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Abstract

The outcomes of preceding fights can influence the probability of winning a subsequent fight, known as the winner/loser
effect. However, we know relatively little about how the experience of a preceding fight influences subsequent mating suc-
cess. Here, we investigated the influence of preceding fight outcomes on subsequent mating behavior in a fruit fly Drosophila
prolongata. Subordinate males mated less in two-choice mating assays, showing that the fight outcome predicts male mating
success in this species. This tendency remained in a no-choice mating assay where direct interaction between the dominant
and subordinate males was eliminated, suggesting that the mating disadvantage of the subordinate males was dependent on
the experience of the previous fight rather than the direct interference by the dominant male. When a no-choice mating assay
was performed before the fight, the prospective subordinate males mated at the same rate as the dominant males, confirming
that the intrinsic male qualities in fighting and mating performances were independent of each other in our experiments.
These results indicated that the experience-dependent changes in the subordinate males led to the reduced mating success.
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Introduction

The consequences of preceding interactions with other indi-
viduals can influence subsequent behavior in various ways.
A well-known case is the winner/loser effect in aggression
behavior: winners tend to win the next fight, whereas los-
ers become more likely to lose (Hsu et al. 2006). It is also
important to know how fight experience influences other
behaviors such as subsequent mating (Wong and Candolin
2005). However, many studies that have addressed the rela-
tionship between male—male contests and mating success
have failed to measure the purely experience-dependent
effect of fight outcome in a strict sense for the following two
reasons. First, the experimental design in which two males
were simultaneously presented to a female (two-choice test)
obscures the purely experience-dependent effects by involv-
ing direct interaction between the two males. For example, a
dominant male may displace a subordinate male from around
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a female, preventing the subordinate male from having mat-
ing opportunities (Harrison et al. 2018). Second, even in
no-choice tests in which either a dominant or subordinate
male was presented, females may prefer dominant males
regardless of the fight outcome because of a cryptic linkage
between the probability of winning and female preference.
For example, larger males may be more likely to win and are
preferred by females because of their body size, not by their
experience (Savage et al. 2005). Such an intrinsic linkage
between fight outcome and mating success also needs to be
discerned from the purely experience-dependent effects on
mating success.

The results of the studies that controlled these factors
were not in agreement: there was no experience-depend-
ent change in mating success between dominant and sub-
ordinate males in house cricket Acheta domesticus, mos-
quitofish Gambusia holbrooki, earwig Euborellia brunneri,
and cricket Gryllus bimaculatus (Savage et al. 2005; Har-
rison et al. 2018; van Lieshout et al. 2009; Yu et al. 2018),
whereas dominant males mated more than subordinate males
in fruit fly D. melanogaster, cricket Velarificturus aspersus,
and crayfish Faxonius virilis (Zeng et al. 2018; Filice and
Dukas 2019; Teseo et al. 2016; Kim et al. 2018; Kola et al.
2021). The different results may be derived from different
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experimental procedures by which winners and losers were
generated (size-matched or unmatched fights). Alternatively,
the effects of fight outcome on mating success may be vari-
able between species.

The hierarchy formed by the male—male interaction also
influences the use of alternative reproductive tactics—sub-
ordinate males may employ distinct mating tactics such as
sneaking instead of the normal courtship behavior (Gross
1996). In the theories of the conditional evolutionarily sta-
ble strategy, models explaining the switching mechanism of
alternative tactics assume that the threshold of the “status”
at which tactics switching occurs is genetically determined,
and therefore unchangeable within individuals (Gross 1996;
Tomkins and Hazel 2007). However, empirical data suggest
that reproductive tactics are influenced by prior experience
in some cases. For example, ejaculate quality/quantity has
been shown in many organisms to be modulated by prior
exposure to certain social conditions or social experiences,
including male-to-male competition (Felice and Dukas
2019; reviewed by Magris 2021), implying the existence
of within-individual plasticity of the threshold for tactics
switching. In mosquitofish G. holbrooki, long-term winning
experiences made males spend more time with the female
and show more mating attempts, indicating that winning
experience increased the pre-copulatory investment (Har-
rison et al. 2022). In male guppies, the experience of social
interaction decreased the within-individual variation in the
usage of alternative courtship behaviors (courtship display
or forced copulation), suggesting that the social experience
plastically shifted the threshold for tactics switching, leading
to the preferential expression of either tactic in each indi-
vidual (Polverino et al. 2019). Likewise, subordinate males
may switch their mating tactic toward sneaking after the
experience of losing a fight. However, no study has exam-
ined whether the experience of losing a fight influences the
male mating tactics for subsequent mating occasions.

