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Abstract 

Sexual conflict can arise due to disagreement between the mating partners over the usage of 

received ejaculate post-mating and can give rise to traits of one sex being costly to the other 

sex. In simultaneously hermaphroditic organisms, both the male and female sexes are 

combined in the same individual. This could lead to unique conflict over the sex role taken 

during mating and its resolution via different mating strategies. These different mating 

strategies could also influence the sex allocation (SA), defined as the resource allocation 

towards the male and female reproductive function, and its plasticity, leading to interspecific 

variation. In my PhD thesis, I examine the evolution of mating behaviour and SA plasticity in 

simultaneously hermaphroditic flatworms of the genus Macrostomum. This genus contains 

species exhibiting at least two different mating strategies. One such mating strategy is 

reciprocal mating, in which both partners mate in both the male and female role 

simultaneously, with reciprocal transfer of sperm. Another possible strategy is hypodermic 

insemination, in which species presumably exhibit forced unilateral mating, with sperm being 

injected via the male copulatory organ into the partner. 

In my first chapter, using two reciprocally mating species, M. lignano and its congener 

M. janickei, I could show that even closely related Macrostomum species can exhibit 

substantial variation in reproductive traits, including mating behaviour and genital 

morphology. Interestingly, this variation does not necessarily lead to reproductive isolation, 

and I showed that while these two species lack premating barriers, there exist some 

postmating barriers, since in spite of heterospecific matings, very few hybrids were produced. 

Moreover, using a mate preference assay I demonstrated that the nearly two-fold higher 

mating rate of M. lignano compared to M. janickei, led to M. lignano engaging predominantly 

in conspecific matings, while M. janickei ended up mating more often with heterospecific 

individuals. Thus, mating rate can be an important determinant for shaping heterospecific 

interactions. 

The high mating rates that are often associated with reciprocal mating can lead to intense 

postcopulatory sexual selection or/and conflict and evolution of female resistance traits. A 

potential example of a female resistance trait is the postcopulatory ‘suck’ behaviour in 

Macrostomum, which is hypothesised to be used for removing received ejaculate, during 

which a worm bends down and places its pharynx on top of its female antrum (sperm 

receiving organ) and appears to suck. In my second chapter, I provided conclusive evidence 
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that the suck behaviour removes ejaculate out of the antrum in a reciprocally mating species, 

M. hamatum. I also, examined the evolution of the suck behaviour by documenting 

behavioural interactions of 64 species, and showed that there is a correlation between the 

presence, frequency and duration of reciprocal mating and suck, providing support for the 

hypothesis that the suck behaviour co-evolves with reciprocal mating. Moreover, I showed 

that the mating strategy of a species can be inferred from a combination of reproductive 

morphological traits, so called syndromes, in Macrostomum. 

Hermaphroditic individuals also face a unique challenge in terms of needing to decide about 

the allocation of resources towards their male and female function. SA models predict that the 

amount of resources invested into the male function should vary with local sperm competition 

(LSC), in which related sperm compete for fertilizing a given set of eggs. In small groups, 

where there is high LSC, low allocation of resources to the male function is favoured. As the 

group size increases, LSC decreases and that favours increased allocation towards the male 

function. Moreover, LSC can vary temporally or spatially during an individual’s lifetime, 

leading to plasticity in SA. In our experiments, I raised worms in three group sizes (isolated, 

pairs and octets) and measured their SA, calculated as testis size/(testis size+ovary size). In 

my third and fourth chapter, in line with the above predictions, I showed plasticity in SA in 

four Macrostomum species in response to variation in group size, with the species usually 

exhibiting lower SA in smaller groups. Moreover, theory predicts that any process, such as 

self-fertilization, which affects the strength of LSC can have an effect on the optimal SA, by 

changing the shape of the male fitness gain curve. In my fourth chapter, using data for seven 

Macrostomum species, I showed that there was substantial interspecific variation in SA and 

SA plasticity. I also, calculated standardized effect sizes for SA plasticity due to the presence 

of mating partners (i.e. isolated worms vs. worms with partners) and the strength of LSC (i.e. 

worms in pairs vs. octets) for each species. I showed that while the mating strategy does not 

have any effect on SA plasticity, there is a significant effect of self-fertilization such that self-

fertilizing species had a lower SA plasticity with respect to presence of mating partners. To 

summarize, my thesis shows that both mating behaviour and SA plasticity can evolve rapidly 

in the Macrostomum genus.  
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Introduction 

 

  



 

4 
 

Hermaphroditism, which combines both male and female sexes in the same individual, 

either sequentially or simultaneously, is an understudied but widespread sexual system in 

animals (occurring in over 70% animal phyla, Jarne and Auld 2006) and offers a unique 

context for studying different biological processes. Using hermaphrodites as study 

systems can improve our understanding of biological processes, by providing a different 

perspective, and help us formulate general principles that would hold across all sexual 

systems. In my thesis I focus on simultaneous hermaphrodites. Classically, simultaneous 

hermaphroditism has been associated with low population density, and a sessile or 

parasitic life-history trait, such that the presence of both sexes in an individual allows the 

possibility of self-fertilization in absence of mating partners, and every encountered 

individual to be a potential mating partner (Darwin 1876; Altenburg 1934; Tomlinson 

1966; Ghiselin 1969; Borgia and Blick 1981; Manning 1983). Studies have now 

suggested that simultaneous hermaphroditism does not necessarily only occur at low 

densities, and can also be stable if one of the sex functions has a strongly diminishing 

fitness returns on investment, such that it pays more to invest resources into the other sex 

function (Charnov 1982; Schärer 2009). Moreover, there is also strong phylogenetic 

inertia that might explain the current taxonomic distribution of simultaneous 

hermaphroditism (Michiels 1998; Jarne and Auld 2006; Eppley and Jesson 2008; Anthes 

et al. 2010), and ‘maladaptive’ seeming hermaphroditic systems (Michiels et al. 2009). 

The biology of simultaneous hermaphrodites, leads to two routes to fitness in an 

individual, i.e. via the male and the female function. This can lead to unique pre- and 

post-mating sexual conflicts. In addition, presence of both sex functions in an individual 

leads to the possibility and challenge of strategically allocating the available resources to 

the two sex functions such as to maximise the individual’s fitness, as predicted by sex 

allocation theory. 

Sexual conflict in simultaneously hermaphroditic animals 

Sexual conflict is defined as the conflict between the two sexes, and can occur over the 

usage of the received ejaculate. It is rooted in anisogamy, with member of one sex 

producing smaller and more numerous gametes (called sperm in animals) than the other 

sex (called eggs in animals) (Charnov 1979; Parker 1979, 2006; Arnqvist and Rowe 

2005). This conflict can in turn give rise to traits of one sex being costly to the other and 

an ensuing evolutionary arms race between the two sexes (Arnqvist and Rowe 2005). 

Sexual conflict concepts, which are typically defined in the literature using gonochoristic 
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terms, can be easily extended to simultaneously hermaphroditic animals, by considering 

the mating partners as sperm donors and sperm recipients, respectively (instead of as 

males and females) (Schärer et al. 2015). Despite the similarities with gonochoristic 

species, there are also some fundamental differences in the nature of the sexual conflict 

processes that operate in simultaneous hermaphrodites (hermaphrodites hereafter), and 

the responses it elicits. One such unique challenge that they face is over sex role 

preferences while mating. 

Mating conflict in simultaneously hermaphroditic animals 

Hermaphrodites face a unique conflict during mating interactions over sex role 

preferences, as each partner can mate as either sperm donor and/or sperm recipient, while 

the costs and benefits of mating in each sex role might differ  (Charnov 1979; Michiels 

1998; Anthes 2010; Schärer et al. 2015). The possible mating interactions between two 

such interacting individuals can be visualised via a matrix of compatible and 

incompatible sex role preferences, with a mating conflict resulting whenever the 

individuals want to adopt incompatible sex roles (Figure 1). An important assumption of 

sexual conflict theory in hermaphrodites is that Bateman’s principle  (Bateman 1948) also 

applies to hermaphrodites. In his seminal paper, Charnov (1979) argued that 

hermaphroditic individuals mate more to give away sperm than to receive sperm, 

resulting in a preference to mate as a sperm donor and hence a resulting mating conflict. 

Note that there is some debate on whether Bateman’s principle applies to simultaneous 

hermaphrodites (Leonard and Lukowiak 1984; Michiels 1998; Leonard 2005; Anthes 

2010; Schärer et al. 2015), with some suggesting that the sperm recipient role might be 

preferred in internally fertilizing species, as it allows control over the fate of the received 

ejaculate (Leonard and Lukowiak 1984; Leonard 2005), although the evidence for this 

has usually been descriptive studies (Anthes 2010). Studies on measuring the male and 

female gradients in hermaphrodites will allow us to better understand the sex role 

preferences and the resultant mating conflicts (Schärer et al. 2015), although note that 

Bateman gradients only estimate the fitness benefits from additional mating without 

taking the costs associated with it into account (Jennions and Kokko 2010; Kokko et al. 

2012). 
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Assuming a preference for donating sperm, there can be diverse mating strategies to 

resolve the mating conflict. In the following, I focus on two possible mating strategies: 

reciprocal mating and forced unilateral insemination (Figure 1). 

 

 

Figure 1. Possible mating interactions between two interacting individuals, where each individual can 

donate, receive, or both donate and receive sperm. Incompatible preference for sex roles can lead to 

mating conflict, visualised by red or pink squares. Assuming a preference for donating sperm, there can 

be different mating strategies to achieve a mating (from the perspective of individual A) of which I 

visualise two potential strategies indicated by the red dashed arrows. Note that there are other potential 

mating strategies that I do not visualise here (Figure modified from Schärer et al., 2015). 

 

In reciprocal mating (also called reciprocal copulation), both partners donate and receive 

sperm simultaneously (Michiels 1998; Anthes 2010; Schärer et al. 2015) (Figure 1). This 

could, on the one hand, lead to a reduction in pre-copulatory sexual conflict, as both 

partners may be willing to engage in matings to be able to donate sperm. On the other 

hand, it may lead to an increase in the mating rate and consequently more intense post-

copulatory sexual conflict or/and sexual selection (note that these are not necessarily 

exclusive, Kokko and Jennions 2014). Such multiple mating can lead to receipt of 

excessive ejaculate that could be harmful to the sperm recipient, e.g. if it leads to 

polyspermy, exposure to sexual infections, or contains manipulative substances that 

affect the sperm recipient detrimentally (Schärer et al. 2015). Moreover, receipt of sperm 
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from multiple partners can lead to evolution of cryptic female choice (Eberhard 1996). 

Thus, there could be selection for postcopulatory female resistance traits that allow 

manipulation of received ejaculate in the sperm recipient, such as sperm digestion (Sluys 

1989; Baur 1998; Michiels 1998; Westheide 1999; Angeloni et al. 2003; Dillen et al. 

2009; Koene et al. 2009). 

Such postcopulatory female resistance traits can lead to counterselection for mating 

strategies or male persistence traits in the sperm donor that allow the ejaculate to 

circumvent the female resistance traits and thereby gain access to the eggs for 

fertilization. An example of such a mating strategy is the evolution of forced unilateral 

insemination (Figure 1). In this mating strategy, an individual insists on unilateral 

donation of sperm, usually against the partners interest, e.g. in hypodermic insemination 

or traumatic mating (Charnov 1979; Michiels 1998; Lange et al. 2013; Reinhardt et al. 

2015; Schärer et al. 2015). Interestingly, traumatic insemination is common in 

simultaneous hermaphrodites (Lange et al. 2013), and one possible explanation suggested 

for this pattern is the tendency for mating conflict to escalate into damage/harm to the 

mating partner in hermaphrodites (Michiels and Koene 2006; Preece et al. 2009). An 

example of a potential persistence trait causing mate harm is the love dart in the 

hermaphroditic land snail, Bradybaena pellucida, in which an individual stabs its mating 

partner with a love dart that benefits the sperm donor, but has costs for the sperm recipient 

(Kimura and Chiba 2015). Despite these costs, the love dart is present in multiple species of 

land snails, though experimental data on the costs associated with the dart in other species is 

still lacking (Lodi and Koene 2015). 

In summary, disagreement over the sex role and the usage of gametes post-mating can 

lead to a diversity of mating strategies. Even within the same mating strategy, 

antagonistic co-evolutionary arms race between resistance and persistence traits could 

lead to rapidly evolving reproductive behaviour and morphology. 

Sex allocation in simultaneously hermaphroditic animals 

Interestingly, the diversity in mating strategies exhibited in hermaphrodites can also 

influence the sex allocation, as I discuss below. Hermaphrodites face a unique challenge 

in that they need to decide on the allocation of resources towards their male and female 

function. Sex allocation (SA) theory, which has been successfully applied and 

demonstrated in different sexual systems, predicts the relative investment into the male 
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versus the female sex function, such as to maximise reproductive success (Charnov 1979, 

1982, 1996). 

One of the scenarios that leads to hermaphroditism being favoured is when the 

investment into a sex function shows diminishing fitness returns, such that it is more 

fruitful to reallocate the reproductive resources into the other, non-saturating, sex 

function to maximise the reproductive success. Usually, it is the male fitness gain curve 

that is thought to be saturating, while the female fitness gain curve is thought to have 

more linear returns (Charnov 1979, 1982; Schärer 2009). A possible situation that could 

lead to the male fitness gain curve saturating is local sperm competition (LSC) (Schärer 

2009), and predictions of multiple SA models deal with how an individual allocates it 

resources in response to variation in LSC. In LSC, related sperm (usually from the same 

individual) compete for fertilizing partner’s eggs, and it is in some way analogous to 

local mate competition in gonochorists (Schärer 2009). Thus, the prediction is that when 

LSC is high, low allocation of resources to male function, and hence a low SA (here 

defined as resources allocated to male function relative to both male and female function)  

is favoured, while a decrease in LSC should favour higher allocation of resources to male 

function and hence a higher SA, up to the asymptote of 50% (Schärer 2009). 

In general, any process that affects the strength of LSC can have an effect on the optimal 

SA, by changing the shape of the male fitness gain curve (Schärer 2009). Such processes 

can include the mating group size, which depends on the number of sperm donors from 

which a sperm recipient receives sperm at the time its eggs are fertilized (Charnov 1980, 

1982), the selfing-rate (Charlesworth and Charlesworth 1981), post-copulatory sexual 

selection processes, such as cryptic female choice (van Velzen et al. 2009) and sperm 

displacement (Charnov 1996; Schärer 2009; Schärer and Pen 2013). To my knowledge, 

no study has explored the effect of post-copulatory sexual selection processes on the 

evolution of SA in hermaphroditic animals, while there has been some work on the effect 

of mating group size and the selfing rate (Schärer 2009). 

While the usual models of SA theory predict optimal SA on evolutionary timescales, 

LSC can vary temporally or spatially during an individual’s lifetime leading to plasticity 

in SA (Schärer 2009). SA plasticity is thought to be particularly relevant for 

hermaphrodites, where a change in SA affects an individual during its own lifetime rather 

than in the next generation, as is the case for gonochorists (Michiels 1998; Schärer 

2009). Moreover, studies on interspecific variation in SA can only be reliably interpreted 
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if we have an estimate of the intraspecific variation in SA, though note that both 

plasticity and standing genetic variation in SA can lead to variation in SA. 

Model system 

An excellent model system for studying SA, sexual selection, and sexual conflict in 

hermaphrodites is the free-living flatworm genus Macrostomum (Macrostomorpha, 

Platyhelminthes). It contains species that are usually highly transparent and small, which 

allows us to study their internal reproductive structures in detail (Schärer and Ladurner 

2003; Vizoso et al. 2010; Giannakara and Ramm 2017; Winkler and Ramm 2018; Singh 

et al. 2019). The general morphology of Macrostomum flatworms is given in Figure 2a 

(represented by the species M. lignano). Briefly, an individual has a pair of testes and 

ovaries, with the paired testes located anterior to the paired ovaries. The sperm produced 

in the testes is transported to the seminal vesicle via the vasa deferentia. The seminal 

vesicle is the intermediate sperm storage organ from which sperm is later transferred 

during mating to the partner via the male intromittent organ, the stylet. The ovaries 

produce eggs, which develop posterior to the ovaries in the growth zone, and then pass 

on to the female antrum, located posterior to the growth zone, from which egg laying 

occurs. 

Interestingly, Macrostomum species exhibit a striking diversity in their genital 

morphology and sperm design, which is associated with one of two kinds of mating 

strategies; one involves reciprocal mating and the other hypodermic insemination 

(Schärer et al. 2011) (Figure 2b). On the one hand, reciprocal mating is associated with a 

complex sperm design (usually including stiff lateral bristles on the sperm), a thickened 

epithelium of the female antrum and a post-copulatory suck behaviour (Schärer et al. 

2011). Moreover, the female antrum is also involved in mating in reciprocally mating 

species like M. lignano, and received sperm can generally be found in the female antrum 

of such species (Brand et al. in preparation). During the postcopulatory suck behaviour, 

the worm places its pharynx over its female antrum opening and appears to suck (Schärer 

et al. 2004; Vizoso et al. 2010; Marie-Orleach et al. 2013) (Figure 2c). Suck has been 

proposed to be involved in ejaculate and sperm removal, with sperm often seen sticking 

out of the female antrum after the suck (Schärer et al. 2004). On the other hand, 

hypodermic insemination, which involves sperm injection through the partners’ 

epidermis, is associated with convergent evolution of a needle-like stylet, a simpler 
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bristle-less sperm morphology, a simpler female antrum and no documented presence of 

the suck behaviour (Schärer et al. 2011). The hypodermically inseminating species do not 

generally have sperm in their female antrum, which is presumably involved only in egg 

laying (Brand et al. in preparation). Hypodermic insemination might also be associated 

with self-fertilization, with the needle-like stylet permitting self-insemination of sperm 

into the anterior region of the body (Ramm et al. 2012; Schärer et al. 2015; Giannakara 

and Ramm 2017). This association between the mating strategy, and genital and sperm 

morphology (defined as mating syndrome) has likely resulted from coevolution. 

Within the Macrostomum genus, M. lignano has been a model organism for research in a 

variety of fields, including stem cell research (Ladurner et al. 2008), ageing (Mouton et 

al. 2009), karyology (Zadesenets et al. 2016, 2017), and sexual conflict and sexual 

selection (Schärer 2009; Schärer et al. 2015). Its closely related sister species is 

M. janickei (Schärer et al. 2019) has been collected from Italy, and recent field trips to 

Australia have permitted the collection of two additional species, that are also closely 

related, M. cliftonensis and M. mirumnovem. All four species are being successfully 

cultured in the laboratory (along with other species), and provide an excellent 

opportunity to explore variation in reproductive biology between closely-related 

reciprocally mating species. 

 

 



 

11 
 

 

Figure 2. A) Micrograph and line drawing of a live adult specimen of M. lignano (~1.8 mm) (Figure 

from Vizoso et al., 2010). B) An artistic rendering of the mating postures, the processes of sperm 

transfer, and the location and morphology of the received sperm in the mating partner in a reciprocally 

mating (left) and a hypodermically inseminating (right) Macrostomum species (Artwork by Dita B. 

Vizoso). C) Depiction of the stages of the suck behaviour in M. lignano, in which the worm, after 

copulation, places its pharynx on top of its female antrum and appears to suck (Figure from Vizoso et 

al., 2010). Sperm can often be seen sticking out of the female antrum after the suck. 
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Thesis outline 

In my thesis I examine the evolution of mating behaviour and sex allocation plasticity in 

the Macrostomum genus. For two of my chapters, I focus on species that are closely 

related to M. lignano, as this provides an excellent opportunity to explore variation in 

reproductive biology between closely-related hermaphroditic species. For the other 

chapters, I use species across the genus, including both reciprocally mating and 

hypodermically inseminating species to examine copulatory and postcopulatory 

behaviour, and sex allocation plasticity and its predictors.  

In my first chapter, I study how differences in reproductive traits may evolve rapidly, by 

comparing two closely related Macrostomum species, and ask whether these differences 

serve as reproductive barriers. Specifically, I used the congeneric species pair, 

M. lignano and M. janickei, which despite being closely related, differ substantially in 

their stylet morphology. I examined whether these morphological differences are 

accompanied by differences in behavioural traits, and whether these could represent 

barriers to successful mating and hybridization between the two species. Remarkably, 

despite significant interspecific morphological and behavioural differences, some of the 

heterospecific matings produced hybrids. I examined the fertility and genital morphology 

of these resulting hybrids. Finally, using a mate choice experiment, I tested if M. lignano 

and M. janickei preferentially mated with conspecific individuals over heterospecifics, 

since such a preference could represent a premating barrier in putative zones of 

sympatry. 

In my second chapter, I expand the comparison beyond M. lignano and its sister species, 

by aiming to collect data on mating behaviour in 64 species across the Macrostomum 

genus. Using this data, I examine, in a phylogenetic context, the evolution of the 

postcopulatory ‘suck’ behaviour, which is hypothesized to be a female resistance trait 

involved in manipulating the fate of the received ejaculate. Excitingly, as the genus 

contains both reciprocally mating and hypodermically inseminating species, this allows 

us to investigate the association of the suck behaviour with reciprocal mating. First, I 

provide evidence that ejaculate is indeed removed during the suck behaviour in the 

reciprocally mating species, M. hamatum. Next, I examine if there is a correlation 

between the presence, duration and frequency of the reciprocal mating and suck 

behaviour, as this would suggest that the suck behaviour co-evolves with reciprocal 
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mating. Finally, I test if the mating syndrome (deduced from the reproductive 

morphology) is a good proxy for the mating strategy. 

In my third chapter, I examined variation in sex allocation plasticity in the three closely 

related Macrostomum species, namely M janickei, M cliftonensis, and M mirumnovem. 

Specifically, I tested Charnov’s mating group size model (Charnov 1980, 1982), which 

predicts an influence of the group size on SA, defined as testes size/( testes size+ovaries size), 

mediated via changes in LSC such that SA increases with increase in group size. In my study, 

for each species, I experimentally raised worms in three group sizes (isolated, pairs, and 

octets) and two enclosure sizes (small and large) in all factorial combinations and studied the 

effects of these factors on different estimates of SA (Figure 3). In preparation for a larger 

comparative study (see chapter 4), I compared the different species by calculating 

standardized effect sizes for SA plasticity for (a) the presence/absence of mating partners (i.e. 

isolated worms vs. worms with partners) and (b) the strength of LSC (i.e. paired worms vs. 

octet worms). In addition, I also evaluated whether isolated worms can engage in self‐

fertilization (Figure 3). 

In my fourth chapter, I first assessed the effect of three group sizes (isolated, pairs or 

octets) and two enclosure sizes (small and large) in all factorial combinations, on estimates of 

SA in a new and currently still undescribed species, Macrostomum sp. 22, and examined if 

isolated worms can self-fertilize (Figure 3). Then, I examined whether and how 

interspecific differences in the mating strategy or the presence of self-fertilization 

influence the effect size of SA plasticity via changes in LSC. For this, I, across seven 

Macrostomum species, obtained standardized effect sizes for SA plasticity due to i) the 

presence of mating and ii) the strength of LSC, and tested if the mating strategy or the 

ability to self-fertilize had an effect on these standardized effect sizes, while controll ing 

for the phylogeny. Furthermore, I assessed how consistent these effect sizes were across 

multiple published experiments of M. lignano. 
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Figure 3. Graphic illustration of the experimental design for examining sex allocation 

plasticity in a species by varying group size and enclosure size (density), for Chapter III and 

IV. 
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Chapter I 

Successful mating and hybridisation in two closely related flatworm species 

despite significant differences in reproductive morphology and behaviour 
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Abstract 

Speciation is usually a gradual process, in which premating or postmating reproductive 

barriers between two species accumulate over time. Reproductive traits, like genital 

morphology and mating behaviour, are some of the fastest diverging characters and can serve 

as reproductive barriers. The free-living flatworm Macrostomum lignano, an established 

model for studying sex in hermaphrodites, and its congener M. janickei are closely related, 

but differ substantially in their male intromittent organ (stylet) morphology. Here, we 

examine whether these morphological differences are accompanied by differences in 

behavioural traits, and whether these could represent barriers to successful mating and 

hybridization between the two species. Our data shows that the two species differ in many 

aspects of their mating behaviour, with M. janickei having a five-fold longer copulation 

duration, copulating less frequently, and having a longer and more delayed suck behaviour (a 

postcopulatory behaviour likely involved in sexual conflict). Interestingly, despite these 

significant morphological and behavioural differences, the two species mate readily with each 

other in heterospecific pairings, often showing behaviours of intermediate duration. Although 

both species have similar fecundity in conspecific pairings, the heterospecific pairings 

revealed clear postmating barriers, as only few heterospecific pairings produced F1 hybrids. 

These hybrids had a stylet morphology that was intermediate between that of the parental 

species, and they could successfully backcross to both parental species. Finally, in a mate 

choice experiment we tested if the worms preferentially mated with conspecifics over 

heterospecifics, since such a preference could represent a premating barrier. Interestingly, the 

experiment showed that the nearly two-fold higher mating rate of M. lignano caused it to mate 

more with conspecifics, leading to assortative mating, while M. janickei ended up mating 

more with heterospecifics. Thus, while the two species can hybridize, the mating rate 

differences could possibly lead to higher fitness costs for M. janickei compared to M. lignano. 
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Introduction 

The biological species concept defines species as groups of individuals that interbreed in 

nature to produce viable and fertile offspring (Mayr 1942; Coyne and Orr 2004). They are 

usually isolated from interbreeding with other species by reproductive barriers, though in 

some cases they remain capable of producing hybrid offspring with closely related species. 

Accordingly, an important step for the origin and maintenance of species is the evolution of 

reproductive barriers, which are usually split into prezygotic and postzygotic barriers (Butlin 

et al. 2012; Ostevik et al. 2016; Lackey and Boughman 2017; Sato et al. 2018). While 

prezygotic barriers involve the prevention of zygote formation, postzygotic barriers lead to 

zygote mortality, or inviable or sterile hybrid offspring that are unable to pass on their genes. 

Moreover, prezygotic barriers can be ecological, temporal, behavioural, mechanical or 

gametic, and can be further subdivided into premating barriers and postmating-prezygotic 

barriers. Premating barriers act to prevent the occurrence of heterospecific matings. For 

example, if a species has a mating preference for conspecific partners over heterospecifics, 

this mating preference can lead to assortative mating between conspecifics and thereby 

function as a premating barrier (Williams and Mendelson 2010; Ciccotto et al. 2013; Zhou et 

al. 2015). Postmating-prezygotic barriers often involve conspecific sperm precedence due to 

postcopulatory processes, such as sperm competition and cryptic female choice, or they can 

result from an incompatibility of female reproductive organs with heterospecific male 

ejaculate (Manier et al. 2013; Soudi et al. 2016; Firman et al. 2017; Devigili et al. 2018; 

Garlovsky and Snook 2018; Turissini et al. 2018). 

Species in the early stages of divergence will often not have complete reproductive barriers 

between them, but as they diverge in their traits, more reproductive barriers usually 

accumulate over time, since these divergent traits can function as barriers. Reproductive traits 

may diverge particularly quickly, since they are the primary targets of sexual selection, often 

leading to rapid accumulation of phenotypic differences (Eberhard 1985; Arnqvist 1997; 

Swanson and Vacquier 2002; Gröning and Hochkirch 2008). This is supported by the fact that 

reproductive traits, such as mating behaviour and genital morphology, have been shown to 

diversify faster than other traits (Arnqvist 1998; Gleason and Ritchie 1998; Puniamoorthy et 

al. 2009, 2010; Puniamoorthy 2014) and can differ markedly even between recently diverged 

species (Anthes and Michiels 2007; Puniamoorthy et al. 2009, 2010; Kelly and Moore 2016; 

Schärer et al. 2019), and sometimes even between populations of the same species (Herring 

and Verrell 1996; Klappert et al. 2007; Puniamoorthy 2014). Moreover, some studies have 
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shown that mating behaviour might evolve faster than genital morphology (Puniamoorthy 

2014). Thus, a rapidly evolving reproductive trait like reproductive behaviour can represent a 

premating barrier by being involved in mate recognition and assortative mating (Herring and 

Verrell 1996; Ritchie et al. 1999), while a difference in genital morphology can prevent 

successful mating and thus represent a mechanical barrier (Masly 2012; Barnard et al. 2017). 

In recently diverged species that occur in sympatry, selection may occur to reduce the 

likelihood of heterospecific reproductive interactions, whenever such interactions lower 

individual fitness (either directly or via low fitness hybrids). This selection can cause greater 

divergence in reproductive traits, leading to reproductive character displacement (Brown and 

Wilson 1956; Blair 1974; Butlin and Ritchie 1994; Servedio and Noor 2003; Pfennig and 

Pfennig 2009) and reinforcement of reproductive isolation. An interesting question that arises 

then is whether differences in reproductive traits correlate in recently diverged species, for 

instance - do differences in reproductive morphology correlate with differences in 

reproductive behaviour? And are these differences sufficiently large to function as prezygotic 

reproductive barriers, leading to reproductive isolation? Under a scenario of reinforcement in 

sympatry, we might expect that divergent reproductive traits will serve as effective 

reproductive barriers (though not all sympatric species will necessarily be completely 

reproductively isolated). In contrast, species that have speciated in allopatry may lack 

(complete) reproductive isolation due to incomplete pre- or postzygotic barriers, despite 

having diverged in their reproductive traits. Secondary contact between such species may then 

result in the production of viable and potentially even fertile hybrid offspring. 

Even in the absence of successful hybridization, both heterospecific mating attempts and 

actual heterospecific matings can result in wastage of energy, resources, time and/or gametes. 

This can lead to reproductive interference, which is defined as heterospecific reproductive 

activities that reduce the fitness of at least one of the species involved (Gröning and 

Hochkirch 2008). Interestingly, reproductive interference may be asymmetric, in that the 

fitness of one species is affected to a greater extent than that of the other, and can have effects 

ranging from reproductive character displacement to species exclusion (Gröning and 

Hochkirch 2008; Kyogoku 2015; Grether et al. 2017; Shuker and Burdfield-Steel 2017). 

