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In hermaphrodites, traits that influence the selfing rate can coevolve with inbreeding depression, leading to the emergence of

evolutionary syndromes. Theory predicts a negative correlation between inbreeding depression and selfing rate across species.

This prediction has only been examined and validated in vascular plants. Furthermore, selfing rates are often influenced by

environmental conditions (e.g., lack of mates or pollinators), and species are predicted to evolve mechanisms to buffer this variation.
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We extend previous studies of mating-system syndromes in two ways. First, we assembled a new dataset on Basommatophoran

snails (17 species, including new data on 12 species). Second, we measured how species responded to variation in mate availability.

Specifically, we quantified the waiting time before selfing (i.e., how long the onset of reproduction is delayed in the absence of

mates). Selfing rates were negatively correlated with both inbreeding depression and the waiting time. Species with stronger

inbreeding depression exhibited longer waiting times. These patterns obtained on Basommatophorans still hold when including

eight other hermaphroditic animals. Our results support the hypothesis that selection drives the evolution of mating-system

syndromes in animals. The reaction norm of selfing rates to mate availability is a key target of natural selection in this context.

KEY WORDS: Life-history traits, mollusks, plants, plasticity, reaction norm, reproductive assurance, waiting time.

The evolution of the selfing rate has been interpreted in terms

of a diversity of selective forces (Charlesworth and Charlesworth

1979, 1987; Lloyd 1979; Holsinger et al. 1984; Husband and

Schemske 1996). Inbreeding depression, the relative reduction in

fitness of inbred offspring compared to outbred offspring, is poten-

tially the most important of such forces (Jarne and Charlesworth

1993; Uyenoyama et al. 1993; Barrett and Harder 1996;

Husband and Schemske 1996). Lande and Schemske (1985) pre-

dicted that inbreeding should decrease the frequency of delete-

rious, recessive mutations that can reduce the population-level

inbreeding depression (i.e., the genetic-purging hypothesis). Ac-

cordingly, one expects mating systems to evolve toward one

of the two following stable states: low inbreeding depression–

high selfing rate or high inbreeding depression–low selfing rate

(Lande and Schemske 1985; Charlesworth et al. 1990). Husband

and Schemske (1996) provided empirical support for this hy-

pothesis by demonstrating a negative association between self-

ing rates and inbreeding depression in a metaanalysis of 54

species of vascular plants spanning 23 families. Although there

is a general agreement between theory and results, at least at

the interspecific level, the observation of a substantial fraction

of species with intermediate selfing rates (i.e., mixed mating;

Goodwillie et al. 2005; Jarne and Auld 2006) tends to discredit

the models predicting either extreme outcrossing or extreme

selfing as evolutionary stable states. Other models have identi-

fied conditions under which partial selfing can be evolutionarily

stable, including pollen discounting (Holsinger 1991), genetic

structure (Ronfort and Couvet 1995), and temporal variation in

inbreeding depression (Cheptou and Mathias 2001). By examin-

ing the pattern of coevolution between the selfing rate and in-

breeding depression, we can evaluate the utility of these various

models.

Two other sources of dissatisfaction emerge from the current

literature on mating-system evolution. First, very little is known

about groups other than angiosperms (Jarne et al. 1993; Jarne

and Auld 2006; Jordaens et al. 2007; Eppley et al. 2007). The

generality of theoretical predictions should be tested in groups

that do not share the particulars of flowering plants (e.g., floral

biology, coevolution with pollinators, sessile life and a relatively

recent phylogenetic origin). Second, the selfing rate is often

considered as a fixed population parameter while it should be

better considered as the product of an interaction between trait

expression (e.g., anther–stigma separation, gynodioecy, self-

incompatibility) and environmental conditions (e.g., pollinator

service, population density). It is important here to distinguish

two notions: on the one hand, the “actual mating system” in

natural populations, which can be predominant selfing, predom-

inant outcrossing, or mixed-mating, depending on the numerical

importance of self- and cross-fertilization; on the other hand,

the “preferential mating system,” that is, the selfing rates that

individuals have when they are free of environmental constraints

such as the lack of mates or pollen. Many of the purportedly

mixed-mating species may actually be preferential outcrossers

submitted to environmental constraints that result in selfing.

It is therefore essential to investigate how species respond to

environmental constraints, such as mate availability.

In animals (as well as in plants), preferentially outcrossing

individuals face a dilemma in the absence of mates (or pollina-

tors): they can either self-fertilize their eggs (or ovules) and pay

the cost of selfing (e.g., inbreeding depression), or wait for the

arrival of a hypothetical partner (or pollinator) and potentially

pay the cost of this delay (e.g., the increased risk of dying before

reproduction). Many plant species (Richardson and Stephenson

1989; Dole 1990; Klips and Snow 1997; Kalisz et al. 1999) have

evolved a strategy known as delayed selfing (Lloyd 1979) whereby

flowers self-fertilize after some time when cross-fertilization has

not occurred. Similarly, hermaphroditic animals, including snails

(Wethington and Dillon 1997; Tsitrone et al. 2003b) and cestodes

(Schjørring 2004) can resort to self-fertilization late in the life

cycle when they have not encountered a mating partner. Theory

predicts that in preferentially outcrossing animals, isolated indi-

viduals should delay their age at first reproduction, compared to

individuals with available mates, to wait for future outcrossing

(Tsitrone et al. 2003a). Under strong inbreeding depression, indi-

viduals should be more reluctant to self-fertilize their eggs, hence

exhibiting longer waiting times (Tsitrone et al. 2003a). In prefer-

entially selfing species, individuals are expected to self as soon

as they are sexually mature, independent of population density.
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In summary, if the selfing rate is under divergent, directional

selection and coevolves with inbreeding depression, we expect

two opposite trait syndromes to evolve: high inbreeding depres-

sion and long waiting time in species with low selfing rates;

and low inbreeding depression and no waiting time in species

with high selfing rates. Here, we investigate these correlations

in hermaphroditic animals. We use a dataset including 25 species

for which estimates of at least two of these three parameters

are available. Most of the data are from Basommatophoran

gastropods, but a few other groups are represented (Stylom-

matophoran gastropods, bivalves, cestodes, and branchiopods).

Part of the dataset was built in the present study (12 species)

through a collaboration involving several laboratories. The

remaining part was derived from the literature (13 species).

Our analysis supports most of the theoretical predictions of

directional-selection, inbreeding-depression based models of the

evolution of selfing rate, at least in the Basommatophoran group.

We discuss the implications of these results for the evolution

of mating systems in hermaphroditic animals and compare our

results with the current evidence in vascular plants.

