexual conflict comes from individual
adaptive responses to competition over mating dilisation (Chapman et al. 2003). Males
sometimes evolve traits in response to sperm catigpetthat indirectly harm females
(reviewed in Stockley 1997). For instance, matihgge that males insert after mating in
certain species have evolved to secure paternignvgleveral males competitor can mate with
a given female (e.g. iBombus terrestrisSauter et al. 2000). Although this is benefiéaal
males in terms of male-male competition over fediion, it also indirectly lowers female’s
fitness by hindering her mating rate. However, mad@aptations to competition may not
necessarily incur costs for females: they can havesffect on female fithess or even be
beneficial for them. That is why when looking forsaxual conflict associated with the
expression of a trait in one sex, it is of gregbamiance to conduct a full economic survey of
costs and benefits for males and females assocvwetédthis trait (Chapman et al. 2003,
Fricke et al. 2009). Maybe because of gender biasesxual conflict research, benefits for
females associated with males adaptations havedwesglooked in previous studies.

This particularly applies to mate guarding systemigere male’s optimal guarding
duration has often been considered to be greatar tbmale’s interest. However, a few
studies have shown some potential benefits for liesnaf being guarded for a long time
before or after copulation. In field crickets, nslgerform postcopulatory mate guarding of
female, hence limiting her access to rival malekhdugh this behaviour has long been
consider to promote sexual conflict over guardingation, females have been shown to gain
benefits in terms of reduced predation risk whiéén paired with a male (Rodriguez-Mufioz
et al. 2011). Authors suggested that mate guareuamjved as a cooperative strategy rather
than a conflict. Another example comes from thelled crabUca annulipes where males
help their neighbouring females, with whom they enad defend their territory against male
intruders (Milner et al. 2010). Again, this form mfecopulatory guarding is thought to evolve

through mutual benefits it confers to males andaies
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One hallmark of sexual conflict over precopulatonate guarding duration comes
from observations of female resistance to malely etempts to initiate precopula (Ridley &
Thompson 1979, Shuster 1981, Jormalainen & Maeaildi®93, 1995, Cothran 2008a,
Benvenuto & Weeks 2012). In several species, #ssstance has been confirmed to reduce
precopula duration, so that the resulting length nmdte guarding represents either a
compromised strategy between males and femalemalptuarding duration (modelled by
Yamamura & Jormalainen 1996, e.g. Benvenuto & We&KR?) or is similar to the female
optimal guarding duration (Jormalainen & Merilai®95, Jormalainen & Shuster 1999,
Sparkes et al. 2000, Cothran 2008a). In some spetimate guarding crustaceans, it is still
not clear whether female resistance occurs or Inogammarids for example, it has either
been considered to be important (Ward 1984a, Hantd. 1985, Cothran 2008c) or weak
(Birkhead & Clarkson 1980, Adams & Greenwood 19BRk & Elwood 1989, Jormalainen
& Merilaita 1995, Sutherland et al. 2007). Abseruferesistance is often interpreted as
evidence for important resistance-associated ¢¥st:iamura & Jormalainen 1996). Females
resisting guarding attempts may incur energetidscaes injuries from male harassment.
Because resistance usually involves violent bodyifig and sudden escapes, resisting may
also be costly for the current brood females camrgheir ventral pouch (Jormalainen &
Merilaita 1995). Alternatively, it is also possiliteat no costs are associated with long lasting
precopulas for females or even that they acquineesbenefits out of it. This last hypothesis
has rarely been tested in species where sexualiatoisf thought to occur. However, we
believe that testing for female benefits associatéth precopulatory mate guarding is a
prerequisite to any attempts to describe sexudlicband resulting antagonistic coevolution
between mates (Chapman et al. 2003).

In the next section, | will review evidence for tand benefits for males and females

displaying long lasting precopulatory mate guarding

2. Described costs and benefits of precopulatory rea guarding for males

and females

Costs of precopulatory mate guarding are usuallysiciered to be associated with
energetic deprivation due to guarding and/or higiredation risk while paired. These costs

are likely to be incurred by both sexes during ppeda. | will first present experimental
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evidence for energetically costly precopula for esaland females before dealing with
predation risk incurred by couples compared to wagdandividuals. In a further section, |
will present more sex-specific costs and benefitd females potentially experience while

pairing.

2.1 Energy expenditure in precopula

Although males may receive great competitive bésmdéfom guarding for a long time,
they have often been thought to incur also costso@ated with mate guarding.
Quantifications of energy compounds have revedlatihales found unpaired in the field had
lower energetic reserves than males found pairederield (Sparkes et al. 1996, Plaistow et
al. 2003). It has been proposed that unpaired niealdgust terminated an energy-demanding
precopula period hence explaining their low enesperves. However, when testing for such
energetic costs in the laboratory, no costs wesadoassociated with long lasting precopula
(Jormalainen et al. 2001, Plaistow et al. 2003)addition, no difference was found between
paired and unpaired males feeding propensity inlahe suggesting that precopula does not
impede male’s energy intake (Sparkes et al. 19@$vBnuto & Weeks 2012). Similarly,
females have not been shown to incur an energasicduring the guarding phaper se but
rather, seemed to spend energy in antagonisticaritens with males prior to precopula
(Jormalainen et al. 2001, but see Cothran 2008a)eitain species of clam shrimps, females
do not exist and males guard hermaphrodites inoprda (Benvenuto et al. 2009).
Hermaphrodites have been shown to experience aeddieeding behaviour while paired
which led to reduced food intake (Benvenuto & We28%2). Reduced energy intake has also
been put forward to explain limited growth rateferdnales suffering longer lasting precopula
compared to females pairing for shorter times ia skeleton shrimp&aprella penantis
(Takeshita et al. 2011).

Even though no direct energetic costs have beeerads for males in precopula, it is
hard to think about any energetic benefits for thesaociated with carrying a female for a
long time. However, females may, in certain sitagi benefit from being paired as they do
not seem to participate in couple’s locomotion andy therefore spend less energy in
swimming (Adams & Greenwood 1983).
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2.2 Predation risk in precopula

Because they are conspicuous and less mobile, grairsften assumed to experience a
greater predation risk compared to unpaired indi&isl (Jormalainen 1998). This is true for a
gammarid species of the gendgalella where precopula pairs are more often attacked and
consumed by bluegill sunfishes predatficepomis machrochirjscompared to unpaired
individuals (Cothran 2004). However, pairs are kgsject to predation by dragonfly’s larvae
than unpaired individuals because they represemew too large relative to predator’s size
(Cothran 2004, 2008a, Cothran et al. 2012). Lookinly at male susceptibility to predation,
Verrell (1985) also showed that paired males wess Iconsumed by newts than unpaired
males. It is yet difficult to link these laboratooypservations to actual relative predation risk
of paired and unpaired individuals in the field @ndts effect on optimal guarding duration
for males and females. One can think of three ree@marios. First, if precopula decreases the
risk of predation for both males and females (érggonfly predation, Cothran 2004) females
should, like males, tend to prefer long lastingcppila, hence limiting sexual conflict over
guarding duration. Second, if both males and fesadeur a strong predation risk while
being paired, males should, like females, tendrédep short precopula which may also limit
sexual conflict over guarding duration. This sitoatseems to be supported as studies showed
that perceived predation risk decreased male’sngapropensity (Dunn et al. 2008, Ahigren
et al. 2011). Third, it is possible that precopatdually increases predation risk for females
while it decreases it for males, hence strengtliesexual conflict over guarding duration
(Cothran 2004). Unpaired males are subject to gtreramble competition for access to
females and should actively search for them. Tray nender them more subject to predation
when they are unpaired compared to when they aredhaOn the other hand, unpaired
females should remain hidden under refuges (buAbégren et al. 2011) and be less subject

to predation compared to when they are paired.

2.3 Sexual cannibalism

Apart from energetic costs and predation risk, fesidnave often been assumed to
suffer sexual cannibalism while in precopula (Jdaim@n 1998). Dick (1995) tested the
conditions under which sexual cannibalism of fermddg males occurred in two species of

gammaridsGammarus puleandGammarus duebenMales almost exclusively cannibalised
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newly moulted females, probably because their utiwas soft enough to allow easy
ingestion. Cannibalism of intermoult females wageranly occurring when males were
starved for several days. This therefore calls quiestion the importance of such cost on the

occurrence of sexual conflict over guarding duratiothese species.

Overall, experimental evidence argue in favour adeaxual conflict over guarding
duration in mate guarding crustaceans (Jormalai®98). Females may suffer more costs
than males associated with pairing for a long tbeeause of possible reduced food intake or
increased predation risk. However, very few studieknowledged potential benefits for
females being paired although they may be importadéetermining the strength of the sexual

conflict over precopula.

3. Potential benefits for females

3.1 Female mate choice

Boundaries between mate choice and adaptationsexaak conflict are unclear
(Chapman et al. 2003). Female resistance to matingoften be viewed as an adaptation to
avoid male imposed costs or as a way for the fert@aldiscriminate between potential
partners. These two processes may yet have camglieffects on female fitness. Accepting a
good quality male may involve greater cost assediavith mate guarding compared to
mating with a low quality male. For example, largales have often been described to guard
for longer times compared to smaller ones (Ward4a9&Ilwood & Dick 1990). If larger
males are also of better quality, there may badetoff for females between accepting a good
guality male and resisting early precopula attempts

Until recently, no benefits for females associangth pairing with larger males had
been described in mate guarding crustaceans. How@wéhran (2008c) showed that females
in precopula with larger males received direct entirect benefits. Females were less subject
to dragonfly or fish predation while being pairedhnlarge males (Cothran 2008c, Cothran et
al. 2012). In addition, they produced larger soh® wnjoyed an advantage over smaller ones

in getting access to mates. If these benefits dgtwpotential costs of precopula, females
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may not resist early guarding attempts when peréoriny large males, hence reducing the
potential for sexual conflict over guarding duratio

It is worth noting that any direct benefits femaleseive from being paired may
indirectly benefit the young they carry in theiobd pouch. By protecting females against
predation for instance, males might therefore gisotect another male’s offspring (as
offspring that a female carries in her brood podahing precopula were sired at the previous
moult). Nothing is known about males’ cannibalidighaviour towards young gammarids in
their partner's brood pouch. However, females nmayest energy in parental care toward
these young at the expense of eggs they simultahyepuoduce for the next reproduction

with the guarding male. In that case, males sheatdhese young before guarding a female.

3.2 Sperm limitation avoidance

Because of their short period of sexual receptjfagynales have limited opportunity to
reproduce during their lifetime. Every wasted rejuction comes at a great fithess cost for
them. To make sure that every egg they producebeiliertilized when they are receptive for
copulation, they should avoid mating with spermitéd males. Males invest about 50% of
their sperm reserve at each reproduction and haathar long sperm replenishment time that
can reach 6 days in certain species (e.@.ipulex Lemaitre et al. 2009). However, sperm
depletion does not seem to affect male propensignter in precopula (Lemaitre et al. 2009,
manuscript 5). Female thus incur a severe fecurodisy when mating with a sperm depleted
male (Dunn et al. 2006, personal observationsgehain species, female resistance has been
suggested to play a role in discriminating betwsparm depleted and non-sperm depleted
males. Newly mated males are likely to be also ggnetepleted and therefore unable to
overcome female resistance to enter into precofiparkes et al. 2002). Another efficient
manner for females to prevent fecundity cost dugperm limitation could be to accept early
precopula initiation. This would ensure that spatepleted males would have the time to
replenish their sperm stock before female’s mdualthat case, females would not resist early

precopula attempts, hence lowering sexual cordiretr guarding duration.
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3.3 Female reproductive rate

Males endure reduced mating opportunities by pauuip for a long time. On the other
hand, females mating rate is directly linked tarth@ulting cycle as they can only reproduce
at the time of their moult. At first glance, femateating rate seems therefore rather fixed,
only decreasing with female size (the larger iemdle, the longer lasting is her moulting
cycle and the lower is her mating rate). Howeuee, duration of moulting cycle is flexible as
it also depends on several environmental abiotitofa such as temperature or photoperiod
(Sutcliffe 1992). Individuals can also adjust theiroulting depending on the biotic
environment. For instance, they can delay their Imooder strong pathogen prevalence
because moulting makes them more susceptible éztioh (Moret et al. 2010). Males can
also adjust their moult depending on their fematauiting date (Ward 1984b). In manuscript
4, we tested for an effect of male precopula danatn female’s intermoult duration. We
measured female’s intermoult duration under 3 obffié situations: (i) when females were
housed with a male in precopula in a cup, (ii) wiemales were housed with a male that
could not perform precopula and (iii) when femalesre alone in the cup. Females paired
with a male had significantly shorter intermoultration compared to unpaired females. In
addition, intermoult duration further decreased mvliemales engaged in early and long
lasting precopula. Intermoult duration did not effeemale fecundity. Because females with
shorter intermoult have greater potential repragactate, this provides evidence for a
possible benefit for females in terms of matinge rahen engaging early in precopula and

argues against a strong sexual conflict over praleoguration.

4. Conclusion

When studying sexual conflict over the outcome @lleradaptations to competition,
there is need for a precise evaluation of costskamefits in both males and females. Only
that way could we conclude in favour of the preseat a sexual conflict or not. In mate
guarding crustaceans, measurement of precopula eost benefits for both males and
females are still scarce in the literature. Postnbienefits for females associated with
precopula have especially been overlooked, pertmgsuse of gender biases in sexual

conflict research. Consequently, sexual conflictymat exist in every species displaying
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precopulatory mate guarding. Alternatively, longtiiag precopulatory mate guarding could
be viewed as resulting from cooperation betweerséxes rather than conflict.

We should also be cautious when applying to oudyssystems concepts gathered
from the study of other organisms. For instanceyuakconflict has been expensively studied
in water striders (Rowe et al. 1994, Watson e1298). In that system, males ride females on
their back in a postcopulatory mate guarding. Wateiders live on the water surface.
Because of gravity, it is costly for females torgaa male for a long time (Watson et al.
1998). Such constraints may not apply to crustecednich live underwater. In that case, it is
more likely to be the male that carries the fenvalt® should not spend much energy while
being held (Adams & Greenwood 1983). No studieshaeasured energy reserves of paired
relative to unpaired females under natural cond#iof current flow (but see Jormalainen et

al. 2001), although it could reveal potential bérfef females associated with mate guarding.
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Does foreplay matter? Gammarus pulex females may benefit from long

lasting precopulatory mate guarding.

