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Hermaphroditic animals face the fundamental evolutionary optimization
problem of allocating their resources to their male vs. female reproductive
function (e.g. testes and sperm vs. ovaries and eggs), and this optimal sex allo-
cation can be affected by both pre- and post-copulatory sexual selection. For
example, local sperm competition (LSC) — the competition between related
sperm for the fertilization of a partner’s ova — occurs in small mating groups
and can favour a female-biased sex allocation, because, under LSC, invest-
ment into sperm production is predicted to show diminishing fitness returns.
Here, we test whether higher testis investment increases an individual’s pater-
nity success under sperm competition, and whether the strength of this effect
diminishes when LSC is stronger, as predicted by sex allocation theory. We
created two subsets of individuals of the simultaneously hermaphroditic flat-
worm Macrostomum lignano — by sampling worms from either the highest or
lowest quartile of the testis investment distribution — and estimated their
paternity success in group sizes of either three (strong LSC) or eight individu-
als (weak LSC). Specifically, using transgenic focal individuals expressing a
dominant green-fluorescent protein marker, we showed that worms with
high testis investment sired 22% more offspring relative to those with low
investment, corroborating previous findings in M. lignano and other species.
However, the strength of this effect was not significantly modulated by the
experienced group size, contrasting theoretical expectations of more strongly
diminishing fitness returns under strong LSC. We discuss the possible implica-
tions for the evolutionary maintenance of hermaphroditism in M. lignano.
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to the zygote, the total fitness of males and females — on
the population level — has to be equal (Diising, 1884;
Fisher, 1930; Houston & McNamara, 2006; Queller,
2006). Therefore, negative frequency-dependent selec-

Introduction

General aspects of sex allocation

All sexually reproducing organisms face the evolution-
ary optimization problem of how much of their limited
resources they should invest into male vs. female repro-
duction, that is, the problem of sex allocation (Charnov,
1982). Consider, for example, producing the optimal off-
spring sex ratio in gonochoristic (separate-sexed) ani-
mals. As during sexual reproduction both parents
contribute the same amount of nuclear genetic material
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tion will tend to select for the production of more
daughters when females are rare in the population and
of more sons when males are rare. Given certain, argu-
ably strong, simplifying assumptions, including random
mating (i.e. any male gamete in the population has the
same probability of fusing with any female gamete) and
large population size (i.e. mates and competitors are
always unrelated) (Hamilton, 1967; Scharer & Ramm,
2016), this is expected to lead to equal investment into
sons and daughters over evolutionary time (Dising,
1884; Fisher, 1930; Charnov, 1982).

Although the principle of equal investment resulting
from this so-called Fisher condition was initially
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formulated with gonochoristic animals in mind, it actu-
ally applies more generally. Under the same simplifying
assumptions, an equal investment into male and female
function could also be expected in (nonselfing) simulta-
neous hermaphrodites, because also here every zygote
gets half of its nuclear genetic material from each par-
ent (though, as we outline below, these assumptions
are likely often broken in hermaphrodites). In these
organisms, it is not the amount of investment into
daughters and sons that is selected to be equal. Instead,
the balance between investment into the male function
(e.g. sperm, male-specific tissues and male-specific
behaviours) on the one hand, and investment into the
female function (e.g. eggs, female-specific tissues and
female-specific behaviours) on the other hand, is the
target of selection (Charnov, 1982, pp. 7-9; Scharer,
2009).

In spite of this general tendency towards equal invest-
ment, there are many conditions under which equal
investment into the male and female function is not the
evolutionary stable strategy. For instance, Hamilton
(1967) drew attention to local mate competition (i.e.
competition between related individuals for access to
mates) in gonochoristic animals, in which — in the
extreme case — the sons of a single female compete for
the fertilization of their own sisters. Such local mate
competition violates the random mating and large popu-
lation size assumptions and selects for increased invest-
ment into daughters, because investment into more than
just a few sons will not increase the number of grandchil-
dren the mother produces. Investment into additional
sons is therefore wasteful, favouring the production of
more daughters and fewer sons (Charnov, 1982; West,
2009). Analogously, nonrandom mating can also affect
the optimal sex allocation in simultaneous hermaphro-
dites, which we explore in the following section.

Sexual selection influences sex allocation

Although in anisogamous species, both parents con-
tribute an equal amount of nuclear genetic material to
the zygote, the mother contributes much more
resources via her egg than the father via his sperm. In
the absence of substantial post-zygotic paternal invest-
ment, this is expected to lead to ‘classical’ sex roles
(Darwin, 1871; Bateman, 1948; Dewsbury, 2005; Par-
ker & Birkhead, 2013; Lehtonen et al, 2016), with
males competing for access to females and the fertiliza-
tion of their eggs, whereas females may choose which
males to give access to their unfertilized eggs. In copu-
lating organisms, sexual selection can be subdivided
into precopulatory and post-copulatory episodes. Dur-
ing the precopulatory episode, males will tend to com-
pete among each other for matings and females will
tend to choose with whom to mate. When a female has
mated with two or more males, they will often con-
tinue to compete for the fertilization of her eggs via
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their ejaculates — termed sperm competition (Parker,
1970) — and the female may bias which male’s sperm
to fertilize her eggs with — termed cryptic female choice
(Thornhill, 1983). These episodes of pre- and post-
copulatory sexual selection take place both in gonocho-
rists and in simultaneous hermaphrodites, whereas in
the latter, individuals may simultaneously compete and
chose during the pre- and post-copulatory episodes in
their respective roles as sperm donors and sperm recipi-
ents (Charnov, 1979).

In his influential work on sex allocation, Charnov
proposed that the evolution of sex allocation is influ-
enced by the shape of so-called fitness gain curves for
the investment into the respective sex functions (Char-
nov, 1979, 1982), which in turn can be influenced by
sexual selection (Charnov, 1979, 1980). One such case
is local sperm competition (LSC), that is the competi-
tion between related sperm for the fertilization of ova
of the mating partner (Greeff ef al., 2001; Scharer &
Wedekind, 2001), which was named in analogy to local
mate competition that we discussed above (Scharer,
2009; Scharer & Pen, 2013). Here, investment into the
male function in the form of sperm production confers
diminishing fitness gains when related sperm compete
for fertilizations. A hermaphrodite that experiences LSC
may therefore achieve higher fitness returns when it
re-allocates resources to its own female function, in
which the fitness returns are often expected to be more
linear (Scharer, 2009). Alternatively, it may re-allocate
those resources to other forms of male investment, such
as seminal fluids, love darts or male-specific behaviours
like mate searching or courtship (Michiels et al., 2009;
Scharer, 2009; Scharer & Pen, 2013), provided that
these show higher returns than investment in its own
female function.

