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ABSTRACT: The nutritional condition and body size influence the mating and female remating behaviour
of a predaceous ladybird, Coccinella transversalis. When well-fed males were provided with females of
three different dietary conditions, viz. (i) well-fed, (ii) food-deprived and (iii) honey-fed, the well-fed ones
were most fecund with highest percentage of egg-viability and least preoviposition period and remating
refusals, while food-deprived ones showed vice-versa. However, honey-fed females laid unfertile eggs
after coercively mating with males, and resisted the most to remate, which gets strengthened in the second
mating trial. This indicates females’ nutritional condition modulates the females’ mating behaviour and
post-mating outcomes. The adult body size was directly proportional to reproductive output with heavier
females showing high fecundity and percentage of egg viability with least preoviposition period than the
lighter ones. Large females resisted the least to remate with larger males than with smaller males, while
large males coercively mated with smaller females. Regardless of body-size, the females’ remating resistance
was enhanced in the second mating trial. Both diet and adult body size modulate the re-mating behaviour
of female C. transversalis, as the food-deprived and large females greatly resisted to re-mate with smaller

males. © 2024 Association for Advancement of Entomology
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INTRODUCTION

Food gives direction to sexual selection by affecting
sexual development, adult phenotype, and
reproduction during the early development stage
(Richardson and Smiseth, 2019). Both quality and
quantity of food affect the growth, development
and reproduction, at individual, species, and
interspecific levels (Yuan et al., 2020). Stressful
food conditions may allow adult survival with
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hampered reproduction (Dmitriew and Rowe, 2007),
while an enriched early diet may lead to quantitative
and fitter progeny (Li et al., 2020). Mating is
associated with high energy consumption, where
males expend energy in mate-search (Evans, 2003)
and ejaculate production (Shandilya et al., 2021),
while females in egg production (Perry, 2011).
Thereby, the females can modify their nutrition
acquisition as per the energy demand (Camus et
al., 2018), sometimes by modulating the mating
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duration during nuptial feeding (Monalisa et al.,
2020) or by increasing forage that enhances their
nutritional state to increase fecundity (Fox and
Moya-larano, 2009). As reproduction is affected
by the dietary state during adult development, the
food-limited environment can reduce feeding
potential that directly reduces offspring production
with mate choice and remating frequency (Auer et
al., 2010).

It is widely held that body size influences the
reproductive success of predaceous ladybirds
(Pervez and Singh, 2013; Singh et al., 2021). It
indicates individual fitness (Beukeboom, 2018), as
larger adults have higher fitness levels (Singh et
al., 2021). Larger body size also supports sexual
coercion (Wallen et al., 2016). The female ladybirds
mate more though the behavioural resistance
towards remating is also prevalent (Obata, 1988;
Perry et al.,2009; Pervez et al., 2022). This female
reluctance to remating could be associated with
heavy costs, like reduced foraging opportunities
(Perry and Rowe, 2015), risk of physical damage
(Ronn et al., 2007), elevated mortality (Ronn et
al., 2007; Perry and Rowe, 2015), and increased
risk of sexually transmitted diseases (Fiedler and
Nedved, 2019). There are also benefits, like
improved offspring fitness when potential mates are
of high quality (Perry et al., 2009), however this
female choosiness may create sexual conflict
(Burke et al., 2021).

Coccinella transversalis (Fabricius) is an
aphidophagous ladybird (Coleoptera, Coccinellidae)
of the Oriental region with a wide prey range
(Omkar and James, 2004) and biocontrol prospects
(Michaud et al., 2013). It suppresses the population
of aphid, Hysteroneura setariae (Thomas)
(Pervez and Sharma, 2021), and can survive on
non-aphid foods during aphid scarcity (Maurice et
al., 2011). During aphid scarcity, females have
pressure to optimally forage (Kindlmann and Dixon,
1993) and males to search for potential mates
(Dixon, 2000), which probably depends on body-
size. Considering the wide distribution and biocontrol
potential of C. transversalis, we investigated the
influence of dietary conditions and body size on the
females’ remating and reproductive behaviour.

