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Theoretical work predicts that the magnitude of inbreeding depression is particularly high in traits that are closely related to fitness. 
Despite the extensive work on inbreeding depression of male and female reproductive performance, relatively little is known on how 
inbreeding impairs male and female mating behavior. We studied inbreeding depression of male and female mating behavior in the 
simultaneously hermaphroditic freshwater snail Physa acuta to test 1)  whether there is inbreeding depression of mating behavior, 
2) whether the potential of mate competition and mate choice has an effect on the strength of inbreeding depression, 3) whether the 
magnitude of inbreeding depression differs between both sex functions, and 4) how inbreeding depression of mating behavior trans-
lates into inbreeding depression of reproductive success. For this, we compared the mating behavior between selfed (inbred) and 
outcrossed (outbred) focal snails in a series of mating trials, in which we manipulated experimentally the potential of mate competi-
tion and mate choice. Our results provide evidence for moderate inbreeding depression of the number of copulatory encounters, the 
number of copulations, and the total time spent mating in both sex functions. The magnitude of inbreeding depression did not differ 
between the levels of competition and between both sex functions. Finally, our results suggest that inbreeding depression of mating 
behavior only explains a small fraction of the observed inbreeding depression of reproductive success. We discuss the implications of 
these findings with respect to precopulatory sexual selection and sex-specific inbreeding depression.
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Introduction
Inbreeding depression, the reduced vigor and fertility of  off-
spring of  related individuals, has been argued to be a potent 
selective agent for the evolution of  reproductive morphologies, 
physiologies, behaviors, and mating systems (Charlesworth and 
Charlesworth 1987; Pusey and Wolf  1996; Keller and Waller 
2002). Inbreeding impairs fitness because of  an increased level 
of  homozygosity of  inbred individuals, which may lead to the 
expression of  deleterious recessive alleles (“partial dominance 
hypothesis”) and/or the loss of  heterozygosity at loci with het-
erozygote advantage (“overdominance hypothesis”; Charlesworth 
and Charlesworth 1999). More recent work suggests that inbreed-
ing depression is primarily due to the expression of  deleterious 
alleles rather than overdominance (e.g., Roff 2002; Charlesworth 
and Willis 2009).

Inbreeding depression has been demonstrated for a great vari-
ety of  morphological and life-history traits across a broad range 
of  animal and plant taxa (Crnokrak and Roff 1999; Keller and 
Waller 2002). Overall, inbreeding depression has been found to be 
stronger in traits that are more closely related to fitness (DeRose 
and Roff 1999; Van Buskirk and Willi 2006). This is thought to be 
due to differences in the genetic architecture between fitness and 
nonfitness traits with fitness traits showing usually a lower heritabil-
ity but more additive and nonadditive genetic variance, including 
more directional dominance (reviewed in Crnokrak and Roff 1995; 
Merila and Sheldon 1999). In particular, fitness-related traits are 
assumed to be affected by a larger number of  single traits (and thus 
a larger number of  loci) so that inbreeding depression of  fitness 
traits is generated by a combined effect of  inbreeding depression of  
the underlying traits (DeRose and Roff 1999).

In sexually reproducing organisms, mating success is usually 
closely related to male (Bateman 1948; Tang-Martinez 2010) and 
occasionally also female fitness (Arnqvist and Nilsson 2000), so that 
mating success is expected to show strong inbreeding depression. Address correspondence to T. Janicke. E-mail: janicke.tim@gmail.com.
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There are at least 3 reasons why mating success can be affected 
by inbreeding. First, inbreeding usually reduces overall health and 
body condition (e.g., Townsend et  al. 2010; Rantala et  al. 2011), 
which might translate into a lowered overall mating activity of  a 
given individual. Second, inbreeding depression might impair the 
attractiveness for being chosen as a mate, which is because inbred 
mating partners might provide less material (direct) benefits (e.g., 
nutrients, parental investment, and/or protection from predators; 
reviewed in Kempenaers 2007) and/or genetic (indirect) benefits 
(Reinhold 2002; Fromhage et  al. 2009). And third, inbreeding 
might depress the ability to outcompete rivals, which will ultimately 
translate into a reduced mating success (e.g., Meagher et al. 2000; 
Hoglund et al. 2002).

Until now, relatively little effort has been made to quantify 
inbreeding depression of  sexually selected traits and mating behav-
ior. Studies on zebra finches Taeniopygia guttata and guppies Poecilia 
reticulata revealed that inbreeding impairs sexually selected traits of  
males and that females were more attracted to outbred males (van 
Oosterhout et al. 2003; Bolund et al. 2010; Zajitschek and Brooks 
2010). Moreover, females of  the fruit fly Drosophila simulans have 
been shown to engage in copulation more quickly with outbred 
than with inbred males suggesting that outbred males are more 
attractive mates (Okada et  al. 2011). Finally, inbred males have 
been demonstrated to copulate less often compared with outbred 
males in the poeciliid fish Heterandria formosa (Ala-Honkola et  al. 
2009) and the fruit fly Drosophila melanogaster (Miller et  al. 1993). 
Most of  these studies are focusing exclusively on inbreeding depres-
sion of  male behavioral traits, which is presumably due to the fact 
that selection on mating success is assumed to be stronger in males 
than in females as predicted by Bateman’s principle (Bateman 1948; 
Jones and Ratterman 2009). Indeed, in species with stronger intra- 
and intersexual selection on males, outbred males are expected to 
outcompete inbred males and at the same time females might have 
a preference to copulate with more outbred males. Consequently, 
inbreeding depression of  mating success might be stronger in males 
than in females. Nevertheless, more recent work suggests that also 
males allocate their reproductive resources strategically and choose 
among females for the most fecund mate (for reviews, see Dewsbury 
1982; Wedell et  al. 2002; Edward and Chapman 2011), so that 
inbreeding might also affect female mating success due to a lowered 
attractiveness of  inbred individuals.

