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Abstract

Sexual traits may be selected during multiple consecutive episodes of selection, occurring before, during, or after copulation. The overall
strength and form of selection acting on traits may thus be determined by how selection (co-)varies along different episodes. However, it is
challenging to measure pre- and postcopulatory phenotypic traits alongside variation in fitness components at each different episode. Here, we
used a transgenic line of the transparent flatworm Macrostomum lignano expressing green fluorescent protein (GFP) in all cell types, including
sperm cells, enabling in vivo sperm tracking. We assessed the mating success, sperm-transfer efficiency, and sperm fertilizing efficiency of
GFP(+) focal worms in which we measured 13 morphological traits. WWe found linear selection on sperm production rate arising from pre- and
postcopulatory components and on copulatory organ shape arising from sperm fertilizing efficiency. We further found nonlinear (mostly concave)
selection on combinations of copulatory organ and sperm morphology traits arising mostly from sperm-transfer efficiency and sperm fertilizing
efficiency. Our study provides a fine-scale quantification of sexual selection, showing that both the form and strength of selection can change
across fitness components. Quantifying how sexual selection builds up along episodes of selection allows us to better understand the evolution
of sexually selected traits.

Keywords: Cryptic female choice, Linear and nonlinear selection, Mate choice, Measuring selection, Response surface methodology, Sperm competition.

Introduction Sexual selection studies have traditionally focused on either
the interaction between pre- and postcopulatory fitness com-
ponents (e.g., McCullough et al., 2018; McDonald et al.,

the evolution of sexual traits involved in mate acquisition, 2017; Morimoto et al., 2019) or on measuring selection for

copulation, and fertilization (Andersson, 1994; Birkhead et combinations of pre- and postcopulatory traits on total fit-

al., 2009; Prokuda & Roff, 2014). Traits under precopula- ness (e.g., Devigili et.al., 2015; House et al., 2020). Bridging
tory sexual selection affect the opportunity to copulate. For this knowledge gap instead requires the formal comparison

instance, in the fungus beetles, Bolitotherus cornutus, males O}f seilectlon.actmg on;he comb1r11at10nsﬁof pheIrfloltlyplc tralt}?
with longer horns have better access to females and there- that determine pre- and postcopulatory fitness. It the strengt

fore sire more offspring than their competitors (Conner,  ©F direction of selection changes across each pre—'and post-
1988). Traits under postcopulatory sexual selection affect copulatory fitness component, then the net selection acting

the number of offspring sired per mating opportunity. For on any given trait may be reinforced or negated dep ending
instance, in the cricket Gryllus bimaculatus, males produc- on whether ?ach ep}sode acts syqergmtlcally or antagonisti-
ing more and smaller sperm sire more offspring than their cally. In considering indirect selection on correlated traits, it is

competitors (Gage & Morrow, 2003). However, pre- and also key to study how trait variation predicts fitness in com-

postcopulatory sexual selection may not be independent from ~ Ponents where selection is expected to occur. For instance,
one another. For instance, males that have better access to sperm traits may determine male reproductive success, not

females may consistently sire more (e.g., McCullough et al., because they confer higher success in sperm competition, but

2018; McDonald et al., 2017) or fewer (e.g., De Nardo et al instead because they are correlated with a trait under precop-
2021) offspring per mating opportunity than their competi- ulatory sexual selection.

tors. In fact, we know very little about how selection operates ¢ P artltl(f)nmg elP1510d6§ of Segualbselctct.lon haslllong bl?ecril a
across pre- and postcopulatory fitness components, despite cature of sexual selection studies, but it 1s typically applied to

precopulatory traits often co-varying with postcopulatory the contrasting effects of male competition and female choice

sexual traits, either positively or negatively (Evans & Garcia- (reylewed m Hunt etal,, ,2009)' Her.e the relationship between
Gonzalez, 2016; Mautz et al., 2013) trait variation and relative fitness is used to formally assess
bl b S .

Sexual selection may act before, during, and after copula-
tion, and it represents a compelling framework to explain
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the strength of sexual selection, which is typically assessed
through the regression coefficient of a linear regression of
fitness on one or multiple traits (Arnold & Wade, 1984;
Henshaw et al., 2018; Jones, 2009; Lande & Arnold, 1983).
This approach has documented a strong selection of traits
that were assumed to be involved in pre- and postcopulatory
processes (reviewed in Prokuda & Roff, 2014; Simmons &
Moore, 2009). Sexual selection may, however, act in more
complex and nonlinear ways, including quadratic selection
that either favors or opposes intermediate trait values and
correlational selection that may act on multiple traits simul-
taneously (Henshaw & Zemel, 2017; Lande, 1979; Lande &
Arnold, 1983). This body of literature has shown that sexual
selection often acts on combinations of pre- and/or postcop-
ulatory traits (e.g., Bentsen et al., 2006; Devigili et al., 2015;
Hall et al., 2008; House et al., 2016, 2020; Oh & Shaw,
2013; Simmons et al., 2009). For instance, in the red flour
beetle, Tribolium castaneum, male and female genitalia are
under concave selection, i.e., intermediate sizes and shapes
are favored by selection (House et al., 2020). Moreover, in
the live-bearing fish, Poecilia reticulata, selection measured on
male reproductive success indicates multivariate fitness land-
scapes involving both male morphological traits and sperm
velocity (Devigili et al., 2015).

To our knowledge, formal comparisons of the strength
and form of selection arising from pre- and postcopulatory
components of sexual selection have only been obtained
once, namely, in the broad-horned flour beetle Gnatocerus
cornutus (House et al., 2016) (albeit in a non-competitive
setting). That study found that precopulatory mating success
and postcopulatory fertilization success favored similar male
genital phenotypes, but that concave selection on male body
size arose exclusively from precopulatory mating success.
More studies along these lines are clearly needed. Arguably,
the scarcity of such studies may be due to the (a) high sam-
ple sizes required to perform multivariate selection analyses
(Green, 1991; Simon et al., 2022), and (b) the challenges in
measuring pre- and postcopulatory traits alongside the rele-
vant—and possibly multiple—pre- and postcopulatory fitness
components. For instance, although postcopulatory processes
are often measured as a single episode of selection, in many
species male sperm competitiveness is in fact considered to
consist of “(i) the relative number of sperm of different males
that enter the fertilizing pool; and (ii) the relative fertilization
efficiency of an ejaculate, after controlling for sperm number”
(Pizzari & Parker, 2009).