MATERIALS AND METHODS
Stock culture

Adults of C. transversalis were collected from the
agricultural fields near the suburbs of Kashipur,
India (29.2104° N; 78.9619° E) and brought to the
laboratory. They were paired in separate Petri
dishes (2.0cm x 9.0cm) containing ad [libitum
quantity of aphids, Aphis craccivora (Koch)
infested on cowpea, Lablab purpureus (L.) twigs.
These Petri dishes were then kept in an
Environmental Test Chamber (Remi, Remi
Instruments) maintained (at 25+1°C; 65+5 % R.H.;
12L: 12D photoperiod). The adults mated and the
females laid fertile eggs, which were reared from
egg-hatch till adult emergence on the above diet,
and F, virgin adults thus obtained were sexually
identified by carefully examining their genitalia under
Stereoscopic trinocular (Lyzer) and were isolated.
These F adults were used in the experiment carried
out from 10:00 to 18:00 hours.

(i) Effect of nutritional conditions on female
re-mating resistance

To find out the effect of nutritional condition on
female resistance towards first and second mating,
one hundred individuals of C. transversalis were
reared from egg-hatch to adult-emergence on a
sufficient quantity of A. craccivora in hundred Petri
dishes (size and prey as above; one larva per Petri
dish). After emergence, the adult ladybirds were
sexed by carefully examining the genitalia under a
spectroscopic trinocular. The newly emerged adult
males continued on the same diet. However, the
newly emerged females were split into three
different groups, viz., (i) excess aphid diet (Food-
satiated females), (ii) one-tenth of aphid diet (Food-
deprived females) and (iii) non-aphid sufficient
quantity of honey-diet for the next five days (Honey-
fed females). It is known that adult males and
females become sexually mature in less than five
days after emergence (Pervez et al., 2022). Five -
day-old females were paired with respective 5-day-
old males fed ad libitum aphids in ten replicates
(n=10) in dietary statuses. The entire behavioural
activities including mating refusal incidences, the
time required to commence mating, latent period
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(i.e., duration between the establishment of genital
contact and first mating bout), number of bouts,
and mating duration, were observed using
stereoscopic trinocular at 40X and 100X
magnifications with computer attachment. After the
mating was terminated, the adult male and female
ladybirds were taken out and kept in different Petri
dishes (size and food, as above). These were again
paired on the next day to record the same
parameters in the second mating trial. Thereafter,
the females were isolated in Petri dishes (size and
food, as above) and monitored for oviposition for
the next five days to record their pre-oviposition
period, fecundity, and percent egg viability.

(ii) Effect of adult body size of both sexes on
the female re-mating resistance

To find out the effect of small and large adult body
size on the mating behaviour and refusals, the adult
males and females were isolated in the Petri dishes
(size as above) containing ad libitum A. craccivora
infested on the twigs of L. purpureus immediately
after emergence. Thereafter, these adults were
weighed using an electronic balance (SHIMADZU,
Model ATX-224 at 0.1mg precision) and segregated
into two categories (small and big) in accordance
with their body size (i.e. large female ~ 27.0—
28.0mg, small female ~ 17.0 - 18.0mg, large male
~ 20.0 — 21.0mg, small male ~ 15.0 — 16.0mg).
After 5 days post-emergence, these adults were
grouped into four mating-pair groups, viz. (i) large
male % large female, (ii) large male x small female,
(ii1) small male x small female, and (iv) small male
x large female, and were allowed to mate. The
mating behaviour was observed using stereoscopic
trinocular, as above and the time of mating
commencement, latent period, bouts in copula,
mating duration, and steps taken by the adult
females showing mating refusals were recorded
(space and food as above). The mating pair was
isolated if mating did not commence and they were
again re-paired at 10:00h on the next day until the
mating commenced. After mating was terminated,
the adult male and female ladybirds were isolated
and again paired on the next day to record the same
parameters in the second mating trial. After the
two mating trials, the females were isolated and

observed for the next five days to record the pre-
oviposition period, fecundity, and percent egg
viability. The experiment was replicated ten times.