Drosophila prolongata is a fruit fly that has a prominent
sexual dimorphism: males are larger, and their forelegs are
enlarged (Setoguchi et al. 2014). Males of D. prolongata
are highly aggressive and frequently engage in boxing,
in which both males rise up on their mid- and hindlegs
holding the opponent with forelegs while quickly thrust-
ing their body against the opponent (Kudo et al. 2015,
2017). The forelegs are also used in leg vibration, a spe-
cies-specific courtship behavior in which males hit the
female’s body repeatedly with their forelegs (Setoguchi
et al. 2014). Although female mating receptivity is low in
D. prolongata compared with other Drosophila species,
the copulation rate increases after leg vibration is per-
formed (Setoguchi et al. 2015). In particular, leg vibration
is indispensable for non-virgin females to accept further
mating (Minekawa et al. 2018, 2020). Therefore, perform-
ing leg vibration is advantageous for males to increase
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their copulation success. At the same time, the sound of
leg vibration triggers a type of ‘sneaker’ response of sur-
rounding rival males, which rush to the courted female
and intercept it (Setoguchi et al. 2015). Because of this
risk, males of D. prolongata generally reduce the rate of
performing leg vibration when other males are in close
proximity (Setoguchi et al. 2015). Therefore, excluding the
other males by aggression from around the female would
be beneficial to the courting male. On the other hand, suc-
cessful interception is often observed when sneaker males
do not court females by themselves hiding from a courting
male, indicating a possibility that the sneaking behavior
is an alternative mating tactic employed by subordinate
males, though it has not been examined directly.

Besides leg vibration, female receptivity is also influ-
enced by food availability—females showed a high copula-
tion rate on food, whereas they showed a lower copulation
rate without food (Ando et al. 2020). This result suggests the
importance of food resources as a mating stage, implying the
benefit of territorial behavior over food resources to increase
mating opportunities for males. In fact, when two males
were put in a chamber, they fought over the food resource
and one male stayed on the food surface for a significantly
longer time than the other, indicating that a hierarchy was
formed between the two males (Amino and Matsuo 2022,
2023). However, it has not been directly shown that the
dominant males have more mating opportunities. In another
study, a group of males consisting of high- and low-aggres-
sion strains were observed with females for their mating
behavior, showing that high-aggression males mated more
than low-aggression males (Yoshimizu et al. 2022). How-
ever, because the actual hierarchy formed among the males
were unclarified in this study, it was not directly shown that
high-aggression males gained mating success by winning
the male-male contest. In fact, the results suggested that
the different copulation rates between the male strains were
more likely to be due to the difference in courtship behavior
(frequency of leg vibration usage) rather than territorial-
ity. Therefore, although the evolution of male-biased body
size and male-specific foreleg morphology in D. prolongata
strongly suggests that the consequence of male-male con-
tests is tightly linked to the reproductive performance (Kudo
et al. 2015; Amino and Matsuo 2020), the immediate mat-
ing success of dominant and subordinate males following a
contest has not been quantified.

In this study, we conducted two-choice and no-choice
mating assays after a male—male competition assay to answer
the following questions concerning the effects of fight out-
come on mating success in D. prolongata. (1) Do dominant
males mate more? (2) Do subordinate males become sneak-
ers? (3) Is the effect of fight outcome on mating success
experience-dependent? We used two representative strains
that were distinct in their fighting and mating behaviors in
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our previous screen (Kudo et al. 2015), in case such differ-
ences may affect the results.

