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ABSTRACT

Questions: Does the relatedness of potential mates influence search effort, mating behaviours
or reproductive success in simultaneous hermaphrodites? Do search effort and discriminatory
mating behaviours adaptively reflect fitness patterns? Does discrimination depend on current
gender role or body size?

Organism: Laboratory-reared snails, Physa gyrina (Gastropoda: Pulmonata), from family
lines that originated from two populations near Lexington, Kentucky, USA. Physid snails
are hermaphrodites with easily observable mating behaviours. Eggs are laid in transparent,
gelatinous masses.

Methods: We examined the effects of inbreeding and outbreeding on behaviour and
components of fitness in a hermaphroditic mating system. We created experimental treatments
by pairing individuals of known relatedness, or by forcing individuals to self-fertilize.

Results: Snails exhibited behavioural discrimination between partners of varying genetic
relatedness, with behavioural strategies dependent on current gender roles. Male behaviours did
not vary significantly with relatedness. Female-role resistance behaviours increased significantly
with male escalation in both highly inbred and highly outbred pairings, but not in pairings of
intermediate relatedness. Pairings of intermediate relatedness also had the highest reproductive
success, fitting the concept of optimal outbreeding. Crawling rates were not affected by the
relatedness of potential mates, but offspring of self-fertilizing parents crawled less than those of
outcrossed parents. Snails with longer crawl distances exhibited greater escalations of mating
interactions. Body size was positively related to crawling rates and reproduction, and influenced
gender roles and mating behaviour.
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INTRODUCTION

The evolution of mating systems is influenced by behavioural tendencies and differences in
reproductive success between individuals. Most animals prefer some potential mates to
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others rather than mate indiscriminately (Halliday, 1983; Andersson, 1994; Johnstone, 1997). Much effort
has gone into increasing our understanding of mating processes, and how mating decisions
translate into fitness benefits (Bateson, 1983; Andersson, 1994). The genetic relatedness of mates –
that is, inbreeding and outbreeding (Shields, 1982; Thornhill, 1993) – can strongly affect fitness.
Individuals may often encounter relatives as potential mates (Barnard and Fitzsimons, 1988, 1989;

Waldman et al., 1992). Inbreeding occurs when related individuals produce offspring (Partridge, 1983),
or when hermaphrodites self-fertilize. Conversely, outbreeding occurs between unrelated
individuals within a population or between members of different populations.

Inbreeding can result in low fitness (see Falconer, 1981; Bateson, 1983; Jiménez et al., 1994; Keller

et al., 1994; Hosken and Blanckenhorn, 1999). Fitness reductions resulting from inbreeding have been
studied for many years (e.g. Darwin, 1876) and occur in many organisms (Jarne and Charlesworth, 1993).
Inbreeding has received considerable theoretical and empirical attention since it can set
evolutionary forces in opposition, such as inbreeding depression and inclusive fitness
benefits (Partridge, 1983).

Outbreeding is often associated with increased fitness. Positive effects on fitness-related
traits may be gained through outbreeding within a population (Barnard and Fitzsimons, 1989;

Waldman et al., 1992) or crossing between populations (Lynch, 1991). However, reduced fitness is
also possible from outbreeding. Outbreeding in its most extreme form, between members of
different species, is likely to result in low reproductive success (Gilder and Slater, 1978; Bateson, 1983).

Optimal outbreeding can be viewed as a trade-off between conflicting selective forces
(Shields, 1982). Both inbreeding and outbreeding can dramatically affect components of
fitness, including changes in the number, viability or quality of offspring (Barnard and Fitzsimons,

1989; Duncan and Bird, 1989; Mitton, 1993). Thus, Bateson (1983) argued that optimal outbreeding
reflects the point at which the costs of both inbreeding and outbreeding are minimized.
Furthermore, recent studies have developed models testing how changes in factors such
as selection pressures, population size and structure, and reproductive strategy could
influence the effects of inbreeding and outbreeding (Bataillon and Kirkpatrick, 2000; Glémin

et al., 2001, 2003; Whitlock, 2002; Roze and Rousset, 2004). In populations in which inbreeding and
outbreeding concurrently result in low fitness, finding mates of intermediate genetic
similarity might maximize reproductive success (Gilder and Slater, 1978; Keane, 1990) while
minimizing costs.

Most studies that have examined the possible fitness effects of inbreeding and outbreed-
ing have been conducted on plants (Jarne and Charlesworth, 1993; Hewitt and Butlin, 1997). Many of the
studies on animals have examined the effects of inbreeding in vertebrates, especially birds
and mammals (see Thornhill, 1993). There is little direct evidence that outbreeding depression
occurs in animals (Bateson, 1983), but it has been demonstrated in some vertebrates (e.g. Keane,

1990) and invertebrates (e.g. Brown, 1991). Perhaps surprisingly, relatively little work has focused
on invertebrate mating systems with respect to the fitness effects of inbreeding and
outbreeding (but see review by Knowlton and Jackson, 1993).

Since inbreeding and outbreeding can reduce fitness, it is logical to ask what processes
mitigate these consequences in natural populations (Baur and Baur, 1997). Kin recognition
can modulate the level of inbreeding and outbreeding (Barnard and Fitzsimons, 1988), thereby
decreasing the probability of mating with individuals of low genetic compatibility. Natural
selection should favour mechanisms that minimize the combined fitness costs of inbreeding
and outbreeding (Bateson, 1983; Barnard and Fitzsimons, 1988; Keane, 1990). While it is often assumed that
there is a link between discriminatory mating behaviours and the fitness consequences of
inbreeding and outbreeding, relatively few studies have examined how kinship recognition
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mediates mating decisions (see Peters and Michiels, 1996; Baur and Baur, 1997; Facon et al., 2006) or how those
decisions affect fitness as a result of inbreeding or outbreeding (Sherman et al., 1997).

The aims of this study were to determine whether the relatedness of potential mates
influences behaviour and reproductive success, and whether mating behaviours adaptively
reflect fitness patterns. We addressed these questions by observing mating interactions and
recording reproductive output of aquatic snails in the laboratory. We predicted that both
closely related and highly outbred mates would suffer reduced reproductive success due to
inbreeding and outbreeding depression, respectively. We also predicted that the behavioural
dynamics of closely and distantly related pairs would differ from those in ‘optimally’ out-
bred pairings: we expected fewer mating behaviours and copulation attempts, and greater
resistance, during those interactions in highly inbred and outbred pairings. Furthermore, if
individuals indirectly assess potential mates through chemical cues, we expected shorter
crawling distances (i.e. search effort) in response to cues from both highly related and very
dissimilar snails.

