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Abstract

Copulations are very brief in many species, sometimes taking only seconds, but in other species, they can be quite prolonged. Potential expla-
nations for prolonged copulations include time requirements for the transfer of sperm and/or other ejaculate substances. Ejaculate substances
could function to regulate female receptivity to subsequent matings, provide nutritional nuptial gifts, or hasten egg oviposition at a potential
survival cost to the female. We investigated prolonged copulation in a member of the Enchenopa binotata complex of treehoppers (Hemiptera:
Membracidae), in which females rarely remate and copulation can last several hours. We assigned females to treatments in which we inter
rupted copulation at different times. We also included a control where copulation was not interrupted. We found that females that experienced
shorter copulations were more likely to be subsequently receptive to an attractive male. We also found that few females produced offspring
when they engaged in short copulations compared to those with longer copulations. We did not find any differences in female survival. Our
results support the sperm transfer and receptivity regulation hypotheses. We discuss potential reasons for why these processes should take so

long in a species with low female remating.
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Introduction

One of the most widespread patterns in nature involves
Darwinian sex roles, whereby males compete for access to
females and their eggs, and females selectively accept a sub-
set of the males and their sperm (Andersson, 1994; Bateman,
1948; Darwin, 1871; Janicke et al., 2016; Tonnabel et al.,
2019). With Darwinian sex roles, the expectation for copu-
lation duration is based on the notion that reproductive suc-
cess increases more steeply with the number of copulation
partners for males than for females (Bateman, 1948; Janicke
et al., 2016; Tonnabel et al., 2019)—although females can
also benefit from more copulation partners (Arnqvist &
Nilsson, 2000; Fromonteil et al., 2023). Males should, there-
fore, evolve to quickly mate with numerous females, reducing
the time investment per copulation to allow for more time to
search, court, and inseminate other females (Alcock, 1994).
Copulations across many animal taxa can occur quickly
(Amin et al., 2012; Brennan & Orbach, 2020; Bretman et al.,
2010; Sultana, 2022). Yet, in numerous other species, cop-
ulations are prolonged which increases the total interaction
time per mate and restricts opportunities for multiple cop-
ulations (e.g., amniotes: Brennan & Orbach [2020]; insects:
Brown & Baer [2005] and Carroll [1991]; snakes: Friesen et
al. [2017] and Walker & Ford [1996]; mollusks: Ludwig &
Walsh [2004]).

There are various reasons why mating pairs may engage
in extremely long copulations. Prolonged copulations may
be necessary for full sperm transfer either because sperm are
transferred gradually and slowly (Campbell & Fairbairn,

2001; Garcia-Gonzalez & Gomendio, 2004; Schneider et al.,
2006; Thornhill, 1983) or because a certain interval may be
required between intromission and sperm transfer (e.g., if
copulatory courtship is necessary for the female to begin to
permit sperm transfer) (Eberhard, 1996, 2009). Alternatively,
long copulations may be necessary for accessory substances
in the ejaculate to be transferred. If the transfer of sperm
and accessory substances do not occur simultaneously, then
increased copulation time may function to allow sufficient
time for either sperm or accessory substances to be trans-
ferred. Accessory substances may play a role in the female’s
regulation of her subsequent receptivity, and perhaps help
ensure paternity of the mating male by reducing or inhibit-
ing female remating (Aisenberg & Costa, 2005; Gillott, 2003;
Leopold et al., 1971; Murvosh et al., 1964; Simmons & Siva-
Jothy, 1998; Yamane, 2013; Yamane et al., 2008). Another
possibility is that accessory substances may provide females
with a nutritional gift that will help females prolong their
lifespan (an indirect method of assessment of this hypothesis)
and produce more offspring (Boggs & Gilbert, 1979; Wiklund
et al., 1993). Yet another reason for long copulations may be
that males pass along stimulants in their ejaculate to induce
females to lay eggs sooner and increase the likelihood that
their sperm will be used to sire them. This, however, may come
at the cost of a reduction in female lifespan (Chapman et al.,
1995; Xu & Wang, 2011). Finally, long copulations may be
used in mate guarding to physically prevent other males from
mating (e.g., using a copulatory plug) (Friesen et al., 2016;
Linn et al., 2007).
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The above explanations for prolonged copulations may
best apply to animals with polyandrous mating systems
where females mate multiply. In such species, there are exam-
ples of extreme copulation lengths related to sperm transfer
(Campbell & Fairbairn, 2001; Garcia-Gonzalez & Gomendio,
2004; Schneider et al., 2006) or reducing or preventing post-
copulatory competition such as sperm competition (Arnqvist
& Nilsson, 2000; Kvarnemo & Simmons, 2013). In such cases,
the function of long copulations seems clear even though it
reduces the time for searching for other mates.

