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Summary

Summary

Classical sexual selection theory assumes thatefmductive success of females is limited by the
resources available for egg production, while #ereductive success of males is determined by the
number of mates (Bateman'’s principle). It has beeggested that the optimal mating rates should also
diverge between gender functiomsthin individuals of simultaneous hermaphrodites. THissts
investigates sex allocation and precopulatory dexatection by considering the influence of
environmental conditions and behaviour on the rd@pctve allocation to the female and male function
in the simultaneous hermaphrodite land sAainta arbustorun{L.). Furthermore, sperm competition
and cryptic female choice are assumed to be cruc@détermining fertilization success in this sgsci
because of the presence of multiple mating and-teng sperm storage. This work studies
postcopulatory sexual selection mechanisms by derisg sperm quality traits. Stylommatophoran
gastropods have extraordinary long sperm. Howeliergxtent of intra- and interindividual variation
has rarely been examined.

First,we investigated the effects of soil type and adiak (shell volume) on mating propensity
and female and male reproductive output (numbermaass of eggs, number of sperm delivered and
spermatophore mass) in individuals from two popoiest kept both on calcium-(Ca-)rich and Ca-poor
soil. Independent of population and shell size ntlagéing propensity was higher and the total nunatber
eggs produced was larger in snails kept on Ca-poibthan in individuals reared on Ca-rich soil. We
supposed that the Ca-poor soil used in the expatistél contained enough Ca to allow reproduction.
Moreover, the Ca-rich soil could contain minerals (anknown) substances which discourage
reproduction irA. arbustorum

In individual A. arbustorumwe assessed determinants of mating success lauadefand male
reproductive success. We videorecorded the behawviomdividually tagged snails kept in groups of
six animals over one reproductive period (58 days) assigned the genotyped hatchlings to the female
and male function of individual parents. We fountsiderable interindividual variation in the adiyvi
of snails, which is a combined measure of time speawling, feeding and digging. The snails mated
between zero and three times. Mating success, whiggual to the female and male function in
simultaneous hermaphrodites with reciprocal copariatvas mainly determined by the activity of an
individual. We found that female reproductive swescéhumber of hatchlings emerging from the eggs
laid by the focal snail) was positively correlatgih male reproductive success (number of hatckling
sired by the focal snail) and that both were deireechby the individual’s activity. Our results clesige
the trade-off assumption of sex allocation thearimultaneous hermaphrodites. Furthermore, both



Summary

female and male reproductive success of an indalideere influenced positively by the snail’'s degree
of genetic heterozygosity and negatively by she#.s

Sperm competition is one of the principal determtaaof male fitness in species in which
females mate promiscuously. The selective pressuresuses, though, are only partly understood,
especially with respect to sperm characteristieedaed in sperm competition. We assessed among- and
within-population variation in sperm length and raenof sperm transferred & arbustorunfrom four
natural populations. Sperm competition models eretfolution of sperm size assume associations with
other sperm quality traits. Thus, we assessedti@rian velocity, motility, and longevity of sperin
snails from two of the four populations. Indepertdef shell size, sperm length differed among
populations and, to a minor extent, even amongiddals within populations. Mean sperm length of a
snail was not correlated with the number of spesgtivdred in a spermatophore. The mean sperm
velocity (=VCL) did not differ between snails frotwo populations. However, VCL varied among
snails. Percentage motility and longevity of spéliffered between snails from the two populations. N
correlations were found between length, velocitgrcpntage motility, and longevity of sperm. To
conclude, individual snails differed in sperm qtyaliand this variation may partly explain the
differential fertilization success betwe@n arbustorunsnails. Moreover, our findings did not support
the positive association between sperm length amgelvity assumed by sperm competition models for
internally fertilizing species.

The adaptive significance of sperm length variai®still unknown inA. arbustorum Sexual
selection on sperm length requires a significarditad genetic variance. Here we present the first
estimates of narrow sense heritability of sperngtlenn this land snail. Sperm delivered by the same
individuals in 2—4 matings over two reproductivasans did not differ in length, indicating a high
repeatability of this trait. Offspring of 10 fanah were kept at three temperatures (11, 15 an@pt°
examine the influence of different environmentaiditions on sperm length and adult shell size. ®per
length was affected by temperature but not by faofilorigin, while adult shell breadth was influexic
by temperature and family of origin. Higher temperas resulted in shorter sperm but larger shefis.
heritability of sperm length derived from the twifferent approaches (one-parent—offspring regressio
h? + SE = 0.52 0.55; full-sibling split design: H+ SE = —0.1% 0.28) suggests relatively little genetic
variation in this trait in the studied populatidmcontrast, the heritability of adult shell breadidicates
a strong genetic effect (mother-offspring regrassi® + SE = 0.9+ 0.33). The heritability (h+ SE)
of adult shell breadth obtained from the fathersyofing regression was 0.18.42, i.e. 5 times smaller

than that of the mother—offspring regression, satigg a maternal effect on shell size.



General Introduction

General Introduction

Life histories are particularly suited to evolutaoy analysis because the two major traits, sunaval
reproduction, are components of fithess (Silverto8&rDoust, 1995). The fittest individuals in a
population are, by definition, those that leave dheatest number of descendants (Begjoal., 1990).
Charles Darwin (1871) distinguished betwe@attiral selectiofy in which individuals are selected
according to their abilities to survive and reproelun a particular habitat, and “sexual selection”,
which they are selected according to their abditeeobtained more or better mates than other ichaiis
(Silvertown & Doust, 1995). The life history favaar by natural selection from among those available
in the population will be the one which has thehleigt total reproductive output, and depends on the
habitat of the organism concerned (Begbml, 1990). Sexual selection promotes traits thatewoah
advantage in reproductive competition, in spitdeing costly in the perspective of natural selectio
(e.g. the horns of horned beetles, or the fantasitimes of the peacock tail; Mgller, 1998).

Sexual selection operates through two fundamenthifgrent mechanisms (Fig. 1; Pizzari &
Parker, 2009): a) an intrasexual component of maée competition for access to females, and b) an
intersexual component of female selection of caputapartners. Thus, sexual selection may occur
before mating (pre-insemination; Fig. 1). In mast, individual females may copulate (or spawnhwit
multiple males (i.e., are polyandrous). A consegeeaf polyandry is the potential for inter- and
intrasexual selection to continue after copulafjpost-insemination; Fig. 1). By means of controlled
processes or structures, ejaculates of rival nraleg compete to fertilize the same set of eggs (sper
competition; Fig.1), and/or females may selectifalyour paternity of males with a particular traer

that of other males (cryptic female choice or fesrgderm selection; Fig.1).
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Figure 1. Diagrammatic representation of the maécimanisms of sexual selection (Pizzari & Parke®920
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In general, the study of sexual selection attempt&xplain the evolution of structure and
behaviour associated to reproduction (Birkhead &ll&ftg 1998). Michiels (1998) discussed the
consequences of sexual selection and sperm corpetitsimultaneous hermaphrodites. Simultaneous
hermaphroditism is widespread among plants and asjnand adaptations resulting from sexual
selection are sometimes unique to this mating sys@n the one hand, selection on male traits cannot
be independent from the selection on female traftshe same individual. Thus, simultaneous
hermaphrodites can optimize their reproductivecallimn to the female and male function. On themthe
hand, conflicts between mating partners are pdatityustrong during copulation because of different
mating interest. Indeed, conflicts arise within d&edween individuals that do not exist in gonoc$tori
species (Birkhead & Mgller, 1998).

Reproductive resource allocation (or sex allocatisra fundamental aspect of life history with
profound ecological and evolutionary consequencesli sexual organisms (Stearns, 1992). In
simultaneous hermaphrodites, sex allocation reptesedecision about how resources are allocated to
different organs and behaviours within an individgaven its reproductive mode, and given certain
environmental and social conditions in which thgamism lives (Scharer, 2009). The variable part of
male and female investment is not restricted toegamroduction. It may involve investments toward
the production of seminal fluids, love darts, agd shells, or toward the performance of sex-specifi
reproductive behaviours, such as mate searchingtstop, or egg laying (Schéarer, 2009).

Factors thought to limit the fitness returns foloehtion to male and female reproduction in
hermaphrodites are to some extent linked to pré-parst-insemination sexual selection. For example,
a female-biased sex allocation is favoured whennilmaber of mates is limited (i.e. weak sperm
competition), and a shift toward a more male-bias®dallocation is favoured with increasing numbers
of mates (i.e. strong sperm competition). Suchdgiaal processes should be included in models for
simultaneous hermaphrodites to make predictionthershape of fithess gain curves and the resulting
sex allocation patterns (Scharer, 2009). Howevempared to gonochorists, quantitative data are
needed that relate sexual selection and sex abbocat simultaneous hermaphrodites to the mating
frequency, sperm precedence patterns, sperm despéad, sperm digestion, and cryptic female choice
(Michiels, 1998; Scharer, 2009).

Sperm competition is one of the key processes ie-male competition (Fig. 1) and is defined as
the competition between the sperm of two or morkesfar the fertilisation of a given set of ovai(iea,
1970). Adaptations to sperm competition occur amyri@ological levels (Parker, 1998): they may be
behavioural (e.g. mate-guarding), physiological.(eale accessory gland fluid inducing unreceptivit

after mating), and/or anatomical (e.g. copulatdngg). Sperm competition studies investigate how a
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male should allocate sperm among different ejaes)air how he outdoes rival males. The evolution of
sperm phenotype under sperm competition has retesiatively little attention (Pizzarri & Parker,
2009). The mating or ejaculatory strategy whiclthis best for a male need not to be the best for the
female. Thus, sperm competition can involve sexoallict in which the interests of male and female
differ (Parker, 1998). There is evidence of fentaletrol of sperm competition in some species, tghou
either behavioural or physiological processes (Edel, 1996).

The aim of my thesis was to improve our understagmdif sexual selection mechanisms in
simultaneous hermaphrodites. Baur (1998) revieweoludonary aspects of sexual selection in
molluscs: reproductive morphology, physiology, dmehaviour that have implications for sperm
competition. He concluded that not all groups ofluszs have received the same attention and that th
potential as experimental organisms has not yaiég be exploited by behavioural and evolutionary
biologists. In particular, gastropods and cephatlispare unique because of several important features

Their elaborate mating behaviour may rival the claxipy of those of various vertebrates (Baur, 1998)

FOCUS OF THE THESIS

In this thesis | investigated different male anah&e aspects of sex allocation theory and stugiechs
competition mechanisms in the simultaneously hehr@ptic land snail Arianta arbustorum
(Linnaeus, 1758). This model organism fulfils thaimprerequisites for sperm competition: fa)
arbustorummates repeatedly in the course of a reproductasan in the field, and (b) fertile sperm
can be stored for more than 1 year (Baur, 1988itAmhally, complex sperm storage organs and a
mechanism for the digestion of excess sperm arevkriBaur, 1998; Beeset al, 2006; Beeset al,
2009). Multiple mating and sperm storage might eckapostcopulatory processes as competition
among sperm from different partners, and/or seleciorage and use of allosperm from the receiver
(Baur, 1994a; Kupfernagelt al, 2010). | asked the following main questions: Gbap - how are
resources allocated to different organs and behaviwithin an individual given certain environmdnta
conditions? Chapter Il - how do behavioural andegiertraits influence mate choice, and female and
male reproductive success? Chapter Il - do sdéiisr in sperm quality characteristics that inntumay
play a role in sperm competition? and finally CleapV - is there the potential for evolution toessl
individuals according to the length of their sperm?

Life-history theory predicts that a species ocagrin different environments exhibits inter-
populational variation in life-history traits asr@sult of different selection pressures (Stear@92)L
However, observed local differences in life hisgsrmay also result from founder effects, geneiit, dr
and phenotypic plasticity (Calow, 1978; Caswell83p Life-history variation may also be the resilt
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developmental plasticity or physiological acclinsation. It follows that the observed variationife |
history could simply mirror differences in habitptality. It is well established that soil type azadcium
availability influence shell growth and female reguctive output (number of eggs laid) in terrestria
gastropods (Baur, 1994b; Heller, 2001). ScarcityCaf may result in thinner and more brittle shells
(Voelker, 1959), rendering the snails less fit totect the soft body properly against desiccation,
physical damage, and invertebrate predators. larakgpecies of terrestrial gastropods, Ca-prowisio
to the eggs represents a major cost to the pdreatCa concentration . arbustorunmeggs may range
from 5 to 8% of their dry mass (cf. Tompa, 1976)Chapter |, we present the results of an experiment
designed to examine whether mating propensity ad specific reproductive allocation iA.
arbustorumare affected by the type of soil. In a reciprdcahsplant experiment, snails from habitats
with Ca-rich and Ca-poor soils were kept eithettair original soil or on the other soil under ledory
conditions. In particular, we asked whether theiariof the snails, adult shell size and/or soiletyp
affected female and male reproductive output (nunalpel mass of eggs, number of sperm delivered
and spermatophore mass). We also examined whéibeatio of the resources allocated either to the
male or female reproductive output is affectedheygnails origin, shell size, and soil type.

Much recent research effort has been directexk@ti@ing determinants of the reproductive
success of females and males in gonochoristic dsi(@dutton-Brock, 1988; Roff, 2002). In mating
systems without paternal care, male fitness teadsetmore tightly linked to mating success than is
female fitness (Trivers, 1972). This can be ex@dilmy Bateman’s principle, which states that the
female’s reproductive success is primarily limiteg the energy available for producing gametes,
whereas the reproductive output of males is primaoverned by the number of mates (Bateman,
1948). Bateman'’s principle also applies to hermagites (Charnov, 1979; Anthesal, 2010). Despite
the central role of number of mates in sexual siele¢heory, only very little is known of the abst#
number of mating partners simultaneous hermapleedin acquire and how this number varies
between individuals. I€hapter |1, we observed the mating frequency and videorechittezbehaviour
of individually tagged snails kept in groups of ammals over one reproductive season (58 daygrund
semi-natural conditions. Furthermore, we asked lwiéctors (behavioural traits, shell size, level of
heterozygosity) determine mating and reproductivecess in each sex function in individualsAof
arbustorum and whether our results support existing modieterual strategies in hermaphrodites.

Investment in sperm quality traits and in spermmbar must be considered when examining the
evolution of sperm characteristics through spermpetition. Sperm characteristics have so far been
examined exclusively in gonochoristic species, wilia exception of the hermaphroditic nematode

Caenorhabditis elegan.aMunyon & Ward, 2002). Sexual selection is dligely to shape sperm
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characteristics in simultaneous hermaphrodites) #vaugh this may conflict with the sperm receiser’
interests (Michiels, 1998). The sperm donor musiymede the sperm receiver to use its sperm tdiferti
eggs, and/or to avoid the postcopulatory controlchmeisms (Michiels, 1998). In gastropods,
interspecific differences in sperm morphology héeen studied, while the intraspecific variation in
sperm traits has not yet been analysed quantitati&perm morphology is used as a taxonomical
character (e.g. Healy, 1996). In taxa with spermnagfe organs, sperm length may determine theabilit
to reach the storage organs first and to movedmtum from the storage organ once ovulation takes
place. Furthermore, within species, sperm—femakractions have been proved to be a major factor
influencing sperm length evolution (e.g. Miller &titck, 2002; Pattarinet al, 2006; Pitnicket al,
2009). InChapter 111, we assessed among- and within-population vanatieperm length and number
of sperm transferred during copulation An arbustorumfrom four natural populations. To test the
assumptions of sperm competition models on theugieol of sperm size (Parker, 1998), we measured
the velocity, motility, and longevity of sperm, ang assessed their relationship with sperm length i
two of the examined populations.

Different processes of postcopulatory sexual seleanay result in sperm size differences
(sperm competition, e.g. LaMunyon & Ward, 2002;ptiy female choice, e.g. Pitniak al, 2003),
which, in turn, may lead to different paternity sess (e.g. Oppligegt al, 2003). Therefore, inter-
individual differences in sperm length could acadonthe unexplained variance in fertilization sess
in A. arbustorun(Baur, 1998). Sexual selection on sperm lengthirega significant additive genetic
variance, but few studies have actually measuned ithChapter 1V, we present the first estimates of
heritability of sperm length in the land sndilianta arbustorum(L.) using two complementary
approaches (one-parent—offspring regression amgihling split design). We also examined whether
sperm length is influenced by the shell size ofghail and estimated heritability of shell size.

Finally, in the sectionGeneral Discussion”, an overview of the results is given, as wellaas
discussion on how this thesis contributes to aebetinderstanding of complex behaviour and

reproductive strategies in hermaphrodites.
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EFFECTS OF SOIL TYPE AND ADULT SIZE ON MATING PROPENSITY AND
REPRODUCTIVE OUTPUT IN TWO POPULATIONS OF THE LAND SNAIL

ARIANTA ARBUSTORUM (LINNAEUS)
Anelte Baur, Nicole Minoretti & Bruno Baur*

Department of Environmental Sciences, Secton of Conservation Biology,
Universky of Basel, SL Johanns-Vorstadt 10, CH-4056 Basel, Switzerand

ABSTRACT

Lfe-history trafs In terrestrial gastropods may be influenced by both ablotic and biotic
factors. This study examines the effects of soil type and adult size (shell volume) on matng
propansity and femalke and maks reproductive output (number and mass of 8ggs, number of
sperm delivered and spermatophore mass) in individuals of the simultaneous hermaphrodite
land snall Ananta arbustorum from two populations kept both on calclum-(Ca-yich and Ca-
poor soil. Snails from the two populations differed in adult size, relative shell groath, mating
propansity and egg size. Furthermora, in both populations the number of 8gg batches depos-
fed, 899 size and spermatophore s2e scaked allometrically with shal volume, but not the total
number of eggs produced and number of sperm delivered. Independent of population and
shell size, the type of soll on which tha snals were maintained iInfluenced mating propeansity,
the total number of eggs produced and the mass of the abumen gland (another measure of
female reproductive output). The mating propansity was higher and the otal number of 89gs
produced was larger in snals kept on Ca-poer sad than in indviduals reared on Ca-rich soil.
This surprsing finding could be expianed by the fact that the Ca-poor soll used in the expen-
ment still contaned enough Ca 10 allow reproduction, and that the snails ingested Ca through
the focd consumed (lettuce grown on Ca-rich soi was avalable ad Abitun). Moreover, the
Ca-rich sol could contan mnerals or (UNknown) substancas which ASCourags reproduction
n A. arbustorum. Our study highlights the complexities faced when interpreting differences in
the Ife history of gastropods. Explaning intarpopulational dfferences in ie-history patterns
requires not only the understanding of the influence of snail origin, but also an understanding
of the effacts of shall size, substratum type (sod type), food and local cimate.

Koy words: Ananta arbustorum, calcium avalabiity, egg size, reproductive allocation,
smultaneous hermaphrodite, sperm number.

INTRODUCTION

Life-history theory predicts thal a species
occurfing in different environments exhibits in-
terpopulational vardation in life-history traits as a
result of different selection pressures (Stearns,
1992). However, observed local differences
in life histories may also result from founder
eflects, genetic drift, and phenotypic plasticty
(Calow, 1978, Caswell, 1983). Moreover, evo-
lutionary interpretations of life-history patterns
require a distinction to be made between geno-
typic and environmentally induced phenotypic
variation, because life-history variation may
also be the result of developmental plasticity
or physiclogical acclimatization. It follows that

*Comaspording author. bruno tauw Dunbas ch

observed variation in life history could simply
mirror differences in habitat quality.
Reproductive resource alocation is a fun-
damental aspect of Me history with profound
ecological and evolutionary consequences
(Stearns, 1992). Shelled gastropods strongly
depend on calaum (Ca) as a major macro-
nutrient constituent of their body (Dallinger et
al., 2001). Besides reinforcing the shell, Ca s
critical to a variety of functions in soft-lissue
metabolism and reproduction (Tompa & Wilbur,
1977; Porcel et &, 1996). Most of the Ca ab-
sorbed by lerrestrial gastropods may enter the
animal's body via the epithelum of the intestine
(Dexheimer, 1963, Beeby & Richmond, 2007).
Because of seasonal needs for Ca, snails store
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this mineral mainly as calcium carbonate and
high reallocation capacities (Foumié
& Chétail, 1984). Ca can be mobilized readily
from the intracellular storage site during periods
of increased demand (Tompa & Wibur, 1977).
Ca provision to the eggs represants 8 major
cost o the parent, and a variety of strate-
gies are used o ensure sufficient Ca for the
hatching to build a shel (Tompa, 1980; Baur,
1894a). Itis wel established that soi type and
calcium availability nfluence shel growth and
female reproductive oulput (number of eggs
laid) in terrestrial gastropods (Baur, 1994a;
Heller, 2001). For example, egg production of
Helix pomalia Linnaeus, 1758, exposead lo acid
soil was doubled when calcium carbonate was
supplied during an experiment (Crowell, 1973).
However, the potential effect of soil type on
mating behaviour and the male reproductive
outpul (spermatophore size and number of
sperm delivered during copulation) have not
been investigated in lerrestrial gastropods.
Here we present the resulls of an experiment
designed 1o examine whether mating propen-
sity and sex-specific repraductive allocation in
the simultaneous hermaphrodite land snail Asi-
anta arbustorum (Linnaeus, 1758) are aflected
by the type of soil. In a reciprocal transplant
experiment, snails from habitats with Ca-rich
and Ca-poor soils were kepl either on their
original soil or on the other sod under laboratory
conditions. In particular, we asked whether the
origin of the snails, adult shell size and/or soil
type influence the mating propensity, number of
sperm delivered during copulation, and number
of eggs laid within a season in A. arbusforum.
We also examined whether the ratio of the re-
souwrces allocaled either to the male or female
reproductive output is affected by the snails’
origin, shell size, and sod type.

