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Direct benefits provided by males have large effects on the fitness of females and their offspring in many
species. Here, we examined whether mating or feeding experience of male Carolina sphinx moths,
Manduca sexta (Sphingidae), affects the quality of direct benefits that males provide to their mates. We
mated virgin females with fed and unfed, virgin and previously mated males. Feeding experience
affected male mating success, spermatophore size and flight muscle size. In addition, females mated to
fed males laid more eggs than females mated to unfed males, and females mated to virgin males laid
more eggs than females mated to previously mated males. Using 13C-enriched glucose in the nectar of
the fed males, we found that the second and third spermatophores of males were strongly labelled, but
this labelled glucose was not present either in the female's fat body or in her eggs. Therefore, although
fed males provided females direct benefits from the sugar in the nectar, the sugar was not used as a
nutrient by females. We suggest that in short-lived species, where females mate singly and males mate
multiply, and where nectar availability is highly variable, males may be selected to conserve their
resources to maintain flight capability and to invest in sperm performance and, thus, provide only limited
(non-nutritive) direct fitness benefits to their mates.
© 2015 The Association for the Study of Animal Behaviour. Published by Elsevier Ltd. All rights reserved.
In many species, a male's reproductive success is limited by his
access to mates, while a female's reproductive success is limited by
the number of offspring she can produce (Andersson, 1994). This
pattern is thought to be prevalent because the male's investment
per offspring, in the form of sperm, is generally considered to be
low compared with females, which produce large and nutrient-rich
oocytes. This has led to the general perception that male fitness in
many species is increased by mating with as many females as
possible (Lauwers & Van Dyck, 2006), whereas a female's fitness is
increased by selecting high-quality mates who provide benefits
that increase either her fitness or the fitness of her offspring
(Burley, 1986; Eberhard, 1996; Wedell & Karlsson, 2003). These
male-provided benefits may be indirect, where alleles from the
preferred males increase offspring viability or attractiveness of
male offspring (e.g. Fisher, 1930; Lande, 1981; Zahavi, 1975), or
direct, where preferred males provide material resources that in-
crease the fitness of the female or her offspring (e.g. Price, Schluter,
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& Heckman, 1993; South & Lewis, 2011). Despite direct benefits
likely having larger effects on female fitness than indirect benefits,
indirect benefits have received more attention in the literature
(Wagner, 2011). As a result, there are still major gaps in our un-
derstanding of howmale-provided direct benefits affect female and
offspring fitness in different systems.

One of the difficulties with many past experimental studies of
direct benefits is linking observed fitness increases to a benefit
mechanism (Wagner, 2011). For example, to link these effectively, a
study would need to not only identify a nutrient that males transfer
to females, but also to show increased female/offspring fitness as a
result of this male-provided nutrient. This link is most lacking in
cases where the male-provided benefit cannot be easily observed,
unlike, for example, male parental care (reviewed in Andersson,
1994). Where the male-provided benefit comes in the form of a
nuptial gift, broadly defined as any materials other than gametes
transferred by males to females during courtship and/or mating
(Lewis & South, 2012), connecting fitness gains to a benefit
mechanism has been exceedingly rare. Some studies have found
that male transfer of materials to females increases female fitness
(e.g. Boggs,1990,1995; Gwynne, 2008; South& Lewis, 2011; Vahed,
1998), but the specific materials involved were not identified.
evier Ltd. All rights reserved.
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Similarly, multiple studies have identified specific materials that
males transfer to females, but these studies found no evidence that
these materials benefited females or their offspring (e.g. Arnqvist&
Nilsson, 2000; Boggs, 1990; Eberhard, 1996; Lewis & South, 2012;
Wolfner, 2009). Studies that have examined the positive effect of
male-provided defensive compounds on offspring fitness are the
exception (e.g. Dussourd, Harvis, Meinwald,& Eisner, 1989; Iyengar
& Eisner, 1999). Therefore, studies that both examine fitness effects
of male-provided benefits and explore the underlying benefit
mechanisms are much needed, especially where the benefits are
transferred to females via a nuptial gift.

The phenotypic quality of male insects is often reflected in their
ejaculate, which can contain numerous substances other than
gametes (Wolfner, 2009). These substances are produced by the
accessory glands and are transferred to the female duringmating in
the spermatophore. In some species, multiple matings, or poly-
andry, can enhance a female's lifetime fecundity by nutrient
acquisition from the seminal fluids of multiple males, in addition to
ensuring high variation in quality and genetic make-up of the
sperm they receive (reviewed in Arnqvist & Nilsson, 2000; South &
Lewis, 2011). Secondly, in some female insects, larger or more
spermatophores result in greater lifetime fecundity/fertility (South
& Lewis, 2011; Torres-Vila & Jennions, 2005), providing further
evidence that materials in male spermatophores are a form of
male-provided direct benefit. Therefore, where females receive
direct benefits from male seminal products, we might expect fe-
males to prefer tomatewithmultiplemales and tomatewithmales
that provide larger and higher-quality spermatophores.

Like many insects, males of most Lepidoptera species transfer
spermatophores to females during mating that contain both sperm
and other seminal materials. We know from previous work that
females of many Lepidoptera species are polyandrous (Simmons,
2001). However, a careful inspection of available studies reveals
that a positive correlation between polyandry and fecundity is not
universal (reviewed by: Milonas, Farrell, & Andow, 2011; Torres-
Vila, 2013; Torres-Vila & Jennions, 2005). Secondly, in many Lepi-
doptera, the ejaculate becomes smaller with repeated matings
(Lauwers & Van Dyck, 2006; McNamara, Jones, & Elgar, 2007;
Torres-Vila & Jennions, 2005). However, the effect of male mating
history on mating success may vary among species (Milonas et al.,
2011; Torres-Vila & Jennions, 2005; Velde, Damiens, & Van Dyck,
2011). Flight muscle can also be resorbed in Lepidoptera to reallo-
cate resources to reproduction (Boggs, 2009; Stjernholm, Karlsson,
& Boggs, 2005), and this resorption does not seem to impair flight
ability (Stjernholm et al., 2005). However, it is unclear whether
mating multiply results in resorption of flight muscle in males.
Lastly, while it is well established that female feeding can increase
female fecundity (Papaj, 2000; Wheeler, 1996), the effect of male
feeding on female fecundity has been less studied (but see Cahenzli
& Erhardt, 2012). Therefore, further study is needed to determine
(1) whether females gain direct benefits from male spermato-
phores, (2) whether either the quality of these benefits decreases,
or the resorption of the male's flight muscles increases with the
number matings per male, (3) whether the feeding history of a
male affects the fecundity of his mates and (4) the specific mech-
anism by which female mates receive direct benefits from males.

Here we examined the effects of mating experience and feeding
history on male mating success and the quality of direct benefits
provided by male Carolina sphinx moths, Manduca sexta (Sphin-
gidae). For males, we examined whether feeding history influences
mating success andwhether feeding history andmating experience
influence spermatophore size or flight muscle mass. To examine
the benefit mechanism, we enriched the glucose fed to adult males
with 13C in order to examine whether this sugar was incorporated
into male spermatophores and, if so, whether it was absorbed by
females postmating. For females, we examined whether their
fitness is affected by male feeding history, spermatophore size or
mating experience. In addition, we tested whether female M. sexta
are monandrous or polyandrous, as this has not been determined
previously.

METHODS

Study Organism

In this study we used the Carolina sphinx moth, M. sexta
(Lepidoptera: Sphingidae), from a colony maintained at the
University of Arizona (Davidowitz & Nijhout, 2004; Davidowitz,
Nijhout, & Roff, 2012). Manduca sexta is a large hawkmoth
distributed across the Americas and is common in the Sonoran
Desert in the southwestern United States (Tuttle, 2007). In the
southwest, M. sexta has an innate preference for high-
concentration, sucrose-based nectars (Datura wrightii, Solanaceae)
but readily learns to use a low-concentration hexose flower (Agave
palmeri, Agavaceae) as an alternate source of nectar (Alarcon,
Davidowitz, & Bronstein, 2008; Riffell et al., 2008). Flight arena
experiments showed that naïve males and females prefer
D. wrightii over A. palmeri (Alarcon, Riffell, Davidowitz, Hildebrand,
& Bronstein, 2010). In the same study, a no-choice experiment
showed that females fed longer on A. palmeri whereas males spent
more time foraging on D wrightii. Examination of pollen loads
collected from the proboscis of field-collected M. sexta corrobo-
rated this preference: males carried significantly more D. wrightii
pollen and females carried significantly more A. palmeri pollen
(Alarcon et al., 2010). Based on these experiments, we fed male
moths sugar concentrations similar to those found in D. wrightii
(25%; see below).