In this study, we tested for inbreeding depression of  male and 
female mating behavior in the simultaneously hermaphroditic 
freshwater snail Physa acuta (Draparnaud 1805). Simultaneous 
hermaphrodites provide interesting model systems to explore and 
to compare effects of  inbreeding on male and female reproduc-
tion because both sex functions share the same genome and are 
exposed to exactly the same environmental conditions within a 
single individual. Similar to separate-sexed organisms, sexual selec-
tion has been argued to be stronger in the male than in the female 
sex function (Charnov 1979; Anthes et  al. 2010; but see Leonard 
2005) so that inbreeding might affect the mating behavior of  both 
sex functions differently. Previous studies on P.  acuta revealed that 
mating is beneficial for both sex functions with male reproductive 
success being more closely related to mating success than female 
reproductive success (Pélissié et  al. 2012). This suggests that pre-
copulatory sexual selection operates more strongly on the male 
than on the female sex function. This is supported by studies indi-
cating precopulatory female choice in response to the relatedness 
(Facon et  al. 2006) and the mating history of  the partner (Facon 
et  al. 2007). Until now, body size is the only morphological trait 

that has been argued to be under precopulatory sexual selection in 
P. acuta as inferred from positive correlations with male and female 
mating success (Pélissié et  al. 2012). Furthermore, postcopulatory 
sexual selection is presumably intense in these snails. First, pater-
nity analyses indicated high levels of  multiple mating in the male 
and the female sex role suggesting intense sperm competition in 
this species (Pélissié et al. 2012). And second, there is also scope for 
cryptic female choice (sensu Thornhill 1983) as snails stop fertiliz-
ing their eggs with autosperm (sperm produced by themselves) soon 
after being given access to allosperm (sperm received from part-
ners; David P, unpublished data), but direct evidence for recipients 
choosing among sperm from different sperm donors after copulat-
ing is still lacking.

Snails of  P. acuta are capable of  reproducing both uniparentally 
through self-fertilization and biparentally through cross-fertiliza-
tion. In natural populations, selfing occurs but at relatively low 
rates (<10%) and has mainly been observed in the laboratory when 
snails had no access to mates (Jarne et al. 2000; Henry et al. 2005; 
David et al. 2007; Janicke et al. 2013). In the natural populations 
near Montpellier (France), molecular genetic diversity is consis-
tently high (microsatellites: He between 0.6 and 0.8; see Escobar 
et al. 2008). This suggests that despite large temporal variation in 
population density, drift is not sufficient to remove genetic variation 
when facing gene flow from surrounding populations. We therefore 
do not expect inbreeding depression to have been effectively purged 
in such contexts. Accordingly, selfing in the laboratory reveals strong 
inbreeding depression in the female sex function and the inbreeding 
load has been found to vary considerably between natural popula-
tions (Escobar et al. 2008). Inbreeding has also been demonstrated 
to impair male reproductive success, with stronger male inbreeding 
depression under conditions that allow for male–male competition 
(Janicke et al. 2013). It has been speculated that inbreeding depres-
sion in the male function is mainly due to a lowered sperm compet-
itiveness of  inbred individuals (Janicke et al. 2013), but the extent 
to which inbreeding depresses male and female reproductive output 
via precopulatory processes has not been quantified yet.

In this study, we compared the mating behavior between selfed 
(inbred) and outcrossed (outbred) snails across 3 competition treat-
ments, which differed in their potential for precopulatory sexual 
selection. This allowed us to test experimentally the hypotheses 
1)  that inbreeding affects mating behavior, 2)  that the strength of  
inbreeding depression of  the mating behavior increases with 
increasing opportunity for male–male competition, and 3) that the 
magnitude of  inbreeding depression of  behavioral traits differs 
between both sex functions as the male and the female sex func-
tions differ in their benefit of  multiple mating. In addition, we also 
explored 4) whether inbreeding depression of  the mating behavior 
can explain inbreeding depression of  male and female reproduc-
tive success. Given what is known on inbreeding depression and 
sexual selection of  the studied model species, we predicted 1)  that 
inbreeding impairs mating behavior, 2)  that inbreeding depression 
is stronger under conditions that allow for mate choice, and 3) that 
the magnitude of  inbreeding depression of  mating behavior is 
stronger in the male than in the female sex function. Finally, given 
that reproductive success is expected to be more closely associated 
with mating success in the male than in the female sex function, we 
expected 4) that inbreeding depression of  mating behavior explains 
to a larger extent the inbreeding depression of  reproductive success 
in the male than in the female sex function. To our knowledge, this 
is the first study quantifying inbreeding depression of  the mating 
behavior in both sex functions in a simultaneous hermaphrodite.
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Methods
Study organism

We studied the effects of  inbreeding of  male and female mating 
behavior in the simultaneously hermaphroditic freshwater snail 
P. acuta (Basommatophora). Copulations are frequent and unilateral, 
which means that snails adopt either the male or the female sex 
function when copulating. Mating involves a behavioral sequence, 
during which the male-acting individual crawls on the shell of  the 
partner until it is mounted in a position that allows to insert the 
phallus into the partner’s gonopore (Wethington and Dillon 1996). 
The female-acting snail can display a rejection behavior while 
being mounted or inseminated by the mate (Wethington and Dillon 
1996; Ohbayashi-Hodoki et  al. 2004; Facon et  al. 2007). This 
is done by swinging the shell, which has been argued to prevent 
the male-acting snail from copulating with its female partner and 
reported to occur in up to 50% of  all encounters (Wethington and 
Dillon 1996). It has been suggested that this evasive behavior allows 
the female-acting snail to 1) repel an inferior sperm donor and/or 
2) to adopt the male role, which is expected to be the preferred sex 
role in P.  acuta (Wethington and Dillon 1996; Pélissié et  al. 2012). 
However, the adaptive significance of  this rejection behavior has 
not been tested yet.

In the laboratory, snails are kept at 25 °C in small plastic boxes 
and fed with boiled lettuce, which is provided ad libitum. Under 
these conditions, snails mature within 6–8 weeks and adults lay 
a gelatinous egg capsule containing several tens of  eggs every 
1–2 days.

