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Introduction

Abstract

The number of mating partners an individual has within a population is a
crucial parameter in sex allocation theory for simultaneous hermaphrodites
because it is predicted to be one of the main parameters influencing sex
allocation. However, little is known about the factors that determine the
number of mates in simultaneous hermaphrodites. Furthermore, in order to
understand the benefits obtained by resource allocation into the male function
it is important to identify the factors that predict sperm-transfer success, i.e.
the number of sperm a donor manages to store in a mate. In this study we
experimentally tested how social group size (i.e. the number of all potential
mates within a population) and density affect the number of mates and sperm-
transfer success in the outcrossing hermaphroditic flatworm Macrostomum
lignano. In addition, we assessed whether these parameters covary with
morphological traits, such as body size, testis size and genital morphology. For
this we used a method, which allows tracking sperm of a labelled donor in an
unlabelled mate. We found considerable variation in the number of mates and
sperm-transfer success between individuals. The number of mates increased
with social group size, and was higher in worms with larger testes, but there
was no effect of density. Similarly, sperm-transfer success was affected by
social group size and testis size, but in addition this parameter was influenced
by genital morphology. Our study demonstrates for the first time that the
social context and the morphology of sperm donors are important predictors of
the number of mates and sperm-transfer success in a simultaneous herma-
phrodite. Based on these findings, we hypothesize that sex allocation
influences the mating behaviour and outcome of sperm competition.

ditism is favoured if the reproductive success of at least
one sex function shows a law of diminishing returns,

Our understanding of how sexually reproducing organ-
isms allocate their resources to male vs. female offspring
has increased remarkably over the last decades making
sex allocation theory one of the best examples for
Darwinian adaptation in evolutionary biology (Klinkh-
amer et al., 1997; Frank, 2002). However, there are still
fundamental assumptions and important predictions of
that theory that remain to be tested (Reece et al., 2008).
Regarding the reproductive strategy an organism should
possess, sex allocation theory predicts that hermaphro-

Correspondence: Tim Janicke, Zoological Institute, University of Basel,
Vesalgasse 1, CH-4051 Basel, Switzerland.
Tel.: +41 61 267 03 75; fax: +41 61 267 03 62; e-mail: tim.janicke@unibas.ch

© 2008 THE AUTHORS. J. EVOL. BIOL. 22 (2009) 405-415

favouring the reallocation of resources from that function
to the other (Charnov, 1982). This implies that the fitness
increase in one sex function must be greater for the first
resources allocated into it than for any further resources,
which is depicted by a saturating fitness gain curve. The
classical resource allocation model for simultaneous
hermaphrodites by Charnov (1979) assumes that the
female gain curve is linear and that the male gain curve
saturates. The rationale for this is 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). Therefore, the female fitness is supposed to be
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proportional to the resource input into eggs and the male
gain curve is expected to saturate because of limitations
in male mating opportunities (Charnov, 1982). As a
consequence of a lowered average number of mating
partners a form of local mate competition among sperm
from the same donor might arise, which decelerates the
fitness gain of any additional resource devoted to the
male function (Hamilton, 1967; Charnov, 1979; Fischer,
1981). As the saturation of the male gain curve occurs
more rapidly when the number of mating partners is low,
it follows that hermaphroditism is a stable reproductive
strategy only if the average number of mates is relatively
small (Charnov, 1982).

In simultaneous hermaphrodites the number of mates
is usually expressed in terms of mating group size, which
is defined as the number of mating partners an individual
has within a reproductive period plus one (Charnov,
1982). As this term is specific for hermaphrodites, we will
use ‘the number of mates’ instead of ‘mating group size’
throughout this study. However, we would like to stress
that the only difference between ‘mating group size” and
‘the number of mates’ is the fact that the former term
includes the focal individual whose mating partners were
counted whereas the latter does not.

Despite the central role of the number of mates in sex
allocation theory, only very little is known about the
absolute number of mating partners simultaneous her-
maphrodites can acquire and on how this number varies
between different individuals. Moreover, our knowledge
about the factors that are responsible for the variation in
reproductive success via each sex function is very scarce
for hermaphrodites. However, this information is cer-
tainly needed to understand variation in sex allocation in
simultaneous hermaphrodites, i.e. in the allocation of
reproductive resources to the male vs. the female
function. As outlined above, the fitness of the male
function might primarily be governed by the number of
mating partners (Bateman, 1948). Yet, in species where
individuals are promiscuous, sperm from different indi-
viduals compete for fertilization and thus the number of
offspring sired by the male function will also depend on
the outcome of sperm competition (Parker, 1970).
Moreover, fertilization success is not only a function of
male-male competition. In many species, females are
able to manipulate paternity at the pre- and/or post-
copulatory level (Eberhard, 1996). There is increasing
evidence that females choose among sperm from differ-
ent males post-copulatorily and that this so-called cryptic
female choice (Thornhill, 1983) may also affect paternity
significantly (e.g. Pizzari & Birkhead, 2000; Bussiere
et al., 2006). Therefore, a complete understanding of the
pay-offs obtained by resource allocation into the male
function requires not only insights into the factors that
predict the number of mating partners but also the traits
that influence the number of sperm an individual is able
to successfully get into storage in the partners’ sperm
storage organ.