Rainfall in the southwestern United States can be highly variable
(Davidowitz, 2002), resulting in periods of limited nectar avail-
ability. An analysis of pollen grains on the proboscis of 200M. sexta
ranged from 0 to 3870 grains (mean ¼ 278). Of these, 73% of the
moths had 0e10 grains of their preferred host, D. wrightii, 34% had
0e10 grains of their main alternative host, A. palmeri, and 15% had
fewer than 10 pollen grains of any plant species (Davidowitz &
Levin, 2015). If we assume that these low numbers are indicative
of fleeting flower probing due to lack of nectar, a high proportion of
moths in nature may not feed as adults. Based on this, males in the
experimental ‘fed’ group received 25% nectar and those in the
‘unfed’ control group received no nectar (see below).

Longevity of adult M. sexta increases with humidity and the
amount of nectar consumed (Contreras et al., 2013). In the benign
conditions of our laboratory colony, moths usually live 6e7 days
but can live as long as 30 days under careful and attentive treat-
ment conditions. The natural life span ofM. sexta in the wild is not
known. The mean ± SD longevity of 25 wild-caught moths
brought back to a large mating cage for another study (Davidowitz
& Levin, 2013) was 3.04 ± 1.4 days. Although we do not have data
to support this, we expect that moths in the wild probably live
only 4e5 days.

Virgin female M. sexta start calling immediately after eclosion
from the pupae. The switch fromvirgin ‘calling’ behaviour tomated
ovipositional behaviour is mediated by the presence of sperm and/
or associated seminal fluids in the bursa copulatrix (Sasaki &
Riddiford, 1984). Nothing is known of the mating frequency of in-
dividual female M. sexta in natural conditions.

Larvae were raised under a 16:8 h light:dark cycle in an envi-
ronmentally controlled room set at 27 �C and 50% RH. Larvae were
fed ad libitum with artificial diet (modified from Bell & Joachim,
1976) until pupation. Diet ingredients are given in Davidowitz,
D'Amico, and Nijhout (2003).
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Mate Choice

Pupae were segregated by sex and held in a rearing room under
ambient conditions similar to those experienced by the larvae.
After eclosion, we randomly divided 68 males into fed and unfed
groups (34 per group). Males in the fed group were offered daily
(days 0e2 after eclosion) 400 ml of 25% (by weight) sucrose solution
in deionized water. The sucrose solution was placed on a piece of
Parafilm™ (Pechiney Plastic Packaging Company, Menasha, WI,
U.S.A.) in eight droplets of 50 ml each. We unfurled the proboscis of
each male using a long needle and placed a droplet of sucrose
solution on the tip. Nectar uptake occurred within minutes and the
moths did not struggle with this method. We recorded total nectar
consumption for each moth and included in the analysis only those
individuals that consumed more than 850 ml of sugar water over
the 3 days (>90% of individuals). Unfed moths were not provided
any nectar. We marked moths in each group with a Sharpie
Penstripe on the underside of the wings; males in the fed group
were marked with blue, and those in the unfed group were marked
with red.

On the third day after eclosion, we introduced one fed male and
one unfed male into a large metal-frame flight cage covered with
plastic mesh (90 � 180 � 180 cm) together with a virgin female.
Four cages were used simultaneously. The flight cages were in a
temperature- and humidity-controlled room (27 �C, >50% RH). We
monitored the flight cages every hour for mating pairs. After a
successful mating occurred, we removed the mated couple and the
other male from the cage and recorded the mated male's group
from the colour marking. We analysed the effect of feeding treat-
ment on male mating success using a chi-square two-tailed Fisher
exact test.

Mating, Oviposition and Flight Muscles

After adult eclosion, we randomly segregated 90 males into fed/
unfed groups as described above (45 fed, 45 unfed). An hour before
the scotophase of the third day, we placed each male in a cage
(30 � 30 � 30 cm, BugDorm, BioQuip Products, Rancho Domi-
nguez, CA, U.S.A.) with a newly eclosed virgin female. Females
started calling about 2 h after eclosion, and cages were checked
every 30 min for the entire duration of the scotophase to verify
mating. We recorded the start and end time of copulation to the
nearest 0.5 h. For any pair that was still mating at the end of the
scotophase, we noted the end copulation time as ‘still mating’
(N ¼ 19). After mating, we placed half of the males into individual
bags to be used for second (47 males) and third (24males) matings,
and we freeze-killed (at 20 �C) the other half for use in a test of
treatment effects on flight muscle mass (see below). Males from the
fed group that were mated for a second (N ¼ 23) or third (N ¼ 11)
time were individually hand-fed with 400 ml of 25% sugar water
each day. A random subset of the trial males and females were
weighed to the nearest 0.1 g after adult eclosion.

Mated females were kept in individual cages, as above, and
provided a 4 � 6 cm standing oviposition platform, which was
made of cardboardwrapped with a paper towel. We put two to four
drops of host plant D. wrightii extract on the upper side of the
platform to stimulate oviposition (the number of drops had no
effect on the number of eggs laid; linear regression: F1,15 ¼ 0.2,
N ¼ 16, R2 ¼ 0.01, P ¼ 0.6577).

At the end of each 8 h scotophase, we replaced the paper towel
on the oviposition platform. We counted the eggs laid on the paper
towel each day and placed them in a tray for 4 days to verify
hatching success (fertility). Two females that laid infertile eggs (one
mated with a fed male and one mated with an unfed male) were
excluded from the analysis. Females were allowed to oviposit until
death, at which point they were frozen for future extraction of the
spermatophores. All females were unfed throughout the
experiment.

Males that were mated a second or third time were placed in
mating cages with virgin, freshly eclosed females as described
above. Copulation times for most second and third matings were
longer than the scotophase. As we stopped monitoring mated pairs
for copulation time at the start of the light phase, we have accurate
copulation time data only for the first mating group. However, we
did note that most moths separated in the first hour after photo-
phase. Fed group males were fed after every mating as described
above.

To measure spermatophore size, we removed spermatophores
from the bursa copulatrix of previously frozen females (see above)
using surgical scissors, dried the spermatophores in a drying oven
for 24 h at 50 �C and recorded dry mass to the nearest 0.01 mg
(analytical balance, Mettler-Toledo XS, Columbus, OH, U.S.A.). To
verify whether male residence time with a female influenced
spermatophores size (i.e. whether the female digested the sper-
matophores), we compared both dry and wet weight of sper-
matophores from virgin males immediately after copulation ended
(day 0) with spermatophores removed 5 days later. Dry weight of
spermatophores did not differ significantly between day 0 and day
5 (paired t test: t1,28 ¼ �0.73, N ¼ 29, P ¼ 0.4690), but wet weight
differed by 11.5 mg (paired t test: t1,28 ¼ �3.27, N ¼ 29, P ¼ 0.0029),
which was 23% of the mean spermatophore wet weight.

To test treatment effects on flightmusclemass, we separated the
thorax of a subset of males (Nmated1 ¼ 38, Nmated2 ¼ 28,
Nmated3 ¼ 24) from the head and abdomen using surgical scissors
and removed the legs andwings. The thoraces were then dried for 2
days in a drying oven at 50 �C, weighed to the nearest 0.001 g
(analytical balance, Mettler-Toledo XS) and submerged in 2% NaOH
solution in individual plastic cups to dissolve all the muscle. After 2
days, the thorax was rinsed twice with water and left for 24 h in
water to remove any remaining NaOH. After dissolving the muscle,
the thorax exoskeletons were dried for 2 days at 50 �C and weighed
again. We estimated muscle mass by subtracting the final weight
(exoskeleton) from the total dry weight of the thorax.

We analysed effects of male feeding treatment (fed versus
unfed) andmating status (first, second or thirdmating) on duration
of copula, spermatophore size and male flight muscle mass using
ANOVA and ANCOVA, with Tukey's HSD for post hoc tests
(a ¼ 0.05). In addition, we tested whether females with a larger
spermatophore producedmore eggs using simple linear regression.

d13C Analysis

We randomly selected nine males as pupae from the colony.
After eclosion, six were fed daily as described above with 25%
sucrose (beet sugar) solution enriched with 0.1% of 99% pure 13C
labelled glucose (Cambridge Isotope Laboratories, Inc., Tewksbury,
MA, U.S.A.). Threemales were kept starved as a control. On the third
day, the males were mated to virgin females as described above.
Mated females were freeze-killed 12e16 h after the end of mating,
and the spermatophore, chorionated (mature) eggs and fat body
were dissected and dried for 24 h in 50 �C. The males in the 13C
treated group were fed again with labelled glucose after their first
mating, and five of them were mated a second time with virgin
females the following morning. Three individuals from this group
were fed and then mated for the third time on day 5. Females that
mated with these males were treated as described before.

