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Abstract. In sexual conflict, males are often thought to gain fitness benefits from harassing
females over mating. Yet when harassment itself incurs costs to males and if alternative,
receptive females are available in a local population, theory predicts that when confronted
with a female refusal, a male’s choice of persisting or retreating is determined in part by
the likelihood of achieving a mating. We tested that prediction in the damselfly Enallagma
hageni, whose males compete by intense scramble competition, resulting in widespread
mating harassment toward females, which have a high level of control over mating. Using
captive individuals of E. hageni in outdoor insectaries, we quantified male persistence in
mating after refusals by pre- and post-oviposition focal females whose egg content we
quantified after observations. We documented a novel, context-dependent head-turning
refusal signal of sexual non-receptivity, most often displayed in tandem pairs by post-ovi-
position females that typically carried few mature eggs for males to fertilize. Male persis-
tence was less likely to result in mating with post-oviposition females compared with pre-
oviposition females carrying a clutch of mature eggs. Accordingly, males were less likely to
persist following refusal signals given by post-oviposition females, supporting the theoreti-
cal prediction. Compared with a refusal signal known as wing spread, head-turning was
significantly more effective in deterring harassing males. Our results suggest that despite
on-going sexual conflict over mating, cooperation benefits both sexes when females use
the honest signal of non-receptivity because they carry few mature eggs that males could
fertilize.

Keywords. Enallagma hageni, Odonata, courtship persistence, female refusal signals, mat-
ing harassment, optimal strategy, sexual conflict

Introduction

The evolutionary interests of the two sexes are rarely identical (Arngvist & Rowe,
2005). Sexual conflict occurs when selection drives males and females towards
separate optima (Parker, 2006). One common form of sexual conflict is the con-
flict over mating, where males, with relatively cheap gamete production, tend
to maximize the number of matings, whereas females, limited by the number of
expensive eggs they can produce, usually do not want to mate as often (Bateman,
1948). As a result, a male may not respect a female’s refusal and attempt to mate
with her, resulting in male mating harassment towards females (Arnqvist & Rowe,
2005). Costs of mating harassment to females are common, consisting of lost time
(e.g. Sudaresan, Fischhoff & Rubenstein, 2007), physical damage to females (e.g.
Mihlhauser & Blanckenhorn, 2002; Crudginton & Siva-Jothy, 2000), shortened
longevity (e.g. Nandy et al., 2013), and reduced fecundity (e.g. Sakuai & Kasuya,
2008).
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In the context of sexual conflict, male mating ha-
rassment is often treated as an inherent characteristic
of a species, assumed to generally provide a fitness
benefit for males. Indeed, the costs to males of per-
forming harassment is commonly ignored in models
of sexual conflict (Green & Madjidian, 2011) despite
more nuanced fitness consequence of such harass-
ment. Factors that can tip the cost-benefit balance of
harassment behavior for males include time expendi-
ture (Singer et al., 2000), risk of predation (e.g., Rowe
et al., 1994), cannibalism (e.g., Arnqvist & Henniksson,
1997; Fincke, 1987) or physical damage (Stewart-Fox &
Whiting, 2005), availability of receptive females (e.g.
Ide, 2011, Wirklund & Forsber, 1986), and level of fe-
male control over mating (e.g., Inceoglu et al., 2003).
Hence, even in species where competition for mates
among males is intense and male mating harassment
has been well documented, persisting after a female
refusal may not always be the optimal male strategy.
Indeed, in a theoretical model of courtship persistence
towards unreceptive females, the optimal persistence
level of males is determined by the likelihood of en-
countering alternative receptive females and the prob-
ability of achieving mating through persisted court-
ship (Parker, 1974). This model is easy to understand.
While spending time courting an unreceptive female,
a male loses potential fitness gains with other recep-
tive females. Thus, when it is more likely for males to
encounter receptive females than unreceptive ones, it
is more favorable for males to respect a female’s re-
jection and leave. Under a given receptive to unrecep-
tive female ratio, the more likely males can achieve
fertilization through harassment, the more favorable
harassment becomes to male fitness. Conversely, un-
der a high level of females control over mating, the
model predicts that the optimal persistence level
should be low and male courtship or mate searching
may consist of brief checks for female receptivity (e.g.
Schwagmeyer, 1995). Although these predictions have
been supported by empirical data from several organ-
isms with a relatively low level of sexual conflict over
mating (e.g., Bergstrom & Wiklund, 2005, Mihlhauser
& Blanckenhorn, 2002), it is unclear in species where
male mating harassment is prevalent, whether male
behavior follows similar principles.