Materials and Methods
In animals, hermaphroditism has been reported in 21 phyla

(Jarne and Charlesworth 1993; Jarne and Auld 2006) and self-

fertilization is known in ascidians, cestodes, cnidarians, mol-

lusks, nematodes, trematodes, and vertebrates (Jarne and Auld

2006). The best studied group with regard to mating systems is ar-

guably Pulmonate gastropods (comprising ∼20,000 species; Jarne

and Charlesworth 1993; Jarne et al. 1993; Jordaens et al. 2007;

Schärer 2009). Studies in other, nongastropod animals capable of

self-fertilization are rare, except in some shrimps (Weeks et al.

1999), cestodes (Schjørring 2004; Schjørring and Jäger 2007),

and nematodes (Dolgin et al. 2007; Morran et al. 2009a). Be-

cause Basommatophoran snails constitute the bulk of our data,

we first describe some of their important characteristics before

explaining how our datasets were built. This does not mean that

we focus on the particulars of Basommatophoran snails; we test

the generality of a theory that so far has only been examined

and validated in one group (vascular plants) although its main

tenets (e.g., the coevolution of inbreeding depression and self-

ing rate) are not specific to this group. To this aim, we add

a second, independent clade. Our results are therefore of con-

cern to all evolutionary biologists interested in mating-system

evolution.

BASOMMATOPHORANS: MODELS FOR STUDYING

THE EVOLUTION OF MATING SYSTEMS IN ANIMALS

The suborder Basommatophora (Mollusca: Gastropoda) is a

monophyletic clade comprising most Pulmonate gastropods liv-

ing in freshwater (Jarne et al. 2010). The group contains far fewer

species (∼200–300) but is older (∼250–300 million years, Myr)

than flowering plants (∼250,000 species; ∼140 Myr). Basom-

matophorans occupy a diversity of freshwater habitats, including

small ditches, ponds, rivers, lakes, and irrigation systems, where

marked alternation of high- and low-density episodes are common

(Jarne and Städler 1995; Henry et al. 2005; Jarne et al. 2010). Ba-

sommatophorans are relatively easy to breed in the laboratory,

and most species have fairly short life cycles (∼2–10 genera-

tions per year in the laboratory). All species are simultaneous

hermaphrodites and may reproduce uniparentally through inter-

nal self-fertilization and biparentally through cross-fertilization

(Jarne et al. 1993; Jarne et al. 2010). Cross-fertilization requires

copulation during which one individual acts as male whereas

the other acts as female. In general, copulation is not simultane-

ously reciprocal, although the two partners may switch mating

roles sequentially (Koene and Ter Maat 2005). Selfing can be

enforced by isolating individuals before sexual maturation (e.g.,

Larambergue 1939; Paraense and Corrêa 1988; Jarne and Delay

1990; Jarne et al. 1991, 1993, 2000; Städler et al. 1993; Doums

et al. 1996b; Njiokou et al. 2000; Henry et al. 2003; Tsitrone

et al. 2003b; Escobar et al. 2007; Auld and Relyea 2008). Be-

cause outcrossing requires copulation, it cannot be enforced as in

plants. The experimenter does not have direct control over copu-

lation rates or on how inseminated individuals use the sperm they

receive.

Basommatophorans are oviparous and lay eggs within cap-

sules (clutches) typically containing a few tens of eggs. Hatching

occurs typically 1–2 weeks after egg-laying. Each of the three

major Basommatophoran families (Lymnaeidae, Physidae, and

Planorbidae, comprising ∼90% of Basommatophoran species;

Jarne et al. 2010) contains known examples of both predom-

inantly outcrossing and predominantly selfing species. In out-

crossing species, individuals can store and use foreign sperm

for several weeks after copulation (Cain 1956; Wethington and

Dillon 1991; Dillon et al. 2005), in such a way that cross-

fertilization is effective in the laboratory after the first insemina-

tion during long periods without additional pairing. In the predom-

inantly outcrossing species Biomphalaria glabrata, Physa acuta,

and Lymnaea stagnalis, all of which have been studied in detail

using molecular and morphological markers, most eggs appear

to be outcrossed as soon as allosperm is available (Vianey-Liaud

et al. 1989; Henry et al. 2005; Koene et al. 2009). In the predom-

inantly selfing species that have been studied so far (Lymnaea

truncatula, Bulinus truncatus, Bulinus forskalii, Biomphalaria

pfeifferi), egg production can take place as soon as individuals

are sexually mature, and copulation behavior is rarely observed

(Jarne et al. 1993; Doums et al. 1998; Njiokou et al. 2000; Tian-Bi

et al. 2008). In these species, cross-fertilization is impossible to

enforce.
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BASOMMATOPHORAN DATASET

This dataset includes specific estimates of at least two variables

out of the following three: selfing rate (S; derived from molecular

markers), apparent inbreeding depression (AID; see below) and

the waiting time (WT) in 17 Basommatophoran species, span-

ning the Lymnaeidae, Physidae, and Planorbidae. AID and WT of

12 of these species are new experimental data. When available,

published data on AID for the same species were added to our

dataset. Data on the other five species, as well as all S estimates,

were derived from published studies (see references in Table 2).

We reanalyzed most of the molecular data used to estimate S using

a robust multilocus method (see below).

Details on the origin of individuals of each species are pro-

vided in Tables 1 and 2. Except in B. truncatus, sampling of the

12 newly studied species was performed between 2004 and 2007

in natural populations from a wide range of countries/continents.

Studies in B. truncatus were conducted on strains that have been

maintained for some time in the laboratory under controlled condi-

tions to estimate WT . Studies were performed in five laboratories

in parallel, with separate experiments for each of the 12 species

(Table 1). Snails used at the beginning of experiments will be

referred to as G0 individuals.

AID and WT were estimated using a standard protocol, de-

fined by Tsitrone et al. (2003b) and Escobar et al. (2007), as

follows. Wild individuals from each species were sampled from

one to 12 populations (Table 1) and brought alive to the laboratory

where they were placed in 3-l aquariums at 25◦C under a 12-h

light: 12-h dark photoperiod and fed ad libitum with boiled let-

tuce twice a week. Water was changed weekly. At the beginning

of experiments, G0 individuals were maintained in high-density

conditions (∼10 snails per liter) for one week to ensure that indi-

viduals had access to partners, thus maximizing copulation oppor-

tunities. After this period, G0 individuals were isolated in 75-mL

plastic boxes (Fig. 1). Eggs from G0 snails were isolated and

the offspring (G1 individuals) were reared under optimal condi-

tions of food and water. Before sexual maturity (∼22–30 days

depending on the species; Table 1), G1 snails were split into two

treatments: (1) obligate self-fertilization: virgin individuals were

isolated throughout their lives, never encountering mates; and (2)

facultative cross-fertilization: individuals were isolated most of

the time, but encountered adult mates (one partner per period) 3

times a week for 3 h per mating session (i.e., 9 h/week); mates were

distinguished by a harmless dot of paint on the shell (Henry and

Jarne 2007) and each G1 individual received a different, randomly

chosen partner from the same population and species, maintained

in stock colonies, at each mating session. This protocol mini-

mizes density or grouping effects (e.g., competition effects) be-

cause individuals spend only 5% of their time as pairs, while

allowing snails to copulate frequently as soon as they are sexually

mature.