We homogenized dried samples into powder using amortar and
pestle, loaded a 1 mg of sample into a tin capsule and analysed the
d13C of each fraction using a Picarro (Sunnyvale, CA, U.S.A.) G2121-i
Cavity Ring Down Spectroscopy d13C stable isotope analyser with
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an A0502 ambient CO2 interface, an A0201 CombustionModule and
an A0301 gas interface (CM-CRDS). All 13C concentrations are
expressed in d13CVPDB (Werner & Brand, 2001). Natural ratios of
d13C are typically negative as they are related to a specific limestone
standard (PDB). The average d13C value of our artificial diet
was �27‰. A more positive value indicates enrichment of the
heavier isotope and a more negative value indicates depletion of
the 13C relative to 12C. Some of the d13C values were strongly pos-
itive due to our hyperenrichment of the nectar with 13C glucose.We
analysed the effect of male mating status (first, second or third
mating) on d13C signature of spermatophores, the number of eggs
laid by females and the female fat body using ManneWhitney U
and KruskaleWallis tests, with Holme�Síd�ak corrections for post
hoc tests (a ¼ 0.05).

Multiple Mating versus Single Mating

To assess the level of polyandry in M. sexta, we randomly
collected 48 dying females from the colony mating cage over 2
months. In our colony mating cage (100 � 80 � 80 cm), there was a
1:1 ratio of male:femalemoths, with about 120moths in the cage at
any given time. We dissected the spermatophores from these
females, then counted, dried and weighed the spermatophores as
described above. We analysed differences in spermatophore size
for females with one versus two spermatophores using ANOVA,
with Tukey's HSD for post hoc tests.

No permits were required for this study. All larvae were reared
in the same benign conditions as our laboratory colony through to
pupation. Where appropriate, moths were sacrificed by placing
them in a freezer as is standard practice for insects, with the
exception of those kept alive until they died naturally. Some moths
were unfed throughout their life span: an analysis of field-collected
moths indicated that this may not be infrequent in nature
(Davidowitz & Levin, 2015).

RESULTS

Mate Choice

Mating behaviour involves male hovering flight around the
calling female. The males try to manoeuvre and land on the
female's back and attach their claspers to the female's external
genitalia. In 34 competition trials (34 virgin females with 34 virgin
fed and 34 virgin unfed males), 30 females mated successfully with
one of the males. We found that fed males (20 out of the 30 mated)
had significantly higher mating success than unfed males (c2 two-
tailed Fisher's exact test: P ¼ 0.0194).

Mating, Oviposition and Flight Muscles

We paired 170 1-day-old virgin females (148 successfully) with
the treatment males. The mean ± SE duration of copulation for
males mating for the first time was 3.75 ± 0.24 h, with no differ-
ence between the fed and unfed groups (Nfed ¼ 13, Nunfed ¼ 10;
F1,22 ¼ 1.94, P ¼ 0.179). The longest copulation lasted 6 h and the
shortest lasted 1.5 h. As noted above, we did not record end
copulation times for most males that mated a second or third time,
as the matings lasted over 7 h and continued into the first hour of
the photophase. One pair mated for 24 h (third mating, unfed
male). It is clear, however, that in copula durations of males in the
second and third mating groups were, on average, at least twice as
long as those of singly mated males. A two-way ANOVA of 147
females showed no significant effect of male feeding treatment
(P ¼ 0.1902), number of matings (P ¼ 0.4456) or their interaction
(P ¼ 0.7896) on female longevity (mean ± SE across all
treatments ¼ 5.8 ± 0.9 days). Females laid a mean ± SE of 90 ± 19%
of their eggs in the first three nights after mating.

There was no statistical difference in the body mass of females
mated to fed and unfed males (ANOVA: F1,39 ¼ 0.02, Nfed ¼ 20,
Nunfed ¼ 24, P ¼ 0.895) or to males of different mating status
(F2,39 ¼ 0.66, Nfirst ¼ 26, Nsecond ¼ 14, Nthird ¼ 4, P ¼ 0.459), and no
significant effect of the interaction between feeding treatment and
mating status on female body mass (F2,39 ¼ 0.80, P ¼ 0.459). Like-
wise, there was no difference in the prefeeding body mass of fed
and unfed males (ANOVA: F1,59 ¼ 0.72, NFed ¼ 29, NUnfed ¼ 35,
P ¼ 0.400) or of males that mated once, twice or three times
(F2,59 ¼ 0.57, Nfirst ¼ 25, Nsecond ¼ 23, Nthird ¼ 16, P ¼ 0.568). There
was no effect of the interaction between feeding treatment and
mating status on male body mass (F2,59 ¼ 0.16, P ¼ 0.852).

The total number of eggs laid by a female was affected by both
her mate's feeding treatment (ANOVA: F1,142 ¼ 13.68, Nfed ¼ 74,
Nunfed ¼ 74, P < 0.001) and her mate's mating status (F2,142 ¼ 4.54,
Nfirst ¼ 81, Nsecond ¼ 47, Nthird ¼ 20, P ¼ 0.012). There was no effect
of the interaction between male feeding treatment and mating
status on the number of eggs laid (F2,142 ¼ 0.54, P ¼ 0.584; Fig. 1).
Females mated to fed males laid significantly more eggs than
females mated to unfed males, and females mated to third-mated
males laid significantly fewer eggs than females mated to first-
mated males (Tukey HSD post hoc test: first versus second:
J ¼ 25.26, P ¼ 0.244; second versus third: J ¼ 28.31, P ¼ 0.431; first
versus third: J ¼ 53.57, P ¼ 0.035). As spermatophore mass, as a
covariate, did not significantly affect the number of eggs laid
(F1,102 ¼ 2.78, P ¼ 0.098), or any of the patterns reported above, we
dropped it from the analysis. Although this study focuses on the
first three male matings, we note that fed males can mate more
than three times. We observed one fed male mating six times
(every day), consuming a total of 2.5 ml sucrose solution during this
time, and all his mates oviposited fertile eggs.

The mean ± SE percentage of dry mass of the spermatophores
was 50.3 ± 1.8% of the spermatophore wet mass, and on average,
dry spermatophores were approximately 2% of a male's total body
mass. Spermatophore mass was significantly affected by the
interaction between male feeding treatment and male mating
status (ANOVA: F2,119 ¼ 4.83, P ¼ 0.010; Fig. 2). As there was a sig-
nificant effect of the interaction between feeding treatment and
mating status, we proceeded to examine the effect of feeding
treatment within each male mating status, and the effect of male
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Table 1
Levels (‰) of d13C in the spermatophores of fed and unfed male sphinx moths that
mated one to three times and in females' eggs and fat bodies

Unfed, once
mated

Fed, once
mated

Fed, twice
mated

Fed, thrice
mated

Sample size (N) 3 6 5 3
Spermatophore �25.60±0.10 16.15±8.74 203.2±36.25 118.23±31.79
Eggs �27.57±0.29 �27.17±0.18 �27.18±0.29 �27.6±0.36
Female fat

body
�27.93±0.70 �28.48±0.46 �28.31±0.13 �28.37±0.41

Means and standard errors are shown.
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mating status within each feeding treatment. Among fed males,
mating status significantly affected spermatophore mass (ANOVA:
F2,59 ¼ 84.14, Nfirst ¼ 29, Nsecond ¼ 22, Nthird ¼ 10, P < 0.001), with
first-mated males producing significantly larger spermatophores
than either second- or third-matedmales (Tukey HSD post hoc test:
first versus second: J ¼ 14.14, P < 0.001; second versus third:
J ¼ 2.46, P ¼ 0.332; first versus third: J ¼ 16.59, P < 0.001). Likewise,
among unfed males, mating status significantly affected sper-
matophore mass (ANOVA: Nfirst ¼ 31, Nsecond ¼ 22, Nthird ¼ 10;
F2,61 ¼ 209.46, P < 0.001), with first-mated males producing
significantly larger spermatophores than either second- or third-
mated males (Tukey HSD post hoc test: first versus second:
J ¼ 18.51, P < 0.001; second versus third: J ¼ 3.27, P ¼ 0.071; first
versus third: J ¼ 21.78, P < 0.001). Among first-mated males, there
was no difference in spermatophore size between fed and unfed
males (ANOVA: F1,59 < 0.01, Nfed ¼ 29, Nunfed ¼ 31, P ¼ 0.997).
However, fed males produced significantly larger spermatophores
than unfed males in both second-mated males (F1,43 ¼ 14.66,
Nfed ¼ 22, Nunfed ¼ 22, P < 0.001) and third-mated males
(F1,18 ¼ 8.98, Nfed ¼ 10, Nunfed ¼ 10, P ¼ 0.008).