When the sperm of every given sperm donor in a
population of hermaphroditic animals is not equally
likely to be represented in every recipient’s sperm
receiving organ, then the random mating assumption is
broken. This occurs, for instance, when individuals only
mate and compete within a small subset of the popula-
tion (i.e. if they compete in small mating groups), lead-
ing to strong LSC, because (related) sperm from the
same sperm donor will then compete for fertilizations.
In the extreme case of a mating group of just two indi-
viduals, all sperm in a mating partner’s female repro-
ductive tract will be from the same sperm donor.
Consequently, the production of more sperm than nec-
essary to assure the fertilization of the partner’s eggs
can be considered wasteful. Instead, resources could be
more profitably invested into an individual’s own
female function. Therefore, a decrease in mating group
size is predicted to lead to stronger LSC and hence to a
more female-biased sex allocation, provided that other
forms of male investment are not available or also show
diminishing returns (Charnov, 1980; Scharer, 2009;
Scharer & Pen, 2013). If, in contrast, the sperm from a
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given individual compete with unrelated sperm from
other sperm competitors, producing additional sperm
may indeed pay off and result in higher paternity suc-
cess (Parker et al, 1990). In this case, it may not be
beneficial to re-allocate resources towards the female
function and sex allocation is predicted to be less
female-biased (Charnov, 1980; Scharer, 2009; Scharer
& Pen, 2013).

Besides a small mating group size, other processes
can also lead to an increase in LSC and favour a more
female-biased sex allocation. In particular, processes
leading to the ditferent mating partners in a mating
group having unequal chances to fertilize the eggs are
likely to make the male fitness curve more saturating
(Scharer, 2009; Scharer & Pen, 2013). For instance,
sperm displacement can lead to higher LSC than
expected by the number of sperm donors alone (Char-
nov, 1996). Similar effects can result from cryptic
female choice, if a fixed proportion of sperm from a dis-
favoured sperm donor is removed and/or rejected by
the sperm recipient (van Velzen ef al, 2009). And
finally, random paternity skews resulting from stochas-
tic effects can also lead to stronger LSC and therefore
favour a more female-biased sex allocation (Greeff
et al.,, 2001; Scharer, 2009; Scharer & Pen, 2013).

Empirical evidence for LSC

Phenotypically plastic sex allocation adjustments that
correspond to the predictions of the mating group size
model have been observed in several hermaphroditic
animals and corroborate the LSC perspective (reviewed
in Scharer, 2009). For example, the trematode Echinos-
toma caproni increases its male allocation, measured as a
composite of the size of the testes and the cirrus sac,
when spending its metacercarial stage in larger groups
compared to when it occurs in pairs or in isolation
(Trouvé et al., 1999). Another parasite, the intestinal
trematode Gyliauchen volubilis, showed more female-
biased sex allocation with decreasing mating group size
in field-caught rabbitfish Siganus rivulatus (Al-Jahdali,
2012). And finally, the free-living simultaneously her-
maphroditic flatworm Macrostomum lignano changes its
phenotype according to different experimentally manip-
ulated mating group sizes. For example, it increases tes-
tis size (Janicke et al, 2013), testicular stem cell
proliferation activity (Scharer et al, 2004b) and sperm
production rate (Scharer & Vizoso, 2007), presumably
in part by increasing the speed of spermatogenesis
(Giannakara et al., 2016), when growing up in larger
mating groups where sperm competition between unre-
lated sperm is stronger (and LSC thus weaker).

There is, however, only very limited empirical evi-
dence that fitness gains for the male function indeed
show more strongly diminishing returns under strong
LSC. To our knowledge, the only study that has
unequivocally documented a relationship between the

level of LSC and the shape of the male fitness gain
function was performed in the spermcast mating colo-
nial ascidian Botryllus schlosseri. Here, the male fitness
gain curve — measured as the relationship between the
cross-sectional testis area of a focal colony and the per-
centage of available eggs fertilized by that colony in
nearby partner colonies — did change according to the
predictions of sex allocation theory. Namely, colonies
placed under strong LSC had a gain curve with more
strongly diminishing returns compared to those placed
under weaker LSC (Yund, 1998). The scant empirical
support for diminishing male fitness gains is problem-
atic, because it is a key component of the theoretical
foundation to explain the evolution of hermaphrodit-
ism and sex allocation (Charnov, 1979, 1980; Scharer,
2009; Scharer & Pen, 2013) and currently lacks empiri-
cal support in copulating hermaphrodites.

Objective

In this study, we use the copulating simultaneously her-
maphroditic flatworm M. lignano to test (i) whether greater
testis investment actually increases paternity success under
sperm competition, and (ii) whether, as predicted by the
LSC perspective, the gains in paternity success for greater
investment into testes are more substantial in large com-
pared to small mating groups (i.e. in a situation with pre-
sumed low or high LSC, respectively).

Materials and methods

Study organism and cultures

The experiment was conducted with Macrostomum lig-
nano (Macrostomorpha, Platyhelminthes), a free-living
flatworm that lives between sand grains in the inter-
tidal zone of the Northern Adriatic sea and the Eastern
Mediterranean basin (Ladurner ef al.,, 2005). It can be
cultured in the laboratory (at 20°C, 14:10h
light : dark and 60% humidity) in glass Petri dishes
filled with artificial sea water or nutrient-enriched /2
algal culture medium (Andersen et al,, 2005) and with
the diatom Nitzschia curvilineata as the sole food source.
It is small (adult length ~1.5 mm) and has a generation
time of ~18 days, with eggs hatching ~5 days after lay-
ing and individuals reaching maturity in both sex func-
tions ~13 days after hatching (Scharer & Ladurner,
2003). Macrostomum lignano is an obligatorily outcross-
ing simultaneous hermaphrodite with frequent and
reciprocal copulation (Scharer efal, 2004a) and,
because of its highly transparent body, detailed mea-
surements of internal reproductive structures are possi-
ble and noninvasive measures of testis and body size
(among others) can be obtained (Scharer & Ladurner,
2003; Marie-Orleach et al., 2016).

The worms used as mating partners in this experi-
ment came from LS1, an outbred wild-type culture
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(Marie-Orleach et al,, 2013). Focal worms came from
the outbred transgenic BAS1 culture, which carries a
green-fluorescent protein (GFP) marker and expresses
GFP in all cell types (Marie-Orleach et al., 2016). As
some lines and cultures of M. lignano exhibit a kary-
otype polymorphism (Zadesenets et al., 2016, 2017), we
established a new BAS1 culture that exclusively
included individuals whose karyotype was 2n=8 and
that were homozygous for the GFP allele, increasing
stable inheritance of this marker. More specifically, we
performed metaphase chromosome preparation to
count the number of chromosomes for 277 worms from
the original BAS1 culture (Zadesenets et al, 2016).
Subsequently, we paired some of them with worms
from the LS1 culture to assess the penetrance of the
GFP allele (i.e. the proportion of GFP expressing off-
spring produced). To found the new BAS1 culture, we
used only those 76 individuals (i) that showed the ‘nor-
mal’ 2n=8 karyotype (Zadesenets et al., 2016), (ii) for
which we could phenotype a progeny array of > 17 off-
spring (mean: 48.7, range: 17-92) and (iii) for which
all offspring expressed the GFP allele, thus indicating
that their BAS1 parent was homozygous for the GFP
allele. This culture is now being kept in a meta-popula-
tion structure and at a total population size of 1200
individuals to maintain its genetic diversity.

As the GFP allele is dominant and as we expect it to
be fixed within the BASI1 culture, offspring from
BASI1 x LS1 crosses will always show GFP expression
and can thereby be distinguished from the offspring of
LS1 x LS1 crosses, which will lack GFP expression
(Marie-Orleach ef al., 2014). Both LS1 and BASI1 are
maintained at the Zoological Institute in Basel.