In both treatments, we measured the age at first reproduc-

tion (T) of G1 individuals by checking for the presence of egg

capsules every 2–3 days (in some cases every week; Table 1),

and estimated the waiting time as WT = TS − TO, and the rel-

ative waiting time as WT/TO, where TS and TO are mean ages

at first reproduction in the obligate self-fertilization (S) and the

facultative cross-fertilization (O) treatments. In addition, we con-

structed cumulative histograms of TS and TO for each species.

These histograms were used to visualize the waiting time di-

rectly, as well as to inspect the percentage of individuals that do

not reproduce in each treatment (e.g., sterile, self-incompatible

or individuals avoiding selfing to all degrees). We also estimated

�max, the maximum difference (as a proportion) between TS and

TO curves (see Fig. 3). �max is expected to be large when WT is

large, but it potentially adds information that is not conveyed by

WT . First, if some individuals produce absolutely no eggs when

isolated, or die before they ever start to lay eggs, they cannot be

used in the computation of WT (it becomes infinite) although TO

can be estimated. We consider that if very few isolated individuals

ever reproduce while most of paired individuals do, there is strong

evidence for selfing avoidance. In practice, such a situation will

be characterized by a large �max, although the WT will be very

imprecise, being largely influenced by the few individuals that

actually selfed. Second, �max is appropriate to compare species

with very different life histories as it is independent of the actual

time scale.

When TS, TO, and WT estimates were derived from more

than a single population, the arithmetic mean across populations

was calculated to obtain one estimate per species. For �max, we

drew the cumulative histograms for all populations and calculated

a single estimate. We tested the null hypothesis that WT was zero

using t-tests in JMP 3.2.1 (SAS Institute Inc.). To provide a quan-

titative representation of the effect of the waiting behavior on the

selfing rate, we also plotted the expected population selfing rate

as a function of population density for various values of the wait-

ing time using the equations derived from Tsitrone et al. (2003a).

�max takes values between 0 and 1. To test whether the experimen-

tal value exceeded the expectation under the null hypothesis of no

effect of treatment on reproduction, we performed 1000 permuta-

tions (individuals, including those that never reproduced or died

before reproduction, being randomly assigned to treatments) and

recalculated �max. The proportion of simulations with �max equal

or superior to the observed value was taken as the P-value of our

hypothesis test. Permutations were performed with Mathematica

4.0 (Wolfram 1996). When necessary, the overall significance in

a group of species was obtained by combining P-values across

species using Fisher’s procedure (Fisher 1925).

Eggs from G1 individuals from both treatments were counted

and isolated in plastic boxes. Hatching typically takes 7–10 days in

all species studied under laboratory conditions. Fifteen to 30 days
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Figure 1. Schematic diagram of the experimental protocol used to estimate the waiting time and apparent inbreeding depression in

Basommatophorans. Filled ovals refer to individuals. Gi refers to generations. More details are provided in the text.

after egg-laying, live (free-moving) individuals were counted. Ju-

venile survival (W) of G2 snails was calculated in each treatment as

the number of living hatchlings divided by the number of eggs laid.

Subsequently, the “apparent inbreeding depression” on juvenile

survival was estimated as AID = 1 − WS/WO, where WS and WO

stand for the mean juvenile survival of offspring from the obligate

self-fertilization and the facultative cross-fertilization treatments,

respectively. Note that we refer to apparent inbreeding depression

rather than to inbreeding depression because outcrossing cannot

be enforced in selfing species (i.e., contrary to hand-pollination in

plants). In outcrossing species, in which cross-fertilization read-

ily occurs after copulation, this provides an estimate of the actual

inbreeding depression (Jarne et al. 1991). However, in selfing

species, it provides only the fitness ratio of offspring from indi-

viduals with and without mates. Nevertheless, because survival

cannot exceed 1, the parameter 1 − WS provides an upward limit

to inbreeding depression in selfing species (Jarne et al. 1992); it

will be referred to as maximum inbreeding depression (IDmax).

Note that we focused on juvenile survival because inbreeding de-

pression is usually largest at this stage of the life cycle (Jarne

et al. 2000; Escobar et al. 2008) and because the largest differ-

ences in inbreeding depression among selfing and outcrossing

plant species occur in early components of fitness (Husband and

Schemske 1996). As above, when estimates were derived for more

than one population, mean WS, WO, AID, and IDmax were calcu-

lated per species. In this case, we tested the null hypothesis that

average AID was zero using t-tests.

In addition to these experimental data, estimates of WT , �max,

AID, and IDmax, or their basic components (i.e., T and W), were

obtained in five species from literature searches (ISI Web of Sci-

ence). We selected studies with protocols comparable to ours,

including both isolated and nonisolated snails.

We also obtained molecular estimates of the selfing rate (S)

in 11 species. The fixation index Fis has been extensively used

to estimate selfing rates using S = 2Fis/(1 + Fis), which assumes

inbreeding equilibrium. However, important upward biases are

associated with this method, especially in outcrossing species,

because of null alleles and mis-scoring (David et al. 2007; Jarne

and David 2008). When possible (five species), we estimated S

using the original datasets and a more robust multilocus method

based on maximum likelihood, which has been shown to be insen-

sitive to mis-scoring and does not depend on Fis (RMES software,

available at ftp://ftp.cefe.cnrs.fr/; David et al. 2007). When these

datasets were not available, S estimates were derived from Fis. The

null hypothesis S = 0 was tested per population either using RMES

or, when unavailable, from the significance of Fis values provided

in the published papers. When several population estimates were

available per species, mean selfing rates were calculated across

populations, and the overall significance was obtained by com-

bining population P-values using Fisher’s procedure. Selfing rates

could be estimated in 11 of 17 Basommatophoran species. Note

that this dataset does not include all available selfing rates in Ba-

sommatophorans. We only included species in which at least one

estimate of AID and/or WT was available. Note also that selfing

rates were sometimes estimated from populations different from

those used in our experiments (and sometimes much more nu-

merous). However, except for B. pfeifferi and B. straminea, the

S estimates included populations geographically close to ours.