Here we aim to study how phenotypic selection builds up
along pre- and postcopulatory fitness episodes by using pow-
erful features of the free-living flatworm model Macrostomum
lignano (see below). Specifically, we studied the strength and
form of selection acting on multiple morphological traits with
respect to four pre- and postcopulatory fitness components.
For this, we measured 13 reproductive morphology traits
(including body size, testis size, ovary size, seminal vesicle
size, four male copulatory organ traits, and five sperm traits),
and used multivariate selection analyses to statistically test
if pre- and postcopulatory sexual selection act synergistically
or antagonistically, target similar or dissimilar trait combi-
nations, and differ in the form of selection (directional vs.
nonlinear).

Specifically, we sequentially exposed focal worms to three
independent mating groups (Figure 1), and assessed, in each
group, the individual success of the focal worm in four fitness
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components (as defined in Marie-Orleach et al., 2016, 2021).
In brief, we decomposed focal male reproductive success
into the following four multiplicative fitness components: (a)
partner fecundity (F; i.e., the number of offspring produced
by all potential partners through their female sex function),
(b) mating success (MS; i.e., the proportion of copulations
in which the focal worm was involved), (c) sperm-transfer
efficiency (STE; i.e., the proportion of focal sperm among
the sperm received by all potential partners, given the focal
mating success), and (d) sperm fertilizing efficiency (SFE; i.e.,
the proportion of offspring produced that are sired by the
focal worm, given the proportion of focal sperm received)
(see Marie-Orleach et al., 2016, 2021 for more details). We
could estimate the last two fitness components because in
vivo tracking of sperm is feasible in this transparent worm
(Janicke et al., 2013; Marie-Orleach et al., 2014; Wudarski
et al., 2017). By using transgenic focal worms that express
green fluorescent protein (GFP) in all cell types, including the
sperm cells, one can easily distinguish sperm cells donated by
GFP(-) wild-type competitors from those that are donated by
the GFP(+) focal worms, directly inside the female reproduc-
tive tract of living partners. This provides powerful opportu-
nities to quantify fitness components that are usually difficult
to observe, such as the number of sperm cells that a GFP(+)
focal individual has successfully transferred to partners, and
the resulting number of sired offspring (Janicke et al., 2013;
Marie-Orleach et al., 2014, 2016, 2021).

Furthermore, we collected data to characterize selection act-
ing on trait combinations that are potentially important during
pre- and postcopulatory selection (Figure 1). These traits
include testis size, which has previously been found to predict
mating success (Janicke & Schirer, 2009a; b), sperm produc-
tion rate (Schirer & Vizoso, 2007), sperm transfer success
(Janicke & Schirer, 2009a; Marie-Orleach et al., 2016), and
male reproductive success in this worm (Marie-Orleach et al.,
2016; Vellnow et al., 2018). We also measured body size, ovary
size, A seminal vesicle size (i.e., the increase in seminal vesicle
size of focal worms after two days in isolation, a measure of
the sperm production rate), the size and shape of the male cop-
ulatory organ (the so-called stylet) using geometric morpho-
metrics, and five different sperm morphology traits to test how
these predict male fitness (Janicke & Schirer, 2009a, 2010;
Marie-Orleach et al., 2016). To consider all 13 traits jointly in
a single analysis would require the estimation of 13 linear and
81 nonlinear selection gradients, and sample sizes (i.e., >500
individuals for medium effect sizes (Green, 1991)) that are not
logistically possible when quantifying postcopulatory selec-
tion in this system. For example, over 1,800 partner worms
and 26,000 copulations were involved in the quantification of
the mating success of focal worms alone. Instead, we grouped
traits into sets of biologically related subsets, covering general
mating, stylet morphology, and sperm characteristics, and ana-
lyzed each group separately (see Material and methods).

Intense postcopulatory sexual selection is predicted in
simultaneous hermaphrodites (Charnov, 1979; Marie-
Orleach et al., 2021; Schirer & Pen, 2013; Schirer et al.,
2014). We expected testis size and A seminal vesicle size to be
under directional positive selection, since both may positively
contribute to higher success in sperm-transfer efficiency. In
contrast, we expected ovary size to be under negative linear
selection because a trade-off between the male and female
sex functions may lead to negative correlations between male
reproductive success and traits involved in the female sex
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Figure 1. Overview of the experimental design used to measure pre- and postcopulatory morphological traits and fitness components. We allowed
GFP(+) focal worms (green) to grow up under “Rearing conditions” with four GFP(-) partners, and then performed “Pre- and postcopulatory fitness
assays” by subsequently exposing the focal worm to three independent groups of four worms to assess mating success, sperm-transfer success,

and reproductive success, after which we performed “Morphological measurements” on different traits of the focal. We measured 13 traits that were
divided into three trait sets. The ‘general traits’ set included the body, testis, ovary, and A seminal vesicle sizes (i.e., the change in seminal vesicle size
after 2 days of isolation). The “stylet traits” set included the centroid size and the first three relative warp scores of a geometric morphometrics analysis.
Diagrams show the configurations of the consensus stylet shape (top), the maximum and minimum values of the first relative warp score (RWS1), which
mainly captured the overall stylet curvature, the second relative warp score (RWS2), which mainly captured the width of the stylet, and the third relative
warp score (RWS3), which mainly captured the orientation of the tip. RWS1, RWS2, and RWS3 explained 55%, 18%, and 12% of the variation in stylet
shape, respectively. The “sperm traits” set included the feeler, body, shaft, brush, and bristles sizes. See Material and methods for details.

function (Anthes et al., 2010). Several hypotheses have been
proposed to explain the evolution of genitalia, predicting dif-
ferent forms of selection. Because interspecific studies usually
find a lower allometric relationship for genitalia size than for
other organs (i.e., the one-size-fits-all hypothesis), genitalia
are often thought to be under concave selection (Eberhard et
al., 1998; although other forms of selection may be expected
on genitalia, see Arnqvist, 1997). Regardless of the form of
selection, we expected selection on stylet traits to arise mostly
from sperm-transfer efficiency. And finally, we expected direc-
tional selection on sperm traits arising from the sperm fertil-
izing efficiency fitness component. In particular, M. lignano
displays a complex sperm morphology (Figure 1), including
lateral stiff bristles that may be important for sperm competi-
tion (Schirer et al., 2011; Vizoso et al., 2010).

Material and methods

The data of the present study are associated with an exper-
iment that is described in considerable detail elsewhere

(Marie-Orleach et al., 2021). In the previous paper, we used
a variance-based approach measuring sexual selection exclu-
sively through the variance in individual success (reported in
Marie-Orleach et al., 2021). Here, we instead used a trait-
based approach measuring sexual selection acting on mor-
phological traits of the focal individuals. In the following, we
briefly describe the parts of the material and methods shared
with Marie-Orleach et al. (2021), and we also more fully
explain the parts that are specific to the present study.