Experimental design

The rationale of the experimental design was to divide
focal worms into two subsets with either a large or
small testis size (while excluding individuals with inter-
mediate trait values) and to then measure their result-
ing paternity success in two different mating group
sizes, which each included a GFP-positive BAS1 indi-
vidual as the focal worm and either two (hereafter
called ‘triplets’) or seven (hereafter called ‘octets’) GFP-
negative LS1 individuals as the partners (i.e. a full-fac-
torial 2 x 2 design). Note that here ‘mating group size’
refers to the number of worms able to interact (some-
times also called the social group size); in this system, a
social group size of three vs. eight is known to lead to a
substantial difference in the mating group size (Janicke
& Scharer, 2009a; Janicke et al., 2013).

This experimental design permitted us to investigate
the effect of testis size on paternity success and whether
the magnitude of this effect was modulated by the mat-
ing group size in which a focal resided. Following the
LSC rationale, we predicted that the same increase in tes-
tis size should confer a higher relative increase in
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paternity success in octets than in triplets, as we outline
in more detail in the ‘Statistics” section below. But before
we do so, it is helpful to generate some theoretical expec-
tations to which we could compare the observed pater-
nity successes, which we do in the following section.

Theoretical expectations

We calculated the expected paternity successes of focal
worms in the respective treatments, making the following,
highly simplifying assumptions: (i) every individual in the
mating group mates with every other individual, (ii)
paternity success is the outcome of a fair raffle sperm com-
petition, weighted by an individual’s sperm production,
(iif) sperm production is proportional to testis investment
(measured as testis size), and (iv) focal worms from the
BASI culture have, on average, a similar testis investment
as the competitors from the LS1 culture.

We set the sperm production of a BAS1 focal with
low testis investment (L) to, a, and with high testis
investment (H) to, 24, because their testis size turned
out to be approximately twice as high (Section ‘Results’
in Table 1). The sperm production of a LS1 competitor
was set to, 1.5a, because worms of this culture are
expected to have, on average, an intermediate sperm
production (as the BAS1 culture is derived from the
LS1 culture; Marie-Orleach ef al.,, 2016). The expected
paternity successes for the L and H focal worms in the
triplets (3) and octets (8) are then as follows:

a a a

Ppa=— —-— % % _
BT4+b a+15a 25a

0.4

2a 2a 2a
2a+b 2a+1.5a 3.5a

P

a a

=—" =" —01
a+6b 10a

Prg

2a 2a
— =~ 0.1818

Puyg = ——— =
8= 2a+6b 1la

Thus, the paternity success of worms with high vs.
low testis investment, respectively, is expected to be
higher by 42.9% in the triplets (i.e. 0.5714 vs. 0.4) and
by 81.8% in the octets (i.e. 0.1818 vs. 0.1). Note that
the higher relative increase in the larger mating group
size is consistent with the LSC scenario. Furthermore, it
is important to note that we do not necessarily expect
the outcomes to exactly match this simplified scenario,
but these expectations serve as a useful comparison to
our observed results and allow us to explore which of
the assumptions may not have been met.

Experimental procedures

For logistic reasons, we divided the experiment into
three blocks, each processed 1 day apart, but otherwise
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Table 1 Shown are medians (and interquartile ranges) for measured morphological traits (x10> um?) in the different experimental groups.

Triplets

Octets

Low testis investment

High testis investment

Low testis investment High testis investment

Testis size 15.7 (12.6-22.3) 31.8 (19.6-40.2) 15.0 (10.4-18.5) 26.9 (19.4-40.2)
Ovary size 9.8 (7.1-12.7) 10.0 (8.2-12.1) 9.5 (7.6-12.9) 9.1 (6.8-11.4)
Seminal vesicle size 13.0 (9.1-20.5) 14.1 (10.7-18.9) 11.1 (8.0-14.9) 11.4 (8.2-19.3)
Body size 464.5 (344.1-496.6) 394.6 (336.4-465.9) 422.6 (323.3-491.7) 373.1 (315.6-483.7)

Note the approximately two-fold higher testis size in the subset with high testis investment compared to the one with low testis investment.

treated the worms in the same way. In the following,
we explain the experimental procedures for one block
only.

We kept all worms used here either in (i) glass Petri
dishes in groups of one hundred during the growth
phase or in (ii) triplets or octets in wells of 24-well tis-
sue culture plates during isolation and mating trials
(TPP AG, Switzerland), in 20 mL or 1.5 mL of {/2 med-
ium (Andersen et al.,, 2005), respectively. Except for a
24-h period of food deprivation to which the focal
worms were submitted to facilitate the morphological
measurements, all worms received ad [libitum diatom
algae during the whole experiment. Partner worms
were raised under the same conditions as the focal indi-
viduals, except that they were not measured (and
therefore also never food deprived).

On day 0, we put the parents (FO) of the focal worms
into three Petri dishes (100 adult worms per dish)
allowing them to lay eggs and then removed them on
day 2, so that all focal worms (F1) used in this experi-
ment were of similar age. On day 19, we transferred
100 focal worms to a new Petri dish, and on day 28,
we transferred them into new Petri dishes without algae
(in order to allow them to regurgitate the consumed
algae in their gut, thus facilitating morphometry). On
the following day, we isolated focal worms in 24-well
plates, took their morphological measurements (block
1: n=81; block 2: n=72; block 3: n=85) and then
put them back into isolation in 24-well plates with
algae until the next day.

To take morphological measurements, we performed
a noninvasive squeeze preparation on the focal worms
(Scharer & Ladurner, 2003; Vizoso & Scharer, 2007).
Briefly, we anesthetized worms with a 2:1 mixture of
7.14% MgCl, and {/2 medium and squeezed them
dorsoventrally between a glass slide and a haemocy-
tometer cover glass separated by a 35-um plastic spacer.
Then, we captured digital micrographs at 40-400x
magnification with a digital video camera (DFK
41BF02, The Imaging Source, Bremen, Germany)
attached to a DM 2500 microscope (Leica Microsystems,
Heerbrugg, Switzerland). We used BTV Pro 6.0b7
(http://www.bensoftware.com/) to acquire the images.

During the evening of the same day, we measured
body and testis size (and later also ovary and seminal

vesicle size) of all focal worms using ImaceJ 1.47v
(http://imagej.nih.gov/ij). For testis size and ovary size,
we used the sum of the areas of both testes and ovaries,
respectively (note that for 23 and 26 of the 103 focals,
respectively, two testes and ovaries could be seen in
the pictures, but only one could be properly imaged, in
which case that gonad was measured twice to estimate
total gonad size). Then, we performed a linear regres-
sion of testis on body size to determine residual testis
size, which we used as a measure of relative testis
investment that is uncorrelated to body size. Subse-
quently, we retained only worms belonging to the low-
est and highest quartiles of the distribution of residual
testis size for the further experiment (called the low fes-
tis investment and high testis investment subsets, respec-
tively; see Figs 1 and 2).

The rationale for controlling for body size in this way
is that bigger worms can be expected to have a higher
resource budget available and could therefore have
higher paternity success for that reason alone. As we
were interested in the effect of testis size per se, we used
residual testis size to assign each worm to their subset,
which, as we show in the Results, nevertheless resulted
in an approximately two-fold difference in absolute tes-
tis size between the subsets.