More puzzling is that prolonged copulations also occur in
species with low female remating rates (Hughes et al., 2000;
Leopold et al., 1971; Orr & Rutowski, 1991). In such species,
some of the potential benefits for males who engage in pro-
longed copulations presumably do not apply (e.g., copulation
length may be related to increased sperm transfer but is less
likely to be related to sperm competition or cryptic choice).
Nevertheless, several other potential benefits from prolonged
copulations map apply for species with low remating rates.

We tested four of the five hypotheses described above
against each other, modified to fit the case of a mating system
where most females only mate once (Table 1). We did not
test the mating guarding hypothesis since a requirement of
this hypothesis is that females commonly mate multiply. We
worked with a member of the Enchenopa binotata species
complex of treehoppers (Hemiptera: Membracidae) where
most females (ca. 95%) mate only once, males can mate more
than once, and mating pairs engage in prolonged copulations
(Leith et al., 2020; Sullivan-Beckers & Cocroft, 2010; Wood
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& Guttman, 1982). We experimentally interrupted copula-
tions at different time points. We only allowed females one
copulation (as per their mating system). We then assessed
female receptivity at two time points after the copulations,
quantified egg and offspring production, and tracked female
survival. The hypotheses are not mutually exclusive. However,
in the framework of the experiment, they each make distinct
predictions regarding the effect of copulation interruptions
on sexual receptivity, female fecundity, and survival (Table 1).

Methods

Life history, collection, and care

Our study species is a member of the E. binotata species
complex of treehoppers. When Enchenopa females become
sexually mature, they engage in substrate-borne vibra-
tional communication with males to find mates (Cocroft &
Rodriguez, 2005; Cocroft et al., 2008; Hill, 2008; D. Little,
personal communication; Rodriguez & Cocroft, 2006;
Rodriguez et al. 2004a,2006,2012). Males produce advertise-
ment signals when searching for females. If females find these
signals attractive, they respond to them with their own unique
signals, and establish a duet with the male. This system of pair
formation thus allows E. binotata females to decide whether
to inform a male about their presence on the plant and allow
themselves to be courted. If a female does not respond to a
male’s signals, the male is not alerted to the female’s pres-
ence and will fly off the plant rather than search for the
female. Duets continue until copulation begins (Figure 1A).

Table 1. Predictions of the hypotheses regarding the function of prolonged copulations in species with a low female remating rate.

Longer compared to shorter copulations should have the following effect on females:

Hypothesis Receptivity Fecundity Adult survival
Sperm transfer Lower Higher No effect
Receptivity regulation Lower No effect No effect
Nutritional gift No effect Higher Longer
Life history manipulation No effect No effect Shorter
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Figure 1. (A) Enchenopa binotata treehoppers copulating on their host plant, Viburnum lentago. (B) After copulation, one female can lay many egg
masses which contain several eggs each. (C) Juveniles developing on the host plant. (D) Sample recording of the male signal playback (used to
determine female receptivity) with a female response. This figure shows the spectrogram (top) and waveform (bottom) of the signals. Photo credit:

Lauren Cirino.
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Courtship and copulation can last up to 6 hr (up to 3 hr for
each) (Leith et al., 2020; Sullivan-Beckers & Cocroft, 2010;
Wood, 1993) or longer if other males are present (R. Hunt,
personal communication). After copulation, females cease
responding to male signals (becoming sexually unreceptive)
(Sullivan-Beckers & Cocroft, 2010; Wood, 1993; personal
observation). Females rarely copulate with an additional male
(4% in Sullivan-Beckers & Cocroft [2010] and 5% in Wood
& Guttman [1982]) and all offspring produced by a female
are likely sired by one male (as is the case in the related tree-
hopper species Alchisme grossa: Urquizo et al., 2020).