Moreover, the observed variance of selfing rates among popula-

tions within species was on average very low (0.02), 8.5 times

lower than the variance among species (0.17) so the choice of

populations cannot greatly affect interspecific patterns. Average

selfing rates were used to classify species as outcrossers (S < 0.2),

selfers (S > 0.8), or intermediate.
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NON-BASOMMATOPHORAN DATASET

We retrieved eight non-Basommatophoran hermaphroditic

species for which at least two of three parameters (AID, WT ,

and S), or their component terms, could be estimated. Data were

analyzed as described above. The non-Basommatophoran dataset

is very heterogeneous in taxonomical origin: it includes five ter-

restrial Pulmonate gastropods (Stylommatophora), one bivalve,

one cestode, and one branchiopod (Table 3). We do not pretend

to provide a comprehensive view of hermaphroditic animals with

these few species, rather we want to explore whether the few data

that can be found are in agreement with the patterns observed in

Basommatophorans.

CORRELATION ANALYSES

As in previous large-scale studies (Husband and Schemske 1996;

Goodwillie et al. 2005; Jarne and Auld 2006) our dataset is made

of a single average estimate of each variable per species. Non-

parametric correlations (Spearman’s rho) were computed between

parameter pairs and the α-level was adjusted for multiple com-

parisons (Verhoeven et al. 2005). Correlations were calculated

on both the Basommatophoran and complete datasets using JMP

3.2.1 (SAS Institute Inc.). For the graphical representation, the

waiting time was transformed as ln(11+WT) to homogenize vari-

ances and decrease the influence of outliers (the constant 11 was

chosen to obtain close to normal distributions and avoid infi-

nite values; transformation does not affect nonparametric tests).

For the Basommatophoran dataset, correlations were also es-

timated using phylogenetic independent contrasts (PICs) with

Mesquite 2.72 (Maddison and Maddison 2009). No comprehen-

sive Basommatophoran phylogeny is available. A phylogeny in-

cluding most Basommatophoran species studied here was built

using the mitochondrial cytochrome oxidase I (COI) gene (se-

quences available in GenBank). Helix aspersa (Pulmonata: Sty-

lommatophora) was used as outgroup. Alignments were obtained

with Clustal-W and the phylogeny was built using a GTR +
G + I model with PhyML 3.0 (Guindon and Gascuel 2003)

(Fig. S1).

As stated in the introduction, the theoretical model (Tsitrone

et al. 2003a) predicts that a positive waiting time should evolve

only in preferential outcrossers with high inbreeding depression.

Correlations including all species should therefore emerge from

the contrast between two clusters of species: preferential self-

ers with no waiting time and low AID versus preferential out-

crossers with positive waiting time and high AID. However the

model also predicts that, within preferential outcrossers, the wait-

ing time should quantitatively increase with inbreeding depres-

sion. We tested this hypothesis by redoing the correlation tests,

keeping only species with positive and significant WT and/or

�max (i.e., preferential outcrossers, based on their reproductive

behavior).

Results
BASOMMATOPHORAN DATASET

Five Basommatophoran species exhibited S < 0.2, most of which

are not significantly different from zero (hereafter, outcrossing

species). Five other species had selfing rates higher than 0.8 (here-

after, selfing species), all of which were significantly different

from zero (Table 2; Fig. 2A). Selfing and outcrossing species

were detected within each of the three studied families of Basom-

matophorans. One species (Physa gyrina) seems to classify as a

mixed-mater (S = 0.3 based on Fis at three weakly polymorphic

allozyme loci typed in 54 individuals from two populations; Buth

and Suloway 1983). Unfortunately, the original dataset of Buth

and Suloway (1983) was not available for re-analysis using multi-

locus methods. We will group P. gyrina with outcrossing species

for further comparisons between selfing and outcrossing species.

Excluding it does not alter our conclusions.

We also obtained new data on WT , �max, AID and IDmax in 11

Basommatophoran species. Data were already available in several

other species (see Table 2 for references). All outcrossing species

(L. stagnalis, R. peregra, P. acuta, P. gyrina and B. glabrata)

had positive WT (mean ± SD across species; 10.8 ± 7.5 days,

t4 = 3.23, P = 0.03); values significantly differed from 0, ex-

cept in P. gyrina. Mean �max for outcrossing species was 0.41 ±
0.18 (P < 0.0001). In selfing species (Pseudosuccinea columella,

Physa marmorata, B. pfeifferi, B. truncatus) WT did not differ

from zero on average (−3.2 ± 4.9 days, t3 = 1.29, P = 0.29),

except in B. pfeifferi where it was negative (−5.2 days, P < 0.05)

meaning that isolated individuals reproduced before paired indi-

viduals. Mean �max in selfing species was 0.08 ± 0.05 (P = 0.77).

WT in four species with no selfing-rate estimates (Helisoma an-

ceps, H. duryi, H. trivolvis, and Planorbula armigera) were quite

long (33–63 days, t3 = 7.18, P = 0.006), representing increases of

32–120% in the age at first reproduction (Fig. S2A). Consistently,

�max for Helisoma spp. and P. armigera were high (0.79–1.00,

P < 0.0001; Fig. 3). In contrast, B. tenagophila and Indoplanorbis

exustus exhibited nonsignificant waiting times of 0.0 and 1.7 days

(or 0.0% and 3.9%) respectively. �max in I. exustus is 0.20 (P =
0.14; Fig. 3) but could not be estimated in B. tenagophila.

Apparent inbreeding depression was estimated in 17 species.

Considering the 11 species for which both S and AID are known,

the average AID for outcrossing species was 0.26 ± 0.17 (t5 =
3.86, P = 0.01) compared to −0.12 ± 0.22 for selfing species (t4 =
1.22, P = 0.29) (Fig. S2B). IDmax was significantly higher for out-

crossers than selfers (0.53 ± 0.13 and 0.24 ± 0.07, respectively;

t8 = 4.28, P = 0.003). Helisoma spp. and P. armigera (unknown

S and long WT) exhibited high AID (0.56–1.00, P = 0.006), in-

cluding cases in which no viable eggs were obtained from isolated

individuals. Biomphalaria tenagophila and I. exustus (unknown S

and nonsignificant, low WT) exhibited low and nonsignificant AID
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Figure 2. Distribution of selfing rate among Basommatophorans

(A) and non-Basommatophorans (B). Black bars = selfing species;

open bars = outcrossing species; gray bars = mixed-mating

species.

(−0.01 and 0.01, respectively) (Fig. S2B). Consistently, the three

Helisoma species and P. armigera exhibited strong IDmax (0.68–

1.00), whereas I. exustus and B. tenagophila exhibited lower val-

ues (0.27 and 0.51, respectively) (Table 2).