On day 30, we assigned GFP-positive focal worms of
the low and high testis investment subsets to one of
the two mating group size treatments (Fig. 1). For this,
we grouped focal worms in wells with either two (tri-
plets) or seven (octets) GFP-negative partner worms
taken directly from a Petri dish with 100 worms, thus
forming the first mating group. After 24 h, we then
transferred the focal worm to a new mating group
(with the same number of partner worms as in the first
one) and isolated the partners from the first mating
group in 24-well plates for 7 days to allow them to lay
eggs and produce offspring. In total, we repeated this
four times, so that every focal worm passed through
four consecutive mating groups of the same size,
thereby increasing the number of offspring based on
which the paternity success of the focal could be esti-
mated (Fig. 1). Note that, although M. lignano can phe-
notypically adjust its testis size and sperm production
rate according to the mating group size, it was previ-
ously shown that it needs > 4 days to do so (Brauer
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Fig. 1 Schematic illustration of the
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Raising worms

Measuring morphology

Testis
investment

Creating subsets

1st mating group

2nd mating group

3rd mating group

experimental design. Note how each
GFP-positive focal worm (green) had to
compete with wild-type worms (grey)
in four consecutive mating groups. The
sample sizes (1) refer to the final
number of focal worms in the
respective treatment combinations.

et al., 2007; Scharer & Vizoso, 2007). The isolated mat-
ing partners were removed from the wells after 7 and
10 days later the by now hatched offspring were geno-
typed by checking their GFP status under a MZI10 F
stereo microscope with epifluorescence illumination
(LEICA Microsystems).

Statistics

We first tested whether the assignment of worms to the
different treatment groups resulted in the intended dis-
tributions of morphological trait values, by testing for
effects of the subset, the mating group size and their
interaction, as well as the block on the respective mor-
phological traits using linear models in r (version 3.4.0;
R Development Core Team, 2016; also used for all fol-
lowing statistical analyses). We log-transformed the val-
ues for the morphological traits to fulfil the normality
assumption for residuals.

To assess the effect of the subset, the mating group
size and their interaction (but see below) on paternity

4th mating group

success, and to statistically control for block effects and
account for the detected overdispersion, we fitted a
quasi-binomial generalized linear model (GLM), in
which the variance is given by the product of the mean
and ¢, the dispersion parameter. For this, we used the
function ‘glm’” with family ‘quasi-binomial’ and a logit-
link. Paternity was estimated as the number of offspring
that expressed GFP among the total number of off-
spring over all partners from the four mating groups.
For all fitted models, the factors subset and mating
group size were centred by encoding their levels as
either —0.5 or 0.5 to facilitate hypothesis testing in the
presence of interaction terms (Schielzeth, 2010). As the
levels of both subset and mating group size were cho-
sen as extreme values that presumably occur at both
ends of the distribution in worm populations, it is
preferable to estimate the interaction term at the inter-
mediate levels (Schielzeth, 2010). We tested the signifi-
cance of effects by removing single effects from the
model and comparing the reduced to the complete
model using an F-test. Model assumptions for all
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Fig. 2 Distributions of the residual testis size according to which
we assigned the worms into subsets with low (light grey) or high
(dark grey) testis investment for each of the three experimental
blocks.

models were assessed by visually inspecting residuals
vs. predicted values plots and normal quantile-quantile
plots (Faraway, 2016).

Although the quasi-binomial GLM permits us to test
for the effects of the subset and the mating group size,
the biological interpretation of the interaction term is
less clear in the light of our theoretically derived
hypotheses (cf. ‘Theoretical expectations’ section).
Specifically, we wanted to test whether the increase in
paternity success in (i) the triplets and (ii) the octets was
significantly different from the theoretical expectations,
and whether (iii) the relative (rather than absolute)
increase in the octets was significantly higher compared
to that in the triplets, as predicted by the LSC perspec-
tive.

To test these hypotheses, we implemented permuta-
tion tests in R, by sampling # paternity success values
for each mating group size treatment from our empirical
data without replacement, and randomly assigned them

to either the low or high subset (where n is the sample
size for the mating group size treatments in our experi-
ment). To test hypotheses (i) and (ii), we calculated, as
our test statistic, the increase in paternity success for
triplets (i.e. meanygz—mean;s) and octets (i.e. mean-
Hs_meanLs,), Trespectively. And to test hypothesis (iii),
we first calculated the relative increase in paternity suc-
cess due to larger testes in triplets [(meanygs—meanys)/
mean;3-100] and in octets [(meangg—mean;g)/
mean;g-100], and then the difference between them, as
our test statisticc. We repeated this sampling 10 000
times to generate null distributions of these test statis-
tics. Then, we estimated the P-value as the proportion
of those permutations where, for hypotheses (i) and
(ii), the test statistic was lower (lower limit in triplets:
0.075; lower limit in octets: 0.023) or higher (upper
limit in triplets: 0.268; lower limit in octets: 0.140) than
expected under the theoretical calculations and where,
for hypothesis (iii), the absolute value of the test statis-
tic was greater than or equal to the absolute observed
test statistic (note that using absolute values yields a
two-sided test). Additionally, we used 10000 bootstrap
iterations with replacement to estimate the 95% confi-
dence intervals (as the 95 percentile confidence inter-
val) for the relative increase in the respective mating
groups.

To test whether the paternity success of a focal indi-
vidual was repeatable across its four consecutive mating
groups, we estimated repeatability with the r package
‘tptR’ (Nakagawa & Schielzeth, 2010; Schielzeth & Nak-
agawa, 2013). For this, we wused the function
‘rpt.remILMM’ to calculate repeatabilities from a linear
mixed-effects model fitted with restricted maximum
likelihood. Because the variance for binomial propor-
tions is a quadratic function of the mean and this vio-
lates assumptions for linear models, the logit-
transformation, which removes this mean-variance
relationship, is often recommended for analysing bino-
mial proportions (Warton & Hui, 2010; Engqvist, 2013).
Therefore, we logit-transformed paternity values
according to the formula log[(p + 0.01)/
((1 — p) +0.01)], where p is the paternity success
value in each mating group (Warton & Hui, 2010). We
added the constant of 0.01 to paternity values of 0 and
—0.01 to paternity values of 1 to permit their inclusion,
in the analysis, for which the logit would otherwise not
be defined. Here, repeatability is the proportion of the
total variance in paternity success explained by
interindividual differences between paternity values in
the four consecutive mating groups.

Finally, we tested whether the repeatability estimates
between the two mating group size treatments differed
statistically with a two-tailed permutation test. For this,
we (i) randomly reassigned replicates to the two mating
group sizes 10 000 times and calculated the differences
between the repeatability estimates (repeatability for
triplets minus repeatability for octets) for each
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permutation and ii) estimated the P-value as the pro-
portion of those permutations where the absolute dif-
ference was greater than or equal to the absolute
observed difference.