MATERIALS AND METHODS
Study Animals

Ananta arbustorum is common in moist
habitats of northwestem and central Europe
(Kemey & Cameron, 1979). The snal has de-
terminate groath (shell breadth of aduits 17-22
mm). Indhviduals become sexually mature at
2-4 years, and adults kve another 3-4 years
(maximum 14 years, Baur & Raboud, 1988).
In the field, snails deposit one to three egq
batches consisting of 20-50 eggs, per repro-
ductive season (Baur & Raboud, 1988, Baur,
1990). In contrast to male fecundity (i.e., sperm

expenditure), female fecundity (i.e., clutch
size and the number of batches produced per
season) is positively correlated with adult shell
size (Baur, 1994a; Baur et al., 1998).

Mating in A. arbusforum includes elaborate
courtship behaviour with oplional dart shool-
ing (Le., the pushing of a calcarecus dart into
the mating partner's bady), and lasts 2-8 h
(Hofmann, 1923, Baur, 1992a). Copulation
is reciprocal, after intromission, each snail
transfers simultaneously one spermatophore
(Haase & Baur, 1995). The spermalophore s
formed and filled with sperm during copula-
tion (Hofmann, 1923). It has a distinctive form
consisting of a head, a body (sperm container
with 800,000-4,000,000 spermatozoa), and
a tal 2-3 cm long (Baur et &, 1998). Fertie
sperm can be stored for more than one year
(Baur, 1988). Mating is random with respect to
shell size and different degrees of relatedness
(Baur, 1992a; Baur & Baur, 1997). Individuals
nead alleast eight days to replenish their sparm
reserves afler a successiul copulation (Locher
& Baur, 1999, Hanggi et al., 2002).

Paternity analysis in broods of wild-caught
A. arbustorum showed a high frequency of
multiple insemination (Baur, 1994b). A con-
trolled laboratory experdment showed that one
successiul copulation per reproductive season
is sufficient to fertilize all the eggs produced by
an individual (Chen & Baur, 1993). However,
there is a probabiity of 5-8% that a copulation
will not lead Lo fertilization of eggs (no sperm
transfer or transfer of infertile sperm; Chen &
Baur, 1993).

Arianta arbustorum feeds on vascular plants
and dead or senescent herbs, but the snails
often supplement their vegetable diel with
microorganisms, soil and carrion (Fromming,
1654, Grime & Blythe, 1969).

General Methods

Subadult A arbustorum were collected from a
locality with Ca-rich soil (Gumigel) and a local-
ity with Ca-poor soil (Zastler) in late April and
early May 2002. Snais in the site with Ca-rich
soil inhabited the embankment of a track in the
subalpine forest near Gumigel, 30 km south of
Bern, Switzerand (46°45'N, 7'2TE, dlevation
1,320 m above sea level), those in the sile
with Ca-poor soil the embankment of a forest
road in the Black forest, Germany (47°54'N,
8°01°E,; elevation 1,060 m). The two sites were
130 km apart.

Topsoil from both localities was collected as
substrata for snail maintenance. Three addi-
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TABLE 1. Results of the chemical soil analyses.
See text for further explanation of variables.

Sod parameter c‘i"&"éa Ca-poorz.w“s'd
Calcium (Ca)* 1,409 99
pH (H,0) 7.2 58
Total nitrogen (%) 0.37 0.30
C/N-ratio 115 15.2
Phosphorus (P;0.)" 02 13
Potassium (K;0)* 19 17
Magnesium (Mg)* 6 17
Copper (Cu)* 0.03 024
Iren (Fe)* 06 18.0
Manganesa (Mn)* 03 94
Zinc (Zn)* 01 1.7
*in mg/100 g dry soil

tional samples from each site were combined
for soil analyses. the percentage of nitrogen
(N), the content (in mg per 100 g dry soil) of
calcium (Ca), phosphorus (P,0g), polassium
(Kz0), magnesium (Mg), copper (Cu), on (Fe),
manganese (Mn), and zinc (Zn), the C/N-ratio
and the soil pH in water. The soil samples
were analysed using standard protocols by
the laboratory of F. M. Balzer, Welter-Amodnau,
Germany. Characleristics of the two soils are
summarnzed in Table 1. The Ca content repre-
sents both the exchangeable calcium and the
calcium carbonate content of the soil.

The snails were kept isolated in transparent
beakers (8 cm deep, 6.5 cm in diameler) lined
with meist soil (approximately 4 cm) outdoors
al a shaded place. Fresh lettuce was provided
twice per week and at the same time the bea-
kers were cleaned. Snais from both sites were
randomly assigned 1o one of two treatment
groups. Hall of the snails were raised on soil
from thei original locality, the other haif on soil
from the other locality (Gumigel 53 individu-
als on Ca-rich [original] sol, 52 individuals on
Ca-poor soil, Zastier. each 51 individuals on
Ca-poor [original] and Ca-rich sod).

Within four weeks, all individuals reached
sexual malturity as indicated by the formation
of a flanged lip al the shell aperture. The snails
were marked individually with letters and num-
bers writlen on their shells with a waterproof
felt-tipped pen on a spol of correction fNuid
(Tipp-Ex). The animals showed no visible reac-
tion to the marking precedure.

Shel breadth of each snail was measwred
twice o the nearest 0.1 mm using vernier
callipers immediately after being collected as
subadults and after shell growth was com-
pleted. Relative shell growth of an individual
was expressed by the difference belween the
two measurements divided by the initial size.
In adult snais, shell height was also measured
and shell volume was calculated using the
formula: shell volume » 0.312 x [(breadth)2
x height] - 0.038 (measurements in mm; B.
Baur, unpublished data). Shell volume is a
more reliable measurement of snail size than
weight, because weight depends on the state
of hydration and thus is highly variable in ter-
restrial :

Sexually mature snails were allowed Lo mate
ouldoors. Active snails (individuals with an
extended soft body and everted tenlacles)
from each lreatment group were placed in a
ransparent plastic conlainer, measuring 25 x
18 x 7 cm, ined with moistened paper towel-
ling. When a pair had started to court the snails
were lransferred 10 a8 smaller plastic container
(14 x 10 x 7 am) 1o allow mating to take place
without disturbance from other non-courting
snails. Mating trials were initiated in the evening
and ran during three nights in June 2002. The
period between the end of May and the middle
of July is the time of maximum mating activ-
ity in subalpine populations of A. arbusiorum
(Baur, 1992a).

We observed the snails’ courtship behav-
iour al intervals of 15 min (at night using a
torch) following the method described in Baur
(1992a) and recorded courtship duration (time
interval from courtship iniiation to copulation).
Observalion sessions were lerminaled either
after successiul copulation or afler 14 hif no
snal initiated courtship behaviour. Snails that
did not mate were lested again seven days
later with a new composition of snails within
the same treatment group. Between two tri-
als, snais of each group were maintained as
described above.

After copulation, one randomly chosen mat-
ing partner (hereafler referred o as focal snail)
was kepl in abeaker as in the phase,
but at 19°C with a light.dark cycle of 16:8 h.
The other mating partner (hereafler referred
Lo as sperm receiver) was frozen immediately
after copulation. To obtain the spermatophore
from the focal snail, we dissected out the
female reproductive tract of the receiver. We
measured the length (L) and width (W) of the
sperm-containing part of each spermalophore
to the nearest 0.1 mm using a di mi-
croscope. Spermatophore size (in mm?) was
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approximated, by the formula (nLW2/4), as-
suming a cylindrical volume. Spermatophores
were kepl singly in Eppendorf tubes at -30°C
unti sperm were counted.

The beakers of focal snails were checked for
eggs once per week. The eggs of each batch
were collectad, counted, and kept in a plastic
dish (6.5 am in diameter) ined with moist paper
towelling at 19°C to determine halching suc-
cess. Newly hatched snails were separated
from remaining unhatched eggs to prevent
egg cannibalism (Baur, 1992b). In all treatment
groups eggs were collected over a period of
60 days following copulation. The length of
this period corresponds 1o approximately one
reproductive season of A. arbustorum living in
the wild (Baur, 1990).

Sperm Counting Procedure

We assessed the number of sperm that a
focal snail delvered o its mating partner by
counting the number of sperm in the sper-
malophore transferred. This procedure is de-
scribed in delail in Locher & Baur (1997). The
spermatophore of A, arbusiorum consists of
a hardened secretion which encapsulates the
spermatozoa (Hofmann, 1923). We mechani-
cally disrupted the spermatophore in 200 pl
PBS-buffer (138.6 mM NaCl, 2.7 mM KC1, 8.1
mM Na_HPO, x 2H,0 and 1.5 mM KH_PO,)
using a pair of microscissors. The spem sus-
pension was homogenized with a set of Gilson
pipettes for 5-15 min. To count the sperm,
we slained the homogenate for 1-3 h with
an equal volume of a gallocyanin-chromium
complex, which stains the DNA in the head of
the spermatozoa. If spermatozoa stil occurred
in clusters, we treated the sample ovemight
with a sonicator (35 kHz). Two subsamples of
known volume of the sperm su N were
diuted 1:3 with PBS-buffer and translerred to
a Blrker-Tlrk counting chamber. This count-
ing chamber consists of 16 cells each with a
volume of 25 nl. We counted all sperm heads
in randomly chosen cells until the total number
of sperm heads exceeded 400, and used the
average of two subsamples o calculate the
total number of sperm in a spermatophore.

Estimate of Sex-Specific Reproductive Al-
location

As measures of female reproductive alloca-
tion the dry mass of all eggs produced by an
individual and the dry mass of the albumen
gland were considered. We assessed the dry

weight of 48 randomly sampled eggs (three
eggs each from eight snais from both popula-
tions, equally distributed over the sod types),
calculated the mean dry weight of an egg for
both populations on each soil type, and mul-
liplied this by the number of eggs produced
by each snai. Al the end of the experiment,
the albumen gland of each focal snail was
dissected out of the female repraductive duct.
We determined the dry mass of the albumen
gland to the nearest 0.1 mg. The dry mass of
spermatophores filed with spermatozoa was
considerad as a measure of male reproduclive
alocation. We used the relationship between
the size of the spermatophores (X » volume of
the sperm container in mm?) and the dry mass
of spermatophores filled with spermatozoa (Y
in mg)

In(Y) * 0.670 x In{X) - 0.524

o calculate the dry mass of the spermato-
phores produced by individual snails in these
experiments (relaionship from Locher & Baur,
2000).

Data Analyses

The StatView program package (SAS Insti-
ute, 1998) was used for statistical analyses.
Means £ 1 S.E. are given unless othenaise stat-
ed. Data which did not fit normal distributions
were logo-transformed and frequency data

NG SUCCeSS ) were arcsine-transformed.
Differences in shell size and relative growth
rate between treatment groups (sod type) and
populations were examined using two-way
analysis of variance. However, allometric
relationships may confound interpretations of
differences in observed reproductive output
between treatment groups andlor populations.
To examine possible differences in reproductive
lraits analysis of covarance with sod type and
population as factors and shell size as covariale
was used (ANCOVA, type IIl medel).

RESULTS
Shell Growth and Adull Size

Al the beginning of the experiment, subadult
snails from the Gumigel population were
smaller than those from the Zastler population
(shellbreadth: 1502 0. 1mmvs. 17.920.1 mm,
Fy 420 324.24, p <0.0001). However, subadult
A arbustorum from either population kept both
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on Ca-rich or Ca-poor sod did nol differ in shell
breadth (Fy 430 » 0.0001, p » 0.99).

All snails attained adult size within four weeks.
Fully grown snails from the two populations
differed in adult size (shell breadth: Gurnigel.
17.320.1 mm; Zastler: 194201 mm, Fy 2y »
124.59, p < 0.0001). In both populations, adult
shell size was nol alfected by the type of sail
on which the snails were kept (Fy 45 = 1.70,
p * 0.20). Relative shell growth differed among
snails from the two populations (Gumigel.
0.155 2 0.008; Zastler. 0.084 £ 0.006; Fy 4z »
53.92, p < 0.0001) and was sighlly, but not

significantly higher in snails kept on Ca-deh
soil than in snails kept on Ca-poor soll (Fy yo0 »

2.65, p = 0.108).

Mating Propensity

Copulations were observed in 75 (34.9%) ot
of 215 Irials. Snais from the Gurnigel population
showed a slightly but not significantly higher
mating propensity (40.4%. 40 matings out of
99 trials) than those from the Zaster popula-
tion (30.2%. 35 matings out of 116 trials, x? »
246,dM= 1, p = 0.13). However, the type of soil
affected the mating propensity. Independent
of origin, snails kept on Ca-poor soil showed
a higher mating propensity than snails kept
on Ca-rich soil (43.9% vs. 27.4%,; x* » 6.41,
af = 1, p » 0.015, data from both populations
combined). In the Zastier population, a larger
propoction of snaids kept on Ca-poor soil copu-

lated compared with snails kept on Ca-rich soil
(39.6% vs. 22.6%, x2 = 3.92,dl = 1, p » 0.048).
Similarty, in the Gurnigel population, there was
atendency that more snails kept on Ca-poor soil
copuiated than snails kept on Ca-rich s0il (50.0%
vs. 33.3%; 2 #2.79,df » 1_p = 0.08). The time
from initiation of courtship to copulation

from 6.5 10 24.5 h (mean: 12.3 h, n » 69) and
was neither influencead by the type of Soil (Fy ¢
0.04, p » 0.84) nor did it differ between the two
populations (Fyas » 0.12, p » 0.73).

Female Reproductive Output

Snails deposited their first egg batch 10 10 39
days after copulation (mean: 13.1 days, n»69).
The time elapsed belween copulation and first
oviposition was neither influenced by the type
of soil (Fygs » 0.19, p » 0.67) nor did it differ
between populations (Fyes » 0.01, p » 0.99).

Snais from either population did nol differ
in number of egg batches produced (Table 2).
However, the number of egg batches produced
was affected by soil type (Table 3). Surprisingly,
snails kept on Ca-poor soil deposited more
batches than those maintained on Ca-rich soil
(Table 2). Furthermore, the number of eqg
batches laid was influenced by shell size (Table
3). Similarly, the total number of eggs produced
by each snail was affected by soil type (Table
3). Snails kept on Ca-poor sod preduced more
eggs than snails kept of Ca-rich sod (Table 2).
The lotal number of eggs produced was not

TABLE 2. Female and male reproductive traits of A arbustorum from two populations (Gurnigel and

Zaster). Snals waere kept both on Ca-nch sol (.

ongnal substratum in Gumiged) and Ca-poor soll {original
substratum in Zastler). Mean values £ 1 S E wah sample size In

e presented. Results

of ANCOVASs are shown (for detalis of statistical analyses, see Table 3).

Trait Gurmigel population Zaster population Effect of
Ca+ich  Ca-poor  Ca-rch Ca-poor sheld size population soll type
Number of egg 37205 40203 38204 45203 . ns .
batches (15) (21) (14) (19)
Total rumberofeggs 116214 129212 139215 167211 ns ns :
(15) (21) (14) (19)
Egg mass (mg) 2452009 2182004 2342014 2442010 * - ns
(12) {12) (12) (12)
Numberof sperm 2194 £ 340 2035+ 276 2705+ 450 20492230 ns ns ns
dellverad (x 107) (15) {20) {13) (19)
Spermatophore size, 1952021 1.75+015 263+028 221019 * s ns
{volume olspom {15) {20) (14) (19)
comainar, mm?)

*p<0.05 **p <0.01, ns = not significant
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affected by shel size (Table 3). In contrast, eqg
dry mass differed between populations and was
significantly related to shell size, butl was not
aflected by soil type (Table 3). Furthermore,
the analysis of covariance had a significant
interaction term (shel size x population), in-
dicating differing slopes between populations
(Table 3). In snais from the Zastier population,
g9 dry mass was positively related to the shell
size of the mother snaill (R2» 052, n=8,p»
0.0424), whereas in the Gumigel no
significant relationship was found (R2 » 0.08,

BAUR ETAL.

individual snail, ranged from 21 1o 614 mg
(mean: 327 mg, n » 69). Female reproductive
output was affected by sol type (Ca-rich soll:
289 £ 25mg,; Ca-poorscil: 347 £ 21mg Fyay »
5.14, p » 0.0270), but did nol differ between
the populations (Fy e » 0.25, p » 0.62) and
was not influenced by snail size (Fy 54 » 0.17,
p = 0.68). There was, however, a significant
interaction term (shell size x sod type), indicat-
ing that shell size influenced female reproduc-
live cutput on different soils in a different way
(Fygy = 4.92, p » 0.0302). The dry weight

n=3 p=049) of the albumen gland, another measure of
Halching success of eggs differed slightly but  female reproductive outpul, ranged from 8.7
not significantly between populations (Gumigel. 1o 59.4 mg (mean: 29.5 mg, n » 66). As the

82.322.6%, Zastler: 75.3 £ 3.4%. F 45 » 3.62,
p = 0.0617), but was not affected by sol type
(Fias ™ 246, p » 0.12).

Female reproductive outpul, represented

by the dry mass of all eggs produced by an

dry mass of all eggs, the mass of the albumen
gland was aflected by soil type (F, o, » 445,
p = 0.0392), but no effects of population and
shell size were found (Fy 5 » 0.87, p » 0.36
and Fyes » 0.21, p » 0.65).

TABLE 3. Analysas of covaranca (ANCOVA) of the relationship batween raproductive charactars and
shell size (volume, ormed) of A arbustorum. Snais from two populations were kept each on
two soils (only significant interactions are shown).

Independent variable, Type NI
Dependent vanable Effects of S$S F p
Number of egg batches (log) Shell size 1 0.231 6.44 0.0137
Population 1 0035 097 033
Soll type 1 0.182 507 0.0279
Shell size x soll type 1 0.167 466 0.0347
Error 61
Total number of eggs Shell size 1 518.622 0.18 0.68
Population 1 63561 022 064
Soll type 1 15101587 514 0.0269
Shell size x soll type 1 14582744 497 0.0295
Error 61
Egg mass (log) Shell size 1 0.018 1027 0.0125
Population 1 0.023 13.53 0.0062
Soll type 1 0.001 058 047
Shell size x population 1 0017 1002 0.0133
Error 8
Number of sperm delivered (log) Shell size 1 0.173 164 0.21
Population 1 0.051 048 049
Soil type 1 0.00003 0.003 0.89
Error 59
Spermatophore size, Shell size 1 0077 553 0.0220
{volume of sperm container, 10g) Population 1 0.0001 0.01 092
Soil type 1 0.002 0.13 0.72
Error €0
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Male Reproductive Output

Spermaltophore size, indicated by the volume
of sperm container, was neither influenced by
soil type nor by population (Table 3). However,
spermatophore size was influenced by shell
size (Table 3). it was positively correlated with
shell volume (r » 0.42, n » 68, p » 0.0003).
The number of sperm delivered in a sper-
malophore ranged from 192,000 to 6,026,000
(mean: 2,204 600, n » 67). Sparm number
was neither affected by soil type, nor by the
origin of the snails (population) and shell size
(Tables 2, 3).