MATERIALS AND METHODS

Study system

Physa is a genus of aquatic snails common throughout North America (Burch, 1989).
The ecology of physid snails makes them exceptional subjects for studying the effects of
inbreeding and outbreeding. Since they are facultative simultaneous hermaphrodites, every
mature individual, including itself, is a potential mate. Physids can live in small bodies of
water and are likely to have high levels of inbreeding in extremely small populations (Facon

et al., 2006). Concurrently, outbreeding may also occur if individuals encounter conspecific
snails from foreign populations. Snails may frequently be carried from one body of water to
another via biotic [e.g. water birds (Solem, 1974; Dillon and Wethington, 1995)] or abiotic (e.g. flooding)
mechanisms. Hermaphrodite snails are an excellent system for examining mating
behaviours (Leonard, 1991; DeWitt, 1996; Wethington and Dillon, 1996; Baur and Baur, 1997; Wethington et al., 1999;

Facon et al., 2006) and their fitness consequences (Jarne and Delay, 1990; Chen, 1993; Monsutti and Perrin, 1999).
Physa mate readily, with easily observed mating behaviours, and produce many eggs in
transparent, gelatinous egg masses.

The behavioural dynamics that occur during mating interactions of physid snails have
been described by DeWitt (1991, 1996). First, snails physically contact each other. One snail
will then assume the male gender role by mounting the shell of the second individual, which
by default occupies the ‘female’ role. The ‘male’ crawls in circles on the shell of the ‘female’
until attaining the proper alignment for a mating attempt. The ‘male’ then everts the intro-
mittent organ (the preputium), and a copulation occurs when the preputium contacts and
transfers sperm to the gonopore of the ‘female’. Although these are essentially ‘male’
behaviours, DeWitt also described a variety of rejection or resistance behaviours that are
gender-neutral (e.g. avoidance response – an individual avoids further interaction following
a contact by abruptly changing crawling direction or swinging its shell away from the other
snail) or conducted by snails typically occupying the ‘female’ gender role (e.g. ‘biting’ of the
male’s preputium, lateral shaking of the shell or abruptly drawing shell down to substrate,
thus hindering preputial contact).
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Experimental protocol

We collected Physa gyrina Say, 1812 (Gastropoda: Pulmonata) from two populations:
Crayfish Creek in Jessamine County, KY, and from a drainage ditch running parallel to
train tracks near the University of Kentucky campus in Lexington, KY. Collection sites
were approximately 40 km apart. Wild-caught snails were used to initiate family lines in the
laboratory. We controlled matings between lines to obtain individuals of known relatedness.
Virgin snails of known pedigrees (223 individuals), from the third laboratory-reared
generation of Crayfish Creek family lines, were isolated in separate containers until sexual
maturity. We assigned snails to seven treatments based on genetic relatedness (see Table 1
for treatments, descriptions, and sample sizes). Unrelated pairs (UNR) were composed of
the descendants of sympatric snails and did not share ancestors in any previous laboratory
generations. We created inter-population (INTERP) treatments by pairing snails from the
Crayfish Creek lines with snails (20 individuals) from the first laboratory-reared generation
of allopatric ‘train tracks’ family lines. We made the assumption that maternal effects were
not influencing the snails used in the experiments: we made no attempt to examine the
possibility that maternal effects were influencing the Crayfish Creek lines that had been
raised for three generations in the laboratory, and this assumption was not tested for the
first laboratory-reared generation of ‘train tracks’ snails.

Snails assigned to each treatment were used in three phases of this study. The first phase
examined the locomotory responses of individuals exposed to chemical cues that were

Table 1. Description of experimental treatment groups of snails, together with the coefficients of
relatedness (r) of the mate and the inbreeding coefficients (F) for the resulting offspring

Treatment Description Sample size (n) r of mate F of offspring

SELF-S Self-fertilizing individuals from a
selfing parent

22 snails 1 0.75

SELF-O Self-fertilizing individuals from
outcrossing parents

21 snails 1 0.5

SIB-S Sibling pairs from a selfing parent 20 pairs
(40 snails)

0.5 0.5

SIB-O Sibling pairs from outcrossing
parents

20 pairs
(40 snails)

0.5 0.25

COUS Cousin pairs 20 pairs
(40 snails)

0.125 0.0625

UNR Unrelated intra-population pairs 20 pairs
(40 snails)

0 0

INTERP Inter-population pairs 20 pairs
(20 + 20 snails)

0 0

Note: All snails originated from Crayfish Creek family lines except for half of the individuals used in the INTERP
treatment, which were descended from snails collected from the ‘train tracks’ population.
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produced by a snail of known relatedness. That is, we tested whether naïve snails could
indirectly assess potential mates. In the second phase, the snails were paired with the
individual whose chemical cues they had been exposed to in the first phase to allow us to
observe behavioural interactions between potential mates. In the third phase, snails were
again isolated to measure reproductive success.

While this design has potential limitations, such as the possibility of carry-over effects
between phases [e.g. exposure to different chemical cues influences subsequent mating
interactions (T.M. McCarthy, in preparation)] and thus problems with regard to statistical
independence, it also allowed us to examine the same individuals in a variety of aspects
important to the mating system. Evolutionary changes within a population are the result
of differences in reproductive success among individuals. Our design was appealing
because it allowed us to examine relationships between behaviour and reproductive success,
and make inferences about individuals across different contexts. Consequently, we may
gain a more realistic understanding of the evolution of mating systems in natural
environments.

Phase 1: indirect assessment

Mating frequencies with different types of partners can depend on both relative encounter
frequencies and behavioural interactions during encounters. We examined the effects of
genetic similarity on search effort, which can potentially influence encounter frequencies.
Specifically, we tested whether naïve snails altered crawling rates in response to chemical
cues from potential mates differing in genetic similarity. Studies on other gastropods
showed that high mating propensity is associated with high locomotion rates (Fearnley, 1996). If
P. gyrina are able to assess potential mates via mucus trails or water-borne chemical cues, we
predicted that snail activity would increase with genetic dissimilarity – that is, snails would
reduce search effort or avoid interacting with close relatives. We also predicted that snails
exposed only to their own chemical cues (SELF-S and SELF-O treatments; Table 1) would
have the lowest crawling rates.

We also examined the effects of each snail’s parental type (i.e. whether it was produced
by out-crossed parents or by a selfing event) on crawl distances. If offspring produced by
self-fertilization were of inherently lower quality than offspring from an out-crossing event,
then we expected SIB-S and SELF-S snails to show shorter crawl distances than those in
the other treatments (snails produced by out-crossing). Note that short crawl distances by
SIB-S and SELF-S snails might be a manifestation of inbreeding depression, since they
were produced by selfing, or because they are exposed to cues from a low-quality partner
(sibling’s or own cues). The former reflects low abilities, while the latter reflects low
motivation. To determine whether snails produced by selfing might exhibit longer crawl
distances if exposed to a higher quality potential mate, we conducted a separate test with
a different set of snails: we compared crawl distances of snails produced by selfing
when exposed to chemicals from a sibling (SIB-S) or from unrelated individuals produced
by out-crossing parents (n = 20).