Results

Morphology and assignment over treatments

As intended, worms from the high testis investment
subset had testes that were almost twice as large in
absolute terms compared to the worms from the low
testis investment subset (high testis investment, med-
ian: 29 000 um? low testis investment, median:
15 300 um?; Tables 1 and 2a), but there was no signifi-
cant difference in testis size between the mating group
size treatments, nor was there a significant interaction
between the testis investment subset and mating group
size treatments. The assignment of individuals over the
treatment groups was also successful in so far as they
did not differ in either body or ovary size (all P > 0.3;
Table 2a). The only exception was seminal vesicle size,
in that worms allocated to the octets had significantly
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smaller seminal vesicles (with the difference being
approximately  0.17 + 0.07 standard deviations),
whereas worms with low and high testis investment
did not differ in seminal vesicle size (cf. Tables 1 and
2a). We do not think, however, that this initial differ-
ence in seminal vesicle size should have had a strong
effect on the amount of sperm transferred, because the
focal worms were exposed to many mating partners
over the four consecutive 24-h time periods. Therefore,
not the initial amount of sperm in the seminal vesicle,
but rather the sperm production rate during these peri-
ods will likely have determined the amount of sperm
available for transfer (Scharer & Vizoso, 2007).

Testis investment and mating group size effects on
paternity

Overall, worms with higher testis investment had a
22.3% (95% CL: —12.9% to 74.0%) higher mean pater-
nity success relative to worms with low testis invest-
ment, but although worms in smaller groups (which of
course had fewer competitors) had higher paternity
success, the interaction between subset and mating

Table 2 Treatment effects of the (a) linear models for morphological traits and (b) quasi-binomial generalized linear model for paternity

success.

(a) Response Effect B+ SE d.f. AIC F-value P-value
Testis size None - - —239.4 - -
Testis investment 0.65 + 0.06 1 —159.0 118.88 <0.0001
Mating group size —0.05 + 0.06 1 —240.5 0.82 0.37
Testis investment x mating group size 0.01 + 0.12 1 —241.4 0.01 0.94
Block - 2 —176.6 44.21 <0.0001
Ovary size None - - —195.1 - -
Testis investment 0.08 + 0.07 1 —196.0 1.07 0.303
Mating group size —0.07 £ 0.07 1 —196.1 0.96 0.331
Testis investment x mating group size —0.06 + 0.15 1 —-197.0 0.14 0.706
Block - 2 —168.1 17.04 <0.0001
Sem. vesicle size None - - —-194.4 - -
Testis investment 0.04 + 0.07 1 —196.0 0.36 0.549
Mating group size —0.17 £ 0.07 1 —-191.2 5.03 0.027
Testis investment x mating group size 0.02 + 0.15 1 —196.4 0.02 0.899
Block - 2 -150.3 28.89 <0.0001
Body size None - - —308.8 - -
Testis investment —0.04 + 0.04 1 —309.6 1.08 0.302
Mating group size —0.04 + 0.04 1 —-310.0 0.72 0.398
Testis investment x mating group size 0.01 £ 0.09 1 —-310.7 0.03 0.869
Block - 2 —259.3 33.01 <0.0001
(b) Response Effect p + SE d.f. Deviance F-value P-value
Paternity success None - - 616.1 - -
Testis investment 0.38 + 0.16 1 648.2 5.06 0.027
Mating group size —2.17 £ 0.16 1 1653.4 163.30 <0.0001
Testis investment x mating group size —0.10 + 0.32 1 616.5 0.08 0.781
Block - 2 659.7 3.43 0.036

F-tests were performed by removing single effects and comparing the full with the reduced model and significant P-values are written in
bold face. Note that the parameter estimate f is on the log scale for the morphological traits and on the logit scale for paternity success.
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group size was not significant (Fig. 3, Table 2b; but see
the ‘Statistics’ section for caveats in interpreting the
interaction term). Worms in triplets had a relative
increase in paternity success of 18.7% (95% CI: —6.6%
to 53.4%) when doubling their testis investment, a
substantial and significant deviation from the theoreti-
cal expectation of 42.9% (two-tailed permutation test:
P = 0.013; Fig. 3). In octets, the worms increased their
paternity success by 33.1% (95% CI: —15.4% to
107.6%) with increased testis investment, which was
also substantially lower than the expected 81.8%,
although the ditference between the observed and the
expected increase was not statistically significant (two-
tailed permutation test: P = 0.132). Although the rela-
tive increase in paternity was more pronounced in
octets, as predicted by the LSC perspective, it was not
significantly different between triplets and octets (two-
tailed permutation test: P = 0.453; Fig. 3). In particular,
worms with high testis investment tended to have
lower paternity success than theoretically expected
(Fig. 3).

0.8
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© "
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°
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% ofo
0.6 B Expected increase
0 " _ absolute 0.171
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Mating group size

Fig. 3 Paternity success achieved across all four subsequent
mating groups by focal worm of low testis investment (light grey)
and high testis investment (dark grey) tested in two mating group
sizes, either triplets or octets. Small circles represent the individual
measurements (and are jittered along the x-axis for better
visibility). The box plots show medians, and the 25th and 75th
percentiles, respectively, and whiskers extend to 1.5 times the
interquartile range. The large white circles represent theoretical
expectations (see the ‘Theoretical expectations’ section), and the
black triangles represent treatment means (see the ‘Methods’
section). Note that, although the focal worms with larger testes are
expected to increase their paternity success more in triplets than in
octets in absolute terms (0.171 vs. 0.0818), focal worms are
expected to benefit more in octets in relative terms (42.9% vs.
81.8%).

Repeatability of paternity success

The repeatability of paternity success across the four
mating groups was significant and moderate in octets
(R =0.360, CI =0.197-0.499, P = 0.004) and substan-
tially lower and not quite statistically significant in tri-
plets (R =0.093, CI=0.000-0.227, P =0.061). The
difference in repeatability between the two mating
group sizes was significant (two-tailed permutation test:
P = 0.040).

Discussion

In the present experiment, we found that worms with
higher testis investment sired a higher proportion of
offspring in an environment where sperm competitors
were present. We found the relative gain in paternity
success resulting from higher testis investment to be
lower than our theoretical expectations, and there was
no strong evidence that the observed effect of testis
investment was more pronounced under low LSC (i.e.
in octets as opposed to triplets), a result that does not
match what we predicted based on the LSC perspective.
Moreover, the within-individual repeatability for pater-
nity success was significantly higher in octets. In the
following, we discuss these points in turn and explore
implications for the evolutionary maintenance of her-
maphroditism in M. lignano.

Testis investment effect

The positive effect of testis investment on paternity suc-
cess found here confirms previous correlative findings
that suggested an increased male reproductive success
for individuals with larger testes in M. lignano (Marie-
Orleach et al.,, 2016), although worms tended not to
benefit as much from higher testis investment as pre-
dicted under our simplifying theoretical assumptions.
Moreover, this testis investment effect is in line with
empirical results from other species and confirms pre-
dictions from sperm competition theory, as we discuss
in the following.

In M. lignano, previous studies have shown that
worms with larger testes also have more active testes,
produce more sperm per unit time and also produce
sperm more quickly (Scharer et al, 2004b; Scharer &
Vizoso, 2007; Giannakara et al.,, 2016). This leads to an
increase in sperm transfer success (Janicke & Scharer,
2009a; Marie-Orleach et al, 2016), which in turn
increases paternity success (Marie-Orleach et al., 2016).
Our results confirm this mechanism, because we can
attribute the increased paternity success of the high
subset to their larger testes (while they did not differ in
body size). Interestingly, a recent and well-replicated
experimental evolution study in M. lignano showed no
evolutionary response for testis size in selection lines
that were either kept in monogamous pairs or
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polygamous octets for 20 generations (Janicke et al.
2016). But this lack of response to selection might
potentially be linked to the pronounced phenotypic
plasticity that M. lignano exhibits in many reproductive
traits, including testis size (Scharer ef al, 2004b;
Scharer & Vizoso, 2007; Janicke et al, 2013; Gian-
nakara et al, 2016), which may have shielded the
available genetic variation from selection (Price et al.,
2003; Kopp & Matuszewski, 2014; Ghalambor et al.,
2015). Overall, however, there is strong evidence that
testis size influences male reproductive success and is
therefore under selection in this species.