The non-territorial damselfly Enallagma hageni of-
fers an ideal system for testing predictions of optimal
persistence by mate-searching males. In this species
whose males must search for mates against a visually
cluttered background, females can be either male-like
blue or green, similar in color to the vegetation back-
ground (Schultz & Fincke, 2013). This female-specific
color polymorphism is thought to have evolved in the
context of harassment reduction by females (Van Gos-
sum et al, 2008). Male-male scramble competition for
mates is intense; under natural conditions less than
half of males succeed in mating during their lifespan
(Fincke, 1982). Compared with the 2.5 days males re-
quire to return to breeding sites on average, females
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on average require about 5 days to mature a second
clutch of eggs (Fincke, 1994). Thus, a large proportion
of females encountered by males are not receptive
to mating on a given day. As a result, in this species,
male mating harassment towards unreceptive females
is common and can incur costs to females in the form
of disturbance during foraging or resting (Fincke, 2015).
Females oviposit underwater and may mate multiply on
a given day, typically if they resurface prematurely from
oviposition with eggs still left to lay. By mating with a
second male, females may be rescued from drowning
by males awaiting a chance to fertilize any of their re-
maining eggs (Fincke, 1984, 1986).

Compared with many animal species whose females
suffer forced copulations (reviewed by Ringo, 1996),
E. hageni females, like zygopterans more generally,
have a relatively high level of proximal control over
mating (reviewed by Fincke, 1997). After a male takes
a female in tandem by engaging his abdominal clasp-
ers with the mesostigmal plates on a female’s thorax,
copulation depends on the female raising her abdomen
to the male’s second abdominal segment such that she
aligns her genital pore on the 8" abdominal segment
with the male penis (Miller & Miller, 1981). A female in
tandem position can avoid mating simply by refusing to
lift her abdomen. Once in tandem with a male, females
can physically break tandem by moving down a stem
to increase the angle between male claspers and her
mesostigmal plates (Fincke, 2015; Rebora et al., 2018).

Under natural conditions, upon encountering an ap-
proaching male, females can prevent being detected by
using avoidance behaviors such as hiding by moving to
the other side of a stem, or flying away (Fincke, 2015;
Piersanti et al., 2021; Sanchez-Guillén et al., 2017). Af-
ter detection by a male, those same behaviors can also
prevent males from persisting in harassment (Piersanti
et al., 2021). Females also show two types of refusal
signals, which are distinct from the above avoidance
behaviors because neither removes the opportunity
for males to persist. The first type of refusal signal is
a lateral wing spread, often accompanied with the
abdomen lifted dorsally and the abdominal tip curled
ventrally (Corbet, 1999). A second refusal signal occurs
after tandem formation with a male, when a female
gently turns her head in and out of the plane of her ab-
domen along the anterior-posterior axis, sometimes to-
gether with bobbing the abdomen up and down ever so
slightly (hereafter, ‘head-turning’, see video No means
no.mov). Such head turning does not generate suffi-
cient force to break the tandem. Rather, we consider
this behavior as a signal that modifies male response
through coding of refusal intention. Others have noted
the behavior in various genera (Enallagma, Barnard et
al., 2017; Tennessen, 1975, Ischnura, Piersanti et al.,
2021) or similar elements of it such as abdomen shak-
ing (Nehalennia, Forbes, et al. 1995). Those behaviors
were thought to signal a lack of female receptivity, but
information about the egg count of the signalers was
lacking.


https://worlddragonfly.org/wp-content/uploads/ijo/tijo20.v025/tijo20.v025.a2_Xu/suppl/No-means-no.mov
https://worlddragonfly.org/wp-content/uploads/ijo/tijo20.v025/tijo20.v025.a2_Xu/suppl/No-means-no.mov

Xu & Fincke

In this study, using E. hageni, we examined male re-
sponses (i.e., persist or respect) to female refusal sig-
nals. We quantified whether male persistence that re-
sulted in matings with females carrying a full egg load
differed from such persistence with females that had
already laid their clutch. We then tested the hypoth-
esis that given a female refusal, a male’s persistence
depended on the likelihood of achieving mating. We
predicted that male persistence decreases with his like-
lihood of achieving a mating.