We placed virgin snails into clean Petri dishes containing 50 ml of filtered tap water to
create arenas with snail chemical cues. Snails remained in their dishes for 24 h, thereby
conditioning the dish and water with mucus trails and other chemical cues. Trials began by
placing a snail in a Petri dish appropriate for its treatment assignment (Table 1). Snails
assigned to paired treatments were reciprocally placed into a dish conditioned by another
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snail of known relatedness (their future partner), such that snail A was placed into snail B’s
dish and vice versa. Snails assigned to selfing treatments were held out of the water for 10 s
and returned to their own dish. Snails’ paths were traced during a 3-min observation
period. Tracings were photographed, the images were digitized (ImageJ 1.27z from National
Institutes of Health), and the crawl distances were calculated for each snail. We
compared mean crawl distances between treatments, with shell length as a covariate using
SYSTAT 8.0.

Phase 2: mating interactions

In this phase of the study, we tested whether the relatedness between partners affected
behavioural dynamics. We predicted that if inbreeding was deleterious and snails were able
to assess genetic similarity during interactions, then individuals would avoid mating with
close relatives. In contrast, snails would avoid genetically dissimilar mates if outbreeding
were deleterious. Behavioural indicators of mating preferences should be actions that move
the pair closer to sperm transfer during interactions. Consequently, individuals acting as
males should move rapidly through the mating sequence and the females’ resistance should
not change as the male proceeds. Behaviours that disrupt or terminate the mating sequence
should indicate low motivation to mate with the current partner. If a snail prefers not to
mate with a current partner, it should not proceed through the mating sequence if acting as
a male and increase its resistance if acting in the female role.

Because mature virgin snails readily engage in mating interactions (T.M. McCarthy, personal

observations), and would be expected to exhibit little or no mate preferences (Halliday, 1983), we
allowed all individuals to mate with their assigned partner for 72 h before being isolated for
24 h prior to testing (see McCarthy, 2004). SELF-S and SELF-O snails were not observed since
they had no partners. We placed paired snails in Petri dishes containing 50 ml of clean
water and observed them for 60 min.

We quantified behavioural dynamics by calculating mean frequencies of escalation
behaviours for each pair as follows: number of contacts per hour, number of mountings per
contact, number of positioning behaviours per mounting, number of preputium eversions
per mounting, and number of copulations per preputium eversion. We also quantified
resistance and rejection responses by calculating mean frequencies: number of avoidance
responses per number of contacts, number of ‘male rejections’ per mounting (i.e. male
dismounts female without attempting to copulate and without resistance behaviours from
the female), and number of ‘female biting’ behaviours relative to preputium eversion
frequencies [i.e. female’s mouth region contacts male’s preputium (see DeWitt, 1991)]. Females
need only resist if males attempt to mate. Thus, to measure female resistance, we regressed
the number of ‘biting’ behaviours against the preputium-eversion frequencies for each
treatment. Pairs that did not reach the stage of preputium eversions during interactions
were excluded from the analyses. We compared behavioural dynamics between treatments,
with mean sizes (average shell length of pair) of and proportional size differences
((length of larger – length of smaller)/length of larger) between paired individuals as
covariates. We used covariates to account for any behavioural differences between pairs
(mean size) or individuals within pairs (size difference) due to differences in body size
(see DeWitt, 1996; DeWitt et al., 1999).
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Phase 3: measures of reproduction

We tested whether inbreeding or outbreeding depressed fitness by comparing snails’
reproductive output following mating interactions or self-fertilization. Snails assigned
to selfing treatments (Table 1) were maintained singly in 250-ml cups; snails assigned to
mating-pair treatments interacted with their partners in the cups for 2 weeks. We then
isolated all snails in new cups and collected the egg masses after one week. Although one
week represents a small proportion of the snails’ potential lifetime reproductive effort (they
may live for several months), it was an adequate period of time for comparing the
treatments. Masses were removed from the cups during the later stages of embryo develop-
ment, and the eggs were counted and photographed using a digital camera mounted on a
dissecting microscope. We determined egg numbers and proportions of embryo mortality
from the images.

We used a series of multivariate analyses of covariance (MANCOVAs) and analyses of
covariance (ANCOVAs) to compare reproductive output between different treatments, with
shell length as a covariate. We examined components of reproductive effort by using an
ANCOVA to compare the numbers of egg masses between treatments and MANCOVA,
followed by univariate tests, to compare egg numbers per egg mass and mortality (for
analyses of egg mortality we used log transformations of the proportions of viable
embryos). The number of masses produced was not included in the MANCOVA because
zeros are meaningful data points that would be dropped from the model since there would
be no data for egg number or egg mortality. We also used an ANCOVA to examine
treatment effects on the total number of surviving embryos. We used orthogonal contrasts
to test specific hypotheses on how genetic similarity influenced reproductive output: we
sequentially compared treatment groups to all more related groups (Table 3). Because self-
ing is known to often have strong negative effects on fitness (Jarne and Delay, 1990; Wethington and

Dillon, 1997; Jarne et al., 2000; Henry et al., 2003; Tsitrone et al., 2003a, 2003b), we also compared self-fertilized
to cross-fertilized groups.

RESULTS

Phase 1: indirect assessment

Crawl distances were significantly influenced by treatment type (ANCOVA: F6,205 = 2.41,
P = 0.03), and were weakly, positively correlated with body size (F1,205 = 4.572, P = 0.04;
Pearson r = 0.03) (Fig. 1). Ten individuals from the SELF-O treatment were excluded from
the analysis due to missing size measurements. We used post-hoc contrasts with Bonferroni
corrections to compare activity levels of snails exposed to different cue treatments (i.e. own
cues vs. another snail’s cues) and between individuals produced by different parental
fertilization strategies (self- vs. cross-fertilized parents). The crawl distances of snails
exposed to their own chemical cues were similar to those of snails exposed to another snail’s
chemical cues (SELF-S and SELF-O vs. SIB-S, SIB-O, COUS, UNR, and INTERP;
contrast: F1,205 = 0.01, P = 0.91). However, crawling distances varied with the type of
parental fertilization. Snails produced by selfing parents crawled less than those from out-
crossed parents (SELF-S and SIB-S vs. SELF-O, SIB-O, COUS, UNR, and INTERP;
contrast: F1,205 = 12.17, P = 0.001).

In the second trial, we found that snails produced by self-fertilization showed short crawl
distances regardless of the type of potential mate. Snails crawled an average (± standard
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error) of 7.80 cm (± 0.64) when exposed to chemicals produced by a SIB-S partner, whereas
they crawled an average of 9.28 cm (± 0.93) when exposed to cues from unrelated snails of
out-crossed parents. A Student’s t-test indicated the treatment effect was not statistically
significant (t38 = 1.31, P = 0.20).