The male reproductive oulpul, expressed as
dry mass of both s and spermato-
phore, ranged from 0.31 to 1.83 mg (mean:
0.96 mg, n » 638). Male repreductive cutpul was
aflected by shell size (Fy o » 5.01, p» 0.0289),
but not by soil type and population (Fy s » 0.05,
p*083and Fyg=0.11, p»0.74).

The relative allocation to the male reproduc-
live function, expressed as percentage of the
total dry mass devoled to the male function,
ranged from 0.1 1o 3.2% (mean » 04%, . n »
68). The remaining 96.8 to 99.9% of the dry
mass were allocated 1o the female reproduc-
tive outpul. The relative allocation 1o the male
reproductive function was neither influenced
by soil type, population nor by shell size (in all
cases p > 0.20).

DISCUSSION

The present study showed that the type
of soi can affect the mating propensity and
female reproductive cutpul in a8 simultaneous
hermmaphrodite land snail. Mating propensity
and other life-history traits including adult shell
size, shell growth, and egg size were also
influenced by the snails’ origin, and stil others
(egg size, number of egg balches produced
and spermatophore size) were aflected by shell
size. Effects of sol type on reproductive traits
have so far received lithe attention in temrestrial
gastropods. The breeding behaviour of Cemu-
ela virgats (da Costa, 1778) was affected both
by sodl type and sod moisture content, whereas
the total number of eggs laid and the tendency
Lo lay the first egg were influenced by soil type
(Carme-Cavagnaro et al., 2006). Juveniles of
Comu aspersum (Midler, 1774) from different
sites exhibited differential growth rates and
Ca-allocation strategies (Beeby & Richmond,
2007). Land snails may be able 10 assess the
Ca concentration in their food plants and in the

soil (Chevalier el al., 2003) and may aclively
balance their diet 1o oplimise the Ca intake
(lglesias & Castilejo, 1999). Soil constitutes
a key component of the snails’ diet in natural
populations. In C. aspersum, hatchings which
fed on soil culgrew other siblings, indicaling the
importance of certain sol characteristics and of
exchangeable Ca (Gomot et al., 1889).

In a laboratory expedment, the Ca concentra-
tion did not affect shell groath and adult size
in subadult individuals of A. arbustorum reared
on agar-based diels with different levels of Ca
(Wacker & Baur, 2004). Snais reared on inter-
mediate- and low-calcium diets increased their
consumplion rates, but despite compensatory
feeding, these snals were unable Lo Lake up the
amount of Ca required for metabolism and shell
growth and thus had a higher mortality.

The Ca-provision 1o the eggs represents a
major cost 1o the parent. Among gastropods,
a variety of strategies are used 1o ensure suf-
ficent Ca lo the eggs (Tompa, 1980, Baur,
1994a). Ca is used for the calcification of
the embryonic shell and for the deposition
of Ca reserves which dfferentiate during the
embryonic iife (Fournié & Chéltail, 1984). The
Ca requirements for embryonic life explain
the considerable amount of Ca that the adult
gastropod looses during the oviposition period.
For example, Anguispira alfernata (Say, 1816)
mobilizes 10-25 mg Ca for one egg balch in
less than a day (Tompa, 1975).

In several species of terrestrial gastropods,
a significant amount of Ca is embedded in
the egg shell. Arianta ardusforuwn has partly
calcfied eggs with discrete crystals of cal-
cium carbonate in a jelly matrix. Compared
with species that produce simiar eggs, the
Ca concentration in A arbustorum eggs may
range from S to 8% of their dry mass (cl.
Tompa, 1976). Thus, snais kept on Ca-poor
soil may have invested 17-28 mg Ca into the
eggs produced in the course of the experiment,
those kepl on Ca-rich soil 15-24 mg Ca. The
Ca-content of leltuce varies between 300 and
500 mg/kg (Chevalier et al., 2003). Individual
A arbustorum, kepl under similar experimental
conditions as in the present study, consumed
a leal area of 32-50 cm? leltuce per week,
which corresponds to a Ca-uptake of 0.26 to
0.68 mg per week (Locher & Baur, 2002). The
assimilation efficiency of consumed leltuce
averages 97% in A. arbustforwn (dry mass,
Abdel-Rehim, 1887). Considering the entire
experimental pericd of 88 days, this resulted
in a Ca-uptake of 3.3-8.5 mg, indicaling that
a considerable amount of Ca invested in egg
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production was actually oblained from the let-
tuce consumed. Thus, snails kept on Ca-poor
soil could partly compensate the Ca-deficiency
in the sol by consuming more lettuce. It should
be noted, however, that the experimental condi-
tions in our study did not represent the natural
situation, because plants growing on Ca-poor
soils usually have a low Ca-content. The same
might be true for decaying plant material and
leaf litter on Ca-poor soil.

Scarcity of Ca may resull in thinner and
more brittle shells (Voelker, 1959), render-
ing the snails less fit 1o protect the soft body
properly against desiccation, physical damage
and invertebrate predators. Ananta arbustorum
shows a tolerance to acidic solls with low Ca
avalabilty (Kermney & Cameron, 1979). In the
wild, however, adult A. arbustorum with more
robust shels were found at the Ca-rich site at
Gumnigel than at the Ca-poor site at Zastier (B.
Baur, unpubl. data).

Because snails require substantial amounts
of Ca for reproduction (Crowell, 1973, Wire-
bom, 1979), growth (Gomot et al., 1989, Ire-
land, 1991), shel production, and metabolism
(Foumnié & Chétad, 1984), Ca availability is a
key determinant of habitat quality in molluscs.
In fact, greater abundance, species richness,
and biomass of snails are generally observed
on sods rich in Ca compared with soils poor in
Ca (Boycolt, 1934, Wareborn, 1992, Holopp,
2002, Ondina et al., 2004). Ca addition to
mitigate effects of acid deposition resulted
in a signé increase in snail abundance
(Gardenfors, 1992, Skeldon et al., 2007),
whereas slugs did not show a similar pattern.
However, processes other than add deposition
also influence Ca cycling and avaiability in
soils. For example, wood succession resull-
ing in & shift in the dominant tree species can
change the foliar Ca concentration.

In suboptimal habitats where conditions are
outside the range 1o which most snail indi-
viduals are adapled, some cost, expressed
either as a reduction in growth, survival, or

reproduction, may occur. However, apart from
Ca availability, other soll parameters, such as
soil physical properties (soil texture, moisture
retention and chemislry) and availabdities of
nutrients such as aluminium, nitrogen and
sium, may influence the reproductive
output of A arbustorum. Soll type seems lo
be a key factor in the reproductive biclogy of
A arbustorum and most probably in other land
snail speces. However, it remains unclear
which soil characteristics are important.

In our study, the tolal number of eggs pro-
duced was larger in snails kept on Ca-poor soil
than in individuals maintained on Ca-rich soi.
There are different possible e s for
this surprising finding: (1) the Ca-poor soil used
in the experiment still contained encugh Ca to
alow egg production; (2) the snails ingested
Ca from the lettuce offered and with compen-
salory feeding they partly counter-balanced
the Ca deficiency, (3) the Ca-rich soil could
contain minerals or (unknown) substances
that disturbed reproduction in A. arbusfonam,
(4) the Ca-poor soil had other essential con-
sttuents for successiul r thal were
in short supply in the Ca-ich sol, (5) snails
Iiving under environmental stressing conditions
(i.e., on Ca-poor soils) pul more resources into
reproduction in their first breeding bul have a
shorter lifespan than snais in more favourable
conditions. The range of Ca content in different
soil types is much wider in nature than in the
two soils used in this experiment. Our Ca-poor
soil still contained a low level of exchangeable
Ca (Table 1). The hypothesis of compensatory
feeding camol be tested because the amount
of lettuce consumed by each snail was nol re-
corded. However, the albumen gland of snails
kept on Ca-poor soil was larger than thal of
snails maintained on Ca-rich soil. This indicates
that the former group ingested more food. In
stylommatophoran gastropeds, the albumen
gland synthesizes the perivitelline fuid o be
added 1o eggs for provisioning the developing
embryo (Gomez, 2001). The size of this gland
determines the maximum number of eggs
that can be produced al any one time (Tompa,
1684). Most probably, snails kept on Ca-rich
soil consumed for some unknown reasons less
lettuce, which resulted both in a decreased
maling propensity and reproductive outpul.
Haltching success of eggs produced by snails
kept on either soil type did not differ, suggest-
ing that there was no difference in egg quality
between the two treatment groups. Al high con-
centrations, zinc, copper, lead and cadmium all
negatively affect reproduction in C. aspérsum
(Laskowski & Hopkin, 1996). Al low concentra-
tions, however, no effect of these melals was
recorded (Gomot, 1997). In contrast, other soil
constituents may positively affect snai repro-
duction. For example, the Ca-poor soil con-
Lained three times more magnesium than the
Ca-rich sod (Table 1). Unfortunately, besides
Ca relatively lithe is known on the benefical
value of various soil constituents for land snail
reproduction (Speiser, 2001). There may also
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be a trade-off belween reproductive output
and survival. Snails Iving in environmentally
stressing conditions may allocate more re-
sowrces into reproduction in the first breeding
season bul may die earfier than those kving in
more favourable conditions. This hypothesis
could be tested by maintaining snails over two
or more years under the expermental condi-
tions of the present study. We assume thal a
combination of different factors conltributed to
the unexpected resull.

The present study examined to our knowl-
edge for the first bme soi-type related effects on
male reproductive outpul. However, neither the
number of sperm delverad nor spermatophore
size differed between the two snail groups kept
on different sois. Of the lolal reproductive out-
put (expressed as dry mass), only 0.1-3.2%
were devoled o the male function in form of
sperm and spermatophore, while the remain-
ing 96.8-99.9% were allocated 1o the female
function in form of eggs. These values are
very similar 1o previous estimates of male and
female reproductive allocation in A. arbusiorumn
(Locher & Baur, 2000, 2002).

In our study, several Me-history lrails were
aflected by the origin of the snais and/or their
adult size. Size-related fecundity has been
found in a variety of gastropods as well as
in other invertebrates (Baw, 1998). In many
land snail species, both clulch size and eqg
size are positively correlated with shell size
(Heller, 2001). In the present study, the num-
ber of egg batches deposited, egg mass and

hore size were related o adult size
in A arbustorum.

In land snails, limited dispersal capacity and
restricted habilal requirements may enhance
the process of adaptation to local conditions.
Genelic differentiation between populations of
terrestrial gastropods has been demonstrated
in several spedces (e.g.. Jones et al., 1977,
Clarke et al., 1978, Feamley, 1996, Beeby &
Richmond, 2001, 2007). The adull size of A
arbustorum decreases with increasing altitude
in the Alps, whereas shell colour varies with
the type of habitat (Burla & Stahel, 1983, Baur,
1684, Gosteli & Burla, 1993). Snails from dif-
ferent populations exhibit differences in resting
site preference and geotactic response (Baur,
1686, Baur & Gosteli, 1986), as well as in such
reproductive characlers as dulch size and egq
size (Baur & Raboud, 1988). Snails from the
two populations examined in the present study
differed in adull size, relative shell growth, mat-
ing propensity and eqg size.

In condusion, the present study showed that
soil type can affect reproductive traits in A. ar-
bustorum. However, some reproductive traits
were also influenced by the origin of the snails
and by shell size emphasizing the importance
of proper design and replication of life-history
studies in gastropods.
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Classical sexual selection theoty assumes that the reproductive success of females is limited by the
resources available for egg production, while the reproductive success of males is determuned by the
number of mates (Bateman's principle) It has been suggested that the optimal mating rates should also
diverge between gender functions within individuals of ssmultancous hermaphrodites We assessed
determinants of mating success and female and male reproductive success m individuals of the simul.
taneous hermaphrodite land snail Arionta arbustorum. We videorecorded the behaviour of individually
tagged snals kept in groups of six amimals over one reproductive penod (58 days) and assigned the
genotyped hatchlings to the female and male function of individual parents. We found considerable
intenndmnadual vanation in the activaty of snals, which is a combened measure of ime spent crawling,
feeding and digging The snails mated between zero and three times. Mating success, which is equal to
the female and male function in simultancous hermaphrodites with reciprocal copulation, was mainly
determined by the activity of an individual We found that female reproductive success (number of
hatchlings emerging from the eggs laid by the focal snadl) was positrvely correlated wath muale repro-
ductive success (number of hatchlings sired by the focal snail) and that both were determined by the
individual's activity. Furthermore, both female and male reproductive success of an individual were
influenced positively by the snail's degree of genetic heteroxygosity and negatively by shell sze. Our
results challenge the trade-off assumption of sex allocation theory in simultaneous hermaphrodites.

© 2011 The Association for the Study of Animal Behaviour. Published by Elsevier Ltd All rights reserved.

Much recent research eflort has been directed at explaning
determinants of the reproductive success of females and males in
gonochoristic animals (Clutton-Brock 1988; Rofl 2002) In mating
systems without paternal care, male fitness tends to be more tightly
linked to mating success than is female fitness (Trivers 1972). This
can be explained by Bateman’s principle, which states that the
female's reproductive success is primarily limited by the energy
available for producing gametes, whereas the reproductive output
of males is primarily governed by the number of mates (Bateman
1948). However, in species in which indviduals are promiscuous,
sexual selection continues alter copulation in the lorms of sperm
competition and female manipulation of sperm. Sperm competi-
tion occurs when spermatozoa from different males compete in the
reproductive tract of a female for the fertilization of her eggs
(Parker 1970). In a vanety of species, females have a physiologically
and morphologically complex reproductive system, which may

* Correspondence: B Bowr. Section of Conservation Biokgy, Department of
Enveonmental Soences, University of Basel St Johanns-Vorstadt 10, CH-4056
Basel, Switzerand

E-mov oddress: bruno bour@emsbas ch (B Bour)

enable them to control or influence offspring patemity by post-
copulatory sperm storage and selective sperm use (Eberhard 1996).
There is increasing evidence that females choose between sperm
from different males after copulation and that this so-called cryptic
female choice may also affect paternity (Pitnick et al. 2009).
Simultancous hermaphrodites are functional female and male at
the same time. This type of gender expression is widespread in the
animal kingdom and among plants (Michiels 1998; Jarne & Auld
2006). Bateman's principle also applies to hermaphrodites
(Chamov 1979; Anthes et al. 2010) Despite the central role of
number of mates in sexual selection theory, only very little is known
of the absolute number of mating partners simultaneous
hermaphrodites can acquire and how this number vanes between
individuals. For example, laboratory experiments with the
hermaphrodite flatworm Macrostomum hgnano revealed consider-
able variation in the number of mates and in sperm transler success
between indviduals (Janicke & Scharer 2009). The number of
matings increased with group size. However, food availability, and
not group size, had a significant effect on female fecundity (Janicke
et al. 2011). Furthermore, our knowledge of lactors responsible for
the vanation in reproductive success via either sex function is still

0003-3472/$38 00 © 2011 The Assocuation for the Study of Animal Behaviour Published by Elsevier Lid. All rights reserved.
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limited. The optimal mating rates may diverge between sex func-
tions within an individual (Anthes et al 2006). The possibility of
a flexible division of resources between male and female functions
as well as conflicts between individuals over sexual roles may
further complicate sexual strategies in simultaneous hermaphro-
dites (Scharer 2009) It has been suggested that having both sexes
combined in the same individual may limit sexual selection for traits
involved in mate acquisition (Greeff & Michiels 1999). However,
other leatures, such as multiple mating, sperm storage and internal
fertilization, leading to traits for sperm competition and crypltic
female choice, may be similar in simultancous hermaphrodites and
gonochoristic species (Baur 1998; Michiels 1998).

Research on mating strategies in simultancous hermaphrodite
land snails has been hampered by the notorous difficulty with
which mating can be reliably observed in natural populations,
Evidence for promiscuity and multiple patemity in broods is
available for several snail species. Individuals of Helix pomatia,
Cornu aspersum, Cepaea nemoralis and Arianta arbustorum have
been observed to mate repeatedly with different partners in the
course ol a reproductive season resulting in multiple-sired broods
(Wolda 1963; Baur 1988a. 1994a; Lind 1988; Rogers & Chase 2002
Evanno et al. 2005; Kuplemagel et al. 2010} However, little
attention has been devoted to the fitness consequences of multiple
mating in land snails (Jordaens et al. 2007).

We used a combination of behavioural and genetic data to
examine the factors that influence female and male reproductive
success in individuals of the simultaneous hermaphrodite land
snail A arbustorum We kept animals in groups in a seniunatural
environment and videorecorded the behaviour of the individually
tagged snails over one reproductive season, Using microsatellite
markers, we genotyped the emerging hatchlings and assigned the
offspring to the female and male functions of individual parents.
We also examined the potential influence of heterozygosity of
a parent snail on its female and male reproductive success because
there is evidence in a variety of species that the fitness of an indi-
vidual increases with increasing degree of heterozygosity (David
1998 Markert et al. 2004). As egg production is assumed to be
more resource limited than sperm production in our model species,
we predicted that male reproductive success would increase with
increasing number of matings, while female reproductive success
would level off wath additional copulations. Furthermore, we asked
which factors (behavioural trats, shell size, level of heterozygosity)
determine mating and reproductive success in each sex function in
individuals of A. arbustorum, and whether our results support
exasting models of sexual strategies in hermaphrodites.

METHODS
Study Species

Anianta arbustorum s common in moist habitats of north-
western and central Europe (Kerney & Cameron 1979) The snail has
determinate growth (shell breadth of adults 17-22 mm). Indivad-
uals become sexually mature at 2-4 years, and adults live another
3—4 years (maximum 14 years; Baur & Raboud 1988} In the field,
snails deposit one to three egg batches consisting of 2050 eggs,
per reproductive season (Baur 1990). Breeding experiments
showed that 27% of virgin snails prevented from mating produced
alew hatchlings by self-fertilization in the second and third years of
isolation (Chen 1993). The reproductive success of selfing individ-
uals, however, is less than 2% of that of mated snails, suggesting
high costs for selfing (Chen 1994).

Mating in A. arbustorum includes elaborate courtship behaviour
with optional dart shooting (i.e. the pushing of a calcareous dart into
the mating partner’s body). and lasts 28 h (Baur 1992). Copulation
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is reciprocal. After intromission, each snail simultaneously transfers
one spermatophore (Haase & Baur 1995) The spermatophore is
formed and filled with sperm during copulation (Hofmann 1923)
It has a distinctive form consisting of a head. a body (sperm
container with 800 000-4 000 000 spermatozoa) and atail 2-3 cm
long (Baur et al. 1998). Fertile sperm can be stored for more than
1 year (Baur 1988a) Mating is random with respect to shell size and
different degrees of relatedness (Baur 1992; Baur & Baur 1997)
Snails need at least 8 days to replenish their sperm reserves alter
a successful copulation (Locher & Baur 1999; Hanggi et al. 2002)

Paternity analyses in broods of wald-caught A arbustorum
revealed a high frequency of multiple inseminations (Baur 1994b;
Kupfernagel et al. 2010). A controlled laboratory experiment
showed that one successiul copulation per reproductive season is
sufficient to fertilize all the eggs produced by individual snails kept
singly (Chen & Baur 1993). However, there is a probability of 5-8%
that copulation will not lead to fertilization of eggs (no sperm
transfer or transfer of infertile sperm; Chen & Baur 1993).

Experimental Animals

To obtain virgin snails we collected subadult individuals that
had not yet completed shell growth from an embankment along
a track in a subalpine forest near Gurnigelbad. 30 km south of Bern,
Switzerland (46°45'N, 7°28°E) at an altitude of 1250 m above sea
level We kept the snails isolated in transparent beakers (8 cm deep,
6.5 cm in diameter) lined wath moist soil (approximately 4 cm) at
19 °C and on a light:dark cycle of 16:8 h for 5 weeks. They were fed
fresh lettuce ad libitum. During this period, subadult individuals
reached sexual maturity as indicated by the formation of a flanged
lip at the shell aperture. We marked the snails individually on
their shells with symbols and lines drawn wath correction fluid
(Tipp-Ex). The animals showed no visible reaction to the marking
procedure. We also measured the shell wadth of each snail to the
nearest 0.1 mm using vernier callipers immediately before the
experiment.