In our study, we investigated reproductive barriers and reproductive interference in two 

species of the free-living flatworm genus Macrostomum, namely M. lignano, an established 

model for studying sexual reproduction in hermaphrodites (Ladurner et al. 2005), and the 

recently described M. janickei, the currently most closely related congener known (Schärer et 
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al. 2019). While M. lignano has previously been collected from locations in Greece and Italy, 

M. janickei has to date only been collected from France, though the geographic distribution of 

both species is yet unknown (Zadesenets et al. 2016, 2017; Schärer et al. 2019). Specifically, 

we examined if differences in the stylet morphology between these species correlated with 

differences in their mating behaviour and if they had similar fecundity. Furthermore, we 

investigated the potential for hybridization between the two species, and tested whether the 

resulting hybrids were fertile. Next, using geometric morphometrics we compared the stylet 

morphology of the parental species and the hybrids. Finally, we performed a mate choice 

experiment to test if individuals preferentially mated with conspecifics over heterospecifics, 

since this form of assortative mating could serve as a premating barrier between these two 

closely related species in a putative zone of sympatry. 

Materials and Methods 

Study organisms 

Macrostomum lignano Ladurner, Schärer, Salvenmoser and Rieger 2005 and M. janickei 

Schärer 2019 are free-living flatworm species (Macrostomorpha, Platyhelminthes) found in 

the upper intertidal meiofauna of the Mediterranean Sea (Ladurner et al. 2005; Zadesenets et 

al. 2016, 2017; Schärer et al. 2019). Despite being very closely related sister species (Schärer 

et al. 2019), the morphology of their stylet is clearly distinct (see Figure 4 and results). 

M. lignano has a stylet that is "slightly curved, its distal opening [having a] slight asymmetric 

thickening" (Ladurner et al. 2005), while M. janickei has a more complex stylet that is a "long 

and a gradually narrowing funnel that includes first a slight turn (of ~40°) and then a sharp 

turn (of >90°) towards the distal end […], giving the stylet tip a hook-like appearance." 

(Schärer et al. 2019). 

Previous studies have shown that M. lignano is an outcrossing, reciprocally copulating 

species with frequent mating (on average about 6 copulations per hour, Schärer et al. 2004). 

Specifically, reciprocal copulation consists of both partners mating in the male and female 

role simultaneously, with reciprocal insertion of the stylet into the female antrum (the sperm-

receiving organ) of the partner, and transfer of ejaculate consisting of both sperm and seminal 

fluids. Copulation is then often followed by a facultative postcopulatory suck behaviour 

(Schärer et al. 2004; Vizoso et al. 2010; Schärer et al. 2011), during which the worm bends 

onto itself and places its pharynx over its own female genital opening, while appearing to 

suck. This behaviour is thought to represent a female resistance trait that has evolved due to 
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sexual conflict over the fate of received ejaculate. Specifically, it is likely aimed at removing 

ejaculate components from the antrum, and sperm is often seen sticking out of the antrum 

after a suck (Marie-Orleach et al., 2013; Schärer et al., 2011; Schärer et al., 2004; Vizoso et 

al., 2010).  

The individuals of M. lignano used in this experiment were either from the outbred LS1 

culture (Marie-Orleach et al. 2013) or from the transgenic outbred BAS1 culture, which was 

created by backcrossing the GFP-expressing inbred HUB1 line (Janicke et al. 2013; Marie-

Orleach et al. 2014; Wudarski et al. 2017) onto the LS1 culture (Marie-Orleach et al. 2016), 

subsequently cleaned from a karyotype polymorphism that segregates in HUB1 (Zadesenets 

et al. 2016, 2017), and finally bred to be homozygous GFP-positive (Vellnow et al. 2018). 

The LS1 culture is a genetically outbred metapopulation, established from worms collected 

from a site in Bibione and a site on Isola di Martignano, Italy (Marie-Orleach et al. 2013). The 

M. janickei worms used were from a culture that was established using individuals collected 

from Palavas-les-Flots, near Montpellier, France (Zadesenets et al. 2016, 2017; Schärer et al. 

2019). Both species are kept in mass cultures in the laboratory at 20 °C in glass Petri dishes 

containing either f/2 medium (Andersen et al. 2007) or 32‰ artificial sea water (ASW) and 

fed with the diatom Nitzschia curvilineata. 

Experimental design  

Experiment 1: Reproductive behaviour and hybridization 

On day 1, for each species, we distributed 240 adult worms over 4 petri dishes with algae and 

ASW (using the transgenic BAS1 culture for M. lignano). On day 4, we removed the adults, 

such that the eggs were laid over a 3-day period, and the age of the resulting hatchlings did 

not differ by more than 3 days. On day 9 (i.e. well before the worms reach sexual maturity), 

we isolated these hatchlings in 24-well tissue culture plates (TPP, Switzerland) in 1 ml of 

ASW with ad libitum algae. Starting on day 34 and spread over 3 subsequent days, we then 

examined the mating behaviour by pairing these previously isolated and by then adult worms 

(as judged by their visible testes and ovaries) in one of three pairing types, namely M. lignano 

pairs (M. lignano x M. lignano, n = 57), M. janickei pairs (M. janickei x M. janickei, n = 57), 

or heterospecific pairs (M. lignano x M. janickei, n = 57).  

Each observation chamber (Schärer et al. 2004) was assembled by placing 9 mating pairs (3 

pairs of each pairing type) in drops of 3 μl of ASW each between two siliconized microscope 

slides separated by 257 μm, for a total of 19 observation chambers (i.e. 7, 4, and 8 chambers 
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on the three consecutive days, respectively). The observation chambers were filmed under 

transmitted light for 2h at 1 frame s-1 with digital video cameras (DFK 41AF02 or DFK 

31BF03, The Imaging Source) in QuickTime format using BTV Pro 6.0b7 

(http://www.bensoftware.com/), and the resulting movies were scored manually frame-by-

frame using QuickTime player. We used two different movie setups for filming the mating 

and they differed slightly in the cameras and light sources used.  

After the two-hour mating period, we isolated both individuals of the heterospecific pairs, and 

one randomly chosen individual each of the M. lignano and M. janickei pairs, respectively, in 

24-well plates and subsequently transferred them weekly to new plates. To obtain an estimate 

of the (female) fecundity resulting from these pairings the offspring production of these 

maternal individuals was followed and counted for 14 days (since worms eventually run out 

of stored sperm, Janicke et al. 2011). For each heterospecific pair, the number of (hybrid F1) 

offspring produced was averaged over both maternal individuals. And by confirming that all 

maternal offspring of the GFP-negative M. janickei were GFP-positive, we could ascertain 

that the GFP-positive BAS1 M. lignano had indeed sired these F1 hybrids. Moreover, 

previous experiments had shown that neither species self-fertilizes over a comparable 

observation period (Schärer and Ladurner 2003; Singh et al. 2019); thus, any offspring 

produced in the heterospecific pairs must have resulted from outcrossing with the partners. 

For each mating pair, we scored the movie up to the fifth copulation and observed the 

following copulation traits: copulation latency (i.e. time to first copulation), copulation 

duration, copulation interval, time until suck (after copulation), suck duration, and the number 

of sucks, while being blind with respect to both the pairing type and the species identity of 

individuals in the heterospecific pairs (note that the GFP-status of a worm cannot be 

determined under normal transmitted light). The decision to observe the behaviour up to and 

including the fifth copulation was made a priori (see also Marie-Orleach et al. 2013), and was 

motivated by our desire to get accurate estimates for each behaviour, by averaging all traits 

(except copulation latency) over this period for each pair and to keep the total observation 

time manageable. Note that there was no temporal pattern in the copulation duration. The 

copulation behaviour was defined as in Schärer et al. (2004), and the copulatory duration was 

measured starting from the frame when the pair was first tightly interlinked (like two small 

interlocking G's) with the tail plates in close ventral contact, to the frame where their tail 

plates were no longer attached to each other. We scored a behaviour as a copulation only if 

the pair was in this interlinked position for at least 5 seconds. The copulation interval was 
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measured as the duration between the end of a copulation to the start of the next copulation. 

The time until suck was measured (for sucks that followed a copulation, observed up to the 

fifth copulation) as the time elapsed between the end of the copulation preceding the suck and 

the start of the suck in question. The suck duration was measured from the frame where the 

pharynx was placed on the female genital opening, up to the frame where the pharynx 

disengaged. The number of sucks was measured as the number of sucks observed up to the 

fifth copulation. The copulation duration, copulation interval, time until suck, and suck 

duration was averaged over all occurrences in a replicate. 

The final sample sizes varied for the different behavioural traits, depending on how many 

replicates exhibited the particular trait of interest. We, respectively, excluded 3, 7 and 2 

replicates of the M. lignano pairs, heterospecific pairs and M. janickei pairs from all analyses, 

since these replicates showed no copulations. In addition, 3 replicates of M. janickei had only 

one copulation, so we could not calculate the copulation interval for these pairs. Moreover, in 

some replicates there were no sucks, which reduced our sample size for the time until suck 

and suck duration. The suck is considered a postcopulatory behaviour, and we therefore might 

not expect an individual to exhibit the postcopulatory behaviour unless it copulates. Thus, to 

examine if the number of sucks differed between the pairing types, we considered only the 

subset of replicates in which we observed at least five copulations. Additionally, for offspring 

number we lost 2 replicates each for the M. lignano and M. janickei pairs. The final sample 

sizes are given in the respective figures. 

Experiment 2: Hybrid fertility 

We assessed the fertility of the F1 hybrid offspring from experiment 1, by pairing for 7 days a 

subset of the virgin hybrids with, respectively, virgin adult M. lignano (n = 24) or virgin adult 

M. janickei (n = 24) partners (grown up under identical conditions as the parents, but using 

the wildtype LS1 culture for M. lignano) and then isolating both the hybrids and their partners 

for 14 days. We counted the offspring number produced both during the pairing period, and 

the isolation period. Note that we cannot distinguish the maternal parent for the offspring 

produced during the pairing period. By confirming that at least some of the F2 offspring from 

the crosses between the GFP-heterozygote F1 hybrids and the GFP-negative parents were 

GFP-positive, we could ascertain that we were indeed seeing successful backcrosses. We did 

not statistically analyse if offspring number differed depending on which parental species the 

hybrid was backcrossed onto, as the hybrids used were not statistically independent (e.g. 
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some of them were siblings). Thus, we only descriptively examined the offspring number 

produced from the backcrossing. 

Experiment 3: Hybrid and parental species stylet morphology 

To investigate the stylet morphology of the F1 hybrids, we compared the stylets of isolated 

virgin hybrids (n = 29; measured before the backcrossing experiment), to those of isolated 

M. lignano (n=25, from Ramm et al. 2019) and M. janickei (n=18, from Singh et al. 2019), 

using a geometric morphometrics landmark-based method (Zelditch et al. 2004). Briefly, 

worms were relaxed using a solution of MgCl2 and ASW, and dorsoventrally squeezed 

between a glass slide and a haemocytometer cover glass using standardised spacers (40 µm). 

Stylet images were then obtained at 400x magnification (Figure 4a-c), with a DM 2500 

microscope (Leica Microsystems, Heerbrugg, Switzerland) using a digital camera 

(DFK41BF02, The Imaging Source, Bremen, Germany) connected to a computer running 

BTV Pro 6.0b7 (Ben Software). For geometric morphometrics, we placed a total of 60 

landmarks on each stylet, two fixed landmarks each on the tip and base of the stylet and 28 

equally spaced sliding semi-landmarks each along the two curved sides of the stylet between 

the base and the tip (Figure 4d-f), using tpsDig 2.31 (F. James Rohlf, 2006, Department of 

Ecology and Evolution, SUNY, http://life.bio.sunysb.edu/morph/), while being blind to the 

identity of the individual. Note that this landmark placement differs somewhat from that used 

earlier in M. lignano (Janicke and Schärer 2009) on account of the different morphology of 

the M. janickei stylet. Specifically, landmarks should represent homologous points on a 

morphological structure, and we here defined only four fixed landmarks that could be 

recognised in the F1 hybrids and both parental species (compared to six in M. lignano earlier), 

while more sliding semi-landmarks were used here to approximate the considerably more 

complex shape of the M. janickei stylet (i.e. 56 semi-landmarks now vs. 18 in M. lignano 

earlier). We always placed landmarks 1-30 on the stylet side that was further from the seminal 

vesicle (the sperm storage organ located near the stylet), while landmarks 31-60 were placed 

on the stylet side that was closer to the seminal vesicle (see Figure 4d-f). Also, to ensure that 

the orientation of the seminal vesicle and stylet with respect to the viewer was similar across 

all images, we mirrored the images for some specimens. We used tpsRelw 1.70 

(http://life.bio.sunysb.edu/morph/) to analyse the resulting landmark configurations and 

extract the centroid size (an estimate of the size of the landmark configuration that can serve 

as a measure of the stylet size) and the relative warp scores (which decompose the total shape 

variation into major axes of shape variation). Our analysis yielded 71 relative warp scores, of 
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which the first three relative warp scores explained 88% of all variation in stylet shape. For 

our statistical analysis, we here only focus on the first relative warp score (RWS1), as it 

explained 64% of the shape variation and captured the most drastic change in the stylet shape, 

including the extent of the stylet tip curvature (Figure 4g-i). 

Experiment 4: Mate preference experiment 

We assessed the mate preferences of M. lignano (BAS1) and M. janickei by joining two 

individuals of each species in 3 μl drops of ASW (for a total of 4 individuals per drop). In 

each of the four drops per observation chamber, the individuals of either one or the other 

species were dyed in order to permit distinguishing the species visually in the movies (i.e. 

M. lignano or M. janickei were dyed in two drops each per mating chamber). We dyed the 

worms by exposing them to a solution of the food colour Patent Blue V (Werner Schweizer 

AG, Switzerland, at 0.25 mg/ml of 32‰ ASW) for 24h. Patent Blue V does not affect the 

mating rate of M. lignano (Marie-Orleach et al. 2013), or of M. janickei, as the mating rate of 

dyed and undyed worms was similar (see Supplementary Figure S1). 

In total, we constructed 17 observation chambers and filmed them under transmitted light for 

2h at 1 frame s-1 (as outlined above), and the resulting movies were scored manually frame-

by-frame using QuickTime player, while being blind to which species was dyed. For each 

drop, we determined the copulation type of the first copulation, i.e. conspecific M. lignano, 

conspecific M. janickei or heterospecific (M. lignano x M. janickei), and we also estimated 

the copulation frequencies of the three copulation types over the entire 2h period. 

Out of the total 68 filmed drops we had to exclude 9 drops, 5 of which had an injured worm 

and 4 of which (one entire observation chamber) had dim lighting that made it difficult to 

distinguish the dyed worms. Thus, our final sample size was 59 drops. 

Statistical Analyses 

In experiment 1, we constructed one-way ANOVAs with the pairing type (M. lignano pairs, 

heterospecific pairs, and M. janickei pairs) as the independent fixed factor, and using 

copulation latency, average copulation duration, average copulation interval, average time 

until suck, and average suck duration as the dependent variables, followed by post-hoc 

comparisons between the pairing types using Tukey’s honest significant difference (HSD) 

tests. Note that all conclusions remained unchanged if the two movie setups were included as 

a factor (data not shown). Data was visually checked for normality and homoscedasticity and 

log-transformed for all the above variables. For average time until suck, however, we added 1 
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to each data point before log-transformation, to avoid infinite values, since some sucks began 

immediately after copulation, leading to zero values. For the number of sucks and the 

offspring number we used Kruskal-Wallis tests (since these data could not be appropriately 

transformed to fulfil the assumptions for parametric tests), followed by post-hoc tests using 

Mann–Whitney–Wilcoxon tests with Bonferroni correction. Moreover, for all behaviours we 

calculated the coefficient of variation (CV) to evaluate how stereotypic the behaviour is for 

each pairing type. For all behaviours (except for the number of sucks), we calculated the CV 

for log-transformed data using the formula CV = 100 × 𝑒 𝑑 𝑑 𝑑 − 1 (Canchola 

2017), while for number of sucks we calculated the CV for raw data using 𝐶𝑉 =
𝑑 𝑑 𝑑 × 100. 

In experiment 3, we constructed one-way ANOVAs with the types of worm (M. lignano, 

M. janickei, or hybrid) as the independent fixed factor, and the centroid size and RWS1 as the 

dependent variables, followed by post-hoc comparisons using Tukey’s HSD. Note that these 

analyses need to be interpreted with some care, since the three groups we compared were not 

grown and imaged as part of the same experiment (though using the same methodology). 

In experiment 4, three different copulation types could occur (i.e. M. lignano conspecific, 

heterospecific, and M. janickei conspecific), and to generate a null hypothesis of the expected 

proportions of each copulation type, we initially assumed random mating and hence no 

mating preference for either conspecific or heterospecific individuals in either species. Thus, 

under these assumptions the null hypothesis for the expected proportion of drops having these 

different copulation types as the first copulation was: M. lignano conspecific: heterospecific: 

M. janickei conspecific = 0.25: 0.50: 0.25. For each copulation type, we then determined the 

observed proportion of drops in which it was the first copulation, and examined if these 

proportions differed significantly from this null hypothesis, using a Chi-square goodness-of-

fit test. 

Next, we looked at the observed proportion of the three copulation types within each drop and 

across all drops, and as the null hypothesis we again used the same expected proportions as 

above. To test if the observed proportion of the three copulation types differed from this null 

hypothesis, we used repeated G-tests of goodness-of-fit (McDonald 2014), an approach that 

involves sequential tests of up to four different hypotheses, which, depending on the obtained 

results, will not all necessarily be carried out. The first hypothesis tests if the observed 

proportions within each drop fit the expectations. The second hypothesis examines if the 



 

26 
 

relative observed proportions are the same across all drops by calculating a heterogeneity 

value. The third hypothesis examines if the observed proportion matches the expectation 

when the data is pooled across all drops. And finally, the fourth hypothesis examines if 

overall, the data from the individual drops fit our expectations using the sum of individual G-

values for each replicate (obtained from testing the first hypothesis). Following this approach, 

we first calculated a G-test goodness-of-fit (with Bonferroni correction) for each drop. 

Second, this was followed by a G-test of independence on the data in order to obtain a 

‘heterogeneity G-value’, which permits to evaluate if the drops differ significantly from each 

other. Since, this test revealed significant heterogeneity between the drops (see results), we 

did not pool the data or proceed with the remaining two tests, but instead drew our conclusion 

from the above G-tests of goodness-of-fit (corrected for multiple testing). 

As we show in the results, in most drops, the majority of copulations were of the M. lignano 

conspecific type, followed by the heterospecific type (Figure 6a). To check whether this could 

be due to an intrinsically higher mating rate of M. lignano (see results), we generated a new 

null hypothesis that takes the observed mating rates of both M. lignano and M. janickei into 

account. For each drop, we therefore first calculated the mating rate of M. lignano as 

𝑝 =
2𝑚 + 𝑚

2𝑚𝑇
 

and similarly, the mating rate of M. janickei as 

𝑞 =
2𝑚 + 𝑚

2𝑚𝑇
 

Where, mLL, mLJ, and mJJ, represent the observed numbers of M. lignano conspecific, 

heterospecific, and M. janickei conspecific copulations, and mT represents the total number of 

copulations (i.e. summed across all copulation types). Thus, we obtained a p and q value for 

each drop and if both species had the same mating rate, then we would expect p = q = 0.5. 

However, the results of the above analysis showed that M. lignano and M. janickei differed 

greatly in their mating rates (Figure 6b). 

We, for each drop, therefore calculated the expected numbers of the different copulation 

types, given the observed mating rates p and q as 

𝑒 = 𝑝2𝑚𝑇 

𝑒 = 2𝑝𝑞𝑚𝑇 
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and 

𝑒 = 𝑞2𝑚𝑇 

respectively, where eLL, eLJ, and eJJ, represent the expected numbers of M. lignano 

conspecific, heterospecific, and M. janickei conspecific copulations. Using these we then 

tested whether the resulting expected proportions were significantly different from the 

observed proportions for each drop, using a Chi-square goodness-of-fit test with Bonferroni 

correction for multiple testing. This allowed us to examine if the apparent preference of M. 

lignano for mating with conspecifics (i.e. the observed assortative mating) simply stemmed 

from the mating rate differences between the species, as opposed to a more explicit preference 

for conspecific partners. 

All statistical analyses were carried out in R, version 3.1.1 (R Development Core Team, 

2016). 

Ethical note 

All animal experimentation was carried out in accordance to Swiss legal and ethical 

standards. 

Results 

Experiment 1: Reproductive behaviour and hybridization 

The three pairing types differed in their mating behaviour, though to varying degrees for the 

different copulation traits. Pairing type had a significant effect on copulation latency (F2,156 = 

4.688, P = 0.01; Figure 1a), with M. lignano pairs starting to copulate earlier than 

heterospecific pairs, while the M. janickei pairs had an intermediate copulation latency. The 

pairing type also had a significant effect on the copulation duration (F2,156 = 370.6, P < 0.001; 

Figure 1b), with M. janickei pairs having a nearly five-fold longer copulation duration than 

M. lignano pairs and heterospecific pairs, which did not significantly differ amongst 

themselves. Moreover, the copulation interval was affected by the pairing type (F2,153 = 

8.124, P < 0.001; Figure 1c). M. janickei pairs had a significantly longer interval between 

copulations than M. lignano pairs, while the heterospecific pairs had intermediate copulation 

interval. 
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Figure 1. Boxplots of the a) copulation latency, b) (average) copulation duration, and c) (average) 

copulation interval of the three pairing types. Different letters denote significantly different effects 

inferred from Tukey HSD post-hoc tests. The boxplots display the 25th percentile, median, and 75th 

percentile and the whiskers represent the 5th and the 95th percentiles of the raw data, but note that log-

transformed data was used for statistical analysis of all variables shown here. Sample sizes are given at 

the bottom of the plots. 

 

 
Figure 2. Boxplots of the a) (average) time until suck (after copulation), b) (average) suck duration, and 

c) number of sucks of the three pairing types (recall that we here only consider pairs that copulated at 

least 5 times). Different letters denote significantly different effects inferred from Tukey HSD post-hoc 

tests (for a and b) or Mann–Whitney–Wilcoxon tests with Bonferroni correction (for c). The boxplots 

display the 25th percentile, median, and 75th percentile and the whiskers represent the 5th and the 95th 

percentiles of the log-transformed data (for a) and the raw data for (b and c), but note that log-

transformed data was used for statistical analysis (for a and b). We added 1 to each data point for time 

until suck before log-transforming to avoid infinite values (see text for details). Sample sizes are given 

at the bottom of the plots. 
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For the suck behaviour, very few heterospecific replicates exhibited the behaviour, leading to 

a reduction in our sample size for the time until suck and suck duration (Figure 2). The time 

until suck (after copulation) differed between the pairing types (F2,92 = 48.15, P < 0.001; 

Figure 2a), with M. lignano pairs usually sucking almost immediately after copulation, while 

the M. janickei pairs and heterospecific pairs took a longer time to start sucking. The suck 

duration was also significantly affected by the pairing type (F2,92 =7.80, P < 0.001; Figure 

2b), with M. janickei pairs having a longer suck duration than M. lignano pairs, while the 

heterospecific pairs did not significantly differ from the other two pairing types. Interestingly, 

the number of sucks was significantly affected by the pairing type (Kruskal–Wallis test: χ² = 

41.16, df = 2, P < 0.001; Figure 2c), with M. lignano pairs sucking most frequently, followed 

by the M. janickei pairs. The heterospecific pairs sucked least frequently. 

Remarkably, for most behaviours the heterospecific pairs had the highest CV, suggesting that 

heterospecific behaviour was relatively variable and less stereotypic than conspecific 

behaviour (Table 1). 

In addition, while heterospecific pairs were capable of producing hybrid offspring—a new 

finding for this genus—they produced significantly fewer offspring than conspecific pairs 

(Kruskal–Wallis test: χ² = 48.04, df = 2, P < 0.001; Figure 3a), which had a comparable 

fecundity. Out of the 10 heterospecific replicates that produced hybrids, in 6 replicates only 

the M. lignano parent produced hybrids while in the other 4 replicates only the M. janickei 

parent produced offspring. Thus, hybridization was symmetrical, with each species being 

capable of inseminating and fertilizing the other. 

 

Table 1. The coefficient of variation (CV) of each pairing type for all behaviours. For most behaviours the 

heterospecific pairs had the highest CV. 

behaviour M. lignano pairs heterospecific pairs M. janickei pairs 

copulation latency 86 88 127 

copulation duration 27 44 39 

copulation interval 100 116 69 

time until suck 234 810 175 

suck duration 21 29 16 

No. of sucks 66 209 120 
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Experiment 2: Hybrid fertility 

Most of the F1 hybrids were fertile and produced offspring in the wells while paired with 

worms from the parental species. Specifically, we found that 19/24 and 14/24 pairs of 

M. lignano x hybrid and M. janickei x hybrid produced hybrid F2 offspring, respectively, 

while they were paired with an individual of one of their parental species for 7 days (Figure 

3b), while post-pairing, relatively few individuals of either hybrids or parentals produced 

offspring in isolation (Figure 3c). 

 

 

 

Figure 3. a) Plot of F1 hybrid offspring produced (female fecundity) by the three pairing types in 

Experiment 1. Plot of F2 hybrid offspring produced b) in the wells where the F1 hybrids were paired 

with an individual of one of their parental species for 7 days, and c) post-pairing isolated F1 hybrid and 

parental individuals in Experiment 2. The boxplots in a) and b) display the 25th percentile, median, and 

75th percentile and the whiskers represent the 5th and the 95th percentiles of the raw data, while c) is a 

dotplot. Note that in c) each backcrossed pair is represented twice as each pair comprises a hybrid and a 

parental species individual, so the replicates are not independent and the figure is only for visualisation. 

Sample sizes are given at the bottom of the plots in a) and b). 
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Figure 4. Morphology and geometric morphometrics of the stylet. Micrographs of the stylet of an 

individual a) M. lignano, b) F1 hybrid, and c) M. janickei. The placement of 60 landmarks along the 

stylet of an individual d) M. lignano, e) F1 hybrid and f) M. janickei. Note that we placed four fixed 

landmarks (filled red circles), two on the stylet base and two on the stylet tip, and 28 equally spaced 

sliding semi-landmarks (empty red circles) along each curved side of the stylet. The numbers indicate 

the order in which the landmarks were placed (note that the seminal vesicles always are to the left of the 

stylet). Visualization of thin-plate splines of the stylet derived from relative warp score analysis. Each 

panel shows the visualization for the mean relative warp score 1 (RWS1) of individuals of g) 

M. lignano, h) the F1 hybrids and i) M. janickei. Thus, in general M. lignano has a relatively straight 

stylet tip and M. janickei has a stylet tip that curves drastically, while the hybrids have intermediate 

curvature. The scale bar in e) represents 20 µm, and is applicable to all photomicrographic images. 
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Experiment 3: Hybrid and parental species stylet morphology 

The stylet morphology was significantly different between M. lignano, M. janickei and the F1 

hybrids (Figure 4). The centroid size, an estimate of stylet size, was different between the 

groups (F2,69 = 33.26, P < 0.001; Figure 5a), with the F1 hybrids having a larger centroid size 

than M. lignano and M. janickei, which did not differ amongst themselves. The RWS1 of the 

stylets, which primarily seemed to capture variation in the curvature of the stylet tip and the 

width of the stylet base (Figure 4g-i), was significantly different between all groups (F2,69 = 

238, P < 0.001; Figure 5b), with the RWS1 of the hybrids being intermediate between that of 

M. lignano and M. janickei, indicating that the shape of hybrid stylet was morphologically 

intermediate between the parental species. 

 

 

 

Figure 5 Boxplot for a) centroid size and b) relative warp score 1 (RWS1) of the stylets of M. lignano, 

F1 hybrid and M. janickei worms. Different letters denote significantly different effects inferred from 

Tukey HSD post-hoc tests. The boxplots display the 25th percentile, median, and 75th percentile and 

the whiskers represent the 5th and the 95th percentiles of the raw data. Sample sizes are given at the 

bottom of the plots. 
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Experiment 4: Mate preference experiment 

Out of the 59 analysed drops, we found that 34 (57.6%) drops had a M. lignano conspecific 

copulation as the first copulation, while that was true for only 18 (30.5%) and 7 (11.9%) 

drops for heterospecifics and M. janickei conspecifics, respectively. These proportions 

differed significantly (Chi-square goodness-of-fit test: χ2 = 33.68, df = 2, P < 0.001) from our 

null hypothesis proportions under random mating, which is M. lignano conspecific : 

heterospecific : M. janickei conspecific = 0.25 : 0.50 : 0.25. 

With respect to the observed proportion of the different copulation types within drops, the 

data from 55 of the 59 drops (without Bonferroni-correction P < 0.05, Supplementary Table 

S2) differed significantly from the null hypothesis, though after Bonferroni correction that 

number dropped to just 46 drops (Bonferroni-corrected P < 0.05, Supplementary Table S2). 

Interestingly, we found significant variation in the observed proportion between the drops 

(‘heterogeneity G-value’ = 358.55, df = 116, P < 0.001), as is also evident from Figure 6a. 

The general trend was that M. lignano conspecific copulations were the most frequent, 

followed by heterospecific copulations, while we observed relatively few M. janickei 

conspecific copulations in most of the drops. In 51 drops, the M. lignano conspecific 

copulations were the most frequent, while in only one drop was the proportion of M. janickei 

conspecific copulations the highest (see colours in Figure 6a). Moreover, in five drops, the 

highest proportion of copulations was of the heterospecific type, while in two drops, 

M. lignano conspecific and heterospecific copulations jointly had the highest proportion. 

Surprisingly, we found that in 52 drops there was a higher proportion of heterospecific 

copulations than of M. janickei conspecific copulations (with zero M. janickei conspecific 

copulations in 13 drops), indicating that under these conditions, the M. janickei worms mated 

more often with a M. lignano heterospecific than with a M. janickei conspecific individual. 