Phase 2: mating interactions

In the early stages of an interaction, the probabilities of a snail either mounting or avoiding
its partner following an encounter did not differ between treatments, and there were no
differences in positioning or ‘male rejection’ frequencies once a snail mounted its partner
(Table 2). As the interactions progressed, however, the behavioural dynamics differed
between pair types.

Patterns of female resistance differed with the degree of genetic similarity. For cousins
and unrelated intra-population pairs, bite number and preputium eversion frequencies
were not significantly related (regressions: for COUS, R2 = 0.01, F1,5 = 0.02, P = 0.88;
for UNR, R2 = 0.02, F1,11 = 0.22, P = 0.65). In contrast, the number of bites by the
female increased with the male’s preputium eversion frequency in closely related
SIB-S (R2 = 0.65, F1,11 = 19.98, P = 0.001) and SIB-O (R2 = 0.53, F1,9 = 10.08, P = 0.02)
pairs, and also between genetically dissimilar INTERP snails (R2 = 0.37, F1,10 = 5.92,
P = 0.04).

Relatedness also affected some aspects of ‘male’ behaviour or joint male–female
dynamics late in the overall mating interaction. Interestingly, sibling pairs (SIB-S and
SIB-O) had the longest copulation durations (contrast: F1,43 = 6.89, P = 0.02) (Table 2).
Treatment effects on preputium eversion frequencies (male behaviour) and copulation
frequencies (influenced by both individuals in the pair) were marginally non-significant
(Table 2). However, when we tested more specific hypotheses, the orthogonal contrasts
showed greater preputium-eversion frequencies in INTERP than in intra-population pairs
(contrast: F1,83 = 6.58, P = 0.02), and higher copulation frequencies in COUS than sibling
pairs (contrast: F1,49 = 5.24, P = 0.03).

Fig. 1. Crawling distances (mean ± 1 standard error) of snails during a 3-min exposure to either their
own chemical cues (SELF-S and SELF-O) or cues produced by another snail (SIB-S, SIB-O, COUS,
UNR and INTERP). Numbers in parentheses indicate sample sizes. See text for statistical analyses.
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Mating effort generally increased with body size. Snails in larger pairs had higher
positioning frequencies (Pearson r = 0.268; Table 2), were more likely to attempt
copulations (Pearson r = 0.229; Table 2), and had lower ‘male rejection’ frequencies
(Pearson r = −0.247; Table 2). Across treatments, the larger snail acted as the ‘female’
significantly more often than the smaller snail during successful matings (paired t-test:
t50 = 2.01, P = 0.05).

When we examined crawl distances (Phase 1) together with behaviour, we found that the
distance a snail crawled and its size were related to its behaviours during mating
interactions. Multiple regression analyses indicated significant positive relationships for size
and crawl distance with positioning frequencies (size: partial r = 0.202, P = 0.04; distance:
partial r = 0.229, P = 0.02) and preputium-eversion frequencies (size: partial r = 0.254,
P = 0.008; distance: partial r = 0.283, P = 0.003), but negative relationships with ‘male’
rejection frequencies (size: partial r = −0.256, P = 0.008; distance: partial r = −0.266,
P = 0.006).

Phase 3: measures of reproduction

Analyses of fitness measures supported the prediction that both strong inbreeding and
outbreeding result in decreased reproductive success. Pairing treatment had a significant
effect on several, but not all, components of reproductive effort (MANCOVA: Wilks’
lambda = 0.773, F12,300 = 3.43, P = 0.001). The numbers of egg masses deposited varied with
genetic relatedness (ANCOVA: F6,194 = 9.28, P = 0.001). Contrasts showed that SIB-S and
INTERP snails laid fewer egg masses than other pair types, and that selfing snails (SELF-S,
SELF-O) laid fewer masses than out-crossed snails (Fig. 2a, Table 3). Body size did not

Table 2. Results of ANCOVAs testing for effects of pairing treatment on various behavioural aspects
of mating interactions between individuals

Covariates
Treatment

effects

Mean size
(d.f. = 1)

Size
difference
(d.f. = 1)

Pairing
treatment
(d.f. = 4)

Error d.f. F P F P F P

Behavioural escalations
Mounting/contact 91 0.94 0.34 2.354 0.13 1.262 0.29
Positioning/mounting 83 8.053 0.006 0.396 0.53 1.973 0.11
Preputium eversion/mounting 83 7.807 0.006 0.517 0.47 2.463 0.06
Copulations/preputium 49 0.237 0.63 1.269 0.27 2.428 0.06
Copulation duration 43 0.03 0.86 0.008 0.93 2.812 0.04

Rejection frequencies
Avoidance/contact 91 0.126 0.72 0.638 0.43 1.713 0.15
‘Male rejection’/mounting 83 4.548 0.04 0.859 0.36 1.165 0.33

Note: See text for descriptions of behavioural escalations and rejection frequencies.
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Fig. 2. The reproductive output (mean ± 1 standard error) of snails: (a) numbers of egg masses,
(b) proportions of unviable eggs, and (c) estimated numbers of juveniles according to genetic
relatedness treatments. Numbers in parentheses indicate sample sizes. Orthogonal contrasts
comparing treatments are given in Table 2.
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affect the number of egg masses (F1,194 = 2.33, P = 0.13). In contrast, the numbers of eggs
per mass increased with body size (F1,151 = 13.12, P = 0.001; Pearson r = 0.24) but were not
significantly affected by treatments (univariate F-test: F6,151 = 2.00, P = 0.07: SELF-S and
SELF-O might differ but sample sizes were small) (Table 4).

Egg mortality differed between treatments (univariate F-test on log(proportion live
embryos): F6,151 = 4.60, P = 0.001). The most striking effect was higher mortality for eggs
produced by selfing snails compared with eggs from mated pairs (Fig. 2b, Table 3). Egg
mortality was generally low for mated pairs (less than 7% for most pairing types), but
egg mortality differed among treatments: INTERP pairs had lower egg mortality than
intra-population pairs, UNR had lower egg mortality than related pairs, and SIB-O had
lower egg mortality than SIB-S (Table 3). Egg mortality was not influenced by parental
body size (F1,151 = 1.11, P = 0.29).