Here we demonstrate for a hermaphroditic flatworm
how social group size (i.e. the number of all potential
mates within a population) translates into the number of
mates and we identify a number of key factors that
determine the number of mates and sperm-transfer
success — an issue that has never been addressed
explicitly in simultaneous hermaphrodites. Macrostomum
lignano is an outcrossing simultaneous hermaphrodite
(Schédrer & Ladurner, 2003) that copulates very fre-
quently (Schérer et al., 2004). Copulations always occur
reciprocally, with partners mutually inserting their male
copulatory organ into the female genital pore (Schérer
et al., 2004). Furthermore, it has been shown for this
species that testis size is phenotypically plastic in
response to different social group sizes, which is thought
to be related to the average number of mates and
therefore sperm competition intensity (Schdrer & Ladur-
ner, 2003). These findings indicate a high potential for
sexual selection in M. lignano that is presumably mainly
driven by post-copulatory mechanisms, i.e. sperm com-
petition and cryptic female choice (sensu Thornhill,
1983).

In this study we experimentally tested how social
group size and density affect the number of mates and
sperm-transfer success in M. lignano. Although very little
is known about correlates of multiple mating in herma-
phrodites, we hypothesized that the number of mates
increases with increasing social group size but that it
would be unaffected by density as worms do not change
their sex allocation when exposed to different densities
(Schérer & Ladurner, 2003). Furthermore, we expected
that worms transfer in total more sperm in larger social
groups because this would explain why individuals
enlarge their testes with increasing social group size,
which has been shown several times for M. lignano
(Schdrer & Ladurner, 2003; Brauer ef al., 2007; Scharer
& Vizoso, 2007). Additionally, we tested whether mor-
phological traits do explain variation in the number of
mates and sperm-transfer success. Here, we focused only
on traits that are potentially sexually selected. In partic-
ular, the analysis included body size, which has been
shown to be involved in precopulatory mating decisions
in other hermaphrodites by serving as a cue for fecundity
of the mate (Vreys & Michiels, 1997; Anthes et al., 2006;
but see Peters & Michiels, 1996; Koene et al., 2007).
Furthermore, we tested the effect of ovary size and testis
size, which have been demonstrated to reflect gonad
productivity in M. lignano (Schirer & Vizoso, 2007;
P. Sandner, unpublished data). As worms enlarge their
testes in larger social groups (e.g. Schirer & Ladurner,
2003), we expect that individuals with larger testes are
better competitors. In addition, we measured the size of
the seminal vesicle, which has been shown to be highly
correlated with the number of sperm that are available
for subsequent matings (Schérer & Vizoso, 2007). Finally,
we also studied the role of the male genital morphology,
which has been demonstrated to be important for
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fertilization success in gonochorists (e.g. House & Sim-
mons, 2003).

Methods

Study organism

Macrostomum lignano (Macrostomorpha, Platyhelminthes)
is a free-living flatworm of the intertidal meiofauna of
the Northern Adriatic Sea (Ladurner ef al, 2005). In
culture, it reaches 1.5 mm in body length and has a
generation time of about 18 days. The worm is com-
pletely transparent allowing noninvasive measurement
of internal morphology. The paired testes that occupy
together about 6% of the body are located anterior to the
paired ovaries (Ladurner et al., 2005). The male genitalia
include a false seminal vesicle, a muscular seminal
vesicle, prostate gland cells, a vesicula granulorum and
a sclerotized stylet (Fig. 1a). During copulation the stylet
is inserted into the female genital pore of the mating
partner, which opens into the female antrum where the
sperm is stored.

In mass cultures, worms are maintained at 20 °C in
glass Petri dishes containing /2 medium and fed the
diatom Nitzschia curvilineata (Andersen et al., 2005).
Worms used for this experiment originate from cultures
of M. lignano that were initiated with individuals col-
lected in 2003 near Lignano Sabbiadoro, Italy, by
L. Schdrer and D. B. Vizoso.