The data of both experiments were subjected to
the Kolmogorov—Smirnov test for the normality
distribution check and Bartlett’s test for the
homogeneity of variances using statistical software
(SAS 9.0, 2002). The data on mating refusals,
mating commencement duration, latent period,
number of bouts, mating duration, post-oviposition
period, fecundity, and percent egg-viability were
subjected to one-way ANOVA and means were
compared using Tukey HSD on SAS 9.0 (2002).
All the studied mating parameters were further
subjected to two-sample t-test using SAS 9.0 (2002)
to determine the effect of first and second mating
on them.

RESULTS AND DISCUSSION

(i) Effect of nutritional conditions on female
re-mating resistance

The nutritional condition during mating significantly
affects the female remating behaviour, as the first
and second mating commenced earlier by a food-
satiated female than food-deprived and honey-fed
females with fewer mating refusals (Fig. 1). The
honey-fed females mated coercively and longer in
first and second trials than satiated and food-
deprived females (Table 1). Latent periods varied
significantly in both first and second mating trials.
Similarly, bouts also varied significantly in first and
second trials. The males forcefully tried to mount
on food-deprived females and latter responded by
frequently bending their abdomens downwards and
dislodging the males, thereby displaying refusals.
These males moved away after a few attempts (5
-10) and thereafter showed no interest in mating.
Food-satiated females exhibited significantly the
least number of mating refusals (0.9+1.10)
compared to food-deprived (2.1+1.37) and honey-
fed (2.2+1.14) females during the first trial. The
mating refusals by food-satiated (4.20+1.48), food-
deprived (9.10£3.07) and honey-fed (2.2+1.14)
females increased significantly during the second
trial (Table 1).
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Table 1. Mating duration, mating commencement, latent period and bouts in copula of females of C. transversalis

at different dietary statuses

Mating trial | Nutritional state Duration Commencement Latent period Bouts (no.)
(in minutes) (in minutes) (in seconds)

First Satiated 18.2341.8° 2.80+1.14° 3.7+0.82° 238.70+26.80°
Food deprived 15.62+1.35¢ 6.60£7.69 2.1£1.52° 214.50+14.55
Honey fed 25.57+1.24 9.50+5.48" 3.4+1.17° 221.40+7.76®

Second Satiated 18.43+2.08" 1.90+1.45° 34+1.17° 221.40+7.76b
Food deprived 15.06+2.06¢ 11.90+4.86 2.30+0.48° 245.60+£27.19°
Honey fed 28.27+1.70° 14.20+3.71° 3.70+0.82 289.40+25.60°

Data are Mean + S.D.; Tukey’s Range = 3.51; d.f. = 2, 27; Different letters in the column denote that data is
significantly different

The mating refusals were significantly greater in
second trials in food satiated (t=-5.67; P <0.0001;
d.f. = 16), deprived (t = -6.58; P < 0.0001; d.f. =
12), and honey-fed females (t =-9.25; P <0.0001;
d.f. =11). Similarly, the mating commencement (t
=-2.25; P =10.040; d.f. = 15) and mating duration
were significantly increased in honey-fed females
(t =-4.05; P = 0.001; d.f. = 16). However, this
increase was not significant in satiated (t = -0.24;
P=0.812;df.=17andt=1.55;P=0.141; d.f. =
17) and in deprived females (t = 0.72; P = 0.480;
d.f.=15and t=-1.84; P =0.085; d. f. = 15). The
bouts in food-deprived (t=-3.19; P=10.007; d.f. =
13) and honey-fed females (t = -8.04; P <0.0001;
d.f. = 10) also increased significantly in second
trials. The pre-oviposition period of C. transversalis
after two copulations was significantly shorter in
satiated females than food-deprived and honey-fed
females. The fecundity and egg viability were
significantly greater in satiated females than food-
deprived and honey-fed females (Table 2).

(ii) Effect of body weight of both sexes on the
female remating resistance

The body size significantly affected the mating to
post-mating parameters of C. transversalis. The
time of mating commencement was greater when
smaller males were used in the first and second
trials. This time to commence mating in all four
mating groups decreased significantly in the second
trial. Similarly, latent periods of smaller males were
significantly greater in both the first and second
mating trials. The latent period in all four mating
groups decreased significantly in the second trial.
The smaller-sized males and females copulated for
significantly longer duration in the first and second
trials. However, the number of bouts was
significantly greater when larger male and female
copulated in both trials (Table 3).

