N
N

N

HAL

open science

Reproductive behaviours in male parasitoids: from
mating system to pairing pattern

Blandine Charrat, Isabelle Amat, Dominique Allainé, Emmanuel Desouhant

» To cite this version:

Blandine Charrat, Isabelle Amat, Dominique Allainé, Emmanuel Desouhant. Reproductive behaviours
in male parasitoids: from mating system to pairing pattern. Ethology, 2023, 129 (3), pp.156-168.

10.1111/eth.13354 . hal-04352778

HAL Id: hal-04352778
https://cnrs.hal.science/hal-04352778v1
Submitted on 19 Dec 2023

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépot et a la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche francais ou étrangers, des laboratoires
publics ou privés.


https://cnrs.hal.science/hal-04352778v1
https://hal.archives-ouvertes.fr

Reproductive behaviours in male parasitoids: from mating system to pairing pattern

Inter and intra-individual variations in sexual behaviours and the impact of social
environment on these behaviours in a male parasitoid wasp, Venturia canescens.

Blandine Charrat™, Isabelle Amat®, Dominique Allainé!, Emmanuel Desouhant!

1 Université Claude Bernard Lyon 1, Université de Lyon, UMR CNRS 5558, VetAgro Sup,
Bat. G Mendel 43 bd du 11 Novembre 1918, 69622 Villeurbanne Cedex, France

*: corresponding author: blandine.charrat@univ-lyon1.fr

Co-authors’ address: isabelle.amat@univ-lyonl.fr; dominique.allaine@univ-lyonl.fr;

emmanuel.desouhant@univ-lyonl.fr

Acknowledgments: This work was partly funded by Scientific Breakthrough Program (IDEX
Lyon) “Micro-be-have”.

Competing interests: The authors declare no competing interests.

Data availability: data and script are available here: https://Ibbe-box.univ-
lyon1.fr/d/845958507a4c4732alcc/ and will be deposited on an official platform if the
manuscript is accepted.

ORCID ID: B. Charrat https://orcid.org/0000-0002-3730-0387


mailto:blandine.charrat@univ-lyon1.fr
mailto:isabelle.amat@univ-lyon1.fr
mailto:dominique.allaine@univ-lyon1.fr
mailto:emmanuel.desouhant@univ-lyon1.fr
https://lbbe-box.univ-lyon1.fr/d/845958507a4c4732a1cc/
https://lbbe-box.univ-lyon1.fr/d/845958507a4c4732a1cc/

Abstract

It is now acknowledged that mating system is a dynamic characteristic within species or
populations. Indeed, behavioural characteristics shaping the mating system can vary at the inter-
individual level, providing raw material for sexual and natural selections, and at the intra-
individual level, because of phenotypic plasticity and ontogeny of individual behaviours. Social
environment is an additional source of variation in sexual behaviours. By focusing on males of
the parasitoid wasp Venturia canescens, we assessed how sexual behaviours (courtship and
mating) vary between and within individuals, considering males’ size as inter-individual source
of variation and age and mating experience as intra-individual sources of variation.
Consequences of the variations in sexual behaviours at the individual level are appraised by
quantifying the costs in longevity and offspring production incurred by (repeatedly) mated
males. At the population level, we tested “agility hypothesis” predicting that smaller males win
the male-male competition to access females, resulting in a non-random assortative mating by
size and a negative sexual selection on body size. We showed that V. canescens males are
polygynous and that mating incurred longevity cost. Old males had a higher probability to court
females, but no mating advantage. Smaller males tended to have a higher mating probability,
but size was not under sexual selection and there was a random mating pattern according to
individual size. Male-male competition intensity did not influence pairing pattern but tended to
influence mating dynamic. Overall, our results suggest that sexual behaviours tended to vary at
the inter- and intra-individual levels and the effect of social environment remains to be more
precisely described. These variations may impact individuals’ reproductive success with

potential ecological and evolutionary consequences that are discussed.

Key-words: male size, competition, agility hypothesis, assortative mating, sexual selection
opportunity, Venturia canescens
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Introduction

Mating system defines the number of sexual mates individuals of both sexes have during
a breeding season (Shuker & Simmons 2014). The mating system of a species or a population
results from individuals’ ability to access mates and reproduce, and thus from individuals’
sexual behaviours (Emlen & Oring 1977). The mating system, often considered as a fixed
characteristic of a species or a population, is dynamic because individuals’ sexual behaviours
and their ability to access mates vary in space and time according different sources of variation
(Shuster & Wade 2003). First, inter-individual variation in sexual behaviours and
characteristics represents a raw material on which natural and sexual selections operate. Second,
there is an intra-individual variation in sexual behaviour and characteristics linked to both
phenotypic plasticity and ontogeny. Finally, the environment (both social and physical) that
directly affects individuals’ sexual behaviour and varies in space and time. These three sources
of variation (inter-individuals, intra-individuals, and environmental) shape the evolution of
mating systems (Thornhill & Alcock 1983). These sources of variation are well illustrated in
insects (Godfray, 1994; Shuker & Simmons, 2014) showing for instance their impact on
variability of sexual behaviours in males and in their ability to secure reproduction.