Females lay eggs in masses (ca. 10 eggs per mass) on their
host plants and cover them with a waxy coating (Cocroft et
al., 2008; Fowler-Finn et al., 2018). Females can lay between
0 and 140 total eggs in their lifetime, but on average they lay
40 = 43 (=8SD) eggs per female (Fowler-Finn et al., 2018). Egg
laying begins as early as 1 week after copulation (if copula-
tion occurs late in the breeding season) and females usually
lay eggs in late summer through the autumn months (Cocroft
et al., 2008). Most males usually die before egg masses are
produced (Cocroft et al., 2008; Supplementary Figure 1).
Thus, females are the only sex that can provide parental care
(Zink, 2003). Females guard egg masses until they die to
ensure survival through the autumn and over the long win-
ter (Figure 1B) (Wood, 1993; Zink, 2003). Eggs hatch in the
spring when the host plants exit dormancy, leaf out, and sap
begins moving through the plant (Figure 1C) (Wood, 1993).

Most members of the E. binotata species complex have yet
to be formally described (Hamilton & Cocroft, 2009); how-
ever, they can be identified by their host plant, juvenile color-
ation, and dominant male signal (Cocroft et al., 2008, 2010).
We used the E. binotata species that lives and feeds on nan-
nyberry trees (Viburnum lentago, Adoxaceae) in Wisconsin
(USA), are grey during the juvenile stage, and have a male
dominant- frequency signal of ~165 Hz (Rodriguez et al.,
2018).

We collected juvenile treehoppers (second and third instars)
in June in southeastern Wisconsin, USA, during two separate
field seasons (2021 and 2022) from seven field sites: a por-
tion of the Oak Leaf Trail (43°04'54.2"N, 87°53'26.9"W),
Minooka Park (42°58743.7”N, 88°11739.1”"W), Kletzsch Park
(43°8722.9”N, 87°55’31.8”W), Lion’s Den Gorge Nature
Preserve (43°20726.3”’N, 87°53’8.1"W), Tendick Nature
Park (43°2026.3"N, 87°5378.1”W), Warnimont Dog Park
(42°55’56.5”N, 87°50’55.2”W), and Waubedonia Park
(43°2876.0"N, 87°5874.3"W). At each field site, we clipped
the ends of branches of several nannyberry trees where aggre-
gates of juveniles usually feed. These nannyberry trees were
many meters apart and multiple females congregate to lay and
guard their egg masses on the same tree, so each tree likely
has numerous genetically diverse offspring (Tallamy & Wood,
1986; Wood, 1974; Zink, 2003). We reared insects on potted
nannyberry plants in the University of Wisconsin-Milwaukee
(UWM) greenhouse (14:10 L:D, 24.2 = 3.58 °C). Upon adult
eclosion, we separated the bugs by sex to maintain unmated
female mating status.

Testing female receptivity

Females become sexually mature approximately 4 weeks after
the adult molt (Wood, 1993). Thus, we tested female recep-
tivity prior to the copulation duration trials to ensure females
were sexually mature and would engage in signal duetting
with a desirable male. We assumed males were already
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producing signals as they become sexually mature 2 weeks
before females (Sullivan-Beckers & Cocroft, 2010). We placed
females, one at a time, onto a potted nannyberry recording
plant. We played each female a playback of a recorded male
signal of the population’s mean dominant frequency up to
four times to determine her receptivity (six times for two
females). We considered females to be sexually mature (i.e.,
receptive) if they responded to a male signal playback. This
is a good assay for female receptivity because once females
become receptive ontogenetically, they continue to respond
to attractive male signals throughout the mating season until
they copulate or die (Cirino et al., 2023; Fowler-Finn &
Rodriguez 2013; Speck 2022; Sullivan-Beckers & Cocroft,
2010; Wood, 1993; personal observation).