Morphometry

Morphological traits of focal worms were measured
in vivo in a standardized way as described elsewhere
(Schérer & Ladurner, 2003). We observed worms with a
Leica DM 2500 microscope (Leica Microsystems, Wetzlar,
Germany) and took digital photos at 40 x for body size
and 400 x for gonad size, seminal vesicle size and stylet
morphometry with a digital video camera (Sony DFW-
X700; Sony Broadcast & Professional, K6ln, Germany).
Image acquisition was made using the software BTV Pro
6.0B1 (available at http://www.bensoftware.com/) and
pictures were analysed with the image analysis software
ImacrJ 1.38% (available at http://rsb.info.nih.gov/ij/).
Morphometry of the stylet was analysed using the
geometric morphometrics approach (Zelditch et al.,
2004). This landmark-based method allows quantitying
the variation in stylet shape and size while removing
information on position and orientation of the object. In
total, we defined 24 landmarks that were superimposed
for each stylet image (Fig. 1b) using tpsDic 2.10
(F. James Rohlf, 2006, Department of Ecology and
Evolution, SUNY at Stony Brook; available at http://
life.bio.sunysb.edu/morph/). Stylets of M. lignano typi-
cally exhibit a curvature that can be either orientated
towards the false seminal vesicle or away from it whereas
all intermediate shapes exist. By convention, we always
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Fig. 1 Morphology and geometric morphometrics of the stylet of
Macrostomum lignano. (a) Interference contrast micrograph of a
typically shaped stylet. (b) Placement of fixed landmarks (black
circles) and semi-landmarks (white circles). Numbers indicate the
notation and the order in which all landmarks were placed.
Standardized placement of semi-landmarks was achieved by drawing
combs with equally spaced perpendicular lines between fixed
landmarks (from 1 to 11 for white comb; from 14 to 24 for black
comb) on each stylet image. (c) Thin-plate splines of the stylet
derived from the relative warp score analysis. Panels show changes
in the shape along first relative warp score. The consensus shape
(middle) represents the average stylet shape. Stylets with high
positive values of the first relative warp score are curved away from
the seminal vesicle (above the consensus) whereas negative values
refer to stylets that are curved strongly towards the seminal vesicle
(below the consensus). For all stylets shown the seminal vesicle
would be located below the stylet. The scale bars represent 10 um.

placed the first landmark at the side of the base that was
orientated towards the false seminal vesicle (Fig. 1b).
Landmarks with the same notation should represent
homologous points on the different stylets. Therefore, we
could only define six fixed landmarks, including two at
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the base and four at the tip of the stylet (Fig. 1b). All
other points were located along the two curved sides of
the stylet and were classified as so-called semi-landmarks
(Zelditch et al., 2004). To make these semi-landmarks
comparable between individual stylets we followed the
suggestions by Zelditch et al. (2004) and drew two combs
with equally spaced perpendicular lines between fixed
landmarks on all stylet images using the public domain
software MAKeFAN 6 (H. David Sheets, 2003, available
at  http://www3.canisius.edu/~sheets/morphsoft.html),
prior to superimposition. Semi-landmarks were then
arranged at the intersection points of these lines with
the stylet (Fig. 1b). We used the minimal bending energy
method to slide the semi-landmarks along the outline
curves using TpsReLw 1.45 (also available at http://
life.bio.sunysb.edu/morph/). We used the same program
for relative warp analysis. Relative warps are principal
components of a distribution of shapes. Each relative
warp score describes the direction of a particular shape
change from the consensus form. The relative warp
analysis yielded 44 relative warp scores from which the
first three explained 83.0% of all variance in the shape of
the stylet. The first relative warp score, which explained
57.7% of the variance in shape, described the most
drastic change in stylet shape, namely the extent of the
stylet curvature (Fig. 1¢) and was used as the only stylet
shape variable in our final models. Based on landmark
data, we also extracted the centroid size of the stylet,
which is the square root of the sum of squared distances
between landmarks to their common centroid (Zelditch
et al., 2004) and a good estimator of overall stylet size.

A previous study has shown that measurements of
body size, testis size, ovary size and seminal vesicle size
are highly repeatable (Scharer & Ladurner, 2003). In
order to verify the repeatability of our measurements of
male copulatory organ shape and size we randomly
selected 50 individuals from the mass cultures and
conducted two complete runs of morphological mea-
surements as outlined above for each single worm.
Between the two runs, worms were allowed to relax
for 12.9 + 4.7 min (mean + SD) in £/2 medium. The
analysis of these repeated measurements confirmed that
our measurements for stylet shape and size are repeat-
able (intraclass correlation coefficient r;: first relative
warp score, 1; = 0.60, Fi950 = 3.9, P < 0.001; centroid
size, 17 = 0.97, F49,50 = 73.4, P < 0.001).

Sperm tracking

Sperm tracking was based on DNA-labelling of focal
worms with a halogenated pyrimidine and the localiza-
tion of the label using immunocytochemical staining.
Worms were exposed to 5-bromo-2’-deoxyuridine
(hereafter called BrdU), which is incorporated instead
of thymidine into cells that undergo DNA replication
(i.e. cells in s-phase). Thereby, spermatozoa of focal
worms become labelled with BrdU when these cells

differentiate into sperm during spermatogenesis. Using
this approach allows tracking the sperm of a labelled
donor (hereafter called focal worms) in an unlabelled
recipient.