NON-BASOMMATOPHORAN DATASET

This dataset comprises only eight species. �max could not be

estimated in any of these species because data on individual re-

production were not available. Selfing rates were estimated in six

species, all using the Fis method; one of these species exhibited

S < 0.2, four had 0.2 < S < 0.8, and one had S > 0.8 (Fig. 2B). The

WT was available in three species: the cestode Schistocephalus

solidus (10 days), and the land snails Partula taeniata (605 days)

and Triodopsis albolabris (101 days) (Fig. S2C). These waiting

times represent between 95% and 417% of increase in the age at

first reproduction when mates were absent. Of the eight species

making up this dataset, four exhibited strong AID (0.78–0.98; S.

solidus, T. albolabris, Succinea putris, and P. taeniata), three ex-

hibited moderate values (0.22–0.40; Eulimnadia texana, Arianta

arbustorum, and Argopecten irradians) and one species had low

AID (0.02; Balea perversa) (Fig. S2D). Although it could not be

estimated in all non-Basommatophoran species, IDmax shows the

same trend as the AID (Table 3).

CORRELATIONS AMONG THE SELFING RATE,

APPARENT INBREEDING DEPRESSION, AND THE

WAITING TIME

Three major, significant correlations were found. We observed

a negative correlation between S and AID (Basommatophoran

dataset: rho = −0.73, P = 0.01; with PICs: r PIC = −0.76, P =
0.006; complete dataset: rho = −0.64, P = 0.006; Fig. 4A), a neg-

ative correlation between S and WT (Basommatophoran dataset:

rho = −0.77, P = 0.005; r PIC = −0.81, P = 0.008; complete

dataset: rho = −0.75, P = 0.0005; Fig. 4B), and a positive cor-

relation between AID and WT (Basommatophoran dataset: rho =
0.86, P < 0.0001; r PIC = 0.90, P < 0.0001; complete dataset:

rho = 0.69, P = 0.0001; Fig. 4C). These correlations persist when

using relative WT , �max instead of WT , and IDmax instead of AID

(Table 4). We also found that WT was positively correlated with

TS but not with TO, and that AID is negatively correlated with

WS but not with WO. In consequence, AID was positively corre-

lated with TS but not with TO in both datasets (Table 4). Finally,

positive correlations between TS and TO were observed in both

datasets.

Plotting WS against WO and TS against TO, provides a sim-

ple visualization of mating system syndromes (Fig. 5), and allows

one to position species that do not have selfing-rate estimates

(B. tenagophila, Helisoma spp., P. armigera, and I. exustus). Over-

all, B. tenagophila and I. exustus behave as selfers (the points are

located on the lines TO = TS and WO = WS), whereas the three

Helisoma species and P. armigera behave as outcrossers, exhibit-

ing even larger TS and lower WS values than all known outcrossers

(Fig. 5). Outside Basommatophorans, the same syndrome is found

in T. albolabris, P. taeniata, and S. solidus, all of which have high

WT and AID values.

When restricting the dataset to preferential outcrossers

(species with significantly positive waiting time or �max, includ-

ing 10 snails plus the cestode S. solidus), we still observe positive

correlations between AID and estimates of waiting time and �max

(Spearman rho: relative WT (in %) vs. AID: rho = 0.79, P =
0.004; absolute WT (in days) vs. AID: rho = 0.56, P = 0.07; �max

vs. AID: rho = 0.71, P = 0.03).
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Figure 3. Cumulative proportion of reproducing individuals as a function of age (in days). Open squares: individuals from the facultative

cross-fertilization treatment; filled squares: individuals from the obligate self-fertilization treatment. �max can be derived from these

curves (see top left panel). Each panel represents a species. The 12 species for which new data are reported are represented, as well as

Biomphalaria pfeifferi and Lymnaea stagnalis (data from Tian-Bi et al. 2008 and Van Duivenboden 1983, respectively).
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Figure 3. Continued.

Discussion
SELFING RATE IN HERMAPHRODITIC ANIMALS

We observed a strongly bimodal distribution of the selfing rate

in Basommatophorans. Such a distribution is consistent with the-

oretical models predicting directional selection toward high or

low selfing rates, and evolutionary instability of mixed-mating

systems (Lande and Schemske 1985; Schemske and Lande

1985; Goodwillie et al. 2005). When including data from non-

Basommatophoran species, the distribution seems much less

bimodal and reminiscent of the relatively flat shape previously

observed in animals (Jarne and Auld 2006). However, the dif-

ference between our Basommatophoran dataset and other animal

datasets might bear on data quality and methods of estimation

rather than on any biological differences. Most of the selfing rates

are estimated with the multilocus maximum-likelihood method in

Basommatophorans, while they are estimated using Fis in other

species. Molecular estimates of selfing rates are not without bias

(Jarne and David 2008). One well-known bias, common to the

two methods, is that inbreeding depression may occur before

sampling, and therefore estimates are not “primary” selfing rates.

Another bias is specific to the Fis method, and arises because

null alleles, as well as many other kinds of scoring errors, are
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Figure 4. Correlations among selfing rate, apparent inbreed-

ing depression, and the waiting time. Filled squares = Ba-

sommatophorans; open squares = non-Basommatophorans. Each

point represents a species.

unavoidable and systematically tend to create heterozygote de-

ficiencies resulting in inflated selfing-rate estimates. Using the

species in which both Fis- and ML-based methods are available

(see Table S1) it seems clear that, although there is not much differ-

ence between the two methods for highly selfing species, a good

proportion (3/5) of the species classified as outcrossers by the ML

method would be classified as mixed-maters using Fis (see David

et al. 2007 for other examples). The fact that all the mixed-maters

found in our dataset are species in which we could not access the

raw data and had to use Fis-based estimates of S raises suspicion

on the reality of mixed mating in animals. In addition, some of

these data have other problems. In P. gyrina, the Fis is actually

based on very little information: the product of the sample size

by number of loci by average genetic diversity is 8.42 (Buth and

Suloway 1983), meaning that heterozygote deficiency is com-

puted on the basis of eight expected observations in total. In S.

putris, the authors (Jordaens et al. 2006) found a large variance in

Fis among loci and concluded that the Fis observed are inflated

by other causes than selfing, which is consistent with the fact that

selfed offspring practically never survive (AID is 0.97).