We used one potted nannyberry plant as our recording plant
for all receptivity tests. This recording plant was attached to
a piezo-electric stack with accelerometer wax, so that we
could transmit the male vibrational signal from a computer
(Mac OS X version 10.4.11, Apple, Cupertino, CA, USA). The
piezo-controller (MDT694A, Thorlabs, Newton, NJ, USA)
regulated the playback from the computer. We focused a por-
table digital laser vibrometer (Polytec PDV100, Polytec Inc.,
Irvine, CA, USA) onto a small piece of reflective tape adhered
to the recording plant, so we could detect female responses
to male signal playbacks. We sent vibrations through a band-
pass filter (40-3000 Hz; Krohn-Hite Corporation, Model
3940, Brockton, MA, USA) via a USB audio capture (cake-
walk UA-25 EX, Roland Corporation, Hamamatsu, Japan)
and recorded on an iMac computer using AUDACITY (ver-
sion 3.0.2; https://www.audacityteam.org/). We isolated the
laser vibrometer setup from building vibrations in multiple
ways: (1) We put anti-vibration pads (PneumaticPlus CP6X6,
Torrance, CA, USA) beneath the freestanding table legs
where the vibrometer and recording plant sat, (2) we placed
a ~15-kg epoxy resin tabletop on partially inflated bicy-
cle inner tubes, and (3) we situated the recording plant on
a sheet of shock absorbing sorbothane (Edmund Scientifics,
Tonawanda, NY, USA). These isolation methods made it so
that there was more than 10 dB difference in signal-to-noise
ratio. We recorded temperature near the recording plant at
the beginning of each receptivity test with a digital thermom-
eter (Extech Instruments Hygro-Thermometer Clock 445702,
Twinsburg, OH, USA; temperatures ranged between 22.4 °C
and 26 °C = 0.5).

Copulation duration treatments

We considered females to be receptive and entered them into
copulation duration trials if they responded to (duetted with)
the above-mentioned playback. Female responses are distinct
from male signals and playbacks because they occur shortly
after them and have only one element (as opposed to the male
whine-pulse structure) and lower dominant frequency (Figure
1D). Thus, this is a clear way to assess whether females are
ready to mate with a desirable male. All adults eclosed within
8 days of one another in this experiment. Males become sex-
ually mature 1-2 weeks after adult eclosion (Sullivan-Beckers
& Cocroft, 2010), whereas females become sexually mature
3-4 weeks after adult eclosion (Wood, 1993). Thus, males
should be signaling once females are sexually receptive. All
trees were set up near large windows in the laboratory which
allowed sunlight to shine in.

We randomly assigned females to copulation duration treat-
ments of 10, 30, 45, or 60 min. We also included a control
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treatment where we did not interrupt the copulation. We
placed each receptive female onto potted and netted nanny-
berry trees with a male (17 = 98 pairs). In two cases, we placed
two females on a tree with one male which helps decrease
latency to copulation (D. Little, unpublished data). In both
cases, we only used the one female that copulated with the
male and removed the other female once copulation had
started. These two females were in different treatments (10
and 60 min). In total, 98 out of 180 females mated (54.4%)
across 35 days of copulation duration trials.

We monitored up to 15 mating pairs simultaneously since
it can take anywhere from 2 min to 3 hr for copulations to
begin and this wide variation is due, in part, to temperature
(Leith et al., 2020). This species is also well suited for con-
current behavior trials because they engage in slow ritualized
courtship behaviors that are easy to observe prior to cop-
ulation. After finding a female, a male will mount a female
dorsoventrally, make genital contact, and, if a female accepts
the copulation attempt, the male will proceed with intromis-
sion and turn 180° (Figure 1A). We were, therefore, certain
to catch the beginning of copulations for all pairings that we
set up.

We recorded the initial temperature of the behavior area near
the plants using a digital thermometer (Extech Instruments
Hygro-Thermometer Clock 445702). Temperatures ranged
from 23 °C to 29.1 °C. These initial temperatures may have
changed as behavior trials lasted up to 3 hr, but likely only
slightly.

If copulation occurred, we separated mating pairs after the
designated copulation time by gently grasping the females
pronotum and lightly brushing them with a small paintbrush.
We then placed females on their own individually potted and
netted nannyberry tree to await future receptivity tests, lay
eggs, and complete their life cycle. We also kept males individ-
ually on netted nannyberry plants.