There was no significant relationship between spermatophore
size and female fecundity for any given male mating status (first,
second or third mating) within either the fed or unfed treatment
(linear regression: fed males: first mating: F ¼ 1.83, N ¼ 30,
r2 ¼ 0.06, P ¼ 0.187; second mating: F ¼ 0.03, N ¼ 19, r2 < 0.01,
P ¼ 0.862; third mating: F ¼ 0.06, N ¼ 7, r2 ¼ 0.01, P ¼ 0.816; unfed
males: first mating: F ¼ 1.59, N ¼ 29, r2 ¼ 0.06, P ¼ 0.219; second
mating: F ¼ 3.62,N ¼ 17, r2 ¼ 0.19, P ¼ 0.076; thirdmating: F < 0.01,
N ¼ 6, r2 < 0.01, P ¼ 0.993). Combining all treatments and mating
status, there was a significant positive relationship between sper-
matophore size and fecundity, however, spermatophore size only
described 6% of the variation in fecundity (F ¼ 7, N ¼ 110, r2 ¼ 0.06,
P ¼ 0.009).

Male flight muscle mass was affected by both feeding treatment
(ANOVA: F1,85 ¼ 17.15, Nfed ¼ 44, Nunfed ¼ 46, P < 0.001) and mating
status (F ¼ 6.40, Nfirst ¼ 38, Nsecond ¼ 28, Nthird ¼ 24, P ¼ 0.003).
There was no effect of the interaction between male feeding
treatment and mating status on flight muscle mass (F2,85 ¼ 2.244,
P ¼ 0.112; Fig. 3). Fed males had significantly greater flight muscle
mass than unfed males, and first-mated males had significantly
greater flight muscles mass than third-mated males (Tukey HSD
post hoc test: first versus second: J ¼ 0.008, P ¼ 0.123; second
versus third: J ¼ 0.005, P ¼ 0.500; first versus third: J ¼ 0.013,
P ¼ 0.007).

d13C Analysis

Spermatophores of virgin males were only moderately, but
significantly, labelled with d13C, the mean ± SE d13C value of fed
males was 16.2 ± 8.7‰, compared with �25.6 ± 0.1‰, in the unfed
control group (ManneWhitney U test: U ¼ 18.00, Nfed ¼ 6,
Nunfed ¼ 3, P ¼ 0.024; Table 1). In contrast, the spermatophores of
the second- and third-mated males had significantly higher d13C
values of 203.2 ± 36.3‰ and 118.2 ± 31.8‰, respectively. There was
a significant effect of male mating status on d13C values found in
spermatophores (KruskaleWallis test: H2 ¼ 10.22, Nfirst ¼ 6,
Nsecond ¼ 5, Nthird ¼ 3, P ¼ 0.006; Table 1), with first-mated males
producing spermatophores with lower d13C values than second- or
third-mated males (first versus second: U ¼ 30.00, P ¼ 0.004,
Holmse�Síd�ak P required for significance ¼ 0.0167); second versus
third: U ¼ 3.00, P ¼ 0.250, Holmse�Síd�ak P ¼ 0.05; (first versus
third: U ¼ 18.00, P ¼ 0.024, Holmse�Síd�ak P ¼ 0.025).

There was no significant difference in levels of d13C in the fat
bodies of females or in the eggs laid by females mated to unfed
males and fed males that mated once, twice or three times (fat
body: KruskaleWallis H3 ¼ 2.862, P ¼ 0.413; eggs: H3 ¼ 1.647,
P ¼ 0.649; Table 1).

Multiple Mating versus Single Mating

Among 48 females dissected from the mating colony, only six
had more than one spermatophore (none had more than two) in
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their bursa copulatrix (12.5%). In females with two spermato-
phores, one spermatophorewas significantly smaller than the other
and was also significantly smaller than the spermatophores from
females that only mated once (ANOVA: F2,52 ¼ 8.69, P ¼ 0.001;
Tukey HSD post hoc test: single spermatophore versus the larger of
the two spermatophores: J ¼ 0.007, P ¼ 1.000; single spermato-
phore versus the smaller of the two spermatophores: J ¼ 12.14,
P < 0.001; the larger of the two spermatophores versus the smaller
of the two spermatophores: J ¼ 12.150, P ¼ 0.008; Fig. 4). Most of
the spermatophores were in good condition and did not seem to be
digested.
DISCUSSION

Male-provided direct benefits, by definition, increase female
fitness or the fitness of the female's offspring. The precise mecha-
nism by which this fitness increase occurs is known as the benefit
mechanism. Studies that both find evidence of male-provided
direct benefits and elucidate the benefit mechanism have been
rare thus far (Wagner, 2011). Here, we asked whether maleM. sexta
provide direct benefits to female mates and, if so, whether the
sugar in the nectar that males ingest is the mechanism by which
this benefit is provided.

Even though the Sphingidae comprise one of most conspicuous
and well-studied groups of insects, their mating system, surpris-
ingly, has been much less studied. We know that female M. sexta
start producing pheromones (calling) soon after eclosion (Itagaki &
Conner, 1988) that serve to attract males from a distance. In addi-
tion, we have noted that females never reject males that approach
them while they are calling (E. Levin, personal observation). These
findings suggest that male M. sexta may be engaging in scramble
mate competition (Andersson & Iwasa, 1996), where males that
most successfully search for and locate mates have the highest
mating success. Under this mechanism of sexual selection, males
should be expected to invest in well-developed sensory and loco-
motory organs (Andersson & Iwasa, 1996).

We found that virgin fed males had higher mating success than
did virgin starved males when competing for females. As females
stayed stationary in their calling position during the trials, these
differences in mating success were most likely due to differences in
male behaviour. We know from other studies that carbohydrates
are used as fuel for the initial few minutes of flight in M. sexta
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Figure 4. Mean ± SE dry mass of spermatophores found in females that mated once
(single) or twice (larger of two, and smaller of two). Different letters above bars
indicate statistically significant differences.
(Ziegler& Schulz,1986). Thismay in part explainwhy fedmales had
an advantage over unfed males when competing for mates in our
flight cages. Moreover, since flight muscle mass was higher in fed
males than in unfedmales, fedmales may have been stronger flyers
that were better at searching out or competing for available
females. Interestingly, we found that mating status also affected
flight muscle mass, with first-mated males having significantly
larger flight muscles than third-mated males. If the differences we
observed in male mating success were due to differences in the
level of resorption of the flight muscle, we might expect virgin
males to have higher mating success than males that mated pre-
viously. Therefore, if mating success of M. sexta males is indeed
determined by scramble competition, males might be expected to
invest available resources into flight in order to increase their
chances of finding future mates, as opposed to investing these
resources into direct benefits that are transferred to a single mate.

Nevertheless, maleM. sexta do indeed appear to provide females
with direct benefits that are correlatedwith the feeding andmating
status of the males. Our examination of the benefit mechanism
using 13C-enriched glucose yieldedmore complex results: while fed
males provided females with direct benefits that increased the
number of eggs a female laid, this benefit was not in the form of
carbohydrates derived from the nectar that males fed upon.

It has been shown, using radioactive isotopes, that females of
some Lepidoptera use male-derived nutrients for egg production
(Boggs, 1981, 1990; Boggs & Gilbert, 1979; Vahed, 1998; Wiklund,
Kaitala, Lindfors, & Abenius, 1993). And, it has been suggested
that, in many species, females differentially allocate their resources
in relation to males' nutrient donations (Wedell, 1996). This may
not be the case in M. sexta, because adult females in this species
eclose from the pupa with sufficient resources to provision and lay
~200 eggs without any additional feeding. Fecundity at this level,
which is solely dependent on larval resources, can be considered a
capital breeding strategy, where resources allocated to reproduc-
tion are independent of ingestion of additional resources by the
adult (Drent & Daan, 1980). In contrast, it is also well established
that nectar meals increase life span and fecundity in this species
(Contreras et al., 2013; Sasaki& Riddiford, 1984), so this species can
also be considered a partial income breeder, where additional
ingested nutritional input by the female is directly allocated to
reproduction (Drent & Daan, 1980; Papaj, 2000; Wheeler, 1996).
Along its natural distribution, M. sexta inhabits semi-arid habitats,
and such plasticity in reproductive strategy (capital versus income
breeding) might be an adaptation for the high variability of
resources typical for this kind of environment (Davidowitz, 2002).
Thus, when females are short-lived and use mostly larval resources
for reproduction, a nuptial gift in the form of additional nutrients
may be less valuable. Support for this can be seen in that the
spermatophore makes up only 2% of male body mass, whereas in
some insects this can be 25% (Thornhill, 1976) and even up to 40% in
some species (Gwynne, 1984).