Jarne and Auld (2006) previously highlighted that the global

distribution of selfing rates among hermaphroditic animals looks

less U-shaped than in plants (Goodwillie et al. 2005). Given that

most selfing rates in animals were derived from Fis, it is crucial

to know what proportion of mixed maters are simply inaccurate

estimations. In the light of the present study, it seems (1) that

bimodality is strong in Basommatophorans; (2) that predominant

selfing and predominant outcrossing have evolved several times

in Pulmonate gastropods because we find the two systems in

each of the three Basommatophoran families studied, and even

within genera (Biomphalaria, Bulinus, and Physa), as well as in

the Stylommatophora (terrestrial snails); (3) that the bias intro-

duced by technical artifacts on previous results should be taken

into account to identify robust examples of mixed mating. Even

if they end up being exceptions to the general rule, these ex-

amples are worth detailed investigation. For example, E. texana

seems to combine mixed-mating and substantial inbreeding de-

pression (although the juvenile AID reported in our table is 0.22,

cumulative inbreeding depression estimates over a lifetime range

from 0.50 to 0.68; Weeks et al. 2000); this species is unique in

our dataset by its androdioecious sexual system (co-occurrence

of males and hermaphrodites) whose stability requires specific

conditions (Pannell 2008; Chasnov 2010).

SELFING RATE AND INBREEDING DEPRESSION

We expected AID to be higher in outcrossing than in selfing

species for two reasons. First, even when mates are available and

copulations occur, a large fraction of eggs may be systematically

self-fertilized in preferentially selfing species; therefore, only a

(potentially small) fraction of offspring from the facultative out-

crossing treatment may actually be products of outcrossing, reduc-

ing the observed AID. Second, inbreeding depression is predicted

to be low in selfers both because recessive, deleterious alleles

are more often exposed to selection, especially semi-lethals ex-

pressed at early stages (Lande and Schemske 1985; Husband and

Schemske 1996) and because selfing is expected to evolve when

inbreeding depression is low. The prediction of higher AID in pre-

dominant outcrossers is fulfilled in both the Basommatophoran

and complete datasets presented here. None of the species

classified as selfers had a significantly positive AID, while most
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Table 4. Correlation coefficients between parameters of the mating system. For Basommatophorans, raw correlations (Spearman’s rho)

and phylogenetic independent contrasts (PICs r) are given above the diagonal (PICs are given within parentheses). For the complete

dataset, rho is given below the diagonal. T = age at first reproduction; WT = waiting time; W = juvenile survival; AID = apparent

inbreeding depression; IDmax = maximum inbreeding depression; S = selfing rate; o = outcrossing; s = selfing. ∗P < 0.05, ∗∗P < 0.01,
∗∗∗P < 0.001; NA = not reported because �max could be estimated only in basommatophorans. Correlations in bold characters are still

significant after correction for multiple comparisons.

S To Ts WT �max Wo Ws AID IDmax

S −0.28 −0.47 −0.77∗∗ −0.86∗∗ 0.14 0.65 −0.73∗ −0.65∗

(0.31) (0.07) (−0.81∗∗) (−0.79∗) (0.16) (0.90) (−0.76∗∗) (−0.90∗∗∗)
To −0.07 0.86∗∗∗ 0.36 0.56∗ 0.05 −0.47 0.41 0.47

(0.73∗∗) (−0.40) (0.18) (−0.09) (−0.16) (−0.15) (0.16)
Ts −0.21 0.86∗∗∗ 0.72∗∗ 0.86∗∗∗ 0.20 −0.78∗∗ 0.72∗∗ 0.78∗∗

(0.23∗∗) (0.77∗∗) (0.17) (−0.60∗) (0.40) (0.60∗)
WT −0.75∗∗∗ 0.44 0.76∗∗∗ 0.96∗∗∗ 0.21 −0.85∗∗∗ 0.86∗∗∗ 0.85∗∗∗

(0.76∗∗) (0.31) (−0.76∗∗) (0.90∗∗∗) (0.76∗∗)
�max NA NA NA NA 0.20 −0.85∗∗∗ 0.86∗∗∗ 0.85∗∗∗

(0.20) (−0.86∗∗) (0.73∗) (0.86∗∗)
Wo 0.39 0.22 0.33 0.04 NA 0.03 0.37 −0.03

(0.06) (0.34) (−0.06)
Ws 0.64∗ −0.28 −0.58∗ −0.66∗∗ NA 0.18 −0.87∗∗∗ −1.00∗∗∗

(−0.87∗∗∗) (−1.00∗∗∗)
AID −0.64∗∗ 0.34 0.62∗∗ 0.69∗∗∗ NA 0.16 −0.90∗∗∗ 0.87∗∗∗

(0.87∗∗∗)
IDmax −0.64∗ 0.28 0.58∗ 0.66∗∗ NA −0.18 −1.00∗∗∗ 0.90∗∗∗

of the outcrossers had high and significant AID. AID was quite

variable among outcrossing species (0.10–1.00 including the three

Helisoma species, which appear to be outcrossers). One source

of this variation is probably the fact that juvenile survival is not

measured exactly in the same way in different species; despite

our efforts, juveniles were not always checked at the exact same

age and a given age (in days) may have different meanings in

species with short versus long life cycles. However, we believe

that two qualitatively different patterns can be observed, which

are not due to technical artifacts. Although some species pro-

duce nearly no living juveniles when forced to self-fertilize (AID

close to 1.0; e.g., Helisoma spp., P. taeniata, S. putris), others

are still able to successfully self-fertilize, although they do suf-

fer from inbreeding depression (e.g., P. acuta, L. stagnalis). This

suggests that the “outcrosser” category includes species that are

nearly incapable of efficient reproduction by self-fertilization (as

previously observed, for instance, in ascidians; Grosberg 1988),

whereas other species can resort to self-fertilization to persist in

conditions of low density or otherwise unavailable mates. This

situation is reminiscent of angiosperms in which predominantly

outcrossing species contain both plants that can self-fertilize in

the absence of pollinators (or when inflorescences are artificially

bagged) and self-incompatible plants unable to set viable seed

autonomously.

Basic models of the evolution of selfing predict that out-

crossing is stable if inbreeding depression exceeds a threshold

value of 0.5, because genes are transmitted to offspring twice as

efficiently through selfed than through outcrossed eggs or seeds.

The threshold can decrease below 0.5 if selfing conveys some

costs (e.g., pollen/sperm discounting; Lande and Schemske 1985;

Charlesworth et al. 1990; Holsinger 1991). Five of 10 purportedly

outcrossing species had AID > 0.5. The remaining five species,

including a relatively modest value (0.10 in L. stagnalis), do not

directly contradict theoretical predictions, however, because AID

was measured only at the very beginning of the life-cycle (0–

1 week after hatching). Although hatching and early survival of-

ten represent a substantial fraction of the variance in fitness, AID

represents only a lower bound for total inbreeding depression.