This could either represent a preference in M. janickei for mating with M. lignano, or it could 

potentially also result from M. lignano having an intrinsically higher mating rate, which we 

explore next. 

In our mate preference assays, the mating rate of M. lignano and M. janickei was indeed 

different, with M. lignano having a much higher mating rate than M. janickei (Figure 6b). 

When we took the mating rate differences between the two species into account, the Chi-

Square goodness-of-fit test showed that in 55 out of 59 drops the observed and expected 

copulation frequencies were not significantly different (Bonferroni-corrected P > 0.05, 

Supplementary Table S3). This suggests that the difference in the copulation frequencies of 
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the different copulation types, including the high frequency of heterospecific copulations in 

M. janickei, is largely explained by the intrinsic differences in mating rate of the two species, 

rather than stemming from an explicit preference for heterospecific partners. 

 
 

Figure 6. a) Frequency of M. lignano conspecific, heterospecific, and M. janickei conspecific 

copulations. Each line connects values obtained from the same drop. The different colours help to 

visualise which copulation type had the highest frequency in a drop (blue, M. lignano conspecific; 

green, heterospecific; pink, M. janickei conspecific; orange, same in M. lignano conspecific and 

heterospecific), b) Boxplot of mating rate of M. lignano and M. janickei. The boxplots display the 25th 

percentile, median, and 75th percentile and the whiskers represent the 5th and the 95th percentiles of 

the raw data. Each line connects values obtained from the same drop. 

 

Discussion 

Our study shows that the closely related species M. lignano and M. janickei differ 

significantly, not only in their stylet morphology, but also in several aspects of their mating 

behaviour. These considerable morphological and behavioural differences do not, however, 

appear to represent strong premating barriers, since the worms were readily able to engage in 

heterospecific matings. In contrast, there seem to be significant postmating barriers between 

these two species, as only few hybrid offspring were produced from these heterospecific 

matings. Moreover, the resulting hybrids were fertile, showing a stylet morphology that was 
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intermediate between the parental species, and capable of backcrossing to both parental 

species. Interestingly, the data from our mate preference assay revealed distinct asymmetries 

in the mating patterns between the two species. While M. lignano clearly engaged 

predominantly in conspecific matings, thereby exhibiting assortative mating, M. janickei 

ended up mating more often with heterospecific individuals, and we suggest that both likely 

occurred as a result of the higher mating rate of M. lignano compared to M. janickei. In the 

following, we discuss these results in some more detail. 

Experiment 1: Reproductive behaviour and hybridization 

A potential factor that could lead to the observed differences in behavioural traits between the 

two species is genital morphology. For example, a positive correlation between copulation 

duration and structural complexity of the intromittent organ has been reported in New World 

natricine snakes (King et al. 2009), wherein the authors hypothesized that the evolution of 

elaborate copulatory organ morphology is driven by sexual conflict over the duration of 

copulation. Like the findings of that study, the nearly five-fold longer copulation duration of 

M. janickei pairs compared to M. lignano pairs could in part be dictated by its considerably 

more complex stylet. Moreover, similar to the male genitalia, the female genitalia are also 

more complex in M. janickei than M. lignano (Schärer et al. 2019). 

In addition to genital morphology, both copulatory and post-copulatory behaviour might also 

be influenced by the quantity and composition of the ejaculate transferred during copulation. 

For example, a larger quantity of ejaculate might be accompanied by a longer copulation 

duration, and possibly also a longer suck duration, since the hypothesised function of the suck 

behaviour is to remove ejaculate components (Schärer et al. 2004; Vizoso et al. 2010). 

Moreover, a longer copulation duration might require longer phases of recovery during which 

spent ejaculate is replenished, leading to lower copulation frequency and a longer copulation 

interval. A previous study in M. lignano showed that pairs formed from virgin worms 

copulated approximately 1.6x longer than pairs formed from sexually-experienced worms, 

and also that individuals that had copulated with virgin partners had a lower suck frequency 

compared to individuals that had copulated with sexually-experienced partners (Marie-

Orleach et al. 2013). This led the authors to hypothesize that virgin partners have more own 

sperm and seminal fluid available (which were both confirmed), and may thus transfer more 

ejaculate than sexually-experienced partners, and that some components of the ejaculate are 

aimed at manipulating the partner and preventing it from sucking (Marie-Orleach et al. 2013). 

Indeed, studies in Drosophila have shown the presence of non-sperm components in the 
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ejaculate, which can alter the physiology, immunity, life history, and behaviour of the 

recipient, causing strong effects on the fitness of both the donor and the recipient (Chapman 

2001; Perry et al. 2013; Schwenke et al. 2016; Billeter and Wolfner 2018). Efforts to 

elucidate the function of ejaculate components (like seminal-fluid proteins) in M. lignano 

have recently made considerable progress (Weber et al. 2018; Patlar et al. 2019; Ramm et al. 

2019), and it will be interesting to see if these have similar functions. 

Longer copulation intervals or temporal aspects of sucking (i.e. onset of sucking) could 

potentially also result from the action of some transferred ejaculate components that acts as a 

relaxant, leading to inactivity and delayed re-mating or delayed sucking. Interestingly, we 

noticed that very few individuals in the heterospecific pairs exhibited the suck behaviour, 

which could simply result from low or absent ejaculate transfer. It is also conceivable that 

sucking is triggered by species-specific ejaculate components and their interaction with the 

female reproductive organ, and hence the absence or low amounts of such components could 

result in fewer sucks. Alternatively, individuals of one species might be more effective at 

preventing suck in heterospecific partners, as heterospecific partners may lack coevolved 

defences against such ejaculate substances. Similar to our observation, a cross-reactivity study 

in the land snail, Cornu aspersum, showed that its diverticulum (a part of the female 

reproductive system) only responded to the love-dart mucus of some, but not other, land snail 

species, pointing towards species-specific effects of accessory gland products (Lodi and 

Koene 2016). 

Moreover, the different behavioural components might be correlated with each other. For 

example, there could be a trade-off between the suck duration and suck frequency for 

ejaculate removal, such that longer sucks or more frequent sucks serve the same purpose. 

Similarly, a longer copulation duration might be accompanied by a longer suck duration and 

copulation interval (as discussed above). In support of this, we did see that M. lignano pairs 

had both a short copulation and suck duration, but a high copulation and suck frequency, 

while the converse was true for M. janickei pairs. Thus, there can be correlations between 

different aspects of reproductive behaviour and morphology, and a large-scale comparative 

study of reproductive behaviour and morphology in Macrostomum species would help to 

improve our understanding of the complexity and evolution of reproductive traits. 

Heterospecific pairs showed higher CVs compared to the other two pairing types for both 

copulation duration and copulation interval, potentially suggesting disagreements over the 

optimal copulation duration and copulation frequency in these pairs. In addition, 
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heterospecific pairs exhibited higher CVs compared to conspecific pairs for all suck related 

behaviours. Note that in these movies we could not visually distinguish the two species in the 

heterospecific pairs (as the GFP-status of a worm cannot be determined under normal 

transmitted light), but it appears likely that the short and immediate sucks were performed by 

M. lignano individuals, while the longer and delayed sucks were performed by M. janickei 

individuals. Interestingly, the suck duration seems to be a highly stereotypical behaviour, with 

its CV being lower than that of copulation duration for each of the mating pair types. This is 

similar to what was noted from earlier behaviour studies of M. lignano (Schärer et al. 2004). 

Whereas conspecific pairs of both species produced similar offspring numbers, heterospecific 

pairs gave rise to offspring relatively rarely, despite most pairs having copulated successfully, 

presumably due to postmating-prezygotic or postzygotic reproductive barriers. In our study, 

hybridization was symmetrical, with both species being able to inseminate and fertilize the 

other species. Interestingly, in none of the heterospecific replicates did both partners produce 

offspring. While this could point towards unilateral transfer of sperm during copulation, we 

cannot ascertain if this only occurs in heterospecific pairs or if conspecific pairs also show a 

similar pattern, as we collected only one partner for each conspecific pair. To the best of our 

knowledge this is the first study to have documented hybridization between species of the 

genus Macrostomum, and there is also very sparse information only about hybridization in 

free-living flatworms in general (Pala et al. 1982; Bullini 1985), while there is some more 

information about parasitic flatworms (Taylor 1970; Thèron 1989; Detwiler and Criscione 

2010; Itagaki et al. 2011; Henrich et al. 2013). 

Experiment 2: Hybrid fertility 

While historically, hybrids have often been considered to be sterile and evolutionary dead-

ends (see Mallet 2005), hybridization sometimes leads to viable and fertile offspring. In such 

cases, hybridization can serve as a mechanism for generating diversification, by creating 

adaptive variation and functional novelty in morphology and genotypes (Mallet 2005; Bonnet 

et al. 2017), a view that has been reinforced by the widespread presence of allopolyploidy 

among plants (Soltis and Soltis 1995; Soltis et al. 2015; Wendel et al. 2016). In our study, 

heterospecific matings between M. lignano and M. janickei resulted in the production of 

viable hybrids, which we could successfully backcross onto both parental species. Though our 

study demonstrates hybridisation between the two species, we currently have no evidence for 

these species occurring in sympatry. Assuming their so far sampled locations indicates 

absence of sympatric zones, it would follow that the observed reproductive trait divergence 
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might not have occurred as a result of reinforcement of reproductive isolation. Thus, the 

differences in reproductive characters will not necessarily serve as reproductive barriers, and 

this could potentially explain our observed results. 

Remarkably, both of our study species exhibit an unusual karyotype organization (Zadesenets 

et al. 2016), involving hidden tetraploidy and hexaploidy in M. lignano and M. janickei, 

respectively (likely as a result of a whole genome duplication event). Moreover, both species 

show additional chromosome number variation in the form of aneuploidies of the largest 

chromosome, also leading to other ploidy levels (Zadesenets et al. 2017). Interestingly, 

individuals with unusual karyotypes do not show behavioural or morphological abnormalities 

and reproduce successfully, at least in M. lignano (Zadesenets et al. 2016). The fact that we 

can obtain viable hybrids between the two species calls for studies of the resulting karyotypes 

of these F1 hybrids and the F2 backcrosses. 

Experiment 3: Hybrid and parental species stylet morphology 

The parental species differed significantly in the morphology of their stylet, though their 

overall stylet size was similar. In contrast, the hybrids possessed a stylet that had a 

morphology that was intermediate between that of the parental species, but was distinctly 

larger in size, for which we currently have no explanation (as already mentioned above, these 

results need to be interpreted with some care, since the data used in this comparison stemmed 

from three separate experiments). A study in closely related species of damselflies had also 

shown that, despite differences in genitalia morphology, the species had incomplete 

mechanical isolation and could hybridize (Barnard et al. 2017). 

Experiment 4: Mate preference experiment 

Our mate preference experiment showed that there is some degree of assortative mating 

between M. lignano individuals, which appears to mostly stem from the higher mating rate of 

M. lignano. This is in line with our results from Experiment 1, where M. lignano conspecific 

pairs had shorter copulation latencies, shorter copulation durations and shorter copulation 

intervals compared to M. janickei conspecific pairs (Figure 1). Thus, mate choice in these two 

species seems to be governed mainly by behavioural characteristics, such as mating rate, 

rather than an explicit preference for a conspecific or heterospecific partner.  

A potential factor affecting mating rate could be sexual selection. For instance, in polygamous 

mating systems, sexual selection can select for persistent mating efforts, particularly in males, 

which in turn can lead to reproductive interference between the species (Gröning and 
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Hochkirch 2008; Burdfield-Steel and Shuker 2011; Kyogoku 2015). Interestingly, a similar 

phenomenon has been observed in experimentally evolved populations of Drosophila 

pseudoobscura that experienced different sexual selection intensity regimes of either 

monogamy or polyandry (Snook et al. 2005; Debelle et al. 2014). A mate choice experiment 

showed that males from polyandrous populations had a higher probability of mating than 

those from monogamous populations (Debelle et al. 2016), potentially due to having evolved 

under strong male-male competition and hence initiating courtship faster and more frequently 

than monogamous males (Crudgington et al. 2010). Similarly, an experimental evolution 

study on a seed beetle, Callosobruchus chinensis, also showed that beetles evolved under a 

polygamous regime caused stronger reproductive interference on a congener species (C. 

maculatus) than beetles evolved under a monogamous regime (Kyogoku and Sota 2017; 

Kyogoku et al. 2019). In addition to the above examples, multiple empirical studies have 

proposed a role of sexual selection in occurrence of reproductive interference between species 

(Kyogoku and Sota 2015; Yassin and David 2016). 

In our experiment, the over-representation of heterospecific matings in M. janickei could lead 

to asymmetric reproductive interference between these species. Though we did not explicitly 

investigate how fecundity is affected, it seems likely that M. janickei would pay a higher 

fitness cost compared to M. lignano in such a context. Future studies should explicitly 

investigate if and how mating rate differences can affect the fecundity of the species and 

whether the cost is symmetric for both species, or if M. janickei suffers more due to a reduced 

conspecific mating rate. Moreover, as we outlined above, while our study raises the 

interesting possibility of hybridization occurring in zones of secondary contact between the 

two species, we are currently not aware of any overlapping ranges of the two species (but this 

may largely be due to the lack of sampling effort). Considering their heterospecific 

interactions though, it might be difficult for the species to co-exist, since M. lignano might be 

expected to displace M. janickei from any overlapping zones due to potential asymmetric 

reproductive interference. Alternatively, selection for reinforcement of reproductive isolation 

might occur, leading to character displacement of the species in sympatric zones, such that 

heterospecific interactions are reduced. 

Conclusions 

Our study shows that reproductive traits can evolve rapidly, even between closely related 

species, though they do not necessarily pose a reproductive barrier to hybridization. An 

interesting question that arises then is whether mating behaviour and genital morphology co-
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evolve or whether they diversify independently. A phylogenetic comparative study that looks 

at the evolution of these reproductive traits in more species across the Macrostomum genus 

would help us answer these open questions. Moreover, using hybridization and techniques 

like QTL mapping, we could aim at understanding the genetic basis of rapidly evolving and 

diversifying reproductive traits like mating behaviour and genitalia, and in turn broaden our 

understanding of speciation in free-living flatworms, a highly species-rich group of 

simultaneous hermaphrodites. 
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Supplementary information for ‘Successful mating and hybridisation in two closely 
related flatworm species despite significant differences in reproductive morphology and 
behaviour’ 
 

S1. Effect of dye on mating rate of a) M. lignano and b) M. janickei. 

 

 

Welch Two Sample t-test: 

1) Effect of dye on M. lignano (comparing replicates in which M. lignano was dyed with replicates in 
which M. lignano was not dyed) 

t = -1.0923, df = 48.152, p-value = 0.2801 
2) Effect of dye on M. janickei (comparing replicates in which M. janickei was dyed with replicates in 

which M. janickei was not dyed) 
 t = 1.0923, df = 48.152, p-value = 0.2801 
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S2. Number of copulations of different types for each replicate, and the associated G-tests of goodness-of-fit 
with Bonferroni correction for multiple testing. 

 

Movie Drop 
no.  

Total no. of 
copulations 
in drop 

No. of 
copulations of 
M. lignano 
conspecific 
type 

No. of 
copulations of 
heterospecific 
type 

No. of 
copulations of 
M. janickei 
conspecific 
type 

G df P P 
(corrected 
for 
multiple 
testing) 

A 1 20 13 4 3 14.45 2 0.001 0.043 
A 2 14 9 5 0 13.64 2 0.001 0.065 
A 3 44 32 10 2 45.75 2 <0.001 <0.001 
A 4 39 21 14 4 15.82 2 <0.001 0.022 
C 1 35 17 15 3 11.53 2 0.003 0.185 
C 2 49 28 12 9 23.61 2 <0.001 <0.001 
C 3 40 5 17 18 8.70 2 0.013 0.760 
C 4 59 34 17 8 28.26 2 <0.001 <0.001 
D 1 14 6 8 0 8.60 2 0.014 0.799 
D 2 61 28 31 2 26.91 2 <0.001 <0.001 
D 3 48 27 20 1 31.53 2 <0.001 <0.001 
E 1 33 13 15 5 3.96 2 0.138 1.000 
E 2 40 23 17 0 32.79 2 <0.001 <0.001 
E 3 26 8 13 5 0.70 2 0.705 1.000 
E 4 38 18 14 6 8.94 2 0.011 0.675 
F 1 38 26 8 4 31.59 2 <0.001 <0.001 
F 2 18 8 8 2 4.08 2 0.130 1.000 
F 3 33 15 14 4 7.54 2 0.023 1.000 
F 4 39 21 9 9 16.87 2 <0.001 0.013 
G 1 48 29 14 5 27.33 2 <0.001 <0.001 
G 3 32 20 11 1 24.25 2 <0.001 <0.001 
G 4 32 21 4 7 27.57 2 <0.001 <0.001 
H 1 31 17 13 1 18.04 2 <0.001 0.007 
H 2 44 25 15 4 21.47 2 <0.001 0.001 
H 4 68 33 33 2 33.25 2 <0.001 <0.001 
I 1 37 25 12 0 39.32 2 <0.001 <0.001 
I 2 30 22 3 5 33.64 2 <0.001 <0.001 
I 3 54 31 11 12 28.96 2 <0.001 <0.001 
I 4 25 22 3 0 46.81 2 <0.001 <0.001 
J 1 44 23 17 4 17.07 2 <0.001 0.012 
J 3 54 26 21 7 14.33 2 0.001 0.046 
J 4 15 14 0 1 34.24 2 <0.001 <0.001 
K 1 72 46 26 0 69.40 2 <0.001 <0.001 
K 3 43 31 12 0 51.67 2 <0.001 <0.001 
K 4 29 23 6 0 42.52 2 <0.001 <0.001 
L 1 46 29 12 5 29.70 2 <0.001 <0.001 
L 2 24 20 4 0 39.37 2 <0.001 <0.001 
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L 3 41 31 10 0 54.26 2 <0.001 <0.001 
L 4 30 9 13 8 0.59 2 0.743 1.000 
M 1 22 11 9 2 7.59 2 0.022 1.000 
M 2 23 16 4 3 20.40 2 <0.001 0.002 
M 3 47 27 17 3 25.73 2 <0.001 <0.001 
M 4 23 17 2 4 26.96 2 <0.001 <0.001 
N 1 35 28 6 1 47.95 2 <0.001 <0.001 
N 2 20 13 4 3 14.45 2 0.001 0.043 
N 3 41 32 8 1 53.15 2 <0.001 <0.001 
N 4 29 17 11 1 18.94 2 <0.001 0.005 
O 1 22 21 1 0 51.47 2 <0.001 <0.001 
O 2 35 23 11 1 29.90 2 <0.001 <0.001 
O 3 8 7 1 0 14.77 2 0.001 0.037 
O 4 28 22 6 0 40.22 2 <0.001 <0.001 
P 1 29 25 3 1 48.48 2 <0.001 <0.001 
P 2 24 12 10 2 8.59 2 0.014 0.803 
P 3 24 12 11 1 11.14 2 0.004 0.225 
P 4 44 25 16 3 23.06 2 <0.001 0.001 
Q 1 54 41 12 1 66.42 2 <0.001 <0.001 
Q 2 32 24 7 1 37.00 2 <0.001 <0.001 
Q 3 28 21 5 2 30.83 2 <0.001 <0.001 
Q 4 36 23 11 2 26.31 2 <0.001 <0.001 
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S3. Observed and expected number of copulations of different types and mating rate of each species for each 
replicate, and the associated Chi-square goodness-of-fit test with Bonferroni correction for multiple testing. 
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A 1 30 10 0.75 0.25 11.25 7.5 1.25 4.36 2 0.11 1 
A 2 23 5 0.82 0.18 9.45 4.11 0.45 0.66 2 0.72 1 
A 3 74 14 0.84 0.16 31.11 11.77 1.11 1 2 0.61 1 
A 4 56 22 0.72 0.28 20.1 15.79 3.1 0.5 2 0.78 1 
C 1 49 21 0.7 0.3 17.15 14.7 3.15 0.01 2 0.99 1 
C 2 68 30 0.69 0.31 23.59 20.82 4.59 8.79 2 0.01 0.73 
C 3 27 53 0.34 0.66 4.56 17.89 17.56 0.1 2 0.95 1 
C 4 85 33 0.72 0.28 30.61 23.77 4.61 4.79 2 0.09 1 
D 1 20 8 0.71 0.29 7.14 5.71 1.14 2.24 2 0.33 1 
D 2 87 35 0.71 0.29 31.02 24.96 5.02 3.57 2 0.17 1 
D 3 74 22 0.77 0.23 28.52 16.96 2.52 1.54 2 0.46 1 
E 1 41 25 0.62 0.38 12.73 15.53 4.73 0.04 2 0.98 1 
E 2 63 17 0.79 0.21 24.81 13.39 1.81 2.91 2 0.23 1 
E 3 29 23 0.56 0.44 8.09 12.83 5.09 0 2 1 1 
E 4 50 26 0.66 0.34 16.45 17.11 4.45 1.25 2 0.53 1 
F 1 60 16 0.79 0.21 23.68 12.63 1.68 5.11 2 0.08 1 
F 2 24 12 0.67 0.33 8 8 2 0 2 1 1 
F 3 44 22 0.67 0.33 14.67 14.67 3.67 0.07 2 0.97 1 
F 4 51 27 0.65 0.35 16.67 17.65 4.67 9.37 2 0.01 0.54 
G 1 72 24 0.75 0.25 27 18 3 2.37 2 0.31 1 
G 3 51 13 0.8 0.2 20.32 10.36 1.32 0.12 2 0.94 1 
G 4 46 18 0.72 0.28 16.53 12.94 2.53 15.27 2 0.0004 0.03 
H 1 47 15 0.76 0.24 17.81 11.37 1.81 0.64 2 0.73 1 
H 2 65 23 0.74 0.26 24.01 16.99 3.01 0.6 2 0.74 1 
H 4 99 37 0.73 0.27 36.03 26.93 5.03 3.45 2 0.18 1 
I 1 62 12 0.84 0.16 25.97 10.05 0.97 1.39 2 0.5 1 
I 2 47 13 0.78 0.22 18.41 10.18 1.41 14.93 2 0.0006 0.03 
I 3 73 35 0.68 0.32 24.67 23.66 5.67 15.46 2 0.0004 0.03 
I 4 47 3 0.94 0.06 22.09 2.82 0.09 0.1 2 0.95 1 
J 1 63 25 0.72 0.28 22.55 17.9 3.55 0.11 2 0.95 1 
J 3 73 35 0.68 0.32 24.67 23.66 5.67 0.68 2 0.71 1 
J 4 28 2 0.93 0.07 13.07 1.87 0.07 15 2 0.0005 0.03 
K 1 118 26 0.82 0.18 48.35 21.31 2.35 3.5 2 0.17 1 
K 3 74 12 0.86 0.14 31.84 10.33 0.84 1.13 2 0.57 1 
K 4 52 6 0.9 0.1 23.31 5.38 0.31 0.39 2 0.82 1 
L 1 70 22 0.76 0.24 26.63 16.74 2.63 3.69 2 0.16 1 
L 2 44 4 0.92 0.08 20.17 3.67 0.17 0.2 2 0.91 1 
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L 3 72 10 0.88 0.12 31.61 8.78 0.61 0.79 2 0.67 1 
L 4 31 29 0.52 0.48 8.01 14.98 7.01 0.53 2 0.77 1 
M 1 31 13 0.7 0.3 10.92 9.16 1.92 0.01 2 1 1 
M 2 36 10 0.78 0.22 14.09 7.83 1.09 5.5 2 0.06 1 
M 3 71 23 0.76 0.24 26.81 17.37 2.81 0.02 2 0.99 1 
M 4 36 10 0.78 0.22 14.09 7.83 1.09 12.75 2 0.002 0.1 
N 1 62 8 0.89 0.11 27.46 7.09 0.46 0.82 2 0.66 1 
N 2 30 10 0.75 0.25 11.25 7.5 1.25 4.36 2 0.11 1 
N 3 72 10 0.88 0.12 31.61 8.78 0.61 0.32 2 0.85 1 
N 4 45 13 0.78 0.22 17.46 10.09 1.46 0.24 2 0.89 1 
O 1 43 1 0.98 0.02 21.01 0.98 0.01 0.01 2 0.99 1 
O 2 57 13 0.81 0.19 23.21 10.59 1.21 0.05 2 0.97 1 
O 3 15 1 0.94 0.06 7.03 0.94 0.03 0.04 2 0.98 1 
O 4 50 6 0.89 0.11 22.32 5.36 0.32 0.4 2 0.82 1 
P 1 53 5 0.91 0.09 24.22 4.57 0.22 3.42 2 0.18 1 
P 2 34 14 0.71 0.29 12.04 9.92 2.04 0 2 1 1 
P 3 35 13 0.73 0.27 12.76 9.48 1.76 0.62 2 0.73 1 
P 4 66 22 0.75 0.25 24.75 16.5 2.75 0.04 2 0.98 1 
Q 1 94 14 0.87 0.13 40.91 12.19 0.91 0.01 2 0.99 1 
Q 2 55 9 0.86 0.14 23.63 7.73 0.63 0.29 2 0.87 1 
Q 3 47 9 0.84 0.16 19.72 7.55 0.72 3.2 2 0.2 1 
Q 4 57 15 0.79 0.21 22.56 11.88 1.56 0.2 2 0.91 1 
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Chapter II 

Evolution of the suck behaviour, a postcopulatory female resistance trait in 

a hermaphroditic flatworm genus 
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Abstract 

Sexual conflict over the usage of received ejaculate post-mating can give rise to traits of one 

sex being costly to the other sex. While this conflict can sometimes be resolved pre-

copulatorily by mate choice, reciprocally-mating hermaphrodites face a unique challenge as 

they mate in both the male and female role at the same time. Thus, while multiple mating can 

lead to more opportunities to donate sperm, it can also lead to receipt of unwanted ejaculate. 

This can give rise to postcopulatory female resistance traits that allow manipulation and/or 

rejection of the received ejaculate. A potential instance of such a trait is the ‘suck’ behaviour, 

observed in the flatworm genus Macrostomum, in which the sperm recipient places its 

pharynx over its own female antrum (sperm receiving organ) and appears to suck. This is 

hypothesised to remove received ejaculate after mating. Interestingly, this genus also contains 

hypodermically-inseminating species, which presumably exhibit forced unilateral mating, 

with sperm being injected via the male copulatory organ into the partner, and these have so 

far not been observed to suck. Moreover, the species also exhibit different combinations of 

reproductive morphological traits, so called mating syndromes, which could be associated 

with the mating strategy. Here, we examine the evolution of the suck behaviour across the 

genus Macrostomum, by aiming at documenting the behaviour of 64 species. First, we 

provide evidence that sperm is indeed removed during the suck behaviour in a reciprocally 

mating species, Macrostomum hamatum. Next, we show that there is a correlation between 

the presence, duration and frequency of the reciprocal mating and suck behaviour, providing 

evidence for our hypothesis that the suck behaviour co-evolves with reciprocal mating. 

Finally, we show that reproductive morphology is a good proxy for inferring the mating 

strategy, presumably as a result of coevolution. 
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Introduction 

Sexual conflict is defined as the conflict between the two sexes over their evolutionary 

interests involving reproduction (Charnov 1979; Parker 1979, 2006; Arnqvist and Rowe 

2005). The ultimate cause of the conflict is anisogamy, in which the male sex produces more 

but smaller gametes (called sperm in animals), whereas the female sex produces fewer but 

larger gametes (called eggs in animals). This often leads to the eggs being a limiting resource 

for obtaining reproductive success and a resulting divergence of interests between the two 

sexes (Bateman 1948; Charnov 1979). These conflicting interests can give rise to traits of one 

sex being costly to the other sex, and an ensuing evolutionary arms race between the two 

sexes (Arnqvist and Rowe 2005). Although work on sexual conflict has usually focussed on 

gonochoristic organisms (Parker 1970, 2006; Rice and Chippindale 2001; Chapman et al. 

2003; Arnqvist and Rowe 2005; Rice et al. 2006; Dougherty et al. 2017; Perry and Rowe 

2018; Sayadi et al. 2019; Svensson 2019), sexual conflict is also pervasive in the lesser-

studied hermaphroditic organisms (Charnov 1979; Leonard 1991; Michiels 1998; Abbott 

2011; Schärer et al. 2015; Beekman et al. 2016; Schenkel et al. 2018). 

Of particular interest is the biology of simultaneous hermaphrodites (referred to as 

hermaphrodites hereafter), which involves interactions that can lead to unique sexual 

conflicts. For example, there can be conflicts between the mating partners over the sex role 

exhibited in a mating (i.e. mating as a sperm donor, a sperm recipient, or both), which, 

depending on the costs and benefits of mating in each role, may lead to sex role preferences 

(Charnov 1979; Michiels 1998; Anthes 2010; Schärer et al. 2015). Bateman’s principle, term 

coined by Charnov (1979), proposes that there is a “greater dependence of males for their 

fertility on frequency of insemination” (Bateman 1948). This is qualitatively supported by 

multiple empirical studies across species (Pélissié et al. 2012; Collet et al. 2014; Janicke et al. 

2016; Janicke and Morrow 2018), although studies recommend caution while measuring 

Bateman's principles (Ah-King 2011) and advocate examining underlying causality of the 

Bateman's principles (Kokko et al. 2012). In a seminal paper, Charnov (1979) proposed that 

the Bateman’s principle also applies to simultaneous hermaphrodites, such that individuals 

mate more to give away sperm than to receive sperm, resulting in a mating conflict. 

This conflict over the sex roles can be resolved via different strategies (Michiels 1998; Anthes 

2010; Schärer et al. 2015). One such strategy is reciprocal mating (also called reciprocal 

copulation), in which both partners mate in the male and female role simultaneously. Thus, 

each sperm donor is also a sperm recipient, and while multiple mating can lead to more 
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opportunities to donate sperm, it may also lead to the receipt of unwanted ejaculate from the 

partner (Marie-Orleach et al. 2013; Nakadera et al. 2014; Weber et al. 2019; Patlar et al. 