Material and methods

Our study was conducted between June 23 and Au-
gust 2, 2012, near the shore of Duck Lake, a natural
lake at Chase Osborn Preserve on Sugar Island, MI, USA
(46.40529° N, 84.20747° W), where the green morph is
typically the majority (e.g. 68%, Xu, and Fincke, 2011).
We observed responses to male attention from three
types of females: sexually mature virgins, females mat-
ed once but not allowed to oviposit, and females mated
and allowed to oviposit (hereafter denoted as virgin,
mated and oviposited treatment, respectively). When
the two refusal signals of wing spread and head turning
were exhibited, we noted whether the male persisted
or left and whether his persistence resulted in mating.
Females used in the virgin and mated treatments were
collected as young tenerals and kept in a large outdoor
insectary (1.8 x 3.6 x 1.8 m) until they developed ma-
ture coloration, signifying sexual maturation. We dis-
sected three virgin females reared in the insectary on
the first day they developed full adult body coloration
as well as all females in the virgin and mated treatment
(after observations) to confirm that they all had abdo-
mens full of mature eggs. Wild-caught small flies (spe-
cies not noted) from the surrounding forest were pro-
vided twice a day as food. Teneral and adult E. hageni
were frequently observed to feed on these small flies
at the study site. For the post-oviposition treatment,
females at the lakeshore were collected in tandem or
mating, mated with a unique male in an outdoor insec-
tary, and placed in plastic jars overnight with wet filter
paper as an oviposition substrate. After they finished
oviposition, they were retained in the insectary until
they were observed in behavioral trials. Afterwards,
we counted the number of eggs each female laid and
the number of mature eggs remaining inside her abdo-
men using a dissecting microscope. All males used in
the experiment were caught as mature males from the
lakeshore.

We conducted focal observations on 10 females after
oviposition (5 blue, 5 green) and nine sexually mature,
virgin females (4 blue, 5 green). Among the nine virgin
females, six (3 blue, 3 green) were observed again after
they had mated once with unique males. We also ob-
served an additional green female after she mated once
but had not oviposited. Observations were conducted
in a small outdoor insectary (1.8 x 1.8 x 1.8 m) locat-
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ed in a small forest gap on sunny days between 1100
and 1600 hrs. Density in the insectary during observa-
tion trials was kept at 16 males and four females for
five virgin females and 10 males and four females for
the remaining 15 focal females. All non-focal females
in a trial were caught from the lakeshore. To maximize
male interactions with the focal female, we painted
the mesostigmal plates of non-focal females with clear
fingernail polish, which prevented males from forming
tandem pairs with them. Observation duration of each
focal female ranged between 20 and 105 min and end-
ed when the focal female did not interact with any male
for 15 min. If a female began copula, we gently sepa-
rated the pair so that the focal female could continue
to interact with additional males during observations.
We numbered focal females on left forewing using an
indelible marker and painted males with unique color
dots on the left forewing to enable identification during
flight.

During focal observations, an interaction bout be-
gan with a male’s detection of a female, signified by his
hovering or grabbing her. We recorded whether a focal
female displayed avoidance behavior, refusal signals, or
did not respond, signifying acceptance. Avoidance be-
haviors were categorized as escape if the female flew
away, darted into vegetation, changed perch or moved
around it. Refusal signals were wing spread and/or ab-
domen curl ventrally, head turning with or without ab-
domen bobbing, and in one case, lowering of the wings.
If a refusal signal was given, we also recorded whether
the male respected the signal (i.e. retreated after a wing
spread, or released the female from tandem after head
turning) or persisted, as well as whether the interaction
bout resulted in mating. If a male had multiple interac-
tion bouts with a focal female within 15 min, only the
first interaction was counted.