Inter-individual variations in reproductive opportunities are clearly linked to mate
choice and intra-sexual competition for access to a partner. Under the classical sexual selection
theory, males compete with each other for females, and females use signals from males to
choose their partner (Thornhill, 1976; Metzger, Bernstein, et al., 2010a). Variation among males
in their access to females thus depends on their competitiveness and attractiveness. Both may
be determined by their body size or the size of their weapons (Beukeboom, 2018), their ability
to find females (Metzger, Fischbein, et al., 2010b), their coloration (Hawkes et al., 2019), the
vigour and duration of their parade (Balaban-Feld & Valone, 2017).

Intra-individual variations in reproductive opportunities are related to the change in
individual’s ability to access a partner during its reproductive lifetime. This change is primarily
affected by ageing meaning that male’s body condition and vigour decrease with age (Rockstein
& Miquel, 1973). Ageing can also generate variation in production of male pheromones that
are used as signals by females to choose their partner (Ingleby, 2015). In the butterfly Bicyclus
anynana male sex pheromone composition varies with age, and females prefer mid-aged over
young and old males (Nieberding et al., 2012). Performance of males, and thus their investment
into ejaculates, are often predicted to decrease with age (senescence). Ejaculate quality
diminishes with age in the tropical butterfly Bicyclus anynana (Kehl et al., 2015). Intra-

individual variations in reproductive opportunities (e.g. number of courtships and matings) are
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also associated to changes in reproductive cost (e.g. in terms of energy expenditure) during
reproductive lifetime (likely not independent of age and experience). Numerous examples
support the hypothesis that increasing the number of reproductive opportunities affects residual
reproductive success of males. In the ladybird, Menochilus sexmacutatus, frequent mating
attempts made by males result in reduction in their body weight, and males engaging in
consecutive matings suffer a longer latency before a new mating (Shandilya et al., 2021).

Environmental variations, through social environment that corresponds to change in
operational sex ratio (OSR), may influence the intensity in male-male competition (Emlen &
Oring, 1977). These variations in social environment also interact with individual variations
(both inter- and intra-individual) to indirectly affect males’ ability to access a partner (Kelly,
2018). In the bushcricket, Poecilimon ampliatus, male body condition and male social
environment affect male acoustic signals used to attract females. Heavy males modify the
characteristics of their songs in response to different social conditions, when competing against
light rivals. At the opposite, light males show less plasticity in their acoustic signals in response
to social conditions when they compete with heavy males (Anichini et al., 2018).

At the population level, variations in individual sexual behaviours frequently result, for
instance through mate choice, in non-random pairing (Shuster & Wade, 2003) such as
assortative mating patterns (Arnqvist et al., 1996). These latter may be based on several
characteristics : individual colour (Mason, 1972), environmental rearing conditions
(Geiselhardt et al., 2012) for an example in the mustard leaf beetle), or size which remains the
most documented (Otronen, 1993, for an example in the yellow dung fly). Moreover, assortative
mating patterns may be affected by the environmental conditions encountered. Indeed, social
environment, by conditioning intensity of intra-sexual competition, sexual behaviours, and
availability of the sexual partners, may thus influence the assortative mating patterns. In the ant
Tranopelta gilva assortative mating occurs only when mating competition is weak (low ant

density and a slightly male-biased sex ratio) (Moura & Gonzaga, 2018).

In this study, we assessed how sexual behaviours (mating and courtship characteristics)
vary between and within males to better understand mating systems in the parasitoid wasp,
Venturia canescens (Hymenoptera: ichneumonidae). Our first aim was to describe courtship
and mating characteristics (latency, number and duration) in males. We focused on pre-
copulatory behaviours because V. canescens females are monandrous (Collet et al., 2020;
Metzger et al., 2010b), so that no sperm competition nor cryptic female choice occur. We

expected that V. canescens males are polygynous since guarding behaviours have never been
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reported in these wasps. More precisely, we predicted a scramble competition polygyny
(according to Thornhill & Alcock, 1983 classification) since emerging females are widely
dispersed (van Santen & Schneider, 2002), making it unlikely that males monopolise
oviposition sites, i.e. “rendez-vous” sites where sexual partners encounter (Metzger, et al.,
2010b). Moreover, polygynous systems should lead to differential costs in terms of post-mating
residual longevity and offspring sired; the more males have access to reproduction, the shorter
they live and the more daughter production may be impaired. As an inter-individual source of
variation, we focused on male body size because it classically determines competitiveness (and
possibly mate attractiveness), longevity and hence potential number of matings during lifespan.
In V. canescens, male size is a relevant trait; it is variable (Metzger, 2008) and may be a criterion
of male quality used by females for mate choice when ejecting males at the beginning of mount
(E.D. and B.C. pers. obs.). We considered potential sources of intra-individual variations in
sexual behaviours by investigating effects of age and mating experience of males.