Model organism

The free-living  flatworm,  Macrostomum  lignano
(Macrostomorpha, Platyhelminthes) (Ladurner et al., 2005),
is an outcrossing simultaneous hermaphrodite (Scharer
& Ladurner, 2003) that is highly promiscuous (Janicke
& Schirer, 2009a; Schirer et al., 2004). The copulation is
reciprocal and consists of the intromission of the male cop-
ulatory organ (called stylet) into the female sperm-receiving
and sperm-storage organ (called female antrum) of the part-
ner (Schirer et al., 2004; Vizoso et al., 2010). Because the
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worms are highly transparent, it is possible to observe and
measure internal structures in vivo, such as testis and ovary
size (Janicke et al., 2013; Schirer & Ladurner, 2003), stylet
morphology (Janicke & Schirer, 2009a; Marie-Orleach et
al., 2016), and the number of sperm cells stored inside the
female antrum (Janicke et al., 2011; Marie-Orleach et al.,
2016, 2021). Moreover, sperm traits can be measured after
the amputation of a worm’s tail plate (Janicke & Schirer,
2010). Little is known, however, about the biology of these
flatworms under natural conditions. They are found in the
upper intertidal zone of the Northern Adriatic and Aegean
Sea (Ladurner et al., 2005; Scharer et al., 2020; Wudarski et
al., 2020); but sexual selection studies were so far all carried
out under laboratory conditions.

In vivo sperm, tracking is possible in M. lignano thanks to
transgenic lines expressing GFP (Janicke et al., 2013; Marie-
Orleach et al., 2014, 2021; Wudarski et al., 2017). Moreover,
one can use the GFP marker to assign parentage in offspring
(Marie-Orleach et al., 2014, 2021). Importantly, although
worms from GFP(+) and GFP(-) lines differ significantly
neither in body size, testis size, ovary size, or seminal vesicle
size nor in their mating rate, siring ability, and female repro-
ductive success (Marie-Orleach et al., 2014), we here always
used GFP(+) worms as focal individuals and GFP(-) worms as
partners to avoid potential artifacts in our analyses due to the
expression of the GFP marker. Moreover, we used two out-
bred cultures, the GFP(+) BAS1 (Marie-Orleach et al., 2016;
Vellnow et al., 2018) and the GFP(-) LS1 (Marie-Orleach et
al., 2013). These cultures are expected to be genetically sim-
ilar because BAS1 was established by introgression of the
GFP marker into the LS1 culture, namely, by backcrossing
a GFP(+) inbred line onto the LS1 outbred culture over nine
generations (Marie-Orleach et al., 2016; Vellnow et al., 2018).

Experimental set-up

Our experimental set-up allowed us to measure the mating
success, sperm-transfer success, and reproductive success of
focal worms, for which we also measured 13 morphological
traits (see below and Figure 1). For logistic reasons, the bio-
logical replicates used in the experiment were split into eight
batches, treated sequentially (3—6 days apart), but in the fol-
lowing reporting we set day 1 as the first day for each batch.

Rearing conditions

To obtain same-aged individuals we, on day 1, allowed adult
worms of the GFP(+) and GFP(-) cultures to lay eggs in Petri
dishes for 24 h and, on day 6, we placed the resulting off-
spring in 24-well tissue culture plates to create 20 biological
replicates per batch. Each biological replicate included (a)
one group made up of one GFP(+) focal individual and four
GFP(-) partners (called the A groups), and (b) three groups
made up of four GFP(-) individuals (called the B, C, and D
groups) that we used as partners of the focal worm (Figure 1).
We then transferred all groups to new wells with fresh algae
every 6-10 days. Importantly, in order to measure selection in
individuals who had reached a steady state of sperm produc-
tion, mating activity, sperm receipt, and egg production, we
kept the worms in their A groups for several days after they
had reached sexual maturity.

Mating success

We then estimated the focal individual’s mating success on
days 25-30 as explained in Marie-Orleach et al. (2021). In
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brief, we placed each focal individual in a mating chamber
together with the four worms of its B group. To visually
distinguish the focal worm from the partners, we placed all
members of the A group into a well containing a blue vital
dye for the 24 h before the mating trial (which does not
affect sexual performance; Marie-Orleach et al., 2013). We
then placed the five worms in an 8 pl drop of artificial sea
water between two microscope slides and video-recorded all
their interactions for 3 h. In total, we gathered 1,440 h of
copulation interactions (analyzed anonymized with respect
to treatment), which contained 26,723 copulations. For each
mating group, we counted the total number of copulations
(total matings) and the number of copulations in which the
focal worm was involved (focal matings). After the mating
trials, we transferred the focal worm back into its A group
and isolated all four members of the B group to assess the
sperm-transfer success of the focal worm during the mating
trial.

Sperm-transfer success

We estimated the proportion of sperm cells received from
the focal worm by its four partners following the protocol
explained in Marie-Orleach et al. (2021). In brief, we recorded
movies of the female antrum of each partner, first under bright-
field illumination and then under epifluorescence illumination
to, respectively, assess (a) the total number of sperm cells in
all four potential partners (total sperm) and (b) the number
of these sperm that were GFP(+) (focal sperm). The 3,840
resulting antrum movies were analyzed and anonymized with
respect to treatment. The procedure used provides highly
repeatable sperm counts (Marie-Orleach et al., 2014). Note
that, when we could not assess total sperm in worms because
they had eggs in their female antrum (783/1,920), we used the
average total sperm counts computed from worms in which
this could be estimated (i.e., 21 sperm cells).

This approximation could introduce some statistical noise
in our data, potentially biasing our estimates of sperm-
transfer efficiency and sperm-fertilizing efficiency. However,
if our sperm-transfer success estimates were imprecise, one
would expect a negative covariance between sperm-transfer
efficiency and sperm-fertilizing efficiency. This is because an
overestimation of sperm-transfer success leads to both an
overestimation of sperm-transfer efficiency and an underes-
timation of sperm-fertilizing efficiency (and vice versa for an
underestimation of sperm-transfer success). And because we
found a non-significant covariance between sperm-transfer
efficiency and sperm-fertilizing efficiency (Marie-Orleach et
al., 2021), our estimates of sperm-transfer success should be
fairly precise.

Reproductive success

We estimated the reproductive success of the focal individual
by letting the partners lay eggs in isolation for 12 days, as
explained in Marie-Orleach et al. (2021)—yielding 11,176
offspring in total. We counted the total number of offspring
produced across all four potential partners (total offspring)
and determined the number of these that were GFP(+) (focal
offspring). We computed the proportion of offspring sired by
the focal individual by dividing the sum of focal offspring by
the sum of number of total offspring.

On the two subsequent days, we repeated all of the
above-mentioned steps (mating success, sperm-transfer
success, and reproductive success) by placing each focal
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individual together with the four individuals of their C and
D groups, respectively. We thus measured the same pre- and
postcopulatory components of male reproductive success for
each focal individual in three independent mating groups of
four worms, sampled from the same pool of same-aged out-
bred worms.