The larger females resisted more to the mating
advances of smaller sized males in both first

Table 2. Reproductive output of females of C. transversalis maintained at different dietary levels

Nutritional state | Pre-oviposition (in days) Fecundity (no. of eggs) Egg viability(%)
Satiated 5.00+0.00¢ 337.80+8.65° 92.8745.48°
Deprived 5.70+0.48° 110.50+9.70° 82.80+5.02°
Honey fed 8.20+1.03° 3.00+1.41¢ 0.00+0.00°

Data are Mean + S.D.; Tukey’s Range = 3.51; d.f. = 2, 27; Different letters in the column denote that data is
significantly different
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(F=32.02; P < 0.0001; d.f. = 3, 36) and second
(F=21.40; P<0.0001; d.f. =3, 36) trials as compared
to other mating groups (Fig. 2). The first and second
mating trials were compared using a two-sample t-
test. The mating duration and mating refusals
increased, while mating commencement decreased
significantly in all four groups of second trials (Table
3). The fecundity (F = 37.41; P < 0.001; d.f. = 3,
36) and percent egg-viability (F=81.83; P <0.0001;
d.f. = 3, 36) of larger females were significantly
greater than those of smaller females, irrespective
of male body size (Table 4). Similarly, the pre-
ovipositional periods of larger females were
significantly (F = 21.60; P < 0.001; d.f. = 3, 36)
shorter than those of smaller females, irrespective
of male body size.

The nutritional conditions and body size influenced
the reproductive behaviour of C. transversalis,
including the female remating resistance. As
expected, well-fed females readily accepted male
copulatory attempts, copulated for a longer duration
with higher fecundity and egg viability, and least
resisted remating during both mating trials.
However, food-deprived and honey-fed females
took more time in accepting male copulatory
attempts, mated for both longer and shorter
durations, and resisted more to re-mate with lower
fecundity and egg viability. The early mating
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commencement in well-fed females could be
attributed to their satiated condition which makes
them highly receptive to copulation, and increases
the probability to select potential mates who have
better sperm quality with accessory gland proteins
and oviposition stimulants that results in better
offspring (Albo et al., 2012; Mirhosseini et al.,
2014). On the other hand, delay in mating
commencement in food-deprived and honey-fed
females indicates females’ poor nutritional status
hinders the mating process, as courting males need
to invest more time and effort (Singh ez al., 2021).

Food-deprived females copulated for a shorter
duration than the well-fed ones, as also reported in
a ladybird, Menochilus sexmaculatus (Fabricius)
(Singh et al., 2021). The food conditions during the
adult stage exert an impact on reproductive
behaviour and restricted food availability could act
as a limiting factor by modulating mating duration
to its shortest period. Nevertheless, the honey-fed
females copulated for a longer duration than the
other two females, which indicates their poor
nutritional state leading to being easily overpowered
and coerced by the males. Under coercive mating
with honey-fed females, males modulated mating
duration by inflicting themselves upon females and
forcing them into copulation resulting in a longer
mating duration. As observed in coercive mating,
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Figure-1: Mating refusals by female, C. transversalis during first and second mating trials with

respect to the female's nutritional status. Different letters denote that data is significantly different.

Data is Mean = 5.1,
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Table 3. Mating duration, time of mating commencement and latent period and bouts in copula of C. transversalis
during first and second mating trials

Mating trial Combinations Duration Commencement Latent period Bouts
(in minutes) (in minutes) (in seconds) (numbers)

Large Malex Large  20.85+1.05° 4.90+0.73° 4.00+£0.82° 325.40+8.96
Female

First Large Malex Small ~ 17.56+0.73¢ 4.80+0.63° 3.80+0.92° 322.70+£29.96°
Female
Small Malex Large ~ 16.05+0.71¢ 8.10+1.19° 4.40+0.52° 228.30+5.25°
Female
Small Male x Small 24.64+1.09* 5.20+0.63° 6.20+1.13¢ 234.10+7.08°
Female