Matthias Galipaud Francois-Xavier Dechaume-Moncharmont, Abderrafimghadou and

Loic Bollache

Abstract:

Precopulatory mate guarding is generally assumebeta@ostly for both sexes. However,
males may gain by displaying long lasting mate duy under strong male-male
competition. Surprisingly, the potential for femal® benefit from being held by males has
been largely overlooked in previous studiesGammarus pulexan amphipod crustacean,
precopulatory mate guarding lasts several weeklisfeyeales are described as bearing only
cost from such male mating strategy. We investijaatential female benefits by assessing
the effect of mate guarding on her intermoult dorat Unpaired females had longer
intermoult duration than paired females. Intermalutation clearly decreased when paired
females engaged in early and long lasting matediugr In addition, short intermoults and
long lasting mate guarding had no effect on eggbemmThese results highlight a potential
benefit associated with precopulatory mate guarfings. pulexfemales, suggesting that the

strength of an intersexual conflict over its duratmay be overestimated.
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Introduction:

In many crustacean species, males are in compefioaccess to females which are only
receptive for a short period of time following the2productive moult. This, associated with a
lack of female reproductive synchrony, is assuneetdd responsible for the evolution of a
precopulatory mate guarding (PCMG, also calledqgata or amplexus, Parker 1974) during
which a male generally grabs a female. This behavi® considered to be costly for both
sexes although some costs are sex-specific. Mé&desinstance, endure reduced mating
opportunities (reviewed in Jormalainen 1998) reduceaging efficiency (Robinson & Doyle
1985), higher drift in currents (Adam & Greenwoo883) and injuries resulting from
interference with other males (Plaistow et al. 2003males, on the other hand, suffer
increased cannibalism by males (Dick 1995). Otlustscare endured by both sexes and may
have limited effects on fithess asymmetry betweses. Most notably, higher predation risk
(Cothran 2004) and energy deprivation (Jormalaieeal. 2001, Plaistow et al. 2003) are
expected when paired. More obvious fitness benedltged to long lasting PCMG exist, but,
to our knowledge, are solely described for males.pbpulations with a male-biased
operational sex-ratio (Emlen & Oring 1977) and,stha strong male-male competition, early
guarders gain mating advantages (Parker 1974, iHgrdt al. 2004). Surprisingly, no study
has thus far investigated potential fithess besefitr females engaged in long lasting
amplexus. As a consequence, males are assumedsptaydilong amplexus to ensure
copulation, while females are presumed to prefertsprecopula to avoid associated costs
(Jormalainen 1998). Consequently, PCMG is typicaligumed to lead to intersexual conflict
over its duration (Parker 1979).

In Gammarus pulexa freshwater amphipod, a male guards a femalenglurer
intermoult (time between two moults) before sheodbees receptive for copulation. Species
exhibiting strong intersexual conflict over PCMGralion are usually characterized by short
PCMG periods and female resistance to males’ earéyding attempts (Jormalainen 1998).
On the contraryG. pulexamplexus durations are surprisingly long lasting {o 20 days)
while females do not seem to exhibit any adaptatitinshorten it (Birkhead & Clarkson
1980). Most studies have typically focused on caseturred by females (reviewed in
Jormalainen 1998), thereby ignoring the possibitltgt long lasting PCMG may also be
beneficial for them. This study explores the patdritenefits of PCMG fos. pulexfemales.

We tested for PCMG effects on female intermoultation {.e delay between two
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reproductions) and discussed our results in théegomf intersexual conflict over precopula

duration.

Material and methods:

Using kick sampling and a hand net (Hynes 1954)ividuals were collected once a week
between March, 8and April 229 2009 in the Suzon river in Burgundy (N: 47°24,215;
4°52,974’) and immediately taken to the laborat@guples were isolated and maintained in
100mL cups under a constant photoperiod (12:12h)\irtreated water at 15°C. Five days
after moult, each female was assigned to one ektlreatment groups: 1) 121 females were
individually put with a male previously in PCMG Wit different female. 2) 22 females were
housed with a male (previously in PCMG) that hasl gnathopods removed, thereby
preventing amplexus (Franceschi et al. 2010). 3vé& placed alone in cups. These three
treatment groups were maintained simultaneouslyhan controlled conditions described
above. Each cup was checked daily for female mbultthe presence of an exuvium.
Intermoult duration (number of days between twosemative moults), number of days spent
in PCMG and egg number were recorded. Male and leelmady size was estimated after
female moult by measuring the fourth coxal plateli@&he et al. 2001) using a Nikon SMZ-
10A stereoscopic microscope and a VTO 232 videosoreasystem from Linkam Scientific
Instruments Ltd.

Every female moulted during the experiment. Amohg 121 females of the first
treatment, only 105 engaged in amplexus. For Sstatisanalysis purposes, females were
assigned to one of three categories: females Ragben precopula for at least one day (n =
105), females NP with a male never observed ingmél@ (n = 38) and single females S (n =
42). Females from the three categories did notifsigntly differ in size (lz1s2= 2.96, p =
0.054) or date of collection?, 183= 0.41, p = 0.52).

A Cox proportional hazards regression (Collet 19045 performed to assess the
effect of the three categories and female size amnafe intermoult duration. PCMG was
considered to be discontinuous when the femaleokasrved at least one time alone since
the beginning of PCMG. Using P females solely,@sd Cox regression assessed the effect
of female size, continuous nature of PCMG, witth@ittime to first PCMG or PCMG
duration fitted as covariates, on female intermadltration. Schoenfeld residuals were
examined to assess proportional hazards assunyitibie Cox regressions (Moncharmont et

al. 2003). We used a multiple linear model to festhe effect of male and female size, with
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either intermoult duration, time to first PCMG, PGMduration or continuous nature of
PCMG fitted as covariates, on female egg humbemaétgeneity of variance was verified
using a Bartlett test. A Shapiro-Wilks test wasf@ened to assess the normality of the

residuals.

Results:

Larger females showed longer intermouj {s3= 13.12, p < 0.001). There was also a strong
effect of female categories (P, NP or S) on thatermoult duration (Cox regression,
Y% 182= 14.86, p < 0.001; figure 1). Intermoult duratmfifemales in PCMG (26.3 £ 3.1 days)
was on average two days shorter than those of 8lésni28.4 + 3 days, contragsist hodest,

z =2.63, p<0.01) and NP females (28.1 £+ 3 days3.32, p < 0.001) which showed similar
intermoult duration (z = 0.77, p = 0.44). Everythielse being equal, females displaying
PCMG increased their probability of moulting by 6Zé&kponentiated regression coefficient
1.62) when compared to single females.

P females spent on average 7.1 £ 3.4 days in PQist@gé¢: [1 day; 18 days]). 61% of
females were guarded without interruption, butéh&as no difference in total time spent in
PCMG between females engaged in continuous or mlisecmus PCMG (Fi03= 0.98,

p = 0.32). The continuous or discontinuous natdre@VIG did not have an effect either on
female intermoult duration y% 103= 0.56, p =0.45). Female intermoult duration was
shortened by both early PCMG initiatioff1(10s = 28.75, p < 0.001) and long lasting PCMG
(6?1203 = 5.79, p < 0.05) but there was no effect of nsie {3 103 = 1.16, p = 0.28). On the
other hand, longer the time before first amplexius,shorter PCMG (3= 87.6, p < 0.001).
Larger females carried more eggs in their broodcpoafter fertilization than smaller ones
(F1103= 19, p <0.001) and none of the other variabéssed had an effect on egg number
(intermoult duration: Ei0s= 0.59, p = 0.441; PCMG duration; fo3= 1.3.10°, p = 0.99;
PCMG continuous nature; lps= 0.41, p = 0.52; time to first PCMGj ks = 0.14, p = 0.70;
male size: F103= 0.90, p = 0.34).

Discussion:

Paired females showed shorter intermoults compéwednpaired ones. In addition, their
intermoults were shortened by both early and lasiing PCMG, without decreasing the

number of eggs laid. Intermoult duration direcylects female reproductive time-out@
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pulex Females with short intermoults have higher matatgs. Early and long lasting PCMG
may then confer potential benefits on females. Haurinvestigations are still required to
clarify to what extent it is related to higher tifae reproductive success. More generally, it is
still not clear whether high mating rate contrilsutgositively to overall female fitness
(Arngvist & Nilsson 2000). We do not know either ether PCMG has an effect on other
female components of fithess such as survival curfdity. It could have a deleterious effect
on vitellogenesis and thus on offspring number sundival (Jormalainen 1998). However, in
our experiment, PCMG had no effect on egg numbechwis a first assessment Gf pulex
female fecundity. A recent study on another ampthippecies even suggests that pairing
behaviour could reduce predation risk (Cothran 2004ore generally, these results are
consistent with previous findings of Ward (1984B3rly PCMG have also been showed to
shorten female intermoult duration in other cruséac speciesAfmadillidium vulgarae
Jassem et al. 199Paracerceis sculp&huster 1989, andogammarus oclairlribarne et al.
1995), although there is no evidence whether itamasffect on female reproductive success.
Potential benefits gained by femdalk pulexduring PCMG argue against a strong
intersexual conflict over precopula duration, ashbmales and females should favour early
and long lasting PCMG. Besides, in species wherkear conflict exists, females generally
resist early guarding attempts (Jormalainen & Nagal1995). IrG. pulex resistance displays
by females have been interpreted as a form of oiaiee (Elwood et al. 1987, Cothran 2008)
rather than a way to shorten PCMG duration (Birkh&aClarkson 1980, Ward 1984b). We
suggest that future studies should focus on femgbetential benefits from long lasting
PCMG. Precise evaluation of fitness costs and litsnfeir both sexes, especially regarding
energy intake of paired and single individuals, Bticclarify the potential for intersexual

conflict over PCMG duration.
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Figure 1. Proportion of female in intermoult asuadtion of time for the three categories of
female. Bold line: P, females in precopula (n =)108hin line: NP, females with a male

without precopula (n = 38). Dashed line: S, sirfghaales (n = 42).
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General conclusion

1. Main findings
1.1 Male mate choice and size-assortative pairing

Precopulatory mate guarding in crustacean has sxely been studied by
considering males adaptations under strong seeledton imposed by females’ short period
receptivity to copulation. Consequently, temporargte guarding have only been thought to
either result from male differences in competitiwitithin populations (Hardling et al. 2004)
or from females resistance to early precopula gitenm response to the sexual conflict over
guarding duration (Yamamura & Jormalainen 1996).nsbdering precopulatory mate
guarding as a male mate choice strategy, we shtwetdemporary mate guarding observed
in natural population can result from male mateiahdased on multiple criteria of female’s
guality. Contrary to previous studies, we predidieat if females vary strongly in fecundity
within a population, males should discriminate kesw potential females before entering in

precopula even under balanced or male-biased sex ra

However, male choosiness was never very strong vhaes encountered females
sequentially. Under the strong male-male competitreaposed by female’s short period of
sexual receptivity, males only rarely forego a mgtopportunity to continue searching for a
better partner. We therefore suggested that iniepguresenting long lasting association of
partners before mating, mate choice could happien iiitial pair formation. Male may first
pair with the first encountered female before ptédlly switching partners when an unpaired
female is at proximity to the couple. This situati@so presumably facilitates comparison of
females’ quality because it allows simultaneousdienencounter (Bateson & Healy 2005).
However, our results showed that in an amphipodtaogean, males did not make switching
decision after comparing the quality of the two &®@s. Instead, they tended to switch

females when their own partner was of low qualégarding her size and her time left to
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moult. We suggested that mate guarding can funetgoa sampling strategy thanks to which
males assess female’s quality before decidingjectrer accept her. With poor information
about unpaired available females’ quality, malesladdase their decision rule on previous
mating experiences as it has been reported in anathphipod species (Hunte et al. 1985).
This result highlights the possibility that indivials employ rules of thumb in mate choice
decisions. They may use only a fraction of the nmi@tion available, especially when more
precise assessment of mate’s quality is difficuiti/ar subject to errors (Hutchinson &
Gigerenzer 2005). Theoretical investigations areeded to understand the adaptive

significance of such rules of thumb under constsaim assessment.

These two results emphasize the difficulty of infey pairing patterns from mating
preferences only, without considering the undedyjriring process. It is still not clear
whether, in mate guarding crustaceans, male maieelbased on body size can lead to a
pattern of size-assortative pairing. The lack opput for the capacity of males to
discriminate females on size under strong competitior pairing argues against this
hypothesis. However, we did not explicitly modeé tmfluence of male mate choice on
female’s size on size-assortative pairing. In addjtit is possible that a difference in
competitive ability between males could have areatfion their capacity to exert a mate
choice under strong competition. Future investayeti should test this possibility and its

effect on the occurrence of size-assortative pginmatural populations.

We suggest that future studies on size-assortptiureng should also focus on the role
of other type of mating preferences to explairSiate-dependent valuation of partners, for
instance, considerably lowers competition for pref@ females as preferences depend on
male’s own quality and is thus not shared by eveaje in the population. The female-sooner
norm as a male guarding criterion for mate choggesents a novel, but not exclusive cause
for size-assortative mating in mate guarding caesdas. It shows for the first time that a
decision rule based on time left to moult can ti@esinto a pattern on size. This illustrates
the concept of equifinality which states that sal/@references can lead to the same pattern
and emphasizes the importance of avoiding infeaéritillacies in studies of assortative
mating (Burley 1983).
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1.2 Sexual conflict over precopulatory mate guardig duration

It is difficult to determine whether conflict ocauin every species presenting long
lasting precopulatory mate guarding. Costs for fesyassociated with precopulatory mate
guarding have been observed (e.g. Cothran 2004eshék et al. 2011). However, such
examinations may be incomplete. Research on serpnélict may be subject to gender biases
which hamper investigations of costs and benefisoaated with precopula for males and
females. Perhaps because precopulatory mate ggalisupposed to be a coercive male
behaviour, females are usually assumed to suffdy eosts in precopula. However,
precopulatory mate guarding may also benefit femate certain cases. We showed that
females who spent longer times in precopula hadteshamtermoult duration compared to
females alone during their moulting cycle. Shoméermoult may be beneficial for females as
it may provide them with more reproductive eventsrdheir life time. Further studies are yet

needed to understand the life time fithess consempseof long lasting precopula for females.