Video Tracking

We constructed observation chambers that allowed (1) contin-
uvous recording of snails over the entire reproductive penod: (2)
free movements of animals on natural substrate (soil); (3) egg
deposition; (4) continuous identification of individual snails: and
with (5) a seminatural temperature regime and a light:dark cycle of
16:8h

We kept groups of six randomly chosen snails in each obser-
vation chamber, a transparent plastic box measuring 29 x 19cm
and 17 cm high, lined with a 4 am thick layer of moist soil and
covered with a glass plate. Light was provided by cold-light sources
(Osram Dulux L). A window kept constantly open allowed daily air
temperature fluctuations. The room temperature vaned from 165
to 241 °C (mean 221 °C). Fresh lettuce cut into small pieces was
provided twice a week. Eight observation chambers with a total of
48 snails were arranged n a line,

To record the behaviour of the snails we used a computernized
wideo-image technique. We installed a SONY camcorder with
infrared illumination 80 ¢m perpendicular to each observation
chamber. The eight cameras were connected via a Kramer
VS-2081S 8x1 S-video switcher to a computer, which recorded
a video frame from each camera at an interval of 2 min. As snails
move slowly, this frame interval gave a reasonably accurate
representation of the various behavioural elements. We recorded
the snails” behaviour nonstop over a penod of 58 days from 21 June
to 18 August 2000. There were a few short gaps in recording owing
to technical problems wath the computer. Overall, data collected
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over 95.4% of the experimental period of 58 days could be consid-
ered in the data analyses (see below) At night, when snails are
mainly active, the records covered 96.0X of the period.

We exchanged the observation chambers every 3-4 days by
transferring the animals to identical but clean chambers late in the
afternoon before they became active. This procedure allowed us
also to collect the eggs deposited in the soil with minimal distur-
bance of the experimental snails. We carefully examined the soil of
the exchanged chambers lor eggs, recorded the position of the
batches (for a later determination of the mother ), and collected the
eggs. The eggs of each batch were incubated at 19 *Cin petn dishes
lined with damp paper towels. We counted newly hatched snails
and removed them from remaining eggs to avoid egg cannibalism
(Baur 1994¢). Labelled in order of emergence, the hatchlings were
stored at —80 *C until genetic analysis. We replaced snails that died
during the study by new ones ol equal size to maintain constant
snail density. In the data analyses. however, we considered only the
original snails that survived the entire experimental period.

Behaviour Analyses

Behavioural data are based on =300 000 video frames (40 000
per observation chamber or individual snail) For all individuals we
recorded six behaviours: (1) crawling: the head was moved forward
and the tentacles were extended; (2) feeding: the snail was at the
lettuce showing feeding movements; (3) digging: the snail was
digging into the soil; (4) resting: the snail was stationary wath its
soft body retracted or entirely buried; (5) courtship: the snail had
repeated oral contacts with a potential mating partner (usually
accompanied by a slight eversion of the penial lobe) or was circling
around the potential partner; and (6) copulation: simultaneous
intromission of the penes of both mating partners. For each snail,
the percentage of time spent performing each behaviour was
calculated from the video frames using BioPictViewer version 1.0
(Zschokke 2002). We also determined the numbers of contacts
a particular snail had with each of its five potential mates. We
distinguished between short contacts (<4 min, two snails in body
contact on a single video [rame or on two successive video lrames)
and long contacts (>4 min, body contact visible on three or more
successive video frames). Short contacts were considered to be the
result of random encounters of moving snails. In most cases, the
snails went on their way ignoring each other. We did not consider
short contacts in the analyses. However, we counted the long
contacts for each snail. During long contacts, snails may assess the
mating status, mating readiness or quality of potential partners. We
defined mating success as the number of copulations a snail had.

We evaluated changes in the position of single snails on
successive video frames using Big Sister version 1.2 (Zschokke
2003) The difference in a snail's position on two consecutive
video frames represents the distance moved wathin 2 min.
Summing these distances over | day or over 58 days results in the
total distance moved per day or over the entire study period

Paternity Analysis and Heterozygosity

DNA of indivaidual hatchlings and parental snails (2030 mg foot
tssue ) was extracted following a DNeasy protocol of Qiagen (2006).
We screened the DNA of mother snails for microsatellite repeats
using the nine primer pairs developed by Armbruster et al. (2005).
Primers that did not amplify or produced only a small number of
alleles were no longer considered. Six highly variable microsatellite
loci (26, 55, A9, 3, HS and HI) were employed for paternity anal-
yses following the procedure described in Kupfernagel et al (2010).

We genotyped 511 of 529 hatchlings from 37 mother snals.
Hatchlings from one observation chamber were not genotyped

-29-

because three mother snails died (see below). Null alleles, which
can significantly affect estimates of genetic relatedness of individ-
uals (Pemberton et al. 1995, Dakin & Avise 2004), were detected in
six of the 511 hatchlings examined. Observed null alleles were
a result of low DNA concentration and PCR failure. Data from these
six hatchlings were omitted. Thus, in the paternity analysis, a total
of 505 hatchlings were considered. This corresponds to 95.5% of all
hatchlings that emerged from the eggs produced.

We considered the mother snails from the eight observation
chambers as a reference sample of the ‘population’ (N = 37; the DNA
of one snail could not be extracted; see below) The six loa
used varied in the level of polymorphism [rom six to nine alleles.
Genotype frequencies at all loa were vathin expectations of
Hardy-Weinberg equilibrium (P = 0.05), and no evidence of geno-
typic disequilibrium between pairs of loci was found (P > 0.05),
Paternity exclusion probability for all six loci combined was
0.94-099 (GenAlEx estimates; Peakall & Smouse 2006).

To estimate heterozygosity (H,) of the parent snails, we calcu-
lated each individual's H, by dividing the number of heterozygous
loci by the number of genotyped loci. Our ‘population” represents
reasonable variation in He, with the 39 mother snails ranging in Ho
from033 10 1.00on ascale of 0to 1 (mean + SE « 0.78 + 0.03). We
estimated genetic similarity as a pairwise relationship coefficient
(Queller & Goodnight 1989) within copulating pairs of snails using
SPAGeD1 1.0 (Hardy & Vekemans 2002).

Statistical Analyses

Eight of the 48 experimental snails (16.7X) died during the
experiment. In the eight observation chambers, the number of
snails that died were 0,0, 0, 0, 1 (snail G1; see legend to Fig. | for
abbreviations), 2 (D1 and D2), 2 (E3 and E6) and 3 (B3, B4 and B5).
As explained above, dead snails were replaced by new ones to
maintain density. However, we considered only the 40 original
snails in the data analyses.

Microsatellite characteristics were assessed using both GenAlEx
6.1 (Peakall & Smouse 2006), an Excel add-on for population genetic
data analyses, and GENEPOP (Raymond & Rousset 1995, hup://
genepop.curtineduau). Sibship analysis and parentage recon-
struction of the emerged hatchlings were performed with CERVUS
3.0 (Kalinowski et al. 2007) CERVUS uses multiple-locus data for
likelihood assessment of parentage reconstruction in a population.
The programme does not distinguish between maternal and
paternal contribution. However, based on the video recordings, we
could determine the mother of each egg batch. The maternal
genotypes represent also the potential paternal genotypes in this
simultancous hermaphrodite. For the likelihood calculations, the
mother snail genotypes ol each observation chamber were used
with the following input variables: simulation cycles — 50 000,
probability of typed loci = 098, typing error = 0,02, confidence
level — 95% To check for paternity skew in the progeny, we applied
contingency tests examining whether multiply mated mother
snails used sperm in equal frequencies from different mating
partners for egg fertilization.

The lrequencies of dilferent types of behaviour of an individual
are not independent from cach other. We used multivanate analysis
of variance (MANOVA) to examine whether snails with different
numbers of copulations differed in the percentage of time spent
crawling, feeding, digging and resting. We applied principal
components analysis (PCA; Legendre & Legendre 1998) to convert
the different behaviour types of individuals to uncorrelated vari-
ables. The first PCA axis explained well the interindividual variation
in the frequency of the different types of behaviour (see Results) In
further analyses, we used the coordinates of each individual on the
first PCA axais (multiplied by —1) as a measure of activity.
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Figure 1. Results of the peincipal compoaents analysis on the Bedavicural varlabiley of individeal sasds (N - 40) Types of behavicurs are repeeseated by arows Jad snals are
mdicated by the observabion chamber (betters A-H) and the indmdual label {1-6) within chamber For clinty. only cramfing. feeding digging and resting are daplayed.

Correlation analyses showed that actwity, distance moved
within 24 h and the number of long contacts (square-root trans-
formed) were highly intercorrelated (see Results). We therefore
used only activity in further analyses. We applied two-tailed Mantel
tests to assess correlations between the number of long contacts
and differences in shell size in each copulating pair, between the
number of long contacts and genetic distance of two copulating
snails, and between the shell size difference and genetic distance of
two copulating snails, for each observation chamber separately.
Mantel tests were run to calculate Pearson correlation coefficients
based on 1000 permutations.

We used generalized linear mixed models (GLMM: Zuur et al.
2009) to examine how activity (A), shell size (S), heterozygosity
(square-root transformed, H) and the interaction between activity
and shell size (A*S) of individual snails influenced their courtship
and mating frequency and female and male reproductive success.
Observation chambers were handled as a random intercept. We
used CLMMs wiath Poisson distribution because the response vari-
ables were zero inflated and are biologically interpretable only as
integers. Predictors were centred prior to the analyses. We started
with a complete model (main effects plus a two-way interaction).
Then the minimal adequate model was selected based on Akaike's
information criterion (AIC).

Estimates of female reproductive success were highly accurate
because we genotyped 95.5% of the hatchlings and could assign
them to their mothers. Estimates of male reproductive success,
however, were influenced by two additional factors. First, some
snails that had received sperm from our focal snails died during the
study. Delivering sperm to these snails reduced the male repro-
ductive success of focal snails. We therefore repeated the GLMM
analyses using a reduced data set that considered only those four
observation chambers in which no snail died. This revealed a more
accurate estimate of male reproductive success for the 24 focal
snails considered. Second, snails that copulate successfully may

-30-

store sperm from their mates to fertilize eggs in the coming
reproductive season(s) (Baur 1994b). Thus, long-term sperm
storage reduces the accuracy of any estimate of male reproductive
success restricted to a single season. The magnitude of this factor
cannot be assessed with the design chosen in the present study.

Finally. snails that did not copulate in the study (N = 19) could
influence the results. To examine this aspect we repeated the
GLMM analyses using a reduced data set that considered only snails
that copulated (N~ 21) These analyses revealed very similar
results for all main predictors as the overall analyses based on all
snails (N «~ 40 for courtship and mating frequency, and N - 37 for
female and male reproductive success: data not shown).

PCA was performed with the vegan package (Oksanen et al
2010), GLMM wath the Ime4 package (Bates & Maechler 2010) and
the Mantel test using the ecodist package (Goslee & Urban 2007) in
the R statistical environment (R Development Core Team 2009).

RESULTS
Snail Behaviour

Over the entire experimental period of 58 days, the snails on
average used 9.9% of their time for crawling, 4 8% for feeding. 0.6%
for mating (courtship and copulation), 3.1% for digging (including
egg laying) and 815% for resting. However, individual snails
showed considerable variation in the percentage of time used for
different types of behaviour (Fig. 1). PCA was used to convert the
nonindependent data on the proportion of different types of
behaviour to uncorrelated vanables for each individual. The inter-
indvidual variation in frequency of the different types of behaviour
could be expressed by the first axis of the PCA, which explains
94 4% of the total vanability (Fig 1). Individuals with negative
values on the first PCA axis were highly active (spent much time
crawling. feeding and digging), while individuals with positive
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values on the first PCA axis were mostly passive (spent much time
resting) Further PCA axes explained a low percentage of total
variability (values for the second and third axes were 3.9% and
1.3%). We therefore expressed the differences in the behaviour of
individuals by the value of the first PCA axis. This value multiplied
by —1 can be considered as a measure of activity for each snail (see
Statistical Analyses)

Snails with different numbers of copulations differed signifi-
cantly in the percentage ol time spent with various behaviours
(Table 1). The number of copulations increased with the amount of
ume spent crawling and feeding

Determinants of Mating Success

Individuals varied in number of long contacts with other snails
from 21 to 182 in 58 days (mean — 848, N~ 40). The distance
moved within 24 h by a snail averaged 304 m (range 086-6.27 m).
resulting in a mean total distance moved of 166.5 m in 58 days
(range 475-3458 m, N = 40). The number of long contacts a snail
had, the distance moved within 24h and the activity of the
individual were highly intercorrelated (Pearson product-moment
correlation: number of long contacts [square-rool transformed)
versus distance moved: 7 = 0.74, P < 0.001; number of long contacts
versus activity: r = 0.73, P < 0.001; distance moved versus activity:
r =090, P< 0001 df = 38 in all cases) Mantel tests revealed that
the number of long contacts between individuals of copulating pairs
were randomly distributed wiath respect to the difference in shell
size (in all seven observation chambers) and with respect to the
genetic similanty between mating snails (in six of seven observation
chambers: snails from observation chamber B were excluded from
these analyses). Furthermore, there was no correlation between the
difference in shell size and the genetic similanty in pairs of mating
snails (in all eight observation chambers).

On average 2.2% of the long contacts (range 0-13.7%) led to
courtship. Individual snails courted between 0 and 14 times
(mean =23, N=40) The number of courtships was positively
affected by the activity of a snail, but negatively by its shell size
(Table 2). The negative interaction between activity and shell size
suggests that the effect of activity on the number of courtships is
negatively influenced by snail size. On an individual basis, on
average 60.3% of the courtships (intenindividual range 0-100%)
resulted in a copulation.

Five of the 40 snails copulated three times, six copulated twice
and 10 once, whereas 19 individuals did not copulate at all during
the observation period of 58 days However, five of the 19 snails
with no copulation courted unsuccessfully 1-14 times. Active snails
copulated more frequently than passive snails (Table 2). Snails that
copulated three times spent 66X more time crawling than snails
that copulated once or not at all. Snails that copulated three times
spent 107X more tme feeding than snails with one or no

Table 1
Percentage of time allecated to different behavious in snaiks with differeat number
of copulatwons

Type of behaviour Number of copulatns

o 1 2 3
Crawling LRES N | 30:20 132436 4140
Feoding 41210 36210 6116 31221
Courtship 025:061 033:018 1040004 182:00
Copulaton - 0.15:006 024:009 029:004
Digging 3012 28:10 3812 1%:04
Resting 539145 352434 756145 718463
Number of snails 19 10 6 5

Mean = SD for cach measure ae shown.
MANONVA: Pillar « 1.399, approcimate Fy g ~ 4.8509, F < 0001,
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Tabde 2

Summary of the minimal adequate generalized inear mced models exammang the
effects of activity, shell size, degree of heteroxygosity and the actwity*shell size
mteraction on courtship, copulaton and reproductve success as femake and male in
wdwidual snals

Response varuble Preductor Estemate  SE 2 r
Number of courtships”™  Intercept Q34 0284 1070 0285
Actmty (A) 75¥ 1129 6087 <0001
Soad size (S) ~-0341 0133 -2564 0010
A'S 2743 1089 2519 o012
Number of copulations®  Intercept -0346 0206 1678 0093
Actmty (A} 5685 1341 4290 <0001
Heteroaygosyt 1116 0677 1650 0099
Reproductive sicess Intercept 1092 0214 5102 <0001
as femake! Actrty (A) 12648 0398 14086 <0001
Soad size (S) ~-QB16 0128 -6340 <0001
MHeterogyposty! 3926 0399 9519 <0001
A'S 2699 0727 3712 <0001
Reproductive success Intercept 1479 0225 6620 <000
as male) Actwvity (A) 7415 0711 10434 <0001
Sonad size (S) ~0305 0086 -3536 <0001

Meterozypomaty! 2522 0374 6742 <0001

‘Estimate’ inchcates the magnstude and directon [positrve of negatve ] of the effect
of prodictor variables. Predictors were centred priof 1o the analyses

* N« 40

! Square-root transformed

'N=T.

copulation. Model selection eliminated the factor snail size sug-
gesting that shell size did not influence the number of copulations.

Determinants of Female and Male Reproductive Success

Female reproductive success vaned between 0 and 119 hatch-
lings (median = 0, mean = 13.2, N = 37). and was affected posi-
tively by both the activity and the degree of genetic heterozygosity
of the focal snail and negatively by snail size (Table 2) However, the
positive interaction between activity and shell size indicates that
the effect of activity was positively influenced by snail size
(Table 2). For snails that copulated, female reproductive success
averaged 24 4 hatchlings (range 0119, N - 20).

Individual snails sired between 0 and 38 hatchlings (median = 0,
mean - 87, N« 37). The male reproductive success was affected
positively by the actvity of the individual and its degree of genetic
heterozygosity, but negatively by shell size (Table 2). For snails that
copulated, male reproductive success averaged 161 hatchlings
(range 038, N — 20). Highly skewed paternity patterns were found
in the progeny of multiply mated snails. Dafferent fathers sired
dillerent numbers of offspring in the progeny of 71.4% of the mother
snails that had copulated with two or three different partners
(contingency test: P < 0.05 in progeny arrays)

The total number of hatchlings emerging from eggs should be
equal to the total number of offspnng sired In groups of
hermaphrodite snails provided that there is no parent mortality
during the study and that all offspring can be assigned to their
mother and lather. In four of eight observation chambers no snail
died. The 24 mother snails in these four boxes produced a total of
198 hatchlings of which 195 could be assigned to their lathers (the
DNA could not be extracted from three hatchlings). Mean female
reproductive success + SD was 82 + 141 hatchlings and male
reproductive success averaged 8.1 =135 hatchlings. GLMM anal-
yses revealed similar results as the analyses based on the entire
data set Female and male reproductive success were affected
positively by both the activity (Fig. 2) and the degree of heterozy-
gosity of the focal snail and negatively by its shell size. There was,
however, a negative interaction between activity and snail size
alfecting male reproductive success indicating that the effect of
activity was negatively influenced by shell size.
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For all snails, female and male reproductive success were posi-
tively correlated within the same individual (Pearson correlation,
(log+1) - transformed values: rys = 0.79, P < 0,0001). The positive
correlation remained when noncopulating snails were excluded
from the analysis (rig = 053, P < 0015), and when only the 24
individuals of the four observation chambers with no snail
mortality were considered (rzz = 077, P < 00001). It was therefore
not surprising that both female and male reproductive success
increased wath the number of copulations.

Our study shows that mating success and both female and male
reproductive success in A arbustorum are mainly determined by
the activity of the individual snail. In this context. actwity is
a combined measure of the time spent crawling, feeding and
digging. In simultaneous hermaphrodites with reciprocal copula-
tion and mutual sperm transfer, mating success is equal for both
gender functions of an indmvidual. This is also true for our model
species. Furthermore, we found that female reproductive success
was positively correlated with male reproductive success and that
both increased with the number of copulations a snail had. To our
knowledge this is the first study estimating both female and male
reproductive success in a simultaneous hermaphrodite snail kept
under seminatural conditions.

Sexual selection models show that simultancous hermaphro-
ditism wall be stable when there is a positive correlation between
female and male reprodctive success (Charnov et al. 1976;
Charnov 1979, Leonard 2006). Our findings support these models.
However, our results contradict a basic assumption of sex allocation
theory. Based on the simplified assumption that all individuals in
a population have the same fixed reproductive resource budget, sex
allocation theory predicts a trade-ofl between lemale and male
reproductive allocation (Charnov 1982). However, there is so lar
little empirical evidence for this trade-off in amimals (Scharer
2009). Studies have often found no correlation (Baeza 2007) or
a positive correlation (Scharer et al. 2005) between female and
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male allocations rather than the expected negative correlation.
In many cases, the trade-off assumptions seem not to be justified.
Furthermore, the processes that translate the female and male
allocations into gender-specific fitness are still poorly understood
(Schdrer 2009). Locher & Baur (2000a) found that the reproductive
allocation was highly female biased in A arbustorum and that an
increased mating frequency led to an increased allocation to the
male function. However, even snails that copulated three times
invested less than 5% of the total energy allocated (expressed as dry
weight, nitrogen or carbon content of the released gametes) to the
male function. Thus, the findings of Locher & Baur (2000a) and our
results indicate that there is no direct link between male allocation
and male reproductive success (1.¢. a lincar male fitness gain curve)
in this simultaneous hermaphrodite snail.