The observed effect of testis investment in our study
is unlikely due to differences in the overall resource
budget between the subsets, because individuals with
low and high testis investment were deliberately cho-
sen to have a similar body size. Similarly, an effect of
ovary size is unlikely, as it did not differ between the
testis investment subsets either. The significantly lower
seminal vesicle size of worms from octets compared to
triplets seems to be an unfortunate sampling effect,
because this effect was present only in the first block of
the experiment (F, ;3 =5.017, P=0.032), but not in
the other two blocks (second block: F;,; = 1.444,
P = 0.240; third block: F; 5; = 0.100, P = 0.754). Having
said that, we do not think that it strongly influenced
the results, because (i) as already mentioned above, we
expect the initial fill grade of the seminal vesicle to be
less important than the sperm production rate during
the four consecutive 24 h mating trials and (ii) the
worms with low and high testis investment did not dif-
fer in their seminal vesicle size, nor was there a subset
by mating group size interaction effect on seminal vesi-
cle size. This unwanted seminal vesicle size effect could,
however, have somewhat reduced the difference
between the octet and triplet treatment groups.

Given that our experiment did not directly manipu-
late testis size, any unmeasured traits that correlate
with residual testis size and themselves affect paternity
success could, at least in theory, have been responsible
for, or contributed to, the observed relationship
between residual testis size and paternity success. Sensi-
ble candidates for such traits might be seminal fluid
proteins, which have been shown to interact with
sperm and the female reproductive system and thereby
influence male reproductive success in other species
(Chapman, 2001; Arngvist & Rowe, 2005; Wigby et al.,
2009). However, we currently have no evidence for
seminal fluid effects in M. lignano, nor do we know
whether there is a correlation between seminal fluid
production and residual testis size. Mating rate may also
correlate with testis size, as worms raised in octets with
consequently larger testes mated more often and for
longer than worms raised in pairs with smaller testes
(Janicke & Scharer, 2009b). On the one hand, a higher
mating rate can lead to increased paternity success sim-
ply because more sperm are transferred. On the other
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hand, it a sperm donor with a higher mating rate also
displaces more sperm of his competitors, this could be
an alternative mechanism for how testis investment led
to increased paternity success in our study. However,
we cannot distinguish between these two alternative
hypotheses with the present data.

As we found lower paternity benefits due to higher
testis investment than expected under our theoretical
predictions, processes that deviate from a fair raffle
sperm competition, such as sperm displacement (Char-
nov, 1996), cryptic female choice with a removal of a
fixed proportion of the ejaculate (van Velzen et al,
2009) or simply random paternity skews resulting from
stochastic effects (Greeff et al, 2001; Scharer, 2009;
Schérer & Pen, 2013), may play a role in this system.
However, the paternity success that our BAS1 focal did
not achieve must have been achieved by its LS1 com-
petitors. Therefore, these processes can only explain
our results if they affected the focals in a different way
than the competitors, for which we have no evidence
(see also next section).

Looking at a broader range of taxa, three different
types of studies lend support to the important role of rel-
ative testis size during sperm competition. First, there is
correlational evidence for males with larger testes
achieving higher paternity success in both laboratory
studies and natural populations (e.g. Preston et al,
2003; Schulte-Hostedde & Millar, 2003; Awata et al.,
2006; Holleley et al., 2006). Second, there is evidence
for the importance of testis size during sexual selection
from experimental evolution studies under different
enforced sexual selection regimes (e.g. Hosken & Ward,
2001; Pitnick et al., 2001; Simmons & Garcia-Gonzélez,
2008), although some studies generated inconclusive
results regarding the role of testis size (Crudgington
et al., 2009; Firman & Simmons, 2010). And third, many
comparative studies also suggest this link between testis
size and paternity success (e.g. Parker ef al., 1997; Parker
& Pizzari, 2010; Simmons & Fitzpatrick, 2012). Alto-
gether, these studies suggest that relative testis size may
be a valid proxy for sperm production.

The testis investment effect on paternity success that
we found for M. lignano in this study, and evidence
from other taxa, confirms predictions from sperm com-
petition theory. In particular, it is often assumed that
paternity success of a sperm donor is to some degree
proportional to the number of sperm it ejaculates, that
is, that sperm production rate is in many cases the tar-
get of selection. This is especially true when sperm
competition operates like a ‘fair raffle’, in which every
transferred sperm cell has the same chance to fertilize
an egg (Parker, 1990; Parker ef al, 1990). And empiri-
cal data from several taxa show that a higher number
of sperm in the ejaculate have a positive effect on
paternity success (e.g. Martin et al., 1974; Gage & Mor-
row, 2003; Garcia-Gonzalez & Simmons, 2005; Stoltz &
Neff, 2006; Boschetto et al, 2010). But although the
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speed of spermatogenesis and the amount of spermato-
genic tissue per se are likely the most important deter-
minants of sperm production rate (and therefore the
available sperm number in the ejaculate), the majority
of studies use a measure of relative testis size as a proxy
for sperm production rate (Parker ef al., 1997, Ramm &
Scharer, 2014).

In summary, the positive effect of testis investment
on paternity success found in our experiment shows, in
combination with previous findings, that testis size,
sperm production and increased paternity success dur-
ing sperm competition are indeed linked in M. lignano.
This confirms the theoretical prediction that increased
investment into ejaculates is selected due to sperm
competition, although the paternity benefits arising
from increased investment were somewhat lower than
expected under a model with pure fair raffle sperm
competition.

Mating group size effects on relative paternity gains
for testis investment

It has been suggested that LSC causes diminishing fit-
ness gains for investment into the male sex function —
and hence testis size and sperm production — which
may be one reason why hermaphroditism is favoured
over gonochorism in some animals (Charnov, 1980;
Scharer, 2009; Scharer & Pen, 2013). Therefore, we
hypothesized that the fitness gain curve for investment
into the male function would show more sharply
diminishing returns already for lower values of male
allocation in smaller mating groups (with strong LSC)
compared to larger mating groups (with weak LSC).
Our results do not strongly support this prediction,
because the worms in octets did not benefit signifi-
cantly more from bigger testes than worms in triplets
did. This was true both when we used the GLM
approach, which tested for the difference between tri-
plets and octets in the benefit for worms with high tes-
tis investment in absolute terms, and when we used a
permutation test to detect differences between triplets
and octets in the increase in high testis investment
individuals relative to low testis investment individuals.

We see three possible explanations for the observed
similarity between the paternity gains for increased tes-
tis investment in triplets vs. octets. First, the fitness gain
curves do differ in shape, but our experimental design
was not optimal for detecting this difference. Second,
we did not detect a difference because of insufficient
statistical power in our study. Third, the fitness gain
curves do not differ in shape in the different group
sizes, which would question the LSC perspective. We
explore these explanations in turn.