We found significant treatment effects on the estimated number of juveniles (ANCOVA:
F6,194 = 8.27, P = 0.001): COUS had more offspring than sibling pairs, SIB-O had more

Table 3. Results of orthogonal contrasts comparing reproductive measures of each treatment group
against more related groups within paired or selfing treatments

No. of egg
masses

(d.f. = 1,194)

Embryo
mortality

(d.f. = 1,151)

Estimated no.
of juveniles

(d.f. = 1,194)

Comparison F P F P F P

INTERP vs. all intra-population pairs 5.96 0.02 4.11 0.04 3.33 0.07
UNR vs. all related pairs 0.12 0.90 5.68 0.02 0.30 0.59
COUS vs. all sibling pairs 3.75 0.06 1.57 0.21 7.53 0.007
SIB-O vs. SIB-S 7.26 0.01 6.68 0.01 8.78 0.003
SELF-O vs. SELF-S 0.01 0.97 0.03 0.86 0.03 0.87
SELF-S, SELF-O vs. SIB-S, SIB-O,

COUS, UNR, INTERP
34.00 0.001 7.49 0.007 27.29 0.001

Note: All paired treatments were also tested against all selfing treatments. See text for results of MANCOVA and
ANCOVA analyses.

Table 4. Reproductive data for each experimental treatment
group indicating numbers of egg masses and the mean numbers
of eggs per mass

Treatment
No. of egg

masses sampled
Mean no. of eggs/mass

(± 1 standard error)

SELF-S 8 12.0 (2.5)
SELF-O 6 6.1 (2.7)
SIB-S 91 9.1 (0.5)
SIB-O 125 9.0 (0.4)
COUS 129 9.6 (0.4)
UNR 107 9.4 (0.5)
INTERP 34 9.6 (0.7)

Relatedness and reproduction 87



offspring than SIB-S, and selfers produced fewer juveniles than out-crossing snails (Fig. 2c,
Table 3). Body size also influenced reproductive output, with larger snails producing slightly
larger numbers of juveniles (F1,194 = 6.77, P = 0.01; Pearson r = 0.06).

DISCUSSION

Inbreeding and outbreeding can significantly affect fitness, thus selection should favour
mechanisms allowing individuals to assess and discriminate between potential mates. An
important assumption in many studies is that discriminatory mating behaviours adaptively
reflect fitness differences that would result from mating with individuals that differ in
genetic similarity. We found that genetic similarity has important effects on reproductive
success and mating behaviours. The highest reproductive output was observed in pairs of
intermediate relatedness. The mating behaviours of these hermaphrodites corresponded
with this reproductive pattern, with snails occupying the female role increasing their
resistance towards either closely related or genetically dissimilar partners as interactions
progressed. In contrast, snails playing the male role did not generally alter their behaviour
in response to the genetic similarity of their partner. Body size mattered in complex ways –
larger snails crawled farther and exhibited a greater propensity to escalate in the male role,
which suggests greater sexual motivation. Despite this, the larger snail in a pair was more
likely to be the female in successful copulations.

A vast literature shows that inbreeding depression is a common outcome of mating
between closely related partners (Bateson, 1983; Jiménez et al., 1994; Keller et al., 1994; Hosken and Blanckenhorn,

1999). The opposite phenomenon – outbreeding depression – has also been documented
in animal systems (e.g. Keane, 1990; Brown, 1991). Optimal outbreeding reflects a point where the
costs of both inbreeding and outbreeding are minimized (Bateson, 1983). Although optimal
outbreeding may be common, relatively few studies have quantified the effect using
controlled crosses in animal systems. We found that pairs of intermediate relatedness
(cousins) produced the greatest number of offspring, while self-fertilizing individuals,
sibling pairs, and inter-population pairs all suffered reduced relative reproductive
success.

Note that the ‘optimal’ degree of genetic similarity for mates is likely to differ between
populations, or even within a population over time. A population’s mating history may
affect the functional relationship between genetic similarity and fitness (Partridge, 1983; Facon

et al., 2006), and may be an important consideration for understanding mating patterns. For
example, frequent inbreeding can purge deleterious recessive alleles over time (Bateson, 1983;

Barrett and Charlesworth, 1991; Jarne and Charlesworth, 1993; Holtsford, 1996; Crnokrak and Barrett, 2002; Duarte et al.,

2003), thereby altering the reproductive consequences of inbreeding. Several theoretical
and empirical studies have examined factors that could affect reproductive success (Bataillon

and Kirkpatrick, 2000; Glémin et al., 2001; Whitlock, 2002; Roze and Rousset, 2004), rates of self-fertilization
(Glémin et al., 2001; Tsitrone et al., 2003a, 2003b; Roze and Rousset, 2004), and sex allocation (Hughes

et al., 2002, 2003) in inbreeding populations. However, few studies have examined inter-
population differences in selfing, inbreeding, and outbreeding rates along with the resultant
fitness effects (Jarne and Charlesworth, 1993). Existing studies suggest that inter-population
comparisons are worthy of closer attention. Wethington and Dillon (1997) found that 10 of
26 physid snails self-fertilized some proportion (range 1–35%) of their offspring, but
Monsutti and Perrin (1999) estimated the selfing frequency of another population to be 79%.
Such discrepancies, together with the theoretical models, suggest further investigations of
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population variation in optimal outbreeding are warranted, and that the history, as well as
the current state, of the population should be taken into consideration.

If genetic relatedness affects reproductive output, then mating preferences should depend
on genetic relatedness. When inbreeding and outbreeding simultaneously result in fitness
depression, the degree of genetic similarity will influence the mating system and mating with
an optimal intermediate genotype is likely (Waser, 1993). Thus, a prediction for this study was
that the snails should prefer partners with intermediate relatedness (Bateson, 1982; Barnard

and Fitzsimons, 1988, 1989; Keane, 1990), while avoiding sibling (Waldman et al., 1992; Wedekind et al., 1995; Ober et al.,

1997; Smith et al., 1997; Wedekind and Füri, 1997; Facon et al., 2006) and inter-population matings
(Baur and Baur, 1992; Rupp and Woolhouse, 1999).

However, complex interactions arise when each individual possesses both genders (Leonard,

1991; Crowley et al., 1998). Optimal outbreeding criteria may differ between genders, even within a
single individual. In particular, preference strength may depend on the relative investment
each sex devotes to reproduction (Halliday, 1983). Male fitness often depends upon the number
of females inseminated, while female success may vary little after one insemination (Hosken

and Blanckenhorn, 1999). Thus, the costs of misallocating energy and effort towards low-quality
mates should make females choosier than males (Gilder and Slater, 1978; Lawlor et al., 1990; Eklund, 1997).
Hughes et al. (2002) found hermaphroditic bryozoans altered female function following
exposure to allosperm from clones having different coefficients of relatedness, while there
was no effect on male function. As in the present study, Facon et al. (2006) found that snails
(Physa acuta) discriminated between mates differing in genetic relatedness when acting as
females but not when acting as males. Here, snails acting as males exhibited little or no
tendency to prefer mates based on genetic similarity. In contrast, female-role resistance
reflected variations in reproductive output associated with partners of different genetic
similarity. That is, in treatments with lower reproductive output, the frequency of female
biting behaviours increased when males exhibited higher frequencies of preputium eversion
(more mating attempts). Interestingly, this was not the case for the cousin and unrelated
pairs with higher reproductive output – that is, females did not significantly increase
resistance to males with higher mating attempt frequencies.