Morphological measurements

On the next day, we assessed several morphological traits of
the focal worms by following protocols described elsewhere
(Janicke & Scharer, 2009a; Scharer & Ladurner, 2003).
Briefly, these protocols consist of anesthetizing and squeezing
the worm in between a microscope slide and a hemocytome-
ter coverslip in a standardized way and taking digital pictures
of the entire body, the two testes, the two ovaries, the semi-
nal vesicle, and the stylet. For this, we used a Leica DM2500
microscope, an Imaging Source DFK 41AF02 camera, and
BTV Pro 6.0b7. Focal worms were then isolated for 2 days,
after which we measured them again to assess the morpho-
logical traits a second time, in order to (a) reduce measure-
ment error and (b) estimate the increase in seminal vesicle size
over 2 days (i.e., A seminal vesicle size), which can be used
as a reliable proxy for the sperm production rate (Schirer
& Vizoso, 2007). We analyzed the pictures anonymized with
respect to treatment, using Image]J, and we averaged the two
measurements to assess the body size, testis size, and ovary
size. Moreover, we assessed stylet morphology by using a
geometric morphometric approach as in Janicke & Schirer
(2009a), where we first analyzed all 320 stylet pictures in a
single analysis, and then, for each focal worm, averaged the
two measurements of stylet centroid size (CS) and of the first
three relative warp scores (RWS). These RWS values together
explained 85% of the total variance observed in stylet shape
and mainly captured the overall curvature of the stylet (RWS
1), the width of the stylet (RWS2), and the orientation of the
tip of the stylet (RWS 3). See Figure 1 for visualizations.

Immediately after the second measurement, we assessed
five sperm traits following an established protocol (Janicke &
Schirer, 2010), by amputating, squeezing, and thus rupturing
the tail plate of the worm in a tiny drop, so that the sperm
cells are released into the medium and become accessible
for imaging. The pictures were then analyzed using Image],
anonymized with respect to treatment, to assess the length of
the feeler, body, shaft, bristles, and brush (Janicke & Schirer,
2010). Note that we measured both bristles and used the
averaged length. We assessed on average 7.7 sperm cells per
individual (range from 1 to 11), and used the averaged values
for the statistical analysis.

Penetrance of the GFP marker

Finally, as explained in Marie-Orleach et al. (2021), we esti-
mated the penetrance of the GFP marker for each focal worm
by pairing them with a virgin GFP(-) individual. We then
assessed the GFP status of the resulting offspring (47.7 off-
spring screened per focal individual on average), which led
to the exclusion of two focal worms. One produced 47%
GFP(+) offspring, and the other one produced no offspring
with the virgin GFP(-) individual. The other focal worms
produced either 100% (72 = 135) or between 90% and 100%
GFP(+) offspring (7 = 23). Because in our final dataset, the
penetrance of the GFP marker of the worms did not signifi-
cantly correlate with their mating success (Spearman’s cor-
relation; 7, = 0.01, N =139, p =.93), sperm-transfer success

(rg=-0.04, N =139, p =.60), and paternity share (r;=0.08,
N =139, p =.36), we did not include it in the data analyses.

Data analysis

To compare the strength and form of selection acting on the
measured morphological traits at pre- and postcopulatory
fitness components, we measured (a) linear and (b) nonlin-
ear selection on the original morphological traits, and (c) the
nonlinear selection on composite traits that are more suited to
test for nonlinear selection.

Following Marie-Orleach et al. (2021), we used four
multiplicative fitness components, mating success (MS),
sperm-transfer efficiency (STE), sperm fertilizing efficiency
(SFE), and partner fecundity (F), which were computed over
all 12 partner worms. Including the partner worm identity in
the analysis would require another experimental design, in
which we could visually distinguish each partner worm in the
mating trials, which is currently not possible.

Before the analysis, all fitness data were relativized to
a mean of 1 (Jones, 2009). Also, we transformed testis size
(square root) and ovary size (log,,) to account for data skew-
ness, and then we standardized all morphological traits to
a mean of 0 and a standard deviation of 1 (Jones, 2009).
Importantly, we split our 13 morphological traits into three
sets of traits. Such a procedure was necessary to avoid over-
fitting issues, which, in our case, would lead to poor power
to detect nonlinear selection on the original morphological
traits and spuriously significant nonlinear effects on the com-
posite traits. Given our sample size, we restricted the number
of traits to a maximum of five (which leads to 20 total pre-
dictors, including the quadratic and cross-product two-way
interactions) (Green, 1991). This approach prevented us from
accounting for potential correlational selection between traits
belonging to different trait sets. The traits were split as fol-
lows: the general traits set (body size, testis size, ovary size,
and A seminal vesicle size), the stylet traits set (CS, RWS1,
RWS2, and RWS3), and the sperm traits set (feeler size, body
size, shaft size, bristle size, and brush size). We split the 13
traits in this way due to a priori expectations. Namely, we
expected traits of the general traits set to be involved mainly
in mating success and sperm-transfer efficiency, those of the
stylet trait set in sperm-transfer efficiency, and those of the
sperm traits set in sperm fertilizing efficiency.

Our initial sample size was 160 replicates, but because
we lost replicates due to developmental errors (7 = 8), the
penetrance of the GFP marker (17 = 2), and missing measure-
ments of one or more traits (n = 11), our final sample size was
reduced to 139 replicates.

Selection on the original trait sets

We first studied whether there was linear and nonlinear selec-
tion acting overall traits contained in a given trait set. For this,
we used a sequential model-building approach that statistically
compares the fits of models with and without the terms of inter-
est (see Appendix A of Chenoweth & Blows, 2005). Here, we
specifically tested if the fits of linear models predicting fitness,
and including only the intercept, are improved by adding, first,
the linear terms of all traits contained in a trait set (i.e., testing
for linear selection), and then, all quadratic and cross-product
terms (i.e., testing for nonlinear selection). We did this analysis
separately for all three trait sets (i.e., general, stylet, and sperm
traits sets), and on relative male reproductive success and the
four fitness components (i.e.,72RS*, F*, MS*, STE*, and SFE*).
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Second, to test if linear and nonlinear selection measured
in all three trait sets were consistent across the four fitness
components, we used again the sequential model-building
approach (Chenoweth & Blows, 2005). We built linear mod-
els predicting fitness in all four fitness components together,
including the intercept and the linear terms, and tested if their
fits were statistically improved by the addition of the inter-
action term linear term x fitness component (Chenoweth &
Blows, 2005). Significant interaction terms indicate that linear
selection is different across fitness components (Chenoweth &
Blows, 2005; House et al., 2016). We further tested if patterns
of nonlinear selection were consistent over the fitness compo-
nents by testing if the addition of the interaction terms non-
linear terms x fiiness component statistically improved the fit
of the models including the nonlinear terms (Chenoweth &
Blows, 2005). When selection was inconsistent across fitness
components, we tested if selection was different between each
pair of fitness components. Note that because these analyses
required using each replicate several times in a single analysis
(i.e., once for each fitness component), we performed addi-
tional analyses including replicate IDs as a random effect,
which did not qualitatively change the outcomes (data not
shown).