Although precise economical investigations are ss@gy to understand the outcome
of male traits on female fitness, it may be diffido spot individual’s characteristic affected
by males’ phenotype. Because we partially basaraugstigations on previous work done in
different species, under different ecological ctiods, we may have preconceived ideas
about which potential costs or benefits should dsted to characterize a sexual conflict.
Besides, measures of costs and benefits made Iakieay not always reflect the real effect
on fitness of a given male’s behaviour in the fi¢kdr example, predation risk measured in
the lab of paired and unpaired females gammaridsoien made without considering the
distribution of paired and unpaired individualstive river (e.g. Dunn et al. 2008). Several
studies have reported that pairs are more predhtadunpaired individuals in the lab (e.g.
Cothran 2004, Cothran et al. 2012). However, otitedies suggested that couples are less
mobile and tend to stay hidden under rocks, heeagglpresumably less subject to predation
(e.g. Sparkes et al. 1996). When it could appedretaostly in the lab to be paired, it is

actually beneficial in the field.

Even when precisely measuring costs and benefitsdch sex associated with males’
behaviour, it is difficult to interpret them ovefew reproductions only. Evidence of potential
female benefits associated with male traits shbeléhterpreted with caution. If females gain

benefits directly from the initial male adaptatimncompetition, this could argue against the
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occurrence of sexual conflict. However, benefite edso indicate a female adaptation in
response to sexual conflict. In that case, femalight make “the best of a bad situation”. For
instance, in the damselfijetaerina americanamales harass females for mating which has
been showed to reduce their survival. Femaleslacemaore fecund when harassed. This has
been interpreted as a female compensatory respimngeduced future expectations of

reproduction (Cordoba-Aguilar 2009).

Because of these possible biases in interpretatiandifficult to interpret the function
of female traits. Darwin (1871) interpreted malelsisping organs as adaptations to facilitate
reproduction for the mutual benefit of both malesl &emales. However, these organs can
also be seen as adaptations to sexual conflict femesle monopolization (Arngvist & Rowe
2005). Similarly, it is difficult to interpret spiadized sites for male grasping on female’s
cuticle in mate guarding crustaceans (Platvoet|et2@06). These could be viewed as
adaptations to facilitate copulation during the rshwindow of female receptivity.
Alternatively, it can be interpreted as a femalapdtion to conflict to avoid injuries due to

males grasping behaviour.

2. Prospects

2.1 Male mate choice and sexual conflict

One possible future direction for research in skgaaflict could be to investigate the
effect of male mate choice on the intensity of séxwonflict over different female phenotypes
(Bonduriansky 2009). In species with sexual cohfiiwer precopulatory mate guarding
duration for instance, preferred females may suéieg lasting precopula or frequent attempts
to form precopula. If females vary substantiallyguality, males are predicted to prefer to
consort with larger females, even when they ardrtan reproduction. On the other hand,
they would reject smaller females unless they a&aly close to reproduction. In that
scenario, smaller females suffer minor costs aasettiwith precopulatory mate guarding,
hence lowering the potential for sexual conflictvieen males and smaller females. However,
larger females might suffer high costs associat#k Mng lasting mate guarding which may
strengthen the sexual conflict over guarding daratbetween males and large females. In
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gammarids, larger females have often been descrédsedeing more prone to display
resistance behaviour (Ward 1984a, Hunte et al. 1985

It is worth noting that in that scenario, male melwice would probably not lead to
variation in female mating success. Small femateaat mate less than larger females as they
are eventually chosen when they are close to reptmoh. Male mate choice should therefore
impose a selective pressure on females to avoig lasting mating, instead of enhancing
sexual selection on females. Contrary to femaleerohbice, male mate choice should, in that
case, lead to the evolution of female resistansteau of leading to the evolution of females’

ornaments and displays to be chosen as a mate.

2.2 Male selfish behaviours and sexual conflict

There is a possible conceptual analogy betweeramgses carried out on sexual
conflict and on other well-known social interacsdeading to antagonistic co-evolution such
as host parasite interactions. In both, the fitradsat least one of the actor depends on the
interaction. Parasites need their host to survivenate; mating partners need one another to
reproduce. In such situations, selection would @bbp favour adaptations that do not harm
too much the other actor of the interaction. Towleint parasites may kill their host, hence
dying too. Male adaptations harmful to females rkdlythem or decrease their fecundity,
hence indirectly decreasing male reproductive sssddowever, when reproduction is not at
stake, males and female conflict should be muchshesr Males sometimes present
adaptations that function to reduce female fecyralitthe expense of competitor males. For
example, in the parasitoid waspachogramma evanescensperm depleted males continue
to mate with receptive females even though theyaiosire offspring (Damiens & Boivin
2006). This behaviour reduces female ability torestother males’ sperm and comes at a
fecundity cost to her. Authors suggested that malag thus increase their relative fithess by
decreasing mating success of competitor males (@@ Boivin 2006). In mate guarding
crustaceans, such selfish behaviours (West & Gard@&0) may exist if sperm depleted
males mate with receptive females, hence wastieg ttutch at the expense of other males.
Future investigations should study selfish behagoun species where reproduction is
restricted to a short period of time, because esasted brood comes at a strong mating
opportunity cost for individuals in the populatidn. addition to the strong sexual conflict it

creates, such selfish behaviour may thus leadragady of the common (Rankin et al. 2011).
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2.3 Competition and the direction of sexual selecin

Competition is the primary determinant of sexudes®n and as such should be
under particular scrutiny when studying matingtsigees in each sex. The sex suffering the
most competition for mates (usually males) evolirags to cope with it. These traits may
sometimes be costly and feedback into making idd&is that express them potentially
choosy. On the other hand, the sex that sufferdetdi® competition (usually females) may
evolve strong choosiness towards high quality gastn

However, let us take the case where only a smafigrtion of males are preferred by
females. Before directly concluding that this letmlstrong disparity in males mating success
and strong sexual selection on males, one might hmwbserve how pairs form in nature. If
preferred males are limited in resources neededefmoduction such as sperm or if they are
preferred because they provide parental care, gmeha female has access to a male, this
preferred male will not be available for other fé@safor a given duration. In that scenario,
some females might have to mate with non-prefematks. As a consequence, competition in
males due to female mate choice is relaxed as refierped males also access to
reproduction. This presumably decreases differanceating success among males in a
population, hence lowering sexual selection on matel its potential to lead to the evolution

of extravagant male competitive traits.

2.4 Competition and the link between preferences @ahmating patterns

Acknowledging the role of competition in decisiorakmg also leads to important
considerations regarding the link between matirefjgpences and mating patterns. If mating
outcomes are subject to constraints due to congefir preferred mates, individuals should
for instance show mate choices which depend opéheeived level of competition. This has
been suggested to happen in males displaying prudhences (Fawcett & Johnstone 2003,
Hardling & Kokko 2005, Venner et al. 2010). Butdimay be also true for females (Cotton et
al. 2006). Female preference is only one compootfégmale mate choice. Mate choice can
also be influenced by the density, the availabibty the distribution of preferred males
(Widemo & Seether 1999, Cotton et al. 2006). Contipetifor access to preferred males may
lead females to adjust their preference towardetoyuality individuals. This highlights the

importance of taking into account the whole pairprgcess under natural conditions when
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studying the effect of preferences on mating past€wWagner 1998, Cotton et al. 2006). The
observation of mate choice in controlled environteemhere competition is inexistent, may
not account for the way mating preferences areesgead in more natural settings (Wagner
1998).

2.5 Constraints on mating preferences

As presented above, competition may hamper theslaon of mating preferences
into mating patterns by constraining individual @& to preferred mates. However, there can
be also constraints on assessment of potentialsmassessment and valuation of potential
mates are likely to be comparative in nature (Bate& Healy 2005). Individuals may
compare several available alternative encountdredltaneously (Janetos 1980) or they may
compare potential mate’s quality to the quality mevious reproductive partners (i.e.
Bayesian decision making, McNamara et al. 2006)véieer, the comparison between mates
may be subject to biases. The evaluation of pakniate’s quality is sometimes based on
several criteria which may render their preciseesssient subject to errors (Candolin 2003).
In addition, mating decision may vary under diffgreontexts, because the perception of
mate’s quality may depend on the other potentialemy@urrounding it (Bateson & Healy
2005). For example, if a female encounters a méala given size surrounded by smaller
males, she may be more willing to accept him asrtan if he was surrounded by larger
males (Bateson & Healy 2005). Environmental vasiain male spatial distribution in mating
systems such as leks may influence female decisiaking and therefore influence the
resulting pattern of mate choice.

On the other hand, researches in mate choice aftdee the strong assumption that
individuals are capable of perfect assessmenteofjtiality of potential mates before making a
choice (Bateson & Healy 2005). It is supposed tieg internal machinery underlying
decision making allows individuals to behave optlynan every encountered situations, no
matter how complex the environment (Fawcett eingbress). However, the range of potential
situation is likely to be too important for evoli to have led to optimal behaviour in all of
them (McNamara & Houston 2009). Instead, under derm@and uncertain environments
where it is difficult to acquire perfect informati@bout different options, individuals should
possess adaptations which allow them to perfornt wadeneral. In mate choice situations,

potential mates vary according to different modaditand individuals facing competition
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should be able to make rapid and efficient choitessuch situations, evolution may have
favoured individuals using rules of thumb for mek®ice. For example, individuals may use
only partial information about potential mates taka their decision, valuating partners on
the basis of one criterion only when their quaditually depends on several traits, difficult to
assess (Hutchinson & Gigenrenzer 2005). Individualag rules of thumbs may not choose
the best available partner every time but may aehgood mating success on average when
mate’s assessment is costly and subject to errors.

Similar to biases in decision making presented apaoyes of thumbs may not lead to
consistent patterns of mate choice across situgtrendering difficult inferences from mating

preferences about mating patterns at the levdieopopulation.

2.6 The role of competition and constraints on matig preferences in models of sexual

selection

Considering the effect of competition on individealecision rules and biases on the
expression of mating preferences is of major imgrare in sexual selection research. In order
to understand the effect of female preferenceserevolution of male traits, we have to first
understand how female preferences translate intmgadn species were females compete for
the access to preferred males and/or males’ quidipends on multiple modalities difficult to
assess, pairing process may not lead to similaenpatof mate choice in different situations.
This may limit the variation in male mating succdsscause preferred as well as non-
preferred males are likely to have access to reymtamh. Consequently, sexual selection on
males may not be as strong as previously thougdricen limiting the evolution of costly
extravagant ornaments and displays (Widemo & Sad®@9, Cotton et al. 2006).

We believe that the potential for inferential fales about the effect of female preferences on
mating patterns should be acknowledge in studiesegfial selection. Future empirical or
theoretical investigations should explicitly takemgpetition into account in order to predict

patterns of coevolution between preferences aiitd.tra
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During these three years, | had the possibilitwtibe an article about an experiment that had
been done before | started my PhD. As this arts@ds not directly relevant to topics tackled
in the thesis, | decided not to include it in thaimtext. This experiment has been conducted
by Zoé Gauthey under the supervision of Loic Béllaand me. Gammarids represent
intermediate hosts for manipulative parasites witmplex life cycles. These parasites
sometimes affect their intermediate host's behaviowan attempt to reach a definitive host
which is usually a fish or a bird that feeds on gaands. It has been suggested that parasite
infection may affect many aspects of gammarids wela including their pairing strategies
(see references in the manuscript). Here we medsiieeeffect of a cestode parasite infection
(Cyathocephalus truncatusn pairing propensity and sperm reserves of maflése species
Gammarus puleXWe sampled males from the field in three différstates: (i) males found
paired, (i) males found unpaired and (iii) malesirid infected. Infected males had lower
sperm reserves than other males and they had a lpreeensity to pair with a female
compared to males found previously paired. Howevales found previously unpaired in the
field had also a low propensity to pair, similarparasitized males. We discuss these results
in light of parasitic manipulation and emphasise importance of considering uninfected
unpaired individuals when studying the effect ofnipalative parasites on male sexual

behaviour. You can find the whole detailed studiplwe
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Pairing success and sperm reserve of m&asimarus pulexnfected by

Cyathocephalus truncaty€estoda: Spathebothriidea)

Matthias Galipaud, Zoé Gauthey and Loic Bollache

Abstract:

Manipulative parasites with complex life cycles dmeown to induce behavioural and
physiological changes in their intermediate hoSisathocephalus truncatus a manipulative
parasite which infectsdGammarus pulexas intermediate hostG. pulex males display
precopulatory mate guarding as a response to male-competition for access to receptive
females. In this paper, we tested the influence@druncatusinfection might have on male
G. pulexsperm number and pairing success. We considered tihasses db. pulexmales in
our experiments: i) uninfected males found painedhe field, ii) uninfected males found
unpaired in the field, or iii) infected males foundpaired in the field. Both infected males
and uninfected unpaired males paired less withva fieenale than uninfected paired males
did. Furthermore, infected males appear to be atrang disadvantage when directly
competing for females with a healthy rival maled drad fewer sperm in their testes. We
discuss the potential effect of male and femaleingagtrategies on such male host mating

alteration.
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Introduction:

Relationships between levels of parasitism and mad¢ing success have received much
attention over the past few decades (e.g. HamédtwhZuk, 1982; Read, 1990; Clayton, 1991;
Dunn, 2005). Three main hypotheses are usuallygoward to explain the observed decrease
in infected male mating success. First, parasiiectron may affect male ability to compete
with other males for access to reproduction antligation (Howard and Minchella, 1990;
Forbes, 1991). Infection can alter male potentdirnd and secure a territory (Borgia, 1986)
or a mate (e.g. in arthropods, Carmichetedl. 1993; Zohar and Holmes, 1998; Bolladteal.
2001). Infected males may also be less able tacttiirenterfere with competitors to gain
access to females (Zohar and Holmes, 1998; Bollatha. 2001). Second, females may
refuse to mate with infected males (Milinski andkBer, 1990). They should prefer to consort
with uninfected males to avoid contamination byags#ées (Able, 1996). They should also
favour males that resist parasite infection as ¢bisld provide them with pathogen-resistant
offspring (Hamilton and Zuk, 1982). Third, the nm@tisuccess reduction of infected male
hosts may result from parasite adaptations (Hue@,12 Moore, 2002; Lefévret al. 2008).
Parasites with complex life cycles sometimes priestnategies to increase their chance of
transmission from an intermediate host to a defimihost (Poulin, 1994; Lafferty, 1999;
Lagrueet al. 2007). In case of trophic transmission, parasites manipulate host behaviour
and physiology to make it more susceptible to predaby a definitive host (Lafferty, 1999;
Lagrueet al. 2007). Manipulation can hence induce modificationsome aspects of host
behaviour, such as general activity or spatial @éemporal distribution, reducing their
probability of encountering mates (Rasmussen, 1968maset al. 1995; Zohar and Holmes,
1998; Tainet al. 2006). Manipulative parasites can also modify siggtysiology, leading to
fecundity alteration, suspension or even castratidgth significant effects on mating
behaviour (Baudoin, 1975; Thompson and Kavalie@941 Bollacheet al. 2002; Ferreiraet
al. 2005). Most studies have focused on the influefdafected female fecundity reduction
on male mating preferences (Poulton and Thomps@#i/;1Bollacheet al. 2002, Dunret al.
2006). On the other hand, the effects of manipugagiarasite on spermatogenesis and male
mating success have been poorly documented (Bienbamd Sparkes, 2007).
Cyathocephalus truncatuy€estoda: Spathebothriidea) is a tapeworm widedpiea
Europe. It almost exclusively infects amphipod tagsans, such &ammarus pulexas
intermediate hosts, and fishes as definitive h¢®lisaka, 1984). Franceschkt al. (2007)

showed thaC. truncatuswas able to manipulate the behaviour ofGtspulexintermediate
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host. Infected individuals have been described doslgnificantly less photophobic than
uninfected ones. This alteration in infectedpulexbehaviour makes them more conspicuous
to visual predators, and explains the previouslgeoked increase of. truncatusinfected
gammarid predation rate (Knudsenal.2001). In addition, Francesa#i al. (2007) observed
variousC. truncatuspathogenic effects, especially on intermediate basvival, swimming
activity and oxygen consumption.

Mating behaviour irG. pulexis characterized by a precopulatory mate-guarghagse
(also called amplexus or precopula) during whichale carries a female beneath his ventral
surface for several days (up to 20 days, e. gp@atiet al. 2011). This mate guarding period
usually begins when the female initiates vitellogga and thus becomes receptive to pairing.
The precopula ends with female moulting. The fem#len becomes receptive for
reproduction with the guarding male for about a (fBwtcliffe, 1992; Bollachet al. 2000).
Precopulatory mate guarding behaviour is thoughhawve evolved as a male competitive
strategy in response to this brief period of fens&reual receptivity (Parker, 1974; Grafen and
Ridley, 1983). In amphipods, parasite infectiorenftorrelates with a decrease in male ability
to successfully pair with a female in nature (Weat886; Thomast al. 1995; Zohar and
Holmes, 1998; Bollachet al. 2001). According to previous studies, several pgses related
to sexual selection may explain this pattern. Bf#male mate choice and male-male
competition for females have been suggested asrtarmgocomponents of infected males
lower pairing success (Zohar and Holmes, 1998;a8bket al. 2001). The aim of this study
was to combine field observations and laboratonyeexnents to assess the influenceCof

truncatuson maleG. pulexi) sperm reserves and ii) pairing success and etitiye ability.

Material and methods:

Field collection
All gammarids were collected from March to May 208% small tributary of River Suzon,
Burgundy, eastern France (N: 47°24,215’; E: 4°52P1sing a hand net and the kick
sampling methoddescribed by Hynes (1954). The relative large waire and its white
colour, visible through gammarids cuticle, makesatéd hosts easy to recognise. All infected
individuals sampled in the field were only infectegone larva.

Following Bushet al. (1997), we estimated the prevalenceCotruncatusin the field
by measuring the proportion of infected individuaisa first sample. For experiments, we

sample a second time gammarids in the field (hexeedferred as “the second field sample”),
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looking specifically for infected males and unirtisgt individuals. Uninfected males were
either found unpaired or paired with an uninfed@dale. Infected males, however were only
found unpaired in the field. In this second fietdrple,G. pulexmales were thus found in the
following three different field states: i) uninfect paired, ii) uninfected unpaired or iii)
infected. We used males from this second field sar{paired males where separated from
their previous female) either for the inclinatioxperiment and sperm measurement (n = 105)
or for the competition experiment (n = 66), as désd below.

Laboratory studies

In the laboratory, gammarids were maintained uadesnstant photoperiod (12:12h) in well-
aerated tanks containing UV treated water at 15fCleaf litter. For experiments, gammarids
were individually housed in small plastic cups (b7 @=9cm). At the end of each
experiment, all individuals were killed, using 7G#ohol, and measured (size of the fourth
coxal plate, e.g. Bollachet al. 2002) using a stereoscopic microscope (Nikon S8} and
the Lucia G 4.81 software. With the same apparatesalso measured the total body length
of cestodes. No gammarids were used more than forcexperiments. Individuals that

moulted or died during experiments were excludethfthe dataset.

Male inclination to pair

We first investigated the effect of male field staf(infected unpaired, uninfected unpaired
and uninfected paired) on male inclination to peith a new uninfected female. Males were
first individually allowed to acclimatise for oneotr in a plastic cup. A female was then
added to each cup. All females used in this expartrhad already been caught in precopula
to control for their receptivity to pairing. Theposition in their intermoult (i.e. the time
between two successive moults) was approximatedgsaed (either close to moult, in the
middle of intermoult or at the beginning of interalt) based on the developmental stage of
embryos in their brood pouch (Geffaetl al. 2010). Cups were first checked after one hour
and then after a period of 24 hours to determinedividuals had entered into precopula. All
individuals were then measured. Males were alssedied for sperm number assessment as
described below. The effect of males’ field staiastheir pairing success was tested using a
logistic regression model with sperm number, fenpadsition in their intermoult, and male

and female size as covariates.
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Sperm reserve

We also assessed sperm reserve of males from ¢heation experiment using the protocol
described in Lemaitret al. (2009). Briefly, one testis per male was remowved igolated in a
watch glass, in 1 mL of Crustacean Ringer. The domas cut into small fragments with fine
forceps under a binocular microscope. This allowpdrm to mix with the Ringer. The
solution was then exposed 10 seconds to ultrawaveseparate sperm from membranes
without damaging the gametes (Ultra-waves tankn&va 2200 Branson cleaning Equipment
Company, Shelton, Co, U.S.A). The solution was hgengsed with a micropipette (i.e. by
pushing and pulling liquid for 30 seconds) and f@QruL drops per male were placed on a
slide and dried for 10 min. Slides were then gemihsed with demineralised water to
eliminate Ringer’s crystals before allowing thendty again for 30 minutes. Sperms of each
slide were counted under optic microscopy (Nikotigse E600, magnification x 100). Total
sperm reserve of each individual was thereforenedéd by combining sperm number of all
four drops (40 pL). Using an ANCOVA, we tested fioe effect of male field state on sperm
reserve with male size as covariate. Sperm res#atee were Box-Cox transformed to meet

normality. Homogeneity of variance was verifiedwat Bartlett test.

Male-male competition

We also studied the ability of infect&l pulexmales to pair with a female in the presence of
an uninfected competitor male. Two males of simdae (t testt = 0.83,P = 0.406), one
infected and one uninfected (previously pairednia field), were introduced in a plastic cup
and allowed to acclimatise for one hour. A previgymsired female (i.e. receptive for pairing)
was then added to each cup. Females used forxXpesiment were always smaller than the
two males in their cups. Trials (n = 33 replicate®ye examined every hour during one day
(i.e. 12 hours). Once one of the two males had éorprecopula, the three gammarids were
removed from the cups and measured. After 24 hewesy gammarid was removed from the
apparatus. We used a binomial test to compare ected and infected males pairing success
in competition. However, this did not distinguisktiween the two confounding effects of
male-male interaction and male inclination to pair male pairing probability. In order to
disentangle these two effects, we also comparegaireng success of infected males in the
inclination experiment (i.e. with no competitiom) the pairing success of infected males in
the competition experiment with a Fisher exact tést more consistency, we also calculated
the odds ratio as a measure of effect size of ifierence and its 95% confidence interval
(Nakagawa and Cuthill, 2007).
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Results:

Field studies

Overall, 536 precopula pairs and 1113 unpaired ganas (643 males and 470 females) were
collected in the first sample. Parasite prevalemas extremely low in the field (0.23% Gf
truncatusinfected individuals in the first field sample/b5). Because of this low proportion
of infected individuals found in this first fieldasple, we were unable to reliably test for a
parasite prevalence difference in males (0.25%,3) and females (0.20%, n = 2). For the
same reason, we were also unable to test for arelifte between infected and uninfected
male pairing success in this first field samplendl®f infected males collected in the first
field sample were paired. On the other hand, 45@%ininfected males were found in
amplexus. In the second field sample (i. e. ganusadiedicated to laboratory experiments),
males showed size differences according to theid fstates (Kruskal-Wallisy% = 9.72,
P<0.01). Infected unpaired males (n = 33) were $icamtly larger than uninfected unpaired
males (n = 39post hodest:P<0.01) but did not differ in size with uninfectediged males (n

= 33, post hoctest: P = 0.69). Uninfected paired and unpaired malesnaitidiffer in size
either post hodest:P = 0.06).

Male inclination to pair

Male inclination to pair with a female was signéitly related to male field state, but not to
female’s time left to moult, number of sperm or esahnd females body size (Table 1). Males
infected with C. truncatus were significantly less likely to enter into precta than
uninfected paired malepdst hoctest, Z = -2.44P <0.05, Fig. 1A).Similarly, uninfected
unpaired males formed significantly fewer precophian uninfected paired malgsoét hoc
test, Z = -2.64P<0.01, Fig. 1A). However, there was no differencepairing probability
between uninfected unpaired males @ndruncatusinfected malesgost hodest, Z = 0.14P

= 0.89, Fig. 1A). Thus, among 105 individuals, deated males found paired in the field
were more likely to pair again with a new femal®,6P%) compared to uninfected males

found unpaired in the field or infected males (2¥0and 42,42% respectively, Fig. 1A).

Sperm reserve

Total sperm reserve (i. e. the estimated numbespefm in one testis) was significantly
affected by male field state {lgs= 3.33,P = 0.04, Fig. 1B). Infected males had lower sperm
reserve than uninfected paired maless{-hoctest;t = 2.296,P<0.05, Fig. 1B) or uninfected
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unpaired malesppst-hoctest;t = 2.177,P<0.05, Fig. 1B). However, uninfected paired and
unpaired males did not differ regarding their speaserve fgost-hoctest;t = 0.289,P =
0.774, Fig. 1B). Larger males carried more sperrtheir testes than smaller males @5=
6.45,P = 0.01). The interaction between male size ancrielld state had no effect on sperm
number (i gs= 0.17,P = 0.84). Among infected males, we found a positeerelation
between male size and cestode size (Pearson ¢mmela = 0.63,n = 26, P<0.001).
However, none of the following variable significentinfluenced infected males sperm
number: male size (ks= 0.79,P = 0.38), cestode size (ks= 0.38,P = 0.54), the interaction
between male and cestode sizexE 2.21,P = 0.15).

Competition

Overall, 33 assays were performed involving twoesand a receptive female, but only 70%
(23/33) resulted in a pairing. In competitive sitoas, infected males’ pairing success was
strongly decreased. Only in 2 out of 23 trials 8) did C. truncatusinfected males succeed

in entering into precopula when competing with amtected male (binomial tegp<0.001).

In non-competitive trials (i.e. in the inclinati@xperiment), infected males’ pairing success
was even significantly better than in competitiviiations (odds ratio: OR = 12.78, 0.95
confidence interval ranging from 2.06 to 43.3, Eislexact testP<0.01, see table 2 for

sample sizes).

Discussion:

G. pulexmales exposed t€. truncatusinfection incur a severe decline in their pairing
success. Both their inclination to pair with a @oee female and their competitive ability
decreased. Manipulative parasites have been reptmrtalter male mating success in several
field based studies (Oetinger, 1987; Zohar and ldslm998; Bollachet al. 2001; Sparkest

al. 2006; Bierbower and Sparkes, 2007). In this stmdymale infected b¢. truncatuswas
ever found paired with a female in the field, ither of our samples. This would tend to
support the pattern observed in laboratory experimeélowever, the low parasitic prevalence
we measured does not allow us to draw a definttimeclusion about infected males pairing
success in nature. Among uninfected males, thasedfainpaired in the field also showed a
weak tendency to pair with a new female. This isststent with previous findings on

a new precopula after they already spent some pared with another female (Lemaie
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al. 2009). This suggest either that i) a common phe&mam causes a weak paring pattern in
both infected and uninfected unpaired males othaj different phenomena lead to the same
difficulties in initiating precopula in both maldases. Following the first hypothesis, it is
possible that males which do not succeed in paisitig a female are also more susceptible to
parasite infection. In our field samples, infectedles may thus simply be weakened males,
already unable to successfully pair with a femblewever, the size difference we observed
between uninfected unpaired males and infectedsmaéikes this hypothesis unrealistican
pulex In the rest of the discussion, we consider theors@ hypothesis, acknowledging
relative roles of male and female strategies anmdgite manipulation to explai@. pulex
males mating pattern.