We also experimentally studied the impact of social environment variation on sexual
behaviours through variation in operational sex ratio (OSR). This question makes sense because
males and females encounter, and mate, in “rendez-vous” sites (e.g. fruits containing hosts),
(Metzger, et al., 2010b). As a consequence, adult density and thus individual interactions are
expected to vary, leading to different operational sex-ratio (OSR) in these sites. Because of the
inverse sexual size dimorphism in V. canescens, this experiment allowed us to test the ‘agility
hypothesis’ predicting that smaller males are superior in scramble competition and mate more
frequently or rapidly than larger males (Andersson & Norberg, 1981; Blanckenhorn, 2005).
This advantage for smaller males should be more acute under stronger male competition (i.e.
more male-biased OSR).

At last, we investigated the effect of OSR on the intensity of sexual selection on male
size, predicting a negative selection on this trait and an assortative pattern where smaller males
mate with larger females (i.e. with higher egg load), and larger males with females
independently of their size.

Materials and methods

Insect and rearing facilities

Venturia canescens is a koinobiont (i.e. hosts continue to develop after parasitization) and
solitary (i.e. a single adult at most emerges from a given parasitized host) parasitoid wasp of a

broad range of moth species (Salt, 1976). To access mating, males court with stereotyped
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behaviours. Courtships are composed of five steps: localisation, orientation, positioning,
mounting and mating. During orientation and positioning, the male whirrs its wings and swings
sideways. Females may reject a male when it tries to mount or mate them, leading to a failure
from the male point of view (van Santen & Schneider, 2002). Experiments and observations
were conducted with sexual (parthenogenetic arrhenotokous) individuals, which have a
haplodiploid sex determination, allowing us to quantify males’ offspring by counting the
number of daughters that come from fertilized eggs. This measure is a reliable proxy of male
reproductive success as females do not control offspring sex-ratio (Metzger et al., 2008). In the
following experiments, we quantified sexual behaviours by calculating: male latency to court a

female, average courtship duration, latency to mate and to re-mate, and duration of each mating.

Wasps used in this study came from a lab rearing (24 + 1°C, 50 + 10% relative humidity, DL
12:12). The strain was established from numerous individuals caught in the field during the
whole summers 2017, 2018 and 2020 near Valence in an organic orchard (Droéme, France). As
a host, we used the pyralid Ephestia kuehniella. All experiments were conducted under the same
conditions between 10 am and 4 pm with individuals coming from different rearing boxes (to
prevent from testing inbred individuals) and kept individually after emergence in plastic tubes,
with food ad libitum (honey). Two hours before starting the observation, the food was removed
to standardize the feeding status of individuals. In Experiments 1 and 2, individuals were
anaesthetised with CO2 and immediately placed in an arena (see Figure 1). Each arena was
filmed using a Raspberry Camera HQ with Raspberry Pi 4, and videos were analysed with the
BORIS software (Friard & Gamba, 2016).

Experiment 1: Mating system and male sexual behaviours

This experiment had two goals. First, we described male mating system. For that, we recorded
sexual behaviours of single males in presence of three females. The presence of three females
gave each male the opportunity to copulate several times during the observation period, and
thus to test whether they are polygynous. Second, we estimated the costs of mating in terms of

longevity and number of offspring produced by males.

To be able to identify the females a male mated with, each female was marked by a dot of water-
paint (blue, green or orange) on the thorax. This procedure does not affect mating behaviour in
V. canescens (Fauvergue et al., 2015). To avoid the establishment of owner versus intruder
status, each anaesthetised wasp was confined (thus isolated from the other females) in a corner

of an arena by a removable wall (Figure 1A). When all individuals were awake, we opened the
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wall first for the 3 females (Figure 1B), allowing them to be acclimated to the experimental
conditions. Thirty minutes later, we released the male, and recorded male sexual behaviours for
90 minutes (Figure 1C).