Statistical analyses

Because six focal females were observed in both virgin
and mated treatments (Figure S1), to determine wheth-
er the virgin and mated treatments differed in how fe-
males reacted to male detections, we used a general-
ized linear mixed model (GLMM) with a Poisson error
distribution, female ID as a random variable, treatment
(virgin versus mated) as the explanatory variable, and
female reaction (i.e. acceptance, avoidance, or refusal
signals) as repeated measures within female ID for the
response variable. We used total number of male de-
tections as an offset variable to control for the total
number of male-female interactions without sacrific-
ing degrees of freedom (Zuur et al., 2009). We pooled
the virgin and mated treatments, creating the pre-ovi-
position treatment in which all females were indepen-
dent samples that carried mature eggs. To test for the
effect of treatment (pre- and post-oviposition), morph
(blue and green) and their interaction (i.e., explanatory
variables), on female reactions to male detection, we
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used a generalized linear model (GLM) with a Poisson
error distribution and female reaction (refusal, avoid-
ance, or acceptance) as the response variable, with
total male detections as an offset variable. We used
a GLM with Poisson error distribution to further test
for treatment, morph, and their interaction effects (ex-
planatory variables) on two male response variables:
1) the number of male persistence events following
female refusal signals, and 2) the number of matings
achieved by males given male persistence. For 1), we
used the number of female refusal signals as the offset
variable; for 2), we use the number of male persistence
events as the offset variable. Interaction terms were
dropped if any main effect was not significant. Finally,
to determine if pre- and post-oviposition females dif-
fered in their use of wing spread and head-turning,
we used a two-sample Welch’s t test to compare the
proportion of wing spread and head turning between
treatments (pre- and post-oviposition). To determine
if males were more likely to persist after receiving a
wing spread than a head turning signal, we used a one-
sample Welch’s t test to compare the proportions of
male persistence between the two signal types. We
first calculated the difference between the proportion
of male persistence following wing spread and head
turning for each focal female, then tested whether the
difference was significantly greater than zero. All pro-
portional data were arcsine square root transformed.
All statistical tests were performed in R (version 3.6.3,
R Core Team, 2020). Throughout, means are expressed
with standard error.

Results

On average, focal females in the post-oviposition treat-
ment laid 382 + 37.66 eggs (range: 186-528, Fig 1), with
an average of 25 £ 16.32 mature eggs remaining in the
body (range: 1-49) before they were observed.

Using data from the six females that were mea-
sured in both virgin and mated treatments, virgin fe-
males were more likely to use avoidance behaviors
(x*=10.22, df = 1, p = 0.001, Figure S1), whereas after
mating, females were more likely to display refusal
signals (x> =53.40, df = 1, p < 0.001). Combining virgin
and mated treatments into the pre-oviposition treat-
ment, acceptance, avoidance behaviors and refusal
signals differed significantly between females before
and after oviposition and between color morphs (Ta-
ble 1). There was also a morph by treatment interac-
tion for all three response categories (Table 1). Spe-
cifically, post-oviposition, females were less likely to
accept male attention and more likely to use avoid-
ance behaviors or display refusal signals (Figure 2). In
addition, post oviposition, blue females were more
likely to display refusal signals whereas green females
were more likely to use avoidance behaviors; this dif-
ference was reversed in the pre-oviposition treatment
(Figure 2).
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Table 1. Results from generalized linear models showing
treatment (pre- and post-oviposition), female color morph
(blue and green), and interaction effects on the frequency of
females exhibiting acceptance, avoidance, and refusal signals
controlling for male detection.

X df P
Acceptance
Treatment 6.58 1 0.01
Morph 165.46 1 <0.001
Treatment*morph 11.43 1 0.001
Avoidance
Treatment 129.71 <0.001
Morph 180.82 <0.001
Treatment*morph 67.9 1 <0.001
Refusal signals
Treatment 401.4 1 <0.001
Morph 437.66 1 <0.001
Treatment*morph 243.64 1 <0.001

Given female refusal signals, male persistence was
more likely to result in mating with females prior to
oviposition than with post-oviposition females (x* =
11.42, df = 1, p = 0.001, Figure 3) and there was no dif-
ference between color morphs (x> = 0.02, df =1, p =
0.88). As predicted, males were more likely to persist
in face of refusal signals towards females prior to ovi-
position (x* = 28.89, df = 1, p < 0.001, Figure 3). In addi-
tion, males were generally more likely to persist if the
refusal signals were from a green female than a blue
female (proportion of persistence given refusal: green =
42.60%, blue =37.04%, x® = 56.4, df =1, p < 0.001). We
also detected a significant morph by treatment interac-
tion (x2 = 4.77, df = 1, p = 0.03), as males were more
likely to persist towards blue females in the pre-ovipo-