One hallmark ofC. truncatusinfection in male is a reduction in sperm. Such
reductions have not been reported for crustacdanted with acanthocephalan parasites: i.e.
amphipod (Moore, 1984; Zohar and Holmes, 1998%0opad (Bierbower and Sparkes, 2007).
Two main phenomena could explain this effect. Fitls¢ substantial tapeworm size (up to
30% of host mass, Okaka, 1984; Francestlal. 2007) and its position in host body cavity
may induce pathogenic effects or mechanical harmGorpulex potentially resulting in
reduced sperm production in infected males. Thig oecur either directly, by physically
curtailing gametogenesis, or indirectly by actimghmst nutrient availability (see Hurd, 2001
for a review). For instance;. truncatusinfected gammarids have been shown to suffer a
decrease in swimming activity, which may affectitieraging efficiency (Francesclet al.
2007). Second, by limiting or diverting energy naiiy allocated to reproduction, the
parasites may reduce host fecundity. Parasites afieectly compete with their host for
nutrients, which can reduce energy available fosthgamete production. Under these
conditions, a negative correlation between pardsidenass and host fecundity is expected
(Hurd, 2001). In this study, no correlation wasrfdibetween gammarids’ sperm number and
tapeworm size, raising doubts about any effecutfi@nt competition on host sperm reserve.

Infected males reduced pairing could be linkedsperm reserve. But male pairing
success is also expected to be affected by othasipainduced pathogenic effects or by
female mating behaviour. In this section, we coasithese three hypotheses to explain
infected male pairing pattern.

First, with low sperm reserves, males may chahge thating behaviour, as has been
suggested for other arthropod species (KendallVeottott, 1999; Ortigosa and Rowe, 2003;
van Son and Thiel, 2006). Uninfected unpaired mdidsnot differ in sperm number with

uninfected paired males, although they paired kfssn with a new female. Thus, for
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uninfected unpaired males, pairing propensity dodsseem to be linked to sperm reserve. It
would thus be surprising that the low sperm res@mn@. truncatusinfected males influence
their inclination to pair. Lemaitret al. (2009) also found no effect of sperm reserve otema
pairing decision irG. pulex

Second, pathogenic effects induced by parasites, &s reduced swimming activity or
oxygen consumption (Franceschkt al. 2007) may alter male pairing success. These
pathogenic effects could make struggles prior ecgpula more difficult for infected males
(Sparkeset al. 2006). Francesclat al. (2007) also suggested that the low survival olegkim
C. truncatusinfected individuals may be due to the large amaidirenergy that is lost to the
parasite infection. Precopulatory mate guardingaisong lasting and energy expensive
behaviour inG. pulex(Plaistowet al. 2003), and it is therefore possible that infeateales,
who may be already energy depleted, are less alddfdrd the energetic cost of holding a
female for several days. Under these circumstariceg,would not be able to pair as often as
healthy males, and this could explain their lowlimation to pair in our experiments. Perhaps
owing to this weakened body condition, tapewornedtéd males suffered even lower pairing
success when directly competing with healthy maDasg. results revealed that infected males
paired even less in competitive situations when pamed to non-competitive situations.
Evidences for such an effect of parasites on malapetitive ability are scarce in the
literature (Zohar and Holmes, 1998; Bolla@tal.2001). It is difficult to distinguish between
the relative roles of interference competitiogrsusscramble competition when explaining
the decreased competitive ability observed in igféanales. It is possible th@t truncatus
infected males might have had their females usubyedval healthy males (i. e. “take-over”,
Grafen and Ridley, 1983). However, take-overs arely, if ever, observed i%. pulex
(Franceschet al. 2010). It is thus more likely that their pooreopensity to pair resulted in a
disadvantage in rapidly securing the female.

Third, female sexual behaviour would likely playae in male pairing success. In
several amphipod species displaying precopulatoatenguarding, females resist male
guarding attempts as a form of mate choice (Elwetoal. 1987; Jormalainen, 1998; Cothran,
200&, 200®). Male size, for instance, has been proposed @y pl role in female mate
choice (Wellborn and Bartholf, 2005; Cothran, 280&ur data showed that infected males
were larger than uninfected unpaired males. Howethety suffered an equally low mating
success. If pairing is under female control, fenmadge choice based on male size alone does
not explain the pairing pattern we observed. Orother hand, females may base their choice

on other male traits such as sperm reserve. Inespadere females do not store sperm, as it
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is the case in amphipods (Hurge al. 1985; Jormalainen, 1998), sperm limitation during
mating can result in a fecundity cost for them (Howal Sheng, 1999; Sadek, 2001; Spadtes
al. 2002, Dunnet al. 2006). Sparke®t al. (2002) demonstrated that in a stream dwelling
isopod, females avoid mating with newly mated, pigsperm limited males. By resisting
pairing with infected males (i. e. sperm limite@), pulexfemales thus may prevent possible
fecundity costs. Female mate choice for uninfeateales could also result from other
deleterious effects linked with male infection.dafed males may be of lower genetic quality
(Hamilton and Zuk, 1982). Females may also riskapiée infection when mating with
infected males (Keymer and Read, 1991), althd@gkruncatushorizontal transmission has
never been reported between intermediate hostswettr, manipulative parasites induce
behavioural and physiological changes in theirrmediate host to facilitate transmission to a
definitive host (Poulin, 1994). Pairing with infectindividuals could thus come with a higher
predation risk in intermediate host species (Sgadteal. 2002). G. pulexhave a central
position in the food web as a prey of numerous $isécies (MacNeit al. 1999). It may then
be particularly risky for females of this speciese held by &€. truncatusinfected male.

Conclusion:

Various effects related to sexual selection canlagxphe observed pairing success @f
pulexmales. We observed a sperm reduction in infectalésnbut not in uninfected unpaired
males, although they both showed a reduced pasinngess. Thus, sperm number does not
seem to influence male pairing success. Rathesedms that other infection-induced
pathogenic effects related to male’s body conditi@y have deleterious effects on both their
inclination to pair and their competitive abilitffuture studies should carefully asses the
influence of female mate choice, as several passdlated deleterious effects (lower mate
quality, predation risk) should alter their motieat to mate with infected males. Here, we
also emphasise the importance of considering thengasuccess of healthy males found
unpaired in the field when studying the role ofgsates on reproductive behaviour in species
displaying precopulatory mate guarding. This presidseful cues about possibly pre-existing
mating bias in uninfected males, hence ponderimgedffect of parasite infection on host

reproductive success.
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Table 1. Logistic regression of pairing successaieG. pulexin the laboratory as a function
of male field state, males and females' body direg left to the female moult and sperm

number. Values dP< 0.05 are given in bold font.

Variable D.F. Wald chi-square P

Field state 2 10.03 0.006
Male size 1 0.25 0.62
Female size 1 1.39 0.24
Time to moult 1 0.08 0.78
Sperm number 1 0.745 0.39
Male size x Field state 2 0.844 0.65
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Table 2. Number of parasite infected and uninfectedes that succeeded in pairing with a

female in the inclination and the competition expents.

Inclination Competition
Field state Paired Unpaired Win Lose
Infected 14 19 2 21
Uninfected paired 24 9 21 2
Uninfected unpaired 16 23 - -
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Fig.1: pairing success (A) (proportion of maleseeinig in precopula) and sperm number (B)
of infected males and paired or unpaired uninfectedes. Numbers inside bars represent
sample sizes for each male field state. Categshiagng the same letter above their bars did

not significantly differ.
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Appendix 2:

R code for the model presented in chapter 2
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# Appendi x 2
# R script for the mate choi ce nodel, Chapter 2
# Basic nodel, finding the optimal nmate choice strategy

rm(list =1s())
## basic paraneters

| anbda <- 0.1 ## encounter rate
sex_ratio <- 0.5

pop_size <- 200
time_step_to_cal cul ate_feedback <- 0.01

nb_mal e <- pop_size*sex_rati o ## nunber of mal es
nb_femal e <- pop_size - nb_mal e ## nunber of fenales

tmax <- 40 ## maximumtine to reproduction
m <- 40 ## maxi num si ze
size_step <- m

beta <- 0.05

## fecundity/size distribution
## quartic function
## frequency distribution

P.s <- function(s, b = 2){
quartic <- (s™(b)*(s-m 1)"(b))
summati on <- sum(quartic)
result <- quartic/summation
result

## initial distribution of unpaired femal es
t <- P.s(size)*nb_femal e/t max
unpaired_female <- matrix(rep(t, tmax), nrow = size_step

## fonction for the calculation of the beta
function_beta <- function(potential.value, |
i f(potential.val ue>0){
# beta_mat <- 1l-exp(-l*potential.val ue)
beta mat <- beta
}el se{
beta mat <- 0

10){4

}

bet a_mat

## male initial mate choice
## strategy

nco

t max)




C:\Documents and Settings\Ecologie\Bureau\Appendix 2 model mate choice.r vendredi 26 octobre 2012 18:34

mut ant _pref _function_matrix <- matrix(c(rep(l, size_step), rep(0, size_step*tmax-size_step))

, hrow = size_step, ncol = tmax, byrow=T)
HERHHHH TR
#it
## main
#it
HERHHHH TR
i~~~
## the feedback functions
i~~~

## g is arate at wich femal es change states, it is treated as a cumul ative distribution
function for the exponential distribution

## 1-exp(-9)

## 40 is the nunmber of time step we usually consider by default, with tnax=40, g corresponds
to 1 day

g <

## we al so consider the rates a(s, t) and b(s, t) at which nmales and females pair up
repectively

## they are also treated as a cunul ative distribution function for the exponentia

di stribution

## a(s,t) = lanbda*nb_unpaired_femal es*P(s, 1)

## b(s,t) = lanbda*nb_unpaired_nmal es*P(s,t)

## it becomes 1l-exp(-a(s,t)) and 1-exp(-b(s,t)) in the calcul ation

## cal cul ation of the effect of male strategy on fermale quality distribution

previ ous_unpai red_femal e <-

next _unpaired_femal e <-

new_unpai red_femal e <- unpaired_femal e
former_previous_unpaired_femal e <- unpaired_female
check <-

| oop_check <-

conpt eur <-

whi | e( sun{abs(previ ous_unpaired_fenmal e - next_unpaired_female)) > ) {

time_interval <- tine_step_to_cal cul ate_feedback

unpai red_femal e <- new_unpaired_fenal e

new unpaired_female[,tmax] <- (exp(-(g + (nb_mal e-nb_femal e+tsumunpaired_femal e))*I anbda
*mutant _pref function_matrix[,tmax])*time_interval)) * (unpaired_female[,tmax]) + (1l-exp
(-g*time_interval))*(t)

new _unpai red_femal e[, 1: (tmax-1)] <- (exp(-(g + (nb_mal e-nb_femal etsun{unpai red_fenal e))*
| anbda*mut ant _pref _function_matrix[, 1:(tmax-1)])*time_interval)) * (unpaired_female[, 1:(
tmax-1)]) + (exp(-(nb_mal e-nb_fenmal e+tsunm(unpai red_f emal e)) *| anbda*

mut ant _pref _function_matrix[,2:tmax] * tine_interval))*(unpaired_female[,2:tmax]) - (exp
(-(g+(nb_mal e-nb_f emal etsun{unpai red_f enmal e) ) *l anbda*mut ant _pref_function_matrix[, 2:t max
1)*tinme_interval)) * unpaired_femal e[, 2:t max]

conpteur <- conpteur+tine_interval
| oop_check <- conpteur
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i f(as.character(l oop_check) == as.character(check)){
## for the | oop
previ ous_unpai red_femal e <- forner_previous_unpaired_femal e
next _unpaired_fenmal e <- new_unpaired_fenal e
## for the next check
former_previous_unpaired_fenal e <- new unpaired_femal e
conpt eur <-

}
}
i~~~
## starting val ue of gamma
i~~~
tIm<- 1:tmax
s < 1:m
time_matrix <- matrix(rep(tlm size_step), nrow = size_step, ncol = tmax, byrow = TRUE)
size_matrix <- matrix(rep(s/m tnmax), nrow = size_step, ncol = tmax)

## fecundity function

b <- ## the power

a <- ## the paraneter to control the range
fecundity <- (size_matrix*a)” b+

## starting val ue of gamma
ganma0 <- sun{unpaired_femal e*nutant _pref _function_matrix*fecundity)/((1/1anbda)+sun(
unpai red_femal e*mutant _pref function_matrix*tinme_matrix))

ganme_iteration <- gamm0
ganme_r esi dent <-

max_di ff_strat<-

iteration <-
ganme_iteration_tab calc <- NULL

## main code
whil e(max_di ff_strat> ){ ## run until gamma converges

# the new val ue of gamma becone resi dent
ganma_resi dent <- game_iteration
resident _pref _function_matrix <- mutant_pref _function_matrix

## pref _s crit est un vecteur de valeur de s pour tte les valeur de t
potential.value.it <- function(scrit, tcrit, resident_gamma = gama_resi dent){
pref_male <- resident_pref_function_matrix
fecundity <- (size_matrix*a)”"b+
pref_male[scrit, tcrit] <-
best _zero <- sun{(unpaired_femal e/ sun{unpaired_femal e))*fecundity*pref_male) -
resi dent _gamma*( 1/ (1 anbda*sun{unpaired_female))) - resident_gamm*sun{(
unpai red_femal e/ sun{unpaired_fenmal e))*time_matrix*pref_nmal e)
pref_male[scrit, tcrit] <-
best _one <- sun((unpaired_femal e/ sum(unpaired_femal e))*fecundi ty*pref_male) -
resi dent _gamma*( 1/ (1 anbda*sun{unpaired_female))) - resident_gamm*sun{(
unpai red_femal e/ sun{unpaired_fenmal e))*time_matrix*pref_nmal e)

-3-
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sup_zero <- max(best_zero, best_one)
i f(sup_zero<0){
best <- ## this way, | can calculate the beta corresponding to O (which is 0)
and it woul d have no consequence on the previous staretgy
the strategy <- resident_pref_function_matrix[scrit, tcrit]
}el se{
i f (best_zero>best _one){
best <- best zero
the_strategy <-
}
i f (best_zero<=best_one){
best <- best_one
the_strategy <-