Experimental setup
Population studied and albino culture line

This experiment focused on inbreeding depression of  male and 
female mating behavior of  snails obtained from a natural popula-
tion. For this, we collected 60 adult individuals (G0) in July 2011 
from a population of  the river Lez (50°55′6″N, 11°34′6″E), which 
is located 15 km north to Montpellier, France.

We studied inbreeding depression of  mating behavior and its 
fitness consequences under varying intensities of  male–male com-
petition. For this, we used albinotic individuals as potential mating 
partners in order to quantify paternity success of  focal wild-type 
individuals when mating with and competing against albinotic 
individuals (analyses of  inbreeding depression of  male and female 
reproductive success using data from the same experimental setup 
are reported in Janicke et al. 2013). This was possible as snails of  
the albino culture line we used are homozygous for a recessive, 
Mendelian segregating allele for albinism (David P, unpublished 
data). This albino line has been backcrossed 3 times into a geneti-
cally outbred and diverse population (involving more than 30 unre-
lated individuals at each generation) and kept in high numbers 
since then (>100 individuals) so that all used albinotic snails have 
an essentially outbred genome except for the small region around 
the albinism locus.

We conducted a side experiment testing for potential differences 
in mating behavior between albinotic and wild-type snails. For this, 
we assigned same-aged, virgin snails to 16 groups each compris-
ing 2 albinotic and 2 wild-type individuals. Wild-type individuals 
were progeny of  individuals sampled from a natural population of  
the river Lez (see above). All individuals were color marked (paint 
marker 751, Edding, Japan) prior to the mating trials. We observed 
the mating behavior for 3 h in 350 mL glass bowls without providing 

food and recorded the number of  copulations of  each individual. 
This allowed us to test whether mating was random with respect 
to the pigmentation of  the snails. Albinotic and wild-type snails did 
not differ significantly in the number of  copulations in the male 
role (albinotic: 2.25 ± 0.20 and wild-type: 2.34 ± 0.21; linear mixed 
model [LMM] including group as a random factor: F1,47  =  0.09, 
P = 0.764) or the female role (albinotic: 2.49 ± 0.28 and wild-type: 
2.09 ± 0.25; LMM: F1,47 = 0.98, P = 0.326). Furthermore, the pro-
portion of  copulations between same-pigmented snails (i.e., both 
partners were albinotic or wild-type) within a group was 0.29 ± 0.04 
and not statistically different from the expected proportion under 
random mating of  one-third (t15 = 1.21, P = 0.245). Consequently, 
mating success of  albinotic and wild-type snails is very similar and 
individuals do not seem to have an overall preference for mating 
with albinotic or wild-type individuals. Finally, given that all focal 
snails in our main experiment were wild-type individuals, potential 
biases induced by differences between wild-type and albinotic indi-
viduals are balanced across all experimental treatments.

Breeding of focal individuals

On day 1 of  the experiment, we collected 60 grandparents (G0) of  
focal snails in the field and brought them to the laboratory where 
all individuals were isolated in boxes of  100 mL. On day 3, we 
removed all snails from the boxes and kept all egg capsules that 
were laid within 48 h. After hatching, we isolated 1 hatchling (G1) 
from each G0 mother on day 27 and raised them until maturity. 
Thus, all 60 G1 individuals had different mothers and were of  a 
similar age.

The remaining part of  the experiment was split into 2 blocks 
that were separated by 7 days. Here, we only report the time sched-
ule for block 1. On day 55, we performed controlled mating trials 
in which each of  30 randomly selected G1 individuals was allowed 
to copulate once in its male sex function with another randomly 
selected G1 individual. Copulation attempts in which the focal G1 
individual was trying to adopt the female sex role were prevented 
by gently separating the 2 snails using forceps. After these con-
trolled mating trials, each individual of  a pair was isolated to pro-
duce offspring. By this, focal G1 individuals produced selfed and 
therefore inbred offspring via their female sex function, whereas 
their mating partners produced outcrossed offspring sired via the 
male sex function.

Five days after hatching, 4 G2 snails (hereafter called “focals”) 
were randomly selected from each G1 focal mother and kept in iso-
lation until maturity. Consequently, each family comprised 4 selfed 
and 4 outcrossed full siblings produced by G1 snails via the female 
and the male sex function, respectively.

Breeding of albinotic mating partners

Parents of  potential mating partners were obtained from an albino 
culture line (see Population studied and albino culture line). On day 
59 before the start of  the mating trials, we distributed 120 parental 
snails equally among 8 big plastic tanks (1.5 L) to let them lay eggs 
and removed all adult snails 3 days later. On day 5 after hatching, we 
transferred all produced juveniles in groups of  5 individuals to plastic 
boxes. Five days later we isolated all individuals to ensure that all of  
them remained virgin until the start of  the male competition trials.

Mating trials

From day 111 to 115, we performed a series of  mating trials in 
which each focal snail was consecutively exposed to 3 different 
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competition treatments, including 1)  “no” competition, 2)  “indi-
rect” competition, and 3)  “direct” competition. In the “no” com-
petition treatment, the focal snail was offered 1 virgin albinotic 
snail as a mating partner. Hence, in this competition treatment, 
there was no potential for precopulatory mate–mate competition 
and none of  the 2 individuals could choose between different mat-
ing partners. In the “indirect” competition treatment, focal snails 
were offered an albinotic snail as a mating partner, which was kept 
together with another albinotic snail prior to the mating trials. In 
particular, 5  days before the mating trial, we transferred 2 virgin 
albinotic snails in a plastic box and allowed them to mate for 48 h. 
Afterward we isolated both individuals and checked whether they 
had laid eggs indicating that they mated in their female sex func-
tion and had sperm in storage. Only albinotic individuals that had 
laid eggs were offered as mating partners in the mating trials of  
the “indirect” competition treatment. Thus, there was no poten-
tial for direct precopulatory mate–mate competition. Nevertheless, 
there was some potential for indirect mate choice in terms of  cryp-
tic female choice (sensu Thornhill 1983) and strategic sperm allo-
cation, as albinotic mates had allosperm from another outcrossed 
albinotic individual in storage and might have donated sperm to 
an outcrossed albinotic individual prior to the mating trial. In the 
“direct” competition treatment, focal snails were offered 2 ran-
domly selected, virgin albinotic snails as mating partners at the 
same time. Hence, in this competition treatment, there was scope 
for direct precopulatory mate–mate competition and mate choice.