We used some males (11 out of 84) in multiple behavior
trials (10 males used twice and 1 male used four times, treat-
ments randomized). However, we waited at least a week to
allow adequate time for ejaculate and sperm stores to replen-
ish (e.g., Greenway et al., 2020; Hughes et al., 2000; Sirot et
al.,2009). Females can reject males by not responding to male
signals or by not lifting their abdomen to allow intromission
(Cocroft et al., 2008; Rodriguez et al. 2004a, D. W. Little &
R. L. Rodriguez, unpublished data). If females did not mate
within the 3-hr behavioral trial period, we separated the pair
and placed females into a new copulation duration trial on a
subsequent day. We assigned these females their original ran-
domized treatment but provided them with a different male.
In most cases, we gave females up to four chances to copulate:
65% of females mated with the first male, 18% with the sec-
ond male, 9% with the third male, and 6% with the fourth
male. There were two exceptions where we gave females more
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chances: one female was given five chances (10-min treat-
ment) and one female was given six chances (45-min treat-
ment). If females never mated, we excluded them from this
experiment. Within the uninterrupted treatment, there was
one mating pair that mated for 9 min. Since copulation dura-
tion in the uninterrupted treatment lasted between 75 and
138 min and averaged 109.4 min long, this pair was an out-
lier. This pair may not have mated but instead may have been
oriented in the mating position after an unsuccessful mating
attempt (D. Little, personal communication), so we removed
the pair from our dataset.

We then tested female receptivity as described above 1 day
(both 2021 and 2022 females) and 1 week (2022 females
only) after copulation. We also tracked the presence and num-
ber of egg masses and offspring females produced (both 2021
and 2022 females) (Figure 1B and C) as well as adult survival
(2022 females only).

Statistical analyses

Our first goal was to examine whether our experimental
manipulation of copulation duration affected the likelihood
of three female reproductive events. We constructed three
separate generalized linear mixed models (GLMMs) with a
binomial distribution and logit link function. For each model,
the response variable was either (1) female receptivity (Y/N),
(2) egg mass production (Y/N), or (3) offspring production
(Y/N). All GLMMs included mating duration treatment
(10 min, 30 min, 45 min, 60 min, and uninterrupted) as an
explanatory variable. Site (five different sites), year (2021
and 2022), and mating partner ID were included as random
terms. Because we tested female receptivity twice after cop-
ulation, we also included time since copulation (1 day or 1
week) as an explanatory variable and female ID as a random
term in the receptivity model. We originally included the tem-
perature (°C) at the time of testing receptivity in this model.
Temperature was never significant (p > 0.9) and did not qual-
itatively change the results when we removed it, so we kept it
out of the model. Sample sizes between these analyses differ
due to data collection additions from 2021 to 2022, females
not laying any eggs, females not producing any offspring,
females escaping, female mortality, host plant mortality, or
females being overlooked for testing (Table 2). Sample sizes
were smaller for the offspring production (Y/N) model com-
pared to other models because if females did not produce at
least one egg mass, they were removed from this analysis.
Our next goal was to examine the total number of offspring
produced by females engaged in varying lengths of copula-
tion. We examined the total number of offspring produced
by all females in all five mating duration treatments. Thus,
all females from each treatment were included in this anal-
ysis. We also analyzed the data in the two longer copulation
duration treatments (i.e., 60 min and uninterrupted) since

Table 2. Sample sizes for all reproductive events examined in the experiment testing the effect of copulation interruption in Enchenopa treehoppers.

Copulation duration Receptivity (24 hr) Receptivity (1 week) Egg production (Y/N) Offspring production (Y/N) Total offspring number

10 min 20 12 18
30 min 20 12 20
45 min 17 14 18
60 min 19 13 18

Uninterrupted 20 14 20

18

9 19
10 18
14 16
17 19
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they produced the most offspring while only three females
produced offspring in the shorter copulation duration treat-
ments (i.e., 10-, 30-, and 45-min groups). We constructed two
GLMMs with a Poisson distribution (log link function): one
for the full dataset and the other composed of a subset of
the two longest copulation duration treatments. The number
of offspring produced was our response variable. Copulation
duration treatment was our explanatory variable and site,
year, and mating partner ID were included as random terms.