2020). While this strategy might seem to represent a cooperative conflict resolution, it may in 

turn lead to the conflict shifting from the precopulatory to the postcopulatory arena. In the 

presence of sperm competition, the partner may donate more sperm than is required for 

fertilisation in order to secure paternity in competition with other sperm donors, which in turn 

could potentially cause polyspermy (Frank 2000). Even in the absence of any direct risk 

posed by the received ejaculate, mating with multiple partners—which is probably the norm 

for most species (Kokko and Mappes 2013)—could lead to the evolution of cryptic female 

choice in the recipient (Eberhard 1996). Thus, receipt of unwanted or excessive ejaculate can 

lead to selection of female resistance traits that allow post-copulatory manipulation of the 

received ejaculate (e.g. via sperm digestion, Sluys 1989; Baur 1998; Michiels 1998; 

Westheide 1999; Angeloni et al. 2003; Dillen et al. 2009; Koene et al. 2009). 

Such female resistance traits can in turn lead to the evolution of male persistence traits or 

other mating strategies as counter-adaptations that allow the partner’s ejaculate to counteract 

or circumvent the female resistance traits and thereby retain access to the eggs (Michiels 

1998; Anthes 2010; Schärer et al. 2015). One such mating strategy is forced unilateral 

insemination. In this strategy, one of the partners mates in the male role and donates sperm 

while the other mates in the female role, potentially against its interests, and receives sperm 

via traumatic or hypodermic insemination (Charnov 1979; Michiels 1998; Lange et al. 2013; 

Reinhardt et al. 2015; Schärer et al. 2015). Moreover, sexual conflict could lead to the 

evolution of multiple male persistence and female resistance traits (spanning behaviour, 

morphology and physiology) that act in sync to either gain access to eggs or to manipulate the 

received ejaculate, respectively, rather than a single persistence or resistance trait (Arnqvist 

and Rowe 2005; Dougherty et al. 2017). Thus, we might expect mating strategies (behaviour) 

to coevolve and be associated with morphological or physiological traits. 

A potential example of a behavioural female resistance trait is the ‘suck’ behaviour, which 

has initially been documented in the free-living flatworm, Macrostomum lignano. Studies in 

this reciprocally mating simultaneous hermaphrodite, have shown that a mating is often 

followed by the suck behaviour, during which the worm bends down and places its pharynx 

over its own female genital opening (which is connected to the female antrum, the sperm 

receiving organ) and appears to suck (Schärer et al. 2004a; Vizoso et al. 2010; Marie-Orleach 

et al. 2013). This suck behaviour is hypothesised to be a postcopulatory behaviour used for 
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removing sperm or other ejaculate components received during mating and thus potentially 

functions as a female resistance trait (Schärer et al. 2004a; Vizoso et al. 2010; Schärer et al. 

2011). While there have been multiple studies on the suck behaviour (Schärer et al. 2004a; 

Janicke and Schärer 2009; Marie-Orleach et al. 2013; Patlar et al. 2020), there has to date 

been no direct evidence for sperm and/or ejaculate being removed during the suck behaviour. 

Interestingly, species of the genus Macrostomum exhibit different combinations of 

reproductive morphological traits that could be associated with these two different mating 

strategies, i.e. reciprocal mating and hypodermic insemination. Indeed, a previous study—

taking advantage of the fact that internal reproductive structures can be directly observed in 

vivo in these highly transparent organisms—had shown an association between the mating 

strategy and certain male and female reproductive traits in 16 Macrostomum species, calling 

these two alternative outcomes the reciprocal and hypodermic mating syndrome, respectively 

(Schärer et al. 2011). Moreover, a more recent study has used a composite measure derived 

from the observation of different components of the reproductive morphology, in an attempt 

to classify ~150 Macrostomum species as showing the reciprocal or hypodermic mating 

syndrome, respectively (Brand et al. in prep.). Briefly, the species with the reciprocal mating 

syndrome have a thick female antrum wall, a complex sperm design (including lateral 

bristles), a blunt or sharp stylet (male intromittent organ) tip and allosperm can be found in 

the female antrum. In contrast, the species with the hypodermic mating syndrome have a thin 

female antrum wall, a simpler sperm design (with absent or reduced bristles), a sharp stylet 

tip, and hypodermic allosperm can be observed in the parenchymal tissue of the worm. The 

stiff lateral bristles on the sperm in reciprocally mating species are hypothesized to represent a 

male persistence trait that allows the sperm to remain anchored in the female antrum, and not 

be removed during the suck behaviour (Vizoso et al. 2010; Schärer et al. 2011), while the 

thick female antrum wall might prevent injury resulting from the male genitalia during 

mating. The sharp needle-like stylet tip in hypodermically inseminating species potentially 

allows sperm to be injected though the partner’s epidermis, while the simple sperm design 

presumably facilitates its movement through the partners body (Schärer et al. 2011; Ramm et 

al. 2015). 

In our study, we examine the evolution of the suck behaviour by aiming to document 

reproductive behaviour in 64 Macrostomum species. We, for the first time, provide 

videographic evidence that ejaculate is indeed removed during the suck behaviour in one 

reciprocally mating species, namely M. hamatum, thus supporting the previously proposed 
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hypotheses for the function of this postcopulatory behaviour. Further, we show that the suck 

behaviour and other copulatory behaviours have likely coevolved, by documenting correlated 

evolution while accounting for phylogeny. Finally, we show that the reproductive 

morphology is a good proxy for inferring the mating strategy. 

Materials and Methods 

Study organisms 

We obtained multiple specimens for a large number of Macrostomum species from a range of 

locations and habitats, using a variety of extraction techniques, which we will report on in 

more detail as part of a separate study on the phylogenetic interrelationships and character 

evolution in this genus (Brand et al. in prep). Briefly, most specimens were sampled directly 

from field sites, some were sampled in natural and artificial ponds, or in aquaria containing 

other organisms, and some were obtained from short- and long-term laboratory cultures 

maintained either by our group or by colleagues. 

Observation methodology 

We aimed at documenting the mating behaviour of a total of 64 Macrostomum species, by 

placing the worms in so-called mating chambers (Schärer et al. 2004a). Briefly, a mating 

chamber consists of the worms being placed between two microscope slides in a drop of a 

medium (i.e. either freshwater or water with different salinity depending on their habitat from 

which they are collected), with a certain number of spacers (between the slides) and sealed 

with pure white Vaseline (note that we generally also placed 4-6 empty drops around the 

drops containing worms to further avoid evaporation). The number of spacers and the volume 

of the drops we used varied depending on the size and number of worms in a drop, 

respectively. Usually, for a pair of worms of the size of M. lignano (~1.5 mm body length), 

we used 2 spacers (each spacer being ~105 μm) and a drop of ~3 μl. The movie recordings 

were done over different time-periods for the different species, depending on their availability 

during sampling trips and/or in lab cultures. The chambers were recorded under different 

setups that varied somewhat in the cameras or lighting used, though from an earlier study we 

know that different setups do not strongly influence mating behaviour, at least in some 

species (Singh et al., submitted). Usually, the movies were recorded in QuickTime Format 

using BTV Pro (http://www.bensoftware.com/) at 1 frame s-1. All worms were checked for 

being adults (defined as having visible gonads or eggs) before or after being filmed. 
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Detailed observation of the mating and suck behaviour in M. hamatum 

While we have been able to document ejaculate being removed during the suck behaviour or 

sperm sticking out of female antrum after the suck behaviour in multiple species, this could 

be seen most distinctly in detailed closeup movies of M. hamatum, since field-collected 

specimens of this species appeared to be more transparent. This allowed us to visualise the 

deposition and subsequent removal of ejaculate during the mating and suck behaviours, 

respectively, more clearly than in any other species to date. Here we examine the mating 

behaviour of M. hamatum, collected on 27. July 2017 directly in front of the Tvärminne 

Zoological Station, Finland (N 59.84452, E 23.24986), in detail under the microscope. For 

definition and scoring of mating and suck (see below). Note that while we describe and 

illustrate in detail one such instance of suck, we have observed ejaculate removal in other 

detailed closeup movies of M. hamatum as well, and these corroborated our finding as 

described here. 

Scoring of reciprocal mating and suck behaviour across species 

We scored the mating behaviours in these mating movies by visual frame-by-frame analysis 

(Supplementary Table S1). A reciprocal mating was scored when the tail plates of two worms 

were in ventral contact and intertwined, such that the female antrum was accessible to the 

partner's stylet and vice-versa, which would allow reciprocal transfer of ejaculate. In most 

species, this copulatory posture is usually accompanied by the pair being tightly inter-linked 

(like two interlocking G's, see figure 1), and is similar to how mating has been described in 

M. lignano, Schärer et al. 2004. In some species the mating posture can be slightly different 

from that observed in M. lignano, as described in Supplementary Table S2. The copulation 

duration was measured from the frame when the tail plates are in ventral contact and tightly 

intertwined, to the frame where the tail plates were no longer attached to each other. We 

defined observed behaviours as matings only if the pair was in the above described 

intertwined posture for at least 3 seconds. The suck duration was measured starting from the 

frame when an individual placed its pharynx on its female genital opening, up to the frame 

where the pharynx disengaged. For each replicate drop, we divided the total number of 

matings and sucks by the number of worms and the movie duration to obtain a standardized 

value (thus obtaining frequency estimates per worm and hour). We then averaged the 

frequency and duration estimates across all replicates for each species to obtain the species 

estimates of the respective behaviours. 
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While we tried to observe hypodermic insemination, we only saw some rare behavioural 

instances in certain species that could presumably be hypodermic insemination. Possible 

reasons for not observing hypodermic insemination could be if the mating occurs very rapidly 

or if these species mate rarely. Since we could not be sure of hypodermic insemination, we 

finally scored species as either exhibiting reciprocal mating or not. Note that absence of 

reciprocal mating does not necessarily imply presence of hypodermic insemination, e.g. it 

could also result from a species not mating under the laboratory condition. 

Unless stated otherwise, we performed our analysis in R, version 3.6.1 (R Core Team 2017). 

Evolution of the mating and suck behaviour across the Macrostomum genus 

To perform phylogenetically corrected comparative analyses, we used a trimmed ultrametric 

phylogeny of the genus Macrostomum, which is based on large-scale phylogenomic analyses 

using a combination of de novo transcriptomes and 28S sequences. 

We estimated the phylogenetic signal for the continuous traits (duration and frequency of 

reciprocal mating and suck) using Pagel's λ (phytools package version 0.6-99, Pagel 1999; 

Revell 2012). A λ value of 1 indicates a strong phylogenetic signal, while a value around 0 

indicates no/low phylogenetic signal (Pagel 1999). We found that the suck frequency and 

duration, and the mating frequency exhibited phylogenetic signal that was significantly 

different from 0, while mating duration exhibited a phylogenetic signal that was marginally 

significantly different from 0 (Supplementary Table S3). 

For each trait, we fitted four different models of trait evolution, i.e. Brownian motion, 

Ornstein–Uhlenbeck, early-burst and lambda model (geiger package version 2.0.6.2, Harmon 

et al. 2008) (Supplementary Table S4). We found that the lambda model had the largest 

Akaike Information Criteria (AICc) weights, and this hence was chosen for further PGLS 

analysis (Supplementary Table S4). All continuous traits were log-transformed for all the 

analysis. 

Testing for coevolution between components of reproductive behaviour 

Correlation between reciprocal mating and the suck behaviour: We used the DISCRETE 

model in BayesTraits V.3.0.1 to test for correlated evolution between reciprocal mating and 

the suck behaviour (scored as present/absent), using Reversible Jump Markov Chain Monte 

Carlo (RJ MCMC) (Pagel 1994; Pagel and Meade 2006; Meade and Pagel 2016). We tested 

support for correlated evolution by comparing dependent and independent models of 
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character evolution. Specifically, we compared marginal likelihood of a dependent model, in 

which the presence of suck depends on the presence of reciprocal mating, with an 

independent model, in which the presence of suck and the presence of reciprocal mating 

evolve independently. Each RJ MCMC chain was run for ten million iterations and the first 

one million iterations were discarded as burn-in, after which the chain was sampled every 

1000th iteration. We used a gamma hyperprior (gamma 0 1 0 1), and placed 1000 stepping 

stones (with each iterating 10000 times) to obtain the marginal likelihood values for the 

models. We performed three separate runs for both dependent and independent model to 

check for the stability of the likelihood values. Using the R package coda (Plummer et al. 

2006), we confirmed that the chains had converged (using Gelman and Rubin's Convergence 

Diagnostic; Gelman and Rubin 1992) and that the Effective Sample Size >200 for all 

parameters. In addition, we also confirmed that the acceptance rate was between 20-40% (the 

ideal acceptance rate when the chain is at convergence and indicating good mixing). We 

evaluated the alternative models using the Log Bayes Factor (BF). We used the convention 

that a BF value greater than 2 is considered as positive support for the best-fit model, while a 

value between 5-10 and greater than 10 is considered as strong and very strong support for the 

model respectively (Pagel and Meade 2006). To examine the robustness of our co-

evolutionary model, we repeated the analysis for a subset of species, by excluding six species 

that had been observed for less than 21 hours (~10% quantile). For the dependent models (of 

entire dataset), we estimated the rates of transition among the different trait states and 

calculated z-values. The z-value can be understood as the percentage of times the parameter 

of the relevant transition rate was zero, amongst all the sampled parameters. Thus, a high z-

value implies that in many iterations the transition rate value was zero, indicating that the 

transition between these states is unlikely. 

Reciprocal mating and the morphologically inferred mating syndrome: We checked for an 

association between behaviourally observed reciprocal mating and morphologically inferred 

mating syndrome, using the DISCRETE model in BayesTraits V.3.0.1 (with the specifications 

as described above for presence of reciprocal mating and suck). Briefly, the species were 

inferred as reciprocally mating or hypodermically inseminating using data on their male and 

female genital morphology, sperm morphology, and the location of received sperm (Brand et 

al. in prep.). One of the species, Macrostomum sp. 101 had a morphology intermediate 

between reciprocal and hypodermic, but since the discrete method in BayesTraits only allows 

binary states for each trait, we excluded this species. To examine the validity of our analysis, 
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we repeated it for a subset of species, by excluding six species that had been observed for less 

than 21 hours (~10% quantile). In addition, we calculated the rates of transition among the 

different trait states and calculated z-values (similar to earlier). 

Correlation between the frequency and the duration of behaviours: For the species that 

exhibited both reciprocal mating and suck, we investigated if there was a correlation between 

the frequency and duration of mating and suck behaviours (continuous variables), using 

phylogenetic generalized least-squares (PGLS) regression implemented in the (caper package 

version 1.0.1, Orme et al. 2014). PGLS accounts for the nonindependence of the data by 

incorporating phylogenetic relationships between species into the error structure of the model. 

For each analysis, we used the phylogenetic signal (Pagel’s λ) of the dependant variable that 

was previously estimated, as the species exhibiting both copulation and suck are a subset of 

species that exhibited only copulation or suck. Thus, using the Pagel’s λ estimated from the 

latter is more precise. We examined the residuals of each model for normality and 

homogeneity (Mundry 2014). Additionally, we scrutinized for influential cases (species) in 

each of our model, by excluding one species at a time from the data and rerunning the 

analysis, and comparing the results obtained with the results for the entire dataset (Mundry 

2014). Finally, we evaluated the validity of our model by repeating the PGLS analysis for a 

subset of data, which excluded species in which mating or suck had only been observed in 

one replicate. 

 

Results 

Detailed observation of reciprocal mating and suck behaviour in M. hamatum 

In the detailed movie of M. hamatum, the worms were already interlinked in the copulatory 

position at the beginning of the clip (Figure 1), and we considered this as t = 0 s. We, 

hereafter, refer to the worm on right as P1 (white in Figure 1) and the worm on left as P2 

(grey in Figures 1 and 2). The tail plates were “touching each other ventrally in opposite 

directions and their anterior ventral surface was in contact with the posterior dorsal surface of 

the partner”, as previously described for M. lignano (Schärer et al. 2004a). Interestingly, in 

M. hamatum the copulatory position resembled a square with rounded corners, as opposed to 

M. lignano, which seemed more circular or G-shaped. There also was a striking difference in 

the position of the tail plate, which in M. hamatum stood at a 90° angle from the posterior 

body axis and appeared to poke into the anterior ventral surface of the partner. Moreover, 



 

61 
 

M. hamatum had a much more prominent erection (i.e. a translucent finger-like shape on the 

tail plate, likely formed by the everted male genital antrum), which poked into the posterior 

ventral surface of the partner in the region of the vagina (although it was unclear if the 

ejection entered the partner). The stylet of P2 performed poking movements towards P1's 

female antrum (moving inside of the relatively stationary erection), initially without any 

transfer of ejaculate. At t = 3-5 s, the stylet of P2 can be seen poking against the dorsal side of 

the partner’s antrum wall several times, each time leading to a visible bulge on P1’s dorsal 

side, and eventually began to deposit ejaculate (seen as a visible darkening of the antrum 

lumen starting at about t = 5s). During this the seminal vesicle emptied (seen at the base of the 

erection), while the female antrum of the partner filled up with ejaculate over the next ~21 

seconds. At t = 28 s, P1 pushed out its female antrum and placed its pharynx on top of its own 

female genital opening and sucked. The ejaculate could be seen leaving P1’s female antrum 

(i.e. the visible darkening of the antrum lumen moved towards the pharynx between t = 29-

30s). In total the suck behaviour lasted for 7 seconds and interestingly, during the suck the 

stylet of P2 remained partly anchored in P1’s female antrum. At t = 52 s, the mating was over 

with a total duration of ~64 s. At t = 56 s, only P2 was in the frame and the ejaculate in its 

female antrum was clearly visible. It continued to have a relatively small erection despite the 

mating being over. At t = 78 s, P2 pushed its female antrum out and some sperm was ejected 

from the female antrum at t = 80 s, notably before the pharynx made contact (Figure 2). At t = 

81 s, P2 put its pharynx on top of its female genital opening and sucked for 10 s. After the 

suck, some sperm could still be seen sticking out of the female antrum, especially at 92 s, but 

most of the ejaculate had been removed from the antrum. The female antrum remained 

slightly everted and the erection visible until at least 108 s.   
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Figure 1. Reciprocal mating and a postcopulatory suck in M. hamatum: Illustration of ejaculate deposition and 

removal during the suck behaviour in P1 (white worm on right at 0 s). Ejaculate (dark mass indicated by red 

arrow) can be seen being deposited starting from 3.7 s in P1’s female antrum, followed by the worm pushing its 

female antrum out (27.4 s) and sucking. There is a visible reduction in the quantity of ejaculate in the female 

antrum of focal worm after suck. Note that we call the frame from where we start describing the movie as t = 0 s, 

but the mating had started before. 
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Figure 2. Postcopulatory suck: Following the reciprocal mating (in Figure 1), the individual that had not 

previously sucked, pushed out its female antrum (which leads to some sperm appearing at the female genital 

opening) and then put its pharynx on top of the female genital opening and sucked out most of the previously 

deposited ejaculate. Moreover, some sperm can be seen sticking out of the female genital opening after the suck. 

Note that the timing of this panel starts from 0, but this is a continuation of the movie from Figure 1. 

 

Evolution of the mating and suck behaviour across Macrostomum genus 

We observed a total of 2796 worms across 64 Macrostomum species, with a mean of 44 

worms and 76.7 hours observed per species, for a total observation time of 4908 hours. Of the 

64 species, 30 species exhibited reciprocal mating behaviour, 31 species exhibited the suck 

behaviour, and 25 species exhibited both reciprocal mating and the suck behaviour (Figure 3). 

Among the species that exhibited reciprocal mating, the average mating frequency was 0.84 

hr-1 (range: 0.02-7.82 hr-1) and the average mating duration was 283.66 s (range: 5.25-4609 s) 

(Figure 4). Among the species that did suck, the average suck frequency was 0.54 hr-1 (range: 

0.01-3.7 hr-1) and the average suck duration was 9.58 s (range: 4.75-16.08 s) respectively 

(Figure 4). 
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Figure 3. Behaviourally inferred presence or absence of reciprocal mating (A) and the suck behaviour 

(B), and morphologically inferred presence or absence of the reciprocal mating syndrome across the 

Macrostomum phylogeny (for a total of 64 Macrostomum species). Note that for the behaviourally 

inferred traits an absence may be due to a lack of sufficient data, and that the absence of the reciprocal 

mating syndrome represents the hypodermic insemination syndrome, except for Macrostomum sp. 101, 

which showed an intermediate syndrome (white dot). 
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Figure 4. Trimmed Macrostomum phylogeny of the 36 species that showed either reciprocal mating 

behaviour and/or the suck behaviour alongside data on means and standard errors of (a) reciprocal 

mating and suck frequency, (b) log-transformed mating duration (s), and (c) suck duration (s) of the 

species. Note that some species exhibited only reciprocal mating or the suck behaviour. Also note that 

for the species in which a behaviour had been observed in only 1 replicate, we report only that single 

value. 

 

Testing for coevolution between components of reproductive behaviour 

Correlation between reciprocal mating and the suck behaviour: We found very strong 

support for the dependent model of evolution over the independent model for the correlation 

between reciprocal mating and suck behaviour, with all three runs for each model providing 

similar values (average marginal likelihood, independent = -88.67, dependent =-83.3, BF: 

10.75; see also Supplementary Table S5). This showed that the presence of reciprocal mating 

and the suck behaviour are strongly correlated. This result was robust to observation time, 

since excluding the 6 species that were observed for less than 21 hours gave similar results 

(Supplementary Table S5). 

The transition from the absence of both reciprocal mating and the suck behaviour to presence 

of either of these traits is the most unlikely, as evident from the very low evolutionary 

transition rates and the very high z-values (Figure 5). Interestingly, the other transitions, 

including losing reciprocal mating or the suck behaviour from both present states, are all 

equally likely. 
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Figure 5. Evolutionary transition rates and the z-value % (in parenthesis): We examine the correlation 

between the presence of reciprocal mating and a) the suck behaviour, and b) the morphologically 

inferred mating syndrome. For the evolutionary transition rates, the mean of the posterior distributions 

across all runs is given. The z-value can be understood as the percentage of times the parameter of the 

relevant transition rate was zero, amongst all the sampled parameters. The different arrows represent 

different probabilities of transitions between the states: high probability (thick black arrows, z-value < 

15%), moderate probability (thin black arrows, z-value 30-55%), and low probability (dashed black 

arrows, z-value > 85%). 

 

Reciprocal mating and the morphologically inferred mating syndrome: There was a 

correlation between the presence of the reciprocal mating behaviour and the morphologically 

inferred mating syndrome, as evident from the strong support for the dependent model of 

evolution over the independent model, with similar values for the three independent runs of 

each model (average marginal likelihood, independent = -68.31, dependent = -65.12, BF: 

6.38; see also Supplementary Table S5). Similar to earlier, our result was robust to 

observation time, as the subsetted data gave us similar results (Supplementary Table S5). 

The transition from reciprocal mating behaviour and reciprocal mating morphology to 

absence of either of these traits was moderately unlikely, while the converse was very likely 

(Figure 5). Similarly, the transition from absence of reciprocal mating behaviour, and 

hypodermic morphology to either presence of reciprocal mating behaviour or reciprocal 

mating morphology was moderately unlikely, while the converse was very likely. 

Correlation between the frequency and the duration of behaviours: Partially in line with our 

predictions, there is a significant correlation between both mating and suck frequency, and 

mating and suck duration; while there is no significant correlation between mating duration 

and frequency, and suck duration and frequency (Table 1, Figure S1). The subsetted dataset 

also gave qualitatively similar results (Supplementary Table S6). 
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Table 1. Summary of the PGLS results for the association between aspects of reciprocal mating and suck 

behaviour for the entire dataset. Note that PGLS was done on log-transformed variables. 

Dependent variable Predictor variable λ β±s.e. t, df  P 

Suck frequency Reciprocal mating frequency 0.68 0.45±0.1 4.43, 23 0.0002 

Suck duration Reciprocal mating duration 0.75 0.1±0.03 3.83, 23 0.0008 

Reciprocal mating frequency Reciprocal mating duration 0.51 -0.09±0.15 -0.61,28 0.54 

Suck frequency Suck duration 0.68 0.68±0.68 0.99,29 0.33 

 

 

Discussion 

Sexual conflict can give rise to antagonistic coevolution across all sexual systems (Brennan 

and Prum 2015; Perry and Rowe 2015; Schärer et al. 2015; Hosken et al. 2019). Here we 

documented the presence and evolution of a female resistance trait, the suck behaviour, in the 

hermaphroditic flatworm genus Macrostomum. Our findings corroborated our hypothesis that 

the suck functions as a female resistance trait to remove received ejaculate, given the 

significant correlation between different aspects of reciprocal mating and the suck behaviour. 

We also showed that the reproductive morphology is a good proxy for inferring the mating 

strategy, presumably also as a result of coevolution. 

While multiple studies in Macrostomum have examined different aspects of the suck 

behaviour, generally assuming that it is involved in removing received ejaculate components, 

our detailed movie of M. hamatum provides the first direct evidence that ejaculate is indeed 

removed during this postcopulatory behaviour. Interestingly, compared to M. lignano 

(Schärer et al. 2004a), M. hamatum has a more angular mating posture (possibly due to the 

angular position of the tail plate), a larger erection around the stylet and the worms 

prominently evert the female antrum just before the suck behaviour. This could result from 

differences in the female antrum morphology, which has a strong musculature and an inner 

second chamber connecting to the main female antrum (Luther 1947), in contrast to 

M. lignano, which has a simpler female antrum with a single chamber (Ladurner et al. 2005; 

Vizoso et al. 2010). Similarly, the prominent erection of the male antrum could result from a 

muscular morphology that is similar to the muscular cirrus seen in species of the sister genus, 

Psammomacrostomum (Ax 1966; Janssen et al. 2015). This combination of a prominent 

female antrum and relatively transparent specimens, potentially helped us visualise the suck 
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better in M. hamatum than in other Macrostomum species observed to date. Remarkably, in 

M. hamatum, worms sometimes suck while still copulating, unlike in M. lignano where a 

worm sucks only after mating (Schärer et al. 2004a; Marie-Orleach et al. 2013). 

While we see ejaculate being removed during the suck behaviour, we are not sure whether it 

is ingested. While sperm-digestion is widespread in hermaphrodites (Sluys 1989; Baur 1998; 

Michiels 1998; Westheide 1999; Angeloni 2003; Dillen et al. 2009; Koene et al. 2009), it 

usually occurs inside an organ connected to the individual’s reproductive system, unlike in 

the case of the suck behaviour. To our knowledge, there have been only two earlier cases of 

sperm being orally taken up in hermaphrodites, one in the arrowworm Spadella cephaloptera 

(John 1933) and the other in the leech Placobdella parasitica (Myers 1935). Thus, suck 

behaviour seems to be a novel trait, which to date has only been observed in a large subclade 

of the genus Macrostomum (see the deep split in the phylogeny in Figure 3). Similar to the 

suck, there is sperm dumping in many gonochoristic species, in which the female physically 

ejects sperm from males from her sperm storage organ, and this, at least in some cases, is 

thought to be a mechanism of cryptic female choice (Eberhard 1996; Pizzari and Birkhead 

2000; Snook and Hosken 2004; Peretti and Eberhard 2010; Firman et al. 2017). If the suck 

behaviour also functions in cryptic female choice, we might expect individuals to remove or 

retain sperm of certain partners more frequently. This has indeed been observed in 

M. lignano, where the propensity to suck in an individual is affected by the genotype of its 

partners (Marie-Orleach et al. 2017). 

We found a significant correlation between the presence of reciprocal mating and the suck 

behaviour. In reciprocally mating species, ejaculate is deposited in the female antrum 

allowing its removal during the suck behaviour, while in hypodermically inseminating 

species, sperm is injected potentially anywhere in the body and probably rarely in the female 

antrum (Schärer et al. 2011). Thus, we do not expect to see the suck behaviour in 

hypodermically inseminating species. Interestingly, the transition rates showed that while it is 

unlikely for a species that lacks both reciprocal mating and the suck behaviour to gain either 

of these traits, the loss of either reciprocal mating or the suck behaviour is more likely from 

any state. This loss of either of these traits could represent a transitional step towards 

hypodermic insemination, which might arise as a means to circumvent the female control and 

allow access to the eggs. Moreover, this is supported by the results that there are multiple 

independent origins of hypodermic insemination, indicating multiple transitions away from 
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reciprocal mating, while no such transition has been detected in the converse direction 

(Schärer et al. 2011). 

Surprisingly, there were 11 species that showed either only reciprocal mating or the suck 

behaviour, but not both. This might either result from the species not exhibiting the behaviour 

under our laboratory conditions, or it might indicate that a species lacks the behaviour. If a 

species mates rarely, they might not need to remove the sperm received. In our study the 

species that copulated but did not suck had a low or intermediate mating frequency (see 

species with low mating frequency in Figure 4A). Alternatively, species might lack reciprocal 

mating, but losing a resistance trait like the suck behaviour might take longer, e.g. if suck 

does not impose costs on the fecundity or has an alternate function. Species are predicted to 

lose defensive or resistance traits only after the male traits have become substantially less 

harmful, leading to a time lag (Parker 1979). For example, a study on the seed beetle, 

Callosobruchus maculatus, showed that while males evolved relatively reduced length of 

genital spines in large males under monogamy, there was no detectable evolution in female 

genitalia in the same time period (Cayetano et al. 2011). 