Possible limitations of the experimental design
Concerning the first point, it is possible that we were
not able to detect the difference between the paternity

gains for increased testis investment in triplets vs. octets
because our experimental design was not ideal to test
for it. One possibility may be that within the range of
LSC that we explored in our experiment (i.e. one and
six unrelated competitors), the fitness gains resulting
from higher testis investment are already quite high
(but see ‘Difference in strength of LSC between triplets
and octets’ section for a discussion of the possibility that
LSC was high in both treatments). Then, the fitness that
can be gained for the same testicular investment might
not be so different in these two mating group sizes and
we may therefore not have been able to detect a differ-
ence. We are aware of only one study that provides
evidence for a changing male fitness gain curve in
response to different levels of LSC in simultaneous her-
maphrodites (Yund, 1998). In that study on the marine,
spermcast mating ascidian Botryllus schlosseri, the author
compared three treatment groups of experimentally
assembled mating arrays. These involved a focal (male
phase) sperm donor colony (of varying testis size) com-
peting for fertilizations in two (female phase) sperm
recipient colonies, in either a (i) ‘high intensity sperm
competition” group with two competing sperm donors
having high testis investment, (ii) an ‘intermediate
intensity sperm competition” group with two competing
sperm donors having low testis investment, and (iii) a
‘competitor-free’ group in which no competing sperm
donors were placed in close proximity to the focal.
However, as these mating arrays were placed in the
field, there were also other nonexperimental competing
sperm donors that provided low levels of ‘exogenous
sperm’ and sometimes achieved a considerable pater-
nity success, especially in the ‘competitor-free” group.
Yund (1998) found that male fitness gains diminished
more strongly in the treatments with lower level of
sperm competition and by far the most strongly saturat-
ing fitness gain curve was found for the ‘competitor-
free’ treatment, whereas the other two treatments were
more linear and differed much less. Therefore, one
could expect the strongest effect on the shape of the
male fitness gain curve when the conditions change
from very strong LSC to intermediate levels of LSC. A
situation with only one permanently present competi-
tor, as in the triplets in our study, might already have
substantially lower than maximal levels of LSC, so that
the difference in the level of LSC experienced in octets
might be fairly small. Instead, it might have been
preferable to choose an experimental design that intro-
duces a situation with even higher LSC than is possible
with one permanently present competitor in a mating
group, as that might have brought us into the range
where the effects of LSC on the fitness gains become
more easily detectable. One possible experimental
design that could achieve this would be one with a
‘part-time competitor’ that can mate with the sperm
recipient only a fraction of the time, whereas the focal
worm is allowed to mate the rest of the time. An
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experimental treatment like that might increase LSC to
an amount where its effects, compared to the presence
of one or several ‘full-time competitors’, is more easily
detectable.

Moreover, the explored range of testis investment is
crucial for detecting differences in fitness gain curves.
In our experiment, we already used the most extreme
quartiles of the phenotypic distribution of residual testis
size, but maybe it would have been preferable to aim at
creating an even broader range of testis investment val-
ues to estimate diminishing effects on male fitness. A
possible way to generate a broader range of testis
investment or rather sperm production rate might be
dose-dependent RNA interference, which has been suc-
cesstully used in M. lignano in an earlier study (Sekii
et al., 2013).

In addition, testis investment (as measured in our
experiment) likely is an incomplete proxy for the sperm
production rate. Although testis investment surely does
not reflect sperm production perfectly, there is consid-
erable empirical evidence that it does so reasonably
well. Namely, the number of testicular stem cells in S-
phase, a dynamic measure of testicular activity of a
focal worm, is positively correlated with the mean testis
investment of the worms in the mating group in which
the focal worm was raised (2 =0.32, P < 0.001;
Scharer et al., 2004b). Furthermore, as seminal vesicle
area is strongly and positively correlated with number
of sperm it contains (r* = 0.77, t = 10.9, P < 0.001; see
Scharer & Vizoso, 2007) and as the increase in seminal
vesicle size during isolation can be predicted by testis
size (ANCOVA, including also the factor group size:
* = 0.56; see Schirer & Vizoso, 2007), we consider tes-
tis investment a valid proxy for sperm production (see
also ‘Testis investment’ section). It is, however, possible
that worms with high testis investment can plastically
down-regulate the amount of sperm they transfer so
that they do not profit as much from their bigger testes
as one would expect from their testis size. This could
also explain the fact that especially worms with high
testis investment tended to have lower paternity suc-
cess than expected (Fig. 3). Although we have no
knowledge of such a phenomenon per se, we know that
the relationship between testis size and sperm produc-
tion rate can be influenced by the mating group size in
which M. lignano is raised (Scharer & Vizoso, 2007).

Finally, if the competitors (LS1 culture) for some rea-
son had a different testis size than the average focals
(BAS1 culture), then the expected effect sizes could
vary as a result. When we explored this possibility by
simulating different testis sizes for the competitors (data
not shown), we found the lowest deviations between
our data and those expectations when the competitors
had a testis size very similar to the focals with high tes-
tis investment (i.e. when competitors had a testis size
of around 29 x 10> um?). On the one hand, we have
little reason to expect them to differ in testis size
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because (i) the BAS1 culture was established by back-
crossing the transgenic inbred HUBI1 line onto the LS1
culture (Marie-Orleach ef al., 2016), so that they should
be very similar genetically, (ii) a comparison between a
transgenic and wild-type inbred line that should other-
wise be genetically similar showed no differences in sir-
ing ability (Marie-Orleach et al, 2014), and (iii) the
focals and competitors were raised under similar condi-
tions until the mating trials started (cf. ‘Methods’ sec-
tion). On the other hand, as we raised competitors and
focals in different petri dishes, we cannot exclude the
possibility that these slightly different raising conditions
led to different testis sizes in the competitors compared
to the focals. This could have led to a decreased effect
size and could therefore explain that we did not find
the expected effect of mating group size on paternity
gains. Furthermore, if the assumptions of random mat-
ing, fair raffle sperm competition and sperm production
proportional to testis investment were broken in a way
that was different between the focals and the competi-
tors, this could have led to a smaller etfect size.

Possible limitations of statistical power

Concerning the second point, it appears possible that
there is actually a difference in the effect of testis
investment on paternity between triplets and octets in
M. lignano, but that we could not detect it because of
insufficient statistical power. Although we cannot
exclude this possibility, each treatment combination
had at least 25 replicates, and paternity values were
calculated on a fairly high number of total offspring
that the partner worms produced (triplets:
median = 32, range = 14-58; octets: median = 118.5,
range = 78-194). However, the low and moderate
within-individual repeatabilities for paternity (triplets:
R =0.093; octets: R = 0.360) suggest that, particularly
in triplets, there may have been quite substantial
unknown sources of paternity variation that changed
from one mating group to the next. This variation
could have affected the estimation of paternity success
for the focal worm and therefore obscured the effects
we tried to detect here. Possible examples of such
unmeasured factors are the mating rate, mating order
and/or effects of variation in seminal fluid composition.
Also, effects of the genotype of the mating partners
and/or competitors could potentially have strong effects
on the paternity of the focal (Clark ef al.,, 1999; Evans
et al., 2013; Simmons et al., 2014; Travers et al., 2016),
and in the triplets, such stochastic variation might have
been more pronounced, while it averaged out in the
larger groups.