To appraise male reproductive success, at the end of the observation, we gave each mated
female the opportunity to oviposit in non-limited healthy hosts. We then calculated the
proportion of daughters among the emerging parasitoids. We also quantified male longevity by
keeping them individually in plastic tubes without food, and checking four times a day (at 8
am, 12 am, 4 pm and 8 pm) whether they were still alive. Longevity was estimated from the
median between the time found dead and the last time it was observed alive. Body size was
considered as an inter-individual source of variation in sexual behaviours (courtship and
mating). The size of individuals was approximated by the measure of their hind left tibia length
(Pelosse et al., 2011). We used a dissecting microscope with a camera (moticam 1000, software
Motic Image Plus 2.0). A total of 72 males were tested; due to technical issues, videos were
incomplete for 13 males, explaining the sample size differences according to measured trait.

Experiment 2: Intra-individual variations in sexual behaviours

We investigated whether age affects males’ sexual behaviours (courtship and mating
characteristics). For that, one virgin male and one virgin female were placed in the arena. Once
awake, they were released from their closed space by opening the removable walls at the same
time and sexual behaviours were observed and recorded for 45 minutes. A previous experiment
showed that males live an average of 16 days under the same laboratory conditions (data not
shown), so we considered ages: 1 day old (“Young”) and 7 days old (“Old”). The virgin females
were 1 day old. Size of males was measured as in Experiment 1. A total of 208 males were
tested.

Experiment 3: Test of “agility hypothesis”, effects of OSR on sexual selection and assortative

mating patterns

This experiment aimed at testing 1) the ‘agility hypothesis’, ii) the intensity and direction of
sexual selection on size, expected to be negative under the ‘agility hypothesis’, iii) the existence
of an assortative mating where small males mated with larger females, and if this mating pattern
varies with the intensity of male-male competition. For this purpose, we created population

cages with a fixed wasp density but different operational sex ratio (OSR), assuming that the
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more male-biased the OSR, the more intense the male-male competition. In each cage, we
observed matings and measured the size of mated partners and of all unmated individuals (see
below) using two proxies of size: hind left tibia length (as in Experiments 1 and 2) and the

length of the first segment of the abdomen.

Fifty randomly chosen individuals, one or two days old, were placed in a population cage
(30*30*30 cm). In each cage, the OSR was 0.3, 0.5 or 0.7 corresponding to 35 females/15
males, 25/25 or 15/35, respectively. We observed each cage for a maximum of 2 hours. We
recorded the time between the start of the observation and the formation of the pairs, and
removed them immediately from the cage. This procedure of removing the copulating pairs was
repeated until 2 hours had elapsed or half of the possible matings had taken place (8 matings
for OSR = 0.7 and 0.3, 13 matings for OSR = 0.5; this allowed the individuals still in the cage

to have several choices for mating). Three replicates of each OSR condition were conducted.

Data analysis

Experiment 1 showed that males are polygynous (see Results). Since only 4 males mated three
times during the observation period, we grouped them with those that mated 2 times, and thus
considered 3 categories of males for the statistical analyses: virgin, mated once and re-mated.

To appraise body size as an inter-individual source of variation in mating characteristics, we
fitted different GLM. First, we tested the effect of male size i) on the probability to be mated at
the end of the observation (GLM, binomial distribution, logit link), ii) on latency before first
mating, and on first mating duration (GLM, Gamma distribution and inverse link). For these

last two models, only mated individuals were analysed.

Then, we tested the effect of inter-individual variability of males on courtship characteristics
(latency and average duration). As for mating, this variability was represented by male size

differences and analysed by the means of GLM (Gamma distribution and inverse link).

We investigated the intra-individual variability in sexual behaviour by comparing males’
characteristics of first and second matings (mating duration and latency before mating of re-
mated males). We used a Wilcoxon test on paired data. Intra-individual variability of the
courtship characteristics was analysed by comparing average duration of courtships and latency

before the first courtship displayed by a given male when virgin and then mated.

Cost associated with mating in terms of longevity was analysed by the means of a GLM

(Gamma distribution and inverse link) with the male reproductive status (3 modalities: virgin,
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mated (one time) and re-mated), size and their interaction as explanatory variables. Cost in
terms of sex ratio was analysed with a mixed GLM (binomial distribution, logit link) with
mating rank (i.e. if the mating was the first or subsequent (as second and third matings were
pooled)) as explanatory variable and male identity as random factor. For testing the intra-
individual variability, we compared sex-ratio among re-mated males with a Wilcoxon test on

paired data.

In Experiment 2, because of the variability between males in courtship occurrence, we first
analysed the probability to court as a function of male age, size and their interaction (GLM
binomial distribution, logit link). Among males that displayed courtships, we conducted the
same analyses for the sexual behaviours (mating and courtship characteristics) as in Experiment
1, but we added age as an explanatory variable together with its interaction with size. Male age

was a qualitative variable, with two modalities (“Young” and “Old”).