Therefore, the male-provided direct benefit in this system may
be affecting female fitness by a mechanism other than extra
nutrients for the female to utilize. In a large part of its distribution,
M. sexta feeds on, and has an innate preference for, the nectar of
D. wrightii (Riffell et al., 2008). This host plant is both the main
source of nectar for the adult and the main host plant of the larvae
(Alarcon et al., 2008; Bronstein, Huxman, Horvath, Farabee, &
Davidowitz, 2009). We suggest that fed males might reflect an
abundance of local nectar and oviposition options to the female,
which may in turn make females invest less in long-distance
dispersal (to search for nectar and oviposition sites) and allocate
more of her resources directly to reproduction at local sites. In
contrast, mating with an unfed male might signal to the female low
availability of local nectar and oviposition opportunities. This may
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cause the female to hold back egg production and instead allocate
resources to long-distance dispersal to a better habitat with greater
nectar and oviposition resources. Thus, the feeding experience of a
male might signal to the female how she should prioritize her
allocation of resources to reproduction versus dispersal. The
importance of this possibility is evident from Davidowitz and
Levin's (2015) study, in which 43.5% (87/200) of field-caught
M. sexta moths in the Sonoran Desert had no D. wrightii pollen
grains on their proboscis, suggesting that M. sexta shows an
inability to find its preferred host in nature.

Other female benefits may take the form of increased sperm
number, sperm viability or fertilization ability (Drnevich, Papke,
Rauser, & Rutowski, 2001; Matthews, Evans, & Magurran, 1997;
Robertson, 1990). As anaerobic glycolysis is one of the two ways
that insect sperm produce energy for motility (Werner & Simmons,
2008), it is likely that increasing sugar content of the seminal fluid
will lead to better sperm performance, viability and fertilization
ability. In addition, increasing carbohydrate intake results in
increased sperm number in some insects (Bunning et al., 2015).
Therefore, the increase in female fitness that we found in M. sexta,
as a result of allowing adult males to feed on sugar, may have been
caused by more sperm being produced, or by sperm having more
sugar available for metabolism.

This hypothesis is further supported by our results for sper-
matophore dry mass. We found that spermatophore size of fed and
unfed virgin males did not differ, suggesting that recently eclosed
males are ready to mate using their first spermatophore, which
consists almost exclusively of larval-derived resources. The second
and third spermatophores, however, appear to be more affected by
diet than the first spermatophore (Fig. 2), with fed males in our
study having heavier spermatophores. This difference in mass in
later spermatophores may reflect a decrease in sperm number and/
or sugar content of the seminal fluid (He & Miyata, 1997). Note,
however, that we found no effect of spermatophore size on female
fecundity within our treatments, suggesting that at a finer scale,
spermatophore size is not a good predictor of fecundity. Thus, in
M. sexta, male-provided direct benefits may be in the form of
increased ejaculate quality, such as increased sperm number, per-
formance, viability, longevity, velocity, size or fertilization ability, or
it may be reflected in the presence or composition of accessory
gland compounds.

In addition to the benefits that fed males provide to the females,
females may benefit further by mating with virgin males over
males that have previouslymated because of the shorter copulation
duration. We do not knowwhether it is the male or the female that
controls copulation duration in this species and our direct obser-
vation yielded no evidence for either sex exerting control. During
copulation, males and females are attached to each other and
unable to react to a predator attack. Such increases in predation risk
during mating have been observed in a number of other insects
(Magnhagen, 1991). We found that copulation time with a virgin
male lasted fewer than 4 h, almost half the time of mating with an
experienced male. Therefore, females that mate with virgin males
should still have enough time to forage for nectar and oviposition
sites for the remainder of the night, postmating. In contrast,
females that mate with previously mated males will remain in
copula all night long, increasing their exposure to predators and
leaving no additional time during that night to feed or oviposit. As a
summer night is approximately 8 h long, mating with a previously
mated male may therefore reduce a female's potential lifetime
activity time budget by about 20% (assuming she lives 5 days in
nature). We suggest that shortening the copulation duration might
improve survival of both males and females, and that mating with a
virgin male increases a females' survival, foraging and oviposition,
thereby increasing her fitness.
This time investment in mating may perhaps explain why,
unlike many other Lepidopterans (Simmons, 2001), M. sexta fe-
males are monandrous. Even though we found 12.5% of remated
females in our captive colony, it was under conditions of high
density in a small cagewith unlimited resources and a 1:1 female to
male ratio. Such conditions are not likely to occur in nature, which
suggests that, in a wild population, remating is not likely to occur.
Of the few females that mated twice in our study, one spermato-
phore was significantly smaller than the other (Fig. 3). This smaller
spermatophore may have been either from the first mating, which
might explain why these females remated, or from the second
mating, possibly because there was insufficient room in the
female's bursa copulatrix for a full-sized spermatophore. Future
tests are needed to determine which of these hypotheses is sup-
ported. However, polyandry was rare, even under the unusually
high densities in our laboratory setting, and thus, it is likely that
M. sexta females are effectively monandrous in nature.
Conclusions

We suggest that in species that are short lived, in which females
mate singly and males multiply, and where the availability of
resources (nectar) are highly variable, such as can be found in
M. sexta, natural selection should favour males that conserve their
limited resources to maintain their flight capability and should also
select against the male providing the female with large amounts of
resources in a nuptial gift. Under this combination of conditions,
the preferred strategy would be for the male to provide a direct
fitness benefit to the female (and to himself) by investing his
limited resources in sperm performance rather than transferring
these resources to the female. Additional studies will determine
whether this strategy of male-provided direct benefits to the
female is peculiar to M. sexta or is a more general strategy in other
species with similar life histories and under similar environmental
conditions.
Acknowledgments

We thank Patricia Stamper for assistance with maintaining the
moths used for this experiment. This study was supported by
National Science Foundation (NSF) grant IOS-1053318 to G.D. In
addition, C.M. was supported by the National Institutes of Health
(NIH K12 GM000708) through the Postdoctoral Excellence in
Research and Teaching (PERT) Program of the University of Arizo-
na's Center for Insect Science (CIS). E.L. and G.D. conceived and
designed the experiments, E.L. performed the experiments, and
E.L., C.M. and G.D. analysed the data and wrote the manuscript.
References

Alarcon, R., Davidowitz, G., & Bronstein, J. L. (2008). Nectar usage in a southern
Arizona hawkmoth community. Ecological Entomology, 33(4), 503e509.

Alarcon, R., Riffell, J. A., Davidowitz, G., Hildebrand, J. G., & Bronstein, J. L. (2010).
Sex-dependent variation in the floral preferences of the hawkmoth Manduca
sexta. Animal Behaviour, 80, 289e296.

Andersson, M. (1994). Sexual selection. Princeton, NJ: Princeton University Press.
Andersson, M., & Iwasa, Y. (1996). Sexual selection. Trends in Ecology & Evolution,

11(2), 53e58.
Arnqvist, G., & Nilsson, T. (2000). The evolution of polyandry: multiple mating and

female fitness in insects. Animal Behaviour, 60, 145e164.
Bell, R. A., & Joachim, F. G. (1976). Techniques for rearing laboratory colonies of

tobacco hornworms and pink bollworms. Annals of the Entomological Society of
America, 69(2), 365e373.

Boggs, C. L. (1981). Selection pressures affecting male nutrient investment at mating
in heliconiine butterflies. Evolution, 35(5), 931e940.