Activity as measured in our study might be a proxy for the
condition or healthiness of a snail. Individuals of A arbustorum
infested by parasitic mites showed reduced actvity. produced
fewer eggs and exhibited more winter mortality than parasite-free
snails (Schupbach & Baur 2008, 2010). Furthermore, in mating tests
individuals with a restricted lood supply tended to court for longer
and copulated for a shorter period than individuals with ample
food supply (Locher & Baur 2002). Thus, the among-individual
variation in activity recorded in our study may represent the van-
ation in condition of members of a snail population.

Bateman's principle also applies to hermaphrodites (Charmov
1979; Anthes et al. 2010) Individuals with a more female-biased
sex allocation are expected to adopt a mating strategy that is more
discriminating and that selects for mating partners that provide the
highest direct or indirect benefits (Janicke & Scharer 2009). However,
females often mate multiply, most frequently with different mates.
Hence, there must be a series of additional benefits to females from
mating, besides receiving enough sperm to fertihize all their eggs.
Females mating with multiple males may obtain direct benefits such
as parental care, nuptial gifts or energy gains from seminal fluid, or
indirect (Le. genetx) benefits resulting in higher-quality offspring
(Amqvist & Rowe 2005) In the simultaneous hermaphrodite
A arbustorum, the female function may have multiple benefits from
recerving additional sperm such as: (1) reproductive assurance (Chen
& Baur 1993); (2) inbreeding avoidance (Chen 1994; Baur & Baur
1997); (3) the opportunity of cryptic female choice when receiving
sperm from different mates (Baur 1994b); (4) energy and nutnents
gained from resorbing sperm and spermatophore; and/or (5) stim-
ulation of egg production. In A arbustorum as well as in other land
snails, repeated mating stimulates egg production, which leads to an
increased batch size and /or the production of more batches even later
in the reproductive season (Bride et al 1991; Saleuddin et al 1991
Baur & Baur 1992) Morcover. the presence of other conspecifics
may also affect female fecundity in land snails in different ways. At
low population density social laclitation might increase fecundity
(Baur & Baur 2000), while at high population density interference
competition through mucus trails reduces fecundity (Baur & Baur
1990; Jordaens et al. 2007).

While direct benefits are easily identified, it is difficult to
determine indirect benefits, and it is hence largely unclear how
they are obtained. This is particularly true in simultaneous
hermaphrodites. Genetic benefits raise the fitness of a female’s
offspring, which is either achieved by chance when females use
multiple partners without choosing between them (1e. female bet
hedging to increase the genetic variance of their offspring; Yasui
2001) or by selective use of sperm from high-quality males. Using
sperm from different mates for the lertlization of an egg batch
increases the genetic diversity among the offspring of that batch.
Indeed, two to six fathers were found to contribute to the fertil-
ization of single egg batches lad by A arbustorum in natural
populations (Kupfernagel et al 2010). Given that particular



Chapter IT

N Mmecetts et ol / Anmad Bebovsur 82 (201)) 207715 ns

combinations of maternal and paternal genotypes affect offspring
fitness, snails would benefit by making mate choice deasions based
on genetic dissimilarity. There is increasing empirical evidence that
genetic compatibility is a consequence of female mate preference
favouring genetically dissimilar males (Mays & Hill 2004). However,
our study design does not allow us to test this hypothesis because
snails kept in groups of six individuals had no lree choice between
all potential partners in the population

Sex allocation models and other models addressing gender
confllicts cannot satisfactorily account for the diversity found in
hermaphrodite mating systems (Michiels 1998; Greeff & Michiels
1999, Leonard 2006). Recently, the gender ratio hypothesis has
been proposed as a more general framework (Anthes et al. 2006).
This hypothesis requires that hermaphrodites assess not only their
own need for allosperm as fertility insurance or nutritional input,
but also the quality of their current mating partner. In hermaph-
rodites, advantages in precopulatory mate competition and mate
choice decisions have frequently been attributed to body size, with
larger individuals being preferred mating partners because body
size is often correlated with fecundity (reviewed in Leonard 2006).
Size assessment via simple tactile stimuli and size-assortative
mating has been found in opisthobranch gastropods, flatworms
and earthworms (reviewed in Anthes et al. 2006) but not in
pulmonate gastropods (eg. Baur 1992; Jordaens et al. 2005).
In A arbustorum, clutch size and egg size are correlated with shell
size (Baur 1988b, 1994a). but not female reproductive output per
season (Baur & Raboud 1988) and male fecundity measured by the
number of sperm in a spermatophore and sperm length (Baur et al.
1998, Minoretti & Baur 2006). In our study, there was no rela-
nionship between the shell sizes of mating partners.

Empirical evidence for partner assessment cues in bermaphro-
dites is sull imited. The extended courtship in pulmonate land snails
should provide ample opportunities for partner assessment (Baur
1998) In our study, 2.2% of the long contacts (intenindividual range
0-13.7%) led to courtship, and 60.3X of the courtship (interindividual
range 0-100%) resulted in copulation, suggesting a multilevel
assessment of potential partners in A, arbustorum, although the
relevant cues are not known. Direct assessment of the risk or intensity
of competition with rival sperm is even less well understood.
However, controlled mating trials showed that individuals of
A arbustorum do not adjust sperm release according to the potential
risk of sperm competition incurred with a virgin or & nonvargin
mating partner (Baur et al 1998). Furthermore, individuals of
A arbustorum did not respond to experimentally increased cues from
conspecifics, which were designed to mimuc a high risk of sperm
competition by delivering more sperm (Locher & Baur 2000b)

Analyses of paternity and maternity usually ignore matings that
failed to produce offspring (e.g. because of postcopulatory sexual
selection or extremely low hatching success). This deficiency can be
arcumvented by combining parentage analysis with wideo
recording of all potential mothers and fathers as done in our study.
We recorded four individuals that mated once and reproduced as
male but not as female and another four snails that laid fertilized
eggs but did not sire any offspring. As explained in the section
Statistical Analyses, assessments of male reproductive success
restricted to a single season are truncated because of long-term
sperm storage in the spermatheca of mating partners. Thus, male
reproductive success is underestimated in our study. Indeed,
genetic markers demonstrated that multiply mated individuals of
A arbustorum also used sperm received in the preceding year for
egg ferulization (Baur 1994b) It is therefore not possible to
compare the variance of reproductive success of either sexual
function in our study.

Dart shooting could also influence paternity pattemns in
A arbustorum. In many species of terrestrial gastropods, a sharp,
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calcified or chitinous dart is used to pierce the body of the mating
partner durning courtship (Baur 1998) Even though darts may
wound a partner, the elaborate structure of the dart apparatus
suggests that it serves some adaptive function (Chase 2007).
Experimental studies in the land snail C aspersum revealed that the
dart transfers a substance that induces conformational changes in
the lemale reproductive tract of the recipient, which reduces sperm
digestion and, consequently, increases the chances of storing the
dart shooter’s sperm (Chase & Blanchard 2006). However, virgin
snails do not possess a dart and the frequency of dart shooling
varies widely among gastropod species (Chase 2007 Baur 2010) In
A arbustorum, dart shooting is optional, eccurring in 10-20X of
courting. nonvirgin individuals (B. Baur. unpublished data). The
video technique used in the present study did not allow us to record
dart shooting in all courting pairs (¢ £ in those snails mating upside
down attached to the glass cover of the observation chamber) Dart
shooting might have occurred in a few snails mating for the second
or third time, but its low [requency may not change the general
findings on male reproductive success.

The number of copulations recorded over 58 days is probably an
underestimation of the total number of copulations per year,
because individuals of A arbustorum [requently mate alter the
egg-laying period. sometimes even a few days before hibernation
(B. Baur, unpublished data). Sperm received from these matings
may be stored until the succeeding season(s) (Kupfernagel et al.
2010). However, we do not believe that late matings in autumn
would change our general findings.

In our study. the degree of heterozygosity also explained van-
ation in mating success and in female and male reproductive
success. Individuals with a high degree of heterozygosity copulated
more frequently and showed greater reproductive success both in
the female and male function than snails vath a lower degree of
heterozygosity. The snails used in our study were collected from
avery large (>3000 individuals) natural population Thus, it seems
very unlikely that a high level of inbreeding occurs in this pop-
ulation (Pemberton 2004), Heterozygosity-fitness correlations
have been studied in vanous organisms for a long time, but they
are not universal as numerous studies have yielded no
correlations (David 1998). However, Britten (1996) concluded from
a meta-analysis that heterozygosity—fitness correlations were on
the whole significant. and would remain so even when considering
a reasonable number of unpublished null results. In a number of
populations and species, decreased fertility. survival, and parasite
and disease resistance are associated with homozygosity and
inbreeding (Young & Clarke 2000). However, the general mecha-
nisms underlying correlations between multilocus heterozygosity
and fitness are not well understood (Avise & Hamrnick 1995),

To sum up, we have shown that the large intenndividual van-
ation in reproductive success can mainly be explained by different
degrees of activity of individual snails, and that female and male
reproductive success are positively correlated within individuals of
this simultancous hermaphrodite. Our study was restricted to one
reproductive season whereas in A arbustorum, individuals repro-
duce on average over 4 years (maximum 14 years; Baur & Raboud
1988). Hence, studies should assess lifetime reproductive success
for both the female and male functions of a snail and check for
possible trade-offs between current reproductive success, winter
survival and future reproductive success
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Abstract Sperm competition models on the evolution of
sperm size assume associations with another sperm quality
trait, sperm longevity. Sperm length can also provide an
indication of possible mechanisms affecting motility and
lhmfauhmonm Detpnetbewmoﬂmce.how-

hermaphroditic land snails, sperm traits and cryptic female
choice are assumed 10 be crucial in determining fertiliza-
tion success. We examined the variation in sperm length
and number among individuals from four natural pop-
ulations of the land snail Arianta arbustorum, a species
m&mhplemmdbng-wmmm\vcabo
assessed vanation in velocity, motility and longevity of
sperm in snails from two of the four populations. Inde-
pendent of shell size, sperm length differed among pop-
ulations and, to a minor extent, cven among individuals
within populations. Mecan sperm length of a snail was not
correlated with the number of sperm delivered in a sper-
matophore. The mean sperm velocity (<VCL) did not differ
between snails from two populations. However, VCL
varied among snails. Percentage motility and longevity
of sperm differed between snails from the two pop-
ulations. No correlations were found between length,
velocity, percentage motility and longevity of sperm. To
conclude, individual snails differed in sperm quality, and
this variation may partly explain the differential fertiliza-
tion success between A. arbustorum snails. Moreover, our
findings did not support the positive association between
sperm length and longevity assumed by sperm competition
modekfamnﬂlyfaulmm

Communicated by P. Moore

Tel.: +41-61-2670845
Fax: +41-61-2670832

Keywords Sperm length - Sperm longevity - Sperm
velocity - Sperm number - Sperm competition

patemnity of a male by outcompeting sperm
males (Birkhead and Meller 1998) or by manipulating
female reproduction (Peng et al. 2005). Therefore, pheno-
typic and/or genetic covariation can be expected between
either different measures of sperm quality or sperm quality
and sperm number (e.g., Moore et al. 2004; Birkhead et al.
2005).

Investment in sperm quality traits and in sperm number

(Parker 1993; Parker and Begon 1993). Indeed, in several
promiscuous species, a common male response 10 sperm
competition is 10 increase the number of sperm delivered
(e.g., Schulte-Hostedde and Millar 2004). Sperm compe-
tition models predict that sperm size can confer a fer-
tilization advantage, but only under the assumption of a
functional relationship between sperm quality traits. Sperm
length might not change or increase or decrease with

sperm longevity depending on the mode of reproduction
(Pukerl”l) Sperm size can increase under conditions

of high sperm competition (c.g., the nematode Caenor-
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habditis elegans, LaMunyon and Ward 2002). However,
sperm length in flies (Hosken et al. 2001; Pitnick et al.
2001). Studies showed that males producing larger sperm
might enhance their fertilization success (¢.g., the bulb
mite, Radwan 1996; the prosobranch snail Viviparus ater,
et al. 2003). More recently, othanlevmqao-
ulate characteristics such as sperm velocity, motility, and

longevity and the interaction among these traits on fer-
tilization success have received i ing attention (¢.8.,

?

nwdmmbywhthluynnﬁecmwym

i fertilizing with sperm storage
(e.g., Froman 2003; Snook 2005). Sperm motility predicts
fertilization success in competitive situations for many
species (e.g., Birkhead et al. 1999; Kupriyanova and
Havenhand 2002). Moreover, Rogers and Chase (2002)
suggested that in the snail Helix aspersa, the beating of
longer sperm should generate resistance to incoming sperm
mmewmmm )

Sperm charactenistics have so far been examined exclu-
sively in gonochoristic species, with the exception of the
hermaphroditic nematode C. elegans (LaMunyon and
mmxwwxmummnm
sperm characteristics in simultancous hermaphrodites,
cven though this may conflict with the sperm receiver’s
interests (Michicls 1998). The sperm donor must persuade
the sperm receiver to use its sperm to fertilize eggs, and/or
10 avoid the postcopulatory control mechanisms (Michiels
1998). In gastropods, the interspecific variation in sperm

has been studied and is used as a taxonomical
character (e.g., Healy 1996), while the intraspecific van-
ation in sperm traits has not yet been analyzed quantita-
tively. Spermatozoa of terrestrial gastropods are among the
longest within molluscs (¢.g., 850 um in Helix pomatia,
and 1,140-1,400 um in Hedleyella falconeri; Thompson
1973). The present study focuses on intraspecific vaniation
in sperm charactenistics in the simultancously hermaphro-
ditic land snail Arianta arbustorum. In this species, sperm
are monomorphic and ca. 800 um long (Bojat et al. 2001).
There is experimental evidence for sperm competition in A.
arbustorum: multiple mating is common (Baur 1994),
viable sperm from different males can be stored for long
peniods (Baur 1988a), and multiple paternity and differen-

m

1998). A. arbustorum does not adjust the number of sperm
delivered 10 the actual risk of sperm competition (Locher
and Baur 2000), and its female role has some control over
the fertilization of the eggs by selective sperm use (Baur
1994; Bojat and Haase 2002).

Sperm competition is one of the principal determinants
of male fitness in species in which females mate promis-
cuously, but the selective pressures it causes are only partly
understood, especially with respect 1o sperm characteristics
favored under sperm competition. To investigate the under-
lymgcanuofdnﬂamal fertilization success between
snails, we assessed among- and within-population vanation
in sperm length and number of sperm transferred during
copulation in A. arbustorum from four natural populations.
To test the assumptions of sperm competition models on
the evolution of sperm size (Parker 1998), we measured
the vdocuy motility, and longevity of sperm, and we
assessed their relationship with sperm length in two of
the examined populations. We observed that the sperm of
A. arbustorum leave the spermatophore in bundies to reach
the storage organ. Therefore, we also measured the velocity
of sperm swimming in bundles. In pulmonate gastropods,
sperm bundles have so far been observed in . pomatia
(Meisenheimer 1912).

Materials and methods
Study organism

A. arbustorum is common in moist habitats of northwestern
and central Europe (Kemey and Cameron 1979). The snail
has determinate growth (adult shell width 16-24 mm; Baur
1984). Individuals become sexually mature at 2-4 years,
MMlmmHmMMWlml
Mating in A. arbustorum includes claborate courtship
bdmnot whnd)lm2-18h(8.rn48ul992).

1923; Baminger and Haase 2001). In the field, A
arbustorum mates repeatedly in the course of a reproduc-
tive scason, and fertile sperm can be stored for more than
1 year (Baur 1988a). Snails deposit onc to three egg
batches consisting of 20-50 eggs (Baur 1990). Outcrossing
is the dominant mode of reproduction in A. arbustorum
(Chen and Baur 1993). Breeding experiments showed that
27% of virgin snails prevented from mating produced a few

ings by self-fertilization in the second and third year
of isolation (Chen and Baur 1993). However, the repro-
ductive success of selfing individuals was less than 2% of

that of outcrossing snails.
General method

Virgin snails were obtained by collecting subadult indi-
viduals of A. arbustorum from four localities in Switzer-
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F

Shell size effect” Population ¢ffect*
Nuglar (2001, 2002)  Allschwil (2002)  df

Thun (2002)

Population (year of collection)
Gumigel (2001, 2002)

1.71(a)+0.01 (58)

Table 1 Reproductive traits of A. arbustorum from four populations (meantSE, sample size in parenthesis)

<0.0001
696 <0.0001
064 099

055

<0.0001
0.65
2259 <0.0001

181.01
7.01

------

.....

2.17(c)+0.02 (17)
423426 (15)
913(d)+4 (17)
5.33(c)+0.57 (16)
5.1(b)+0.3 (17)
95.8+11.7 (17)

70.2+8.3 (13)

among populations are indicated by different letters in parentheses (Hochberg's GT2 post hoc test)

values were calculated from onc-way ANCOVAs with shell size as covaniate

*Onc-way ANOVA

432422 (29)
9INc)+4 (29)

2.52(2)20.14 (14)  4.01(b)20.31 (24)

2.8(a)40.4 (14)

4.3(b)10.2 (28)

584171 (14)

388428 (14)

2.04(b)+0.02 (14)  2.08(b)+0.02 (29)
898(b)24 (14)

421427 (13)
3.1(a)+0.1 (58)
46,644 .4 (27)

878(a)+3 (58)

Sperm length (um)
Number of sperm delivered (<10%)  2.32(a)+0.13 (57)
Spermatophore volume (mm’)

Copulation duration (min)

Shell width (cm)®

Albumen gland dry weight (mg)

Differences

*Fand P

land. Snails that had not yet completed shell growth
sampled in a coniferous forest near Gumigelbad (20
south of Bem; 46°45'N, 7°28°E, 1,230 m asl), i
deciduous forests near Thun (26 km SSE of Bern; 46°44°
N, 7°35°E, at 580 m) and Nuglar (12 km SE of Basel;
47°29'N, 7°42°E, at 430 m), and in an oak-hombeam
forest near Allschwil (4 km SW of Basel; 47°32'N, 7°31'E,
at 335 m). Snails from the four localitics are, hercafier,
referred 0 as Gumigel, Thun, Nuglar, and Allschwil

populations.

Snails were kept singly in transparent plastic beakers
(8 cm deep, 6.5 cm in diameter) lined with moist soil
(approximately 4 cm) at 19.5°C with a light-dark cycle of
18:6 h. We cleaned the beakers twice per week and
provided fresh lettuce ad libitum as food. Within 4 weeks,
subadult individuals reached sexual maturity as indicated

by the formation of a flanged lip at the shell aperture.

sii

population in a transparent plastic container (14x10x7 cm)
lined with moist paper towel. The spermatophore produced

measured the shell width to the nearest 0.1 mm using a
vernier calliper to examine possible effects of the size of
the focal snail on sperm traits.

We counted the number of sperm and measured their
Imgﬁmmhﬁundlfowpopuﬁmof.{.m
collected in summer 2001 and 2002 (samples size in
Table 1). In each spermatophore, we measured the length
(L)ofdnwmndmdmum

ends (D, and D) 10 the nearest 0.1 mm. Spermatophore
volume was approximated assuming a truncated-cone
volume [V = 1/12zL(D} + Dy\D; + D3)]. We also ex-
amined possible relationships between the male reproduc-
tive output (sperm length or sperm number) on the female
erdbauon(wbym;hd&y
weight) in this simultancous hermaphrodite. The albumen
gland was dissected out of the female reproductive tract
of the focal snail. We determined the dry weight of the
albumen gland to the necarest 0.1 mg. We also examined
the relationships between sperm number, spermatophore
volume (cubic millimeters), and copulation duration
minutes
(Wem:'nnd:pamlmphndlbeimﬂity'-m
from two (Gumigel and Nuglar) of the four )
collected in summer 2004 (samples size in Table 3). Snails
of these populations showed large differences in sperm
length (see Table 1).