Mating behavior of  focal snails was recorded for 45 min in each 
competition treatment. During the observation period, pairs (“no” 
competition and “indirect” competition treatment) and triplets 
(“direct” competition treatment) were kept in 350 mL glass bowls 
without providing food. After the observation period, all snails of  a 
group were transferred together to plastic boxes (200 mL) and pro-
vided with boiled lettuce ad libitum for additional 23 h. Therefore, 
each competition treatment lasted for approximately 24 h, but the 
mating behavior was only recorded for the first 45 min of  each 
treatment. After these 24 h, focal snails were kept in isolation for 
additional 24 h before they were exposed to another competition 
treatment.

All focal snails were firstly exposed to the “no” competition treat-
ment after which we balanced the sequence of  the “indirect” com-
petition and the “direct” competition treatment among selfed and 
outcrossed individuals of  each family (i.e., 2 selfed and 2 outcrossed 
individuals of  each family experienced first the “no” competition 
followed by the “indirect” competition and finally the “direct” 
competition treatment, whereas the other individuals of  a family 
experienced first the “no” competition followed by the “direct” 
competition and finally the “indirect” competition treatment). In 
order to distinguish the 2 albinotic snails in the “direct” competi-
tion treatment, we marked both individually by adding a small dot 
of  car-body paint (Motip Dupli B.V., Wolvega, The Netherlands) on 
their shell, which has previously been shown to have no detrimental 
effects on life-history traits in the studied species (Henry and Jarne 
2007). For each social group of  the “direct” competition treatment, 
we randomly defined one albinotic snail as the assigned mating 
partner and the other albinotic snail as the competitor. Using the 
average of  all behavioral parameters obtained from both albinotic 
individuals of  a given group did not affect the results qualitatively.

Quantifying male and female mating behavior

We focused on 6 behavioral traits to quantify male and female 
mating behavior of  focal snails. First, we recorded the number of  

precopulatory encounters (hereafter called “number of  encoun-
ters”) in which focal snails were trying to adopt the male or the 
female sex role. Specifically, a male encounter was defined as the 
attempt of  a focal snail to mount the shell of  an albinotic snail, 
whereas a female encounter was defined as the attempt of  an albi-
notic snail to mount on the shell of  the focal snail. We need to 
clarify here that a male encounter can be considered as the initia-
tion of  a copulation and therefore as a behavior, which is clearly 
initiated by the male-acting snail. In contrast, during a female 
encounter, the focal individual remains mainly passive when the 
male-acting snail is trying to mount on the focal’s shell except in 
cases when the female-acting snail is trying to reject the mate. 
Second, we assessed for both sex functions the “number of  copu-
lations” as an estimate of  mating success. Copulations were only 
counted if  the male-acting snail was observed to insert its phal-
lus beneath the shell of  the female-acting snail at the appropriate 
position where the gonopore is located. Phenotypic correlations 
of  the 2 behavioral traits revealed that the number of  encounters 
and the number of  copulations were highly positively correlated in 
both sex functions (Supplementary Table S1). For this reason, we 
computed the “copulations per encounter” as a third behavioral 
parameter, which reflects the number of  copulations that focal 
snails obtained on average per encounter. Fourth, we measured 
the number of  “rejections per encounter,” which was defined as 
the proportion of  cases in which an encounter was accompanied 
with the shell-swinging behavior. This rejection behavior has to be 
considered as a behavioral trait of  the female-acting snail. Thus, 
for the male-acting snail, it represents an estimate of  how often 
the female partner was trying to prevent copulation. Fifth, we 
recorded the mean “copulation duration” as the average time that 
an individual copulated in its male or female sex role. Thus, copu-
lation duration estimates the time that an individual invested per 
copulation. Finally, we defined the overall “mating effort” as the 
total duration that a focal individual adopted a given sex role. Note 
that for the “direct” competition, we only recorded the behavioral 
interactions between the focal and its randomly assigned mating 
partner (i.e., interactions with the randomly assigned competitor 
are not included in the analysis).

All behavioral observations were carried out by 3 observ-
ers between 9 AM and 3 PM on days 111, 113, and 115 of  the 
experiment. Each observer monitored the mating behavior of  up 
to 8 groups at the same time and recorded all required data using a 
customized software package. There was no observer effect on any 
behavioral traits measured.

Quantifying male and female reproductive 
performance

We quantified male and female reproductive success in order to 
explore how inbreeding depression of  the mating behavior contrib-
utes to inbreeding depression of  reproductive success (for a detailed 
analysis of  inbreeding depression of  male and female reproduc-
tive success, see Janicke et al. 2013). Male reproductive success was 
obtained as the number of  offspring sired by the focal snail within 
a given group. For this, we kept all albinotic mating partners for 
5 days after the mating trials in isolation to lay eggs. Finally, on day 
12 after the last day of  egg laying, we assessed male reproductive 
success as the number of  wild-type offspring. In order to estimate 
female reproductive performance of  focal snails, we let  all focal 
snails lay eggs in isolation for 5 subsequent days after the mating 
trials. Female reproductive success was then assessed as the number 
of  juveniles that were counted on day 15 after egg laying.
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Quantifying inbreeding depression

We estimated inbreeding depression (δ) on ln-transformed data as 
suggested by Johnston and Schoen (1994) as

	 δ ln
i

o
o iln ln ln=−










= −

W
W

W W( ) ( ) 	

where Wi is the mean of  the trait value of  inbred individuals and Wo 
is the mean trait value of  outbred individuals. Note that δln is not 
a basic log-transformation of  the classical measure of  inbreeding 
depression (i.e., δ = 1 − Wi/Wo), but rather an estimate of  inbreed-
ing load (Charlesworth and Charlesworth 1987; Willis 1999). The 
inbreeding load B, defined as the number of  haploid lethal equiva-
lents (Morton et al. 1956), can be obtained by dividing the estimates 
of  δln by the inbreeding coefficient f, which is 0.5 in our study.