For Experiment 3, we tested the ‘agility hypothesis’ by testing whether small males mated faster
than large males, and whether this relationship between latency and male relative size depended
on OSR (GLM Gamma distribution, inverse link; latency before mating as response variable,

relative size, OSR (as factor) and their interaction as explanatory variables). Male relative size
(MRS) was calculated as follows: MRS = % where x is the size of the male and x is the mean

male size in the cage.

We estimated the intensity of sexual selection on female and male size for each OSR condition
following the method presented in Arnold & Wade (Arnold & Wade, 1984) (see Appendix 1).

To assess the assortative mating pattern, we calculated the correlation between the two proxies
of male size (tibia and abdomen sizes) to decide whether we should conduct the analysis on
both or a single body measure (Spearman’s rank correlation). We then modelled assortative
mating pattern by using mixed linear models (Imer function from Ime4 package, Bates et al.,
2015) with male size as response variable, and female size and OSR (as fixed factors) as
explanatory variables; cage (i.e. population cage) was included as a random factor. As male and
female sizes could be both response variables, we swapped the role of the variables male size
and female size in our previous model. Conclusions are qualitatively the same, we present only

results with male size as response variable.

We presented the results from the simplest model selected after a backward procedure
(Crawley, 2012). We accompanied results of the models with effect sizes (effectsize package,
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Ben-Shachar et al., 2021). Effect sizes are presented with their 95% confidence interval.

Analyses were performed with R (R Core Team, 2020).

Results

Experiment 1: Mating system and male sexual behaviours

Our results show that Venturia canescens males are polygynous. Fifty percent of the males
mated, and 52.78% of these mated males re-mated at least once during the observation period
of 1h30 (Figure 2). Smaller males tended to have a higher probability to be mated at the end of
the observation (y2 =2.987, df = 1, p = 0.08; medium effect size Hedges’ g = 0.40, IC =[-0.06,
0.86]), suggesting that body size is likely an inter-individual source of variation in mating
probability. Nevertheless, among mated males, size did not influence latency before mating and
mating duration (latency: F = 0.02, 1 and 32 df, p = 0.88; duration: F =0.81, 1 and 32 df, p =
0.37).

There is no evidence that size is a source of inter-individual variation in courtship
characteristics. We did not detect any effect of male size on the latency before the first courtship
(F=0.426, df = 1 and 63, p = 0.517; 8 over 72 males displaying no courtship were excluded
from the analysis). The average duration of courtship of virgin males was independent of their
size (F=1.75, 1 and 54 df, p = 0.19).

Analyses performed among the mated males suggested intra-individual variations in the
average courtship duration according to mating experience. The average courtship duration
decreased after mating (Figure 3A, 6.0 (3.0 SE) sec when virgin versus 4.0 (£1.0) sec when
mated) (N = 29, V = 373, p= 0.0004; very large effect size Glass’ delta = 1.78, IC = [0.63,
2.90]). On the contrary, latency before courtship did not change with mating experience (N =
32,V =246, p =0.747).

Among re-mated males (N=19), we detected intra-individual variation in mating duration. The
second mating was longer than the first one (Figure 3B, V =0, p = 0.0007, N = 15; very large
effect size Hedges *g=-1.64, IC =[-2.45, -0.81]). The conclusion was similar when we included
two extremes values of mating duration (Appendix 2). There was no difference in mating
latency (N =19, V =60, p = 0.28).

There was a tendency that matings were costly in terms of longevity. Virgin males lived 21%

longer than mated males in average (Figure 4, median: 3.71 days for mated versus 4.46 days
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for virgin males; F = 3.23, df = 1 and 65, p = 0.077). This was confirmed by large effect size
(Hedges’ g = -0.65, IC = [-1.13, -0.16]). Nevertheless, there was no difference in longevity
within mated males (median = 3.71 days is identical for mated and re-mated). Irrespective of
the mating status, longevity was also affected by the male size; larger males live longer (F =
30.81, df = 1 and 65, p <0.0001).

The reproductive success (offspring sex-ratio, SR) was not affected by the rank of mating when
considering all mated males (first mating: mean SR = 0.52+0.34; re-mating: mean SR =
0.75+£0.39; y> = 0.784, df = 1, p = 0.376). We did not detect intra-individual variation of SR,
when comparing SR from the first and second matings within re-mated males (first mating:
mean SR = 0.55+0.32, second mating: mean SR = 0.59+0.32; Wilcoxon paired test, V = 62.5,
p=0.796, N = 17).