Methods
Insects and strains

We used two strains, BaVi043 and SaPa014, that show dif-
ferent aggression levels (hereafter referred to as H and L
strains, respectively). Males of H strain are highly aggressive
and tend to engage in boxing, which persists for several min-
utes (average + SE boxing duration=3.0040.80 min/30 min
of observation; Kudo et al. 2015). In contrast, males of the
L strain are less aggressive and rarely engage in boxing
(average + SE boxing duration=0.28 +0.10 min/30 min;
Kudo et al. 2015). They use less-intensive forms of aggres-
sion such as leg fencing, body thrusts (lunge), and threat-
ening with leg display and wing extension (Kudo et al.
2015, 2017). In courtship, H males perform leg vibration
at a higher rate than L. males even in the presence of rival
males—44% of H males performed leg vibration immedi-
ately before copulation, whereas only 10% of L. males did
so (Matsuo 2018; Setoguchi et al. 2015). There was no
difference in the frequency of female interception behav-
ior between the two strains (Yoshimizu et al. 2022). Each
strain was the direct descendant of a single wild-captured
female. Such a strain harbors limited intrastrain genetic vari-
ations, preventing the unintended adaptation to laboratory
conditions to occur. Therefore, the difference in fighting and
mating strategies, as well as their genetic combinations in
a particular strain, is expected to have originated from wild
populations (David et al. 2005). In other words, the behavio-
ral differences between H and L strains had not arisen from
adaptation or selection in laboratory conditions. To focus
on the differences in males, only L strain females were used
in all experiments.

Flies were reared on standard cornmeal medium for
Drosophila culture (Setoguchi et al. 2014). All cultures
were maintained at 20 °C, and all experiments were carried
out at the same temperature because the development of D.
prolongata is inhibited at higher temperatures (Hitoshi et al.
2016). A 12:12 h light:dark cycle was applied throughout
the experiments. In these conditions, the developmental
period required from egg to adult was 16 days for females
and 18 days for males, and the life span was 2 months for
both sexes (Hitoshi et al. 2016; Macartney and Bonduri-
ansky 2021). The density during the developmental stages
was controlled by keeping 20 adult males and females in
a culture bottle (Drosophila bottles AS355, Thermo Fisher
Scientific, Waltham, MA, USA) containing 50 ml of medium
for egg laying, and they were transferred to a new bottle
every 2 days.

Newly eclosed males were isolated and maintained indi-
vidually in glass vials (28.5 mm diameter and 95 mm high)
with culture medium, therefore they were socially naive until
the behavioral assay. Females were maintained in a group
of 10 individuals per vial. On the 5th day after eclosion,
males were anesthetized on ice and marked blue or yellow
on their dorsal surface of thorax using water-based pigment
ink (Poska®, Mitsubishi Pencil Co., Ltd., Tokyo, Japan).
Marking of each individual was finished within 90 s, and
very few individuals (one among 290 preparations) died
after recovery.

Observation chamber and video recording

Behavioral observation was carried out on the 7th day after
eclosion in a glass chamber (50 mm diameter and 70 mm
high), the inner wall of which was treated with silicon polish
to prevent the flies from climbing. A disc of wet filter paper
was placed at the bottom of the chamber, and a food podium
was placed at the center, consisting of the lid of a disposable
conical tube (15 ml tube lid, 23 mm diameter and 11 mm
high) filled with Drosophila instant medium (Formula 4-24
Drosophila Medium, Carolina Biological Supply Co., Burl-
ington, NC, USA). Up to eight chambers were arranged in
two rows, isolated from each other by paper partitions, and
covered with glass plates. Fly behavior was recorded using
a digital video camera (HDR-CX630V, Sony, Tokyo, Japan)
installed 80 cm above the chambers.

Experiment 1: Two-choice assay

This experiment was designed to examine the following
possibilities. (1) Do dominant males mate more than sub-
ordinate males? (2) Do subordinate males attempt female
interception more than dominant males? Two males from
the same strain (marked blue or yellow) were introduced
into an observation chamber and their behavior was recorded
for 1 h (Fig. 1a; contest phase). A female was added into the
chamber and their behavior was recorded for an additional
1 h (mating phase). All observations were conducted during
the last 2 h of the light phase because the highest locomotor
activity was observed either during the first 2 h or last 2 h
of the light phase (Yoshimizu et al. 2022). Marking color
had no effect on fight outcome (Number of dominant males,
blue:yellow =22:28, binomial test P =0.480) or copulation
rates (copulated/total, blue:11/50, yellow = 16/50, Fisher’s
exact test P=0.368).