We found a significant correlation between frequency and duration of reciprocal mating and 

suck. If a frequent mating or longer mating duration implies more sperm transfer, then we 

expect selection for a frequent or longer duration suck (particularly if ejaculate receipt is 

associated with fitness costs). Alternatively, it might be the female resistance trait driving the 

evolution of reciprocal mating frequency and duration, e.g. frequent sucking might select for a 

higher mating frequency (Karlsson Green and Madjidian 2011). While a longer mating 

duration does imply more ejaculate transferred in some species (Engqvist and Sauer 2003) 

and given that it is often used as a proxy for ejaculate size (Kelly and Jennions 2011), it could 

also correlate with the complexity of genitalia, such that more complex genitalia might have 

longer mating duration (King et al. 2009). In the latter case, we could expect the suck duration 

to also correlate with complexity of genitalia or sperm. While we expected species that 

copulate longer to copulate infrequently, e.g. if it took longer to replenish the ejaculate 

transferred, we did not observe such a trend. Similarly, there was no significant correlation 

between suck frequency and duration, which we might have expected assuming frequent 

sucks and longer suck duration serve a similar function. 

The significant correlation between the observed reciprocal mating and the morphologically 

inferred reciprocal mating syndrome confirms the previous findings (Schärer et al. 2011), and 

shows that persistence and resistance are generally not limited to single traits, but are 
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presumably composite entities involving a suite of behavioural, morphological and 

physiological traits acting together (Arnqvist and Rowe 2005). For example, the female 

antrum wall and the suck behaviour might be different components of resistance. While a 

thickened female antrum wall might prevent injury resulting from the male genitalia when 

reciprocally mating, the suck behaviour removes the received ejaculate. Adaptations of the 

female reproductive tracts are also seen in the seed beetle C.  maculatus, where a thicker 

female tract lining served as a resistance trait against harm by male genitalia (Dougherty et al. 

2017). Moreover, resistance and persistence traits can also be at the proteomic level. A study 

in M. lignano identified two seminal fluid transcripts that caused mating partners to suck less 

often, with the authors suggesting that these proteins might be male counter-adaptations to 

suck behavior (Patlar et al. 2020). 

Thus, our study, while providing evidence for sperm removal during the suck behaviour, also 

provides support for the coevolution of reciprocal mating and the suck behaviour, and 

provides information in a phylogenetic context on the occurrence and interspecific variation 

of the suck behaviour. Moreover, we show that reproductive morphology can be a good proxy 

for the mating strategy. Future studies should try to experimentally manipulate the suck 

behaviour to elucidate its function and effect on the fitness of the sperm donor and sperm 

recipient, respectively. 
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Supporting information for “Evolution of the suck behaviour, a postcopulatory female resistance trait in 
a hermaphroditic flatworm genus”. 
 
Table S1. Data on observation records of reproductive behaviour in 64 species in the genus Macrostomum. For 
some species and drops, we did not observe any matings or suck behaviours. 
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M. axi 180 491.3
4 

67 23 0.16 ± 
0.08 

200.87 ± 58.77 26 0.22 ± 
0.15 

14.21 ± 2.83 

M. balticum 18 48.00 9 1 0.19 35.33 1 0.31 12.4 

M. baoanensis 20 26.54 10 6 0.42 ± 
0.11 

30.28 ± 10.65 3 0.31 ± 
0.06 

8.33 ± 1.15 

M. clavituba 88 235.0
3 

38 26 0.47 ± 
0.44 

5.41 ± 1.76 21 0.4 ± 0.30 5.43 ± 0.52 

M. cliftonensis 36 42.00 18 12 1.23 ± 
1.29 

35.59 ± 14.82 11 1.20 ± 
1.03 

11.74 ± 1.85 

M. curvituba 114 62.00 35 15 0.58 ± 
0.49 

6.64 ± 2.24 13 0.58 ± 
0.47 

8.02 ± 1.53 

M. distinguendum 26 31.00 9 1 0.1 15 - - - 

M. finlandense 50 108.0
0 

18 - - - 1 0.05 6 

M. gabriellae 80 80.00 40 - - - - - - 

M. gieysztori 13 20.00 4 1 0.3 5.25 - - - 

M. hamatum 63 192.0
0 

28 9 0.24 ± 
0.23 

52.71 ± 19.22 11 0.61 ± 
0.77 

11.35 ± 1.58 

M. hystricinum 7 8.00 1 - - - - - - 

M. hystricinum_d 24 24.00 12 - - - - - - 

M. hystrix 145 210.9
8 

64 - - - - - - 

M. inductum 16 32.00 6 - - - 1 0.125 8 

M. janickei 120 58.73 60 56 3.74 ± 
1.92 

81.94 ± 30.1 39 1.63 ± 
1.08 

9.74 ± 1.71 

M. karlingi 5 16.00 1 - - - 1 0.01 8 

M. kepneri 6 12.00 2 - - - 2 0.14 ± 
0.03 

8 ± 0 

M. lignano 114 29.95 57 54 7.82 ± 
4.37 

14.99 ± 4.11 50 3.70 ± 
2.54 

8.21 ± 1.71 

M. longituba 42 65.43 16 9 1.92 ± 
2.38 

36.31 ± 11.08 8 0.57 ± 
0.55 

10.14 ± 3.51 

M. mediterraneum 26 20.88 11 9 3.13 ± 
1.56 

40.60 ± 11.14 5 0.9 ± 0.91 13.62 ± 1.11 

M. minutum 33 29.00 7 - - - - - - 

M. mirumnovem 273 560.2
0 

117 11 0.28 ± 
0.11 

940.5 ± 236.51 15 0.32 ± 
0.23 

15.71 ± 2.28 

M. mystrophorum 9 21.69 4 - - - - - - 
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M. paradoxum 138 194.0
0 

40 1 0.1 15 13 0.08 ± 
0.06 

5.69 ± 1.33 

M. poznaniense 36 178.3
1 

13 1 0.03 20 - - - 

M. pusillum 98 84.99 27 - - - - - - 

M. quiritium 18 25.78 3 - - - - - - 

M. retortum 10 37.12 4 - - - - - - 

M. rostratum 28 26.75 8 1 0.02 18 3 0.14 ± 
0.09 

5.58 ± 0.37 

M. spirale 249 644.3
8 

109 11 0.27 ± 
0.25 

294.12 ± 203.84 10 0.65 ± 
0.84 

16.08 ± 4.32 

M. tenuicauda 32 59.26 15 9 0.20 ± 
0.16 

42.5 ± 17.67 6 0.13 ± 
0.07 

8.8 ± 1.52 

M. tuba 43 146.4
1 

18 12 0.57 ± 
0.68 

112.42 ± 46.32 5 0.21 ± 
0.31 

6.78 ± 1.59 

Macrostomum sp. 1 12 10.01 6 - - - - - - 

Macrostomum sp. 2 8 12.00 2 2 0.08 ± 
0.07 

8 ± 1.41 2 0.37 ± 
0.35 

10.3 ± 0.99 

Macrostomum sp. 4 16 48.89 4 - - - - - - 

Macrostomum sp. 16 2 1.33 1 - - - - - - 

Macrostomum sp. 17 6 6.00 2 - - - 1 0.67 4.75 

Macrostomum sp. 22 12 12.00 6 - - - - - - 

Macrostomum sp. 30 18 27.92 6 1 0.04 1002 3 0.11 ± 
0.08 

10.67 ± 2.52 

Macrostomum sp. 34 3 3.00 1 - - - - - - 

Macrostomum sp. 36 8 8.00 3 - - - - - - 

Macrostomum sp. 42 91 172.7
4 

40 6 0.45 ± 
0.23 

802.55 ± 
1212.71 

3 0.28 ± 
0.21 

12 ± 1 

Macrostomum sp. 43 2 6.02 1 1 0.08 4609 - - - 

Macrostomum sp. 47 10 13.09 5 - - - - - - 

Macrostomum sp. 48 10 9.67 5 - - - - - - 

Macrostomum sp. 49 10 10.91 5 - - - - - - 

Macrostomum sp. 56 14 26.20 5 - - - - - - 

Macrostomum sp. 57 12 12.00 4 4 1.11 ± 
0.70 

26.14 ± 6.02 4 0.5 ± 0.23 8.51 ± 0.64 

Macrostomum sp. 61 12 12.00 4 3 0.15 ± 
0.06 

15.67 ± 4.93 1 0.22 8 

Macrostomum sp. 62 18 15.35 6 - - - - - - 

Macrostomum sp. 64 18 18.00 6 - - - - - - 

Macrostomum sp. 65 12 12.00 4 - - - - - - 

Macrostomum sp. 66 12 9.33 4 - - - - - - 

Macrostomum sp. 67 3 2.58 1 1 0.26 9 - - - 

Macrostomum sp. 78 55 38.33 13 - - - - - - 

Macrostomum sp. 80 45 57.00 13 - - - - - - 

Macrostomum sp. 82 10 12.00 4 - - - - - - 
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Macrostomum sp. 83 12 12.00 4 - - - - - - 

Macrostomum sp. 
100 

28 36.00 9 - - - - - - 

Macrostomum sp. 
101 

47 75.09 20 - - - 3 0.12 ± 
0.05 

9.67 ± 1.53 

Macrostomum sp. 
103 

55 116.9
3 

27 3 0.29 ± 
0.19 

13.61 ± 5.25 7 0.13 ± 
0.06 

9.33 ± 0.99 

Macrostomum sp. 
108 

30 46.36 15 9 0.67 ± 
0.50 

10.69 ± 3.51 8 1.32 ± 
1.06 

12.331 ± 
3.02 

Macrostomum sp. 
117 

45 243.7
7 

17 3 0.27 ± 
0.11 

9.69 ± 1.03 5 0.66 ± 
1.08 

9.70 ± 0.88 

 

 

 

 

Table S2. Reciprocal mating behaviour for different species. 

Species Reciprocal mating behaviour 

M. distinguendum Usually the anterior dorsal side of both worms faced the same direction, while the posterior body 
was twisted at an angle such that the tail plates of the worms were in ventral contact with the female 
antrum accessible to the partner’s stylet and vice-versa, allowing reciprocal transfer of ejaculate. 

M. paradoxum The entire body of the worms was intertwined with two turns of the body, with the tail plates in 
ventral contact such that the female antrum was accessible to the partner's stylet and vice-versa, 
which would allow reciprocal transfer of ejaculate, after some time they untwine slightly. At this 
point they remain attached at their tail plates ventrally, but the rest of the body is unattached, facing 
in opposite directions. 

M. tuba Similar to M. distinguendum, although the anterior ventral side of each worm remains attached to the 
substrate. 

Macrostomum sp. 57 Similar to M. paradoxum. 

Macrostomum sp. 61 The worms intertwine similar to M. paradoxum, but towards the end they only partially untwine, 
such that they resemble a pretzel with both worms’ anterior part facing in the same direction. 

Macrostomum sp. 67 The entire body of the worms was intertwined, with the tail plates in ventral contact such that the 
female antrum was accessible to the partner's stylet and vice-versa, which would allow reciprocal 
transfer of ejaculate, 
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Table S3. Phylogenetic signal (Pagel’s λ) for the frequency and duration of both mating and suck (all log-
transformed). For the λ-statistic, a log-likelihood ratio test was used to assess if the maximum-likelihood 
estimate of λ was significantly different from a λ = 0 model. 
 
Trait λ P 
Mating frequency 0.51 0.05 
Mating duration 0.44 0.08 
Suck frequency 0.68 0.02 
Suck duration 0.75 0.005 
 
  



 

79 
 

Table S4. For duration and frequency of both mating and suck, we determined the model fit of different 
character evolution models (i.e. the Brownian motion, Ornstein–Uhlenbeck, Early-burst and Lambda models). 
The values of V2 (Brownian rate parameter), D (selection strength parameter), and a (rate of evolutionary change 
parameter) for the different models are given. 
 

Effect 

size 

Brownian motion Ornstein-Uhlenbeck Early-burst Lambda 

V� AICc ZL V� D AICc ZL V� a AICc ZL O V� AICc ZL 

Mating 

frequency 

15.11 123.74 0.0002 19.47 2.72 116.17 0.007 15.11 -0.000001 126.22 0.00005 0.51 3.94 106.24 0.99 

Mating 

duration 

20.73 133.23 0.0017 26.75 2.72 125.7 0.075 20.73 -0.000001 135.71 0.00050 0.44 6.1 120.67 0.92 

Suck 

frequency 

6.15 101.63 0.0440 9.23 2.72 97.8 0.299 6.15 -0.000001 104.09 0.01284 0.68 2.87 96.26 0.64 

Suck 

duration 

0.41 17.9 0.0890 0.65 2.72 15.37 0.315 0.41 -0.000001 20.36 0.02602 0.75 0.22 14.19 0.57 
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Table S5. Marginal likelihoods and Bayes Factor values of the independent and dependent models (three 
independent runs each) for examining the correlated evolution between a) the presence of reciprocal mating and 
the suck behaviour, and b) the behaviorally observed mating strategy and the morphologically inferred mating 
strategy syndrome, for the entire dataset and for the subsetted dataset. 

 Entire dataset Subsetted dataset 

Independent Dependent Bayes 
Factor 

Independent Dependent Bayes 
Factor 

a) Presence of 
reciprocal mating and 
suck 

Run 1 -88.67 -83.34 10.67 -75.35 -67.04 16.60 

Run 2 -88.67 -83.27 10.79 -75.34 -67.07 16.54 

Run 3 -88.66 -83.28 10.78 -75.36 -67.06 16.62 

Average -88.67 -83.3 10.75 -75.35 -67.06 16.59 

b) Behaviorally 
observed and 
morphologically 
inferred mating strategy 

Run 1 -68.31 -65.13 6.35 -64.08 -61.22 5.73 

Run 2 -68.30 -65.08 6.44 -64.07 -61.24 5.67 

Run 3 -68.32 -65.14 6.36 -64.08 -61.18 5.81 

Average -68.31 -65.12 6.38 -64.08 -61.21 5.74 
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Table S6. Summary of the PGLS results for the association between reciprocal mating and aspects of the suck 
behaviour for subset dataset. Note that PGLS was done on log-transformed variables. 

Dependant variable Predictor variable λ β±s.e. t, df  P 

Suck frequency Reciprocal mating 
frequency 

0.68 0.44±0.14 3.24, 18 0.004 

Suck duration Reciprocal mating 
duration 

0.75 0.1±0.03 3.66, 18 0.002 

Reciprocal mating 
frequency 

Reciprocal mating 
duration 

0.51 -0.02±0.16 -0.13, 19 0.89 

Suck frequency Suck duration 0.68 1.04±0.68 1.53, 23 0.14 

 
 

 
Figure S1. Relationship between a) copulation frequency and suck frequency, and b) copulation duration and 
suck duration, c) copulation duration and frequency, and d) suck duration and frequency across 25 
Macrostomum species. Note that log-transformed values have been plotted. 
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Chapter III 

Variation in sex allocation plasticity in three closely related flatworm 

species 
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Sex allocation (SA) theory in simultaneous hermaphrodites (her-
maphrodites henceforth) predicts an influence of mating group 
size on SA, with small mating group sizes favoring a female-bi-
ased SA and larger mating group sizes favoring a more equal SA 
(Charnov, 1982). This effect of mating group size on SA can be un-
derstood in terms of local sperm competition (LSC; Schärer, 2009; 
Schärer & Pen, 2013), which occurs when related sperm from the 
same sperm donor (or related sperm donors) compete for access 
to a partner's eggs. LSC can be thought of as the inverse of sperm 

competition, which in turn occurs when unrelated sperm compete 
for access to a partner's eggs (Parker, 1970, 1998). In the pres-
ence of high LSC—for example, under monogamy or obligate self-
fertilization—the competing sperm are maximally related to each 
other, and thus, fitness returns for male investment increase at 
a strongly diminishing rate (Charlesworth & Charlesworth, 1981; 
Charnov, 1982; Schärer & Pen, 2013). This happens because any 
investment into the male function to produce more sperm than 
are required to fertilize the partner's eggs is a waste of resources, 
as the donor-related sperm simply compete among themselves. 
Under these conditions, a hermaphroditic individual can instead 
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Abstract
Sex allocation (SA) theory for simultaneous hermaphrodites predicts an influence of 
group size on SA. Since group size can vary within an individual's lifetime, this can 
favor the evolution of phenotypically plastic SA. In an emerging comparative con-
text, we here report on SA plasticity in three closely related Macrostomum flatworm 
species, namely Macrostomum janickei, Macrostomum cliftonensis, and Macrostomum 
mirumnovem. For each species, we experimentally raised worms in three group sizes 
(isolated, pairs, and octets) and two enclosure sizes (small and large) in all factorial 
combinations and studied the effects of these factors on different estimates of SA. 
In addition, we also evaluated whether isolated worms engage in self-fertilization. 
We found that all species have plastic SA, with M. cliftonensis being more plastic 
than the other two species, as assessed by comparing standardized effect sizes of 
(a) the presence/absence of mating partners and (b) the strength of sexual competi-
tion. Moreover, we found that sperm production rate—but not sperm morphology—is 
plastic in M. cliftonensis, and that only M. mirumnovem self-fertilized during our ob-
servation period. Our study suggests that both SA and SA plasticity can diverge even 
between closely related species.

� � + )� !	 "

local mate competition, local sperm competition, self-fertilization, simultaneous 
hermaphrodites, sperm morphology, sperm production rate



ƑՊ�|Պ�ՊՍ SINGH et al.

maximize its fitness by reallocating investment from sperm pro-
duction (male function) to the production of its own eggs (female 
function), thus favoring a female-biased SA under monogamy or 
obligate self-fertilization (Charlesworth & Charlesworth, 1981; 
Charnov, 1982; Schärer, 2009; Schärer & Pen, 2013). But as the 
mating group size increases, leading to more donors contributing 
sperm to each recipient, an individual's sperm competes more and 
more with unrelated sperm. Under these conditions, it pays off to 
invest into the male function to gain more fertilizations, favoring a 
subsequent shift toward a more equal SA (Charnov, 1982; Schärer, 
2009; Schärer & Pen, 2013).

Most SA models predict the effect of mating group size and 
LSC in evolutionary terms, with SA representing an adaptation to 
the average mating group size experienced by a species over many 
generations and thus being modeled as a genetically fixed trait (but 
v;;��_-umo�ķ�ƐƖѶѵőĺ� �m�1om|u-v|ķ�lov|�;lrbub1-Ѵ�|;v|v�o=�"��|_;ou��
for hermaphrodites have evaluated these predictions based on the 
premise that SA can also be plastically adjusted, in response to en-
vironmental conditions experienced by the organism, either during 
their ontogeny (e.g., Janicke et al., 2013; Janicke, Sandner, Ramm, 
(b�ovoķ� ş� "1_u;uķ� ƑƏƐѵĸ� "1_u;u� ş� �-7�um;uķ� ƑƏƏƒĸ� "1_u;u� ş�
Wedekind, 2001; Tan, Govedich, & Burd, 2004) or during adulthood 
(e.g., Brauer, Schärer, & Michiels, 2007; Hart, Svoboda, & Cortez, 
2011; Hoch & Levinton, 2012; Lorenzi, Sella, Schleicherová, & 
!-l;ѴѴ-ķ�ƑƏƏƔĸ�"-m|bķ��b11_bķ�ş��ou;m�bķ�ƑƏƐѶĸ�"1_Ѵ;b1_;uo��;|�-Ѵĺķ�
2014).

In our study, we also primarily focus on plastic adjustments of 
SA in response to the social environment, and more specifically, to 
different mating group sizes. The effect of mating group size on SA 
can be viewed in terms of reaction norms, with a steep slope of the 
reaction norm representing greater plasticity in SA compared to a 
shallower slope. Moreover, the reaction norm can be thought of as 
an evolved trait that can vary between species, and it can serve as a 
useful tool for studying evolution of plasticity (Stearns, 1992).

To estimate SA in hermaphrodites, resource allocation toward 
the male and female function needs to be quantified, and such al-
location can be considered to have both static and dynamic com-
ponents. While the static component involves allocation toward 
the establishment and maintenance of reproductive organs, such 
as testes and ovaries, the dynamic component involves allocation 
toward the actual production of gametes (and possibly secretion 
products of other reproductive glands), leading to the output of the 
reproductive organs (Schärer, 2009). Studies generally tend to focus 
on estimating the relatively easy to measure static reproductive or-
gans and then simply assume a tight correlation between the static 
measures (e.g., testis size) and the dynamic measures (e.g., sperm 
production rate). While this assumption is likely often warranted 
to some degree, it clearly does not always hold perfectly, with dy-
namic measures sometimes exceeding the output expected from 
v|-|b1�l;-v�u;v� Ő;ĺ]ĺķ��b-mm-h-u-ķ�"1_u;uķ�ş�!-llķ�ƑƏƐѵĸ��ুroѴ7ķ�
Linz, Rivers, Westneat, & Birkhead, 2009; Ramm & Stockley, 2010; 
Schärer & Vizoso, 2007). Thus, it is interesting to measure both static 
and dynamic components of SA (and the link between them). For 

time reasons, we do only the former for two of the species studied 
here and both the former and latter for a third species.

Furthermore, phenotypically plastic changes in sperm produc-
tion rate could, at least in theory, affect sperm morphology, since 
sperm size might trade-off with sperm quantity, in which case sperm 
competition might select more numerous and thus also smaller 
vr;ul� Ő�llѴ;u�;|� -Ѵĺķ� ƑƏƐƐĸ��;ѴѴ��ş� �;mmbomvķ�ƑƏƐƐĸ�"moohķ�ƑƏƏƔőĺ�
Additionally, an increase in sperm competition risk and/or intensity 
might under some conditions directly select for plasticity in sperm 
traits that increase the paternity share of a sperm donor (Pizzari & 
�-uh;uķ�ƑƏƏƖĸ�"moohķ�ƑƏƏƔőĺ�";�;u-Ѵ�u;1;m|�v|�7b;v�_-�;�v_o�m�r_;-
notypic plasticity in sperm morphology and function (e.g., ascidians, 
Crean & Marshall, 2008; insects, Morrow, Leijon, & Meerupati, 2008; 
birds, Immler, Pryke, Birkhead, & Griffith, 2010; and flatworms, 
�-mb1h;�;|�-Ѵĺķ�ƑƏƐѵĸ�0�|�v;;��-mb1h;�ş�"1_u;uķ�ƑƏƐƏőĺ�)_;|_;u�v�1_�
sperm plasticity is widespread is unclear to date, which is why we 
explore this question in one of the species analyzed here (again for 
time reasons).

While SA plasticity in response to mating group size is wide-
spread in hermaphroditic animals (reviewed in Schärer, 2009), the 
strength and nature of the plasticity vary both among and within spe-
cies, with some studies showing plasticity only in the male function 
(Baeza, 2007; Hoch & Levinton, 2012; Janicke et al., 2013; Schärer & 
Janicke, 2009; Schärer & Ladurner, 2003; Winkler & Ramm, 2018) or 
|_;�=;l-Ѵ;�=�m1|bom�Ő�ou;m�b�;|�-Ѵĺķ�ƑƏƏƔĸ�"1_Ѵ;b1_;uo��;|�-Ѵĺķ�ƑƏƐƓőķ�
while other studies show plasticity in either both functions (Janicke 
& Schärer, 2009, 2010) or no plasticity at all (Giannakara & Ramm, 
2017). Although a part of this variation in these estimates of plas-
ticity may reflect biases due to the ease with which male and female 
allocation can be measured in different study systems, it might also 
reflect different reproductive modes (with different postcopulatory 
processes, Schärer & Pen, 2013), species-specific costs of plas-
ticity (Schleicherová et al., 2014), or different evolutionary histories 
(Schleicherová, Sella, & Lorenzi, 2013). Comparative investigations 
of SA plasticity, within a phylogenetic framework, can be used to 
infer the extent to which SA plasticity evolves between related spe-
cies and to identify the correlates that might be shaping its evolution. 
This can be done by comparing reaction norms of SA in response to 
mating group size across related species. Ideally, such comparative 
studies should be done in a consistent experimental paradigm, which 
is what we report on here.

The free-living flatworm genus Macrostomum is an excellent 
model system for studying variation in SA plasticity, since repro-
ductive organs can be measured accurately, repeatedly, and nonin-
vasively in multiple species in the genus (e.g., Giannakara & Ramm, 
2017; Schärer & Ladurner, 2003; Winkler & Ramm, 2018), allowing 
us to quantify and compare SA across closely related species. Earlier 
studies on the model organism Macrostomum lignano have shown 
that it has plastic SA, with SA increasing (i.e., becoming more male-
biased) with increasing group size (e.g., Schärer & Ladurner, 2003). In 
addition, both sperm production rate (Schärer & Vizoso, 2007) and 
vr;ul�Ѵ;m]|_�Ő�-mb1h;�;|�-Ѵĺķ�ƑƏƐѵő�bm1u;-v;��b|_�]uo�r�vb�;�Ő|_o�]_�
the latter only by about 3%; see also Janicke & Schärer, 2010).
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In light of an emerging comparative context, we here studied 
SA plasticity in three Macrostomum species, namely M. janickei, 
M. cliftonensis, and M. mirumnovem, which are all close relatives of 
the established model species M. lignano (Schärer et al., submitted). 
To manipulate the mating group size, we raised worms in three dif-
ferent social group sizes—isolated, pairs, or octets—given that social 
group size is a good proxy for the mating group size, as previously 
shown for M. lignano (Janicke et al., 2013). Since manipulating the 
group size also changes the density at which the worms live—which 
could itself affect the reproductive allocation through various routes 
(e.g., resource competition or higher concentration of metabolites, 
as discussed by Schärer & Ladurner, 2003)—we explored this by ma-
nipulating density independently of the group size, by having two 
enclosure sizes (small and large) for each of the three group sizes. 
We expected that, if there was an effect of the density, both an in-
crease in group size and a decrease in enclosure size will have similar 
effects on SA. In addition, in order to facilitate comparisons between 
species, we also determined standardized effect sizes on SA plas-
ticity. And finally, we asked whether the treatments had any effect 
on sperm morphology (for M. cliftonensis) and we checked whether 
isolated worms were able to self-fertilize.

ƑՊ |Պ��$�!���"���	���$��	"

ƑĺƐՊ|Պ"|�7��ou]-mbvlv

The three study species used here are all recently described free-
living flatworms of the genus Macrostomum (Macrostomorpha, 
Platyhelminthes), and they include M. janickei (see also Zadesenets, 
"1_u;uķ�ş�!�0|vo�ķ�ƑƏƐƕĸ�,-7;v;m;|v�;|�-Ѵĺķ�ƑƏƐѵőķ�M. cliftonensis, 
and M. mirumnovem (Schärer et al., submitted). Briefly, the worms 
used in the experiments were from laboratory cultures that were 
established using individuals collected from Palavas-les-Flots, near 
Montpellier, France, for M. janickei; from Lake Clifton, South of 
Perth, Western Australia, for M. cliftonensis; and from Port Phillip 
Bay, Queenscliff, Victoria, Australia, for M. mirumnovem (Schärer et 
al., submitted). Moreover, these species are all close relatives of our 
main model species, M. lignano, with M. janickei being the closest, 
as shown by molecular phylogenetic analyses (Schärer et al., sub-
mitted), using M. hystrix as an out-group species (see also Schärer, 
Littlewood, Waeschenbach, Yoshida, & Vizoso, 2011). All species 
are kept in mass cultures in the laboratory at 20°C in Petri dishes 
containing 32‰ artificial seawater (ASW) and fed with the diatom 
Nitzschia curvilineata.

ƑĺƑՊ|Պ��r;ubl;m|-Ѵ�7;vb]m�-m7�o0f;1|b�;

In our experiments, we raised worms in different group sizes (i.e., 
bvoѴ-|;7ķ�r-buv�ou�o1|;|vő�-m7�;m1Ѵov�u;�vb�;v�Őbĺ;ĺķ�ƑƓŊ�ou�ѵŊ�;ѴѴ�|bvv�;�
1�Ѵ|�u;�rѴ-|;v�1om|-bmbm]�ƐĺƔ�ou�ѵ�lѴ�o=��")ķ�u;vr;1|b�;Ѵ�ő�bm�-ѴѴ�=-1-
torial combinations with ad libitum food and studied the effects of 
these treatments on reproductive allocation. The three treatments 
differ in their expected level of sperm competition, with the isolated 

treatment representing a nonreproductive state (or maximal LSC if 
worms self-fertilize), with the paired treatment representing maxi-
mal LSC (or somewhat lower LSC if worms also self-fertilize when 
in pairs, see below), and with the octet treatment representing low 
LSC (assuming worms engage in multiple mating; as shown for M. lig-
nano, Janicke et al., 2013). Since the capability for self-fertilization 
could potentially affect the level of LSC, we assessed for all spe-
cies whether isolated worms could self-fertilize. For all species, we 
measured body size (an estimate of overall size), ovary size (an esti-
mate of female reproductive allocation), testis size (an estimate of 
male reproductive allocation), seminal vesicle size (an estimate of the 
amount of sperm available for transfer), and finally an estimate of SA 
(defined as testis size/(testis size + ovary size)). For M. cliftonensis, 
we further checked if the treatments had any effect on sperm pro-
duction rate (by measuring the change in seminal vesicle size once 
a worm was isolated; cf. Schärer & Vizoso, 2007), and on different 
aspects of sperm morphology (cf. Janicke & Schärer, 2010).

Finally, using the obtained SA estimates, we compared the SA 
reaction norms between the different species. Specifically, we cal-
culated standardized effect sizes to compare the effect of (a) the 
presence of mating partners (i.e., absent in isolated worms vs. pres-
ent in worms in pairs and octets) and (b) the strength of sperm com-
petition (i.e., low in pairs vs. high in octets) on SA plasticity in the 
different species.