We then estimated the linear selection gradients (B) for each
trait, computed through the partial regression coefficients
of multiple linear regression of mRS*, F*, MS*, STE*, and
SFE* separately on all morphological traits (Lande & Arnold,
1983), which indicated which specific morphological traits
were experiencing linear selection. We also computed the
matrix containing the quadratic and cross-product selection
gradients, called the vy matrix, which we estimated through
a multiple linear regression including all quadratic (v,), and
cross-product terms (v,). We doubled the quadratic regres-
sion coefficients so that the estimates for concave and con-
vex forms of selection correspond to the Lande and Arnold
(1983) formulation (Stinchcombe et al., 2008). The y matrix
allowed us to determine which specific interaction terms were
responsible for the nonlinear effect.

Nonlinear selection on composite traits

We studied nonlinear selection by using composite traits
describing morphological trait variation, which were gen-
erated by canonical rotations of the y matrix (Blows, 2007;
Blows & Brooks, 2003; Phillips & Arnold, 1989). The canon-
ical rotation of the y matrix generates the so-called M matrix,
which contains (a) the eigenvectors (7)) describing the major
axes of nonlinear selection (i.e., the loading of each original
morphological trait), and (b) their eigenvalues (k) describing
the strength and form of nonlinear selection. A negative eigen-
value indicates a concave relationship between the fitness and
the eigenvector (i.e., a “peak” in which high fitness is reached
for intermediate values along the eigenvector) whereas posi-
tive eigenvalues indicate convex relationship (i.e., a “bowl” in
which high fitness is reached for low and high values along
the eigenvector). An advantage of the canonical analysis is
that the composite traits of variation are orthogonal to one
another, which makes the cross-product terms (y,) null by
definition. All nonlinear selection is thus captured by the qua-
dratic terms (vy,), which provides better power to detect non-
linear selection (Blows & Brooks, 2003).

We then tested if there was nonlinear selection in each
trait set, and if it was consistent over the four fitness com-
ponents, this time using the composite traits in a sequential
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model-building approach (Chenoweth & Blows, 2005; Garant
et al., 2007; Parker et al., 2011). As above, we first tested if
the additions of the quadratic terms significantly improved
the fits of models predicting fitness and including only the
linear terms. We tested if nonlinear selection was consistent
across the four fitness components by testing if the addition of
the interaction terms nonlinear terms x fitness component sig-
nificantly improved the fit of models predicting fitness on all
fitness components (Garant et al., 2007; Parker et al., 2011).
As above, we ran additional analyses including replicate ID as
a random effect, which again did not qualitatively change the
outcomes (data not shown).

We then explored the eigenvalues and eigenvectors of the
M matrix to determine whether the nonlinear selection was
concave or convex, and which traits generated nonlinear
selection. The statistical significance of the eigenvalues was
tested by permutation of the fitness values (10,000 iterations)
(Keagy et al., 2016).

Results

We present the results of the three trait sets sequentially,
namely general traits, stylet traits, and sperm traits. And for
each trait set we include three paragraphs presenting the
results on (a) linear selection on total fitness, mRS*, and
across fitness components; (b) nonlinear selection on total
fitness, mRS*, using the original and composite traits; and
(c) nonlinear selection across fitness components, using the
original and composite traits.

General traits set

We found significant linear selection in the general traits set
on mRS* (Table 1), which was due to a significant positive
selection gradient of A seminal vesicle size on mRS* (Table 3;
Figure 2A). Focal worms that replenished their seminal ves-
icle more quickly sired more offspring. Linear selection was
not significantly different across the four fitness components
(Supplementary Table S1A), which suggest that the effect of A
seminal vesicle size on mRS* arises from weak positive selec-
tion on multiple fitness components (MS*, STE*, and SFE*)
(although significantly so only in MS*; Table 3).

We found no evidence of nonlinear selection in the gen-
eral trait set on mRS* using either the original morphological
traits (Table 1) or the composite traits (Table 2).

Moreover, nonlinear selection did not seem to be different
across fitness components (Supplementary Table S1). These
results suggest that there is no nonlinear selection acting on
body size, testis size, ovary size, and A seminal vesicle size,
nor are there any interactions between these traits on 7RS*.

Stylet traits set

We found linear selection in the stylet traits set on mRS*
(Table 1), which arose due to a negative effect of stylet RWS3
on mRS* (Table 3; Figure 2C). This suggested that worms
with more bent stylet tips sired more offspring. Patterns of
linear selection were different across fitness components
(Supplementary Table S1A). Specifically, we found dif-
ferent patterns of linear selection on STE* and SFE*, and
no significant linear selection on F* and MS* (Table 1 and
Supplementary Table S2A). Interestingly, STE* induced pos-
itive linear selection on RWS1 and negative linear selection
on RWS2, whereas SFE* induced negative linear selection on
RWS3 (Table 3; Figure 2C). These results suggest that different
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Table 1. Statistical outcomes testing for linear and non-linear selection on male reproductive success (mRS*) and four male fithess components, partner
fecundity (F¥), mating success (MS*), sperm transfer efficiency (STE*), and sperm fertilizing efficiency (SFE*), on the original morphological traits of the
general traits, stylet traits, and sperm traits. In the original morphological traits, non-linear terms includes both the quadratic and cross-product terms.
Significant P values are indicated in bold (see Material and Methods for details).

Original morphological traits

General traits set

Stylet traits set

Sperm traits set

resdf resSS df SS F P

resdf resSS df SS F P

resdf resSS df SS F P

mRS* intercept 138 92.1 138
+ linear terms 134  83.7 4 8.4 3.28 0.013 134
+ non-linear terms 124  79.3 10 4.4 0.68 0.737 124
F* intercept 138  10.1 138
+ linear terms 134 10.0 4 0.0 0.08 0.987 134
+ non-linear terms 124 9.1 10 1.0 1.36 0.208 124
MS*  intercept 138 13.1 138
+ linear terms 134 113 4 1.8 5.22 0.001 134
+ non-linear terms 124  10.7 10 0.6 0.71 0.710 124
STE* intercept 138  36.5 138
+ linear terms 134 351 4 1.4 1.3 0.272 134
+ non-linear terms 124  33.5 10 1.6 0.6 0.830 124
SFE* intercept 135 746 135
+ linear terms 131 73.6 4 1.0 0.43 0.786 131