Sperm length

Sperm characteristics were examined in spermatozoa from
spermatophores, which were dissected out of the receiver
approximately 3 h after copulation. Sperm of A. arbustor-
um are densely packed in the spermatophore (Baminger
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chmnmdmdomlydmmmam
(SONY CCD-Iris) mounted on a compound microscope
(Leu DMLD, magnification 200x) connected to a
. From these images, we measured
dnmlwnhmh(hadndml)ofzs-”mﬁom
software (version 1.63; hitp://rsb.info.nih.gov/nih-image).

We assessed the reliability of multiple length measure-
ments (7=6) on the same sperm (7=9) by calculating the

i

the technique was accurate. Broken tails of sperm could
bias our measurements of length. We found ten
outliers (i.c., 0.53% of a total of 1,875 sperm measured
from 72 snails; Grubbs® test, public domain hitp://www.

values in which outliers were excluded (ANOVA:
F3457032, P~0.58).

Sperm number

The procedure for sperm counting is described in detail in
LochetndBu(l”D Briefly, the sperm suspension
obtained from the mechanically disrupted spermatophore
was stained with a gallocyanin-chromium complex (a DNA
marker). Two subsamples of known volume of the sperm

andmedthelmgeofthemmbanplsloalwhﬂhc
total number of sperm transferred in a spermatophore.

To assess the proportion of sperm removed for sperm
length measurements, we counted the number of sperm of
three from cach six . A total of
1,542-3,271 (mean 2,352.12264.3) sperm was removed
for sperm length measurements. This comresponds to
0.045-0.096% (mean 0.068%) of the total number of
sperm in a spermatophore. , we corrected our
estimate of sperm number by multiplying the value with a
correction factor of 1.00068.
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Spemmonhty velocity, percentage motility,
longevity

Sperm characteristics were examined in sperm from
spermatophores, which were dissected from the receiver
1.5 h after copulation. Single spermatophores were placed
into the aperture of a 20-um decp standard microscopic
chamber (CASA 2x, Leja, NL) filled with 10 pl Ringer
solution. Motile sperm were video-recorded at room
temperature (23.720.2°C; n=8 days) for 10 min using a
differential interference contrast mi (Polyvar,
Reichert-Jung, Vienna, Austria; 100x; with
the neutral filter N3 and a light transmission of 12.5% to
enhance image contrast). The microscopic chamber was
checked top-down 1o minimize the risk of sampling a
sperm more than once. “Edge effects™ may increase sperm
velocity, but this systematic emror was the same for all
sperm was preserved in 200 pl Ringer solution, and kept
at room temperature 1o assess percentage motility (see
below).
Swmwbmywwmlwmd
IVOS-semen analysis system (CASA version 12.1,
Hamilton Thome Research, University Hospital Basel).
CASA uses a nearest-neighbor algonthm to sclect the
closest motile object. We adjusted the procedure to A.
arbustorum sperm by taking 50 frames per second, setting
cell detection 10 a minimum contrast of 50 and minimum
cell size to 3 pixels. We measured the average velocity
(micrometers per second) of single sperm considening both
the actual track velocity (VCL, average velocity, which
includes deviations of sperm head movement) and the
straight-line velocity (VSL, average velocity measured in a
straight line). Sperm velocity (VCL and VSL) was
recorded twice (90 and 120 min after sperm activation,
i.e., 180 and 210 min afier copulation) in 10-12 sperm
from each spermatophore.

Velocity of sperm leaving the spermatophore in bundles
was measured manually because sperm bundles could not
bemallyndumﬁedbyCASA.“kaSL

hachcse.ﬁvewﬁmmﬂnan
interval of 1 s (using the software BioPictViewer+;
Zschokke 2003). In four VSL of sperm
bundles leaving the spermatophore (82.0£16.7 pum/s) was
not significantly different from the VSL of those that
moved freely in the microscopic chamber (50.029.9 pum/'s)
coming from the same spermatophore (paired 7 test: r=1.95,
df=3, P=0.15). Some of the sperm bundies disentangled
after lcaving the This allowed us to com-
pare VSL of sperm in bundles and VSL of singly swim-
ming sperm of the same spermatophore.

We assessed percentage motility (number of active
manoflwmdodycbaum)u3hm
beginning 12 h after sperm activation. We determined
percentage motility in 10-ul sperm suspension using a light
microscope (Leica DMLD, magnification 100x). Repeated
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measurements of percentage motility also allow an estimate
of sperm longevity, which is defined as time clapsed since
activation until 95% of the sperm are inactive,

Data analysis

SWMy:esmpafonnedmgSPSSllo.Zfa
Macintosh. Differences in ooefﬁaanofm (CV.

using onc-way
ofcovmnce(ANCOVA)wnhpthnmsﬁxedfaaot
and shell width as covanate. Differences in percentage
motility were examined using onc-way repeated measures
analysis of covanance. In all cases, the nonsignificant
interaction was from the model (Scheiner and
Gurevitch 1993). Differences between populations were
investigated using the Hochberg's GT2 post hoc test for
uncqual sample sizes. Varance components for sperm
length were partitioned among sources (i.e., among
pop\nm-mambwnhnpop\nmndm
sperm within snails) by using nested analysis of variance.
Relationships between sperm traits were analyzed with the
Pearson correlation test (for small sample sizes).

Results
Sperm length

variation Snails differed in mean shell
width (Table 1; Fig. 1). However, independent of shell
width, mean length of A. arbustorum differed

6.7% of the average sperm length (grand mean: 904 pm).

5

in-population variation Different individuals pro-
duced sperm of different length (one-way ANCOVA:
Gumigel: Fy,09=18.34, P<0.0001; Thun: F335=7.67,
P<0.0001; Nuglar: Fyy¢9,=15.77, P<0.0001; Allschwil:
Fi643915.00, P<0.0001; Fig. 1). Sperm length was not
correlated with shell width (in all populations P>0.08;

populations:
(n=58), Thun 3.1% (n=14), Nuglar 2.5% (n+29), and
Allschwil 2.3% (n=17) (Levunes test: dfyi=3, dfs~114,

cases P>0.62). Similarly, at the individual level, sperm
length was normally distributed in all 118 snails examined,
indicating that sperm length is unimodal in A. arbustorum.
Faty-mnepawuofdnvmmmlamhmbe
attributed to differences among 17.3%
differences among snails within population, and 33.7% to
differences within individuals (Table 2). Thus, snails
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Sperm longth (um)
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18 2
Shell size (cm)

16

l’blSpunM(nm@dA arbustorum from four
(Mlml.-”*ﬂd
(2001, 2002),
Twenty-five ©
ﬂ

differed in sperm length both among and—to a minor
ithi lati

Among-year variation Snails from different populations
produced sperm of different length; this difference was
consistent among years ( ANCOVA: shell size
F]_‘:'o.'l. P=0.74; year: F|.|“.|.‘6. P=0.43; m'
tion: F299720.01, P+0.02; year=population: F; 52+5.60,
P=0.02). The significant interaction term indicates that not
all populations showed the same pattern. In fact, in the
Nuglar population, sperm length differed between years
(two-way ANCOVA: shell size F, 26+0.01, P=0.93; ye-

F26=11.80, P<0.002), probably due to a sampling cffect
(data from 2001: #=16 snails; from 2002: »=13 snails).

Sperm number
Among-population variation Independent of shell width,

numbers of sperm in their spermatophores (Table 1;

Table 2 Results of the nested analysis of vanance for sperm length
g)m 14-58 smails per population; 25-29 sperm per

Source of a MS F P Percentage

vanation of wtal

Populations 3 61722623 99258 <0.0001 4950

Snails within 114 993672 1598 <0.0001 173
populatons

Sperm within 2916 621.84 337
snauls

Total 3034 134366 100
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Sperm length (um)
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800 v - ~ . - -
0 1 2 3 - s 6
Number of sperm (in millions)
2 Relabonship between sperm pumber of sperm
umfemd eopuhﬁuhd.m four

|apal Sfilled
Thun (202). n=14; filled circle, Nuglar (2001, 2002),
n=24; open diamond Allschwil (2002), n=16))

Fig. 2). The mean number of sperm delivered from
2.3x10° in the igel population to 5.3x10° in the
Alischwil population (Table 1). Populations differed also
in spermatophore volume, but not in copulation duration
(Tuble l).Spanmopborevohlnewponnvdycom-
htedwuhspamnunba(poobddluuﬁa lbe
effect of shell size: 034, n=111, P<0.0001). As
observed in studies for A. arbustorum (e.g.,
Locher and Baur 1999), sperm number was not influenced
by copulation duration (pooled data after removing the
effect of shell size: 7~0.18, n=65, P=0.15).

mmmhmmmmdmm
ferred during did not correlate with shell width
(mulmmsnmmm
in sperm number within the populations examined
(expressed as CV) was high: Gumigel 43.6% (n=57),
Thun 21.5% (n=14), Nuglar 37.7% (n=24), and Allschwil
38.3% (n=16).

wmmmmm
and female reproductive allocation

Considering all snails from the four mean
mwmmmmuma
sperm transferred during (log-transformed data:
r=0.43, n=111, P<0.001; Fig. 2). However, this correlation
was no longer significant after removing the effect of shell
size (residuals from sperm width and sperm
number-shell width relationships: 7~0.02, n~111, P=0.81).
Similarly, considering snails from cach population scpa-
rately, mean sperm length was not correlated with the
numbetofspamdelivuad(hallpopuldou?g&l&
Fig. 2). Thus, sperm length and the number of sperm
transferred during copulation are independent reproductive
traits in A. arbustorum.

278

In simultaneous ites, reproductive alloca-
tion to the male function (i.c., sperm production) is not
on allocation 1o the female func-

wenghl-cpelm number: r=0.03, n=70, P>0£3).

Sperm motility
Variation in sperm velocity VCL, the mean velocity of the
actual sperm track, was recorded twice for cach

phore at 120 and 190 min afier activation; mean VCL of
hmapb“mmwlu:l-lw df=17,

Mean VCL (79.843.3 um/s, »=23) differed among
individual snails (onc-way ANOVA: Fy; 433570,
P<0.001). VCL ranged from 52 to 112 um/s and showed
an interindividual variation (expressed as CV) of 33%
(n=23; Fig. 3). The distnibution of mean VCL values did
not differ from a normal distribution (Shapiro-Wilk test:
df=23, P=0.47; Fig. 3). Furthermore, VCL values of all
sperm measured in cach spermatophore fitted a normal
distribution (Shapiro-Wilk test: for all 23 snails P>0.08).
Similar results were obtained when sperm velocity was
measured as straight-line velocity (VSL: 20.241.1 pm's,
n=23; data not shown),
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Chapter IIT

276
100 4

Gumigel, n=6-7; filled circle Nuglar, n=5-11)

in bundles, which consisted of 50-
100 sperm oriented in the same direction with
flagella that beat synchronously. Mean VSL was caku-
lated from 4-12 bundles per . In the
microscopic chamber, VSL of sperm bundles (53.0+
5.1 um/s, n=9) did not differ from VSL of singly swim-
ming sperm (54.824.2 um's, #n~9; paired ¢ test: ~0.29,
df=8, P=0.78).

Percentage motility and longevity Percentage motility (the
numbaofacuvespamoﬁoflOOtpamobawd)

not affected by shell width; populations differed in per-
centage motility (onc-way repeated measures ANCOVA:
shell width: F, ,4=3.82, P=0.07; population: F, ,,=34.24,
P<0.0001; time: F;24=2.63, P=0.09; Fig. 4). No sperm
were motile after 21 h in snails from the Gumigel
population and after 39 h in snails from the Nuglar pop-
ulation (Fig. 4). Sperm longevity (time clapsed since
activation until 95% of the sperm were inactive) differed
between ions (Gumigel 18.9%1.5 h, »=7; Nuglar
35.5+1.2 h, n=9), but was not affected by shell width (one-
way ANCOVA: shell width: F, ;3=0.01, P=0.93; popula-
tion: F|.|).53.6. MOOOI)

Velocity of sperm in bundles Sperm were observed to leave
the spermatophore

Relationships between sperm length and motility

rameters were found within populations (Table 3). Sperm
lengthmdspamvelocnymnotcanhedmpooled
data from both (residuals from sperm length-
shell width and sperm number-shell width relationships:
r=0.21, n=23, P=0.34). Sperm in the Nuglar

were, on average, 61 um longer than sperm in the Gumigel
population (Table 1) but they did not swim faster (Fig. 3).
Furthermore, no correlations were found between sperm
motility parameters (for all comparisons: Gumigel P>0.19;

Table 3 Corrclations between mean sperm lemgth and sporm
motility traits in snails from two A arbustorum populations (data
from 2004)

Gurnigel Nuglar

n o P n P
VCL (um's) 13 039 019 10 014 00
Percentage motility
hafleractivaion 7 004 094 S 080 010
IShaficractivation 7 -004 054 11 051 on
Sperm longevity h) 7 010 083 9 020 061

sperm
length in 58, 29, 16, and 14 individuals from the four

populations. Sperm length was also significantly different
between the two with the largest sample sizes

Spammmdwmmm-hew
popuhnouwm:dm‘rdyl-gemmoo
snails in the 2 years). ummmm
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sperm length differed between snails examined in 2001 and
2002. This difference could be duc to relatively small
sample sizes (16 and 13 snails).

We measured total sperm length because the borders
between head, midpiece, and tail are indistinct in helicid
spermatozoa (Dohmen 1983). The sperm head of A
arbustorum measures approximately 8 pum (1% of the total
sperm length; Bojat et al. 2001). It is therefore unlikely that
sperm head size accounted for the interindividual differ-
ences in sperm length. Thus, A. arbustorum
monomorphic spermatozoa (Bojat et al. 2001), which vary
in length. Individuals of A. arbustorum showed consistent

sperm length in two successive matings (Minoretti et al., in
mﬁon). Furthermore, sperm length was not affected
by snail size and the weight of the albumen gland (a
measure for female reproductive allocation). This suggests

Sdmlle-HomddeandelhrZON) It remains 1o be
determined whether snails with long sperm actually enjoy
an increased fertilization success in multiply mated snails.
An mmgumg aspect related 1o vanation in sperm
characteristics is that for quantitative traits like sperm
size and sperm velocity, different “groups™ of sperm within
cjaculates may exist (e.g., Thurston et al. 1999, 2001).
Although differences in sperm length are continuous within
individuals of A. arbustorum, our results indicate that
sperm length within the same snail is highly variable (the
within-individual variation explained 33.7% of total sperm
length). The presence of specific “groups™ within ejacu-
lates may provide a selective fertility advantage (e.g.,
Thurston et al. 1999, Baer et al. 2003). Bet-hedging for
vaniable sperm may be selected for when it allows either
differential cjaculation of a certain length fraction after
recognition of the type of partner, or differential storage of
amhgthﬁwmbymofwﬁcmmw
et al. 2003). At least in some sperm-dimorphic species,
fmnlamwbeabkwdmmmbammof

morphologically distinct sperm. For example, only short

Graptopsaltria nigrofuscata (Kubo-Ine et al.
2003). In contrast, only long sperm enter the external layer
of eggs in six Drosophila species (Karr and Pitnick 1996).
In A. arbustorum, the female role may have some control
over the fertilization of the eggs by selective sperm use
(Baur 1994; Bojat and Haase 2002). Therefore, sperm
length vanation could also result from selective sperm
storage by females (e.g., Miller and Pitnick 2002).
Independent of snail size differences, A. arbustorum
individuals transferred different amounts of sperm during
width nor with albumen gland weight. In A. arbustorum,
sperm production seems 10 be less constrained by energy
Mnmumkc“mmammm
2002). When sperm competition is fundamentally analo-
gous to a raffle, the relative number of sperm will be the
primary determinant of fertilization success (Parker 1993;

n

Parker and Begon 1993). However, A. arbustorum does not
adjust the number of sperm delivered 10 the actual risk of
sperm competition (Locher and Baur 2000). In our study,
sperm length did not trade-off with sperm number; as
predicted by theory, mevtyw
under sperm competition (Parker 1998). The smaller
coefficient of vanation of sperm length compared to
sperm number could indicate that sperm size is under
stronger sclection. Thus, sperm length may be a better
predictor of fertilization success than the number of sperm
transferred during copulation in A. arbustorum.
Interindividual differences in sperm motility could result
in differential fertilization success (sperm velocity, ¢.g.,
Kupriyanova and Havenhand 2002; percentage motility,
¢.g., Froman et al. 2002). Snails differed in sperm motility
paramcters; the cffect of sperm motility on fertilization
success has not yet been examined in A. arbustorum. After
mmmumuwmm
bursa copulatrix, where they are immobilized rapidly
nddxpmd(Lmle”.oulyOl%oﬂhewmdehvavd
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tancous hermaphrodites, nor in other intemnally fertilizing
species with long-term sperm storage (see Snook 2005). In
the Atlantic salmon, sperm length was not correlated with
sperm velocity, but sperm length and longevity were
negatively associated (Gage et al. 2002). In A. arbustorum,
viable sperm could be stored in the

bmmmwmlnymofm
higher ATP/mitochondnia content (Froman et al. 1999,
2002).

power of 80% (a=0.05), sample sizes of >190 snails are
required. However, the use of iC measures 10
assign relationships between cjaculate traits might not be
conclusive (Moore et al. 2004; Snook 2005). Future
rescarch should examine genctic correlations between
sperm traits to clucidate the constraints on the evolution
of sperm morphology and function (¢.g., Moore ct al. 2004).
Our results are relevant for understanding the mechan-
isms underlying fertilization success in simultancous
hermaphrodites. We found interindividual differences in
sperm quality that can explain the differential patemity
success of A. arbustorum individuals (Baur 1998).
Considerable vanation was also detected within individ-
vals and among populations of A. arbustorum. Thus, the
intraspecific variation in sperm traits in nature is likely to
be even greater than reported here and in similar studies
(reviewed in Ward 1998 and Snook 2005). Models of
sexual selection for the evolution of sperm morphology and
function should take into account different processes of

sexual selection (e.g., Snook 2005). In this
study, we showed how the interindividual differences in the
sperm quality traits found in A. arbustorum could be a
response 10 sperm competition risk in interaction with
cryptic female choice.
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ABSTRACT

Sperm length vanes considerably, both between and within species, but the evolutionary implications
of this variation are poorly understood. Sexual selection on sperm length requires a significant addi-
tive genetic varance, but few studies have actually measured this. Stylommatophoran gastropods
have extraordinarily long sperm. However, the extent of intraspecific variation has rardy been exam.
ined. Here we present the fint estimates of heritability of sperm length in the land snail Ariaste
arbudoram using two complementary approaches (one-parent-oflpring regression and fullsibling
split design). We also examined whether sperm length is influenced by the shell size of the snail and
estimated hentability of shell size. Sperm delivered by the same individuals in 2- 4 matings over two
reproductive seasons did not differ in length, indicating a high repeatability of this trait. Ollspring of
10 families were kept at three temperatures (11, 15 and 20°C) 1o examine the influence of different
environmental conditions on sperm length and adult shell breadth. Independent of shell breadth,
sperm length was affected by temperature but not by family of origin (the varance component asso-
ciated with family was not significantly different from zero), while adult shell breadth was influenced
by temperature and Gamily of origin. Higher temperatures resulted in shorter sperm, but larger shells.
The heritability of sperm length derived from the two different approaches (one-parent - offspring re-
gression: 4° + SE = 0.52 4 0.55; full-sibling split design: 4 SE= <0.19 + 0.28) suggests relatively
little genetic varation in this tait in the studied population. In contrast, the heritability of adult
shell breadth indicates a strong genetic effect (mother - oflipring regression, & 4+ SE =090 + 0.33).
The hentability 4 + SE) of adult shell breadth obtained from the father offspring regression was
0.18 4 0.42, ie. five times smaller than that of the mother - oflspring regression, suggesting a mater-
nal effect on shell size.