Boggs, C. L. (1990). A general model of the role of male-donated nutrients in female
insects' reproduction. American Naturalist, 136, 598e617.

http://refhub.elsevier.com/S0003-3472(15)00432-7/sref1
http://refhub.elsevier.com/S0003-3472(15)00432-7/sref1
http://refhub.elsevier.com/S0003-3472(15)00432-7/sref1
http://refhub.elsevier.com/S0003-3472(15)00432-7/sref2
http://refhub.elsevier.com/S0003-3472(15)00432-7/sref2
http://refhub.elsevier.com/S0003-3472(15)00432-7/sref2
http://refhub.elsevier.com/S0003-3472(15)00432-7/sref2
http://refhub.elsevier.com/S0003-3472(15)00432-7/sref3
http://refhub.elsevier.com/S0003-3472(15)00432-7/sref4
http://refhub.elsevier.com/S0003-3472(15)00432-7/sref4
http://refhub.elsevier.com/S0003-3472(15)00432-7/sref4
http://refhub.elsevier.com/S0003-3472(15)00432-7/sref4
http://refhub.elsevier.com/S0003-3472(15)00432-7/sref5
http://refhub.elsevier.com/S0003-3472(15)00432-7/sref5
http://refhub.elsevier.com/S0003-3472(15)00432-7/sref5
http://refhub.elsevier.com/S0003-3472(15)00432-7/sref6
http://refhub.elsevier.com/S0003-3472(15)00432-7/sref6
http://refhub.elsevier.com/S0003-3472(15)00432-7/sref6
http://refhub.elsevier.com/S0003-3472(15)00432-7/sref6
http://refhub.elsevier.com/S0003-3472(15)00432-7/sref7
http://refhub.elsevier.com/S0003-3472(15)00432-7/sref7
http://refhub.elsevier.com/S0003-3472(15)00432-7/sref7
http://refhub.elsevier.com/S0003-3472(15)00432-7/sref8
http://refhub.elsevier.com/S0003-3472(15)00432-7/sref8
http://refhub.elsevier.com/S0003-3472(15)00432-7/sref8


E. Levin et al. / Animal Behaviour 112 (2016) 111e118118
Boggs, C. L. (1995). Male nuptial gifts: phenotypic consequences and evolutionary
implications. In S. R. Leather, & J. Hardie (Eds.), Insect reproduction (pp.
215e242). Boca Raton, FL: CRC Press.

Boggs, C. L. (2009). Understanding insect life histories and senescence through a
resource allocation lens. Functional Ecology, 23(1), 27e37.

Boggs, C. L., & Gilbert, L. E. (1979). Male contribution to egg production in but-
terflies: evidence for transfer of nutrients at mating. Science, 206(4414),
83e84.

Bronstein, J. L., Huxman, T., Horvath, B., Farabee, M., & Davidowitz, G. (2009).
Reproductive biology of Datura wrightii: the benefits of a herbivorous pollinator.
Annals of Botany, 103, 1435e1443. http://dx.doi.org/10.1093/aob/mcp053.

Bunning, H., Rapkin, J., Belcher, L., Archer, C. R., Jensen, K., & Hunt, J. (2015). Protein
and carbohydrate intake influence sperm number and fertility in male cock-
roaches, but not sperm viability. Proceedings of the Royal Society B: Biological
Sciences, 282(1802), 20142144.

Burley, N. (1986). Sexual selection for aesthetic traits in species with biparental
care. American Naturalist, 127, 415e445.

Cahenzli, F., & Erhardt, A. (2012). Nectar sugars enhance fitness in male Coeno-
nympha pamphilus butterflies by increasing longevity or realized reproduction.
Oikos, 121(9), 1417e1423.

Contreras, H. L., Goyret, J., von Arx, M., Pierce, C. T., Bronstein, J. L., Raguso, R. A.,
et al. (2013). The effect of ambient humidity on the foraging behavior of the
hawkmoth Manduca sexta. Journal of Comparative Physiology A, 199(11),
1053e1063.

Davidowitz, G. (2002). Does precipitation variability increase from mesic to xeric
biomes? Global Ecology and Biogeography, 11(2), 143e154.

Davidowitz, G., D'Amico, L. J., & Nijhout, H. F. (2003). Critical weight in the devel-
opment of insect body size. Evolution & Development, 5(2), 188e197.

Davidowitz, G., & Levin, E. (2013). [Longevity of wild-collected moths brought back
to greenhouse mating cage]. Unpublished raw data.

Davidowitz, G., & Levin, E. (2015). [Reanalysis of data from Alarcon et al., 2008].
Unpublished raw data.

Davidowitz, G., & Nijhout, H. F. (2004). The physiological basis of reaction norms:
the interaction between growth rate, the duration of growth and body size.
Integrative and Comparative Biology, 44, 443e449.

Davidowitz, G., Nijhout, H. F., & Roff, D. A. (2012). Predicting the response to
simultaneous selection: genetic architecture and physiological constraints.
Evolution, 66, 2916e2928.

Drent, R., & Daan, S. (1980). The prudent parent: energetic adjustments in avian
breeding. Ardea, 68(1e4), 225e252.

Drnevich, J., Papke, R., Rauser, C., & Rutowski, R. (2001). Material benefits from
multiple mating in female mealworm beetles (Tenebrio molitor L.). Journal of
Insect Behavior, 14(2), 215e230.

Dussourd, D., Harvis, C., Meinwald, J., & Eisner, T. (1989). Paternal allocation of
sequestered plant pyrrolizidine alkaloid to eggs in the danaine butterfly, Danaus
gilippus. Experientia, 45(9), 896e898.

Eberhard, W. G. (1996). Female control: Sexual selection by cryptic female choice.
Princeton, NJ: Princeton University Press.

Fisher, R. A. (1930). The genetical theory of natural selection: A complete variorum
edition. Oxford, U.K.: Oxford University Press.

Gwynne, D. T. (1984). Courtship feeding increases female reproductive success in
bushcrickets. Nature, 307, 361e363. http://dx.doi.org/10.1038/307361a0.

Gwynne, D. T. (2008). Sexual conflict over nuptial gifts in insects. Annual Review of
Entomology, 53, 83e101.

He, Y., & Miyata, T. (1997). Variations in sperm number in relation to larval
crowding and spermatophore size in the armyworm, Pseudaletia separata.
Ecological Entomology, 22(1), 41e46.

Itagaki, H., & Conner, W. (1988). Calling behavior ofManduca sexta (L.) (Lepidoptera:
Sphingidae) with notes on the morphology of the female sex pheromone gland.
Annals of the Entomological Society of America, 81(5), 798e807.

Iyengar, V. K., & Eisner, T. (1999). Female choice increases offspring fitness in an
arctiid moth (Utetheisa ornatrix). Proceedings of the National Academy of Sciences
of the United States of America, 96(26), 15013e15016.

Lande, R. (1981). Models of speciation by sexual selection on polygenic traits.
Proceedings of the National Academy of Sciences of the United States of America,
78(6), 3721e3725.

Lauwers, K., & Van Dyck, H. (2006). The cost of mating with a non-virgin male in a
monandrous butterfly: experimental evidence from the speckled wood, Pararge
aegeria. Behavioral Ecology and Sociobiology, 60(1), 69e76.

Lewis, S., & South, A. (2012). The evolution of animal nuptial gifts. Advances in the
Study of Behavior, 44, 53e97.
Magnhagen, C. (1991). Predation risk as a cost of reproduction. Trends in Ecology &
Evolution, 6(6), 183e186.

Matthews, I., Evans, J., & Magurran, A. E. (1997). Male display rate reveals ejaculate
characteristics in the Trinidadian guppy, Poecilia reticulata. Proceedings of the
Royal Society B: Biological Sciences, 264(1382), 695e700.

McNamara, K., Jones, T., & Elgar, M. (2007). No cost of male mating experience on
female reproductive success in the almond moth, Cadra cautella (Lepidoptera;
Pyralidae). Behavioral Ecology and Sociobiology, 61(8), 1177e1184.

Milonas, P., Farrell, S., & Andow, D. (2011). Experienced males have higher mating
success than virgin males despite fitness costs to females. Behavioral Ecology
and Sociobiology, 65(6), 1249e1256.

Papaj, D. R. (2000). Ovarian dynamics and host use. Annual Review of Entomology,
45(1), 423e448.

Price, T., Schluter, D., & Heckman, N. E. (1993). Sexual selection when the female
directly benefits. Biological Journal of the Linnean Society, 48(3), 187e211.

Riffell, J. A., Alarc�on, R., Abrell, L., Davidowitz, G., Bronstein, J. L., & Hildebrand, J. G.
(2008). Behavioral consequences of innate preferences and olfactory learning in
hawkmotheflower interactions. Proceedings of the National Academy of Sciences
of the United States of America, 105(9), 3404e3409.

Robertson, J. G. (1990). Female choice increases fertilization success in the
Australian frog, Uperoleia laevigata. Animal Behaviour, 39, 639e645.

Sasaki, M., & Riddiford, L. M. (1984). Regulation of reproductive behaviour and egg
maturation in the tobacco hawk moth,Manduca sexta. Physiological Entomology,
9(3), 315e327.