+ non-linear terms 121  69.8 10 3.8 0.66 0.760 121

92.1 138  92.1
83.9 4 8.2 347 0.010 133 84.5 S 7.6 2.58 0.030
729 10 11.1 1.88 0.054 118 69.1 15 15.5 1.75 0.048
10.1 138 10.1
9.5 4 0.5 1.83 0.128 133 9.5 S 06 1.71
89 10 0.7 0.96 0.478 118 82 15 1.2 1.18
13.1 138 13.1
12.4 4 0.7 1.92 0.111 133 12.6 5 0.5 1.16 0.333
11.5 10 0.9 096 0.480 118 11.1 15 1.4 1.00 0.460
36.5 138 36.5
33.0 4 3.5 390 0.005 133 33.5 S5 29 220 0.058
27.6 10 54 2.44 0.011 118 31.3 15 2.3 0.57 0.890
74.6 135 746
65.8 4 8.8 4.32 0.003 130 73.9 5 0.5 027 0.931
619 10 3.9 0.77 0.659 115 64.8 15 9.0 1.07 0.393

0.138
0.290

aspects of stylet morphology are selected on the two post-
copulatory fitness components, STE* and SFE*. Specifically,
worms with stylets curved away from the seminal vesicle (i.e.,
high RWS1 values) and narrow stylets (i.e., low RWS2 val-
ues) had a selective advantage with respect to STE*, whereas
worms with stylets with more bent tips (i.e., low RWS3 val-
ues) had a selective advantage with respect to SFE*.

We found evidence for nonlinear selection acting on 7RS*,
which was almost significant using the original morphologi-
cal traits (Table 1), and highly significant using the composite
traits (Table 2). This effect was due to an interaction between
centroid size and RWS3 (Table 3), both of which had negative
weights on m4, a composite trait capturing concave selection
in mRS* (Table 4). This interaction means that high mRS* is
achieved with intermediate m4 values, which may result from
either intermediate centroid size and RWS3 values, or cen-
troid size and RWS3 values that counteract each other (e.g.,
small stylets with straight tips, or large stylet with bent tips).

This nonlinear selection was not consistent across fitness
components (Supplementary Table S1B), which was due to
differences in F*, MS*, and STE* (Supplementary Table
S2B). We detected nonlinear selection in all these three fit-
ness components (Table 2), though nonlinear effects were
larger in STE* compared to F* and MS* (Table 4; Figure
2D). Concave and convex nonlinear selection was found in
STE* (Table 4; Figure 3). The composite trait with the larg-
est leigenvaluel was m4. It displayed concave selection and
was mostly affected by centroid size (and RWS2 and RWS3
to a lesser extent), all with negative loadings (orange labels
on Figure 3), and thus probably underlay the nonlinear effect
we detected on mRS*. The second significant composite trait
was ml, which displayed convex selection and was influ-
enced by centroid size and RWS3 but, importantly, with a
positive (blue labels) and a negative (orange labels) loading,
respectively (Figure 3). This result means that worms with

stylets that are small and have straight tips, or are large and
have highly bent tips, had higher STE* values. Although this
may appear counterintuitive at first sight, the convex effect
found on STE* may concord with the concave effect found
on mRS*. This is because opposite values in centroid size and
RWS3 (i.e., small stylets with straight tips, or large stylet with
bent tips) lead to extreme values on m1 on STE*, and to aver-
age values on m4 on mRS*, which are both associated with
high fitness values.

Sperm traits set

We found linear selection in the sperm traits set on mRS*
(Table 1), which arose from positive selection of brush size
on mRS* (Table 3; Figure 2E). Worms producing sperm cells
with a longer brush sired on average more offspring. Patterns
of linear selection were not significantly different across fit-
ness components (Supplementary Table S1A), suggesting that
the effect of brush size arises from weak selection on multiple
fitness components (Table 3).

We found nonlinear selection in the original morphological
traits (Table 1) and on the composite traits on 7mRS* (Table
2). The quadratic terms in the y matrix were significant for
the sperm body size and shaft size, and there were significant
interactions between feeler size and shaft size, and between
brush size and bristle size (Table 3). Three composite traits
significantly predicted mRS* (Table 4; Figure 2F). The two
composite traits with the largest leigenvaluesl, m5 and m4,
were concave and mostly loaded by sperm body size and shaft
size, respectively (Figure 4). The third significant composite
trait, m1, was convex and seems to oppose brush size on the
one side (i.e., positive loading) and bristle size, feeler size, and
shaft size on the other side (i.e., negative loadings). This result
may suggest that alternative sperm phenotypes may be cor-
related with high mRS* values (i.e., sperm with either a long
brush or with long bristles, feeler, and shaft).
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Figure 2. Linear selection (panels A, C, and E) and multivariate selection (panels B, D, and F) on the 13 morphological traits and the derived composite
traits on male reproductive success, and the four fitness components. Dots represent observed values. Solid lines represent predicted marginal effects
of the x-variable from models including either the linear effects of all traits of a trait set (morphological traits, see Table 3 for statistics) or the linear and
quadratic effects of all composite traits of a trait set (composite traits, see Table 4 for statistics). Dotted lines represent the 95% confidence intervals.
Fit lines are drawn in black when we found p values below .05, and in gray otherwise. Morphological and composite traits are standardized, and male
relative success is relative (see Material and methods). See the supplementary information for a high-resolution version (Supplementary Figure S1).

Moreover, nonlinear selection was almost significantly ~ in the sperm composite traits on F* compared to SFE*
different across fitness components (Supplementary Table (Supplementary Table S2B), though both fitness components
S1). We found different patterns of nonlinear selection induced nonlinear selection (Table 2; Figure 2F). We found
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Table 2. Statistical outcomes testing for linear and non-linear selection on male reproductive success (mRAS*) and four male fitness components, partner
fecundity (F¥), mating success (MS¥), sperm transfer efficiency (STE*), and sperm fertilizing efficiency (SFE¥), on the composite traits of the general

traits, stylet traits, and sperm traits. Significant P values are indicated in bold.