ƑĺƒՊ|Պ��r;ubl;m|-Ѵ�ruo1;7�u;v

To obtain hatchlings of the same age, we allowed adult worms to 
lay eggs for periods of 3, 2, and 3 days for M. janickei, M. cliftonensis, 
and M. mirumnovem, respectively (note that for M. mirumnovem we 
used three consecutive batches to obtain sufficient offspring). Six 
days after removing the adults, the resulting hatchlings of each spe-
cies were randomly assigned to a specific group size and enclosure 
size. We replicated each factor combination at least 30 times (yield-
ing n = 180 replicates per species at least). Worms were transferred 
to fresh culture plates every week and allowed to mature. Starting 
=uol�7-�v�ƓƓķ�ƓѶķ�-m7�Ɣƕ�-=|;u�;]]�Ѵ-�bm]�=ou�M. janickei, M. clifton-
ensis, and M. mirumnovem, respectively, we, over a period of 3 days, 
morphometrically measured a range of traits (see below) in one ran-
domly chosen worm per replicate. For M. mirumnovem, we measured 
;-1_�o=�|_;�|_u;;�0-|1_;v�om�b|v�u;vr;1|b�;�7-��Ɣƕķ�vo�-v�|o�l;-v�u;�
all the worms at the same age. For M. cliftonensis, we, after measure-
ment, isolated the worms for a period of 4 days to obtain an estimate 
of the sperm production rate and sperm morphology (see below). 
$_;mķ�v|-u|bm]�=uol�7-��ƔƑķ��;�|ooh�bl-];v�o=�|_;�0o7��vb�;ķ�v;lbm-Ѵ�
vesicle size, and the sperm, again over a period of three days.

Across all species, some replicates had to be excluded due to the 
worm being malformed (n = 17), one worm missing in isolated (n = 7) 
or paired (n = 7) treatment replicates, or some mortality while han-
dling worms (n = 12). Furthermore, for the sperm production rate 
estimates in M. cliftonensis, we lost an additional 34 worms, either 
due to a missing worm or some mortality while handling the worms. 
For the sperm morphology of M. cliftonensis, we only measured a 
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subset of the worms for logistic reasons, chosen randomly such that 
all treatments were represented and culture plate effects avoided 
(see Figures 1 and 2 for final sample sizes).

ƑĺƓՊ|Պ�our_ol;|u�

ou�lour_ol;|u�ķ��;�-m-;v|_;|b�;7��oulv��vbm]�-�ƕĹƔ�lb�|�u;�o=�
71.4 g/L MgCl2 solution and ASW and dorsoventrally squeezed 
them between a glass slide and a haemocytometer cover glass using 
standardized spacers (i.e., 40 µm for M. janickei and M. cliftonensis, 
-m7�ƓƔ�l�=ou�M. mirumnovem due to its somewhat larger body size; 
cf. Schärer & Ladurner, 2003). We then took images of the worms 
�m7;u� -�	��ƑƔƏƏ�lb1uov1or;� Ő�;b1-��b1uov�v|;lvő��vbm]�-�7b]b|-Ѵ�
camera (DFK41BF02; The Imaging Source) connected to a computer 
u�mmbm]��$(��uo�ѵĺƏ0ƕ� Ő�;m�"o=|�-u;őĺ�$_;�0o7��vb�;��-v� bl-];7�
at 40×, while the testis, ovary, and seminal vesicle were imaged at 
400× magnification. We analyzed these images using ImageJ (http://
imagej.nih.gov/ij/) to obtain measures of body size, testis size (sum of 
both testes), ovary size (sum of both ovaries), and seminal vesicle size.

For each species, we obtained estimates of the repeatability of 
the above morphometric measurements, as given in Table S1, by im-
aging and measuring the same set of ~30 worms twice—randomly 
chosen from across all treatments—and then estimating the intra-
class correlation coefficient (rI) using the variance components from 
a one-way ANOVA with the R package “ICC” (Wolak, Fairbairn, & 
Paulsen, 2012).

For M. cliftonensis, we further estimated the sperm production 
rate, by measuring the increase in the seminal vesicle size in isolation 
0;|�;;m�7-�v�ƓѶ�-m7�ƔƑ�Őv;;�-Ѵvo�"1_u;u�ş�(b�ovoķ�ƑƏƏƕőĺ��ou;o�;uķ�
we measured the sperm morphological traits of M. cliftonensis on 
7-�v�ƔƑŋƔƔ��vbm]�-�ruo1;7�u;�7;v1ub0;7�bm�7;|-bѴ�;Ѵv;�_;u;�Ő�-mb1h;�
& Schärer, 2010). In brief, the tail plate of the worm was amputated 
with a scalpel and ruptured by transferring it in 1 µl of 32‰ ASW 
om|o�-�]Ѵ-vv�vѴb7;�-m7�|_;m�1o�;u;7��b|_�-�1o�;uvѴbr� ŐƑƐ�Ƶ�Ƒѵ�llőķ�
thus rupturing the seminal vesicle and causing sperm to flow out 
where they could be imaged and measured approximately in a 2D 
plane. Similar to M. lignano, the sperm of M. cliftonensis has a complex 
design with a rapidly undulating anterior extension (termed feeler), 
followed by the sperm body, the sperm shaft, and the sperm brush at 
the end. In addition, there is a pair of stiff lateral bristles—anchored 
at the junction of the sperm body and shaft—which is hypothesized 
to represent a male persistence trait that allows the sperm to remain 
-m1_ou;7�bm�|_;�=;l-Ѵ;�];mb|-Ѵb-�Őv;;�-Ѵvo��-mb1h;�;|�-Ѵĺķ�ƑƏƐѵĸ�"1_u;u�
et al., 2011; Vizoso, Rieger, & Schärer, 2010). We imaged the sperm at 
1,000× as above and measured the total sperm length (sum of length 
of sperm body and sperm shaft), sperm body length, and sperm bris-
tle length of 10 sperm per individual (Janicke & Schärer, 2010), using 
the mean trait values per individual in the subsequent analyses.

ƑĺƔՊ|Պ";Ѵ=Ŋ=;u|bѴb�-|bom

We assessed if the species can self-fertilize by looking for offspring in 
the wells where the worms were being kept before being measured. 

We did this 10 days after the adults had been removed in order to 
give the eggs sufficient time to hatch. If a species could self-fertilize, 
we expected the isolated treatments to also contain hatchlings.

ƑĺѵՊ|Պ"|-|bv|b1-Ѵ�-m-Ѵ�v;v

To evaluate whether group size and enclosure size had any effect 
on body size, we calculated a two-way (3 × 2) ANOVA with group 
size, enclosure size, and their interaction as fixed factors (and for 
M. mirumnovem, we also included batch number as a fixed factor). 
Furthermore, for testis, ovary, and seminal vesicle size we calculated 
the corresponding ANCOVAs, including body size as a covariate 
(since these traits were correlated with body size). In contrast, SA 
and the different sperm traits (i.e., total sperm length, sperm body 
length, and sperm bristle length) were analyzed without that covari-
ate, since SA already represents a relative measure and the sperm 
traits were not found to be correlated with body size. To assess ef-
fects on sperm production rate in M. cliftonensis, we calculated the 
residuals of a linear regression of seminal vesicle size on the corre-
vrom7bm]�0o7��vb�;�=ou�7-�v�ƓѶ�-m7�ƔƑ�Ő-v�;v|bl-|;v�=ou�|_;�u;Ѵ-|b�;�
seminal vesicle size on that day), and then used the increase in these 
u;vb7�-Ѵv�Őbĺ;ĺķ�7-��Ɣƒ�lbm�v�7-��ƓѶő�-v�|_;�7;r;m7;m|��-ub-0Ѵ;ķ�-m7�
performed the same two-way ANOVA as above.

For all reproductive parameters for which the analyses sug-
gested a significant group size effect, we calculated post hoc Tukey 
HSD tests to determine which levels differed significantly from each 
other. The data were graphically checked for the assumptions of 
parametric test statistics and transformed where needed, using log-
transformation for testis and ovary size (in all species); body size (in 
M. mirumnovem); and total sperm length, seminal vesicle size, and SA 
(in M. cliftonensis).

Finally, in order to facilitate comparisons of the level of SA plasticity 
in different Macrostomum species, we calculated standardized effect 
sizes using Cohen's d (Cohen, 1988) and confidence intervals (Howell, 
2011) with the R package “effsize” (Torchiano, 2017). Specifically, in 
order to assess the effect of the presence of mating partners on SA 
we compared SA in isolated worms with that in pairs and octets (since 
worms in both pairs and octets have mating partners). Additionally, we 
assessed the effect of the strength of sperm competition by compar-
ing SA in pairs with that in octets, with pairs representing high LSC and 
octets representing low LSC. All statistical analyses on our data were 
carried out using R, version 3.4.1 (R Core Team, 2017).

ƑĺƕՊ|Պ�u;7b1|bom�=ou�"��u;vromv;�|o�]uo�r�vb�;

We expect that, with an increase in group size, sperm competition in-
creases (and LSC decreases), as a result of which worms either mate 
more often or transfer more sperm per mating, leading to a higher 
sperm spending and a lower filling grade of the seminal vesicle. This 
then leads to a higher sperm production, in order to make up for the 
sperm depletion, which in turn favors an increased testis size and/or 
sperm production rate. Moreover, we expect that sperm production 
is likely not high enough to completely make up for sperm depletion, 
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 ��&!� �ƐՊEffect of group size (x-axis) and enclosure size (black bars: large; gray bars: small) on body size, testis size, ovary size, seminal 
vesicle size, and sex allocation in Macrostomum janickei, Macrostomum cliftonensis, and Macrostomum mirumnovem. Different letters denote 
significantly different group size effects inferred from Tukey HSD post hoc tests (not done for ovary size of M. janickei and M. mirumnovem, 
and done separately for small and large enclosures for ovary size of M. cliftonensis, see text). The solid line represents the mean for each 
species, and the dashed line represents the grand mean across all species. The plots show mean and standard error of raw data, but note 
that log-transformed data were used for statistical analysis of testis and ovary size (in all species), body size (in M. mirumnovem), seminal 
vesicle size, and SA (in M. cliftonensis). Sample sizes for each treatment are given at the bottom
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which should lead to a lower seminal vesicle size with increased group 
size, reflecting higher spending. Furthermore, under the assumption of 
a trade-off between male and female reproductive allocation, we might 
expect a corresponding decrease in the ovary size as a result of the pre-
dicted increase in testis size, and thus an increasingly male-biased SA 
as group size increases (although this SA trade-off can be difficult to 
observe, cf. Picchi & Lorenzi, 2019; Schärer, 2009; Schärer, Sandner, & 
�b1_b;Ѵvķ�ƑƏƏƔőĺ�bm-ѴѴ�ķ��;�;�rѴou;��_;|_;u�-m�bm1u;-v;�bm�]uo�r�vb�;�
affects sperm morphology, either leading to larger sperm, since a large 
size could be advantageous in the context of high sperm competition, or 
potentially smaller sperm, since numerical competition might become 
more important as group size increases.

ƒՊ |Պ!�"&�$"

As we show in the following, all the studied Macrostomum species 
show phenotypic plasticity in SA, although they clearly do so to var-
ying degrees. We first present the results for sex allocation plasticity 
in the three species separately, followed by the results about self-
fertilization and a comparison of the observed effect sizes.

ƒĺƐՊ|Պ";��-ѴѴo1-|bom�rѴ-v|b1b|��bm�M. janickei

In M. janickei, body size was significantly affected by group size, 
with paired worms being significantly larger than isolated worms, 
while octet worms were intermediate in size and did not differ sig-
nificantly from the other two groups (Table 1, Figure 1). In addi-
tion, worms in small enclosures were bigger compared to those 
in large enclosures, although care should be taken in interpreting 
these post hoc results, considering that the p-value of the inter-
action term is relatively close to the significance level. In accord-
ance with our expectations, testis and seminal vesicle size were 
strongly and significantly affected by group size, with isolated 
worms having significantly smaller testes and larger seminal vesi-
cles compared to pairs and octets, while the enclosure size and in-
teraction term had no significant effects, indicating that worms in 

larger groups invested more in the male function. The ovary area 
was not significantly affected by either group size, enclosure size, 
or their interaction. As seen for the testis size, SA was significantly 
affected by only the group size, with isolated worms being signifi-
cantly different from pairs and octets. However, pairs and octets 
did not differ significantly in either testis size or SA, both of which 
we had expected based on predictions of SA theory.

ƒĺƑՊ|Պ";��-ѴѴo1-|bom�-m7�vr;ul�lour_oѴo]��
plasticity in M. cliftonensis

In M. cliftonensis, body size was significantly affected only by the 
group size, with isolated worms being significantly larger than worms 
in pairs and octets (Table 2, Figure 1). As predicted by SA theory, tes-
tis size increased significantly with group size, here differing signifi-
cantly also between pairs and octets. The ovary size was significantly 
affected by both the group size and the interaction term, making it 
somewhat difficult to interpret the results biologically. We therefore 
performed the Tukey HSD post hoc tests separately for the small 
enclosures (isolated vs. pair, p = .01; pair vs. octet, p = .98; isolated 
vs. octet, p = .07) and large enclosures (isolated vs. pair, p = .01; pair 
vs. octet, p = .04; and isolated vs. octet, p < .001). In general, invest-
ment into ovaries was higher in smaller groups and larger enclosures, 
suggesting a trade-off between the male and female allocation. 
Both group size and enclosure size had significant effects on seminal 
vesicle size (with the effect of the former being greater than that 
of the latter), with worms in larger groups and smaller enclosures 
having smaller seminal vesicles. And matching our expectation that 
increased sperm competition favors increased sperm production, 
sperm production rate (the increase in seminal vesicle size during the 
four days of isolation) was also significantly higher in larger groups, 
although care should be taken in interpreting these post hoc results, 
as the p-value of the interaction term is relatively close to the sig-
nificance level (Figure 2a). And finally, SA was affected by group size, 
with worms in larger groups having a higher SA in general, though the 
post hoc tests should be interpreted with some caution considering 
the marginally significant interaction term, which may stem from the 

 ��&!� �ƑՊEffect of group size (x-axis) and enclosure size (black bars, large; gray bars, small) on (a) increase in seminal vesicle size, (b) total 
sperm length, (c) sperm body length, and (d) sperm bristle length in Macrostomum cliftonensis. Different letters denote significantly different 
group size effects inferred from Tukey HSD post hoc tests. The plots show means and standard errors of raw data, though log-transformed 
data were used for statistical analysis of total sperm length. Sample sizes for each treatment are given at the bottom
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above-mentioned interaction term for ovary size (Table 2, Figure 1). 
None of the sperm morphological traits in M. cliftonensis were signifi-
cantly affected by the group size, enclosure size, or their interaction 
(Table 2, Figure 2b–d), suggesting that phenotypic plasticity in testis 
size and sperm morphology do not correlate.

ƒĺƒՊ|Պ";��-ѴѴo1-|bom�rѴ-v|b1b|��bm�M. mirumnovem

Similar to the results in the previous species, body size in M. mirum-
novem was significantly affected only by the group size, with isolated 
worms being larger than worms in pairs and octets (Table 3, Figure 1). 
Again, and in agreement with our expectations, group size significantly 
affected testis size, with isolated worms having smaller testes than 
worms in pairs and octets, while pairs and octets did not differ signifi-
cantly, though the interaction was relatively close to the significance 
level, so the post hoc results should be interpreted with some caution. 
The batch number also significantly affected testis size, with worms 
from batch 3 having significantly smaller testis (Tukey HSD test: Batch 
1 vs. 2, p = .28; Batch 2 vs. 3, p = .0008; and Batch 3 vs. 1, p < .0001). 
Isolated worms had larger seminal vesicles than the other two treat-
ments, in accordance with our expectations; however, pairs and octets 
did not differ significantly in this parameter. Moreover, enclosure size 
also had a significant effect, with worms in larger enclosures having 
smaller seminal vesicles, which was contrary to our expectations, 
since, if anything, we expected worms in smaller enclosures to donate 
more sperm. The ovary size was not significantly affected by any of 
the factors. Note that although a visual inspection appears to suggest 
a trend in M. mirumnovem for ovary size decreasing with increasing 
group size (Figure 1), this effect was not significant when correcting 
for body size, which shows a similar pattern. Similar to the testis, SA 
was significantly affected by group size and batch number, with iso-
lated worms being significantly different from pairs and octets and 
batch 3 having significantly lower SA (Tukey HSD test: Batch 1 vs. 2, 
p = .19; Batch 2 vs. 3, p = .003; and Batch 3 vs. 1, p < .0001, Table 3). 
Worms from pairs and octets also did not differ significantly in SA.

ƒĺƓՊ|Պ";Ѵ=Ŋ=;u|bѴb�-|bom

Only M. mirumnovem was found to self-fertilize during our obser-
�-|bom� r;ubo7ķ��b|_� o==vrubm]� 0;bm]� ruo7�1;7� bm� Ɛƕ� o�|� o=� |_;� Ɣѵ�

isolated replicates, while in a comparable number of isolated rep-
licates the other two species never had any offspring (Table S2). 
Conversely, we found offspring in nearly all replicates containing 
pairs and in all replicates containing octets, irrespective of the spe-
cies (Table S2), clearly suggesting that our holding conditions were 
generally favorable for reproduction.

ƒĺƔՊ|Պ�==;1|�o=�ru;v;m1;�o=�l-|bm]�r-u|m;u�-m7�Ѵo1-Ѵ�
sperm competition

Overall, the presence of mating partners had a larger effect on SA 
than the strength of sperm competition in all the studied species, 
and of these species, M. cliftonensis was the most plastic, followed 
by M. janickei and M. mirumnovem (Table 4). This implies that the 
shift in our estimate of SA from the isolated to the pair/octet treat-
ment is of a higher magnitude compared to the increase from pairs 
to octets.

ƓՊ |Պ	�"�&""���

In agreement with earlier results obtained for the model organism 
M. lignano (Brauer et al., 2007; Janicke et al., 2013; Janicke & Schärer, 
ƑƏƏƖĸ�"1_u;u�ş��-7�um;uķ�ƑƏƏƒĸ�"1_u;u�;|�-Ѵĺķ�ƑƏƏƔőķ��;�=o�m7�|_-|�
all the Macrostomum species analyzed here exhibit SA plasticity, with 
testes being more plastic than ovaries. Interestingly, despite the fact 
that M. cliftonensis is more distantly related to M. lignano than M. jan-
ickei, it showed plasticity patterns that were more similar to those of 
M. lignano. Specifically, SA increased significantly from pairs to oc-
tets—as previously seen in M. lignano—while the much more closely 
related M. janickei was less plastic, with pairs and octets having 
similar SA. This result suggests that SA plasticity can evolve readily, 
even in closely related species. Moreover, as in the earlier studies on 
M. lignano, it is group size rather than enclosure size that is primarily 
responsible for the observed shifts in SA, with the latter either not 
being significant or having smaller effects compared to the former 
on SA (as is evident from the much higher F-values for group size 
1olr-u;7�|o�;m1Ѵov�u;�vb�;�-1uovv�|_;�vr;1b;vĸ�$-0Ѵ;v�ƐԳƒőĺ�$_bv�v�]-
gests that the observed shifts in SA are not simply caused by density 
effects, but that they largely result from changes in the number of 

$���� �ƐՊEffects of the fixed factors (group size, enclosure size, and their interaction) and the covariate (body size) on the dependent 
variables for Macrostomum janickei

$u-b|

�uo�r�vb�; �m1Ѵov�u;�vb�; �m|;u-1|bom �o7��vb�;

dfs F p dfs F p dfs F p dfs F p

Body size 2,171 ƓĺѵƐ .01 1,171 7.2 .01 2,171 2.73 .07 – – –

Testis size 2,170 ѵƒĺƑ <.001 1,170 Ɛĺƒѵ ĺƑƔ 2,170 1.23 .3 1,170 ƖѵĺƖ <.001

Ovary size 2,170 ƐĺƖƔ ĺƐƔ 1,170 ƏĺƔƕ ĺƓƔ 2,170 1.19 .31 1,170 ƒƒĺƔ <.001

Seminal vesicle size 2,170 30.2 <.001 1,170 2.31 .13 2,170 ƏĺƑƔ .78 1,170 0.22 ĺѵƓ

SA 2,171 70.4 <.001 1,171 0.001 .97 2,171 0.24 .79 – – –

Note: Significant p-values are highlighted in bold.
Results of ANOVA (body size and SA) and ANCOVA (all others) are shown.
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interacting individuals (cf. Schärer & Ladurner, 2003). In the follow-
ing, we discuss these results in some more detail.

In our study, we found that the response of body size to the treat-
ments differed across species, with paired worms being larger than 
isolated worms for M. janickei, while for M. cliftonensis and M. mirum-
novem the isolated worms were larger than paired and octet worms. 
While a potential reason for body size decreasing in larger groups 
could be resource competition, in our experiment the worms were 
fed ad libitum, which is why we consider this an unlikely explanation. 
Interestingly, also in earlier studies on M. lignano different trends for 
body size have been observed. Some studies showed that worms 
grow larger with increased group size (Brauer et al., 2007; Janicke et 
al., 2013), while another showed that isolated worms were smaller 
than worms in pairs (Schärer & Janicke, 2009), and still others showed 
that neither group nor enclosure size had an effect on body size 
(Janicke & Schärer, 2009; Schärer & Ladurner, 2003). While this could 
potentially complicate the interpretation of our results, since body 
size has been shown affecting SA in simultaneous hermaphrodites 
(Schärer, 2009; Vizoso & Schärer, 2007), in M. lignano SA (and par-
ticularly the testis size component of the SA estimate) was similarly 
plastic and increased with group size across all studies, irrespective of 
the trend for body size that was observed, pointing toward an effect 
of group size on SA that is largely independent of body size.

Furthermore, in our study testis size—our primary estimate for 
male reproductive allocation—increased with an increase in group size 
in a way similar to M. lignano, and in line with the prediction of SA the-
ory (Charnov, 1982), though not to the same extent across the three 
species. In contrast, in all three species the ovary size did not appear 
to be as plastic as testis size. More specifically—and in contrast to the 
prediction of SA theory—there was no significant effect of group size 
on ovary size in M. janickei and M. mirumnovem. And while group size 
had a significant effect on ovary size for M. cliftonensis, the significant 
interaction term means that some care is needed to interpret that 
main effect. Briefly, although there seemed to be a trend for decrease 
in ovary size as the group size increased, isolated and paired treatment 

worms had a smaller ovary size in smaller enclosures, while octet 
treatment worms had a larger ovary size in smaller enclosures. One 
potential explanation for not observing a corresponding decrease in 
ovary size, in spite of the often marked increase in testis size, could be 
that ad libitum feeding masks the trade-off between male and female 
u;ruo7�1|bom� =�m1|bom� Ő1=ĺ� "1_u;u� ;|� -Ѵĺķ� ƑƏƏƔőĺ� �u|_;ulou;ķ�l-Ѵ;�
reproduction may not trade-off with female reproduction, but with 
other life-history traits (Schärer, 2009). However, there are several 
lines of evidence to suggest that a trade-off between male and fe-
male allocation exists, at least in M. lignano (Janicke & Schärer, 2009; 
"1_u;u�;|�-Ѵĺķ�ƑƏƏƔőĺ��Ѵ|;um-|b�;Ѵ�ķ�o�-u��vb�;�l-��0;�-m�bm=;ubou�ruo���
for measuring investment into the female function compared to testis 
size for the male function. This seems plausible, since at least part of 
the egg development, such as the addition of yolk and shell granules 
(Gremigni, 1988; Gremigni, Falleni, & Lucchesi, 1987), occurs outside 
the transparent portion of the ovary, which is what we generally use 
to estimate ovary size in Macrostomum.

We predicted that seminal vesicle size would decrease with in-
creased group size (as worms likely mate more often and/or trans-
fer more sperm per mating), and this is indeed what we found in all 
three species, though again to varying degrees. In all species, semi-
nal vesicle size decreased significantly going from isolated worms to 
worms in pairs and octets, while only in M. cliftonensis did it further 
decrease significantly going from pairs to octets. Interestingly, these 
results mirror the observed differences in testis size between pairs 
and octets across the three species, which may support our notion 
that sperm production and testis size respond to the fill grade of the 
seminal vesicle. Moreover, in M. cliftonensis the enclosure size had a 
significant effect, with worms in smaller enclosures having smaller 
seminal vesicles. This could potentially be explained by consider-
ing that worms in smaller enclosures may encounter and mate with 
other individuals at a higher rate. Interestingly, we see the converse 
effect in M. mirumnovem, with worms in larger enclosures having 
smaller seminal vesicles, but we currently do not know of a plausible 
hypothesis for this observation.

$���� �ƑՊEffects of the fixed factors (group size, enclosure size, and their interaction) and the covariate (body size) on the dependent 
variables for Macrostomum cliftonensis

$u-b|

�uo�r�vb�; �m1Ѵov�u;�vb�; �m|;u-1|bom �o7��vb�;

dfs F p dfs F p dfs F p dfs F p

Body size ƑķƐѵƕ ƐѶĺƐƔ <.001 ƐķƐѵƕ ƏĺѵƑ .43 ƑķƐѵƕ 1.79 .17 – – –

Testis size ƑķƐѵѵ ƐƓƒĺƔƔ <.001 ƐķƐѵѵ 0.03 ĺѶƔ ƑķƐѵѵ 0.82 .44 ƐķƐѵѵ 31.77 <.001

Ovary size ƑķƐѵѵ 27.33 <.001 ƐķƐѵѵ ƐĺƐƔ 0.28 ƑķƐѵѵ ƔĺƖƖ .003 ƐķƐѵѵ ƑƏƓĺѵƑ <.001

Seminal vesicle size ƑķƐѵѵ ƓƔĺƓƐ <.001 ƐķƐѵѵ ƔĺƏƒ .03 ƑķƐѵѵ 1.38 ĺƑѵ ƐķƐѵѵ ƒѵĺƔƑ <.001

Increase in seminal vesicle 
size

2,133 78.08 <.001 1,133 2.8 .1 2,133 Ƒĺѵƒ .08 – – –

SA ƑķƐѵƕ ƒƏѵĺƓƕ <.001 ƐķƐѵƕ 2.02 ĺƐѵ ƑķƐѵƕ 2.81 ĺƏѵ – – –

Total sperm length ƑķƔѵ ƐĺƖƔ ĺƐƔ ƐķƔѵ 0.31 ĺƔѶ ƑķƔѵ ƏĺƔѵ ĺƔƕ – – –

Sperm body length ƑķƔѵ 1.9 ĺƐѵ ƐķƔѵ 0.29 ĺѵ ƑķƔѵ 2.48 .09 – – –

Sperm bristle length ƑķƔѵ ƏĺƔƔ ĺƔѶ ƐķƔѵ 1.87 .18 ƑķƔѵ 2.47 .09 – – –

Note: Significant p-values are highlighted in bold.
Results of ANOVA (body size and SA) and ANCOVA (all others) are shown.
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As predicted by sex allocation theory (Charnov, 1982), SA in-
creased with increasing group size, as worms start investing more in 
their male function and possibly somewhat less in their female func-
tion. However, the SA effect we see here likely stemmed primarily 
from the above-mentioned variation in testis size, since the ovaries 
did not appear to be very plastic.

Generally, changes in SA should always be interpreted in the 
light of the changes observed in the different components used 
to estimate it (Schärer, 2009). In our study, we estimated SA as 
the proportion of testis size to overall gonad size (cf. Janicke et 
-Ѵĺķ�ƑƏƐƒĸ��-mb1h;�;|�-Ѵĺķ�ƑƏƐѵĸ��-mb1h;�ş�"1_u;uķ�ƑƏƏƖĸ�"1_u;u�ş�
Janicke, 2009; Vellnow, Vizoso, Viktorin, & Schärer, 2017; Vizoso 
& Schärer, 2007), and we thus assume that testes and ovaries are 
comparably useful proxies for investment into male and female re-
productive function. While estimating SA in this way allows us to 
compare relative differences in allocation to testes and ovaries be-
tween the different group sizes, it does not provide an absolute es-
timate of SA for a number of reasons. Firstly, while both testes and 
ovaries are involved in gamete production, the energetic expendi-
ture per unit tissue could certainly differ between the two organs. 
Secondly, while testis size has been experimentally well-verified to 
be quite a good proxy for male expenditure on sperm production 
u-|;� Ő�b-mm-h-u-�;|�-Ѵĺķ�ƑƏƐѵĸ�"1_u;uķ� �-7�um;uķ�ş�!b;];uķ�ƑƏƏƓĸ�
Schärer & Vizoso, 2007), the support for ovary size being a good 
proxy for female reproductive investment is somewhat more lim-
b|;7�Ő"1_u;u�;|�-Ѵĺķ�ƑƏƏƔőķ�-v�-Ѵu;-7��l;m|bom;7�-0o�;ĺ��m7�=bm-ѴѴ�ķ�
there are certainly other components of both male and female re-
production, for example, sex-specific behaviors, prostate glands, 
seminal fluids, copulatory organs, egg yolk production, eggshell 
glands, and eggshell material, that could potentially be plastic as 
�;ѴѴķ� -m7� �_b1_� �;� 7b7� mo|� t�-m|b=�� _;u;� Ő�-mb1h;� ;|� -Ѵĺķ� ƑƏƐѵĸ�
Patlar, Weber, & Ramm, 2019; Picchi & Lorenzi, 2019; Schärer, 
2009; Schärer & Pen, 2013). Thus, our measures of male and fe-
male reproduction are not absolute, which is also reflected by the 
=-1|� |_-|� o�u� ;v|bl-|;v� o=� "�� vol;|bl;v� ;�1;;7� ƏĺƔ� Őb]�u;� Ɛőķ�
which is not necessarily suggestive of a male-biased SA. However, 
it appears likely that a greater sperm production will tend to go 
along with a greater expenditure on other male components (i.e., 
more ejaculate requires both more sperm and more seminal fluid), 
and similarly for egg production and female components (i.e., more 
eggs require both more oocytes and more yolk and shell material).$�

�
��
�ƒ
Պ

Ef
fe

ct
s 

of
 th

e 
fix

ed
 fa

ct
or

s 
(g

ro
up

 s
iz

e,
 e

nc
lo

su
re

 s
iz

e,
 a

nd
 th

ei
r i

nt
er

ac
tio

n)
 a

nd
 th

e 
co

va
ria

te
 (b

od
y 

si
ze

) o
n 

th
e 

de
pe

nd
en

t v
ar

ia
bl

es
 fo

r M
ac

ro
st

om
um

 m
iru

m
no

ve
m

. N
ot

e 
th

at
 w

e 
he

re
 a

ls
o 

in
cl

ud
ed

 th
e 

ba
tc

h 
ef

fe
ct

 a
s 

a 
fix

ed
 fa

ct
or

$u
-b
|

�
uo
�r
�v
b�
;

�m
1Ѵ
ov
�u
;�
vb
�;

�m
|;
u-
1|
bo
m

Ba
tc

h 
ef

fe
ct

�o
7�
�v
b�
;

df
s

F
p

df
s

F
p

df
s

F
p

df
s

F
p

df
s

F
p

Bo
dy

 s
iz

e
Ƒķ
ƐƔ
Ѷ

17
.3

3
<.