Difference in strength of LSC between triplets and octets
Concerning the third point, it may be possible that the
fitness gain curves are not different between triplets
and octets. As we did not record mating behaviour
directly, we do not know whether the focal worm
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actually mated with all possible mating partners. We do
know, however, that the realized mating group size is
usually lower than the (possible) social mating group
size, that is, the focal worm does not successfully store
sperm in every member of its mating group (cf.
Figs. 2A and 3B in Janicke & Scharer, 2009a and Jan-
icke et al, 2013; respectively). In the present study,
focal worms in octets and triplets sired offspring in on
average 4.9 (£ 2.3 SD) and 0.8 (£ 0.8 SD) partners,
respectively (compared to worms that managed to store
sperm in 2.8 and 1.5 partners, respectively, in a previ-
ous study that also joined focals and recipients for
24 h; Janicke & Scharer, 2009a), and the paternity rep-
resentation in different partners was often highly
skewed (i.e. very high in some but very low in other
partners; Fig. 4). If this within-focal skew is somewhat
representative of the actual among-competitor skew in
paternity success, this might indicate a reduced effective
number of mates and therefore a higher than otherwise
expected level of LSC even in octets. Possible reasons
for an elevated LSC in octets could be sperm displace-
ment (Charnov, 1996), cryptic female choice during
which a fixed proportion of the ejaculate is removed by

the recipient (van Velzen et al., 2009) or simply random
paternity skews resulting from stochastic effects (Greeff
et al., 2001; Scharer, 2009; Scharer & Pen, 2013). Of
these three we have only evidence for sperm displace-
ment in M. lignano (Marie-Orleach et al, 2014),
although the relatively low repeatability for paternity
success suggests substantial variation, be it due to
stochasticity or cryptic female choice, as a contributing
factor to the relatively high levels of LSC in octets.
However, considering that focal worms in our experi-
ments that were tested in octets had on average 4.9
(+ 2.3) partners to whom they transferred sperm
whereas focals in triplets transferred sperm to only 0.8
(£ 0.8) partners, we think that there was still a sub-
stantial difference in the number of effective mating
partners between triplets and octets and thus a differ-
ence in the level of LSC between the mating group
sizes.

In summary, we think it would be premature to con-
clude that there is no difference in the level of LSC
between triplets and octets, before we have more data
about how the mating group size translates into the
effective number of mates when paternities are skewed
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0.00 0.00
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1 2

Recipients (ordered by paternity the focal achieved)

Fig. 4 Paternity success achieved by each focal worm in all of its possible mating partners, ordered by the paternity success that the focal

achieved in a given partner. The black lines connect the values for individual focal worms. The box plots show medians, and the 25th and
75th percentiles, respectively, and whiskers extend to 1.5 times the interquartile range. The black triangles indicate mean paternity values,

and the four different panels represent the four consecutive mating groups that the focals were tested in.
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and how that in turn affects LSC. Furthermore, it seems
unclear how, if not based on the LSC perspective, one
would explain the well-documented phenotypic plastic-
ity in sex allocation in response to mating group size in
M. lignano (Scharer et al., 2004b; Scharer & Vizoso, 2007;
Janicke et al., 2013; Giannakara et al.,, 2016), as well as
the evolutionary maintenance of hermaphroditism in
this and other hermaphrodites, which we discuss next.

Local sperm competition and the evolutionary
maintenance of simultaneous hermaphroditism

Although we measured surprisingly modest paternity
gains in response to a two-fold difference in testis
investment — itself suggesting diminishing fitness
returns for testis investment — we were not able to con-
firm experimentally that LSC leads to diminishing fit-
ness returns for male allocation in M. lignano and to
show that LSC therefore can contribute to the evolu-
tionary maintenance of simultaneous hermaphroditism
in these and other copulating simultaneous hermaphro-
dites (Scharer & Pen, 2013). We thus briefly mention
some other hypotheses besides LSC that have been con-
sidered to explain the evolution and maintenance of
hermaphroditism, some of which are not mutually
exclusive.

According to the fitness gain curve perspective, it is
required that either the male and/or the female fitness
gain curve shows diminishing returns for hermaphro-
ditism to be the evolutionarily stable strategy. It is not
necessary that it is the male fitness gain curve that
shows diminishing returns, as long as the female fitness
gain curve does so sufficiently (Charnov, 1979, 1982).
Therefore, diminishing fitness gains for investment into
the female function can also favour and maintain her-
maphroditism. For example, in species that exhibit
brooding and a limited brood space, the female fitness
gain curve can saturate as soon as enough eggs have
been produced to fill up the entire brood space (Heath,
1979; Charnov, 1982). Every additional egg produced
will then result in much lower fitness returns, because
there is no more room for it in the brood space. How-
ever, although there seems to be some evidence for a
correlation between brooding and hermaphroditism in
certain taxa (Ghiselin, 1969), evidence for brooding
constraints on egg production is generally weak (Sew-
ell, 1994) and we have no evidence for brooding beha-
viour, or any other forms of brood care, in M. lignano.
Similarly, local resource competition, in which related
individuals compete for resources in a local area, can
also lead to diminishing female fitness gains, namely
when offspring produced via the female function have
a more clumped distribution in space than offspring
produced via the male function, and when female func-
tion derived offspring therefore compete more strongly
among each other (Charnov, 1982; Lloyd, 1982).
Although this could possibly be an alternative
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explanation for why hermaphroditism is maintained in
M. lignano, we lack any empirical evidence for sex-spe-
cific spatial clustering among offspring at present.

Finally, it has long been argued that hermaphrodit-
ism can be favoured over gonochorism when there is
no strong trade-off between the male and the female
function, for example due to a low overlap between
resource requirements of the two sex functions (Char-
nov et al, 1976), either because organs belonging to
the two functions are built at different times or because
they require different kinds of limiting resources and/or
nutrients. But again, we have no empirical evidence
that this is the case in M. lignano. On the contrary, we
do have clear evidence for a trade-off between male
and female allocation, at least under some conditions
(Scharer et al. 2005; Janicke & Scharer 2009b). Further-
more, there seems to be no a priori reason to assume
that testis tissue and ovary tissue should be built up by
different resources. And while sex allocation is slightly
more male-biased at early age in this species (Vizoso &
Scharer, 2007), investment in male vs. female repro-
ductive tissues cannot be considered separated in time
either.

In summary, although there are several potentially
plausible alternative hypotheses to explain the evolu-
tion and maintenance of hermaphroditism, none of
them seems particularly likely in M. lignano given our
current knowledge of the biology of this free-living flat-
worm. The LSC perspective therefore still seems a likely
scenario and should be explored further.

Conclusions

Accumulating evidence from several studies, including
the current one, suggests a clear, positive relationship
between allocation into testes (be it in terms of pheno-
typic plasticity or standing variation), and the resulting
sperm transfer and paternity success in M. lignano,
which is in line with predictions from sperm competi-
tion and sex allocation theory. In contrast, we did not
find strong evidence for more sharply saturating male
fitness gains under LSC, another core prediction of sex
allocation theory. Nevertheless, we think that it would
be premature to reject the LSC hypothesis, because
there are no plausible and empirically supported alter-
native hypotheses that could explain the evolutionary
maintenance of hermaphroditism in this flatworm.
Experiments with lower levels of sperm competition
(e.g. with a competitor that is only present some of the
time) and a broader range of variation in testis invest-
ment might be needed to get a more complete view of
LSC and how it influences the male fitness gain curve.
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