Frequency
1
l

Tt T 1T 1T 1T T T T T T 1
0 2 4 6 8 10 12 14 16 18 20 22

% unlaid eggs after oviposition

Figure 1. Distribution of proportion of mature eggs remain-
ing in the abdomen in post-oviposition females; the extreme
individual with 20% was a blue female that had a total of 235

eggs.
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sition treatment and this pattern was reversed in the
post-oviposition treatment (Figure 3).

The use of each type of refusal signal was context
dependent. Females’ use of wing spread did not dif-
fer between pre- (n = 23) and post-oviposition (n = 40)
treatments (t = 0.13, df = 17.9, p = 0.90, Figure 4a). In
contrast, post-oviposition females were more likely to
display head-turning (n = 21) than pre-oviposition fe-
males (n =10, t =-2.38, df = 17.4, p = 0.03, Figure 4a).
Male responses differed between the two types of
refusal signals regardless of oviposition status: males
were more likely to persist following wing spread and
to respect following head turning (t = 9.14, df = 12,
p < 0.001, Figure 4b). Specifically, out of 32 cases of

100% 43 50 46 43
0
[ refusal
§ 80% avoidance
§_ B acceptance
60% ‘
o | v 7 777
° v 77
=2 s F777 A
S 0% | Z 7 7
€ v /)
k2 77 777 7
o 20% 7/ 7
> 72
777 77
0% V79
blue green blue green
pre-oviposition post-oviposition

Female type

Figure 2. Proportions of responses after male detection, cat-
egorized as acceptance, avoidance behaviors, and refusal
signals, from focal females of the two color morphs in the
pre- (n = 4 blue and 5 green females) and post- oviposition
treatments (n = 5 blue and 5 green females). Numbers are
total female responses by type.

100
M Blue @
80 7 7/ Green @
= o -
Q2 60
>
©
< 7
- 7
r 40 7
©
£
o\o 20 7
0 prrza vz
persisted mated persisted mated
pre-oviposition post-oviposition

Treatment

Figure 3. Mean + s.e. proportion of male persistence follow-
ing female refusal signals and matings achieved following
male persistence with focal females of the two color morphs
in the pre- and post-oviposition treatments.
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female head turning, males persisted in only one case
(8.93%), compared to 46 out of 77 (63.19%) cases of
female wing spreads. In the one case where a male per-
sisted and achieved mating following head turning, a
blue female had 49 of 235 (20.9%) mature eggs left in
her abdomen after oviposition, compared to an aver-
age of 4.9% remaining eggs from other post-oviposition
females (Figure 1).

Of the 10 pre-oviposition focal females, six were de-
tected more than once by a given individual male dur-
ing observations. Four of those six females (67%) ac-
cepted a male which they subsequently refused one or
more times. The remaining two females refused a dif-
ferent, given male twice.

a) 100
I B pre-oviposition
80 [ [] post-oviposition
©
c
D> 60
(7]
: l
(72}
=
S 40 l
ES
20
0
wing spread head turning
Female refusal signal type
b) 8o

B pre-oviposition
[] post-oviposition

o |

(]
o
[ =1
2 l
B
8
g 40
@
[
£
BN
20
0

wing spread head turning

Female refusal signal type

Figure 4. (a) Mean + s.e. proportion of wing spread and head
turning in interactions with males where refusal signals were
displayed in the pre- and post-oviposition treatments. Note
that the two categories are not mutually exclusive because
a female can display both types during the same interaction
bout with a male and (b) Mean + s.e. proportion of male
persistence following wing spread and head turning. Color
morphs were pooled within treatment.
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Discussion