00
1

Ɛķ
ƐƔ
Ѷ

Əĺ
ƔƖ

.4
4

Ƒķ
ƐƔ
Ѷ

0.
98

.3
8

Ƒķ
ƐƔ
Ѷ

1.
7

.1
9

–
–

–

Te
st

is
 s

iz
e

Ƒķ
ƐƔ
ƕ

ƐƐ
ĺƖ
Ɣ

<.
00

1
Ɛķ
ƐƔ
ƕ

2.
72

.1
Ƒķ
ƐƔ
ƕ

2.
71

.0
7

Ƒķ
ƐƔ
ƕ

ƐƑ
ĺƒ
ѵ

<.
00

1
Ɛķ
ƐƔ
ƕ

ѵƖ
ĺƑ
ƒ

<.
00

1

O
va

ry
 s

iz
e

Ƒķ
ƐƔ
ƕ

0.
28

ĺƕ
ѵ

Ɛķ
ƐƔ
ƕ

0.
08

.7
8

Ƒķ
ƐƔ
ƕ

0.
82

.4
4

Ƒķ
ƐƔ
ƕ

0.
38

ĺѵ
Ɩ

Ɛķ
ƐƔ
ƕ

22
7

<.
00

1

Se
m

in
al

 v
es

ic
le

 
si

ze
Ƒķ
ƐƔ
ƕ

8.
08

<.
00

1
Ɛķ
ƐƔ
ƕ

Ɩĺ
Ɛѵ

.0
03

Ƒķ
ƐƔ
ƕ

1.
17

.3
1

Ƒķ
ƐƔ
ƕ

Ɛĺ
Ɣѵ

.2
1

Ɛķ
ƐƔ
ƕ

27
.8

<.
00

1

SA
Ƒķ
ƐƔ
Ѷ

10
.1

<.
00

1
Ɛķ
ƐƔ
Ѷ

Ɛĺ
ƔƖ

.2
1

Ƒķ
ƐƔ
Ѷ

1.
71

.1
9

Ƒķ
ƐƔ
Ѷ

11
.0

2
<.

00
1

–
–

–

N
ot

e:
 S

ig
ni

fic
an

t p
-v

al
ue

s 
ar

e 
hi

gh
lig

ht
ed

 in
 b

ol
d.

Re
su

lts
 o

f A
N

O
VA

 (b
od

y 
si

ze
 a

nd
 S

A
) a

nd
 A

N
CO

VA
 (a

ll 
ot

he
rs

) a
re

 s
ho

w
n.

$���� �ƓՊStandardized effect sizes (Cohen's d) for the effect of 
the presence of mating partners and sperm competition on SA

Species �-|bm]�r-u|m;u
Sperm 
competition

Macrostomum janickei ƐĺѶѶ�ŐƐĺƔƐ�|o�
ƑĺƑѵő

Əĺƒѵ�ŐƏ�|o�ƏĺƕƑő

Macrostomum cliftonensis 3.73 (3.22 to 
4.24)

0.82 (0.44 to 1.2)

Macrostomum mirumnovem ƏĺƕƏ�ŐƏĺƒѵ�|o�
1.03)

ƏĺƐƑ�ŐƴƏĺƑѵ�|o�
ƏĺƔő

Note: $_;�ƖƔѷ�1om=b7;m1;�bm|;u�-Ѵv�-u;�]b�;m�bm�0u-1h;|vĺ
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In one species, M. cliftonensis, we also looked at the sperm pro-
duction rate, by measuring the increase in seminal vesicle size after 
isolating the worms, and found that it was significantly higher in 
larger group sizes. Thus, worms in larger groups produced sperm at 
a higher rate, likely to replenish the greater amounts of sperm that 
was being transferred under these conditions. Furthermore, despite 
the considerable plasticity in testis size and sperm productivity, the 
sperm morphology in M. cliftonensis did not show significant plasticity 
in response to variation in group size (or enclosure size). A recent 
study in M. lignano (with about 90 replicates per group size, Janicke 
;|�-Ѵĺķ�ƑƏƐѵő�v_o�;7�|_-|��oulv�u-bv;7�bm�o1|;|v�ruo7�1;�Ő-0o�|�ƒѷő�
longer sperm than worms raised in pairs, while an earlier study in 
M. lignano (n = 24 replicates per group size, Janicke & Schärer, 2010) 
found no significant plasticity in sperm morphology in response to 
group size, possibly since its statistical power was only expected to 
u;Ѵb-0Ѵ��7;|;1|�;==;1|�vb�;v�-0o�;�Ɣѷĺ�"blbѴ-u�|o�|_;�Ѵ-||;u�v|�7�ķ��;�
here have a sample size of about 21 replicates per group size. Thus, 
it is possible that we may have failed to detect very small differences 
in sperm morphology between the treatments, though how biologi-
cally relevant such minor differences in sperm morphology are, is still 
-m�or;m�t�;v|bom�Őv;;��-mb1h;�;|�-Ѵĺķ�ƑƏƐѵőĺ��m�v�ll-u�ķ�|_;�u;v�Ѵ|v�
of this study suggest that the genus has at most slight plasticity in 
sperm morphology in response to group size, particularly in compari-
son with the marked plasticity in a trait like testis size.

With respect to our estimates of standardized effect sizes, there 
was overall a stronger effect of the presence of a mating partner (i.e., 
isolated vs. pairs and octets) than the strength of sperm competition 
(i.e., pairs vs. octets) on SA for all three species (Table 4). This points 
toward relatively few resources being invested in sperm production 
(testes) in the absence of partners when no mating or fertilization 
can occur (unless by self-fertilization), similar to M. lignano (Schärer 
& Janicke, 2009), while individuals upregulate sperm production in 
presence of partners either in response to the potential for mating or 
due to sperm expenditure occurring during mating. Another possibil-
ity could be that in the absence of partners there is little/no sperm 
expenditure such that the seminal vesicle fills up (Figure 1), which in 
turn may act as a signal to downregulate sperm production in iso-
lated worms. Furthermore, at least in M. lignano, worms seem to be 
unable to distinguish between familiar and novel partners (Sandner 
& Schärer, 2010). This could mean that in pairs, even the single part-
ner may be perceived as representing some sperm competition risk 
(though sperm competition is absent unless the species self-fertil-
izes), leading to an increase in allocation into the male function.

Interestingly, we found that M. mirumnovem could self-fertilize, 
since hatchlings were present in close to one third of the wells with iso-
lated worms (who had grown up in isolation from hatchlings and were 
therefore virgins). The genus Macrostomum contains species exhibiting 
at least two different modes of reproduction (Schärer et al., 2011). The 
hypodermic mating syndrome involves presumably unilateral hypo-
dermic mating, with sperm being injected via a sharp needle-like male 
copulatory organ (stylet) into the parenchyma of the partner worm. In 
contrast, the reciprocal mating syndrome involves reciprocal copulation 
(e.g., M. lignano, see Schärer, Joss, & Sandner, 2004), during which both 

partners reciprocally transfer sperm into the female antrum (sperm re-
ceiving organ) of the partner. Both earlier reports of self-fertilization in 
Macrostomum are in species that are hypodermically inseminating (e.g., 
M. hystrix, see Ramm, Vizoso, & Schärer, 2012; Ramm, Schlatter, Poirier, 
ş�"1_u;uķ�ƑƏƐƔĸ�-m7�M. pusillum, Giannakara & Ramm, 2017), with both 
species showing a similar needle-like stylet morphology that potentially 
facilitates self-fertilization by allowing self-injection of sperm. In con-
trast, the current study documents the first occurrence of self-fertil-
ization in a reciprocally copulating species, M. mirumnovem, which has 
a large blunt-ending stylet (Schärer et al., submitted), and for which we 
currently do not understand how selfing is actually achieved.

Being able to self-fertilize would lead to high local sperm com-
petition in isolated worms, thus favoring a lower allocation into 
the testis if self-fertilization occurs frequently (Charlesworth & 
Charlesworth, 1981; Charnov, 1982; Schärer, 2009). In support 
of this, M. mirumnovem indeed has the lowest absolute testis and 
seminal vesicle size, as well as the lowest SA, compared to the 
other species (i.e., compare the species means to the grand mean 
across all species in Figure 1). A potential explanation for this 
could be that we used slightly thicker spacers for the standardized 
measurement of M. mirumnovem� Őbĺ;ĺķ�ƓƔ�l�1olr-u;7�|o�ƓƏ�l�
in M. janickei and M. cliftonensis), thus potentially leading to an un-
derestimation of trait sizes. However, if that were the case, then 
all traits, including ovary size, should have been underestimated, 
but ovary size of M. mirumnovem was similar to that in the other 
species. Furthermore, the trend still holds even when looking at 
estimates of trait (testis, ovary, and seminal vesicle) size relative to 
body size for all species (data not shown). Thus, the low allocation 
into the male function may possibly be due to the fact that self-
fertilization in M. mirumnovem occurs with appreciable frequency. 
Interestingly, an earlier study in M. pusillum—a species that regu-
larly self-fertilizes—has shown that the species does not exhibit 
any plasticity in SA in response to group size (Giannakara & Ramm, 
2017). In contrast, M. hystrix—a facultatively self-fertilizing spe-
cies—does adjust its SA depending on group size (Winkler & Ramm, 
2018). This suggests that the degree of self-fertilization could also 
influence sperm competition and therefore SA and its plasticity. 
In conclusion, to better understand the evolution of SA and the 
nature and extent of SA plasticity in the genus Macrostomum, 
more species need to be investigated, thus facilitating compara-
tive studies of the evolution of SA and SA plasticity. This will allow 
us to understand how different factors, such as group size and the 
degree of self-fertilization, can affect SA plasticity.
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Supplementary file to ‘Variation in sex allocation plasticity in three closely 
related flatworm species’ 
 

Table S1. Repeatability estimates (rI) of morphometric measurements for all species, with confidence 
intervals in brackets (all p < 0.05). 

 Macrostomum janickei Macrostomum cliftonensis Macrostomum mirumnovem 
 F34,35 rI F30,31 rI F26,27 rI 

Body size 3.7 0.57 (0.34-0.79) 2.9 0.48 (0.21-0.75) 7.1 0.75 (0.59-0.92) 

Testis size 12.5 0.85 (0.76-0.94) 7.5 0.76 (0.62-0.91) 9 0.8 (0.66-0.94) 

Ovary size 10.9 0.83 (0.72-0.93) 4.2 0.61 (0.39-0.84) 5.8 0.7 (0.51-0.9) 

Seminal vesicle 
size 11.6 0.84 (0.74-0.94) 15.2 0.88 (0.79-0.96) 16 0.88 (0.8-0.97) 

 

Table S2. No. of replicates in which offspring were present or absent for each group size.  

Group size Macrostomum janickei Macrostomum cliftonensis Macrostomum mirumnovem 

Present Absent Present Absent Present Absent 

Isolated 0 57 0 56 17 39 

Pair 60 3 56 1 45 6 

Octet 57 0 60 0 59 0 
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Chapter IV 

Evolution of sex allocation plasticity and its predictors in a flatworm genus 
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Abstract 

Sex allocation (SA) theory in simultaneous hermaphrodites predicts an influence of group 

size on SA, mediated via changes in the strength of local sperm competition (LSC), which 

occurs when related sperm compete for access to a given set of eggs. Since the group size 

experienced by individuals can vary, temporally or spatially, this can favour the evolution of 

SA plasticity. Furthermore, mating strategy (such as reciprocal vs. unilateral mating) and the 

ability to self-fertilize could also influence the strength of LSC, and hence the optimal SA, 

with self-fertilizing species predicted to have lower SA. An ideal model system for testing the 

above predictions is the flatworm genus, Macrostomum that exhibits interspecific differences 

in the mating strategy and the ability to self-fertilize. In our study, we first assessed the effect 

of three group sizes (isolated, pairs or octets) and two enclosure sizes (small and large) in all 

factorial combinations, on estimates of SA in a new and currently still undescribed species, 

Macrostomum sp. 22, and examined if isolated worms can self-fertilize. We found that this 

species exhibits SA plasticity in response to group size and that it can self-fertilize. Second, 

we estimated standardized effect sizes for SA plasticity, across a total of seven Macrostomum 

species, in response to i) the presence of mating partners and ii) the strength of LSC, and 

tested if the mating strategy or the ability to self-fertilize predicted the standardized effect 

sizes, while controlling for phylogeny. Furthermore, we assessed how consistent these effect 

sizes were across multiple published experiments of M. lignano. Although there is 

considerable variation between species in their SA plasticity, we found a significant effect 

only of self-fertilization, such that self-fertilizing species had a lower SA plasticity with 

respect to presence of mating partners. Finally, we found considerable overlap between the 

SA plasticity estimates of the different experiments in M. lignano, giving us confidence in 

our interspecific comparisons. 
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Introduction 

Sex allocation (SA) theory in simultaneous hermaphrodites predicts the optimal allocation of 

resources towards the male versus female function. Specifically, Charnov’s mating group size 

model (Charnov 1980, 1982) predicts the influence of the mating group size on SA, such that 

the optimal proportion of resources allocated to the male function in an individual is 

determined by the number of sperm donors/competitors present in a local mating group. 

Specifically, the mating group size is the number of sperm donors from which a sperm 

recipient receives sperm at the time its eggs are fertilized, plus 1. The effect of mating group 

size on SA is mediated via local sperm competition (LSC) (Schärer 2009; Schärer and Pen 

2013), which can be seen as the inverse of sperm competition (Parker 1970, 1998) and which 

occurs when related sperm, usually from the same individual, compete for access to a given 

set of eggs. The relationship between optimal SA and LSC can be visualised in terms of the 

male fitness gain curve, which describes how much fitness is gained through the male 

function per unit resource investment (Schärer 2009). 

In small groups, e.g. under monogamy or self-fertilisation, LSC is necessarily very high, 

since the competing sperm are maximally related to each other, resulting in the male fitness 

gain curve saturating quickly. Thus, any additional investment into the male function (testis) 

for production of more sperm than what is required to fertilise the partner’s eggs is a waste of 

resources, as the related sperm simply compete amongst themselves. Instead, these resources 

could be more profitably invested into the individual's female function to get more fitness 

returns (Charnov 1982), as the female fitness gain curve is often assumed to be non-

saturating and linear. Consequently, under monogamy or self-fertilisation, the organism is 

expected to have a female-biased SA. But as the mating group size increases, with more 

competitors contributing sperm, an individual’s sperm are more and more competing with 

unrelated sperm. So it now pays off to invest in the male function to gain a greater share of 

the fertilisations, and the male fitness gain curve is predicted to linearize, with a subsequent 

shift towards a more equal SA (Schärer 2009; Schärer and Pen 2013). 

An interesting question that arises then is whether and how interspecific variation in 

reproductive biology, including the mating strategy or the presence of self-fertilization, could 

influence the strength of LSC and hence the optimal SA. For example, hermaphrodites often 

exhibit different mating strategies in response to sexual conflict over mating roles (i.e. mating 

as a sperm donor or as a sperm recipient) (Charnov 1979; Michiels 1998; Schärer et al. 2015). 

One such mating strategy is reciprocal mating (also called reciprocal copulation), in which 
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both partners mate in both male and female roles and donate and receive sperm 

simultaneously (Michiels 1998; Schärer et al. 2015). This strategy can lead to both partners 

being quite willing to engage in matings in order to get an opportunity to donate sperm, 

resulting in reduced pre-copulatory sexual selection. The resulting higher mating rate may in 

turn result in increased sperm competition (conversely decrease in LSC) and more intense 

post-copulatory sexual selection, including via processes (like sperm digestion) that allow 

manipulation of received ejaculate. The presence of postcopulatory processes could also alter 

LSC, e.g. by removing sperm of one or multiple donors. Indeed, theoretical studies have 

predicted that differences in post-copulatory sexual selection processes, such as cryptic 

female choice and sperm displacement, can result in changes in LSC and hence, SA (Pen and 

Weissing 1999; van Velzen et al. 2009; Schärer and Pen 2013). 

Such post-copulatory processes can lead to selection for traits or mating strategies that allow 

the ejaculate to bypass these processes and fertilize the eggs. One such mating strategy is 

forced unilateral insemination, in which one of the partner mates in the male role and donates 

sperm while the other mates in the female role (usually against its interests) (Charnov 1979; 

Michiels 1998; Schärer et al. 2015), e.g. traumatic or hypodermic insemination (Lange et al. 

2013; Reinhardt et al. 2015). While the exact direction and magnitude of change in SA will 

depend on the particular post-copulatory process, e.g. removal of fixed proportion versus 

fixed amount of sperm can lead to different optimal SA (van Velzen et al. 2009), we could in 

general expect differences in SA between the mating strategies that differ in such processes. 

Moreover, in reciprocal mating while there can be some control over who or how many 

partners you receive sperm from, this might not always be possible in unilateral insemination. 

Similarly, species that indulge in self-fertilization might differ from species that outcross, as 

self-fertilization will generally increase the strength of LSC and hence reduce the fitness 

returns of investing in the male function, thus leading to a lower optimal SA compared to 

outcrossing species (Charlesworth and Charlesworth 1981; Charnov 1982, 1987). This is 

analogous to the effect of local mate competition on sex ratio in separate-sex species 

(Hamilton 1967). Empirical work in both plants and animals has shown that investment in the 

male function is inversely correlated with self-fertilizing rate (Lemen 1980; Schoen 1982; 

Charnov 1987; McKone 1987; Johnston et al. 1998). In general, we would expect any process 

that has an effect on LSC to affect the shape of the male fitness gain curve, and hence the 

optimum SA (Schärer 2009). 
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While most models predict the effect of LSC on SA over evolutionary timescales, LSC can 

vary temporally or/and spatially within an individuals’ lifetime. In hermaphrodites, altering 

the SA can influence the immediate reproductive success of an individual, favouring the 

evolution of SA plasticity. Indeed, plastic SA has been suggested to be one of the advantages 

of hermaphroditism over separate-sex species (Charnov 1982; Michiels 1998). However, for 

species that do not often experience variation in mating group size during their lifetime, we 

may not expect high levels of plasticity, particularly if there are costs to the plasticity (DeWitt 

et al. 1998; Auld et al. 2010; Siljestam and Östman 2017). Interestingly, while SA plasticity 

has been documented in many hermaphroditic species (Schärer 2009), its evolution is still 

comparatively poorly understood, with few studies having investigated variation in SA 

plasticity across species in animals in a controlled experimental layout (Schleicherová et al. 

2014). 

An excellent model system for testing the effects of the mating strategy and self-fertilisation 

on SA plasticity is the free-living flatworm genus Macrostomum (Macrostomorpha, 

Platyhelminthes). This genus contains species exhibiting at least two different mating 

strategies; one involving reciprocal mating and the other hypodermic insemination (Brand et 

al., in prep.; Schärer et al. 2011). In reciprocally mating species, a facultative postcopulatory 

‘suck’ behaviour has been observed that is hypothesised to remove received sperm (Singh et 

al., in prep.; Schärer et al. 2004a, 2011; Vizoso et al. 2010; Marie-Orleach et al. 2013). 

Remarkably, no such postcopulatory ‘suck’ behaviour has been documented in five 

hypodermically inseminating species (Schärer et al. 2011). Interestingly, hypodermic 

insemination is also associated with a suite of morphological traits that potentially allow self-

fertilisation (Ramm et al. 2012, 2015; Giannakara and Ramm 2017), although self-

fertilization has recently also been documented in at least one reciprocally mating species, 

M. mirumnovem (Singh et al. 2019). 

Here, we first report on SA plasticity in response to group size in a new and currently still 

undescribed species, Macrostomum sp. 22. In our experiment, we raised worms in three 

different group sizes (isolated, pairs or octets) and at two different densities, and measured 

the effects of these factors on different estimates of SA. This also allowed us to evaluate 

whether isolated worms can engage in self-fertilization. Next, we collected data on SA 

plasticity in different Macrostomum species (resulting from studies with a similar 

experimental layout as above). To facilitate comparisons between species, we calculated 

standardised effect sizes for SA plasticity due to i) the presence of mating partners (i.e. 
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isolated worms vs. worms with partners) and ii) the strength of LSC (i.e. paired worms vs. 

octet worms). Using these effect sizes, we then examined if the mating strategy and ability to 

self-fertilize predicted the SA plasticity effect sizes, while accounting for the phylogeny. 

Finally, to understand how much variation there can be in these effect sizes between 

experiments, and thus how consistently they can be estimated for a species, we calculated 

these effect sizes for multiple published experiments in M. lignano. 

 

Materials and Methods 

Study organism 

Macrostomum sp. 22 is a new and currently still undescribed species, which falls into a large 

clade of hypodermically inseminating Macrostomum species, with the closest known relative 

being the North Sea form of M. pusillum (Brand et al., in prep.; Schärer et al. 2011), and with 

the Mediterranean form of M. pusillum (studies by Giannakara and Ramm 2017; see also 

below) being a bit more distantly related. The specimens used to initiate the laboratory 

cultures were collected in 2014 in the lower intertidal zone on two beaches at Cold Spring 

Harbor, New York, USA (N 40.8591, W 73.4646; N 40.8667, W 73.4688). Since then we 

maintained this species in mass cultures in the laboratory at 20°C in Petri dishes containing 

20‰ artificial sea water (ASW) and fed them with the diatom algae Nitzschia curvilineata, 

until we performed this experiment in December 2016. However, this culture has in the 

meantime been lost. 

 

SA plasticity and self-fertilization in Macrostomum sp. 22 

Experimental setup 

To obtain hatchlings of similar age, we allowed 600 adult worms to lay eggs for a period of 3 

days. Six days after removing the adults, the resulting hatchlings were randomly allocated to 

a group size (isolated, pairs or octets) and enclosure size (small or large; i.e. 24-hole or 6-hole 

tissue culture plates containing 1.5 or 6 ml of ASW, respectively), while providing ad libitum 

algae. We assume that manipulating the group size changes the mating group size, as shown 

in previous studies in M. lignano (Schärer and Ladurner 2003; Janicke and Schärer 2009; 

Janicke et al. 2013). Moreover, we manipulated the density independently of the group size 
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by using two enclosure sizes, since changing the group size also changes the density and 

density itself could have an effect on SA (for a more detailed discussion see Schärer and 

Ladurner 2003). Each enclosure size combination was replicated 33 times for both isolated 

and pairs, and 30 times for octets. Worms were transferred to fresh culture plates every week 

and allowed to mature. Starting from day 25, we then measured the body, testis, ovary and 

seminal vesicle size for one randomly chosen worm per replicate over a period of 3 days. 

Across all treatments, we excluded some replicates, either due to mortality induced while 

handling worms (n = 4), worms being malformed (n = 9), or a worm missing in the isolated 

(n = 3) or paired (n = 2) treatment replicates (see Figure 1 for final sample sizes). We did not 

exclude octet replicates that were missing one or two worms, as we considered a group size 

of 7 or 6 worms to still be considerably larger than isolated or paired treatments. 

Morphometry 

For measurement, we anaesthetised worms using a mixture of 300 µl of 71.4g/l MgCl2 and 

500 µl 20‰ ASW and dorsoventrally squeezed them on a microscope slide with a 

haemocytometer cover glass and standardised spacers (of 40 µm thickness) (Schärer and 

Ladurner 2003). We then took images of the worms with a digital camera (DFK41BF02, The 

Imaging Source, Bremen, Germany) under a DM 2500 microscope (Leica Microsystems, 

Heerbrugg, Switzerland) connected to a computer running BTV Pro 6.0b7 (Bensoftware) 

software. The testis, ovary and seminal vesicle were imaged at 400x magnification, while the 

body size was imaged at 40x. We analysed these images using ImageJ (available at 

http://imagej.nih.gov/ij/) and measured the body size, testis size (sum of both testes), ovary 

size (sum of both ovaries), seminal vesicle size, egg area (area occupied by all developing or 

developed eggs in the body of the worm) and SA (defined as testis size/(testis size + ovary 

size)). 

We estimated the repeatability for the morphometric measurements by measuring the same 

set of 37 worms twice in short sequence, randomly chosen from across all treatments, and 

then estimating the intraclass correlation coefficient (rI) using the variance components from 

a one-way ANOVA with the R package ‘ICC’ (Wolak et al. 2012). The resulting estimates 

(with confidence intervals) are for body size F35,36 = 4.4, P < 0.0001, and rI = 0.63 (0.43 to 

0.83); for testis size F35,36 = 4.3, P < 0.0001, and rI = 0.62 (0.42 to 0.82); for ovary size F35,36 

= 1.7, P = 0.06, and rI = 0.26 (-0.05 to 0.56); for seminal vesicle size, F35,36 = 8.3, P < 0.0001, 

http://imagej.nih.gov/ij/
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and rI = 0.78 (0.66 to 0.91); and for egg area, F35,36 = 11.49, P < 0.0001, and rI = 0.84 (0.74 to 

0.94). 

Self-fertilization 

We assessed if Macrostomum sp. 22 can self-fertilise, by checking for offspring production 

on day 22 in the isolated treatments and comparing it with offspring production in the pairs 

and octets. If Macrostomum sp. 22 can self-fertilize, we expected the isolated treatments to 

also contain hatchlings. 

Statistical Analyses 

To evaluate if group size and enclosure size had any effect on the dependent traits in 

Macrostomum sp. 22, we took group size and enclosure size as fixed factors and calculated a 

two-way ANOVA for body size and SA, and a two-way ANCOVA with body size as 

covariate for the reproductive morphology traits (testis size, ovary size, seminal vesicle size 

and egg area; since these traits usually correlate with body size). Significant tests were then 

followed by post-hoc Tukey HSD tests. The data was graphically checked to see if they fulfil 

the assumptions of parametric test statistics and transformed where needed. Specifically, to 

account for data skewness, we log-transformed body, testis and seminal vesicle size. 

All statistical analyses were carried out using R, version 3.4.1 (R Core Team 2017) unless 

stated otherwise. 

SA and SA plasticity effect sizes across species 

To examine how SA plasticity evolves across the Macrostomum genus, we gathered data on 

SA plasticity in different Macrostomum species. In total, we collected data from seven 

species, three that are hypodermically inseminating, M. pusillum (Giannakara and Ramm 

2017), M. hystrix (Winkler and Ramm 2018), and Macrostomum sp. 22 (current study); and 

four that are reciprocally mating, namely M. janickei, M. cliftonensis, and M. mirumnovem 

(Singh et al. 2019), plus multiple studies from M. lignano (see below). M. mirumnovem and 

all three hypodermically inseminating species can self-fertilize (Ramm et al. 2012, 2015; 

Giannakara and Ramm 2017; Singh et al. 2019). We classified species as reciprocally mating 

or hypodermically inseminating using behavioural (Singh et al., in prep.) and morphological 

(Brand et al., in prep.) data. Behavioural data showed the presence of both reciprocal mating 

and the postcopulatory ‘suck’ behaviour in M. lignano (Schärer et al. 2004a), M. janickei, 

M. cliftonensis, and M. mirumnovem, while neither of these behaviours were observed in 
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M. pusillum, M. hystrix, and Macrostomum sp. 22 (Singh et al., in prep.). In addition, the 

classification of species using morphological traits, which is known to be correlated with the 

mating strategy in Macrostomum (Schärer et al. 2011), corroborated the classification using 

behaviour. Briefly, morphologically, species were classified as reciprocal mating or 

hypodermically inseminating depending on their male and female genital morphology, sperm 

morphology, and the location of (received) allosperm (Brand et al., in prep.). 

The experimental procedure for most species was similar to what we described above for 

Macrostomum sp. 22, except that in some experiments, only group size was varied without 

independently varying the density via the enclosure size (for details and sample sizes see 

Supplementary Table S1). We think that the experiments are nevertheless comparable, since 

all experiments where density was included as a factor showed that it did not have a 

significant effect on our estimate of SA.  

For each experiment, we calculated standardised effect sizes of plasticity in SA, using 

Cohen’s d (Cohen 1988) with Hedges correction for small sample size (Hedges 1981), 

including confidence intervals (Howell 2011) of the effect sizes with the R package ‘effsize’ 

(Torchiano 2017), to facilitate interspecific comparisons. For each species, we calculated an 

effect size for SA plasticity to assess the effect on presence of mating partners (i.e. isolated 

worms vs. worms with partners) and strength of LSC (i.e. worms in pairs vs. octets). Pairs 

represent conditions with high LSC whereas octets represent conditions with low LSC. 

To examine how effect size varies across experiments for the same species, we collected 

datasets from multiple published experiments on M. lignano, and calculated effect sizes for 

each of them separately. In total, we found two and six studies, respectively, where we could 

extract effect of the presence of mating partners (Schärer and Janicke 2009; Ramm et al. 

2019) and the strength of LSC (Schärer and Ladurner 2003; Schärer et al. 2004b; Janicke and 

Schärer 2009; Janicke et al. 2013; Marie-Orleach et al. 2014; Ramm et al. 2019). For Schärer 

and Ladurner (2003), we calculated SA as testis size/(testis size+ovary size), since that study 

only gives values for testis and ovary size, but not SA. We excluded one previous study 

(Janicke and Schärer 2010) from our analysis, since the worms used in that study came from 

the same experiment as Janicke and Schärer (2009), and so these were not independent 

datasets (we used the latter study since it had more replicates). In addition, in Marie-Orleach 

et al. (2014) we combined the data from the two different inbred lines (HUB1 and DV1), as 

they did not differ in any of the traits measured. Also, note that in Schärer and Janicke 

(2009), there are only isolated and paired worms and hence the estimated effect size for the 
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presence of mating partners does not include the effect of octets. This should not have a large 

effect on the calculated effect size, since in most cases the difference between isolated and 

pairs is much larger than the difference between paired and octet treatments (Figure 2). 