The observed behavioural patterns and the relationships between behaviour and
reproductive output are subject to alternative interpretations. For example, the behavioural
tendencies of individuals acting in the female gender role suggest that they preferred some
types of mates to others. In particular, ‘females’ preferred mates with whom they would
have higher reproductive success. Alternatively, this pattern could be interpreted as
individuals rejecting the female role during interactions rather than preferring or resisting
specific males. Regardless of the mechanism, however, the snails’ gender-specific
behavioural strategies (i.e. no discrimination when acting as a male, but increased resistance
when acting as a female in some treatments) should enhance individual fitness.

The relationship between behavioural tendencies and reproductive success might also be
open to different interpretations. If the evolution of mating behaviours is driven by fitness
consequences, then mating preferences and behaviours should reflect fitness benefits (Barnard

and Fitzsimons, 1988, 1989; Shields, 1993). Alternatively, the observed reproductive patterns could be
explained by the behavioural tendencies themselves rather than the effects of inbreeding or
outbreeding. For example, pairs with fewer matings might produce fewer offspring. These
interpretations are not mutually exclusive. For instance, snails in INTERP pairs produced
fewer numbers of egg masses than those in intra-population pairs. This could result from
genetic incompatibility between allopatric snails, a life-history strategy [e.g. snails reduced
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current reproductive effort in return for greater reproductive success in the future (Tsitrone

et al., 2003a)], or behavioural tendencies not related to fitness (i.e. allopatric individuals may be
genetically compatible but be behaviourally averse towards each other).

In this study, it is unlikely that the reduced number of egg masses produced by INTERP
snails reflects lower mating frequencies. The snails should not have been sperm limited since
mature virgin snails readily engage in mating interactions (T.M. MCarthy, personal observations) and
paired snails were maintained together for a 2-week period. Furthermore, physid snails can
store sperm for long periods (Wethington and Dillon, 1991). Thus, producing fewer egg masses was
unlikely to be the result of fewer matings and sperm limitation per se. Similarly, because
embryos from INTERP matings suffered little mortality, post-zygotic genetic incom-
patibilities are not likely to underlie the low number of egg masses produced by INTERP
matings. The possibility remains, however, that INTERP matings resulted in pre-zygotic
genetic incompatibility. Alternatively, the low reproductive output from INTERP matings
could be due to reduced current reproductive effort. We cannot discriminate between these
mechanisms in this study, and in fact it is possible that multiple mechanisms influence the
snails’ reproductive success.

Interestingly, it is probable that the low reproductive success of selfing snails was influ-
enced by both reduced reproductive effort (selfing inhibition) and inbreeding depression
(self incompatibility). This conclusion arises from comparisons of the reproductive outputs
of SELF-O and SIB-S snails, whose offspring have equivalent inbreeding coefficients
(Table 1) but result from different immediate mating strategies (i.e. selfing vs. out-crossing).
Evidence for inbreeding depression in the SIB-S treatment included lower numbers of egg
masses and greater embryo-mortality rates compared with other pairing treatments.
SELF-O treatments are expected to have reproductive consequences (intensity of inbreed-
ing depression) similar to SIB-S treatments given the equal inbreeding coefficients of the
offspring. However, the reproductive success of SELF-O treatments was considerably less
than that observed for SIB-S treatments, which implies that the reduced reproductive
success of selfing snails resulted from decreased reproductive effort in addition to inbreed-
ing depression. There are likely to be strong selective forces acting against selfing (Jarne and

Charlesworth, 1993), since it increases the likelihood of uncovering deleterious heritable effects
(Falconer, 1981). Barriers to self-fertilization (e.g. selfing inhibition) serve as mechanisms that
mitigate inbreeding depression (Peters and Michiels, 1996), which is the most important selective
force against selfing (Jarne and Charlesworth, 1993; Pray and Goodnight, 1995; Baur and Baur, 1997). Several
previous studies have described reductions of current reproductive effort in self-fertilizing
snails (see discussions of selfing inhibition: Jarne and Delay, 1990; Jarne and Charlesworth, 1993; Wethington and Dillon,

1997; Tsitrone et al., 2003a, 2003b). Vernon (1995) likely reduced the effects of selfing inhibition by
exposing snails (Biomphalaria glabrata) that were forced to self-fertilize to chemical cues
from conspecifics; these individuals had reproductive outputs similar to those of paired
snails.

Theory predicts that the relative sizes of paired individuals should influence gender
strategies during mating interactions of simultaneous hermaphrodites (Angeloni et al., 2002; see

also DeWitt, 1996). The benefit of adopting the male role is proportional to the fecundity of the
other individual. If larger snails are more fecund, the smaller individual gains more from
serving as the male than does the larger individual. Thus, all else being equal, theory
predicts that the larger individual should take on the female role. We found larger snails
were indeed more fecund and more likely to be the female in successful matings. Interest-
ingly, absolute (as opposed to relative) size also influenced mating behaviours in ways that
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contradict the above predictions. Larger snails were more likely to escalate mating inter-
actions in the male role and crawled slightly farther than smaller snails. Additionally, higher
crawling rates were positively associated with male escalation behaviours. Similarly,
Fearnley (1996) found that mating propensity was associated with locomotion rates in the
land snail Helix aspersa. This suggests that sexual motivation could be measured in other
contexts. While there is increasing interest in the complex gender-choice and gender-conflict
considerations for hermaphrodites during mating interactions, current models do not
account for the kinds of interesting behavioural patterns that were evident here.

ACKNOWLEDGEMENTS

Discussion and comments by P. Crowley, D. Westneat, R.C. Sargent, C. Akins, C. Fox, T. DeWitt,
A. Wethington, R. Dillon, E. McCarthy, and anonymous reviewers greatly improved this work. The
help and insights provided by all of the members of the Sih, Crowley, and Westneat lab groups were
greatly appreciated. Support was provided by the Graduate School and the Biology Department at the
University of Kentucky, Ribble Enhancement Funds, Robert A. Kuehne Memorial Funds, Utica
College, a Sigma Xi Grant-in-Aid of Research, a Student Research Grant from the Animal Behavior
Society, an NSF Doctoral Dissertation Improvement Grant (IBN-0105086: Sih & McCarthy), and by
NSF IBN 0222063 to A. Sih.

REFERENCES

Andersson, M. 1994. Sexual Selection. Princeton, NJ: Princeton University Press.
Angeloni, L., Bradbury, J.W. and Charnov, E.L. 2002. Body size and sex allocation in simultaneously

hermaphroditic animals. Behav. Ecol., 13: 419–426.
Barnard, C.J. and Fitzsimons, J. 1988. Kin recognition and mate choice in mice: the effects of

kinship, familiarity and social interference on intersexual interaction. Anim. Behav., 36:
1078–1090.