The influence of sperm competition on sperm length is less
well understood (Przzari & Parker, 2009). In some species,

INTRODUCTION

Sperm length shows an extraondinary variation both within and sperm ength appears 1o be redevant for male reproductive
among species (Snook, 2005; Pitnick, Hosken & Birkhead, success under conditions of intensive sperm competition. For
20084 . This variation may reflect population- and species-specific example, short sperm were favoured during sperm competition

differences in fentilzation mode, allometry and strength of pasteo. in the cricket Gillas bimacvlatyr (Gage & Morrow, 2003) and
pulatory sexual selection. Within species, sperm - female interace sperm morphometry was adjusted in males of the polymorphic
tioas have been shown to be a major factor influencing sperm Gouldian finch [Enthrara gowldiae) across social environments
length evolution (e Miller & Pimick, 2002; Pattarini # al., Immler, Calhim & Birkhead, 2010). Similarly, studies on sim.
2006; Pitnick, Wolfoer & Suarez, 2009b). The length of sperm ultancous hermaphrodites indicate that the intensity of sperm
may influence their power and swimming speed as well as Joagey- competition can affect sperm length (Crean & Marshall, 2008;
ity because of differences in the energetic demands betwoen bonger but see Janicke and Schirer 2010). In contrast, no corvelation
and shorter flagella (e.g. Masman o al, 200; Helfenstein, between sperm length and male reproductive success could be
Podevin & Richner, 2010). In taxa with sperm storage organs,  found in a variety of species including insects [Tomkins &
sperm Jength may determine the ability to reach the storage  Simmons, 2000; Simmons «f af., 2003), fish (Gage o ol., 2004)
organs fint and to mosr to the ovum from the storage organ once and mammals (Gage & Freckleton, 2003).

ovulation takes place (e.g. in the land snail Hefix aspersa, Roger & Sperm length usually exhibits livde varation across cjacu-
Chase, 2002; in the domestic fowl, Froman, 2003). lates of single males (Morrow & Gage, 2001a; Birkhead o ol

1 T Avthor X013, Pablished by Oxford Usinersaly Preis an bedaly of The Malacolagicel Swvety of Loadva, all rights resevsed
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2005; Immler of al., 2008; Fizzpatrick & Baer, 2011}, indicating
strong  genetic  determination  (Morrow &  Gage, 2001b;
Simmons & Kotiaho, 2002). Simmons & Moore (2009 sum-
marized available information on additive genetic and pheno-
typic variation and heritabilities of sperm and spermerelated
traits in various taxa. Heritabilities of sperm morphology in-
cluding sperm length varied around 0.5. In contrast, heritabil
ities of sperm formance traits such as maotility,
viability and fertlization success were lower. Indeed, fitness
traits are considered to show a substantial genetic vanation,
but low heritabilities due to a large fraction of residual vari.
ation (Houle, 1992). However, there is some evidence that en-
vironmental factors may influence sperm leagth. Sperm size
increased with temperature in dung flies (Blanckenhorn &
Hellriegel, 2002; but see Gage & Cook, 1994), and with the
males” age in the e beetle Allachars diliveata (Green, 2003),
but decreased with larval density in Drosspdile  selovogaster
(Morrow, Leijon & Mecrupati, 2008; but sce Gay of al., 2009),
The type of nutrition showed only a weak eflect on sperm size
(Gage & Cook, 1994; Amitin & Pinick, 2007). Furthermore,
maternal effects may partly determine sperm length. In the
seed beetle Callosobruchus macwlates, older mothers produced sons
with longer sperm than did younger mothers [Dowling,
Nowostawski & Arnquist, 2007; Gay o al., 2009). However,
mast aspects of the control of sperm length, induding physio-
logical processes and temperature, have so far not been investi-
gated (Engd, Ludington & Marshall, 2009).

Gastropads exhibit a large intenspecific variation in sperm
maorphology (Thompson, 1973; Healy, 1968, 1996; Luchtel o al.,
1997). Spermatozoa of stylommatophorans are among the largest
of the gastropods (e.g. BD0 pm in Arianta arbudornwe, Bojat, Sauder
& Haase, 20001; 850 pm in Heliv pomatio and 1140 1400 pm in
Heolloyella faloowest, Thompson, 1973, Information on intraspecific
variation in sperm Jength is vestricted 10 a single species, the land
snail Aravfa arbudarwwe (Linnacus, 1758) (Minovetti & Baur,
2006). However, the significance of the variation in sperm kength
in terresrial gastropads is largely unknown.

In the present study, we assessed the repeatability of sperm
length in spermatophores delivered in successive matings by
individuals of A. arbudoram. We ako conducted a breeding ex-
periment to estimate the heritability of sperm Jength and adult
shell breadth in this species. We considered the relationship
between shell breadth and sperm length because most repro-
ductive traits [e.g. egg size, clutch size) are size-related in
A. arbastorum (Baur, 1988b, 1990; Baur & Raboud, 1988; Baur,
Locher & Baur, 1998). We used two different methods 1o esti-
mate the heritability of sperm length and shell beeadth. Firsly,
we calculated the one-parent - offspring regression to obtain an
estimate of narrow-sense heritability & Secondly, we used a
full-sibling split design to raise the offspring of several snails
under different environmental conditions (three temperatures)
until their first mating. Spermatogenesis of pulmonate gastro-
podds i sensitive 10 both  temperature  and  photoperiod
(Tompa, 1964). This second approach allowed us to partition
the genetic variance from the total phenotypic varance and
thus to estimate the broad-sense heritability #* of sperm
length and shell breadth (Lynch & Wakh, 1998).

MATERIAL AND METHODS

Study organism

Arianta ardbudorsm is common in moist habitats of northwestern
and central Europe [Kerney & Cameron, 1979). The snail has
determinate growth (shell breadth of adults 16 -24 mm; Baur,
1984). Individuals become sexually mature at 2-4 years and
adults live another 3-4 years (Baur & Raboud, 1968).
Quicrossing s the dominant mode of reprduction in A,

arbastorvw (Chen & Baur, 1993). Breeding experiments showed
that 27% of virgin snails prevented from mating produced a
few hatchlings by self-fertilization in the second and third year
of isolation (Chen & Baur, 1993). However, the reproductive
success of selfing individuals was less than 2% of that of out-
crossing snails. Mating in A, arbaderam incdudes elaborate
courtship behaviour, which lasts 2- 18 h [Baur & Baur, 1992),
Copulation is reciprocal: after intromission each snail simultan-
cously transfers one spermatophore, which is formed and filled
with sperm during copulation (Hofmann, 1923; Baminger &
Haase, 2001). Sperm are monomorphic in this species. Sperm
length differed among pl:rulalicm: (mean values of four popu-
lations: 878, 894, 913 and 939 pm), and-—to a minor extent-
even among individuals (Minoretti & Baur, 2006). Fertile
can be stored for more than | year (Baur, 198824, In the
cld, A. ardustorvw mates repeatedly in the course of a repro-
ductive season. Snails deposit 1-3 egg barches, each consisting
of 20-50 eggs (Baur, 1990). Multiple mating and sperm
storage might promote postcopulatory processes in terms of
competition among sperm from different parters, and/or se-
lective storage and use of allosperm from the receiver (Baur,
1994; Kupfermagel, Rusterholz & Baur, 2010).

Sampling site and sna:l maintenance

Virgin individuak (subadult snails that had not yet completed
shell growth) of A. ardastoruee were collected from an embank-
ment along a track in the subalpine forest near Gurnigelbad in
Switzerland (46°45'N, 7°28°E, clevation 1230m asl) in
spring 2001 and 2002. The snails occurred at densities of 4-8
adults per m” on the embankment (Kupfernagel «f of., 2010).
The snails in the sampling site were connected via streams
with other populations. The snails collected were kepe indi-
vidually in transparent beakers (6.5 cm diameter, 8 cm deep)
lined with moist soil (¢, 4 cm) at 20°C with a lighudark cycle
of 18:6 h. Within 4 weeks the snails reached sexual maturity
as indicated by the formation of a reflected lip at the shell
aperture. The beakers were cleaned twice per week and
fresh lettuce was provided ad fibitvw as food. During winter
[November 2001 - March 2002 the snails were allowed to hi-
bernate in darkness at 4°C and no food was provided.

Three criteria had to be fulfilled for a snail to be considered
as virgin: (1) it had to be collected before the mating season:
[2) its shell growth at the time of sampling was not yet com-
pleted (indicated by absence of reflected lip): and (3) no egus
should be laid when the animal was kept solated for 3 weeks.
A previous study showed that this procedure is highly accurate
for assessing virginity in snails collected from natural popula-
tions (Kuplernagel & Baur, 2011).

The snails were marked individually with letters and
numbers written on their shells with a waterprool felt-tipped
pen on a spot of corvection fluid (Tipp-Ex). The animals
showed no visible reaction 1o the marking procedure. After
shell growth was completed, we measured the shell breadth of
cach snail to the nearest 0.1 mm using vernier callipers.

Repeatability of sperm length

To assess the repeatability of sperm length in spermatophores
delivered by the same individual in successive matings, we
allowed snails 10 mate 2-4 times over two reproductive
seasons. Mating trials were performed outdoors 1o expose snails
to natural temperature and light conditions. Two randomly
chasen active snails [individuals with an extended soft body
and everted tentacks) were allowed to copulate in a transpar-
ent  plastic container, measuring 14 x 10 x 7 om,  whose
bottom had been covered with moistened paper towelling o
maintain activity. Mating trials were initiated in the evening
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and ran during several nights in _June and July. Snails that did
not mate within B h were tested again 3 days later with a new
partner. Between triak, unmated snails were kept solated as
described above.

Alter copulation, onc mating partner (hereafter referred o
as sperm donor] was kept isolated. The other mating parter
(bereafter referred to as sperm recipient) was frozen immedi-
ately after copulation in a freezer at = 18 C. Sperm donors
were allowed to remate with a second partner in the same re-
mﬂi\v scason and with a third and fourth partner in the

ing season [all sperm recipients were virgin individuals).
The recipients were dissected and their diverticulum removed
to obtain the spermatophore received from the sperm donor.
We measured the length (L] of the spermecontaining part of
cach spermatophore and its diameter at both ends () and
D, w the nearest 0.1 mm wing a dissecting microscope.
Spermatophore volume was approximated, by the formula
V= 1/R2eL(D] + DD, + D). asuming a truncated-cone
volume. Spermatophores were kept singly in Eppendor! tubes
at = 30°C until required.

The beakers of the sperm donors were checked twice per
week for eggs. The eggs deposited after the fint mating were
collected and kept in plastic dishes (6.5 cm in diameter) lined
with moist paper towelling at 19°C. The Lamilies of hatchlings
were used for the breeding experiment (see below ).

We assessed sperm Jength in all spermatophores obtained.

We digitized randomly chosen sperm using a camera [SONY
CCD-Iris) mounted on a 190 light microscope (Leica DMLD,
magnification x 200) connected to a Macintash computer. We
measured the total kength (head and tail) of 2530 sperm per
spermatophore using an image-analysis system | Minorewi &
Baur, 2006), and calculated mean sperm length. Using this
technique, measurements of sperm length are highly repeatable
[calculated as intraclass corvedation: 0.92; Minoretti & Baur,
2006).
Sperm length might be influenced by the number of sperm
produced (e.g. Snook, 2005]. To examine the potential trade.off
between sperm length and sperm number, we counted the
number of sperm in the spermatophores, following Locher &
Baur (1997), in a subsample of 15 snails, which mated twice
(0=30 spermatophores). Briefly, the sperm  suspension
obtained from the mechanically disrupted spermatophore was
stained with a DNA marker (gallocvanin - chromium complex ).
Two subsamples of known volume of the sperm suspension were
wransferred to a Burker-Tork counting chamber. We counted all
sperm heads in randomly chasen cells until the total number of
sperm heads exceeded 400, and used the average of the two sub-
samples to calculate the total number of sperm ransferred in a
spermatophore. We adjusted our estimate of sperm number by
multiplying the value with a correction factor of 1.00068, which
considers the proportion of sperm removed for sperm length
measurements | following Minoretti & Baur, 2006).

Breeding experiment (o estimate kevitabulity

To estimate the beritability of sperm length and shell breadth
in A. erfwdeovam, hatchlings of single-mated mother snaik were
raised at three different temperatures using a fullsibling split
design, and sperm length and shell breadth were measured in
individuaks, which completed shell growth and atained sexual
maturity. Newly hatched snaik from 29 singly mated mothers
(o= 1095) were randomly assigned 10 one of three temperature
treatments: 11'C (mean temperature £ SD measured by data
loggers: 10.7 £ 0.2°C), 15°C (14.7 £ 0.2°C) and 200C (20,0 £
0.2°C) in such a way that similar numbers of offspring from
cach family were raised at cach temperature. Three climate
chambers, with a lightdark cycle of 168 h, were used for the
three temperature  environments. To minimize effects of

intraspecific competition, a maximum of 38 hatchlings (sib-
lings) were kept in 750.ml plastic containers lined with moist
soil. Alter 4 weeks, the number was reduced to a maximum of
20 juvenile snails per 750.ml container, and subsequently to
3 individuals per 225.ml container after 12 weeks. The con.
tainers were cleaned twice per week and fresh lettuce was pro.
vided ad bbituw as food. At an age of 6 months, the snails were
allowed to hibernate in darkness at 4°C for 3 months. The
breeding experiment was started with 1095 hatchlings from
29 families. In spring, the 166 oflspring belonging to 20 fam.
ilies that survived the overwintering period were kept isolated
in wamsparent  plastic beakers lined with moist soil  (as
described above). However, only 78 of the 166 snaik reached
sexual maturity in the three temperature treatments within
I vear in summer 2002 (the others attained sexual maturity
later). Sixty of 78 offspring from 13 mothers (3- 10 fullsibs per
family| mated in the experiment. However, not all temperature
treatments contained fullsiblings from the same family, redu-
cing the number of Gamilies to 10 (with a total of 48 offspring ).
The oflipring were allowed to mate with an adult A, arbustoruw
collected in the wild in spring 2002, The spermatophores of the
mating oflspring were obtained by dissecting the recipients and
sperm length was measured as described above. In a subsample
of 19 ofipring from 5 familics we also assessed the volume of
the spermatophore and the number of sperm delivered in cach
spermatophore (as described above). Adult shell breadth was
measured in all ofspring (s = 48).

Statestical analyses

All statistical analyses were carried out with SPSS® version 20
(IBM® SPSS®, 2011).

Mecan values + | standard error are presented. Passible rela-
tionships between shell breadth, sperm length, number of
sperm delivered and spermatophore volume were analysed
using Pearson correlations. To examine the effects of repeated
mating and individual snail on sperm length in the parent gen-
eration, we used a two-way ANOVA with the fixed factor
mating and the random factor individual. Varance compo-
nents for sperm length were partitioned among sources (among
27 snails, between 2-4 matings for cach snail) by using a
nested analysis of variance. Differences in the coeflicient of
variation between smaik  (CV, adjusted 10 sample  size:
CV,; = (1 + La) CV) were examined using Levene's test.

We estimated repeatability of sperm length in successive
matings following Lessells & Boag (1987). We calculated the
intraclass correlation in sperm length derived from a one-way
ANOVA, and adjusted it for unequal samples size (n,).

To assess the influence of different environmental conditions
on sperm length, ofpring of 10 Gamilies were kept at three
temperatures | fullsibling split design, see Methods). As a
result of mortality, unbalanced sample sizes were obtained for
the families and the three temperatures (11°C, a = 13; 15°C
x=16: 200C, x = 19). In the analyses we only considered fam-
ilies with at least one offspring at cach temperature. In the case
that a Gmily had more than one oflspring at a given tempera.
ture, we cakulated the mean value of the offspring per family
at this particular temperature. This procedure balanced the
design and allowed us to use an ANOVA with temperature as
a fixed factor and family of origin as a random factor. The
degrees of freedom did not allow any calculation of the inter-
action between the factors. However, an interaction between
family and temperature exists when the reaction norms, i.e. the
lines connecting the sperm length of oflipring of single mothers
kept at different temperatures cross each other (see Fig. 1. We
did not wse an analysis of covanance correcting for shell
breadth, because the correlations of sperm length with shell
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Figure 1. Sperm lengaih and shell boeadih of otSpring of the Land snail
Aravta erbsterawe rabsed at thiee temperatures. Sperm length (A) and
shell breadth (B foe fallablings of 10 Gumilies. In the case that a
tamily had moce than one offipring at & given temperature, we
caloulated and plotted the mean value of the offipring per family
this particular temperature.

breadth depended on the temperatures, which rendered an
ANCOVA invalid (Sokal & Rohlf, 1995).

Narrow-sense heritability 4% was estimated using the trad.
itional one-parent - oflipring regression, for which the level of
genetic determination s given by multiplying the slope (8] of
the regression by 2, ie. 4% =26, and the associated standard
error equals twice the SE of the slope of the regression (Roll,
1997). This model uses information from the mother and the off
spring generation, but does not consider tem perature-ind uced
variability in oflspring traits. In a second approach, i.e. the full.
sibling split design, we used the variance components of sperm
length and shell breadth of the ANOVA 1o calculate #°, their
broad.-sense heritability (#7 = intraclass correlation coefficient
multiplied by 2) and the associated SE ollowing Rolfl (1997 ).

RESULTS
Repeatability estimales

Repeatability of sperm length was assessed in 27 snails that copu-
lated 24 times. Mean sperm length differed among snails but
not between successive matings of the same individual (inter-
individual range: 844-922 pm: grand mean: 879 pm, » = 27;
Table 1). The inter-individual variation in mean sperm length
did pot differ in successive matings (CV range: 1.9-2.6%;
Levene's test: df} = 3, df, = 63, P = 0.59). Approximately half of
the variation (49.1%) in sperm length can be auributed to

differences among snails, 5.5% 1o differences between matings of
the same snail and 45.4% o differences within individuals. The
repeatability of mean sperm length in sucoesive matings of a
single snail was 85.9% (ANOVA: Fag o0 = 16,10, P < 0.0001).

Mecan sperm length of a snail was not correlated with its
shell breadth (r=0.03, a=27, P=0489). The number of
sperm drliwmdg;mgcd from 2.0 x 10" 10 3.4 x 10° [grand
mean: 2.6 x 107, »= 15 Table 1). Mean sperm length
was neither correlated with the number of sperm delivered
(r=0.16, x=15, PF=058), nor with the spermatophore
volume (r=0.25, » = 26, /=0.23).

Sperm length and skell breadth in offspring

The ANOVA with a balanced design revealed that sperm
length significantly  decreased  with increasing  temperature
(Fais= 382, P=0.042; Fig. 1A). The vanance component
associated with the random lactor family was not significantly
different from zero. The interindividual variation measured
as CV in sperm length of the offipring generation was 2.0%
(n=48), and did not differ from the variation found in
the parent generation [1.3%., &= 10; Levene's test: df, = 1,
df, = 56, P=0.13).

Shell breadth  increased  significantly  with  temperature
(Fa s =461, P=0.024; Fig. 1B]. The variance component of
family (0.0024 or 61% of 1otal] was significantly different from
zero (likelihood ratio test: y* = 9.6, df = 1, P=0.002) for shell
breadth. The interindividual variation in shell breadth of the
oflspring generation was 4.3% (& = 48), which was similar o
the value calculated for the parent generation [CV = 4.0%,
a = 10; Levene's west: dfy = |, df; = 56, = 0.97).

Heritability of sperm length and shell breadth

We used two approaches to estimate the heritability of sperm
length. First, the one-parent ~offspring regression (following
Roff, 1997) revealed an &” of 0.52 (SE = 0.55, x = 10; ¢ = L4,
=0.16) for sperm length. Second, we used the ratio of the
genetic variance to the total phenotypic variance exuracted
from the ANOVA of the ofEpring kept at different tempera-
tures as an estimate of 4 (i.e. data from the full-sibling split
design|. Heritability of sperm length assessed in ofspring was
not significantly different from zero (in fact the estimated vari-
ance component was negative, =0.19 £ 0.28). A minor part of
the variance can be attributed to the family of origin (9.3% ).
The varance due to different temperatures was 24.4%.
Unfortunately, many individuals died in the course of the ex-
periment resulting in a low sample size. Thus, due o the low
sample size, the experiment has litde statistical power o test
for low or moderate heritabelities.

Based on the mother ~oflpring regression, shell breadth
showed a significant high heritability (A* =0.90, SE = 0.33,
a=10; =268, P=0.012). The father—offspring regression
revealed a lower hertability than that obtained from the
mother - offspring  regression (4 =0.18, SE=0.42, v= 10;
¢t =049, P=0.63). Heritability of shell breadth (H7) assessed
from the ANOVA of the offspring kept at different temperatures
was 1.08 (SE = 0.27, a= 3 snails for each of the 10 families).
The variance explained by the family of origin was 53.9% and
that attributable o the different temperatures 21.7%.