}

}

sortie <- c(best, the_strategy)

sortie
}
# finding the new values of t_crit and of s _crit
femal e _size <- 1:m
best _response <- matrix(rep(0, size_step*tmax), nrow = size_step, ncol = tmax, byrow=T)
beta matrix <- matrix(rep(0, size_step*tmax), nrow = size_step, ncol = tmax, byrow=T)

for(tinme_step in 1:tmax){
for(s_crit in 1:m{
best _response[s_crit, time_step] <- potential.value.it(scrit =s_crit, tcrit =
time_step)[ 2]
best _potential _value <- potential.value.it(scrit = s_crit, tcrit = time_step)[1]
beta matrix[s_crit, time_step] <- function_beta(best_potential _value, | = 3)

}

# the mutant preference function

mut ant _strategy_matrix <- best_response

beta nutant _strategy_matrix <- (beta_matrix*nutant_strategy _matrix + (1l-beta_matrix)*
resi dent _pref _function_matrix)

mut ant _pref _function_matrix <- beta_nutant_strategy_matri x

## finding the feedback
# restart with a conplete distribution of unpaireed femal es

size <- 1:m
t <- P.s(size)*nb_femal e/t max
unpaired female <- matrix(rep(t, tmax), nrow = size_step, ncol = tmax)

previ ous_unpai red_femal e <-

next _unpaired_femal e <-

new_unpai red_femal e <- unpaired_femal e
former_previous_unpaired_fenmal e <- unpaired_femal e
check <-

| oop_check <-

conpt eur <-

whi | e( sun{abs(previ ous_unpaired_fenmal e - next_unpaired_female)) > ) {
time_interval <- tine_step_to_cal cul ate_feedback

unpai red_femal e <- new_unpaired_fenal e
new unpaired_female[,tmax] <- (exp(-(g + (nb_mal e-nb_femal e+tsumunpaired_femal e))*

-4-
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| anbda*nmut ant _pref _function_matrix[,tmax])*time_interval)) * (unpaired_female[,tmx])
+ (1-exp(-g*time_interval))*(t)
new unpaired_femal e[, 1: (tmax-1)] <- (exp(-(g + (nb_mal e-nb_femal etsun{unpai red_f enal e
)) *l ambda*mut ant _pref _function_matrix[,1:(tmax-1)])*time_interval)) * (
unpaired_femal e[, 1: (tmax-1)]) + (exp(-(nb_mal e-nb_fenmal e+tsum(unpai red_f emal e)) *| anbda
*mutant _pref function_matrix[,2:tmax] * time_interval))*(unpaired_femal e[, 2:tmax]) -
(exp(-(g+(nb_mal e-nb_f emal e+tsunm(unpai red_f emal e)) *I anbda*nut ant _pref function_matri x|
,2:tmax])*time_interval)) * unpaired_fenal e[, 2:t max]

conpteur <- conpteur+tine_interva
| oop_check <- conpteur
i f(as.character(l oop_check) == as.character(check)){
## for the | oop
previ ous_unpai red_femal e <- forner_previous_unpaired_femal e
next _unpaired_fenmal e <- new_unpaired_fenal e
## for the next check check
former_previous_unpaired_fenmal e <- new unpaired_femal e
conpt eur <-

# finding the new val ue of gamm

fecundity <- (size_matrix*a)” b+

ganme_iteration <- sum(unpaired_femal e*mutant _pref function_matrix*fecundity)/((1/1anbda
) +sun(unpai red_f emal e*nutant _pref _function_matrix*time_matrix))
gamua_iteration_tab_calc[iteration] <- ganmma_iteration

## 3D graph of the strategy

tIm<- 1:tmax
size <- 1:m
persp(size, tIm resident_pref_function_matrix,
ylab = "tIm', xlab = "size", zlab = "nunber of unpaired fenmales",
theta = , phi = , r =sqrt(3), d =5,
col = "black",
border = "red"
ticktype = "detaill ed"
)
#itt

### for the | oop
max_di ff_strat <- nmax(abs(nutant _pref _function_matrix-resident_pref_function_matrix))

iteration <- iteration +




Appendix 3:

R code for the model presented in Chapter 3

187



C:\Documents and Settings\Ecologie\Bureau\Appendix 3 model assortative pairing.r vendredi 26 octobre 2012 18:29

#

# Appendi x 3

# R script for the size-assortative mating nodel, nanuscript 2
# effect of sex ratio on size-assortative mating

# carefull, this is a long lasting sinulation (several days)

#
o
r(list=ls())

# mal e choice, yes if =1, no if =0
mal e_choice <- 1
max_time <- 1000
repetition <- 500

## popul ation paraneters
growth_rate <- 1.1

mal e_death rate <- 0.012
femal e_death_rate <- 0.012
total _pop_size <- 1000

## sex-ratio = nb nal es/total pop_size
sex_ratio <- c(seq(0.1,0.4,0.02),seq(0.405,0.6,0.005),seq(0.62,0.9,0.02))

## vectors for data

pearson_sr <- nuneric(length(sex_ratio))
| C95_max_sr <- nuneric(length(sex_ratio))
| C95_m n_sr <- nuneric(length(sex_ratio))

#itt

### loop to test the effect of sex-ratio on honogany
#itt

sr_loop <- 0O

cpt <- 0 # count(nunber of code | oop)

for (sr_loop in sex_ratio){
cpt <- cpt + 1
## nunmber of males and fenal es
nm <- round(sr_loop * total _pop_size)

nf <- round(total _pop_size - nm

## pearson coefficient of size assortative mating
coeff_pearson <- nuneric(repetition)

for (iteration in 1l:repetition)({
HERHHHHH TR HH TR
#Hiti# POPULATI ONS HitiHHH
HERHHHHH TR HH T

# Femal es :

f_no <- c(1l:nf)

1-
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f_size <- round(rnorn(nf, 2, ), 3)
f_max_T <- round(( + *f_size), 2)
f T <- round((runif(nf, mn=0, max=f_nmax_T)), 2)

## males paired with fenmal es
f _no_male <- nuneric(nf)
f_size_male <- numeric(nf)
f_T male <- nuneric(nf)

# Mal es :

mno <- c(1l:nm

m si ze <- round(rnorn(nm , ), 3)
m max_T <- round(( + *m.si ze), 2)
MT <- round((runif(nm mnmin=0, max=mmax_T)), 2)

## femal es paired with mal es
m no_femal e <- nuneric(nm
m size_female <- nuneric(nm
mT female <- nuneric(nm

BHBHBHBHEH R
##### POPULATI ON Dynanmi cs  #####
BHBHBHBHIH R R

for (time in 1:max_time) ({

HHHHHHH R S RS R R R
# death/birth #
HHHHHHH R S RS R R R

### death :

# individuals randonmy die :
no_mal e_dead <- mno[nmal e_death_rate > runif(nmo, 1)]
no_fenal e_dead <- f_no[femal e_death_rate > runif(nf,0,1)]

nb_mal e_dead <- | ength(no_nal e_dead)
nb_fenmal e_dead <- | ength(no_femal e_dead)

# individuals paired with dead individuals becone single :
mal e_wi dow <- f_no_mml e[ no_f emal e_dead]
femal e_w dow <- m no_femal e[ no_mnal e_dead]

m no_femal e[ mal e_wi dow] <-

m si ze_femal e[ mal e_w dow] <-
mT femal e[ mal e_w dow] <-

f _no_mal e[femal e_wi dow] <-
f_size_mal e[ femal e_wi dow] <-
f_T mal e[ femal e_wi dow] <-

### birth :
# for each death, one birth :

f_size[no_femal e_dead] <- round(rnornm(nb_femal e_dead, 2, ), 3)

f_max_T[ no_femal e_dead] <- round(( + * f_size[no_femal e_dead]), 2)
f_T[no_femal e_dead] <- f_max_T[no_femnal e_dead]

f_no_mal e[ no_feral e_dead] <-

f_size_mal e[ no_femal e_dead] <-
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f_T mal e[ no_fenal e_dead] <-

m si ze[ no_nal e_dead] <- round(rnorn(nb_nal e_dead, , ), 3)

m max_T[ no_nal e_dead] <- round(( + * msize[no_mal e_dead]), 2)
m T[ no_mal e_dead] <- m nmax_T[no_mal e_dead]

m no_f emal e[ no_nal e_dead] <-

m si ze_femal e[ no_mal e_dead] <-

m T femal e[ no_nal e_dead] <-

BHBHBHBHEH R R
HHBHBHBH AGElI NG BHBHBHBH
BHBHBHBHEH R BB

# every individual cones one day closer to noult
f T<- f.T-
mT<- mT -

# paired individuals al so conme one day closer to noult
f T male[f_no male !=0] <- f_T male[f_no _nmale !'= 0] -
mT female[mno _female !'= 0] <- mT female[mno _female = 0] -

# does anybody moult today (female and nale) ?
nb_moul t _today <- length(f_no[f_T <= 0]) + length(mno[mT <= 0])

BHBHBHBHEHEHE
#H# MOULT ###
BHBHBHBHEHEHE

# if one menber of the pair nmoults, the pair split up :
if (nb_moult_today > 0) {
# which femal e nmoult today ?
female_moulting <- f_no[f_T <= 0]
# anong them which are paired ?
femal e_moulting paired <-f_no[(f_T <= 0) & (f_no_male !'= 0)]
# males paired with a moulting female
mal e_paired <- f_no_mal e[fenal e_noul ti ng_paired]

# sanme for nales :

male_nmoulting <- mno[mT <= 0]

mal e_moul ting_paired <- mno[(mT <= 0) & (mno_fermale != 0)]
femal e_paired <- mno_fenal e[ mal e_noul ti ng_pai r ed]

# femal es becone unpaired

f _no_mal e[femal e_noul ting_paired] <-
f_size_mal e[ fenmal e_noul ting_paired] <-
f_T mal e[ fenmal e_noul ting_paired] <-

m no_femal e[ mal e_paired] <-

m si ze_femal e[ mal e_pai red] <-

m T femal e[ mal e_pai red] <-

# mal es becone unpaired

m no_femal e[ mal e_roul ting_paired] <-

m si ze_femal e[ mal e_noul ti ng_paired] <-
m T femal e[ mal e_noul ting_paired] <-
f_no_mal e[femal e_paired] <-
f_size_mal e[ fenmal e_paired] <-

f_T mal e[ femal e_paired] <-
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# individuals grow after nmoult (+10%
f_size[femal e_moulting] <- round(f_size[fenmale_noulting]*growth_rate ,3)
m si ze[mal e_moul ting] <- round(msize[male_noulting]*gromh_rate , 3)

# they begin a new noulting cycle, they are at the maxinumtinme left to

nmoul t

f_max_T[femal e_noul ting] <- round(( + *f_size[femal e_moul ting]), 2)
f T[female_noulting] <- f_max_T[fenmal e_noul ting]

m max_T[ mal e_moul ting] <- round(( + *m.size[mal e_moul ting]), 2)

m T[mal e_roul ting] <- mmax_T[ mal e_noul ti ng]

BHBHBHBHEH R R B
HHBHBHIEHE PAI RI NG #####HH#HHHAH
BHBHBHBHIH R R

# avail abl e femal es (who and how many ?)
no_femal e_available <- f_no[f_no_male == 0]
nb_fenal e_available <- length(f_no[f_no_male == 0])

# avail abl e mal es (who and how many ?)
no_mal e_avail able <- mno[mno_femal e == 0]
nb_mal e_avail able <- | ength(mno[mno_fermale == 0])

# if sonme individuals are avail abl e
if ((nb_fenale_available > 0) & (nb_nale_available > 0)){

# SHAKER : nixing mal e popul ation
if (nb_male_available > 1){
no_mal e_avail abl e <- sanpl e(no_nal e_avail abl e, nb_mal e_avail abl e)

# we ask each available male in turn

for (line in no_mal e_avail abl e){
no_fenmal e_available <- f_no[(f_no_male == 0)]
nb_fenmal e_avail able <- | ength(no_femal e_avail abl e)

i f(nb_femal e_avail able >=1) {

BHBHBHBHBHBHBEHEH R
### MALE CHO CE ###
BHBHBHBHBHBHEHEH R

# Which femal es are suitable and available for him?
# mal e choice for females that noult before he does :
if (male_choice == 1){
no_fenmal e_available <- f_no[(f_no male == 0) & (f_T < mT[line])]

# random choi ce :
}else if(mal e_choice == 0){
no_femal e_available <- f_no[f_no_male == 0]

# How many fenmal es are available for this nale ?
nb_fenmal e_avail able <- | ength(no_femal e_avail abl e)
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# at |east one female is avail abl e:
if (nb_fermal e_available !'= 0){
if (nb_fermal e_available == 1) {
no femal e selected <- no_fenmal e _avail abl e
} else if (nb_female_available > 1) {
# mal e choose a femal e random y anong avail abl e and suitable
femal es
no_fenmal e_sel ected <- sanpl e(no_femal e_avail abl e, 1)
}
# we assign the chosen one to the nale
mno_femal e[line] <- no_fenal e_sel ected
f_no_mal e[no_femal e_selected] <- mno[line]

m size_femal e[line] <- f_size[no_femal e_sel ect ed]
f_size_male[no_femal e_sel ected] <- msize[line]

mT female[line] <- f_T[no_femal e_sel ect ed]
f_T male[no_fenal e_selected] <- mT[Iine]

}
}
}
}
}
### cal cul ati on of pearson coefficient at t = max_tine
test _pearson <- cor.test(f_size male[f_no_male !'= 0], f_size[f_no_nmale != 0], method
= "pearson")

coeff_pearson[iteration] <- test_pearson$esti mate

## nmean pearson for a given sex_ratio and its Cl

pearson_sr[cpt] <- mean(coeff_pearson)

| C95_mn_sr[cpt] <- nean(coeff_pearson) - *sd(coeff_pearson)/sqrt(repetition)
| C95_max_sr[cpt] <- nean(coeff_pearson) + *sd(coeff_pearson)/sqrt(repetition)
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#it

## Appendi x 4

## R code used in Box.1

## proportion of accepted fenal es
## under the fenal e-sooner norm

#it
R

## Sinmul ation:
## | oop for the cal cul ation
## of the mean proportion of accepted fenales

nl oop <- 1000

previously_unpaired <- nuneric(nl oop)
previously_paired <- nuneric(nloop)
popsi ze <- 200

for(i in 1:nloop){
## femal e popul ation
nf <- popsizel/?2
f_size <- round(rnorm(nf,2,0.2),3)
f _Mrax <- round((6.75+14.83*f _size), 2)
f _M<- round((runif(nf, mn=0, max=f_Mrax)), 2)