The protocol was adapted from the method described
in detail elsewhere (Scharer ef al., 2007). Focal worms
were labelled by incubation in a solution of 0.5 mm
BrdU (B5002-16; Sigma, St. Louis, MO, USA) in {/2
medium. A previous study showed that spermatogenesis
in M. lignano takes about 6 days (Schérer et al., 2007). In
our study focal worms were continuously exposed to
BrdU for 9 days, in order to assure that all sperm in the
seminal vesicle of focal worms were labelled. After-
wards, focal and unlabelled worms were washed three
times in artificial sea water before they were assigned to
their experimental treatments. Fixation and immunocy-
tochemical staining was carried out in tissue-culture
plates while worms remained in their original social
groups. After the mating trials (described below), worms
were relaxed in a 5 : 3 mixture of 7.14% MgCl, and {/2
for 25 min and then fixated for 60 min in 4% parafor-
maldehyde in 0.1 m PBS with 10% sucrose. Fixated
worms were washed three times with PBS-T (i.e. PBS
plus 0.5% Triton X-100), followed by an additional
60 min wash with PBS-T and then permeated with
0.15 ug mL™" Protease XIV at 37 °C for 35 min. Protease
activity was stopped with cooled 0.1 n HCIL. Subse-
quently, animals were transferred to 2 n HCI for 1 h at
37 °C, then washed three times with PBS-T and blocked
with BSA-T (i.e. PBS-T plus 1% bovine serum albumin)
for 60 min. BrdU-labelled cells were localized using a
monoclonal rat anti-BrdU antibody (ab6326; Abcam
Limited, Cambridge, UK) at a 1 : 100 dilution in BSA-T
overnight at 4 °C. After four wash steps in PBS-T, the
secondary goat-anti-rat FITC-conjugated antibody
(ab6115; Abcam Limited) was applied in the dark for
1 h at room temperature at 1 : 200 in BSA-T. After three
further wash steps in PBS-T, animals were mounted on
microscope slides using Vectashield (Vector Laboratories,
Burlingam, CA, USA), and stored at —20 °C until
observation. BrdU-labelled sperm were visualized under
epifluorescence on a Leica DM 5000 B microscope (Leica
Microsystems). All sperm counts were performed blind
with regard to the experimental treatment or the
morphology of focal worms. Repeated examination of
50 randomly selected unlabelled sperm recipients con-
firmed a high repeatability of our sperm counts (intra-
class correlation coefficient: 7 = 0.99, Fi950 = 205.3,
P < 0.001).

Experimental set-up

On the first day we collected 1200 adult worms from
mass cultures, distributed them equally among 12 glass
Petri dishes and allowed them to lay eggs. After 72 h all
worms were removed and the resulting hatchlings grew
in £/2 medium until they had reached maturity (day 22),
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yielding worms of similar age. We pooled all fully grown
worms and randomly distributed 100 individuals to one
Petri dish that was filled with a solution of 0.5 mm BrdU
in £/2 medium (focal worms) and 100 worms to each of
five Petri dishes filled with pure /2 medium. Five days
later we refreshed the BrdU solution and the {/2
medium. After a total of 9 days of BrdU exposure we
photographed focal worms for morphological measure-
ments and allowed them to recover overnight in isola-
tion. Until the mating trials, all worms were kept under
ad libitum food conditions (i.e. with a dense layer of
diatoms on the bottom of the wells).

On day 32 we conducted the mating experiment. We
manipulated social group size by forming social groups of
two, three, four, eight and 16 individuals. Social groups
were composed of one randomly selected focal worm and
filled up with the respective number of unlabelled
worms. Prior to the assignment of unlabelled worms
into their final social group, they were pooled in order to
balance any possible differences between worms kept in
different Petri dishes. Density was manipulated by
replicating all social group sizes in two different enclosure
sizes (small or large, i.e. 24-hole and six-hole tissue
culture plates containing 1.5 and 6.0 mL of £/2 medium
respectively). Focal worms were allowed to mate in their
social group and density treatment for 24 h and after-
wards all worms were fixated and stained as described
before. Due to time constraints, the whole experiment
was split into two blocks that were separated by 4 days.
Each block comprised six replicates of all factor com-
binations. As blocking the experiment had no significant
effect on any of the variables measured (¢-tests and
Mann-Whitney U-tests: all P > 0.05) it was ignored in
the final analysis. Several focal worms were lost due to
pipetting errors during antibody staining (n =9) or
excluded because of malformation of the gonads or the
copulatory organ (n = 7). The final data set included 648
individuals in 104 replicates with each factor combina-
tion being replicated on average 10.4 + 1.6 times
(mean + SD; range: 8-12).

Statistical analysis

We used General Linear Models (GLM) in order to
explain variation in the number of mates and sperm-
transfer success. The number of mates was defined as the
number of unlabelled individuals within a social group
that had at least one labelled sperm in the female sperm
storage organ. Therefore, the actual number of mates
may be underestimated in this study because it is possible
that there were some worms that mated but did not
transfer any sperm (in case of nonreciprocal copulations)
or did not succeed in storing any sperm in the sperm
storage organ of their mate (due to sperm displacement
or cryptic female choice). However, as we were more
interested in explaining variation in the number of mates
and less in reporting absolute values we expect that our
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conclusions are robust despite this underestimation.
Sperm-transfer success was described by two variables,
namely the mean sperm-transfer success and total
sperm-transfer success. Mean sperm-transfer success
refers to the average number of labelled sperm the donor
managed to get into storage per mate whereas total
sperm-transfer success represents the sum of such sperm
in a given social group. Measurements of sperm-transter
success presumably reflect the sperm allocation of a focal
worm but also the outcome of sperm competition and
cryptic-female choice.