Experiment 2: Intra-individual variations in sexual behaviours

Old males had a higher probability to court than young males (59.22% of old males versus
31.43% of young males courted the females, y> = 16.44, df = 1, p < 0.0001; medium effect size:
Odd Ratio = 3.15, IC = [1.73, 5.83]). Nevertheless, male age influenced neither courtship
characteristics: average courtship duration (F = 1.73, df =1 and 91, p = 0.192) and latency
before the first courtship (F = 0.068, df = 1 and 92, p = 0.79), nor mating: the mating probability
(¥*=0.262,df=1,p=0.61), mating latency (F = 1.33, df = 1 and 29, p = 0.26), mating duration
(F=1.73,df =1 and 29, p = 0.199). Male size did not affect any of the response variables in

this experiment.

Experiment 3: Test of “agility hypothesis”, effects of OSR on sexual selection and assortative

mating patterns

Venturia canescens presented an inverse sexual dimorphism in size: males are smaller than
females irrespective of the proxy used to estimate the size (mean tibia length for males = 1.58
+ 0.16 mm; for females = 1.73 £ 0.13 mm; t = -10.02, df = 354, p<0.0001; mean length of the
first segment abdomen for males = 1.06 £ 0.10 mm, for females = 1.29 + 0.10 mm, t = -21.06,
df = 354, p<0.0001). The two proxies of body size were positively correlated both in males and
in females (in males: p = 0.89, in females: p = 0.86). We therefore present the results concerning

the length of the tibia (results with the first segment of the abdomen are in Appendix 3 and 4).
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The latency before mating was influenced neither by relative size of males (MRS) in a cage (F
=0.719, df =1 and 83, p = 0.399) nor by the male-male competition (i.e. OSR) (F = 2.546, df
=1 and 82, p = 0.085, Figure 6). This indicated that our data did not support the agility
hypothesis. This conclusion is confirmed by the fact that the intensity of sexual selection, I, on
size remained weak (and non-significantly different from zero) whatever the sex and the OSR
conditions (Table 1). When conducting analyses for each cage separately, we detected an
intensity of sexual selection different from 0 only in the cages 1, 2 and 8 for males, and in cage
8 for females. The direction of sexual selection was either weakly negative or positive (Table
1). These values of | also indicate that there is no evidence of any relationship between male

body size and the mating probability.

We did not detect any clear pattern of assortative mating. Indeed, there was no correlation
between male and female size within pairs formed in the cages (Figure 5, >*=0.03, df=1,p =
0.86) whatever the OSR (interaction between female size and OSR: ¥ = 0.933, df = 2, p =
0.627). The conclusions were the same when we analysed the female size as response variable
and male size as explanatory variable (male size effect: ¥>=0.142, df =1, p=0.707, interaction

between male size and OSR: y*> = 0.234, df = 2, p = 0.89).

Discussion

Our results provide a more detailed picture of the mating system in Venturia canescens
males, of the variations in sexual behaviours at inter- and intra-individual levels, and their
consequences in terms of reproductive costs. At last, we assess the intensity and direction of

sexual selection on body size as a potential trait involved in mating.

Males are polygynous (this study) and females are monandrous (Collet et al., 2020).
Such a polygynous mating system implies that some males have no access to reproduction while
others are more successful, opening opportunities for assessing reproductive costs. A cost in
terms of realised fecundity (i.e. a decrease of the offspring number per reproductive event
during lifetime) is often described in non-social insects (Walker, 1980), but we did not detect
such a cost in male V. canescens, at least in the case of two matings close together in time.
Indeed, the offspring sex-ratio did not change with the rank of successive matings in V.
canescens, suggesting that sperm depletion did not occur, while it is observed in males of
several parasitoid species (Damiens & Boivin, 2006). However, we cannot rule out that sperm

depletion could have occurred after a greater number of matings over a short period of time,
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preventing V. canescens males from replenishing their sperm stock between matings. This is
the case in Trichogramma evanescens in which males transfer 50% of their sperm after 8
matings (Damiens & Boivin, 2005). Alternatively, in our experiments a weak sperm depletion
could have occurred, compensated for by a longer mating duration (potentially associated with
a greater transfer of spermatozoids) as observed in the second mating (Experiment 1). This
positive correlation between copulation duration and quantity of transferred sperm, is far from
being ubiquitous in insects (Weggelaar et al., 2019) but was described, for instance, in the
bushcricket Requena verticalis (Simmons & Achmann, 2000). Regarding longevity, we
observed a cost incurred by mated males that was not accentuated with multiple matings. This
cost is classically observed in male arthropods (Scharf et al., 2013). In the Australian tettigoniid
Kawanaphila nartee, breeding males live 6% shorter than non-breeding males, and this
difference increases when the resources are low, leading to a 48% loss in longevity linked to
breeding (Simmons & Kvarnemo, 2006). Proximate factors responsible for the longevity
decrease are diverse. For instance, in our laboratory experiments, we could not assess the costs
of mate-finding and male-male competition (at least on the two first experiments). Therefore,
we probably under-estimated the cost of reproduction, since flight is known to be highly energy
demanding in V. canescens (Amat et al., 2012) and that male-male interactions could reduce
the lifespan (B.C. data not shown). A complete picture of reproductive costs in males would

require further investigations.