Statistical analyses

Initially, we intended to study inbreeding depression for 30 fami-
lies with each comprising 4 outbred and 4 inbred focal individu-
als. However, 2 G1 individuals did not copulate in their male sex 
function, so that selfed and cross-fertilized eggs were only available 
from 28 families. In addition, selfed offspring from 2 additional G1 
individuals did not hatch (1 family) or did not reach maturity (1 
family). Consequently, our final data set comprised 26 families (i.e., 
11 families in block 1 and 15 families in block 2). In the course of  
the mating trials and the subsequent egg laying period, 2 focal indi-
viduals died and 9 escaped from their enclosure. This resulted in a 
total sample size of  197 focal individuals.

Statistical analysis was done in 4 steps in order to explore 
inbreeding depression of  the 6 behavioral traits. First, we checked 
whether male and female behavioral traits covaried with each other 
using Spearman’s rank-order correlations correcting for false dis-
covery rate using the Benjamini–Hochberg method (Benjamini and 
Hochberg 1995). Second, we ran mixed models to test for effects of  
the inbreeding treatment (i.e., selfed vs. outcrossed), the competi-
tion treatment (i.e., none vs. indirect vs. direct competition), and 
their interaction (i.e., testing for differences in inbreeding depres-
sion between competition treatments) on the mating behavior for 
both sex functions separately. Models were run with inbreeding 
treatment, competition treatment, mating sequence (i.e., whether 
focals were exposed to the indirect competition treatment before 
being exposed to the direct competition treatment or vice versa) and 
their interactions as fixed factors and block, the identity of  the focal 
snail and the identity of  the family as random factors. “Family” was 
included in order to infer whether there was genetic variation in 
behavioral traits. Note that mating sequence, block, and identity of  
the focal individual were primarily added to the model in order to 
account for variation induced by these factors.

The number of  copulatory encounters and the number of  
copulations were modeled using generalized linear mixed models 
(GLMMs) with a Poisson error distribution and a log-link func-
tion. The number of  copulations per encounter and the number 
of  rejections per encounter were modeled using GLMMs assum-
ing a binomial error distribution and a logit-link function (i.e., for 
copulations per encounter, we used the number of  encounters that 
led to a copulation vs. those that did not as the response variable; 
for the number of  rejections per encounter, we used the number 
of  rejected mounting attempts and the number of  mountings that 
were not rejected as the response variable). We checked for over-
dispersion of  all GLMMs by comparing the residual deviance 

and degrees of  freedom. Copulation duration and overall mating 
effort were modeled on square-root transformed data using LMMs 
assuming a Gaussian error distribution. Residuals of  LMMs were 
checked visually for normality.

Third, we tested for sex-specific inbreeding depression of  all 
behavioral traits. This was done by estimating δ and the corre-
sponding 95% confidence intervals (CIs) for all competition treat-
ments using bootstrapping. Specifically, we computed the mean 
and the 95% CIs of  δ = 1 − Wi/Wo (i.e., the classic estimate of  
inbreeding depression; see above) based on 10  000 bootstrap repli-
cates for male and female behavioral parameters. Additionally, we 
computed the pairwise difference of  δ and the 95% CIs between 
both sexes (i.e., δfemale trait − δmale trait) for each competition treatment 
to infer whether there was sex-specific inbreeding depression. Note 
that confidence limits of  the pairwise difference that do not include 
0 indicate a significant sex-specific inbreeding depression.

Fourth, we explored the fitness consequences of  inbreeding 
depression of  mating behavior. Specifically, we asked whether the 
behavioral parameters that show inbreeding depression were cor-
related with reproductive success and to which degree inbreeding 
depression of  mating behavior can explain inbreeding depression 
of  reproductive success. This was done by running generalized lin-
ear models (GLMs) including reproductive success as the response 
variable, the behavioral trait of  interest as a covariate, and the 
inbreeding treatment as a fixed factor. In the models including the 
covariate (also called “extended models”), both terms were added 
sequentially, so that the test of  the inbreeding treatment was done 
after correcting statistically for variation that could be explained by 
the covariate. In addition, we ran so-called “reference models” in 
which we only included the inbreeding treatment as a fixed factor. 
For all GLMs, we assumed a Poisson error distribution and used 
a log-link function, so that the model estimates of  the inbreeding 
treatment correspond exactly to the ln-transformed estimate of  
inbreeding depression (δln) with (“extended model”) and without 
(“reference model”) correcting for the behavioral trait of  inter-
est. If  inbreeding depression of  mating behavior is responsible 
for inbreeding depression of  reproductive success, we expect the 
estimate of  inbreeding depression from the “extended model” to 
be substantially lower compared with the one obtained from the 
“reference model.” We note that these tests on the fitness conse-
quences of  inbreeding depression of  mating behavior are mainly 
exploratory for 3 reasons. First, mating behavior has not been 
recorded for the entire time period during which the snails could 
interact before reproductive success was measured. Second, female 
reproductive success was only assessed after all mating trials and 
not for each competition treatment separately as done for male 
reproductive success. And third, the tests provide an upper estimate 
of  the extent to which inbreeding depression of  mating behavior 
can explain inbreeding depression of  reproductive success as they 
do not provide any information about causality.

All statistical analyses were carried out in R v.2.15.1 (R 
Development Core Team 2012). Mixed models were run using the 
lmer function of  the lme4 package (Bates et  al. 2012). Statistical 
significance of  the fixed effects and the random effect family were 
obtained from model comparisons using likelihood ratio tests. Values 
are given as means ± standard error (SE) unless otherwise stated.

Results
Male and female behavioral traits showed positive intersexual cor-
relations except copulation duration, which tended to be negatively 
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correlated between both sex functions (see Supplementary Table S1 
for other inter- and intrasexual correlations).