Experiment 2: No-choice assay
This experiment was designed to exclude the influence of

direct male-male interaction during mating assay to see
purely experience-dependent effects on mating behavior. In
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Fig.1 Experimental design. (a) Experiment 1: Two-choice assay

a Experiment 1: two-choice
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addition to the contest-to-mating order of assays (Fig. 1b;
contest-first assay), mating-to-contest order (mating-first
assay) was conducted to examine the following possibili-
ties: (1) If there is an intrinsic link between fight outcome
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and mating success: e.g., larger males are likely to win and
more readily accepted by females. (2) If the experience of
successful mating influences the fight outcome. (3) Whether
winners gain more mating success (winner effect), or losers
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decrease mating success (loser effect), compared to that of
naive males.

The contest-first assay was performed in the same way
as Experiment 1 except for the mating phase where single
males were paired with a female. After the 1 h of contest
phase, a blue-marked male was aspirated and transferred to
a new observation chamber. We fixed the transferred males
to be blue-marked ones to avoid the following bias: flies on
the floor are much easier to aspirate than those on the food
surface. Because the flies on the floor are likely to be los-
ers, it leads to a situation that more losers are selected to be
transferred to a new chamber than winners. This was avoided
by aspirating only the blue-marked males regardless of their
location. Then, a female was introduced into each chamber
and mating behavior was recorded for 1 h (mating phase).

The mating-first assay was performed in the reverse order.
A yellow marked male was introduced into an observation
chamber with a female, and their behavior was recorded
for 1 h (mating phase). The females were removed by aspi-
ration, and a blue-marked naive male was added into the
chamber. Their behavior was recorded for an additional
1 h (contest phase). No residency effect was observed
(dominant:subordinate =42:36 in yellow males, binomial
test P=0.572).

Video analysis

Video data of the contest phase were analyzed using a cus-
tom-made YOLO-based object detection system (Amino and
Matsuo 2022, 2023). Briefly, the system detects the position
of each individual every second and outputs the results as
a table of pixel coordinates in the CSV format. The system
also detects the occurrence of boxing and outputs its posi-
tion in the same CSV file. A dominant male was defined as
the individual that spent the longer time on the top surface
of the food podium after the two males encountered each
other on it. In a separate analysis, we have confirmed that
a significant hierarchy was formed between the two males
using this criterion—a subordinate male spent significantly
shorter time on the food podium than the other (Amino and
Matsuo 2022, 2023). If the two males did not encounter the
opponent on the food (no encounter), the corresponding data
were not used in the subsequent analysis.

Video data of the mating phase were analyzed manually
for the occurrence of copulation and female interception.
Female interception was defined as a copulation attempt
occurred immediately after the other male performed leg
vibration.

Statistical analyses

The results were analyzed by fitting a generalized linear
mixed model (GLMM) in which the response variable was

mating success (copulation rate). The explanatory vari-
ables included strain (L or H), fight outcome (dominant
or subordinate), and the interaction term between them as
fixed effects and the male-pair ID as a random effect. A
binomial error distribution and a logit link function were
used. For each estimate of coefficients, probability of not
being different from zero was examined using the Wéld
test. The analysis was performed using R version 4.2.0
with the glmmML library (Brostrém and Holmberg 2011).

Results
Experiment 1: Two-choice assay

The copulation rate was higher for the dominant males
(Fig. 2). In a GLM fitted to the result, the coefficient for
fight outcome was negative, supporting the view that
the copulation rate was decreased in subordinate males
(Table 1 Exp. 1). The frequency of interception attempts
was quite low, which occurred only 7 times overall sug-
gesting that less than 10% males adopted the sneaking tac-
tic regardless of the fight outcome (Table 2). The dominant
males of the H strain did not attempt interception whereas
those of the L strain did, although the difference was not
statistically significant between the strains (Fisher’s exact
test, P =0.489), as well as between the dominant and sub-
ordinate males (binomial test, P =0.453), due to the small
sample size. Collectively, these results suggest that sneak-
ing is a minor reproductive tactic even among subordinate
males.

o
O win
O Lose
2
o
c
S
2o
=]
Q.
o -
S J T J
o
o
30 30 20 20
L strain H strain

Fig.2 Result of Experiment 1 (two-choice assay). Bars represent the
copulation rate. Error bars represent 95% confidence intervals cal-
culated using binomial tests. Numbers under each bar represent the
number of individuals
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Table 1 Estimated coefficients of the explanatory variables in the GLMMs predicting copulation rates in each experiment