The latter might be greater than 0.5 in some of these species.

AID observed in predominantly outcrossing species is prob-

ably due to actual inbreeding depression (i.e., the expression of

deleterious recessive mutations). However, the low AID observed

in self-fertilizing species can reflect either low inbreeding de-

pression or low propensity of paired individuals to effectively

outcross their eggs, as both are expected in predominant selfers.

Genetic markers would be required to quantify their respective

contribution to AID (see e.g., Weeks et al. 2000). Yet, even re-

stricting to the self-fertilization treatment (for which there is no
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Figure 5. (A) Age at first reproduction of isolated individuals (TS)

as a function of individuals having access to mates (TO). (B) As in

(A) for juvenile survival (W). Lines represent expectations under

equality between the two treatments (TS = TO and WS = WO).

Each point represents a Basommatophoran species. Bt = Biom-

phalaria tenagophila; Ha = Helisoma anceps; Hd = Helisoma duryi;

Ht = Helisoma trivolvis; Ie = Indoplanorbis exustus; Pa = Planor-

bula armigera.

ambiguity in inbreeding level of the offspring relative to their par-

ents), selfing and outcrossing species clearly differ, with larger

juvenile survival (WS) in the former. WS defines an upper bound

for inbreeding depression; thus, the maximum inbreeding depres-

sion (assuming 100% survival of outcrossed offspring) of out-

crossing species is 2.3 times as large as that of selfing species

(0.63 and 0.28, respectively; t13 = 4.47, P < 0.001). This re-

sult is consistent with the idea that cross-fertilization is pre-

dominant in species that maintain considerable genetic load at

mutation–selection balance and self-fertilization is predominant

in species that have a relatively small load of lethal and semilethal

mutations.

As stated in our introduction, selfing is theoretically expected

to reduce the genetic load (genetic purging, Lande and Schemske

1985). Yet low inbreeding depression in selfing species, as ob-

served in our dataset or in Husband and Schemske (1996), do not

unambiguously support the genetic purging hypothesis. This is be-

cause the observed associations between selfing and inbreeding

depression could arise without purging, only because selfing (re-

spectively outcrossing) evolved in lineages that happened to have

low (respectively high) inbreeding depression. Several approaches

have been taken to document the purging process itself, indirectly

by comparing populations with different recent inbreeding histo-

ries or directly, by artificially imposing selfing in predominantly

outcrossing organisms with initially high inbreeding depression.

These approaches have yielded mixed results. Indeed, artificial

purging has often succeeded in both plants and animals (Barrett

and Charlesworth 1991; Dudash et al. 1997; Lacy and Ballou

1998; Willis 1999; Roff 2002) although indirect approaches usu-

ally provide unclear patterns (Byers and Waller 1999). It is also

clear from the same studies, both theoretically and empirically,

that not all mutations are equally accessible to purging: overdom-

inant polymorphisms and deleterious mutations of weak effects

affecting late-expressed traits are not purged as easily as are dele-

terious mutations with large effects on early-expressed traits. The

fact that predominantly selfing plants appear to have reduced

genetic loads only for the latter (Husband and Schemske 1996)

suggests that historical purging has had some role. Our analysis

on animals was restricted to early survival, and thus maximized

the opportunity to observe effects of purging; yet when enough

data on other fitness components become available, it will be in-

teresting to test whether the same difference between early and

late-acting mutations is observed as in plants.

THE WAITING TIME AS A PREDICTOR OF THE

MATING SYSTEM IN HERMAPHRODITIC ANIMALS

Preferentially outcrossing species should exhibit a positive wait-

ing time (Tsitrone et al. 2003a). The waiting time is expected to

modulate the expected reaction norm of the selfing rate across a

range of population densities. As shown in Figure 6, the waiting

behavior restricts the occurrence of selfing (and of mixed-mating)

to a narrow range of relatively low densities. In agreement with

this, in our dataset, outcrossing species exhibit positive and sig-

nificant waiting times, whereas self-fertilizing species reproduce

as soon as individuals are sexually mature (independent of mate

availability). Some selfing species even show negative waiting

times, probably reflecting a negative effect of pairing, even if

restricted to short periods of time. The waiting time is an accu-

rate predictor of the selfing rate and inbreeding depression, as

it is strongly correlated with both parameters (Fig. 4B and C).
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Figure 6. The expected reaction norm of the selfing rate to pop-

ulation density as a function of the waiting time. The selfing rate

is computed under the simplest possible model, that is, assuming

constant fecundity, mortality and population density, as well as

demographic equilibrium, using equations simplified from Tsitrone

et al. (2003a). The time scale is chosen so that the mortality rate

is 1 (and hence the average life span is 1, and waiting times are

expressed in units of the average life span). Density is represented

as the rate of mate encounter per unit time (relative to mortality).

Previous intraspecific analyses in the outcrosser P. acuta have

shown that the age at first reproduction in the absence of mates

(TS) and the survival of the self-fertilized offspring (WS) are

the main drivers of WT and inbreeding depression, respectively

(Tsitrone et al. 2003b; Escobar et al. 2007; Escobar et al. 2009).

Here, we found the same pattern at the interspecific level. WT is

positively correlated with TS but not with TO, and AID is nega-

tively correlated with WS but not with WO. This suggests that the

correlation between WT and AID mainly relies on a correlation

between TS and WS, and is not affected by the uncertainty in the

outcrossed status of offspring of paired individuals.

The overall correlation between WT and AID in our data is

largely influenced by the presence of highly selfing species with

null WT . Interestingly, however, the correlation persists when we

restrict the dataset to preferential outcrossers (especially if WT are

expressed in relative units, more comparable across species). This

suggests that the WT not only predicts the preferential mating sys-

tem (nonsignificant WT for selfers, positive WT for outcrossers)

but also coevolves quantitatively with inbreeding depression, that

is, outcrossing species with high inbreeding depression avoid self-

ing more strongly, as predicted by the model of Tsitrone et al.

(2003a). Such a correlation has already been observed within one

species, P. acuta, both within and among populations (Escobar

et al. 2009). The model of Tsitrone et al. (2003a) predicts that

selection on WT switches from stabilizing to directional (toward

“infinite” WT) when inbreeding depression approaches 1. In prac-

tice “infinite” WT means that isolated individuals would die with-

out ever starting to reproduce. We do observe such individuals

(their impact is quantified by the variable �max and can be visu-

alized in Fig. 3) in many outcrossing species. As expected, they

are very frequent (and the resulting �max are very high) in species

with AID very close to 1 (the three Helisoma and P. armigera).