Barnard, C.J. and Fitzsimons, J. 1989. Kin recognition and mate choice in mice: fitness consequences
of mating with kin. Anim. Behav., 38: 35–40.

Barrett, S.C.H. and Charlesworth, D. 1991. Effects of a change in the level of inbreeding on the
genetic load. Nature, 352: 522–524.

Bataillon, T. and Kirkpatrick, M. 2000. Inbreeding depression due to mildly deleterious mutations in
finite populations: size does matter. Genet. Res., 75: 75–81.

Bateson, P. 1982. Preferences for cousins in Japanese quail. Nature, 295: 236–237.
Bateson, P. 1983. Optimal outbreeding. In Mate Choice (P. Bateson, ed.), pp. 257–277. Cambridge:

Cambridge University Press.
Baur, B. and Baur, A. 1992. Reduced reproductive compatibility in Arianta arbustorum (Gastropoda)

from distant populations. Heredity, 69: 65–72.
Baur, B. and Baur, A. 1997. Random mating with respect to relatedness in the simultaneously

hermaphroditic land snail Arianta arbustorum. Invertebrate Biol., 116: 294–298.
Brown, A.F. 1991. Outbreeding depression as a cost of dispersal in the Harpacticoid copepod,

Tigriopus californicus. Biol. Bull., 181: 123–126.
Burch, J.B. 1989. North American Freshwater Snails. Hamburg, MI: Malacological Publications.
Chen, X. 1993. Comparison of inbreeding and outbreeding in hermaphroditic Arianta arbustorum

(L.) (land snail). Heredity, 71: 456–461.
Crnokrak, P. and Barrett, S.C.H. 2002. Perspective: Purging the gentic load: a review of the experi-

mental evidence. Evolution, 56: 2347–2358.
Crowley, P.H., Cottrell, T., Garcia, T., Hatch, M., Sargent, R.C., Stokes, B.J. et al. 1998. Solving the

Relatedness and reproduction 91



complementarity dilemma: evolving strategies for simultaneous hermaphroditism. J. Theor. Biol.,
195: 13–26.

Darwin, C. 1876. The Effects of Cross and Self Fertilisation in the Vegetable Kingdom. London:
J. Murray.

DeWitt, T.J. 1991. Mating behavior of the freshwater pulmonate snail, Physa gyrina. Am. Malacol.
Bull., 9: 81–84.

DeWitt, T.J. 1996. Gender contests in a simultaneous hermaphrodite snail: a size advantage model
for behavior. Anim. Behav., 51: 345–351.

DeWitt, T.J., Sih, A. and Hucko, J.A. 1999. Trait compensation and cospecialization in a freshwater
snail: size, shape, and antipredator behaviour. Anim. Behav., 58: 397–407.

Dillon, R.T. and Wethington, A.R. 1995. The biogeography of sea islands: clues from the population
genetics of the freshwater snail, Physa heterostropha. Syst. Biol., 44: 400–408.

Duarte, L.C., Bouteiller, C., Fontanillas, P., Petit, E. and Perrin, N. 2003. Inbreeding in the greater
white-toothed shrew, Crocidura russula. Evolution, 57: 638–645.

Duncan, J.R. and Bird, D.M. 1989. The influence of relatedness and display effort on the mate
choice of captive female American kestrels. Anim. Behav., 37: 112–117.

Eklund, A. 1997. The major histocompatibility complex and mating preferences in wild house mice
(Mus domesticus). Behav. Ecol., 8: 630–634.

Facon, B., Ravigné, V. and Goudet, J. 2006. Experimental evidence of inbreeding avoidance in the
hermaphroditic snail Physa acuta. Evol. Ecol., 20: 395–406.

Falconer, D.S. 1981. Introduction to Quantitative Genetics. London: Longman.
Fearnley, R.H. 1996. Heterogenic copulatory behaviour produces non-random mating in laboratory

trials in the land snail Helix aspersa Müller. J. Mollusc. Stud., 62: 159–164.
Gilder, P.M. and Slater, P.J.B. 1978. Interest of mice in conspecific male odours is influenced by

degree of kinship. Nature, 274: 364–365.
Glémin, S., Bataillon, T., Ronfort, J., Mignot, A. and Olivieri, I. 2001. Inbreeding depression in small

populations of self-incompatible plants. Genetics, 159: 1217–1229.
Glémin, S., Ronfort, J. and Bataillon, T. 2003. Patterns of inbreeding depression and architecture of

the load in subdivided populations. Genetics, 165: 2193–2212.
Halliday, T.R. 1983. The study of mate choice. In Mate Choice (P. Bateson, ed.), pp. 3–32.

Cambridge: Cambridge University Press.
Henry, P.-Y., Pradel, R. and Jarne, P. 2003. Environment-dependent inbreeding depression in a

hermaphroditic freshwater snail. J. Evol. Biol., 16: 1211–1222.
Hewitt, G.M. and Butlin, R.K. 1997. Causes and consequences of population structure.

In Behavioral Ecology: An Evolutionary Approach (J.R. Krebs and N.B. Davies, eds.),
pp. 350–372. Oxford: Blackwell Science.

Holtsford, T.P. 1996. Variation in inbreeding depression among families and populations of Clarkia
tembloriensis (Onagraceae). Heredity, 76: 83–91.

Hosken, D.J. and Blanckenhorn, W.U. 1999. Female multiple mating, inbreeding avoidance, and
fitness: it is not only the magnitude of costs and benefits that counts. Behav. Ecol., 10:
462–464.

Hughes, R.N., Manriquez, P.H. and Bishop, J.D.D. 2002. Female investment is retarded pending
reception of allosperm in a hermaphroditic colonial invertebrate. Proc. Natl. Acad. Sci. USA, 99:
14884–14886.

Hughes, R.N., Manriquez, P.H., Bishop, J.D.D. and Burrows, M.T. 2003. Stress promotes maleness
in hermaphroditic modular animals. Proc. Natl. Acad. Sci. USA, 100: 10326–10330.

Jarne, P. and Charlesworth, D. 1993. The evolution of the selfing rate in functionally hermaphrodite
plants and animals. Annu. Rev. Ecol. Syst., 24: 441–466.

Jarne, P. and Delay, B. 1990. Inbreeding depression and self-fertilization in Lymnaea peregra
(Gastropoda: Pulmonata). Heredity, 64: 169–175.

Jarne, P., Perdieu, M.-A., Pernot, A.-F., Delay, B. and David, P. 2000. The influence of

McCarthy and Sih92



self-fertilization and grouping on fitness attributes in the freshwater snail Physa acuta: population
and individual inbreeding depression. J. Evol. Biol., 13: 645–655.

Jiménez, J.A., Hughes, K.A., Alaks, G., Graham, L. and Lacy, R.C. 1994. An experimental study of
inbreeding depression in a natural habitat. Science, 266: 271–273.