Simmons, L. (2001). The evolution of polyandry: an examination of the genetic
incompatibility and good-sperm hypotheses. Journal of Evolutionary Biology,
14(4), 585e594.

South, A., & Lewis, S. M. (2011). The influence of male ejaculate quantity on female
fitness: a meta-analysis. Biological Reviews, 86(2), 299e309.

Stjernholm, F., Karlsson, B., & Boggs, C. L. (2005). Age-related changes in thoracic
mass: possible reallocation of resources to reproduction in butterflies. Biological
Journal of the Linnean Society, 86(3), 363e380.

Thornhill, R. (1976). Sexual selection and paternal investment in insects. American
Naturalist, 110, 153e163.

Torres-Vila, L. M. (2013). Polyandryefecundity relationship in insects: methodo-
logical and conceptual problems. Journal of Evolutionary Biology, 26(2),
325e334.

Torres-Vila, L., & Jennions, M. (2005). Male mating history and female fecundity in
the Lepidoptera: do male virgins make better partners? Behavioral Ecology and
Sociobiology, 57(4), 318e326.

Tuttle, J. P. (2007). The hawk moths of North America: A natural history study of the
Sphingidae of the United States and Canada. Washington, D.C.: Wedge Entomo-
logical Research Foundation.

Vahed, K. (1998). The function of nuptial feeding in insects: a review of empirical
studies. Biological Reviews, 73(1), 43e78.

Velde, L. V., Damiens, D., & Van Dyck, H. (2011). Spermatophore and sperm allo-
cation in males of the monandrous butterfly Pararge aegeria: the female's
perspective. Ethology, 117(7), 645e654.

Wagner, W. E. (2011). Direct benefits and the evolution of female mating prefer-
ences: conceptual problems, potential solutions, and a field cricket. Advances in
the Study of Behavior, 43(273), e319.

Wedell, N. (1996). Mate quality affects reproductive effort in a paternally investing
species. American Naturalist, 148, 1075e1088.

Wedell, N., & Karlsson, B. (2003). Paternal investment directly affects female
reproductive effort in an insect. Proceedings of the Royal Society B: Biological
Sciences, 270, 2065e2071. http://dx.doi.org/10.1098/rspb.2003.2479.

Werner, R. A., & Brand, W. A. (2001). Referencing strategies and techniques in stable
isotope ratio analysis. Rapid Communications inMass Spectrometry,15(7), 501e519.

Werner, M., & Simmons, L. W. (2008). Insect sperm motility. Biological Reviews,
83(2), 191e208.

Wheeler, D. (1996). The role of nourishment in oogenesis. Annual Review of Ento-
mology, 41(1), 407e431.

Wiklund, C., Kaitala, A., Lindfors, V., & Abenius, J. (1993). Polyandry and its effect on
female reproduction in the green-veined white butterfly (Pieris napi L.).
Behavioral Ecology and Sociobiology, 33(1), 25e33.

Wolfner, M. F. (2009). Battle and ballet: molecular interactions between the sexes in
Drosophila. Journal of Heredity, 100(4), 399e410.

Zahavi, A. (1975). Mate selection: a selection for a handicap. Journal of Theoretical
Biology, 53(1), 205e214.

Ziegler, R., & Schulz, M. (1986). Regulation of lipid metabolism during flight in
Manduca sexta. Journal of Insect Physiology, 32(10), 903e908.