Composite traits

General traits set

Stylet traits set

Sperm traits set

resdf resSS df SS F P

resdf resSS df SS F P

resdf resSS df SS F P

mRS* intercept 138  92.1 138
+ linear terms 134 83.7 4 84 3.44 0.010 134
+ quadratic terms 130 79.3 4 4.4 1.79 0.134 130

F* intercept 138  10.1 138
+ linear terms 134  10.0 4 0.0 0.09 0.986 134
+ quadratic terms 130 9.1 4 1.0 3.56 0.009 130
MS*  intercept 138  13.1 138
+ linear terms 134 113 4 1.8 5.47 <0.001 134
+ quadratic terms 130  10.7 4 0.6 1.87 0.119 130
STE* intercept 138  36.5 138
+ linear terms 134 35.1 4 1.4 137 0.249 134
+ quadratic terms 130 33.5 4 1.6 1.51 0.203 130
SFE* intercept 135 746 135
+ linear terms 131 73.6 4 1.0 045 0.771 131
+ quadratic terms 127  69.8 4 3.8 1.73 0.147 127

92.1 138 921
839 4 82 3.64 0.008 133 845 S5 7.6 2.80 0.019
729 4 11.1 494 0.001 128 69.1 S5 155 5.73 <0.001
10.1 138  10.1
9.5 4 0.5 192 0.111 133 9.5 5 0.6 1.85 0.107
89 4 0.7 2.53 0.044 128 82 5§ 1.2 3.87 0.003
13.1 138 13.1
124 4 0.7 2.02 0.09 133 12,6 S5 0.5 1.28 0.286
11.5 4 09 252 0.045 128 111 5 1.4 3.26 0.008
36.5 138 36.5
33.0 4 3.5 4.09 0.004 133 335 5 29 239 0.041
276 4 54 641 <0.001 128 313 S 23 1.87 0.105
74.6 135  74.6
65.8 4 88 453 0.002 131 739 S5 0.7 029 0918
619 4 39 202 0.096 125 648 5 9.0 3.49 0.006

concave and convex selection on F* (Table 4). The composite
trait capturing concave selection, m4, was mostly influenced
by sperm body size, while the composite trait capturing con-
vex selection, m1, was mostly influenced by feeler size and
shaft size. The only significant composite trait on SFE*, m3,
captured concave selection and was mostly influenced by
brush size (Table 4; Figure 2F). Remarkably, other compos-
ite traits in SFE* had larger eigenvalues than m3, but were
not statistically significant. Altogether, our results on sperm
traits showed nonlinear selection, but were spread over mul-
tiple composite traits and across fitness components, possibly
rendering composite traits non-significant when considered
individually.

Discussion

Although sexual selection is acknowledged to act along mul-
tiple pre- and postcopulatory episodes of selection (Arnold &
Wade, 1984; Evans & Garcia-Gonzalez, 2016), studies mea-
suring and comparing phenotypic selection on pre- and post-
copulatory fitness components are scarce—and even more
so with respect to studies accounting for nonlinear selection
through multivariate selection analyses (but see House et al.,
2016). By measuring phenotypic traits alongside pre- and
postcopulatory fitness components, such as mating success,
sperm-transfer efficiency, and sperm fertilizing efficiency, we
could study how the form and the strength of selection materi-
alize along these components. Our results show that selection
may arise both from specific and multiple fitness components,
and that morphological traits may be under different selective
pressure with respect to different fitness components. In the
following, we discuss the insights gained by measuring linear
and nonlinear selection on pre- and postcopulatory fitness
components.

Postcopulatory selection is usually measured through a sin-
gle fitness component (e.g., De Nardo et al., 2021; Devigili

et al., 2015; House et al., 2016; McCullough et al., 2018;
McDonald et al., 2017; Morimoto et al., 2019). Here, we
could contrast phenotypic selection in two postcopulatory
fitness components, sperm-transfer efficiency and sperm fer-
tilizing efficiency, finding that these two components favored
different shapes of the male copulatory organ. Namely, indi-
viduals having stylets that are curved away from the seminal
vesicle (positive RWS1) and narrow (negative RWS2) had a
better sperm-transfer efficiency, while sperm fertilizing effi-
ciency was higher with more bent stylet tips (negative RWS3)
(Figure 2C; Table 3; and Supplementary Table S2). Although
only the latter effect was significant on male reproductive suc-
cess, this outcome suggests that distinct episodes of selection
can act on morphological traits after copulation. Our results
also show nonlinear selection on stylet traits. The main source
of nonlinear stylet traits was due to an interaction between
centroid size and RWS3. Selection favored stylets that were
either small and had straight tips or large and with bent tips,
which arose from sperm-transfer efficiency. In M. lignano,
stylet shape may be selected by allowing worms to interfere
with previously received sperm (e.g., sperm removal), and/or
to donate sperm at strategic places in the female antrum that
increase sperm fertilization success. These two putative mech-
anisms may possibly induce contrasting selection on stylet
shape. In our experimental design, however, because several
copulations had occurred during our mating trials, it is pos-
sible that sperm’s abilities to resist being displaced by subse-
quent mating partners can translate into high sperm-transfer
efficiencies.

We found positive linear selection on A seminal vesicle size
(Figure 2A; Table 3). In M. lignano, the seminal vesicle is a
reliable proxy for the number of sperm it contains (Scharer
& Vizoso, 2007), so the increase in seminal vesicle size of
worms kept in isolation for two days can serve as a proxy
for the sperm production rate. Thus, this result suggests
that worms with higher sperm production rates sired more
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Figure 3. The fitness surface of the composite stylet traits on sperm
transfer efficiency (STE¥). The axes represent the two significant
eigenvectors that had positive (m1) and negative (m4) eigenvalues (Table
4). The color of the fitness surface corresponds to the fitness value.

The font sizes of the morphological traits below the eigenvector are
proportional to the square root of the trait's |eigenvalue| to represent the
respective loadings of each morphological trait on the composite traits.
The color of the morphological traits indicates positive (blue labels) and
negative (orange labels) eigenvalues.
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Figure 4. The fitness surface of the composite sperm traits on male
reproductive success (MRS¥). The axes represent the two significant
eigenvectors with the highest |eigenvalues|, m4 and mb, which were
both negative (Table 4). The color of the fitness surface corresponds to
the fitness value. The font sizes of the morphological traits below the
eigenvector are proportional to the square root of the trait's |eigenvalue|
to represent the respective loadings of each morphological trait on the
composite traits. The color of the morphological traits indicates positive
(blue labels) and negative (orange labels) eigenvalues.

offspring, which is predicted by sperm competition theory
(Parker, 1970; Pizzari & Parker, 2009). However, we did not
find evidence for a difference in selection across fitness com-
ponents (Supplementary Table S1A), the effect of A seminal
vesicle size was significantly positive only on mating success

Marie-Orleach et al.

(Figure 2A; Table 3). This result confirms a previous study,
in which experimentally manipulated sperm production rate
was shown to influence both mating success and male repro-
ductive success (Sekii et al., 2013). Worms seem to adjust
their mating rates according to the amount of sperm available
to donate to partners, which illustrates that pre- and post-
copulatory selection can be intertwined. Therefore, studies of
finely decomposing sexual selection along fitness components
are likely to provide critical insights into this interplay, while
studies measuring phenotypic selection on total fitness are
more likely to provide misleading interpretations about the
biological mechanisms underlying the measured selection.