In sexual conflict, males are thought to benefit from
harassing females (Arnqvist & Rowe, 2005). However,
when harassment incurs costs to males and alternative,
receptive females are available, harassing a female that
signals a refusal may not be the best choice because
a male may gain a mating more readily by retreating
and searching for other females that may be receptive.
Whether or not a male should persist in harassing or
retreat should depend on the probability of achieving
mating by those two alternative choices (Parker, 1974).
Our results on Enallagma hageni, whose mating sys-
tem has scramble competition among males and high
harassment rates on females in the wild were consis-
tent with Parker’s prediction. Male persistence follow-
ing female refusal signals was significantly less likely to
result in a mating when the signal was given by post-
oviposition females than pre-oviposition ones. Males
indeed were more likely to persist with a female before
she had oviposited than afterwards (Figure 3). Although
we also detected a color morph effect and a morph by
treatment interaction for both female responses to
male detections and male reactions to female refusal
signals, due to the small sample sizes and the unnatu-
ral visual background of the insectary screen, which can
unnaturally bias the signal apparency of female morphs
(see Fincke, 2015), we cannot draw biological meaning-
ful conclusions from those results. Due to their color
differences and the context in which the green and
blue females are encountered (Schultz & Fincke, 2013;
Fincke, 2015), under natural conditions, relative to blue
females, green females are less likely to be detected by
males, but once detected, are more likely to be recog-
nized as potential mates (Piersanti et al., 2021).

Our finding that the probability of achieving a mat-
ing affected male reactions to female refusal signals is
consistent with findings from a number of butterflies,
whose males court females, and which, like female
E. hageni, have considerable control over mating. In the
cabbage white butterfly Pieris, when courted by a male,
recently mated, unreceptive females typically displayed
a spread wing-elevated abdomen refusal posture,
during which they involuntarily release a volatile anti-
aphrodisiac transferred from the male she mated with
previously (Andersson et al., 2000). In this genus, males
are incapable of forcing females to mate. Accordingly,
males typically respect this multimodal refusal signal
(Andersson et al., 2003, 2004). Similarly, in the marsh
fritillary butterfly Euphyas aurinia, unreceptive females
display a refusal signal with wide wing fluttering and
wing fanning, an indication of chemical signaling. Males
typically respect this signal; those that persist rarely
achieve mating (Pinzari et al., 2019). In the small cop-
per butterfly Lycaeas phlaeas daimio whose females
mate only once in their life, unreceptive females display
wing closing as a refusal signal. Despite differences in
the specific form of the female signal, these males also
typically respect the female refusal (Ide, 2011). These
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findings, together with our results, are consistent with
refusal signals indicative of female non-receptivity also
found in cockroaches, fruit flies and crickets (reviewed
by Ringo, 1996). Unlike butterflies whose males court
females with little sexual harassment, E. hageni males,
like those of most coenagrionids, do not court females.
Instead, there is high level of scramble competition
among males for females and male mating harassment
is common under natural conditions (e.g. Fincke, 2015;
Piersanti et al., 2021; Sanchez-Guillén et al., 2017; Van
Gossum et al., 2001). Thus, our results offer the novel
insights that Parker’s (1974) prediction is not only ap-
plicable to different mating systems, but that high levels
of male-male competition for mates resulting in intense
sexual conflict does not completely override the eco-
nomic principles that govern male reactions to refusal
signals.