For all three response variables we calculated GLMs
with density and social group size as fixed factors and
included body size, testis size, ovary size, seminal vesicle
size, first relative warp score of the stylet and centroid
size of the stylet as covariates. As body size correlated
with testis size, ovary size and seminal vesicle size
(Pearson correlation: testis size: r = 0.56, d.f. =102,
P < 0.001; ovary size: r=0.61, d.f. =102, P < 0.001;
seminal vesicle size: r = 0.20, d.f. = 102, P = 0.037), we
used the residuals of these traits derived from a linear
regression fit against body size.

In simultaneous hermaphrodites, some authors com-
bine estimates of male and female reproductive invest-
ment into a single variable to assess whether an
individual allocates relatively more reproductive
resources into one sex function in comparison with
other individuals (e.g. Lorenzi ef al., 2005; Vizoso &
Schédrer, 2007). In a separate run of all models, we
included such a composite measure of sex allocation as
a covariate instead of testis size and ovary size. Sex
allocation was defined as testes size of an individual
divided by the total size of the gonads (ovaries and
testes). Therefore, high values of sex allocation refer to
more male-biased individuals. In this study, sex alloca-
tion of focal worms correlated positively with residual
testis size (r=0.71, d.f. =102, P<0.001) and nega-
tively with residual ovary size (r=-0.52, d.f. =102,
P < 0.001). The models that included sex allocation did
explain slightly less variation in our target variables
compared with models testing gonad sizes separately.
Furthermore, as the size of the male and female gonads
were highly correlated with sex allocation, we only
report statistics with residual testis size and residual
ovary size as covariates in the results. For models
including sex allocation as a covariate see Table S1 in
the online Supporting Information.

In the models with the mean and the total sperm-
transfer success as response variables we excluded focal
worms whose number of mates was zero. This did not
change any of the results reported qualitatively. Values of
mean sperm-transfer success were log-transformed and
total sperm-transfer success was square rooted. Residuals
of all reported models did not deviate significantly from a
normal distribution (Kolmogorov—Smirnov: all P > 0.05).
Values are given as mean + SE, unless otherwise stated.
All statistics were carried out using sepss 13.0 (SPSS Inc.,
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Chicago, IL, USA) or smp 7.0.1. (SAS Institute Inc., Cary,
NC, USA).

Results

Morphological measurements

As intended by our random assignment of focal worms to
the various treatments, there was no difference in
morphological traits between social groups or densities
(two-way aNova: all P > 0.05), except in centroid size of
the stylet, which differed between social groups
(Fi04 = 2.9, P = 0.026). Moreover, none of the morpho-
logical traits that entered the final models correlated with
each other (Pearson correlation: d.f. = 102, all P > 0.05),
except centroid size of the stylet, which covaried nega-
tively with residual testis size (r=-0.22, d.f. =102,
P =0.023). Despite this collinearity between residual
testis size and centroid size of the stylet we left both
covariates together in each model because centroid size
of the stylet did not explain any variation in the response
variables when included instead or in combination with
residual testis size. Nevertheless, because of the differ-
ence in centroid size between social groups the results
regarding centroid size have to be considered with some
caution.

Number of mates

The number of mates varied considerably in all social
group sizes, ranging from zero to the maximum number
of mates possible, except in social groups of 16 individ-
uals where focal worms mated at most with 10 individ-
uals. Out of 104 focal individuals 11 (10.6%) could not
get any sperm into storage in any of the potential mates.
The number of mates was significantly affected by social
group size and residual testis size (Table 1). With
increasing social group size the number of mates
increased (mean number of mates, pairs: 0.9 + 0.1; trios:
1.5 + 0.7; quartets: 2.2 = 0.9; octets: 2.8 = 0.5; groups of
16 individuals: 5.4 + 0.7, Fig. 2a,b). Furthermore, the
residual testis size had a positive effect on the number of
mates (Fig. 2b). The density and all other morphological
traits that we measured did not significantly explain the
remaining variance in the number of mates (Table 1).

Mean sperm-transfer success

Focal worms had a mean sperm-transfer success of
6.4 + 0.7 sperm (range: 1-38 sperm). Mean sperm-
transfer success was affected by social group size, residual
testis size, residual ovary size and the first relative warp
score of the stylet (Table 1). Worms that were kept in