Our next goal was to investigate whether copulation dura-
tion affected adult survival. We first examined if the number
of adult days alive after copulation was correlated with the
number of offspring that females produced. We constructed
two GLMMs with Poisson distributions and log link func-
tions. The number of offspring produced was the response
variable and the number of adult days alive after copula-
tion was the explanatory variable. We first included all of
the treatments in this analysis. Then, we examined the same
correlation with the uninterrupted group only. We included
site and mating partner ID as random terms in both models.
Finally, we constructed a mixed-effects cox survival model
using the “efron” method for handling exact ties in the sur-
vival time (coxme function and package). We included the
number of adult days alive after copulation as the response
variable and copulation duration treatment as the explana-
tory variable. We also included site and mating partner ID as
random terms in this model. Year was not included as a ran-
dom term in either of these models because female survival
was not tracked in 2021.

Finally, we analyzed the relationship between number of
offspring produced by females that engaged in copulations
of different durations in the uninterrupted treatment. We
constructed four separate Spearman’s rho correlation tests
since our data were not distributed normally. We examined
the correlations between (1) offspring and copulation dura-
tion, (2) egg masses and copulation duration, (3) offspring per
egg mass and copulation duration, and (4) offspring and egg
masses. We calculated total offspring per egg mass by divid-
ing the total offspring by the total egg masses that females
produced. We did this to partition the variation in offspring
produced so that we could examine whether copulation dura-
tion increases sperm transfer (Arnold and Wade, 1984). All
GLMMs were constructed using the glmmTMB package
(Bolker 2019). All analyses were constructed in R version
4.3.0 (R Core Development Team, 2023).

Results

We found that females that engaged in shorter copula-
tions were more likely to be receptive post-copulation than
females engaged in longer copulations (GLMM: y? = 19.03,
df =4, p <0.001; Figure 2). This pattern in female recep-
tivity did not change between one day and one week after
copulation (y>=2.54, df =1, p=0.11; Figure 2). Females
that had shorter copulations were also less likely to pro-
duce egg masses when compared to females that copulated
for longer (GLMM: y? = 15.02, df =4, p = 0.004; Figure 2).
Of those females that produced at least one egg mass, cop-
ulation duration treatment did not affect the likelihood that
females would produce offspring (GLMM: %? = 5.35, df = 4,
p =0.25; Figure 2). However, when we compared total off-
spring number for all females in the experiment (including
females that did not produce any egg masses), we found that
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females that experienced shorter copulation durations pro-
duced fewer offspring than females that engaged in longer
copulations (GLMM: y? = 44.01, df = 4, p < 0.001; Figure 3).
Since females in the two longest copulation duration treat-
ments produced the most offspring, we analyzed the num-
ber of offspring produced in only these two treatments. We
found that there were no differences in offspring production
between the 60-min and the uninterrupted groups (GLMM:
¥?=0.32,df =1, p = 0.57; Figure 3). This data also strongly
suggests that our method for separating the mating pairs did
not negatively affect reproduction.

We also found that females that survived longer produced
more offspring, including all females in all treatments (GLMM:
y>=17.46,df =1, p < 0.001; Figure 4A), and including only
females from the uninterrupted treatment (GLMM: y? = 10.13,
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Figure 2. The likelihood of a reproductive event occurring in the
experiment testing the effect of copulation interruption in Enchenopa
treehoppers. Females engaged in shorter copulations are more likely
to be receptive after copulating (circles and triangles and solid and long
dashed lines) and less likely to produce egg masses (squares and short
dashed line) and offspring (diamonds and dotted line) than females
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Figure 4. The longer Enchenopa females survived after copulation, the more offspring they produced in all treatments (A) and in the uninterrupted
treatment (B). However, copulation duration did not affect adult female survival after copulation (C).

df =1, p = 0.002; Figure 4B). However, copulation duration
did not affect the number of days a female survived as an
adult after copulation (mixed-effects cox model: %* = 5.83,
df =4, p = 0.21; Figure 4C).

Finally, we analyzed female reproduction in the uninter-
rupted treatment only. We found that pairs assigned to the
uninterrupted treatment copulated for 109.4 = 3.13 SE min-
utes, on average. Copulations in this treatment lasted between
75 and 138 min and this variation in duration may be due to
body size, although we did not measure body size in this study
(Parker & Simmons, 1994; Parker et al., 1999). Mating pairs
appeared to end copulation gently and cooperatively without
either sex wrenching, kicking, or squirming to get out of the
pair formation. Most times, males and females remained next
to or near each other post-copulation. Copulation duration in
the uninterrupted treatment was not correlated with the num-
ber of offspring (rho = -0.08, p = 0.74), the number of egg
masses (rho = -0.28, p = 0.24), nor the offspring per egg mass
they produced (rho = 0.39, p = 0.14; Figure 5). The number
of egg masses produced by females in the uninterrupted treat-
ment was correlated with the number of offspring produced
(rho = 0.9, p < 0.001; Figure 5). Five females did not produce
any offspring in the uninterrupted treatment (Table 3). Of
these females, only one female was receptive again after one
week (Table 3, Figure 5) and two females survived less than 7
days post-copulation (Table 3).