Experiment Intercept Strain (H: 0, L: 1) Fight outcome (domi-  Interaction between Pair ID (random effect)
nant: 0, subordinate: 1) strain: fight outcome
Estimate+S.E  P* Estimate +S.E  P* Estimate+S.E P * Estimate +S.E  P* Estimate + S.E. ** p¥**
Exp 1 —0.201+0.450 0.655 —0.346+0.588 0.556 —1.997+0.870 0.022 0.934+1.068 0.382 <0.001+0.428 0.5
Exp 2
Contest-first — 0.051+£0.339 0.882 —0.041+0.468 0.931 —1.092+0.494 0.027 0.722+0.649 0.265 0.787+0.440 0.133
Mating-first  0.637 +0.422 0.132 -0.385+£0.654 0.556 —0.231+0.616 0.708 0.231+0.942 0.807 0.047+6.192 0.5

Error type: binomial distribution, link function: logit

“Probability of not being different from zero estimated using the Wild test

**Standard deviation of the random effect

“Probability of not being different from zero estimated using the likelihood ratio test

Table 2 Sneaking behavior observed in Experiment 1

Strain Total Encoun-
observed ter

Fight outcome Female interception™

Attempts Copulated

pairs occurred
L 30 30 Dominant 2 0
Subordinate 3 0
H 30 20 Dominant 0 0
Subordinate 2 1

“Copulations and attempts occurred immediately after the other male
performed leg vibration were counted

Experiment 2: No-choice assay

Because the effect of aspiration on copulation rates was
negligible (number of copulated males/total males, aspi-
rated: 38/95, intact: 40/95, Fisher’s exact test P=0.883),
the results of both treatments were pooled in the subse-
quent analyses. In the contest-first assay, the copulation
rate of dominant males was higher than that of subordi-
nate males in the H strain but not in the L strain (Fig. 3a).
A GLM analysis supported the view that the experience
of losing a preceding fight had a significantly negative

effect on subsequent mating success (Table 1 Exp. 2
Contest-first).

In the mating-first assay, the copulation rate was not dif-
ferent between prospective dominant and subordinate males
(Fig. 3b, Table 1 Exp. 2 Mating-first), showing that fight
outcome and mating success is not linked intrinsically (e.g.,
large body size to win and copulate). The same result also
suggested that the experience of successful mating does not
increase the probability of winning in the subsequent con-
test. The copulation rates in the mating-first assay (Fig. 3b)
were comparable to that of dominant males in the contest-
first assay (Fig. 3a), suggesting that the subordinate males
decreased their mating success (loser effect), and the domi-
nant males did not gain more copulations compared with the
fight-inexperienced males.

Discussion

Fight outcome and mating success

It has been strongly suggested that the winners of male-male
contests in D. prolongata have an advantage over losers in

Fig.3 Results of Experiment 2 e e
(no-choice assay). Contest-first (@) O win (b)
assay (a) and mating-first assay O Lose
(b). Error bars represent 95%
confidence intervals calculated Q Q
using binomial tests. Numbers o o
under each bar represent the s T T S
S L w Q 1
number of individuals T o T T O
=) l l =)
a a
9] o
§ | I §
o o
o o
50 50 45 45 16 16 26 20
L strain H strain L strain H strain
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terms of reproductive success, but this has not been con-
firmed directly. In this study, dominant males mated more
than subordinate males in a two-choice assay, confirming
that the consequence of male-male contests predicts the
subsequent mating success in this species (Fig. 2). An addi-
tional no-choice assay revealed that the subordinate males
decreased their mating success compared with the naive
males, whereas the dominant males maintained the same
level of mating success as that of the naive males, suggesting
that the loser effect underly the asymmetric copulation rates
between the dominant and subordinate males. The no-choice
assay in the reverse order (mating first) confirmed that the
copulation rate was equal between the prospective domi-
nant and subordinate males, assuring that the observed loser
effect was independent of the intrinsic linkage between male
qualities in fighting and mating. It would be an interesting
next research target to clarify how long the loser effect on
mating success lasts in this species. Use of different sizes
of fighting chambers would be also helpful to examine the
influence of fight intensity on formation of the loser effect.