Importantly, the two types of refusal signals consid-
ered in our study, wing spread and head turning, dif-
fered in the context in which they were displayed and
their effectiveness in deterring males. Specifically, wing
spread was more commonly displayed than head turn-
ing both before and after oviposition and males fre-
quently persisted following wing spread in both treat-
ments (Figure 4a, b), suggesting low effectiveness in
deterring males by wing spread. Wing spread has been
reported in numerous damselfly species (reviewed by
Corbet, 1999) and is used not only by mature females
but by males and immature females to repel male ad-
vances across different contexts (Piersanti et al., 2021;
Sanchez-Guillén et al., 2017; Waage, 1984). The effec-
tiveness of these signals also varies both among and
within species (Waage, 1984; see Fincke, 1987, for its
probable use in mate solicitation). Wild, sexually recep-
tive female Ischnura elegans that are involved forag-
ing or feeding at the time of male detection are known
to use wing spreads even though they may mate with
another male later on (e.g., Piersanti et al., 2021). In
contrast, head turning was more likely to be displayed
by post-oviposition females and once displayed, in only
one case did a male not respect it (Figure 4a, b). As this
signal can only be displayed by a female in tandem with
a male, its usage is limited to a much more specific con-
text and it is much more effective in deterring males
compared to wing spread. These results suggest that
the two refusal signals differ in their information con-
tent and function. As head turning was more likely to be
displayed by females without any or only few mature
eggs and almost perfectly predicted a male’s failure to
mate in our study, we suggest that this signal is an hon-
est signal of a female’s unreceptivity to mating, either
due to lack of eggs or females being involved in other ac-
tivities, such as foraging or feeding, at the time of male
detection. Whereas the duration of a wing spread is on
the order of seconds or less (personal observations),
head-turning typically requires a minute or more of ef-
fort by a female before she is released by the male (see
No means no video). Among both pre- and post-ovipo-
sition females (Figure 4b), the only case in which a male
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persisted after a head turning signal was with a blue
female that still had 20% of her mature eggs remain-
ing after oviposition (Figure 1). In nature, that female is
analogous to one that would still be receptive to mating
after resurfacing before laying all her mature eggs. The
above male was the only one, following 31 total cases
of head-turning, that subsequently persisted in trying
to mate, suggesting a benefit for males persisting with
females resurfacing from oviposition. Under natural
conditions in I. elegans, whose males do not harass ovi-
positing females, the few observed cases of head-turn-
ing led males to release tandem females; in one case
a male even released a head-turning female in copula
just before she laid eggs (Piersanti et al., 2021). More
attention to this female signal and males’ response to it
under natural conditions is needed to understand why
males almost always respected head-turning.

Although head-turning displayed by pre-oviposition
females could be a way for females to choose among
males based on their phenotypes, this seems unlikely
given our results. The majority of females that were de-
tected by the same male multiple times rejected males
with whom they had earlier mated. Some evidence for
possible mate choice comes from the finding that male
clasper characters differed between tandem or mated
males and unmated males in E. hageni (Siepielski et al.,
2018). However, the direction of the difference changed
between study years and all tandems were assumed to
have resulted in copula, which was often not the case in
our results here nor the case under natural conditions
(Fincke, 2015; Piersanti et al., 2021). In contrast, head-
turning that signals an Enallagma female’s non-recep-
tivity to tandem males of the wrong species, offers a
case more consistent with our results. Sympatric fe-
male E. anna and E. carunculatum use head-turning to
resist mating with heterospecifics and hybrids (Barnard
etal., 2017, see also Tennessen, 1975). Because hetero-
specific tandems are not uncommon among coenagrio-
nids (e.g., Forbes et al., 1995; Paulson, 1974; Sanchez-
Guillén et al., 2011, Tennessen, 1982) and the above
hybrids were less fit (Barnard et al., 2017), a female’s
head turning signal should offer a cue to heterospecific
males that persistence would result in time wasted.

Our results offer preliminary insights for sexual con-
flict and its resolution. In the context of sexual conflict,
the relationship between males and females is typically
viewed as antagonistic. As our results show, however,
this view is overly simplistic. If retreating after receiving
female head turning signals gives males a better chance
to achieve a mating by searching for alternative, recep-
tive females, then the display of this refusal signal by
females and the respect of such signals by males can
be considered mutually beneficial when females have
few eggs to fertilize, and hence, cooperative amidst
sexual conflict over mating. Thus, head turning, and
more generally, other similar refusal signals and the
male reactions to them may have evolved as a resolu-
tion to sexual conflict over mating, similar to the case of
cabbage white butterflies (Anderson, 2000). Testing this
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idea awaits empirical data on the fitness consequences
for males of persisting and respecting following female
refusal signals. Although modeling work has offered us
an understanding of factors governing male responses
to refusal signals, empirically, costs of harassment be-
haviors to males have rarely been measured (Green
& Madjidian, 2011), limiting our ability to understand
whether differential male responses to female refusal
signals in different contexts may be adaptive. Our study
thus calls for research that focuses on the fitness con-
sequences of different options to males, knowledge
that has the potential to offer a more sophisticated
understanding of the relationship between males and
females in the context of sexual conflict.

Data accessibility

R script for running statistical analyses and original data are avail-
able for downloading at https://github.com/MingziXu/Enallagma_
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