Discussion

We tested a suite of potentially complementary hypotheses
that seek to explain prolonged copulations in cases of low
female remating rates. We worked with Enchenopa treehop-
pers, which have a very low female remating rate and can
copulate for several hours (Leith et al., 2020; Sullivan-Beckers
& Cocroft, 2010). Following this prolonged copulation,
females drastically reduce their receptivity (Cocroft et al.,
2008; Wood, 1993).

We experimentally manipulated copulation length and
found that when Enchenopa pairs mate for prolonged periods
of time, female receptivity becomes extremely low and off-
spring production is high when compared to pairs that mated

for shorter time periods. We found that offspring number
did not differ when we compared the two highest copulation
duration treatments; however, female receptivity tended to
continue to decrease beyond copulations of 60 min and was
lowest (albeit not significantly so in post-hoc comparisons) in
the uninterrupted treatment.

These results provide support for both the sperm transfer
and receptivity regulation hypotheses (Table 1). Enchenopa
treehoppers may engage in prolonged copulations because the
transfer of sperm and putative accessory substances takes at
least ca. 60 min or more. Interestingly, sperm transfer seems
to have peaked before accessory substances that may help
lower female receptivity, although receptivity does not differ
statistically between the 60-min and uninterrupted groups.
Females may take a cue from the event of copulation to begin
egg production or egg laying, although we find females that
produced egg masses in all experimental groups. We consider
it unlikely, however, that such a cue would take such a long
copulation time to take effect (e.g., beyond 45 min) while still
not being long enough for much sperm transfer.

Mating beyond 60-min does not generate more offspring
but does appear to regulate female receptivity. This result sug-
gests that males may transfer accessory substances to females
that females may use in regulating their receptivity. Males in
this species likely have accessory glands that may produce
receptivity reducing substances since they are present in devel-
oping Membracidae homopterans (Singh & Mishra, 1973),
adult male Homoptera (Tsai & Perrier, 1993), and a related
treehopper Ennya sp. (Membracidae) (Ximena Miranda, per-
sonal communication). We note that we have only provided
indirect evidence that Enchenopa males may transfer recep-
tivity reducing accessory substances. Future investigations
should examine whether males produce and transfer these
substances in the ejaculate to females and examine their direct
effect.

The value for males of attempting to induce a lack of recep-
tivity in females is highlighted by the strength of pre-copulatory
female mate choice in Enchenopa. Males use competitive
signaling to court females and females are extremely selec-
tive in choosing mates (Cirino et al., 2023; Cocroft et al.,
2008; Rodriguez et al. 2004b, 2006, 2013; Speck 2022),
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Figure 5. Reproductive output by Enchenopa females in the uninterrupted treatment. Each female is represented by a circle. Only one female that
did not produce any offspring was receptive 1 week post-copulation (closed circle). We did not detect significant correlations between (A) copulation

duration and total offspring, (B) copulation duration and total egg masses, or (C) copulation duration and offspring per egg mass in this treatment. The
sample size of graph A differs from graph D because we did not record the copulation duration of one mating pair from 2021. The sample size of graph
C is different from graphs A and B because females had to produce at least one egg mass to be included in this correlation. (D) The amount of egg
masses is correlated with the number of offspring they produced. Two females did not produce any egg masses or offspring and two other females
produced one egg mass and no offspring (one of these females was receptive after copulation). Thus, the points for these females are open and jittered
on this graph for visualization purposes.

Table 3. Survival and reproduction data for the five females that did not produce any offspring from the uninterrupted treatment. All females except one

female from 2021, indicated in parentheses, were from the 2022 E. binotata population. Although survivorship was not tracked for females in 2021,
female 60 did not survive to one week post-copulation. Thus, we could not assess her receptivity at the 1-week timepoint.