Intra-species variation of the response to fight
outcome

Although the subordinate males showed lower copulation rates
in both strains, the difference between the dominant and sub-
ordinate males was smaller in the L strain (Fig. 2, 3a). The
coefficient for the interaction term between strain and fight
outcome was not statistically significant in a GLM fitting anal-
ysis (Table 1); therefore, a differential loser effect between the
strains was not positively supported by this analysis. Never-
theless, when the dominant and subordinate males were com-
pared in a strain-wise way, P values were substantially large
for the L strain (Fisher’s exact test; Experiment 1, L strain:
P=0.143, H strain, P=0.031; Experiment 2 contest-first, L
strain: P=0.546; H strain: P=0.049), suggesting that the loser
effect was weaker in the L strain. This difference between the
two strains leads to an inference that if only one strain had
been used for the experiments, the conclusion would have
been influenced by the selection of the strain: no effect of fight
outcome when the L strain had been selected, or significant
loser effect when the H strain had been selected. This situa-
tion may occur in other species—we may be led to different
conclusions depending on the strain selected for the analysis.
Considering that the literature indeed shows bifurcating results
among species whether the fight outcome influenced mating
success (Savage et al. 2005; Harrison et al. 2018; van Lieshout
et al. 2009; Yu et al. 2018; Zeng et al. 2018; Filice and Dukas
2019; Teseo et al. 2016; Kim et al. 2018; Kola et al. 2021),
within-species variation may be pervasive in many other spe-
cies: we may observe different results in each species when
we randomly select a strain (or a population with a shared
genetic background) for experiments. Because such a heritable

component of experience effects should be a subject of natural
selection particularly when it influences mating success, it is
likely to be involved in the evolutionary mechanisms under-
lying the experience-dependent modification of subsequent
behaviors. For example, different levels of sensitivity to fight
outcome may rapidly evolve depending on the surrounding
ecological conditions such as density, sex ratio, and resource
availability. In fact, artificial selection for shorter duration of
loser effect in broad-horned flour beetles (Gnatocerus cornu-
tus) resulted in the loss of loser effect in the second fight within
10 generations (Okada et al. 2019). In this regard, we believe
that more attention should be paid in future studies to genetic
variation in experience effects on subsequent behaviors.

Fight outcome and alternative reproductive tactics

Examples of the experience-dependent change of courtship
behavior are quite rare (Verrell 1983; reviewed by Bret-
man et al. 2011). In D. prolongata, however, the usage of
leg vibration was reduced in the presence of rival males,
showing that the courtship behavior of this species can be
plastically modulated by social conditions and experiences
(Setoguch et al. 2015; Matsuo 2018). In this study, we exam-
ined if fight outcome influenced the usage of the sneaking
tactic. The result showed that only 10% of males attempted
female interception, suggesting that sneaking is a minor
tactic even among subordinate males. Nevertheless, it was
not excluded yet that subordinate males use sneaking more
often than dominant males. Using a two-choice mating assay
with size-manipulated males of D. prolongata, Ferreira and
Liipold (2022) showed that smaller males attempted female
interception more often than larger males. However, their
raw data suggest that the results can be understood in a
different way—the choice of alternative tactics was deter-
mined by fight outcome, rather than the male body size
itself. Although small males attempted interception more
often than large males in size-unmatched pairs (attempted
interception/individuals, small males: 28/110, large males:
16/110), no difference was observed in size-matched pairs
(small males: 19/112, large males: 20/112), suggesting that
switching between the alternative tactics was dependent on
the consequence of male-male interaction rather than the
autonomous body size. In other words, their results sup-
port the possibility that subordinate males employ sneaking
behavior more often than dominant males in this species.

Conclusions

In this study, we showed that fight outcome influenced the
subsequent male mating success in D. prolongata. The sub-
ordinate males showed significantly decreased mating suc-
cess. This effect of fight outcome on mating success was
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dependent on the experience at least in part, even though the
direct male-male interaction that prevents subordinate males
from courtship opportunities might also contribute to the
results. The experiment in reverse order (mating-first assay)
showed that females accepted the prospective dominant and
subordinate males equally, proving that the male intrinsic
abilities in fighting and mating were independent of each
other. Collectively, our experiments demonstrated the loser
effect on subsequent mating success in D. prolongata.
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