For M. lignano, a weighted average is used to pool the estimated effect sizes across 

experiments for both the presence of mating partners and the strength of LSC (Turner and 

Bernard 2006). To weight each effect size, it is multiplied by the inverse of its variance 

(inverse variance weight - IVW), which allows us to take into consideration the differences in 

sample size across experiments. The formula for the average effect size is: 

𝐻𝑒𝑑𝑔𝑒𝑠’𝑠 𝑔∗  =  
∑ 𝐻𝑒𝑑𝑔𝑒𝑠’𝑠 𝑔  × 𝐼𝑉𝑊𝐻 𝑑   =1

∑ 𝐼𝑉𝑊𝐻 𝑑   =1
  

And its standard error is calculated as: 

𝑆𝐸 ∗ =  
1

∑ 𝐼𝑉𝑊𝐻 𝑑   =1
 

Association between mating strategy and self-fertilization and SA plasticity effect sizes 

For the phylogenetically corrected analyses of the SA plasticity effect sizes, we used a 

trimmed (ape package, Paradis et al. 2004) ultrametric phylogenetic tree of the Macrostomum 

genus, which is based on large-scale phylogenomic analyses of de novo transcriptomes 

(Brand et al., in prep.). We estimated the phylogenetic signal using Blomberg's K (picante 

package, Blomberg et al. 2003; Kembel et al. 2010) and Pagel's λ (phytools package, Pagel 

1999; Revell 2012), for both effect sizes. For both estimates of phylogenetic signal, a value 

close to zero is suggestive of phylogenetic independence, while a value close to 1 suggests 

that the traits evolve under Brownian motion. In our case, the estimates of phylogenetic 

signal for the two traits did not differ significantly from 0 (Supplementary Table S2). Since 

our sample sizes are small, the likelihood ratio tests used to assess Pagel's λ can be unreliable 

(Boettiger et al. 2012), as the asymptotic properties of maximum-likelihood estimation may 

not hold for small sample sizes. Thus, we decided to present both phylogenetically corrected 

analyses and analyses without correcting for phylogeny. 

For the phylogenetically corrected analyses, we compared the fit of different character 

evolution models (i.e. the Brownian motion, Ornstein–Uhlenbeck, and Early-burst models) 

(geiger package, Harmon et al. 2008) for each effect size, and found that Brownian motion 

was the best model for character evolution (i.e. having the lowest AICc; Supplementary 
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Table S3). Thus, we used Brownian motion as the preferred model for the subsequent 

analysis. We tested if the mating strategy (reciprocal mating vs. hypodermic insemination) or 

self-fertilization (presence or absence) predict the SA plasticity effect sizes (presence of 

mating partners and strength of LSC) via phylogenetic generalized least squares (PGLS) 

regressions, using a Brownian motion model of character evolution (nlme package, Pinheiro 

et al. 2014). PGLS allows us to account for the phylogenetic non-independence of 

observations due to common evolutionary history of species. 

And for the analyses without correcting for phylogeny, we calculated Wilcoxon rank-sum 

tests to assess if the mating strategy or self-fertilization predicted the differences in SA 

plasticity effect sizes. 

Results 

SA plasticity and self-fertilization in Macrostomum sp. 22 

In Macrostomum sp. 22, body size was not significantly affected by either group or enclosure 

size (Figure 1, Table 1). And, in accordance with predictions from SA theory, testis size was 

significantly affected by the group size, with octet worms having significantly larger testis 

size than isolated and paired worms. In contrast, the ovary size and egg area were 

significantly affected only by the enclosure size, with worms in larger enclosures (low 

density) having larger ovary size and egg area compared to worms in smaller enclosures. 

Similarly, the seminal vesicle size was significantly affected by the enclosure size with 

worms in larger enclosures (low density) having a smaller seminal vesicle size than worms in 

smaller enclosures (high density), contrary to our expectations. Similar to what we observed 

for testis size (and likely largely driven by that trait), SA was significantly affected by the 

group size, with octet worms having a significantly higher SA than isolated and paired 

worms. 

Macrostomum sp. 22 could self-fertilize with offspring being produced in all but four (out of 

58) isolated replicates. Moreover, two (out of 59) of the paired replicates also failed to 

produce offspring, suggesting that they were incompatible or that at least one worm was 

infertile and the other failed to self. All octet replicates had offspring in the wells. 
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Figure 1. Effect of group size (x-axis) and enclosure size (purple boxplot: large; green boxplot: small) 

on a) body size, b) testis size, c) ovary size, d) seminal vesicle size, e) egg area, and f) sex allocation in 

Macrostomum sp. 22. The boxplots display the 25th percentile, median, and 75th percentile and the 

whiskers represent the 5th and the 95th percentiles of the raw data, though note that log-transformed 

data was used for statistical analysis of body, testis and seminal vesicle size. Different letters denote 

significantly different group size effects inferred from Tukey HSD post-hoc tests (not done for body, 

ovary, and seminal vesicle size and egg area, see text). 

 

Table 1. Effects of the fixed factors (group size, enclosure size, and their interaction) and the covariate (body 

size) on the dependent variables for Macrostomum sp. 22. Results of ANOVA (body size and SA) and 

ANCOVA (all others) are shown. 

Trait 
Group size Enclosure size Interaction Body size 

DFs F p DFs F p DFs F p DFs F p 

Body size 2,168 2.6 0.08 1,168 0.43 0.51 2,168 0.58 0.56 - - - 

Testis size 2,167 6.4 0.002 1,167 1.53 0.22 2,167 0.43 0.65 1,167 63.41 <0.001 

Ovary size 2,167 0.52 0.6 1,167 4.11 0.04 2,167 0.81 0.45 1,167 22.66 <0.001 

Egg area 2,167 2.33 0.10 1,167 5.187 0.02 2,167 0.1 0.91 1,167 40.56 <0.001 

Seminal vesicle size 2,167 2.39 0.09 1,167 4.11 0.04 2,167 2.4 0.09 1,167 25.33 <0.001 

SA 2,168 6.67 0.002 1,168 2.170 0.14 2,168 0.23 0.79 - - - 
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SA and SA plasticity effect sizes across species 

There was substantial variation in overall SA across the seven species (Figure 2), both with 

respect to the mating strategy (solid vs. stippled lines) and self-fertilization (circles vs. 

triangles). Similarly, there was interspecific variation in the effect size estimates of SA 

plasticity, even among relatively closely related species (Figure 3, Supplementary Table S1). 

M. cliftonensis and M. lignano, respectively, exhibited the highest SA plasticity in response 

to the presence of mating partners and the strength of LSC. 

In addition, M. lignano exhibited SA plasticity across all experiments and while the estimate 

varied across the experiments, the confidence intervals overlapped (Figure 3, Supplementary 

Table S1). 

Association between mating strategy and self-fertilization and SA plasticity effect sizes 

The PGLS models (see Supplementary TableS2 and S3 for more details) showed that mating 

strategy did not predict the SA plasticity effect size either due to the presence of mating 

partners (t7,5 = 0.94, P = 0.39) or the strength of LSC (t7,5 = 0.23, P = 0.82). In contrast, self-

fertilization predicted SA plasticity with respect to the presence of mating partners (t7,5 = -

3.07, P = 0.03), but not due to the strength of LSC (t7,5 = -0.57, P = 0.59). SA plasticity with 

respect to the presence of mating partners was lower for selfing species (compare selfing vs. 

non-selfing species, given by green lines, in Figure 3). Essentially the same was observed in 

the analyses without correcting for phylogeny using the Wilcoxon rank-sum tests 

(Supplementary Table S4). 
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Figure 2. Effect of group size on estimates of sex allocation in seven different Macrostomum species 

(given by different colours). The line types represent the two mating strategies we observe in 

Macrostomum, with solid lines representing reciprocal mating and dashed lines representing 

hypodermic mating. The symbols represent the ability to self-fertilize, with triangles denoting the 

presence and circles denoting the absence of self-fertilization, respectively. The plots show means and 

standard errors of the raw (untransformed) data. Note that for M. lignano, data from seven independent 

experiments are shown. 
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Figure 3. Standardized SA plasticity effect sizes for the effect of the presence of mating partners (i.e. 

isolated worms vs. worms with partners) and the strength of LSC (i.e. worms in pairs vs. octets) in 

seven Macrostomum species. Black circles or squares represent presence of self-fertilization and 

reciprocal mating respectively, while grey circles or squares denote their absence (hypodermic 

insemination in case of mating strategy). Note that for M. lignano, data from multiple experiments are 

shown. The error bars represent 95% confidence intervals. 

 

 

Discussion 

Our study showed that there was substantial interspecific variation in both SA and SA 

plasticity, also among relatively closely related species, suggesting that both SA and SA 

plasticity can evolve rapidly in Macrostomum genus. Moreover, although mating strategy did 

not predict either of the SA plasticity effect sizes, self-fertilizing species had a lower SA 

plasticity in response to presence of mating partner. We discuss these results in more detail 

below. 

SA plasticity and self-fertilization in Macrostomum sp. 22 

While Macrostomum sp. 22 exhibited plasticity in SA in response to group size, this 

primarily stemmed from its plasticity in testis size, while ovary size was not significantly 

plastic. A similar trend has been seen in other Macrostomum species (Singh et al. 2019). A 
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possible reason for not seeing plasticity in ovary size could be that ovary size does not 

capture the female allocation as well as testis size does male allocation, and there could be 

other components of female allocation that might be more plastic (see Schärer 2009; Singh et 

al. 2019 for detailed discussion). Ad libitum feeding might also make it harder to uncover 

trade-off patterns (Schärer et al. 2005). Alternatively, there might not be a trade-off between 

male allocation and female allocation (Schärer 2009), though we do have some evidence for 

such a SA trade-off in M. lignano (Schärer et al. 2005; Janicke and Schärer 2009). In 

addition, the repeatability of ovary size was low relative to the repeatability of the other 

measured traits; which could also have affected our ability to detect plasticity if present, 

particularly if it were slight. However, we currently do not have an explanation for this low 

repeatability. Interestingly, the seminal vesicle size was larger in small enclosures (high 

density), while we expected the converse assuming that worms in smaller enclosures 

encounter and mate with other individuals at a higher rate. This is similar to what was 

observed in M. mirumnovem (Singh et al. 2019), though we currently do not have a plausible 

hypothesis for this observation. Macrostomum sp. 22 also showed extensive self-fertilization, 

which was similar in magnitude to its congener species, M. pusillum (Giannakara and Ramm 

2017). 

SA and SA plasticity effect sizes across species  

Very few studies have explored predictions of SA theory across multiple species in 

hermaphroditic animals in a phenotypic plasticity framework (Hoch and Levinton 2012; 

Schleicherová et al. 2014), with most studies focussing on intraspecific comparisons (Schärer 

2009). Hoch and Levinton (2012) tested Charnov’s model in two species of acorn barnacles, 

Semibalanus balanoides and Balanus glandula, by varying both the number and density of 

competitors in a natural setting. They showed that both species exhibit increased allocation in 

absolute, but not relative, male allocation at higher densities. Interestingly, the species 

differed in how they responded to the treatments in terms of their female allocation, with both 

the number and density of competitors having an effect in S. balanoides—although in the 

opposite direction than predicted by the model, while there was no effect in B. glandula. The 

authors proposed that this might result from interspecific differences in life-history traits. In 

contrast to the acorn barnacles, a study in three related polychaete worms, 

Ophryotrocha diadema, O. adherens and O. gracilis, showed that while there were 

interspecific differences in female allocation plasticity in response to different numbers of 

mating partners, there was no plasticity in the male function across species (Schleicherová et 
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al. 2014). They proposed that the magnitude of plasticity depended on the species-specific 

costs of the sex function, and also on the mating system of the species. So, while both of 

these studies document interspecific variation in SA plasticity, they do not explore whether 

interspecific differences in reproductive biology traits may affect standardised SA plasticity 

effect sizes and also lacked the statistical power to do so. 

Our results showed that SA and SA plasticity varied across Macrostomum. Hypodermically 

inseminating species (Macrostomum sp. 22 and M. pusillum), except M. hystrix, exhibited a 

low SA. Similarly, and in line with our predictions, self-fertilizing species 

(Macrostomum sp. 22, M. pusillum and M. mirumnovem), except for M. hystrix, exhibited a 

relatively low SA, likely indicating female-biased SA. Interestingly, M. hystrix has the 

highest SA. This species represents an independent origin of hypodermic insemination in the 

reciprocally mating clade (Schärer et al. 2011), and thus it might still retain characteristics of 

its reciprocally mating ancestral species that usually have higher SA. Moreover, hypodermic 

insemination is postulated to allow sperm to compete in a fair-raffle-type scenario, which can 

lead to an SA that closely matches the group size (Schärer and Janicke 2009). In additon, 

M. hystrix is known to reach very high densities in the field (Ramm et al. 2012). Although we 

did not statistically test for effect of mating strategy or self-fertilization ability on SA, a more 

extensive study will examine the evolution of SA and its predictors in Macrostomum (Brand 

et al., in prep.). 

M. lignano and M. janickei, which are congeneric species capable of hybridization (Singh et 

al., in prep.), show clear differences in SA plasticity in response to the strength of LSC 

(although the 95% confidence intervals overlap compared to two of the M. lignano studies). 

Variation in SA plasticity in species with similar reproductive biology could stem from 

different environmental conditions experienced by the species. For example, evolution of SA 

plasticity might not be favoured in species that inhabit stable environments, especially if 

maintenance of plasticity is costly (DeWitt et al. 1998; Auld et al. 2010; Siljestam and 

Östman 2017). A study in the polychaete worm, Ophryotrocha diadema, showed that worms 

from a laboratory population that had been kept under constant crowded conditions for a long 

period, were less plastic than worms from a population recently collected from the wild 

(Schleicherová et al. 2013). The authors suggested that the loss of plasticity could potentially 

result from the constant conditions experienced by the laboratory worms (Schleicherová et al. 

2013). Even in the absence of maintenance costs, there could still be production costs of 

plasticity though if the benefits of adjusting SA outweigh these costs, then phenotypic 
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plasticity could still be adaptive. This cost-benefit ratio of SA plasticity can vary across 

species (Van Buskirk 2002; Steiner 2007) and environments (Ratikainen and Kokko 2019), 

leading to its retention or loss in a species. Moreover, such costs of SA phenotypic plasticity 

might play an important role in both the evolution and the maintenance of simultaneous 

hermaphroditism (St. Mary 1997), and could also constrain changes in SA leading to a 

suboptimal SA. In M. lignano production costs of plasticity have been documented (Sandner 

2013), with an alternating environment (group size) leading to a lower hatchling production 

compared to a stable environment. Although we currently do not have data on costs of 

plasticity in M. janickei, note that not all hermaphrodites exhibit costs of sex adjustment 

(Lorenzi et al. 2008). 

Across species, the estimates of plasticity effect sizes are larger for presence of mating 

partners than for strength of LSC (number of mating partners), and for M. cliftonensis and 

M. janickei, the effect sizes confidence intervals don’t overlap. This suggests that the increase 

in SA going from paired to octet groups is not as drastic as going from isolated worms to 

larger groups. This situation could potentially arise if in the presence of multiple partners in 

octets, worms do not only increase their testis size, but also increase their sperm production 

per unit testis size, (Schärer and Vizoso 2007) due to an increased speed of spermatogenesis 

(Giannakara et al. 2016) (in which case we might underestimate male allocation when solely 

measuring testis size). Alternatively, there could be increased investment in other 

components of the male function, e.g. seminal fluid production (Patlar and Ramm 2019; 

Patlar et al. 2019), or mating behaviour (Janicke and Schärer 2009; Santi et al. 2018). A 

similar phenomena has been seen in a freshwater snail, Lymnaea stagnalis, where paired 

snails showed higher expression of six seminal fluid protein (SFP) genes than isolated snails, 

while the SFP expression of snails in larger (6 individuals) groups was similar to that of 

paired snails (Nakadera et al. 2019; Ramm et al. 2019). 

Association between mating strategy and self-fertilization and SA plasticity effect sizes 

The SA plasticity effect sizes did not differ significantly between the reciprocal and 

hypodermic mating strategies, though our findings did partly confirm our expectation of self-

fertilizing species having a lower SA plasticity (in response to presence of mating partner, but 

not the strength of LSC). Interesting questions that arise then are about the causes of the 

variation in SA and SA plasticity between the self-fertilizing species. While there has been 

both theoretical and empirical work exploring the effect of self-fertilization on SA in plants 



 

114 
 

(Lemen 1980; Charlesworth and Charlesworth 1981; Schoen 1982; Charnov 1987; McKone 

1987; Brunet 1992), there have been few such studies in animals (Johnston et al. 1998; 

Winkler and Ramm 2018). One possible explanation for the variation could be if the species 

differ in their rate and pattern of self-fertilization, which could have an effect on SA and its 

plasticity. For example, in obligatorily self-fertilizing species, we would expect that they do 

not increase their SA (investment in the male allocation) with group size, since LSC would be 

expected to remain high irrespective of group size. On the other hand, for species that exhibit 

facultative self-fertilization, we might expect SA plasticity despite low overall SA. 

Interestingly, our results do conform somewhat to this pattern, with M. pusillum, which has 

been hypothesised to be obligatorily self-fertilizing, showing both the lowest overall SA and 

no SA plasticity (Giannakara and Ramm 2017). Its congener, Macrostomum sp. 22, showed a 

similarly female-biased SA in isolated and paired worms, but significant SA plasticity 

between worms in pairs and octets. If worms shifted from self-fertilization in isolation to only 

outcrossing in pairs, then the strength of LSC would not be expected to change, while the 

strength of LSC would clearly be expected to drop from worms in pairs to octets, a scenario 

that would match the observed SA patterns. This could suggest that Macrostomum sp. 22 may 

only self in isolation. Similarly, M. hystrix, which is thought to be a preferentially outcrossing 

species with a recent study showing delayed selfing and potential costs of self-fertilization 

(Ramm et al. 2012), was also more plastic than M. pusillum. Collectively, our results suggest 

that SA and SA plasticity can evolve rapidly in Macrostomum, with self-fertilization being an 

important predictor. Future studies should investigate if there is a correlation between SA 

plasticity and self-fertilization rates in Macrostomum. 
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Supplementary Information for “Evolution of sex allocation plasticity and its predictors 

in a flatworm genus” 

Table S1. Details of sex allocation plasticity experiment(s) for each species, including their 

sample size, resulting SA plasticity effect sizes (for presence of mating partners and strength 

of LSC), inclusion of enclosure size in the experimental design, and reference. For 

Macrostomum lignano, data from seven independent experiments and the weighted average 

effect sizes across all experiments are given. Note that the largest estimates are printed in 

bold type. 

Species Sample sizes for each group 

size 

SA plasticity effect size 

(mean ± sd) 

Enclosure size 

included 

Reference 

Isolated Pair Octet Presence of mating 

partner 

Strength of 

LSC 

M. janickei 57 63 57 1.875±0.188 0.36±0.183 Yes Singh et al. 2019 

M. cliftonensis 56 57 60 3.62±0.253 0.82±0.191 Yes Singh et al. 2019 

M. mirumnovem  57 51 59 0.692±0.168 0.115±0.190 Yes Singh et al. 2019 

Macrostomum sp. 22 58 59 57 0.514±0.161 0.41±0.187 Yes This study 

M. pusillum 31 32 29 -0.05±0.219 -0.14±0.253 No Giannakara and 

Ramm 2017 

M. hystrix 30 48 27 0.83±0.222 0.2±0.239 No Winkler and Ramm 

2018 

M. lignano  - 11 12 - 1.77±0.474 Yes Schärer & 

Ladurner, 2003 

 - 9 12 - 1.46±0.475 Yes Schärer et al., 2004 

 - 46 46 - 1.18±0.224 No Janicke & Schärer, 

2009 

 56 62 - 1.69±0.212 - No Schärer & Janicke, 

2009 

 - 16 10 - 2.09±0.482 No Janicke et al., 2013 

 - 19 25 - 1.43±0.335 No Marie-Orleach et 

al., 2014 

 37 38 37 2.37±0.253 0.86±0.239 No Ramm et al., 2019 

M. lignano (weighted 

average) 

- - - 1.97±0.173 1.25±0.130 
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Table S2. Phylogenetic signal for estimates of the SA plasticity effect sizes. Significance 

testing shows whether Blomberg's K > 0, using 10000 random permutations of the data. For 

Pagel's λ a log-likelihood ratio test was used to assess if the maximum-likelihood estimate of 

λ was significantly different from λ = 0. 

Effect size Blomberg’s K Pagel’s λ 
K P λ P 

Presence of mating partner 0.75 0.07 
 

0.29 0.71 

Strength of LSC 0.09 0.78 <0.0001 1 
 

 

Table S3. For each SA plasticity effect size, we determined the fit of different character 

evolution models (i.e. the Brownian motion, Ornstein–Uhlenbeck and Early-burst models), 

and evaluated them using the Akaike Information Criterion corrected for small sample size 

(AICc). The values of V2 (Brownian rate parameter), D (selection strength parameter), and a 

(rate of evolutionary change parameter) for the different models are given. 

Effect size Brownian motion Ornstein-Uhlenbeck Early-burst 

V� AICc ZL V� D AICc ZL V� a AICc ZL 

Presence of mating 
partner 

3.78 28.11 0.92 7.76 2.72 33.94 0.05 3.78 -0.000001 35.11 0.03 

Strength of LSC 4.21 28.86 0.68 4.72 2.72 30.46 0.3 4.21 -0.000001 35.86 0.02 

 

 

Table S4. Effect of mating strategy and presence of self-fertilization on estimates of SA 

plasticity effect size. 

Predictor variable Effect size Wilcoxon rank-sum test 
statistic (W) 

P 

Mating strategy  Presence of mating partner 1 0.11 
Strength of LSC 3 0.38 

Presence of self-fertilization Presence of mating partner 12 0.05 
Strength of LSC 11 0.11 
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Discussion 
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In my PhD project, I examined the evolution of mating behaviour and sex allocation (SA) 

plasticity in the simultaneously hermaphroditic flatworm genus, Macrostomum, with a special 

focus on the species that are closely related to the model organism, M. lignano. 

In chapter I, I show that genital morphology and mating behaviour can evolve rapidly in 

Macrostomum, with M. lignano and its congener M. janickei, differing significantly in these 

reproductive traits. Interestingly, despite these considerable differences, the worms were 

readily able to engage in heterospecific matings and produced fertile hybrid offspring (albeit 

only few). Similar to our study, a previous study on two genetically similar populations of a 

neotropical dung fly, Archisepsis diversiformis, had shown that despite interpopulation 

differences in reproductive behaviour and strong premating isolation, extended exposure to 

individuals of the other population in the absence of individuals of same population, led to 

interpopulation mating and production of offspring (Puniamoorthy 2014). Moreover, while 

there is some sparse information about hybridization in free-living flatworms in general (Pala 

et al. 1982; Bullini 1985), this is, to the best of my knowledge, the first study to have 

documented hybridization between species of the genus Macrostomum. 

In our study, very few heterospecific replicates produced offspring, despite most pairs having 

copulated successfully, presumably due to postmating-prezygotic or postzygotic reproductive 

barriers. It would be interesting to explore what mechanisms lead to the postmating barriers 

in our study. A follow up study can examine the female antrum of worms after mating, under 

the microscope, to check if heterospecific mating leads to transfer of sperm and if yes, 

whether the number of sperm transferred is similar to conspecific pairs. A study on 

hybridizations in three species in the Drosophila simulans species complex had shown that 

despite heterospecific matings, the three species exhibited postmating-prezygotic 

reproductive isolation (Price et al. 2001). Interestingly, each of the three species-pair 

hybridizations had a different set of cryptic barriers to heterospecific fertilization, such that 

either the matings were too short to allow sperm transfer; or very few heterospecific sperm 

were transferred even during long matings; or that despite abundant sperm being transferred, 

these sperm were lost rapidly from the female’s reproductive tract (Price et al. 2001). 

Our conspecific pairs of the two species did not differ significantly in their offspring 

production, suggesting that the nearly two-fold higher mating rate of M. lignano did not 

translate into higher offspring production. Predictions for hermaphrodites do suggest that 

reciprocal mating might be motivated more from the desire to donate sperm rather than to 
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receive sperm for fertilizing the eggs, which could lead to a higher mating rate but not 

necessarily higher offspring production. The higher mating rate of M. lignano also led to it 

engaging predominantly in conspecific matings, thereby exhibiting assortative mating, while 

M. janickei ended up mating more often with heterospecific individuals. The occurrence of 

more heterospecific than conspecific matings for M. janickei, is suggestive of asymmetric 

reproductive interference between the species, with there likely being a larger fitness cost for 

M. janickei in contact zones. In summary, this study extends our understanding of two central 

topics in speciation, namely reproductive barriers and hybridization, particularly in the 

understudied sexual system of simultaneous hermaphrodites. It also highlights the role of 

mating rate in shaping heterospecific interactions. 

It would be interesting to explore if hybridization is possible between more distantly related 

Macrostomum species, particularly using species like M. cliftonensis and M. mirumnovem, 

which though collected from a geographically very distant location, are also genetically quite 

close to M. lignano. Both of these species have different stylet morphology and both can be 

cultured in the laboratory. 

In chapter II, I provide conclusive evidence that the suck behaviour removes ejaculate out of 

the antrum. Moreover, I show that there is a correlation between the presence, frequency and 

duration of reciprocal mating and the suck behaviour, providing evidence for the hypothesis 

that the suck behaviour co-evolves with reciprocal mating. Future studies should try to 

experimentally manipulate the suck behaviour to examine its effect on the fitness of both 

sperm donor and sperm recipient. In addition, I expect there to be correlations between 

aspects of reproductive behaviour (reciprocal mating and suck) and reproductive morphology 

(male and female genitalia and sperm). I would particularly expect the suck (female 

resistance trait) to correlate with presence of sperm bristles (potential male persistence trait), 

presumably as a result of sexually-antagonistic coevolution. Future studies should examine 

this using the available data on behaviour and morphology. 

Moreover, while I could document reciprocal mating in many species, I do not have 

convincing videographic evidence for how hypodermic insemination occurs. Possible reasons 

for this could be that hypodermic mating is very short and instantaneous (Michiels 1998), 

with no particularly evident mating posture, except the posterior region of one worm being in 

contact with the partner worm (which we have observed in certain species with hypodermic 

mating syndrome/morphology). This would make it easy to miss hypodermic insemination 
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while scoring movies at our available movie resolution and playback speed. Another possible 

reason could be if these species mate comparatively rarely, as might be expected from their 

generally relatively low sex allocation, assuming that matings are motivated by the desire to 

donate sperm (Brand et al. in preparation). Future studies should aim at recording the 

mating movies at higher frame rates and under the microscope, to increase our chances of 

observing a hypodermic mating. Moreover, looking at the distribution of the allosperm sperm 

in the body of a hypodermically inseminating species, can give us an idea of where the sperm 

was injected during a hypodermic mating (Ramm et al. 2012, 2015). Having a GFP-

expressing line, like for M. lignano (Marie-Orleach et al. 2014), for a hypodermically 

inseminating species like M. hystrix, will allow us to more easily visualise the transfer and 

location of received allosperm, and differentiate it from the autosperm in the body of a 

wildtype recipient. 

In chapter III, I showed that there is variation in sex allocation (SA) and SA plasticity in 

three closely related Macrostomum species. Moreover, I found that sperm production rate—

but not sperm morphology—is plastic in M. cliftonensis. Interestingly, self-fertilization had 

been previously documented in two hypodermically inseminating species of Macrostomum 

(Ramm et al. 2012, 2015; Giannakara and Ramm 2017), and it was postulated that self-

fertilization might be associated with hypodermic insemination, since the sharp needle-like 

stylet and simple sperm presumably made it easy to self-fertilise. In this study, I showed that 

the reciprocally mating M. mirumnovem also exhibited self-fertilization. It also had the lowest 

SA of the three species, suggesting that self-fertilization could lead to a reduced SA. 

Finally, in chapter IV, I showed that while the mating strategy does not have a strong effect 

on SA plasticity effect sizes, self-fertilization has an effect on SA plasticity with respect to 

the presence of mating partners. While I do not currently have data on the selfing rate of the 

different species, it would be interesting to examine its relation to allocation to the male 

function. In addition to the above, there could be species that exhibit mixed-mating, i.e. they 

could exhibit both self-fertilization and outcrossing in the presence of mating partners. The 

mating group size experienced by such a species would be different relative to a species that 

does not self-fertilize in presence of mating partners. The prediction for how such species 

would modulate their SA in response to increase in group size is not intuitively clear, but I 

expect there would be a negative correlation between the self-fertilizing rates and the male 

function (Charlesworth and Charlesworth 1981). Future studies should explore the effect of 

pattern and rate of self-fertilization on SA plasticity. Moreover, my project is part of a larger 
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comparative study on the evolution of SA and its correlates in Macrostomum, in which SA of 

field-collected worms is measured. My study allows us to reliably interpret interspecific 

variation in SA of field collected worms, even assuming that they come from different social 

environments, keeping the SA plasticity estimates in mind.  

In conclusion, I show that mating conflict in Macrostomum can give rise to different mating 

strategies like reciprocal mating and hypodermic insemination, and that a combination of 

reproductive morphological traits, defined as syndromes, can be used as a proxy for inferring 

the mating strategy. Even within the reciprocally mating strategy, sexual conflict over the 

usage of received sperm can give rise to female resistance traits like the suck behaviour. 

Moreover, both reciprocal mating and the suck behaviour co-evolve rapidly across the genus. 

Finally, while the mating strategy does not affect the SA directly, self-fertilization (which 

may be more common in hypodermic species) can lead to lower SA. Thus, my study 

examines predictions of sexual conflict and SA theory, and elucidates the evolution of 

reproductive behaviour and SA plasticity and their links, in simultaneously hermaphroditic 

animals. 
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