Female ID Copulation duration (minutes)

Survival post-copulation (days)

Egg masses produced Offspring produced Receptive after 1 week

25 108 21 1 0 no
59 112 43 4 0 yes
70 114 24 0 0 no
152 98 6 1 0 no
60 (2021) 120 N/A 0 0 N/A

Note. N/A = not available.

which manifested in only 54.4% of our behavior trials end-
ing in copulation. Indeed, most males fail to mate with only
ca. 20% securing one copulation and fewer obtaining more
(Sullivan-Beckers & Cocroft, 2010). Thus, with strong female
mate choice combined with high male mortality during the
breeding season (Supplementary Figure 1), it seems that males
would benefit from prolonging a copulation if it helped lower
the risk of post-copulatory competition.

Note that we do not mean to say that males rather than
females control copulation duration. Females may sense that

they have received enough sperm to fertilize all of their eggs
and thus do not need to re-mate to acquire more. Indeed,
the females in this study that laid egg masses that did not
hatch appeared to be more receptive after copulation than
those that had eggs that hatched—indicating a lack of sperm
(Supplementary Table 1). When we examined the uninter-
rupted treatment alone, we found a trend in which offspring
per egg mass increased with copulation duration, although
this was not a significant correlation. However, we also
found that some females that mated for prolonged periods
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did not have any or enough sperm to fertilize their eggs, yet
they were still not receptive after copulation (2/17 or 12%).
Thus, females might instead use the time spent mating as an
indicator of the amount of sperm they have received. The
trends described above arise from low sample sizes, though,
so future work should investigate these patterns.

Our results also provide some evidence against the nutritional
gift hypothesis. Although females that copulated longer produced
more offspring, which would be consistent with the nutritional
gift hypothesis, they did not live longer, which was expected
under this hypothesis. Additionally, the number of egg masses
produced was not positively correlated with copulation duration
in the uninterrupted treatment providing more evidence against
this hypothesis. Our results also provide strong evidence against
the life history manipulation hypothesis as females that copu-
lated longer did not experience decreased mortality as expected.
However, we note that we did not check for changes in their
reproductive schedule (i.e., timing of oviposition).

It is surprising that ejaculate transfer is protracted in
Enchenopa treehoppers (ca. 60 min). One explanation for
this might be their genital morphology. Long male genitalia
may need time to navigate the reproductive tract of females
before they can inseminate and produce offspring as lygaeid
seed bugs require (Greenway & Shuker, 2015; Micholitsch et
al., 2000). Similarly, tortoise beetles that have longer genitalic
flagellum mate for longer and have greater paternity than
those with shorter genitalia that mate for shorter time peri-
ods (Rodriguez et al. 2004b). Bushcrickets that have genital
structures that function in courtship have longer mating times
than those that do not have these structures (Vahed et al.,
2011). However, Enchenopa male genital morphology (i.e.,
aedeagus and styles) does not seem to influence sperm trans-
fer (Macchiano, 2023) and it does not appear that Enchenopa
males have any genital structures used for courtship that
would prolong copulations (Pratt & Wood, 1993; Rodriguez
& Al-Wathiqui, 2011). Future work is needed to explain why
sperm transfer should take so long in this species.

One intriguing possibility suggested by our data is that the
evolution of prolonged copulations in species that have a low
female remating rate may be related to post-copulatory sexual
selection (Dougherty et al., 2016). Consider a case in which cop-
ulation length is related to the transfer of accessory substances
that help decrease subsequent female receptivity (Aisenberg &
Costa, 20035; Gillott, 2003; Leopold et al., 1971; Murvosh et al.,
1964; Simmons & Siva-Jothy, 1998; Yamane, 2013; Yamane et
al.,2008).1f females evolve to accept such a chemical inducement,
males might in effect be able to prevent further post-copulatory
competition by lowering female remating rates (Parker, 1970).
Thus, the feature of the mating system where most females mate
once that seems to preclude post-copulatory competition would
in fact be explained by it. Research on feedbacks between pre-
and post-copulatory sexual selection may be highly illuminative
for understanding the evolution of mating systems.

Supplementary material

Supplementary material is available at Journal of Evolutionary
Biology online.
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