Table 1 Results of General Linear Models

Response Source df Std § F-value P-value performed to explain variation in the num-
Number of mates* Density 1 _ 2.09 0.152 ber of mates, mean sperm-transfer success
Social group size 4 - 23.74 <0.001 (mean number of labelled sperm stored per
Density x social group size 4 _ 0.74 0.567 Mate) and total sperm-transfer success (total
Body size 1 0.01 0.01 0.968 number of labelled sperm stored within a
Residual testis size 1 0.96 10.88 0.001 social group). Standardized beta (Std f) is the
Residual ovary size 1 _0.01 0.02 0.900 Parameter estimate scaled to be dimension-
Residual seminal vesicle size 1 0.03 0.20 0.658 less and indicates the relative importance of
First relative warp score 1 0.06 0.61 0.435 each covariate in explaining variation in the
Centroid size of stylet 1 0.08 105 0.309 response variable (negative values indicate
Mean sperm-transfer Density 1 B 0.51 0.474 Degative effects). Significant P-values are
successt Social group size 4 - 10.82 < 0.001 indicated in bold.
Density x social group size 4 - 0.08 0.987
Body size 1 0.12 1.89 0.174
Residual testis size 1 0.21 5.20 0.025
Residual ovary size 1 -0.18 3.97 0.049
Residual seminal vesicle size 1 0.13 2.10 0.151
First relative warp score 1 0.27 7.54 0.008
Centroid size of stylet 1 -0.02 0.04 0.839
Total sperm-transfer Density 1 - 0.08 0.870
successi Social group size 4 - 0.80 0.529
Density x social group size 4 - 0.41 0.800
Body size 1 0.10 1.08 0.302
Residual testis size 1 0.34 10.39 0.002
Residual ovary size 1 -0.14 1.74 0.191
Residual seminal vesicle size 1 0.13 1.65 0.203
First relative warp score 1 0.32 8.32 0.005
Centroid size of stylet 1 -0.07 0.46 0.500

*Full model: R? = 0.55; Fy5 g5 = 7.05; P < 0.001.
+Full model: R? = 0.47; Fys577 = 4.55; P < 0.001.
tFull model: R* = 0.29; Fys 77 = 2.06; P = 0.021.

© 2008 THE AUTHORS. J. EVOL. BIOL. 22 (2009) 405-415

JOURNAL COMPILATION © 2008 EUROPEAN SOCIETY FOR EVOLUTIONARY BIOLOGY



(3)

Number of mates + SE

2 3

Social group size

+SE
- A a o =~
» 3 8 2 5 O
A <

o

Mean sperm-transfer success

Multiple mating and sperm transfer in a hermaphrodite 411

Number of mates

4 8 16

P
[=}
-~

IS
5}

»
5}

_transfer success + 1)
N &

E 20
49 ’ag_ 15
2]
2 o 10
3
[¢] 15000
2 3 4 8 16 g/
Social group size 2
Fig. 2 Effects of social group size, density =
and morphology of sperm donors on the
number of mates (a, b), mean sperm-transfer I_I_I(e) (f)
success (¢, d) and total sperm-transfer suc- »*

cess (e, f). Social group size includes the
labelled focal worm. In the bar plots filled
and open bars refer to the high- and low
density treatment respectively. The plane
grids in the three-dimensional scatter plots
represent linear regression fits of both
explanatory variables. First RWS refers to the
first relative warp score obtained from the
relative warp score analysis of the stylet.
Note that response variables in bar plots are
given with untransformed values. For sta-
tistics see Table 1.

N
a

N
S

o

°

o

Total sperm-transfer success +

o

2 3

larger social groups had a lower mean sperm-transfer
success (Fig. 2c). Moreover, worms that had larger testes,
smaller ovaries and stylets with high values of the first
relative warp score (i.e. stylets that are curved away from
the false seminal vesicle) had a higher mean sperm-
transfer success (Fig. 2d). Density and all other morpho-

logical traits had no effect on mean sperm-transfer
success (Table 1).

Total sperm-transfer success

Total sperm-transfer success was on average 13.3 + 1.3
sperm (range: 1-61 sperm). There was no overall differ-
ence in total sperm-transfer success between social
groups (one-way ANOVA: F,o5=0.40, P = 0.809).
According to the full model, the total sperm-transter
success was only affected by residual testis size and the
first relative warp score of the stylet (Table 1). Worms
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with larger testes and with stylets that were curved away
from the false seminal vesicle had an increased total
sperm-transfer success (Fig. 2f). Density and social group

size did not predict total sperm-transfer success (Table 1;
Fig. 2¢).

Discussion

This study focused on the degree of multiple mating and
the causes of variation in the number of mates and
sperm-transfer success in the simultaneously herma-
phroditic flatworm M. lignano. We demonstrated that the
number of mating partners is highly variable between
individuals and showed that it is positively related to the
social group size a worm is exposed to. In most of the
social groups some worms managed to mate with all
potential mating partners (except in groups of 16 indi-
viduals). This high degree of multiple mating violates the
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central prediction of sex allocation theory that simulta-
neous hermaphroditism should only occur when the
average number of mates is small (Charnov, 1982). High
numbers of mating partners represent cases of high
sperm competition intensity and therefore result in a
lowered local mate competition in terms of competition
between related sperm. However, local mate competition
is assumed to be responsible for a saturating male fitness
gain curve, which is required for hermaphroditism to be
an evolutionarily stable strategy (Charnov, 1979, 1982).
As our measure of the number of mates is potentially an
underestimation of the actual number of mating partners
(see Methods), this discrepancy between the number of
mates in M. lignano and sex allocation theory for simul-
taneous hermaphrodites may even be more severe. The
maximum number of mates in social groups of 16
individuals was 10, which suggests that there is an upper
threshold of multiple mating in this species. However,
this may also be caused by the relatively short period of
only 24 h in which the worms were allowed to mate in
our experiment.