Age is often reported as an intra-individual source of variation in sexual behaviours. For
instance, females of the butterfly Bicyclus anynana prefer to mate with mid-aged males, so
young and old males have a lower mating success (Nieberding et al., 2012). Our experiments
suggested that courting probability increased with male age while other courtship
characteristics were not affected by age. These results could be explained by a physiological
change with age (e.g. hormonal modification or motivation). Facing a reduced residual lifespan,
males would be more active in courtship. Another explanation for the higher courting
probability in older males would be that their courtships are of lower quality. They therefore
would need more courtships to seduce a female and achieve mating. At last, this behavioural
change could be due to a greater experience in old males as shown in Drosophila melanogaster
male (Balaban-Feld & Valone, 2017). However, this last explanation is unlikely in our study
since old and young males had the same mating experience when tested in Experiment 2.
Nevertheless, we can imagine that male experience during its life impacts its motivation to

mate, as we found that courtship duration decreased after the first mating (Experiment 1).
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Motivation thus may vary with age according to males’ reproductive history. Surprisingly, this
effect of male age on courtship behaviours did not result in difference of mating probability
between young and old males. So, age was not a relevant cue for the choice of the sexual partner
by the females or did not confer any advantage for the males. Unfortunately, we did not compare
the offspring production of young and old males. This precludes to firmly conclude about an

effect of ageing in males.

Because of the inverse sexual dimorphism in size, we predicted that male size was under
negative selection and expected that smaller males were superior in scramble competition for
access to females (‘agility hypothesis’, Andersson & Norberg, 1981). In experiment 1, in
absence of competition, we detected a weak evidence of greater mating probability in small
males suggesting that agility hypothesis is potentially supported in V. canescens. However, our
results in population cages clearly invalidated this hypothesis: smaller males did not have
shorter latency before mating even under strong intra-sexual competition (i.e. when OSR is
male-biased). This conclusion is also corroborated by the fact that our measures of sexual
selection intensity and direction indicated that size was not the target of sexual selection. We
also expected that operational sex-ratio (OSR) influenced assortative mating patterns.
However, we only observed random pairing patterns according to size whatever the intensity
of male-male competition. This absence of assortative mating by size is coherent with our
results concerning the weak sexual selection on size. The removal of mating pairs from the
cages could have prevented us from observing skewed mating success according to body size,
for instance if some males mated several times. To reinforce our conclusions, an experiment in
which individuals are individually marked and thus identified in each pair would be relevant to

follow potential multiple matings.

Our experimental results confirmed that males are polygynous but did not allow us to
validate the hypothesis that a competitive advantage of the smaller males (agility hypothesis)
is a determinant of scramble competition polygyny (as described in Thornhill & Alcock 1983)
in population of V. canescens. It would be relevant to conduct complementary field experiment
- with the difficulties associated with monitoring minute insects - to test whether the rank of
males’ arrival at the ‘rendez-vous’ sites (e.g. fruits) could be determinant of mating opportunity.
The males that are the fastest to locate odour combination of females and their hosts, and the

fastest to reach these sites should have an advantage in accessing to virgin females.
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Figures

FIGURE 1. Experimental arena seen from above for Experiment 1, with removable walls
represented in green. A: each anaesthetised individual is placed in a closed corner of the arena;
B: then the 3 awake females are released in the arena by opening the walls (red arrows) but the
male is still confined to his corner during 30 minutes; C: finally, the male is released by opening
the wall (red arrow) and the observation begins for 90 minutes.

FIGURE 2: Distribution of the number of matings per male (Experiment 1).

FIGURE 3: Difference in sexual behaviours when a male is virgin versus mated. A: difference
in mean courtship duration before and after the first mating. B: difference in mating duration
between first and second matings for re-mated males. Two extremes values (mating durations
=241.5 and 495 sec.) were removed from the dataset (Experiment 1).

FIGURE 4: Relationship between longevity, male status and size (Experiment 1); lines
represent the predictions of the selected statistical model; shaded areas represent the confidence
interval of prediction.

FIGURE 5: Relationships between size of sexual partners when mated under different
conditions of operational sex ratio (OSR) (Experiment 3).