Inbreeding had an effect on 3 behavioral traits of  the focal snails. 
First, there was inbreeding depression of  the number of  encounters in 
the male and the female sex function (Figures 1a and 2a; Tables 1 and 
3). Second, inbreeding depressed the number of  copulations in both 
sex functions (Figures 1b and 2b; Tables 1 and 3), but the number of  
copulations per encounter did not differ significantly between inbred 
and outbred individuals (Tables 1 and 3). And third, inbred individu-
als allocated in total less time in adopting the male and the female 
sex role (Figures 1f  and 2f; Tables 1 and 3). Family did not explain 
a significant part of  the variation in any behavioral trait except for 
the number of  copulations and overall mating effort of  the female sex 
function (Table  2) suggesting only little additive genetic variation in 
male and female mating behavior in the studied population.

The competition treatment had an effect on the number of  
encounters, the number of  copulations, and the overall mat-
ing effort in both sex functions with an overall higher behavioral 
activity observed in the no competition treatment (Tables 1 and 3; 
Figures 1 and 2). However, the interaction between the inbreed-
ing treatment and the competition treatment was not statistically 
significant for all behavioral traits suggesting that the strength of  
inbreeding depression did not differ between the competition treat-
ments (Tables 1 and 3).

The sex comparison of  the inbreeding depression estimates 
suggests a tendency for inbreeding depression of  the number of  

encounters and the overall mating effort to be stronger in the female 
role, whereas inbreeding depression of  the number of  copulations 
was stronger in the male role (Tables 1 and 3). However, the 95% 
CIs of  the inbreeding depression estimates computed for the male 
and the female sex function are largely overlapping for all behavioral 
parameters suggesting no significant sex-specific inbreeding depres-
sion (Figure 3). This is supported by the fact that the 95% CIs of  the 
pairwise difference between male and female estimates of  inbreed-
ing depression included zero for all behavioral parameters except for 
copulation duration in the indirect competition (bootstrapped mean 
difference [lower, upper 95% confidence limits]: 0.58 [1.19, 0.05]). 
The latter was due to the fact that inbred individuals copulated on 
average longer in their male sex function but shorter in their female 
sex function than outbred individuals (Figure 3e).

All behavioral traits that showed inbreeding depression covaried 
positively with reproductive success depending on the sex function 
and the competition treatment. Specifically, male reproductive success 
was related to the number of  copulations and overall mating effort 
in the direct competition treatment (Table 3), whereas female repro-
ductive success was positively related to the number of  encounters 
in all competition treatments, to the number of  copulations in the 
no competition treatment, and to overall mating effort in the direct 
competition treatment (Table  4). However, the model estimates of  
the inbreeding treatment obtained from the extended models (i.e., 
in which we corrected statistically for the behavioral traits) were only 
marginally lower compared with the ones obtained from the reference 

Figure 1
Comparison of  male mating behavior between inbred (filled circles) and outbred (open circles) snails. Note that the number of  “rejections per encounter” refers to 
the proportion of  cases in which the mating partner was trying to reject the male-acting focal snail. Mean values ± 1 SE are shown for (a) number of  encounters, 
(b) number of  copulations, (c) copulations per encounter, (d) rejections per encounter, (e) copulation duration and (f) mating effort across 3 competition treatments.
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models (Tables 3 and 4) suggesting that inbreeding depression of  the 
behavioral traits does not explain a major fraction of  the inbreeding 
depression observed for male and female reproductive success.

Discussion
This study revealed inbreeding depression of  the mating behavior 
in both sex functions of  the simultaneously hermaphroditic fresh-
water snail P.  acuta. We found 1)  that inbred individuals showed 
fewer precopulatory encounters, copulated less frequently, and allo-
cated in total less time to mating than outbred individuals; 2)  that 
the magnitude of  inbreeding depression of  mating success did not 
depend on the potential for precopulatory sexual selection; 3)  that 
the magnitude of  inbreeding depression of  mating behavior did not 
differ substantially between both sex functions; and 4) that inbreed-
ing depression of  the mating behavior contributes only slightly to 
inbreeding depression of  reproductive success. We will discuss these 
main findings in turn.

Inbreeding depression of mating behavior

We found inbreeding depression for the number of  encounters, 
the number of  copulations, and the overall mating effort but no 
evidence that inbreeding impairs the number of  rejections per 
encounter and the average copulation duration. Furthermore, there 
was a tendency in all competition treatments for inbred individuals 

to show a reduced number of  male copulations per encounter 
than outbred individuals, but this effect was not statistically sig-
nificant. Our estimates of  the magnitude of  inbreeding depression 
(expressed as the genetic load B) that we obtained for the number 
of  copulatory encounters (i.e., 0.44 and 0.60 for the male and the 
female sex function, respectively), the number of  copulations (i.e., 
0.80 and 0.58 for the male and the female sex function, respec-
tively), and the overall mating effort (i.e., 0.26 and 0.78 for the 
male and the female sex function, respectively) are relatively mod-
erate compared with what has been observed in other organisms. 
For instance, in the fruit fly D. melanogaster, the genetic load for the 
number of  copulatory encounters and the proportion of  copulating 
males have been found to range from 0.00 to 0.36 and from −0.15 
to 3.10, respectively (Miller et  al. 1993). Furthermore, a study on 
the African Butterfly Bicyclus anynana found a genetic load of  male 
mating success in captivity of  up to 1.5 and in free flight experi-
ments of  even up to 3.37 (Joron and Brakefield 2003). Finally, males 
of  the Least Killifish H. formosa derived from one generation of  sib-
mating showed a lower frequency of  copulatory attempts (i.e., mea-
sured as gonopodial activity) compared with outbred males with a 
genetic load of  3.8 (Ala-Honkola et  al. 2009). However, inbreed-
ing was also found to have no effect on mating success in the flour 
beetle Tribolium castaneum (Michalczyk et  al. 2010). Nevertheless, 
inbreeding depression of  mating behavior in P.  acuta seems to be 
low compared with most other organisms.