SecondLarge | Malex Large 23.16+£0.79*  2.80+0.63° 3.30+0.67° 329.50+16.26*
Female
Large Malex Small ~ 24.86+1.40° 3.00+0.82" 3.50+0.53° 327.60+5.46°
Female
Small Male x Large ~ 21.55+1.53¢ 4.404+0.522 4.90+0.99* 297.30+11.38°
Female
Small Male x Small 25.70+2.16° 3.50+£0.53%® 4.60+0.69* 269.40+52.20¢

Data are Mean + S.D.; Tukey’s Range = 3.81; d.f. = 3, 36; Different letters in the column denote significantly difference
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males may harm the females, override their
resistance by forced copulation and try to copulate
with immature females (Peretti and Aisenberg,
2011). The latent period and bouts in a copula were
male dependent and as the dietary condition was
only applied to females and males were reared on
ad libitum food the latent period was almost similar
when copulation occurred with females of different
dietary conditions under both mating tests. The
number of bouts was mating duration-dependent,
reported more under longer mating. However, if
applied to both sexes the post-emergence nutritional
conditions could influence mating performance due
to increased latent period resulting in decreased
vitality (Agarwala et al., 2008).

The findings support the hypothesis that the females
under stressful food conditions resist more male
copulatory attempts compared to those reared in
favourable food condition. This could be attributed
to the reproductive costs associated with mating,
avoidance of superfluous mating, hindrance in
female foraging capacity, increased risk of
predation, increased risk of sexually transmitted
diseases, and physical damage leading to declining
fecundity (Ronn et al., 2007; Fox and Moya-larano,
2009; Perry et al., 2009). The energy requirements
vary in both sexes, as males expend energy in
copulatory and pre-copulatory processes, while
females invest energy in search of suitable
oviposition sites, laying eggs, controlling oviposition
timing and using maternal effects to tailor progeny
(Sipos et al., 2012; Mirhosseini et al., 2014) hence
lower nutritional state (Perry et al., 2009) and
sexual immaturity of females (Khan, 2020) also
trigger re-mating resistance.

Nutritional status was an important determinant of
post-mating response, more fecundity with shorter
pre-oviposition and a higher percentage of egg
viability were observed when mating was reported
in well-fed females. However, the deprived and
honey-fed females had a more preoviposition period
with lesser fecundity and the lowest percentage of
egg viability. The higher energy consumption during
the early stage enhances the reproductive capacity
and females reared on a favourable diet from egg
to adult stage have higher fecundity with more egg

hatchability and early oviposition in comparison to
the females who had a restricted diet after their
emergence (Li et al., 2020). The higher hatching
success in well-fed females is attributed to the
suitable feeding conditions of both sexes, having
more available resources to invest in reproduction
(Ernande et al., 2004). Thus, egg viability is
determined by both female nutritional status and
male ejaculate quality and quantity with the
accessory gland protein (Pervez et al., 2004; Perry
and Rowe, 2008; Vargas et al., 2012; Michaud et
al.,2013; Singh et al., 2016). Reduced fecundity in
food-deprived and honey-fed females was
attributed to their poor nutrition state negatively
affected egg development and oogenesis
acceleration (Behmer and Nes, 2003) and showed
oosporation by reallocating resources for survival
instead of reproduction (Moore and Attisano, 2011).
The restricted diet may also limit female
reproductive output by decreasing egg number,
downregulating immune response, and reducing
longevity (French et al., 2007; Karl et al., 2007)
thereby to attain maximum egg viability abundant
food conditions should be mandatory for all life
stages of an individual. The body size significantly
influenced the mating behaviour and female
remating refusals. When mating was reported the
large males took the least time to commence mating
than the smaller males. This shows the effect of (i)
mating urge in which large males vigorously court
and force females for copulation (Partridge and
Farquhar, 1983) and (ii) advantage of large body
proportion that provides males higher fitness for
more offspring production (Dubey et al., 2016).
However, smaller males who work more sneakily
invest more time in mating attempt thereby their
persistence in mating lead females to engage in
copulation that increases their reproductive success
and produces more offspring (Watters, 2005).