Surprisingly, we did not find selection on testis size
(Figure 2A, Tables 3 and 4), which clearly contrasts with sev-
eral previous findings in M. lignano. Bigger testes have been
found to positively correlate with sperm production rate
(Schirer & Vizoso, 2007), with the number of mating part-
ners and the number of sperm transferred to partners (Janicke
& Schirer, 2009a), with sperm-transfer efficiency and male
reproductive success (Marie-Orleach et al., 2016), and with
paternity share (Vellnow et al., 2018). Remarkably, testis
size showed one of the lowest repeatability values between
the two morphological measurements taken two days apart:
body size, 7, = 0.66; testis size, 7, = 0.36; ovary size, 7, = 0.35;
stylet centroid size, 7, =0.87; stylet RWS1, r,=0.68; sty-
let RWS2, 7, =0.78; stylet RWS3, and 7, = 0.48 (Lessells &
Boag, 1987; Stoffel et al., 2017). In comparison, Schirer and
Ladurner (2003) found a repeatability value of r,=0.76 for
testis size but, in contrast to our repeated measures, theirs
were performed in quick sequence. This could suggest that,
in our experiment, the worms adjusted their sex allocation
within the two days of isolation (through such adjustments
generally seem to take longer to materialize; Brauer et al.,
2007). However, using only the first measurement of testis
size did not predict male reproductive success either (selection
differential = SE: -0.07 = 0.07, t = -0.97, p = .336). It is thus
unclear why, in our experiment, testis size showed low repeat-
ability and did not correlate with male fitness.

We found that worms producing sperm cells with a longer
brush sired more offspring (Figure 2E; Tables 3 and 4) (and
we could not determine from which fitness component this
effect specifically arose). It is currently unclear what are the
biological functions of the sperm brush in M. lignano, and to
our knowledge, no specific hypotheses have been proposed to
date. Several species within the genus Macrostomum lack a
sperm brush, and these species reproduce through traumatic
insemination (i.e., sperm donors inject ejaculate through the
epidermis of the sperm recipient, and sperm cells subsequently
move through the recipient body to fertilize the eggs) (Brand
et al., 2022; Schirer et al., 2011). The biological functions of
the sperm brush may thus possibly only be relevant when, like
in M. lignano, mating is reciprocal, and sperm deposition and
fertilization occur inside the female antrum.

Moreover, we found evidence for nonlinear selection on
sperm traits, which arose from multiple traits and multiple
fitness components. We found concave selection on sperm
body size and sperm shaft size, as well as convex selection
on a composite trait opposing brush size to feeler size, bris-
tle size, and shaft size (Table 4) (suggesting that alternative
sperm phenotypes may be selected; Pizzari & Parker, 2009).
Our analysis suggests that this nonlinear selection on sperm
traits arose from partner fecundity and sperm fertilizing effi-
ciency. In this experiment, focal effects on partner fecundity
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are, however, unexpected given that a previous analysis
showed that focal individuals did not influence the partner
fecundity consistently over the three groups (Marie-Orleach
et al., 2021). And, the significant composite trait on sperm
fertilizing efficiency did not concord much with the composite
traits affecting male reproductive success. Remarkably, how-
ever, other composite traits had stronger, yet non-significant,
signs of nonlinear selection on sperm fertilizing efficiency.
Therefore, we think that the unclear match between selec-
tion on male reproductive success and selection on its fitness
components may be because sperm traits had relatively sub-
tle effects (direct and/or indirect) on multiple fitness compo-
nents, and these effects were statistically significant only when
summed up all together in male reproductive success.

Finally, sexual selection is usually measured through two
broadly defined approaches: (a) a trait-based approach, focus-
ing on the relationship between variation in phenotypic traits
and individual fitness, and (b) a variance-based approach,
using exclusively variance in individual success (Arnold &
Wade, 1984). We have now used both approaches to study
pre- and postcopulatory sexual selection (the variance-based
approach being reported in Marie-Orleach et al., 2021, and
the trait-based approach in the current study), thus gaining
complementary insights. By using the trait-based approach,
we could estimate linear and nonlinear selection acting on
pre- and postcopulatory fitness components. However, this
approach is limited to the traits that can actually be mea-
sured in a study system. Unmeasured traits may also be under
pre- and postcopulatory sexual selection, and could possibly
change the interpretations of phenotypic selection (i.e., the
missing trait problem in multivariate analysis; Morrissey et
al., 2012). Measuring nonlinear selection on multiple traits
also requires high sample sizes (Green, 1991), and the neces-
sity of estimating selection on subsets of traits in this study,
did not allow us to test for correlational selection among
traits of different trait sets, which is an important limitation
in our study.

In contrast, because the variance-based approach does not
rely on phenotypic traits, these findings were not restricted
by the traits measured, and so are possibly more informa-
tive about the total strength of selection arising from different
fitness components (Marie-Orleach et al., 2021). Indeed we
found that postcopulatory selection may be more intense than
precopulatory selection in M. lignano. However, by focus-
ing on variance in individual success only, one cannot know
the form and strength of selection acting on any given trait.
Going forward, we advocate using both the variance-based
and the trait-based approaches. For instance, in the Trinidad
guppy Poecilia reticulata, the variance in male reproductive
success increased when individuals perceived a predation
risk. However, this additional variance did not lead to higher
selection on the measured male traits (Glavaschi et al., 2022),
meaning that the additional opportunity for selection was
either due to selection on unmeasured traits and/or due to
stochastic effects (i.e., variance in individual success that is
not due to the individuals’ phenotypes).

Conclusions

We performed mating observations, in vivo sperm tracking,
paternity analyses, and measured several morphological
traits to study the strength and form of selection arising from
pre- and postcopulatory sexual selection in the free-living
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flatworm Macrostomum lignano. We found evidence for lin-
ear selection on sperm production rate arising from multi-
ple fitness components, and on (combinations of) stylet and
sperm traits arising mostly from sperm-transfer efficiency and
sperm fertilizing efficiency. Our results suggest that intense
selection arises from different fitness components in M. lig-
nano, overall inducing contrasting patterns of selection on
combinations of traits. Thus, by contrasting the strength and
form of selection on pre- and postcopulatory fitness com-
ponents, our study shows that phenotypic selection can be
highly complex. Phenotypic traits can be selected in combina-
tion with other traits before, during, and/or after copulation,
and knowledge about how selection operates ultimately helps
us to better understand the evolutionary dynamics of sexu-
ally selected traits. And we believe that promising research
avenues to understand these dynamics will include a better
understanding of (a) how the environment modulates the
strength of pre- and postcopulatory sexual selection (Evans
& Garcia-Gonzalez, 2016; Garcia-Roa et al., 2020); and (b)
the genetic variance and co-variances in the phenotypic traits,
and as well as in the individual success in pre- and postcopu-
latory fitness components.
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Supplementary material is available online at Evolution.
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