We are aware of only one study that also assessed the
number of mates in a simultaneously hermaphroditic
animal. For the planarian flatworm Schmidtea polychroa it
has been shown that adults produce offspring from an
average of four mates when kept in groups of 10
individuals for 4 weeks (Pongratz & Michiels, 2003),
which also indicates a fairly high degree of multiple
mating. However, in this study social group size was not
manipulated and analysis of paternity and maternity
always ignores matings that failed to produce offspring
(e.g. due to post-copulatory sexual selection or low
hatching success), which would likely underestimate
multiple mating more than is the case in our data.
However, as both studies assessed multiple mating under
laboratory conditions, there is a clear need for data on
multiple mating in the field, in order to evaluate whether
it is equally high under more natural conditions. No such
data seem currently available.

Studies on sex allocation in hermaphrodites often
manipulate social group size to produce situations with
different levels of sperm competition, simply assuming
that both are closely linked without explicitly testing this
assumption (e.g. Trouvé et al., 1999; Scharer & Ladurner,
2003; Tan et al., 2004; Lorenzi et al., 2005). Our study
provides evidence that an increase in social group size
indeed results in a higher average number of mates and
therefore in a higher sperm competition intensity. In
contrast, despite a fourfold increase in density, this factor
had no statistically significant effect on the number of
mates. Assuming an increased encounter rate at higher
densities, this suggests that a higher encounter rate does
not automatically lead to a higher degree of multiple
mating. Alternatively, worms may gather in groups and
may therefore not be randomly distributed in space.
Consequently, individuals would not use all the available
space, which would make them unaffected by enclosure

size. The lack of an effect of density agrees with earlier
findings showing that M. lignano adjusts its sex allocation
irrespective of density (Scharer & Ladurner, 2003; but see
Schaérer et al.,, 2005).

In hermaphrodites, advantages in precopulatory mate
competition and mate choice decisions have often been
attributed to body size, with larger individuals being
preferred mating partners because body size is often
correlated with fecundity (for a review, see Leonard,
2006). In this study we found no relationship between
body size and the number of mates. Hence, in M. lignano
larger individuals are not capable of acquiring more
mating partners. However, as we have no information on
the body size of the unlabelled mates, we cannot rule out
that there is size-assortative mating, which has previ-
ously been documented for other simultaneous herma-
phrodites (Vreys & Michiels, 1997; but see Peters &
Michiels, 1996; Michiels et al., 2001; Koene et al., 2007).

Interestingly, we found a positive effect of residual
testis size on the number of mates. There are at least two
possible explanations for this finding. First, as testis size
reflects sperm production rate in M. lignano (Scharer &
Vizoso, 2007), one could expect that individuals with
larger testes are able to transfer sperm more often and/or
in higher numbers per copulation. As our estimate of the
number of mates is based on the occurrence of labelled
sperm that is stored by mating partners and may
therefore be subject to post-copulatory sexual selection,
it is possible that higher numbers of transferred sperm
could also lead to higher numbers of mating partners.
However, the size of the seminal vesicle, which is a good
estimate of the sperm reserves that are available for
mating in M. lignano (Schéarer & Vizoso, 2007), had no
effect on the number of mates. Moreover, testis size of
focal worms did not covary with the size of the seminal
vesicle. Consequently, it seems unlikely that individuals
with larger testes had more mating partners simply
because they were able to transfer more sperm. However,
this explanation cannot be ruled out because morpho-
logical measurements were carried out 1 day before the
mating trials started and focal worms were kept in
isolation during this time. Thus, focal worms could refill
their sperm reserves during this isolation period, which
may have rendered our measurement of seminal vesicle
size as an estimate of sperm reserves unreliable.

As a second reason for the detected effect of testis size
on the number of mates, we suspect that individuals
varying in testis size behave differently. Sex allocation
was highly correlated with testis size implying that
worms with larger testes were also more male biased.
Furthermore, an additional analysis including sex allo-
cation as a composite measure of the relative allocation
towards the male function confirmed that more male-
biased individuals had more mates (see Supporting
Information). Following the logic of Bateman’s principle
(see Introduction) more male-biased individuals may
gain more from multiple mating than more female-
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biased worms. Therefore, individuals with larger testes
may be more eager to copulate. As testis size is pheno-
typically plastic in M. lignano (Scharer & Ladurner, 2003),
it is possible to manipulate this trait in this system, which
offers the opportunity to test the positive relationship
between testis size and the number of mates found in this
study experimentally.