The mating duration was significantly influenced
by the body size of the mating pairs. The smaller
males mated for a longer duration than large males.
The prolonged mating duration in smaller males
reflects their lower probability of being selected as
mates, investing more time in a mating that for a
period reduces the chances of their female partner
engaging in copulation with another male and
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Table 4. Reproductive output of C. transversalis in different mating combinations

Mating combination Pre-oviposition Fecundity Egg viability
(days) (no. eggs) %)

Large Male x Large Female 5.00+0.00¢ 333.10+1.66 91.89+1.05*

Large Male x Small Female 5.30+0.48° 247.20+42.44° 85.84+2.92°

Small Male x Large Female 5.00+0.00¢ 327.90+1.19 90.90+2.20°

Small Male x Small Female 5.90+0.32* 241.00+0.82° 83.40+1.76

Data are Mean + S.D.; Tukey’s Range = 3.81; d.f. = 3, 36; Different letters in the column denote significant difference

provides more time to small male for inseminating
female with more sperms for fertilizing more eggs
leading to enhancing their probability to gain more
fatherhood by attaining more offspring assurance
(Holwell et al., 2016). The longer copulation results
in higher male harassing behaviour towards smaller
females to engage them in longer copulation (Ryan
etal.,2001). From the earlier study, it is been known
that large males copulate for a longer mating
duration (Lupold et al., 2011; Pervez and Singh,
2013). However, a shorter mating duration in larger
males when they mated with large and small
females could be related to their better ejaculate
size, higher quality and quantity of sperm with
accessory gland products that enhance their post-
copulatory reproductive success (Avila et al.,2011),
thereby the larger males have an advantage over
smaller males (Pervez and Singh, 2013).

Multiple matings are common in insects, including
ladybirds. The males and females can enhance their
reproductive success through multiple mating
despite female remating refusals (Obata, 1988;
Perry et al., 2009; Pervez et al., 2020). In the
present study, remating resistance was significantly
influenced by the body size of both mating partners.
This could be associated with the benefits of mating
with larger males because (i) large males have
higher fitness and give rise to progeny with higher
survival success (ii) large males can overcome
female resistance by scaring females for further
harassment (Pilastro et al., 2003; Muller et al.,
2007). However, the remating resistance occurred
more when small males courted large females
because the females discriminate the male mating
success, though the females mate with smaller

males, they still prefer large males for attaining
higher reproductive success (Dubey et al., 2016).
Thereby, the mating success does not solely depend
on the males (Bretman et al., 2013) though males
indiscriminately and persistently attempt to mate
for more fatherhood, females show more choosy
behaviour and avoid those mating who are
superfluous and exert some relevant costs, and this
scenario leads to a sexual conflict where the mating
rate works as a strong driving force in the evolution
of reproductive strategies in both sexes (Rowe et
al., 2020).

Higher fecundity with a shorter preoviposition period
was found when large females copulated than the
small females, as also reported earlier (Vargas et
al., 2012; Dubey et al., 2016). Large females
provide more space to accommodate developing
eggs, have a greater number of ovarioles, and can
produce more eggs by allocating more energy
resulting in higher offspring numbers (Osawa, 2005;
Dixon, 2007; Singh et al., 2021). Smaller females
were less fecund with a greater preoviposition
period and lesser egg viability. Further mating with
smaller males reduced their post-mating output
because large males under copulation contribute
more sperm with accessory gland proteins that
stimulate egg production and lead to enhanced
fecundity compared to small males (Mirhosseini et
al., 2014). Thereby, the body size of both sexes
shapes the reproductive success in ladybirds not
only male size as stated earlier (Bista and Omkar,
2013).

The nutritional conditions and body size modulate
the mating behaviour and female remating
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resistance in C. transversalis, and the study
suggests that (i) nutritional state post-emergence
shapes female reproductive behaviour, (ii) well-fed
females have better reproductive output with more
fecundity, percentage of egg viability and emit least
remating resistance that increases in subsequent
matings, (iii) poor nutritional females (deprived and
honey fed) emit more remating resistance with a
greater preoviposition period, lesser fecundity and
percentage of egg viability, (iv) C. transversalis
shows the size-dependent mating success and both
males and females contribute to output, (v)
copulation in larger pairs results into more fecundity,
a higher percentage of egg viability and emit least
remating resistance, (vi) small pairs show lower
fecundity with least percentage of egg viability and
(vii) large males took advantage of body size and
harass smaller females by coercive mating, while
large females show more remating refusals when
paired with smaller males.
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