DISCUSSION

The present study showed that individuals of Areefa arbastoruw
delivered sperm of constant length in four successive matings.
The high repeatability of sperm length suggests a genetic deter-
mination of this trait, while the results of our breeding experi-
ment, in which fullsiblings were raised at different temperatures,
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Table 1. Summary of two-way ANOVAs examining the effevts of individual saails and repeated matings on sperm traits in Ao erdadaraw.

Sparm trak Grara Maan for each mating + SE Indwicual snal Mating
mean + SE

" 2nd *>d ath dof F P of F P
Sporm kngth (xm) 879 +4(27) 878+ 4(27) B881+4(27) S6+6(7) 859:6(8) 26,37 1222 <00001 3,37 112 036
Numberof sparm 26+ 01(15) 1.9+02(15) 33+02(15 - - 14,14 038 09 1,14 17.35 0.001
delvered (x 10%)
Spermatkghcce 27+401(26) 29+02(26) 25+02{26 25+04(5) 26+04(5) 2534 261 0005 3.3¢ 168 020
walume {mm’)

Samgie i2es are gven in parentheses.

revealed both environmental and-—to a minor extent—genetic
effects on sperm length. Our results indicated that sperm length
may be affected by the temperature, and this fact should be con-
sidered when studving genetic components of sperm length.

In the case of systematic matemal or environmental effects,
repeatability may overestimate the corresponding narrow-sense
heritability (Falconer, 1981). The high repeatability of sperm
length between matings could result from the same environmen-
tal conditions to which snaik were exposed in the laboratory
culture. Interindividual differences in sperm Jength may derive
from both genetic and environmental influences. We used a full-
sibling split design 1o estimate the heritability corrected for en-
vironmental effects (Rofl, 1997). A higher temperature (20°C)
resulted in shorter sperm (Fig. 1A). Approximately a quarter of
the variance (24.4% ) in sperm length could be explained by
temperature and oanly 9.3% by the family of origin. The sample
size with the resulting degrees of freedom did pot allow us to cal-
culate the interaction between the two factors. However, an
interaction between family of origin and temperature exists iff
the reaction norms, i.e. the lines connecting the sperm length of
fullsiblings raised at the three temperatures from  different
mathers, cross cach other. Figure 1A indicates that this was the
case in our breeding experiment. In pulmonate gastropods,
spermatogencsis is sensitive to both temperature and photo-
period (Tompa, 1984). For example, the rate of spermatogenesis
in Heix asperse decreased at temperatures bedow 15°C and
stopped at 5°C. At temperatures of 20- 25" C, the multiplication
of sperm cells and differentiation of spermatozoa procecded
within 3-4 weeks (Gomot de Vaulleury, 2001). Similar infor-
mation is not available for A. arbusforxss.

We used two different approaches to determine the leved of
genetic determination of sperm length. The one-parent - off-
spring n-grr.«inn revealed a relatively high estimate of herit-
ability (4% = 0.52) but this value was not significantly different
from zero. The parent-ollspring regression reflects the influ.
ence of the genes tramsmitted from parents to their oflipring
combined with environmental effects (Rofl, 1997). In the
second approach, we used the ratio of the genetic variance to
the total phenotypic variance extracted from the ANOVA of
the ofEpring kept at different temperatures as an estimate off
1°, the broad-sense heritability. Based on families of full-
siblings, this approach revealed a heritability estimate, which
was not significantly  different from zero. Thus, the data
suggest relatively lintle genetic vaniation in sperm length in the
studied population, because both approaches indicate almost
no statistically significant resemblance between related indivi-
duals. However, due to the small sample size, the ahsence of a
family effect or of a significant sope from the parent - oflipring
regression is only suggestive of an ahsence of a very strong
genetic effect.

There are at least three explanations for the different herit-
ability values of sperm length obtained by the two approaches.
First, the sample size of offspring was relatively small. We

started the breeding experiment with 29 families and 1095
hatchlings. However, only 10 families with 48 offspring could
be considered in the analyses (see Methods). In our experi.
ment, juvenile survival (15.2% after first hibernation) was ap-
proximately twice as high as recorded in natural populations of
A. arbwsdoruwe (7.6%; Andreassen, 19815 Akgakaya & Baur, 1996).
This demonstrates that huge breeding stocks are required to
receive adequate sample sizes for experimental heritability esti-
mates in traits with low genetic determination. The negative her-
itability indicates that oflspring deviated consistently and in the
opposite direction from the population mean of ther parents
(Palmer, 2000). As sample size decreases, the likelihood of obtain.
ing a negative heritability (<0) or an extremely pasitive (> 1)
heritability increases substantially (Palmer, 2000).

Second, the heritability estimate obtained in the fullsiblings
split design is based on the ratio of the genetic variance o the
total phenotypic variance. The wtal phenotypic variance
includes the variance among individuals resulting from envir-
onmental differences. Therefore, an increase in the environ-
mental variation [temperature) decreases heritability (Hartl,
2000).

Finally, we did not consider oflipring that reached sexual
maturity after one year. Thus, our heritability estimate s
based on a subsample of fast growing snails. Individual growth
rate is known to influence adult size in Copaoa  wesoralis
(Onsterholfl, 1977). However, it is pot known whether growth
rate affects sperm length in terrestrial gastropods.

The adaptive significance of sperm length vanation is still
unknown in A, arduderuw. Post-copulatory mechanisms of sexual
sedection could be a selective force for sperm length evolution
(Pitnick o al, 2009%). In the wild, sperm length differs among
populations of A, erdbastowm and even among individuak
(Minoretti & Baur, 2006). In snaik from two populations, no
correlations between sperm length, velocity, percentage motility
and Jongevity of sperm were found (Minoreai & Baur, 2006).
Spermatozoa received from the mating partner are stored in the
blind-ending tubules of the spermatheca, attached by the heads
to the spermathecal epithelium (Bojar of al, 2001). Rogers &
Chase (2002, sugygested that the unified beating of the flagella
of sperm from the firt mating provide resistance 1o incoming
sperm from subsequent matings entering the tubules and in this
way function as a paternity assurance. It is pasdble that loager
sperm provide an increased resistance to incoming sperm, which
would increase their chances for fentilization success. This hy-
pothesis needs to be tested.

Shell breadth of offspring was significantly affected by both
the amily of origin and the temperature treatment. A higher
temperature resulted in larger adult shelks (Fig. 1B). The
parallel.running reaction norms in Figure 1B suggest that no
genotype - environment  interaction  occurs.  Both  methods
revealed high beritabilities for shell breadth in A ardustorvw
(one-parent - offspring regression: 4 = 0.90; offspring estimate:
H* = 1.08). The latter, as discussed above, may be a result of

-57-



Chapter IV

N. MINORETTI ET AL,

the relatively small sample size, which can lead to an extreme
positive (> 1) heritability. Thus, offspring exhibit consistently
more extreme phenotypes than their parents [Palmer, 2000),
On the other site, heritability estimates derived from full-
sibling split design that are Larger than | more likely indicate
that some of the genetic variance is due to dominance, epistasis
or common environment in carly life (Simmons & Moore,
2009). However, the effect of the family of origin was so strong
that it was significant even with a small sample size. Our resulis
confirmed the relatively high heritability of shell breadth in
pulmonate land snaik (4. ardastornse: 0.70 (Cook, 1965) and
0.54 (Baur, 1984); Partsle taemiato: 040 and P. sworalis: 0.53
(Murray & Clarke, 1968)).

We also assessed the heritability of shell breadth using separ-
ate  one-parent -ofspring esions for both mother and
father snails. Interestingly, £° of shell breadth estimated with
the father-ofspring regression was 018, ie. 5 times smaller
than that of the mother - oflipring regression (4% = 0.90), sug-
gesting a maternal oflfect on shell size. This result is of import.
ance because female reproductive traits including egg size and
clutch size are positively correlated with shell size in A, arbas-
torum (Baur 1988b, 1990; Baur & Raboud, 1988; Baur & al.,
1998) as well as in other helicid snails (Dupont-Nivet & al,,
2000).
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General discussion

The aim of this thesis was to investigate life-tigttraits, sex allocation strategies and sexuacten
mechanisms in the simultaneous hermaphrodite laaill Arianta arbustorumSexual selection can be
considered to consist of a number of componentsafifect total fitness, with two major routes: nmafi
success and fecundity per mate (Mgller, 1998).emiaphrodites, sex allocation simply represents a
decision about how resources are allocated tordifteorgans and behaviours within an individual.
Therefore, and in contrast to gonochorists, sexcatlon will influence the immediate reproductive
success of the individual rather than that offitsping (Borgia & Blick, 1981; Michiels, 1998; Mniels

et al.,1999).

Sex allocation theory aims to predict the optingd allocation that an organism should exhibit
under different environmental and social conditjamisich makes it a central topic in life-historgtry
(Charnov, 1982; Stearns, 1992; De Jong & Klinkhar@@05). Thus, how are resources allocated to
different organs and behaviours within an individgigen certain environmental conditions? Effedts o
soil type on reproductive traits have so far reedilittle attention in terrestrial gastropodsQhapter
I, we showed that soil type could affect mating prgity, female but not male reproductive trait@\in
arbustorum Unexpectedly, the total number of eggs producasl karger in snails kept on Ca-poor soil
than in individuals maintained on Ca-rich soil. Theulting Ca-uptake per week that a snail migkieha
invested in egg production was probably obtainedhaylettuce consumed and/or by compensatory
feeding. Thus, the snails kept in the Ca-poor isméived enough Ca to allow egg production. On the
other hand, there may also be a trade-off betweproductive output and survival. Snails living in
environmentally stressful conditions may allocateren resources into reproduction in the first
reproductive season but may die earlier than thasg in more favourable conditions. This hypotises
could be tested by maintaining snails over two oreryears under the experimental conditions of the
present study. However, snails kept in the Casaihhad a reduced mating propensity and reprodeicti
output. Apart from Ca availability, most probabbper soils parameters may influence the reprodectiv
output ofA. arbustorumThis study examined — to our knowledge for th&t fimes — soil-related effects
also on male reproductive output. However, neithernumber of sperm delivered nor spermatophore
size differed between the two snail groups keplifferent soils.

How do behavioural and genetic traits influenceenwdioice, and female and male reproductive
success? In the study presente€vapter 11, we used a combination of behavioural and germistia
collected in groups of snails kept in a semi-ndtenaironment over one reproductive season. Wedoun
that mating success and both female and male regtigd success iA. arbustorumare mainly
determined by the activity of the individual sn#il.this context, activity is a combined measuré¢hef
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time spent crawling, feeding and digging. Activity measured in our study might be a proxy for the
condition or healthiness of a snail. IndividualsAofarbustoruminfested by parasitic mites showed
reduced activity, produced fewer eggs and exhikatéigher winter mortality than parasite-free snail
(Schupbach & Baur, 2010). Consequently, a highviigtand healthiness result in a large number of
mate encounters, and thus influence reproductiathigrsimultaneous hermaphrodite. The extended
courtship in pulmonate land snails should providgle opportunities for partner assessment and/or
mate choice (Baur, 1998). In our study, 2.2% ofltdmg contacts (interindividual range 0-13.7%) led
to courtship, and 60.3% of the courtships (intaxiimiial range 0-100%) resulted in copulation,
suggesting a multilevel assessment of potentiahpes inA. arbustorumalthough the relevant cues are
not known. Individuals ofA. arbustorumdid not respond to experimentally increased cuem f
conspecifics, which were designed to mimic a higk of sperm competition by delivering more sperm
(Locher & Baur, 2000a). In our study, the degrekaiérozygosity explained variation in mating sssce
and in female and male reproductive success.

We also found that female reproductive succeswsisively correlated with male reproductive
success and that both increased with the numbmpeflations a snail had. To our knowledge thisés t
first study estimating both female and male repotigiea success in a simultaneous hermaphrodite snalil
kept under semi-natural conditions. Sexual seleatidels show that simultaneous hermaphroditism
will be stable when there is a positive correlatlmetween female and male reproductive success
(Charnovet al., 1976; Charnov, 1979; Leonard, 2006). Our findiegpport these models. However,
our results contradict a basic assumption of skecation theory. Based on the simplified assumption
that all individuals in a population have the saired reproductive resource budget, sex allocation
theory predicts a trade-off between female and megdeoductive allocation (Charnov, 1982). However,
so far there is little empirical evidence for thiade-off in animals (Schéarer, 2009). Locher & Baur
(2000b) found that the reproductive allocation \waghly female biased iA. arbustorumand that an
increased mating frequency led to an increasedallin to the male function. However, even snails
that copulated three times invested less than 5S5&beofotal energy allocated (expressed as dry weigh
nitrogen or carbon content of the released gamatefle male function. Thus, the findings of Locher
& Baur (2000b) and our results indicate that thereo direct link between male allocation and male
reproductive success (i.e. a linear male fitnegs garve) in this snail.

Sexual selection theory attempts to explain thelutiom of anatomical, physiological, and
behavioural adaptations associated with reproduictio postcopulatory processes of sexual selection,
male success may be skewed at the time of fetidis# females favour the sperm of certain malesro
others, and if the sperm of a male are competitiseperior, or if reproduction depends on the phgr®

of the mate (Mgller, 1994). Do snails differ in spequality characteristics that in turn may plapke
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in sperm competition? In gastropods, the interspaeariation in sperm morphology has been studied,
and is used as a taxonomical character (e.g. HE298), while the intraspecific variation in spemants
has not yet been analysed quantitatively. Sperroatot terrestrial gastropods are among the longest
within molluscs (e.g. 850 um Helix pomatia and 1140-1400 um edleyella falconeriThompson,
1973).Chapter 111 focuses on intraspecific variation in sperm chi@mstics in the simultaneously
hermaphroditic land snaflrianta arbustorumin this species, sperm are monomorphic and causd
long (Bojatet al.,2001). We found significant differences in spermglia, both among- and within-
populations ofA. arbustorumSperm length was not affected by snail size hadveight of the alboumen
gland (a measure for female allocation). This satgé¢hat sperm length iA. arbustorumis not
dependent on allometry or on body conditions, camifig similar studies on gonochoristic animals (e.g
Hellriegel & Blanckenhorn, 2002; Schulte-Hostedd®&lar, 2004).

Sperm competition models predict that sperm sipecoafer a fertilization advantage, but only
under the assumption of a functional relationshepMeen sperm quality traits (e.g. sperm velocity,
motility and longevity). Theory for internally faéizing species predicts that enhanced sperm
competition risk would favour increased sperm langhen larger sperm enjoy higher survival, and
could be stored until fertilization (Parker, 1998) A. arbustorumthe longer sperm of snails from one
population survived longer than the shorter speirsnails from the other population considered in ou
study. Within populations, however, our study dal find any relationship between sperm length and
longevity. In contrast to theoretical models (K&tDrobnis, 1990), sperm length and sperm velocity
were not associated. Moreover, sperm velocity wasarrelated with sperm longevity. The effect of
sperm motility on fertilisation success has nothgtn examined. Roger & Chase (2002) suggested that
in the snailHelix aspersahe beating of longer sperm should generate eggistto incoming sperm of
rivals in the sperm storage organ.

Sexual selection on sperm length requires a sagmfi additive genetic variance; i.e. the trait
must be heritable. 1A. arbustorumis there the potential for evolution to selediwduals according
to the length of their sperm? Sperm size usualhyets little variation across ejaculates of singlales
(Morrow & Gage, 2001a; Birkheadt al, 2005; Immleret al, 2008) indicating a strong genetic
determination (Morrow & Gage, 2001b; Simmons & abib, 2002). However, there is some evidence
that environmental factors also may influence spemgth (e.g. temperature, larval density, nutnitio
Blanckenhorn & Hellriegel, 2002; Morroet al, 2008; Amitin & Pitnick, 2007). Furthermore, sperm
length may partly be determined by maternal effédswling et al, 2007; Gayet al, 2009) and by
males’age (Green, 2003). @Chapter 1V, we present the first estimates of heritabilityspérm length
in a Stylommatophoran gastropods. The study shomatdndividuals ofA. arbustorundelivered sperm

of constant length in four successive matings. Aiga repeatability of sperm length suggests a genet
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determination of this trait. However, the result®or breeding experiment, in which full-siblingexe
raised at different temperatures, revealed botlr@mwmental and — to a minor extent — genetic e$fect
on sperm length. Our results indicated that spemgth may be affected by the temperature, and this
fact should be considered when studying geneticpoorants of sperm length.

In Chapter IV, we also assessed the heritability of shell breading separate parent-offspring
regressions for both mother and father snails.éfffeet of the family of origin was so strong thiatvas
significant even with a small sample size. Inténggy, h? of shell breadth estimated with the father-
offspring regression was 0.18, i.e. 5 times smahan that of the mother-offspring regressiof £h
0.90), suggesting a maternal effect on shell 3ikes result is of importance because female repae
traits including egg size and clutch size are padit correlated with shell size k. arbustorun{Baur
1988b, 1990; Baur & Raboud, 1988; Batiral.,1998) as well as in other helicid snails (Duponiei
et al, 2000).

OUTLOOK

In this thesis, we studied sex allocation in a #iameous hermaphrodite, in which sex allocation
decisions that affect reproductive success takeeplathin an individual. Sex allocation models petd

a fixed sex allocation for all individuals withinpopulation (Scharer, 2009). However, we found that
individuals could make short-term adjustments x &éocation in response to current conditions. (i.e
to Ca/soil type in our study). Thus, phenotypicspilaty should be considered in the models. Howgever
we showed that female but not male allocation cedngvhile we confirmed some of the assumptions
(e.g. the non-linearity of the male fithess gainve) and some of the predictions (e.g. sex alloocas

in general female-biased, or sex allocation vasigls body size) of sex allocation theory, otherngats

did not match and we even found differences betvgesne of the central assumptions of theoretical
models (e.g. the absence of the sex allocatioetodi). We found a positive correlation between &ben
and male reproductive success during a reprodustason, but it is an open question how resource
allocation translates into fithess. Moreover, fatstudies should assdgstime reproductive success
for both the female and male functions of a snad aheck for possible trade-offs between current
reproductive success, winter survival and futuproductive success.

Snails often mate multiply, most frequently withfelient partnersA. arbustorumindividuals
may obtain direct benefits from mating with mulégbartners. It would be interesting to study mate
choice decision based on indirect (i.e. genetic)ebes resulting in higher quality offspring and, i
particular, to test if female mate preferences tagenetically dissimilar mates. Our study desigh d
not allow us to test this hypothesis because skafs in groups of six individuals had no free deoi

between all potential partners in the populationtdlation to the mechanism underlying mate choice
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processes iA. arbustorumit would be interesting to look for the empiriealidence of (chemical) cues
for partner assessment.

In this work, we consider sperm quality traits jethare important factors in postcopulatory sexual
selection for other species. Our data did not sty trade-off between sperm size (total lengtig
sperm function (velocity, motility and longevitylhus, these findings did not bear out the assumgti
of sperm competition models on the evolution ofrspsize for internally fertilizing species lik&.
arbustorum(Parker, 1998). Future research should examinetgarorrelations between sperm traits to
elucidate the constraints on the evolution of speronphology and function.

Interindividual differences in sperm quality teafound inA. arbustoruncould be a response to
sperm competition risk in interaction with crypfemale choice. The adaptive significance of sperm
length variation inA. arbustorumshould be investigated in laboratory experimehtsemains to be
determined whether snails with long sperm actuatlpy an increased fertilization success in mutipl
mated snails. It could also be interesting to itigase the mechanisms that make the sperm of an
individual more successful in fertilisation thae $perm of rival males. Further work is neededssess
the energy supply oA. arbustorumsperm (ATP and/or glycogen content). For exampleomestic
fowl, longer sperm have increased motility becaofséheir higher ATP/mitochondria. On the other
hand, sperm with a higher energy supply may surlawger before fertilisation and thus enhance
individual fertilisation success.

In general, this work underlines that reproductragts (and also body size) & arbustorunare
likely to be shaped by a complex set of genetic emdronmental factors that affect populations to
different degrees and that have probably differeagnitudes over time. An intriguing aspect of our
results is that environmental conditions influensgil activities to a different extent, and inrtur
different environments might result in differentvéés of multiple paternity irA. arbustorum Some
reproductive traits were also influenced by the ytafoon of origin of the snails and by shell size

emphasizing the importance of proper design ankicegjon of life-history studies in gastropods.
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