Figure 2
Comparison of  female mating behavior between inbred (filled circles) and outbred (open circles) snails. Note that the number of  “rejections per encounter” 
refers to the proportion of  cases in which the female-acting snail was trying to reject the mate. Mean values ± 1 SE are shown for (a) number of  encounters,  
(b) number of  copulations, (c) copulations per encounter, (d) rejections per encounter, (e) copulation duration, and (f) mating effort across 3 competition treatments.
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Table 3
Effect of  male mating behavior on male reproductive success

Competition Model

Covariate effect Inbreeding effect

Estimate SE dfnum dfdenom F-value Estimate SE
Relative 
differencea dfnum dfdenom F-value

None Reference 
model

— — — — 0.22 ± 0.22 — 1 192 2.98

Encounters 0.08 ± 0.05 1 192 2.69 0.20 ± 0.13 0.08 1 191 2.51
Copulations 0.07 ± 0.12 1 192 0.80 0.21 ± 0.13 0.06 1 191 2.49
Mating effort 0.00002 ± 0.0001 1 192 0.07 0.22 ± 0.13 0.00 1 191 2.93

Indirect Reference 
model

— — — — 1.52 ± 0.35 — 1 192 24.62***

Encounters −0.14 ± 0.18 1 192 0.08 1.55 ± 0.35 −0.01 1 191 25.19***
Copulations −0.15 ± 0.33 1 192 0.05 1.54 ± 0.35 −0.01 1 191 24.74***
Mating effort −0.0002 ± 0.0004 1 192 0.13 1.53 ± 0.35 −0.01 1 191 24.76***

Direct Reference 
model

— — — — 0.72 ± 0.26 — 1 193 7.83**

Encounters 0.29 ± 0.18 1 193 2.66 0.71 ± 0.26 0.01 1 192 7.83**
Copulations 0.67 ± 0.25 1 193 8.04** 0.65 ± 0.27 0.10 1 192 6.29*
Mating effort 0.0008 ± 0.0003 1 193 7.96** 0.68 ± 0.26 0.06 1 192 7.28**

The number of  encounters (extended model “encounters”), the number of  copulations (extended model “copulations”), and the mating effort (extended 
model “mating effort”) were added as covariates to a reference GLM (including only the inbreeding treatment). Model estimates of  the inbreeding treatment 
correspond to ln-transformed estimates of  inbreeding depression (δln). dfnum and dfdenom refer to the numerator degrees of  freedom and the denominator degrees 
of  freedom, respectively.
aDifference between model estimates obtained from the reference model and the extended model given as percent.
***P < 0.001, **P < 0.01, and *P < 0.05.

Figure 3
Comparison of  the magnitude of  inbreeding depression of  mating behavior between the male (white bars) and the female (gray bars) sex function. Mean 
estimates of  inbreeding depression (δ = 1 − Winbred/Woutbred) and their 95% confidence limits (obtained from bootstrapping) are shown for (a) number of  
encounters, (b) number of  copulations, (c) copulations per encounter, (d) rejections per encounter, (e) copulation duration, and (f) mating effort separately for 
each competition treatment (see Methods for details).
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There are at least 3 explanations for why inbred snails might have 
displayed lowered mating activity compared with outbred individu-
als. First, inbreeding might have impaired overall locomotor activ-
ity leading to fewer copulatory encounters, fewer copulations, and 
an overall lowered time allocation toward mating. Second, inbred 
individuals might have been less attractive mates, thus reducing the 
motivation of  other snails to mate with them. And third, inbred 
individuals might have been less motivated to search for a mate and 
to copulate due to a lowered sexual activity (e.g., due to a reduced 
hormonal production), which would also translate into a lowered 
number of  precopulatory encounters and copulations. Based on our 
data, we cannot exclude one of  these mutually nonexclusive hypoth-
eses. However, we found an only weak and statistically nonsignificant 
effect of  the inbreeding treatment on the number of  copulations per 
encounters in the male sex role, which suggests that the inbreeding 
status of  a focal has only little influence on whether a copulatory 
encounter results in a copulation or not. This is supported by our 
findings on the number of  rejections per encounter indicating that 
once mounted on their partner’s shell, inbred individuals are not 
rejected (through shell-swinging behavior) more often than outbred 
individuals. Consequently, precopulatory mate choice against inbred 
individuals, if  it exists, has to take place at a very early episode of  the 
mating sequence. For instance, mate choice decisions might be based 
on stimuli received at the first physical contact with the mate or dur-
ing mate searching based on cues associated with mucus trails as has 
been shown in other gastropods (e.g., Johannesson et al. 2008).

Precopulatory avoidance of  inbred mates has been found in sev-
eral separate-sexed organisms such as guppies (Zajitschek and Brooks 
2010; but see Michalczyk et al. 2010). Furthermore, there is evidence 
for mate choice against inbred individuals in the simultaneously her-
maphroditic cestode Schistocephalus solidus. In particular, mate choice 
experiments in this reciprocally copulating hermaphrodite suggest that 
outbred but not inbred focal worms have a preference to mate with 
outbred individuals (Schjørring 2009). Until now, mate choice experi-
ments in our model organism P. acuta have focused only on effects of  
the relatedness (Facon et al. 2006) and the mating history (Wethington 
and Dillon 1996; Facon et  al. 2007) of  the mating partner. Based 
on our findings, it is difficult to infer whether inbreeding impairs 
the attractiveness and thereby affects precopulatory mate choice.  

Further experiments in which a focal individual can choose between 
inbred and outbred mating partners at the same time are required 
to evaluate the impact of  mate choice for the observed inbreeding 
depression of  mating behavior in P. acuta.

Effects of competition and sex on inbreeding 
depression

The magnitude of  inbreeding depression of  all behavioral traits 
did not differ between the 3 competition treatments as indicated by 
nonsignificant interactions between the inbreeding treatment and 
the competition treatment. Therefore, the potential for mate com-
petition and mate choice does not have an effect on the strength 
of  inbreeding depression of  copulatory behavior in both sex func-
tions. This is surprising as we expected inbreeding depression to be 
stronger in the direct competition treatment due to a higher poten-
tial for mate competition and mate choice. For instance, male–male 
competition has been found to intensify inbreeding depression in 
the House Mouse Mus musculus, which could partly be explained 
by a reduced ability of  inbred individuals to establish territories 
under competition (Meagher et al. 2000). In this study, we found no 
effect of  the competition treatment on inbreeding depression of  the 
mating behavior, which suggests that inbreeding depression is not 
magnified under conditions that allow for more precopulatory mate 
competition and mate choice in P. acuta.