## mal e popul ation

nm <- nf

m si ze <- round(rnorm(nm2.75,0.2), 3)

m Mrax <- round( (6. 75+14.83*m si ze), 2)

m M <- round((runif(nm min=0, max=m Mrax)), 2)

## cal cul ated proportion of accepted fenal es when
## individuals are considered as previously unpaired
previously unpaired[i] <- sum((mM- f_M > 0)/nf

## cal cul ated proportion of accepted fenal es when

## individual s are considered as previously paired

f Mpaired <- f_ M(mM- f_M > 0]

mMpaired << mM(mM- f_ M > 0]

previously_paired[i] <- sun((sanple(mMpaired) - sanple(f_Mpaired)) > 0)/Iength(
m_M pai r ed)

prop_unpaired <- c(mean(previously_unpaired), quantile(previously unpaired, c(0.025, 0.975)))
prop_paired <- c(mean(previously paired), quantile(previously paired, c(0.025, 0.975)))

## real data:

## from D ck & El wood 1989 and manuscript 1
## bootstrap function for the cal cul ati on of
## a confidence interva

boot _data <- function(nb_accepted, nb_rejected)(
nboot <- 1000
prop_accepted <- nuneric(nboot)
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for(i in 1:nboot){
experiment <- c(rep(

, hb_accepted),
sanmpl e_size <- | ength(experiment)
boot _x <- sanpl e(experinent, sanple_size,

rep(

prop_accepted[i] <- |ength(boot_x[boot_

}

nmean_accepted <- c(mean(prop_accepted),

nmean_accept ed

## Di ck & El wood 1989
nunber _of accepted <-
nunber _of rejected <-

boot _dat a( number _of _accept ed, nunber_of _rejected)

## manuscript 1
nunber _of accepted <-
nunber _of rejected <-

boot _dat a( number _of _accept ed, nunber_of _rejected)

quanti |l e(prop_accept ed,

nb_rejected))

1)/ sanpl e_si ze

)))




Résumé étendu :

Stratégies de reproduction et les patrons en résalht chez les crustacés a gardiennage

précopulatoire : une approche empirique et théorige

Le choix de partenaire male chez les espéces degarage précopulatoire :

En conséquence des forts colts associés a chagunenéent de reproduction, les
femelles ne sont généralement pas aussi disporpblasla reproduction que ne le sont les
males. Un tel systeme de reproduction existe cegzitustacés a croissance continue. Les
femelles crustacées ne peuvent généralement &omdées que pendant une trés courte
période qui suit directement leur mue. Quelquesdseaprés leur mue, celles-ci redeviennent
non-réceptive a la copulation jusqu'a leur proaohaitue. Ceci induit une forte compétition
entre males pour accéder aux femelles réceptivesoBséquence, la sélection sexuelle agit
fortement sur les méales conduisant a I'évolutionstitatégies qui permettent d’outrepasser
cette compétition. Chez les crustacés, les maléséwooiué une stratégie de gardiennage
précopulatoire (aussi appelé précopula). Cellesaisiste en la monopolisation des femelles
plusieurs jours avant que la copulation n’ait li€élle peut soit prendre la forme d’'une
proximité spatiale entre les deux partenaires geotkiction ou impliquer un male agrippant
la femelle grace a ses gnathopodes (pattes audesgjuelles les individus possedent des
griffes). Ceci permet aux males de s’assurer upeodeiction dans des conditions de forte
compétition pour I'acceés au partenaire reproducteiatgré ses bénéfices en termes d’acces a
la reproduction, le gardiennage précopulatoire ssiaeté décrit comme comportant de
nombreux codts pour les males. En particulier,niédes gardant les femelles pendant une
longue période peuvent subir une déplétion énepgetinduisant une mortalité plus accrue ou
simplement perdre des opportunités de reproducioec d’autres femelles libres. Pour
compenser ces codts potentiel associés a chagueluegion, les males devraient choisir leur
partenaire avant d’entrer en précopula, favorisastgrandes femelles, plus fécondes, par
rapport aux plus petites femelles. Nous avons testte hypothese grace a une approche
théorique en considérant que les males renconsrfemelles séquentiellement avant d’en
choisir une et la garder jusqu'a que la copulatibtieu. Au vu des résultats de notre modele

mathématique, nous prédisons que les femellesdeifteur période de réceptivité et donc



associées a un fort colt en temps, ne devraientdatées par les males que lorsqu’elles sont
également petites et donc peu fécondes. Lorsga’ileyméme nombre de méle que de femelle
au sein d’'une population, nous prédisons que cé a partenaire male est malgré tout
assez faible, les méales ne rejetant que peu ddlésnue tres faible qualité avant d’entrer en
précopula. En conséquence et malgré les perteparomité de reproduction associées au
long gardiennage précopulatoire, les males ne @mitrétre que peu sélectifs avant d'initier
un précopula avec une femelle.

Chez certain crustacés, les males ont été démoitsme étant capable d’évaluer
d’autres partenaires tout en étant déja en coyme ane femelle. Le male peut notamment
agripper deux femelles en méme temps pendant urt c@iant, ce qui lui permettrait de
comparer leur qualité respective (figure 1). lté guggéré que les méles en couple pourraient
ainsi changer de partenaire lorsqu’une femelles|d® trouve a proximité. Ce type de divorce
a surtout été décrit chez des especes d'oiseawdeanammiferes. Une des hypotheses les
plus souvent mise en avant pour expliquer ce corapmnt considéere que les femelles de ces
especes (étant souvent décrites comme le sexe hgisi)c quittent leur partenaire pour
s’apparier avec un male de meilleure qualité. Gegzrustacés a gardiennage précopulatoire,
il se pourrait donc que les males comparent laitgude leur propre femelle a celle d'une
femelle libre passant a proximité et décident danger de partenaire dans le cas ou cette
nouvelle femelle serait de meilleure qualité. Nawens testé cette stratégie de changement
de partenaire chez les males d'un crustacé amphig@@nmarus pulexune espece
particulierement présente dans les rivieres eseaisx de bourgogne. Pour cela, nous avons
placé dans des cristallisoirs séparés des malesupte avec une femelle. Nous avons ensuite
ajouté a chaque cristallisoir une femelle librendeilleure qualité que la femelle en couple
avec le male, avant de comptabiliser le nombrei@teons dans lesquelles le male avait
changé de partenaire pour s’accoupler avec la tleuleenelle. Chez cette espece, le male a
été décrit comme évaluant la qualité des femedmnsdeux critéres principaux : leur taille et
leur distance a la mue. En effet, plus les femalteg grandes et plus elles produisent d’ceufs.
En se reproduisant avec ces femelles, les méalesdaet potentiellement a un plus grand
succes reproducteur. Les femelles les plus prodbda mue sont aussi les plus proches de la
reproduction. Les males choisissant les femellas ptoches de leur mue n’ont besoin de les
garder que peu de temps avant de se reproduiresgediminuant ainsi les codts associés au
gardiennage et augmentant le rythme auquel ilsepeoduisent. Sous I'hypothése d'un
changement pour un partenaire de meilleure quakitéquasi-totalité des males testés

devraient changer de femelle. Pourtant, contraineraees prédictions, moins d’'un quarts des



males testés ont changé de partenaire avant ldatimpu Ceci sous-entend que les males ont
potentiellement eu un comportement sous-optimals dalusieurs situations, ignorant la
femelle associée a un meilleur succées reproduetewrofit d’'une femelle de moins bonne
gualité. Dans les rares cas ou les males ont eféecent changé de partenaire, ils ne
semblaient baser leur décision que sur les caistitiles de la femelle qu’ils étaient en train
de garder. lls n'ont changé de femelle que lorslgeue propre femelle était de mauvaise
gualité. Ceci suggére que les males n'ont pas camfaa qualité des deux femelles a
proximité pour effectuer leur choix. Au lieu de gaus pensons que les males de cette espece
utilisent une heuristique de décision pour leurixit® partenaire ; les males ne changent de
femelle que lorsque la qualité moyenne des femébes dans la population est supérieure a
la qualité de leur propre femelle. Une telle sgaéécessite une connaissance au préalable
de la distribution de qualité des femelles libraaglla population. Cette connaissance pourrait
étre acquise par le méle lors d’épisodes précedsmteeproduction ou par le biais d’un

échantillonnage séquentiel des femelles de la ptipal

Outre leur intérét pour la compréhension des sed&edécision associées au choix de
partenaire male, ces deux études pointent du twidifficulté de prédire les choix réalisés
par les individus a partir de leurs simples préfées sexuelles. Dans la premiére étude, la
forte compétition qui existe pour I'accés aux feeglréceptives contraint la décision des
males. Il est indispensable de prendre cette cotigméen compte pour comprendre le lien
entre les préférences individuelles et les choatisés. Dans la seconde étude, les males ne
semblaient pas utiliser toute l'information disdaei avant d’effectuer un choix. Il semble
donc erroné de conclure directement de l'absencecllngement que les maéles se
comportaient de facon sous-optimale. De plus, deszespeces ou le changement de
partenaire existe avant la reproduction, un refgwéctuel des accouplements ne permet pas

d’inférer des reproductions réelles qui s’operamgdla population.



(c)

Figure 1. Manipulation simultanée de deux femelles par @er@ammarus pulexModifié
d’aprés Dick 1992.



Préférences et patrons de reproduction :

Chez les espéces pour lesquelles les partenagraepidoduction restent en couple
pendant un long moment, il est possible d’obselegrpatrons d’appariements au sein des
populations naturelles. C’est pour cette raisonlgaecrustacés a gardiennage précopulatoire
sont des espéces modeles pour I'étude des pateonspdoduction. Chez ces crustacés, les
partenaires de reproduction sont généralement\wdseomme étant assortis pour la taille. Ce
patron de reproduction, aussi appelé homogamie |eotaille, est un type d’appariement
parmi les plus observés dans la nature. Cepentlsntcauses de cette homogamie sont
toujours peu connues. Trois hypotheses principahdsété mises en avant pour I'expliquer
chez les especes a gardiennage précopulatoirerelnaigre hypothése, appelée « hypothése
de ségrégation spatio-temporelle des couples »sideme que 'homogamie pour la taille
résulte indirectement du fait que les individus lgeéet femelles) de méme taille tendent a
occuper les mémes habitats ou partager les ménmiesig® de reproduction. Ainsi, chaque
individu a plus de chance de s’apparier avec utepaire de taille similaire a la sienne que de
s’apparier avec un individu d’'une autre taille,gee créé un appariement pour la taille au sein
de la population. La deuxiéme hypothese consideesl'omogamie est la conséquence de
contraintes physiques s’exercant sur les accouplEmBans le cas des espéces de crustacés
aguatique a gardiennage précopulatoire par exer@sleouples impliqguant des individus de
taille trop différente sont plus susceptibles deé&garer sous la contrainte d’'un courant d’eau.
Ainsi, les couples impliquant des partenaires denené&ille sont plus pérennes et il est plus
probable de les rencontrer dans les populationdrdisieme hypothése est celle qui nous
intéresse particulierement ici. Elle considére psepatrons d’homogamie pour la taille sont
la conséquence des comportements sexuels desdimslivAinsi, on s’attend a observer une
homogamie pour la taille si les males préfererpsaaier avec les femelles de taille similaire
ou si tous les males préferent s'apparier avecgtasdes femelles (plus fécondes) mais
seulement les grands males peuvent y accéder. @ati@re hypothese est celle qui prévaut
dans la littérature quand il s’agit d’expliquer tuses d’un tel patron de reproduction. Bien
gue séduisante, cette idée n’est pourtant pasusugmutenue empiriguement. De plus, au vu
de nos prédictions concernant le choix de partenandle en situation de rencontre
séquentielle des femelles, il semble que les mé@edevraient que rarement privilégier les
grandes femelles aux petites. Un choix basé suritare autre que la taille des femelles n'a
gue rarement été évoqué comme cause potentielleaeogamie pour la taille. Pourtant, les

males semblent discriminer les femelles sur la k#sdeur distance a la mue chez les



crustaceés a gardiennage précopulatoire. De pluseud d’acceptabilité des femelles peut
varier entre males en fonction de leur propre damdiou qualité. En particulier, il a été
montré que les males moins compétitifs pourraieétéper s’accoupler avec des femelles de
gualité moindre afin d’éviter les colteuses conftions avec des males plus compétitif pour
l'accés a des femelles de meilleure qualité. Denkame maniére, chez certaines especes
d’amphipodes, les méales ont été décrit comme étamatpable de continuer a garder leur
femelle en précopula lorsqu’ils muent. Ceci est dudait que, lors de la mue, leur cuticule
est trop molle pour permettre a leurs griffes digmer efficacement leurs femelles. En
conséquence, ils devraient préférer initier desqpeéla avec des femelles étant plus proche
de la mue gu’ils ne le sont eux méme. A premiere, \aette préférence qui dépend de la
différence de distance a la mue entre le méale &rneelle ne peut que difficilement étre a
I'origine d’'une homogamie pour la taille au nivgaapulationnel. Pourtant, la durée du cycle
de mue des individus est directement liée a lalle tées plus grands amphipodes possédant
des durées dintermue (temps entre deux mues) loogues. A l'aide d’'un modeéle
informatique individu centré, nous avons donc tést@otentiel pour qu’'une telle régle de
décision basée sur la distance a la mue conduiagpparition d’'une homogamie pour la taille
au sein des couples chez les crustacés a gardeqmagopulatoire. Les résultats de cette
étude montrent une homogamie pour la taille dasscdeditions de forte compétition entre
males pour I'accés aux femelles, ce qui est enrdaeec de nombreuses études empiriques
chez les crustacés amphipodes (figure 2). En situde forte compétition entre méles pour la
mise en couple, seules les femelles récemmentélidéme précédente reproduction sont
libres dans la population. Ces femelles sont dandébut d’'un nouveau cycle de mue. Les
plus grandes femelles libres sont donc plus loitadaue que les plus petites femelles libres.
Puisque les petits males sont susceptibles d’étre groches de la mue que les grandes
femelles, ils ne s’apparient que peu avec ellesnsgant plutdt en couple avec les petites
femelles. Au contraire, les grands males peuvampsrier avec toutes les tailles de femelles,
y compris les grandes. Ces mécanismes conduisaatalone homogamie pour la taille au
sein de la population.