Our study also revealed large variation in sperm-
transfer success, which was partly explained by social
group size, residual testis size, residual ovary size and
genital morphology. We found that focal worms had a
lower mean sperm-transfer success in larger social
groups. On the one hand, this could mean that worms
reduce their ejaculate expenditure in larger groups as a
response to an increased immediate sperm competition
intensity as predicted by the theory on optimal sperm
allocation (Parker efal, 1996; Engqvist & Reinhold,
2005). On the other hand, it could simply be a conse-
quence of repeated matings with the same partner in
small social groups, with a constant number of sperm
transferred in each mating irrespective of social group
size. Additionally, another hypothesis is that only a
limited number of sperm can be stored in the female
sperm storage organ and that excess sperm is actively
removed or gets lost passively (e.g. during egg laying).
With a greater number of competitors this would also
lead to a decrease in mean sperm-transfer success. Based
on our data we are unable to distinguish between these
nonexclusive hypotheses.

Surprisingly, the total sperm-transfer success remained
constant across social groups. This may suggest that
worms spent in total about equal amounts of sperm
during the mating trials regardless of the number of
potential mates and the level of sperm competition they
experienced. Furthermore, together with our finding on
the mean sperm-transfer success this indicates that
worms do not adjust their male reproductive effort in
terms of sperm investment according to the Coolidge
effect, which predicts that males invest less reproductive
resources when re-mated with the same mating partner
(Dewsbury, 1981). On the assumption that our measure
of total sperm-transfer success is closely related to the
total sperm investment in M. lignano, one would expect a
higher total sperm-transfer success in large groups
compared to pairs because in the latter case worms can
only mate with the same partner and should therefore
invest less reproductive resources. However, in our study
we found no difference in the total sperm-transfer
success between all social group sizes. Even in groups
of 16 individuals, where the average number of mates
was about five individuals, worms had an equal total
sperm-transfer success as they had in pairs. If sperm-
transfer success is positively linked with sperm allocation,
these findings suggest that worms do not allocate sperm
prudently with respect to the Coolidge effect.

Sperm-transfer success was also affected by residual
testis size. Both the mean and the total sperm-transfer
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success were positively related to testis size. This provides
the first hint of ultimate benefits of having larger testes in
M. lignano. One crucial assumption of sex allocation
theory for simultaneous hermaphrodites is that the
fitness of the male function is positively related to the
proportion of resources allocated to the male function,
depicted by a saturating fitness gain curve (Charnov,
1982). However, to our knowledge this relationship has
never been empirically demonstrated for internally fer-
tilizing hermaphroditic animals yet (for sperm-casting
species, see McCartney, 1997; Yund, 1998). Assuming
that the number of mates and sperm-transfer success are
closely linked with the fitness of the male function, our
study provides evidence that an increased male allocation
leads to a higher reproductive success through the male
function. In M. lignano, the effect of residual testis size on
sperm-transfer success may be due to a higher mating
frequency of more male-biased individuals, which would
automatically lead to a higher number of stored sperm in
the sperm storage organ of their mates (see discussion
above). Another reason could be that more male-biased
worms are better sperm competitors compared with more
female-biased individuals because of differences in sperm
displacement abilities or ejaculate quality. Interestingly,
residual ovary size was negatively related to mean sperm-
transfer success. This indicates that a higher reproductive
success of the male function can only be achieved at the
cost of the female function, which is probably a
consequence of a trade-off in resource allocation to the
male and the female function, which has been demon-
strated for M. lignano (Schérer et al., 2005). So far, very
little is known about the effect of sex allocation on
mating frequency and male competitiveness in simulta-
neous hermaphrodites, which highlights the need for
experimental studies testing this hypothesis.

Another morphological trait that explained variation in
sperm-transfer success was the shape of the stylet. To our
knowledge, this study provides the first empirical evi-
dence that the morphology of the male copulatory organ
is an important predictor of sperm-transfer success in a
simultaneous hermaphrodite. However, the reason why
individuals with stylets that are curved away from the
seminal vesicle (indicated by positive scores of the first
relative warp) have a higher sperm-transfer success
remains unknown. One potential mechanism is that
specifically shaped stylets prevent sperm from being
subject to cryptic female choice, e.g. by moditying the
shape of the sperm storage organ or by optimal position-
ing of sperm within the female genitalia. Alternatively,
stylet shape may also be important to out-compete sperm
inseminated by other worms via sperm displacement,
which would be expected to generate second male sperm
precedence. A detailed understanding of the processes
during and after copulation with special emphasis on
stylet intromission, sperm release, sperm displacement
and accompanied changes in the conformation of the
female sperm storage organ would help to identify the
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underlying mechanisms that lead to an advantage of
specifically shaped stylets in sperm-transfer success.

In conclusion, this study demonstrates that individuals
of M. lignano ditfer considerably in the number of mates
and sperm-transfer success. We reveal that social group
size and morphological traits of the sperm donor are
important factors to explain variation in these parameters
in a simultaneous hermaphrodite. Our findings support
the idea that more male-biased individuals are able to
acquire more mating partners and have a higher sperm-
transfer success. Additionally, we show for the first time
in hermaphrodites that genital morphology is an impor-
tant predictor of sperm-transfer success. Further studies
should experimentally test how sex allocation affects
mating behaviour and explain how stylet shape influ-
ences sperm-transfer success in M. lignano mechanisti-
cally.
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