Our results also demonstrate that the magnitude of  inbreeding 
depression of  mating success did not differ significantly between 
both sex functions. Despite the fact that the estimates of  inbreed-
ing depression for the number of  copulatory encounters and the 
number of  copulations tended to differ between both sex functions, 
the pairwise comparison of  bootstrapped estimates of  inbreeding 
depression suggests that these differences are far from statistical sig-
nificance. Therefore, inbreeding seems to have a similar detrimen-
tal effect on the mating behavior in both sex functions.

Reproductive consequences of inbreeding 
depression of mating behavior

Inbreeding impaired male and female reproductive success of  focals 
substantially (i.e., estimates of  δln of  male reproductive success for 

Table 4
Effect of  female mating behavior on female reproductive success 

Competition Model

Covariate effect Inbreeding effect

Estimate SE dfnum dfdenom F-value Estimate SE
Relative 
differencea dfnum dfdenom F-value

Overall Reference model — — — — 0.64 ± 0.13 — 1 195 26.61***
None Encounters 0.12 ± 0.05 1 195 9.28** 0.60 ± 0.13 0.06 1 194 23.46***

Copulations 0.19 ± 0.10 1 195 4.88* 0.62 ± 0.13 0.03 1 194 25.13***
Mating effort 0.0001 ± 0.0001 1 195 3.89 0.62 ± 0.13 0.04 1 194 24.17***

Indirect Encounters 0.10 ± 0.06 1 195 4.71* 0.62 ± 0.13 0.03 1 194 24.79***
Copulations −0.19 ± 0.13 1 195 0.71 0.66 ± 0.13 −0.03 1 194 27.98***
Mating effort −0.0001 ± 0.0001 1 195 0.09 0.66 ± 0.13 −0.03 1 194 27.69***

Direct Encounters 0.12 ± 0.08 1 195 5.63* 0.61 ± 0.13 0.05 1 194 23.58***
Copulations 0.20 ± 0.13 1 195 3.56 0.63 ± 0.13 0.02 1 194 25.28***
Mating effort 0.00024 ± 0.00012 1 195 5.61* 0.62 ± 0.13 0.03 1 194 24.74***

The number of  encounters (extended model “encounters”), the number of  copulations (extended model “copulations”), and the mating effort (extended 
model “mating effort”) were added as covariates to a reference GLM (including only the inbreeding treatment). Model estimates of  the inbreeding treatment 
correspond to ln-transformed estimates of  inbreeding depression (δln). dfnum and dfdenom refer to the numerator degrees of  freedom and the denominator degrees 
of  freedom, respectively.
aDifference between model estimates obtained from the reference model and the extended model given as percent.
***P < 0.001, **P < 0.01, and *P < 0.05.
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the “no,” “indirect,” and “direct” competition treatment were 0.22, 
1.52, and 0.72, respectively; δln of  female reproductive success was 
0.64; for details, see Janicke et al. 2013) and our results suggest that 
a small fraction of  it can be explained by inbreeding depression of  
mating behavior. In particular, we found that the number of  encoun-
ters, the number of  copulations, and the overall mating effort had a 
positive effect on male and female reproductive success depending 
on the competition treatment. This supports an earlier finding show-
ing that copulatory mating success is correlated with reproductive 
success in both sex functions in P. acuta (Pélissié et al. 2012). As a con-
sequence of  such a positive relationship between mating behavior 
and reproductive success, the obtained estimates of  male and female 
inbreeding depression of  reproductive success were in general lower 
when correcting statistically for the behavioral traits that showed 
inbreeding depression. However, inbreeding depression of  repro-
ductive success was only lowered by at most 10% in the male sex 
function (when accounting for the number of  copulations) and by at 
most 6% in the female sex function (when accounting for the overall 
mating effort), which suggests that inbreeding depression of  mating 
behavior can only explain a small fraction of  the observed inbreed-
ing depression of  reproductive success. Therefore, we suspect that 
inbreeding depression of  male reproductive success is mainly caused 
by inbreeding depression of  traits that affect the outcome of  post-
copulatory episodes of  sexual selection, whereas inbreeding depres-
sion of  female reproductive success is mainly the result of  a reduced 
fecundity (e.g., lowered egg production and/or hatching success; see 
also Escobar et al. 2008; Janicke et al. 2013) rather than a lowered 
mating success of  inbred individuals. The hypothesis that inbreed-
ing depression impairs male reproductive performance primarily at 
the postcopulatory stage is also supported by the fact that we found 
no evidence for competition-specific inbreeding depression of  mat-
ing behavior despite the fact that inbreeding depression of  male 
reproductive success differed substantially between the competition 
treatments with the strongest depression detected in the “indirect” 
competition treatment (Janicke et al. 2013).

Finally, our results also suggest that inbred individuals gain rela-
tively less reproductive success per investment into mating than out-
bred individuals. This is because male mating effort (i.e., the total 
time spent in the male sex role) can be considered as an estimate of  
male allocation and was found to decrease on average by 12.6% due 
to inbreeding. This stays in contrast to the much stronger reduc-
tion of  male reproductive success in inbred individuals of  19.7%, 
78.1%, and 51.3% for the “no,” “indirect,” and the “direct” com-
petition treatment, respectively (Janicke et al. 2013). Consequently, 
inbreeding depresses the fitness gain per unit of  male mating effort.

Conclusions
In this study, we found evidence for moderate inbreeding depres-
sion of  male and female mating behavior in the simultaneously 
hermaphroditic freshwater snail P. acuta. The strength of  inbreeding 
depression did not differ between both sex functions and was not 
affected by the potential for precopulatory mate competition and 
mate choice. Together with earlier findings on reproductive success, 
we could show that inbreeding depression of  the mating behavior 
contributes only little to the inbreeding depression of  reproduc-
tive success suggesting that inbreeding impairs primarily traits that 
affect the outcome of  postcopulatory sexual selection. Further stud-
ies are needed to identify the underlying processes that lead to the 
observed inbreeding depression of  the mating behavior and repro-
ductive success.
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