FIGURE 6: Relationship between latencies before mating and OSR. Kaplan-Meier plot
showing the probability to mate according to time (Experiment 3). Shaded areas represent
confidence interval of prediction.
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Tables

Table 1: Sexual selection opportunity, I, on size for males and females in each OSR and Cage. p-values

come from permutation tests. OSR: Operational sex-ratio in population cage (Experiment 3)

Males Females Males Females
OSR I vzfllje I vaﬂ;;e Cage I vaﬂlje I p-value
1 0.4697 | 0.045 | -0.0038 0.990
0.3 0.1088 0.469 0.0601 0.741 4 0.0206 0.939 0.4924 0.148
7 -0.3753 | 0.109 | -0.2195 0.484
2 0.4113 0.047 | -0.2329 0.270
0.5 0.0269 | 0.814 | 0.1077 | 0.348 5 0.3347 | 0.084 | 0.0152 0.938
8 -0.5573 | 0.001 | 0.4561 0.011
3 0.4503 | 0.148 | -0.1899 0.440
0.7 0.1105 | 0.538 -0.0495 | 0.747 6 -0.1274 | 0.687 0.0133 0.962
9 0.0461 0.888 | -0.0032 0.991
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Appendices

Appendix 1 - Estimation of the intensity of sexual selection on female and male size for each
OSR condition

The intensity of sexual selection on size was calculated as: Ii = = — where S; is the selection

ar(z)
differential on size and var(z) is the overall variance in size. Selection differential is defined as:
Si = Zi - z, where zj is the mean size of paired individuals, i.e. the mean size after selection, and
Z is the mean size of all the individuals, i.e. the mean size before selection. We tested the null
hypothesis, | = 0 through a randomization test, as described in Sokal & Rolf (Sokal & Rolf,
1995) with 10,000 permutations.

Appendix 2 - Difference of mating duration between first and second matings in re-mated
males when considering the two extremes values

In Experiment 1, two extremes mating durations were recorded (241.5 and 495 sec). They were
withdrawn from the dataset. We present here the same figure as Figure 3B but including these
two extremes values. Conclusions are qualitatively unchanged (V = 0, p = 0.0003, N = 17;
medium effect size Glass’ delta = -0.54, IC = [-1.05, -0.02])).

500+
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W N
=) o
< <

N
o
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—
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Figure Appendix 2: Difference in mating duration between first and second matings for re-
mated males, including two extremes values of mating duration.
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Appendix 3 - Do males and females Venturia canescens mate assortatively according to
their size? Is this pattern influenced by OSR?

The results presented below were obtained with the measure of the first segment of the abdomen
as size proxy. There was no evidence of relation between male and female sizes (y> = 0.347, df
=1, p = 0.56), confirming that there was no assortative mating by size in V. canescens. The
effect of interaction between female size and OSR on male size was not significant (y> = 0.536,
df = 2, p = 0.77) irrespective of the OSR. The same conclusions were obtained when we
analysed the female size as response variable and male size as explanatory variable (male size
effect: > = 0.27, df = 1, p = 0.60, interaction between male size and OSR: > =0.57, df =2, p
=0.75).
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Figure Appendix 3: Assortative mating pattern between male and female size (length of the first
segment abdomen used as size proxy) and effect of OSR on this pattern.

Appendix 4- Is the opportunity for sexual selection on body size influenced by OSR? Study
using the measure of the first segment of the abdomen as male size proxy.

Under the different conditions of OSR, there was no evidence allowing to conclude that sexual
selection acts on body size in males and females V. canescens. The intensity of sexual selection
was not different from 0 in the different population cages analysed separately, except in cages
1 and 8 for males, and in cage 8 for females (Table Appendix 4).
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Table Appendix 4: Sexual selection intensity, I, on size for males and females in each OSR and
Cage. p-values come from permutation tests. OSR = operational sex-ratio in population cage

(Experiment 3).

Males Females Males Females
OSR I p-value I V;Lje Cage I va?l-ue I p-value
1 0.5128 | 0.0253 | -0.0089 | 0.9743
0.3 | 0.1232 | 0.4071 | -0.0127 | 0.9439 | 4 0.0610 | 0.8318 | 0.4884 | 0.1494
7 -0.4270 | 0.0688 | -0.4231 | 0.1727
2 0.3350 | 0.1141 | -0.3279 | 0.1157
0.5 | 0.0766 | 0.5011 0.1116 | 0.3382 5 0.3452 | 0.0706 | 0.1119 0.5705
8 -0.4982 | 0.0061 | 0.4879 0.0075
3 0.4889 | 0.1121 | -0.0777 | 0.7569
0.7 | 0.0811 | 0.6489 -0.0326 | 0.8263 6 -0.1502 | 0.6400 | 0.1033 0.7831
9 -0.0221 | 0.9448 | -0.1965 | 0.4234
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