Cette étude représente la seule description décamsme de choix qui n’est pas basé
sur la taille pouvant créer un patron de reproduacsur la taille. Outre son intérét pour I'étude
des causes de ’'homogamie pour la taille dansdesilptions naturelles, elle pointe du doigt
'importance de considérer le processus de miseoeple complet pour comprendre le lien

entre les préférences sexuelles et les patronspleduction. Comprendre ce lien parait aussi



primordial lorsqu’il s’agit d’étudier les conséques des patrons de reproduction en termes

de sélection et de spéciation.
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Figure 2. Coefficient d’homogamie (mesuré comme la moyenneakfficient de corrélation

de Pearson entre la taille des males et des fesneflecouple aprés 500 simulations) en
fonction de la sex-ratio au sein de la populatica.sex-ratio correspond a la proportion de
male dans la population. Plus cette proportion argen plus la compétition entre males pour
laccés aux femelles augmente. La ligne pointiliéerticale représente une sex-ratio

equilibrée a 0.5.

L’homogamie pour la taille a souvent été décraenme limitant les flux de genes au
sein des populations, conduisant méme parfoisla ggéciation sympatrique. Constatant une
forte homogamie pour la taille parmi les individéshantillonnés, de nombreuses études
concluent donc que les préférences sur la tailiesqat (selon ces études) a l'origine du
patron observé, ont des conséquences importantels spéciation. Comme nous l'avons
montré précédemment, 'homogamie pour la taille dégive pas nécessairement d’une
préférence pour la taille. En fait, 'homogamie mésulte pas nécessairement de
comportement sexuel des individus. Elle peut résulile contraintes physiques ou

environnementales. Aussi, comme c’est souventdalaas les études basées sur des données



agrégées, sa mesure peut étre biaisée par dessalieference écologique. Dans une étude
gue nous avons menée chez les amphipodes desaruisse rivieres de bourgogne, nous
avons révélé la présence d’'un important cryptismeain du complexe d’espeGammarus
pulex / Gammarus fossarumDans plusieurs rivieres, deux groupes de gammares
morphologiquement similaires mais génétiquementfédihts appelés MOTU (pour
Molecular Operational Taxonomic Unit) coexistaierites individus de deux MOTU
sympatriques n’étaient jamais observés en coupteplDs, la taille moyenne des individus
différait entre les MOTU, si bien que le patron alirogamie pour la taille général dans la
population, quand il est mesuré sans prise en @uhptcryptisme, peut étre surestimé (voir
figure 3 pour plus d’explications). Une telle suim@stion de ’homogamie représente une
erreur d’inférence écologique appelée paradoxe idgpsdn. Afin de détecter I'existence
potentielle d’'un tel paradoxe, nous avons mesuo@s ghaque riviere échantillonnée, les
patrons d’homogamie pour la taille au sein des @I U ainsi que 'homogamie générale
en prenant en compte les individus des deux MOTdfféaremment. Dans la majorité des
rivieres échantillonnées, 'lhomogamie générale mésigans prise en compte du cryptisme
était supérieure a I'une ou les deux homogamiesirées au sein des MOTU. Ceci confirme
gue la méconnaissance du cryptisme au sein desessgbamphipode peut conduire a
surestimer 'homogamie pour la taille. Il est pbssique de nombreuses études précédentes
mesurant ’'homogamie pour la taille chez ces espagent commis une erreur d’inférence

ecologique.
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Figure 3. lllustration du paradoxe de Simpson sur I'homogapuur la taille chez les espéeces
d’amphipode qui présentent une diversité cryptigagcorrélation entre la taille des males et
des femelles en couple au sein de deux groupedésimaxuellement isolés (100 individus
dans chaque groupe). Les males et les femelleshague groupe s’apparient de maniére
aléatoire si bien que 'homogamie pour la taillesain de chaque groupe est nulle. La taille
des individus dans chaque groupe est modéliséetia gsane distribution normale. Chez les
individus du premier groupe (points blanc) la mayede taille des femelles estyig= 1.5 et
elle est dgumi= 1.95 pour les méles. Chez les individus du dengigroupe (points noirs),
Up= 2 et umi= 2.65. Pour les deux groupes, I'écart type deisdridution de taille des
individus est de&r = 0.5. La différence de taille moyenne entre tebvidus des deux groupes
correspond a uml de Cohen de 0.8. Les cercles en pointillés reptést les ellipses de
confidence a 95% pour les distributions de taililgabées. Méme s’il n'y avait pas
d’homogamie au sein de chaque groupe, la différglecéaille qui existe entre les groupes
conduit a une forte homogamie générale pour laletalbrsqu’elle est mesurée
indépendamment des groupes (coefficient de coiwélde Pearson, r = 0.31, 95% IC =[0.18;
0.43], p < 0.001). Nous avons représenté la cdimélagrace a une régression RMA
accompagné de son intervalle de confiance a 95%sisn(b) Graphique a partir de données
simulées qui représente I'effet de la difféerenceyemme de taille entre les individus des deux
groupe (mesurée a l'aide d’'uhde Cohen) sur la force de ’lhomogamie générale (jnéesa
partir du coefficient de corrélation de Pearsorrecid taille des males et des femelles en

couple, accompagné de son intervalle de confiarfg&@aen gris).



Les mises en couple ne sont pas toujours seuldméait du male chez les espéces a
gardiennage précopulatoire. D’'une part, les feraepfjeuvent aussi exercer un choix de
partenaire. D’autre part, les amphipodes sont tagepar de nombreuses espéces parasites qui
peuvent limiter leur acces a la reproduction. Dkass prochains paragraphes, nous allons
présenter les résultats de deux études que nouns avenées concernant ces deux facteurs qui

affectent les mises en couple.

Conflits sexuels sur la durée de gardiennage prelatpire :

Chez les amphipodes, les femelles ont parfoisdét&ites comme présentant un
comportement de résistance vis-a-vis des tentatiessmales a entrer en précopula. Cette
résistance est souvent interprétée comme résualiamtconflit sexuel sur la durée optimale de
gardiennage précopulatoire. Le gardiennage peetcéiiiteux pour les deux sexes. Males et
femelles sont supposés subir un risque de prédplimimportant lorsqu’ils sont en couple.
Aussi, le gardiennage peut impliquer une importgette d’énergie et de temps. De plus, les
femelles subissent un risque de cannibalisme phkguaen présence d'un male. En
conséguence, celles-ci sont supposées préférayagdi®nnages courts pour éviter ces codts.
Par contre et malgré les colts qui y sont assol@égardiennage est trés bénéfique pour les
males puisqu’il leur permet d’accéder a la repréidncdans un contexte de forte compétition
pour I'acces aux femelles réceptives. Les malefepmét donc les gardiennages longs. Cette
différence d’optimum de durée de gardiennage enéies et femelles créer un conflit sexuel
sur la durée de gardiennage précopulatoire. llagmrl'évolution de comportements de
résistance au préecopula trop précoces de la partedeelles et de persistance de la part des
males. Cependant, les études empiriques ne s‘&sEme que rarement aux potentiels
bénéfices liés au gardiennage pour les femellesesSbénéfices existent, ils peuvent remettre
en cause I'existence d’un tel conflit sexuel. Cleeerustacé amphipods. pulexles femelles
ne résistent que peu aux tentatives de gardienmaigesces des males. Nous avons donc testé
la possibilité que les femelles puissent bénéfiderdong précopula. Pour cela, nous avons
testé l'effet de la durée de gardiennage sur la&edwtu cycle de mue des femelles. Les
résultats montrent que les femelles passant unstémportant en gardiennage avec un male
voient la durée de leur cycle de mue diminuer sgescela n’affecte leur fécondité (figure 4).
Puisque le nombre de reproduction qu’'une femelid pspérer faire dans sa vie est contraint

par la durée de son cycle de mue, passer plusmgsten gardiennage peut potentiellement



permettre aux femelles d’avoir un taux de repradacplus important. De nombreux autres
bénéfices potentiels associés au gardiennage pewsaster pour les femelles. Nous
suggérons qu’ils doivent impérativement étre reasnavant de conclure a I'existence d’'un

conflit sexuel sur la durée de gardiennage.
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Figure 4. Proportion de femelle en intermue (période entnexdnues) en fonction du temps
pour les femelles sous trois conditions: seule darsgstallisoir (S, ligne en pointillé, n = 42),
en présence d’un males mais sans précopula (Nt fgine, n = 38) ou en précopula avec

un méale (P, ligne pleine en gras, n = 105).

Parasitisme et mise en couple chez les malgsulex :

De nombreuses études ont montré un effet du parasitsur la capacité des individus a se
reproduire chez les crustacés a gardiennage pratope. Les parasites de type
acanthocéphale induisent notamment une castratidielte de leur héte femelle. Chez les
males par contre, I'effet du parasitisme sur laac#p a se reproduire ou a former un couple
n'est que peu connue. Pourtant, le gardiennaget @aientiellement un comportement
couteux pour le male, on peut imaginer que les sni@e plus faible du fait d’'une infection

parasitaire pourraient avoir plus de mal a garder iemelle pendant une longue période.



Nous avons testé I'effet d'un parasite cestod&dpulexsur la spermatogénese des males et
leur capacité a former un couple. Pour ce faireisravons placé dans chaque cristallisoir un
male libre avec une femelle libre. Certain mélesedéit parasités par le cestode (visible en
transparence a travers la cuticule des individidigytres étaient sains. Parmi les males sains,
une partie était trouvée déja en couple avec umelfe lors de I'’échantillonnage sur le terrain
alors que d’autres étaient trouvé libres. Aprés Rdbsés dans les cristallisoirs, nous avons
observé le nombre de mise en couple dans lesttadiements considérés. Les males étaient
ensuite disséqueés afin de mesurer la quantité elenggpozoides présents dans leurs testicules.
Au vu de nos résultats, il semble que les maleasias avaient moins de spermatozoides
dans leur testicules que les males sains, ce gidans le sens d’'une castration partielle
induite par le cestode. Aussi, les males parasigesnettaient significativement moins en
couple que les males sains trouvés déja en couple serrain. Les males sains qui n’étaient
pas trouvé en couple sur le terrain se mettaiessiagignificativement moins en couple que
les méles sains trouvé en couple, et autant quenbdss parasités. Bien que les males
parasités aient moins de sperme que les autres nidlguantité de spermatozoide ne semble
donc pas étre a l'origine de la décision de misearple chez cette espece puisque d’autres
males possédant plus de spermatozoides n’initip@sntplus de précopula avec leur femelle.
D’autre part, le parasite ne semble pas agir direent sur la mise en couple des males. Nous
suggérons plutdt que les males parasités avaientondition énergétique trop faible pour
initier une mise en couple. Ceci pourrait expligqae les males sains trouves libre dans la

nature et peut étre aussi manquant d’énergie tieimique peu de précopula.

Mots clefs : Gardiennage précopulatoire, amphipodesflits sexuels, sélection sexuelle,

assortiment pour la taille, choix de partenaire.



Summary

Because of strong costs associated with each gnatient, females are usually not as
available for reproduction as males at any giveretiMales are therefore in competition with
each other for access to receptive females, heradinlg to strong sexual selection. One
textbook case of such a mating system occurs iftingwcrustaceans where females can only
be fertilized during a short period following themnoult. This has favoured the evolution male
strategies to monopolize females before their pesioreceptivity. Such a precopulatory mate
guarding is widespread among many taxa and repseser of the most striking example of
males’ competitive traits favoured by sexual séectHowever, recent investigations have
suggested that because males’ sexually selectiésl aften involve opportunity or mortality
costs, males should become choosy towards fembleing a theoretical approach, we
showed that males performing long lasting mate @jongrshould choose larger, more fecund
females. However, under sequential encounter oéntiai mates, competition for female
access decreases male choosiness before entefqpngciopula. We rather suggest that males
should become choosy after initial pairing witheantle. When encountering an unpaired
female of better quality than their current femgbajred males should switch partners.
Contrary to our expectations, even under simultasamcounters of two females, males did
not seem to assess their relative quality. Insteag decided to change partner when their
own female was of low absolute quality. This lecs&veral cases where males forewent the
possibility of increasing their fitness. Furtheweastigations are needed to understand the
adaptive significance of using only a subset abiinfation in decision making.

These two cases highlight the difficulty of infag mating patterns from mating
preferences only. In the first case, male prefezemas constrained by competition for access
to females while in the second one, sampling pseEs®ded to apparent suboptimal mate
choices. These potential constraints on decisiokingahave rarely been acknowledge in
precopulatory mate guarding crustaceans in spitkadf major importance when inferring the
causes of a well-known pairing pattern occurringhiase species: size-assortative pairing.
Size assortment among pairs has mainly been coedide come from a male directional
preference for larger females associated with gelanale advantage in getting access to
preferred females. However, this hypothesis hasived contrasted empirical support and
little is known about the underlying pairing progsesausing size-assortative pairing. We
investigated theoretically the possibility thattats-dependent male mating preference could
account for size-assortative pairing. When malesetiemales which were exclusively closer
to moult than them, assortative pairing by sizesarander strong male-male competition.
Because several preferences can account for a giaéern, this result emphasises the
importance of considering the whole pairing procedsen studying the link between
preferences and mate choice.

Female strategies may also be of great importdndag the pairing process. Contrary
to males, females have been suggested to prefer gtezopulatory mate guarding due to
costs associated with pairing. Such a sexual @irditer guarding duration may have major
effects on co-evolutionary dynamics between maheksfamales traits. Proving its occurrence
is yet challenging because empirical studies oftek a full economical survey of costs and
benefits for females associated with male traigsn&les benefits associated with long lasting
precopulatory mate guarding have particularly beegrlooked in previous studies. Here, we
proposed several potential benefits for femalesdiscuss their influence on sexual conflict
over guarding duration.

Key words. amphipod, assortative mating, mate choice, matattep, precopulatory mate
guarding, sexual conflict, sexual selection.
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