Large �max and/or very high WT characterize species in-

capable of efficient self-fertilization (H. anceps, H. duryi, H.

trivolvis, P. armigera, P. taeniata and T. albolabris; Fig. 3,

Tables 2 and 3). Self-incompatibility has not been docu-

mented in snails. If it occurs, it would be worthwhile to deter-

mine its physiological and genetic basis and, eventually, com-

pare it with the allorecognition system in other invertebrates

(Grosberg 1988; Dishaw and Litman 2009) and the well-known

self-incompatibility allele system of flowering plants (De Nettan-

court 1997). Similarly, we have no information on the physio-

logical basis of the observed waiting behavior; yet, whatever the

proximal mechanisms, our data show that waiting times have been

lost or acquired repeatedly in association with evolutionary tran-

sitions between selfing and outcrossing. We find highly selfing

species with no waiting behavior and no apparent inbreeding de-

pression together with outcrossing species with waiting behavior

and high apparent inbreeding depression in several independent

clades (Planorbidae, Lymnaeaidae, and Physidae).

LIMITATIONS AND RECOMMENDATIONS FOR

FUTURE STUDIES

In addition to the various limitations already mentioned, the size of

our dataset is clearly limited. Gastropod mollusks, especially Ba-

sommatophorans, represent most available data and we lack infor-

mation on important groups such as annelids, ascidians, cestodes,

cnidarians, nematodes and trematodes. Based on our limited non-

Basommatophoran dataset, the association between selfing rate,

waiting time, and apparent inbreeding depression observed in Ba-

sommatophorans could be general. In contrast, the bimodality of

the distribution of selfing rates is not confirmed outside Basom-

matophorans but, as mentioned above, the non-Basommatophoran

dataset has to be re-evaluated using more robust methods. Glob-

ally, we suggest that future studies concentrate on (1) adding

species from understudied clades; (2) estimating inbreeding de-

pression over the largest possible proportion of the life cycle

and checking the outcrossed status of offspring using molecular

markers; (3) estimating selfing rates using robust methods and

sampling individuals as early as possible in the life cycle.

COMMON PATTERNS IN MATING-SYSTEM

EVOLUTION BETWEEN HERMAPHRODITIC PLANTS

AND ANIMALS

Husband and Schemske (1996) demonstrated a negative corre-

lation between inbreeding depression and selfing rate in vas-

cular plants. This correlation was corroborated here in Basom-

matophorans and other hermaphroditic animals. Our results thus
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add support to the theoretical expectation that species evolve to-

ward one of the two divergent states, low inbreeding depression–

high selfing rate or high inbreeding depression–low selfing rate

(Lande and Schemske 1985; Charlesworth et al. 1990), by test-

ing it in a clade independent from vascular plants. Directional

selection of the selfing rate leading to these two evolutionarily

stable states seems to accurately describe the macroevolutionary

(i.e., among species) patterns of the mating system. This does not

mean that mixed-mating is never an evolutionary stable strategy.

Several studies have highlighted specific conditions under which

mixed mating can be stable (Holsinger 1991; Johnston 1998;

Cheptou and Mathias 2001; Porcher and Lande 2005). Yet, the

two extreme evolutionary attractors predicted by the disruptive-

selection hypothesis seem to account for a large proportion of the

global pattern.

We have shown that environmental conditions (e.g., popula-

tion density) must also be considered in the evolution of selfing

rates. We have highlighted, at a larger taxonomic scale than pre-

vious studies (Tsitrone et al. 2003b; Escobar et al. 2009), the im-

portance of the waiting time as a life-history trait that summarizes

the reaction norm of selfing rates to population density in animals

(Fig. 6). To our knowledge, there are no comparable estimates

of trait-dependent reaction norms of selfing rates to environmen-

tal or population constraints in plants. The waiting behavior in

preferentially outcrossing animals is not exactly equivalent to the

delayed selfing strategy observed in some plants for several rea-

sons. First, different flowers in the same plant may not have the

same pollination history, and delayed selfing may occur in some

flowers and not others, resulting in mixed mating at the plant

level. Second, in delayed selfing in plants, self-fertilization, but

not all reproduction is postponed. Third, pollination is subject to

external constraints that are not adequately represented by the den-

sity of conspecifics only (e.g., weather, insect activity). All these

differences may result in a higher opportunity for “constrained”

mixed-mating in plants than in snails. Mixed-mating is indeed

surprisingly rare in our snail dataset, much rarer than in plants

(see Goodwillie et al. 2005). The accumulation of information on

the response of selfing rates to environmental constraints in plants

would allow one to interpret this difference, by quantifying the

extent to which mixed-mating in plants results from environmen-

tal constraints on preferentially outcrossing plants versus from a

strategy of producing mixed seed sets in all conditions.

Another interesting aspect lies at the other end of the

outcrossing–selfing continuum. Although environmental con-

straints may explain a substantial fraction of selfing in species

that preferentially outcross, it is difficult to imagine external con-

straints that would impose some outcrossing in preferentially self-

ing organisms, especially in animals with copulatory behavior,

such as snails. A snail only has to avoid copulation or sperm

transfer to keep all its ovules for selfing. Why then do we still

observe a positive (often very small) fraction of cross-fertilization

in some highly selfing species? It seems hard to believe that this

is fortuitous given that these species still exhibit complicated

structures (e.g., penial complex and prostate gland) involved in

male copulatory behavior. The copulatory behavior itself is main-

tained, although copulation can be exceedingly rare (copulations

have been occasionally witnessed in B. pfeifferi, B. truncatus

and B. forskalii). Some of the species may of course be on their

way to evolving a complete loss of these characteristics. For in-

stance, many individuals never develop a phallus in B. truncatus

and several other species (Doums et al. 1998); and simplification

of the prostate gland seems to occur in selfing lineages among

Lymnaeidae (Jarne et al. 2010). Yet, it seems rather unlikely that

most of them are precisely in a transient state. Some outcrossing

might be required to cope with variable environmental conditions

(Morran et al. 2009b) or it could be the resultant of specific genetic

interactions (Charlesworth et al. 1991). It could also be that this

residual outcrossing results from conflicting interests of differ-

ent individuals. If for any reason some individuals have a limited

opportunity to invest in the female function (e.g., males in adro-

dioecious species), they should cross-fertilize as many eggs as

they can from other individuals, and therefore impose some out-

crossing to other individuals in the population. The latter may be

selected to avoid outcrossing, but if it is costly to resist insemina-

tion attempts, the result will be an outcrossing rate exceeding the

female optimum. In any case, identifying the evolutionary forces

that prevent predominantly selfing species from definitively elim-

inating all opportunities of cross-fertilization is an important goal

for the future.
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