Johnstone, R.A. 1997. The tactics of mutual mate choice and competitive search. Behav. Ecol.
Sociobiol., 40: 51–59.

Keane, B. 1990. The effect of relatedness on reproductive success and mate choice in the white-footed
mouse, Peromyscus leucopus. Anim. Behav., 39: 264–273.

Keller, L.F., Arcese, P., Smith, J.N.M., Hochachka, W.M. and Stearns, S.C. 1994. Selection against
inbred song sparrows during a natural population bottleneck. Nature, 372: 356–357.

Knowlton, N. and Jackson, J.B. 1993. Inbreeding and outbreeding in marine invertebrates. In
The Natural History of Inbreeding and Outbreeding (N.W. Thornhill, ed.), pp. 200–249. Chicago,
IL: University of Chicago Press.

Lawlor, B.J., Read, A.F., Keymer, A.E., Parveen, G. and Crompton, D.W.T. 1990. Non-random
mating in a parasitic worm: mate choice by males? Anim. Behav., 40: 870–876.

Leonard, J.L. 1991. Sexual conflict and the mating systems of simultaneously hermaphroditic
gastropods. Am. Malacol. Bull., 9: 45–58.

Lynch, M. 1991. The genetic interpretation of inbreeding depression and outbreeding depression.
Evolution, 45: 622–629.

McCarthy, T.M. 2004. Effects of pair-type and isolation time on mating interactions of a freshwater
snail, Physa gyrina (Say, 1821). Am. Malacol. Bull., 19: 47–55.

Mitton, J.B. 1993. Theory and data pertinent to the relationship between heterozygosity and fitness.
In The Natural History of Inbreeding and Outbreeding (N.W. Thornhill, ed.), pp. 42–59. Chicago,
IL: University of Chicago Press.

Monsutti, A. and Perrin, N. 1999. Dinucleotide microsatellite loci reveal a high selfing rate in the
freshwater snail Physa acuta. Molec. Ecol., 8: 1076–1078.

Ober, C., Weitkamp, L.R., Cox, N., Dytch, H., Kostyu, D. and Elias, S. 1997. HLA and mate choice
in humans. Am. J. Human Genet., 61: 497–504.

Partridge, L. 1983. Non-random mating and offspring fitness. In Mate Choice (P. Bateson, ed.),
pp. 227–255. Cambridge: Cambridge University Press.

Peters, A. and Michiels, N.K. 1996. Evidence for lack of inbreeding avoidance by selective mating in
a simultaneous hermaphrodite. Invertebrate Biol., 115: 99–103.

Pray, L.A. and Goodnight, C.J. 1995. Genetic variation in inbreeding depression in the red flour
beetle Tribolium castaneum. Evolution, 49: 176–188.

Roze, D. and Rousset, F. 2004. Joint effects of self-fertilization and population structure on mutation
load, inbreeding depression and heterosis. Genetics, 167: 1001–1015.

Rupp, J.C. and Woolhouse, M.E.J. 1999. Impact of geographical origin on mating behaviour in two
species of Biomphalaria (Planorbidae: Gastropoda). Anim. Behav., 58: 1247–1251.

Sherman, P.W., Reeve, H.K. and Pfennig, D.W. 1997. Recognition systems. In Behavioural Ecology;
An Evolutionary Approach (J.R. Krebs and N.B. Davies, eds.), pp. 69–96. Oxford: Blackwell
Science.

Shields, W.M. 1982. Philopatry, Inbreeding, and the Evolution of Sex. Albany, NY: State University of
New York Press.

Shields, W.M. 1993. The natural and unnatural history of inbreeding and outbreeding. In The
Natural History of Inbreeding and Outbreeding (N.W. Thornhill, ed.), pp. 143–169. Chicago, IL:
University of Chicago Press.

Smith, D., Meier, T., Gefen, E., Mech, L.D., Burch, J.W., Adams, L.G. et al. 1997. Is incest common
in gray wolf packs? Behav. Ecol., 8: 384–391.

Solem, A. 1974. The Shell Makers, Introducing Mollusks. New York: Wiley.
Thornhill, N.W., ed. 1993. The Natural History of Inbreeding and Outbreeding. Chicago, IL:

University of Chicago Press.

Relatedness and reproduction 93



Tsitrone, A., Duperron, S. and David, P. 2003a. Delayed selfing as an optimal mating strategy in
preferentially outcrossing species: theoretical analysis of the optimal age at first reproduction
in relation to mate availability. Am. Nat., 162: 318–331.

Tsitrone, A., Jarne, P. and David, P. 2003b. Delayed selfing and resource reallocations in relation to
mate availability in the freshwater snail Physa acuta. Am. Nat., 162: 474–488.

Vernon, J.G. 1995. Low reproductive output of isolated, self-fertilizing snails: inbreeding depression
or absence of social facilitation? Proc. R. Soc. Lond. B, 259: 131–136.

Waldman, B., Rice, J.E. and Honeycutt, R.L. 1992. Kin recognition and incest avoidance in toads.
Am. Zool., 32: 18–30.

Waser, N.M. 1993. Population structure, optimal outbreeding, and assortative mating in
angiosperms. In The Natural History of Inbreeding and Outbreeding (N.W. Thornhill, ed.),
pp. 173–199. Chicago, IL: University of Chicago Press.

Wedekind, C. and Füri, S. 1997. Body odour preferences in men and women: do they aim for specific
MHC combinations or simply heterozygosity? Proc. R. Soc. Lond. B, 264: 1471–1479.

Wedekind, C., Seebeck, T., Bettens, F. and Paepke, A. 1995. MHC-dependent mate preferences in
humans. Proc. R. Soc. Lond. B, 260: 245–249.

Wethington, A.R. and Dillon, R.T. 1991. Sperm storage and evidence for multiple insemination in a
natural population of the freshwater snail, Physa. Am. Malacol. Bull., 9: 99–102.

Wethington, A.R. and Dillon, R.T. 1996. Gender choice and gender conflict in a non-reciprocally
mating simultaneous hermaphrodite, the freshwater snail, Physa. Anim Behav., 51: 1107–1118.

Wethington, A.R. and Dillon, R.T. 1997. Selfing, outcrossing, and mixed mating in the freshwater
snail Physa heterostropha: lifetime fitness and inbreeding depression. Invertebrate Biol., 116:
192–199.

Wethington, A.R., Eastman, E.R. and Dillon, R.T. 1999. No premating reproductive isolation
among populations of a simultaneous hermaphrodite, the freshwater snail Physa. Paper
presented to the First Freshwater Mollusk Conservation Society Symposium.

Whitlock, M.C. 2002. Selection, load and inbreeding depression in a large metapopulation. Genetics,
160: 1191–1202.

McCarthy and Sih94