http://refhub.elsevier.com/S0003-3472(15)00432-7/sref9
http://refhub.elsevier.com/S0003-3472(15)00432-7/sref9
http://refhub.elsevier.com/S0003-3472(15)00432-7/sref9
http://refhub.elsevier.com/S0003-3472(15)00432-7/sref9
http://refhub.elsevier.com/S0003-3472(15)00432-7/sref10
http://refhub.elsevier.com/S0003-3472(15)00432-7/sref10
http://refhub.elsevier.com/S0003-3472(15)00432-7/sref10
http://refhub.elsevier.com/S0003-3472(15)00432-7/sref11
http://refhub.elsevier.com/S0003-3472(15)00432-7/sref11
http://refhub.elsevier.com/S0003-3472(15)00432-7/sref11
http://refhub.elsevier.com/S0003-3472(15)00432-7/sref11
http://dx.doi.org/10.1093/aob/mcp053
http://refhub.elsevier.com/S0003-3472(15)00432-7/sref13
http://refhub.elsevier.com/S0003-3472(15)00432-7/sref13
http://refhub.elsevier.com/S0003-3472(15)00432-7/sref13
http://refhub.elsevier.com/S0003-3472(15)00432-7/sref13
http://refhub.elsevier.com/S0003-3472(15)00432-7/sref14
http://refhub.elsevier.com/S0003-3472(15)00432-7/sref14
http://refhub.elsevier.com/S0003-3472(15)00432-7/sref14
http://refhub.elsevier.com/S0003-3472(15)00432-7/sref15
http://refhub.elsevier.com/S0003-3472(15)00432-7/sref15
http://refhub.elsevier.com/S0003-3472(15)00432-7/sref15
http://refhub.elsevier.com/S0003-3472(15)00432-7/sref15
http://refhub.elsevier.com/S0003-3472(15)00432-7/sref16
http://refhub.elsevier.com/S0003-3472(15)00432-7/sref16
http://refhub.elsevier.com/S0003-3472(15)00432-7/sref16
http://refhub.elsevier.com/S0003-3472(15)00432-7/sref16
http://refhub.elsevier.com/S0003-3472(15)00432-7/sref16
http://refhub.elsevier.com/S0003-3472(15)00432-7/sref17
http://refhub.elsevier.com/S0003-3472(15)00432-7/sref17
http://refhub.elsevier.com/S0003-3472(15)00432-7/sref17
http://refhub.elsevier.com/S0003-3472(15)00432-7/sref18
http://refhub.elsevier.com/S0003-3472(15)00432-7/sref18
http://refhub.elsevier.com/S0003-3472(15)00432-7/sref18
http://refhub.elsevier.com/S0003-3472(15)00432-7/sref18
http://refhub.elsevier.com/S0003-3472(15)00432-7/sref61
http://refhub.elsevier.com/S0003-3472(15)00432-7/sref61
http://refhub.elsevier.com/S0003-3472(15)00432-7/sref61
http://refhub.elsevier.com/S0003-3472(15)00432-7/sref61
http://refhub.elsevier.com/S0003-3472(15)00432-7/sref62
http://refhub.elsevier.com/S0003-3472(15)00432-7/sref62
http://refhub.elsevier.com/S0003-3472(15)00432-7/sref62
http://refhub.elsevier.com/S0003-3472(15)00432-7/sref62
http://refhub.elsevier.com/S0003-3472(15)00432-7/sref21
http://refhub.elsevier.com/S0003-3472(15)00432-7/sref21
http://refhub.elsevier.com/S0003-3472(15)00432-7/sref21
http://refhub.elsevier.com/S0003-3472(15)00432-7/sref21
http://refhub.elsevier.com/S0003-3472(15)00432-7/sref22
http://refhub.elsevier.com/S0003-3472(15)00432-7/sref22
http://refhub.elsevier.com/S0003-3472(15)00432-7/sref22
http://refhub.elsevier.com/S0003-3472(15)00432-7/sref22
http://refhub.elsevier.com/S0003-3472(15)00432-7/sref23
http://refhub.elsevier.com/S0003-3472(15)00432-7/sref23
http://refhub.elsevier.com/S0003-3472(15)00432-7/sref23
http://refhub.elsevier.com/S0003-3472(15)00432-7/sref23
http://refhub.elsevier.com/S0003-3472(15)00432-7/sref24
http://refhub.elsevier.com/S0003-3472(15)00432-7/sref24
http://refhub.elsevier.com/S0003-3472(15)00432-7/sref25
http://refhub.elsevier.com/S0003-3472(15)00432-7/sref25
http://dx.doi.org/10.1038/307361a0
http://refhub.elsevier.com/S0003-3472(15)00432-7/sref27
http://refhub.elsevier.com/S0003-3472(15)00432-7/sref27
http://refhub.elsevier.com/S0003-3472(15)00432-7/sref27
http://refhub.elsevier.com/S0003-3472(15)00432-7/sref28
http://refhub.elsevier.com/S0003-3472(15)00432-7/sref28
http://refhub.elsevier.com/S0003-3472(15)00432-7/sref28
http://refhub.elsevier.com/S0003-3472(15)00432-7/sref28
http://refhub.elsevier.com/S0003-3472(15)00432-7/sref29
http://refhub.elsevier.com/S0003-3472(15)00432-7/sref29
http://refhub.elsevier.com/S0003-3472(15)00432-7/sref29
http://refhub.elsevier.com/S0003-3472(15)00432-7/sref29
http://refhub.elsevier.com/S0003-3472(15)00432-7/sref30
http://refhub.elsevier.com/S0003-3472(15)00432-7/sref30
http://refhub.elsevier.com/S0003-3472(15)00432-7/sref30
http://refhub.elsevier.com/S0003-3472(15)00432-7/sref30
http://refhub.elsevier.com/S0003-3472(15)00432-7/sref31
http://refhub.elsevier.com/S0003-3472(15)00432-7/sref31
http://refhub.elsevier.com/S0003-3472(15)00432-7/sref31
http://refhub.elsevier.com/S0003-3472(15)00432-7/sref31
http://refhub.elsevier.com/S0003-3472(15)00432-7/sref32
http://refhub.elsevier.com/S0003-3472(15)00432-7/sref32
http://refhub.elsevier.com/S0003-3472(15)00432-7/sref32
http://refhub.elsevier.com/S0003-3472(15)00432-7/sref32
http://refhub.elsevier.com/S0003-3472(15)00432-7/sref33
http://refhub.elsevier.com/S0003-3472(15)00432-7/sref33
http://refhub.elsevier.com/S0003-3472(15)00432-7/sref33
http://refhub.elsevier.com/S0003-3472(15)00432-7/sref34
http://refhub.elsevier.com/S0003-3472(15)00432-7/sref34
http://refhub.elsevier.com/S0003-3472(15)00432-7/sref34
http://refhub.elsevier.com/S0003-3472(15)00432-7/sref35
http://refhub.elsevier.com/S0003-3472(15)00432-7/sref35
http://refhub.elsevier.com/S0003-3472(15)00432-7/sref35
http://refhub.elsevier.com/S0003-3472(15)00432-7/sref35
http://refhub.elsevier.com/S0003-3472(15)00432-7/sref36
http://refhub.elsevier.com/S0003-3472(15)00432-7/sref36
http://refhub.elsevier.com/S0003-3472(15)00432-7/sref36
http://refhub.elsevier.com/S0003-3472(15)00432-7/sref36
http://refhub.elsevier.com/S0003-3472(15)00432-7/sref37
http://refhub.elsevier.com/S0003-3472(15)00432-7/sref37
http://refhub.elsevier.com/S0003-3472(15)00432-7/sref37
http://refhub.elsevier.com/S0003-3472(15)00432-7/sref37
http://refhub.elsevier.com/S0003-3472(15)00432-7/sref38
http://refhub.elsevier.com/S0003-3472(15)00432-7/sref38
http://refhub.elsevier.com/S0003-3472(15)00432-7/sref38
http://refhub.elsevier.com/S0003-3472(15)00432-7/sref39
http://refhub.elsevier.com/S0003-3472(15)00432-7/sref39
http://refhub.elsevier.com/S0003-3472(15)00432-7/sref39
http://refhub.elsevier.com/S0003-3472(15)00432-7/sref40
http://refhub.elsevier.com/S0003-3472(15)00432-7/sref40
http://refhub.elsevier.com/S0003-3472(15)00432-7/sref40
http://refhub.elsevier.com/S0003-3472(15)00432-7/sref40
http://refhub.elsevier.com/S0003-3472(15)00432-7/sref40
http://refhub.elsevier.com/S0003-3472(15)00432-7/sref40
http://refhub.elsevier.com/S0003-3472(15)00432-7/sref40
http://refhub.elsevier.com/S0003-3472(15)00432-7/sref41
http://refhub.elsevier.com/S0003-3472(15)00432-7/sref41
http://refhub.elsevier.com/S0003-3472(15)00432-7/sref41
http://refhub.elsevier.com/S0003-3472(15)00432-7/sref42
http://refhub.elsevier.com/S0003-3472(15)00432-7/sref42
http://refhub.elsevier.com/S0003-3472(15)00432-7/sref42
http://refhub.elsevier.com/S0003-3472(15)00432-7/sref42
http://refhub.elsevier.com/S0003-3472(15)00432-7/sref43
http://refhub.elsevier.com/S0003-3472(15)00432-7/sref43
http://refhub.elsevier.com/S0003-3472(15)00432-7/sref43
http://refhub.elsevier.com/S0003-3472(15)00432-7/sref43
http://refhub.elsevier.com/S0003-3472(15)00432-7/sref44
http://refhub.elsevier.com/S0003-3472(15)00432-7/sref44
http://refhub.elsevier.com/S0003-3472(15)00432-7/sref44
http://refhub.elsevier.com/S0003-3472(15)00432-7/sref45
http://refhub.elsevier.com/S0003-3472(15)00432-7/sref45
http://refhub.elsevier.com/S0003-3472(15)00432-7/sref45
http://refhub.elsevier.com/S0003-3472(15)00432-7/sref45
http://refhub.elsevier.com/S0003-3472(15)00432-7/sref46
http://refhub.elsevier.com/S0003-3472(15)00432-7/sref46
http://refhub.elsevier.com/S0003-3472(15)00432-7/sref46
http://refhub.elsevier.com/S0003-3472(15)00432-7/sref47
http://refhub.elsevier.com/S0003-3472(15)00432-7/sref47
http://refhub.elsevier.com/S0003-3472(15)00432-7/sref47
http://refhub.elsevier.com/S0003-3472(15)00432-7/sref47
http://refhub.elsevier.com/S0003-3472(15)00432-7/sref47
http://refhub.elsevier.com/S0003-3472(15)00432-7/sref48
http://refhub.elsevier.com/S0003-3472(15)00432-7/sref48
http://refhub.elsevier.com/S0003-3472(15)00432-7/sref48
http://refhub.elsevier.com/S0003-3472(15)00432-7/sref48
http://refhub.elsevier.com/S0003-3472(15)00432-7/sref49
http://refhub.elsevier.com/S0003-3472(15)00432-7/sref49
http://refhub.elsevier.com/S0003-3472(15)00432-7/sref49
http://refhub.elsevier.com/S0003-3472(15)00432-7/sref50
http://refhub.elsevier.com/S0003-3472(15)00432-7/sref50
http://refhub.elsevier.com/S0003-3472(15)00432-7/sref50
http://refhub.elsevier.com/S0003-3472(15)00432-7/sref51
http://refhub.elsevier.com/S0003-3472(15)00432-7/sref51
http://refhub.elsevier.com/S0003-3472(15)00432-7/sref51
http://refhub.elsevier.com/S0003-3472(15)00432-7/sref51
http://refhub.elsevier.com/S0003-3472(15)00432-7/sref52
http://refhub.elsevier.com/S0003-3472(15)00432-7/sref52
http://refhub.elsevier.com/S0003-3472(15)00432-7/sref52
http://refhub.elsevier.com/S0003-3472(15)00432-7/sref53
http://refhub.elsevier.com/S0003-3472(15)00432-7/sref53
http://refhub.elsevier.com/S0003-3472(15)00432-7/sref53
http://dx.doi.org/10.1098/rspb.2003.2479
http://refhub.elsevier.com/S0003-3472(15)00432-7/sref63
http://refhub.elsevier.com/S0003-3472(15)00432-7/sref63
http://refhub.elsevier.com/S0003-3472(15)00432-7/sref63
http://refhub.elsevier.com/S0003-3472(15)00432-7/sref55
http://refhub.elsevier.com/S0003-3472(15)00432-7/sref55
http://refhub.elsevier.com/S0003-3472(15)00432-7/sref55
http://refhub.elsevier.com/S0003-3472(15)00432-7/sref56
http://refhub.elsevier.com/S0003-3472(15)00432-7/sref56
http://refhub.elsevier.com/S0003-3472(15)00432-7/sref56
http://refhub.elsevier.com/S0003-3472(15)00432-7/sref57
http://refhub.elsevier.com/S0003-3472(15)00432-7/sref57
http://refhub.elsevier.com/S0003-3472(15)00432-7/sref57
http://refhub.elsevier.com/S0003-3472(15)00432-7/sref57
http://refhub.elsevier.com/S0003-3472(15)00432-7/sref58
http://refhub.elsevier.com/S0003-3472(15)00432-7/sref58
http://refhub.elsevier.com/S0003-3472(15)00432-7/sref58
http://refhub.elsevier.com/S0003-3472(15)00432-7/sref59
http://refhub.elsevier.com/S0003-3472(15)00432-7/sref59
http://refhub.elsevier.com/S0003-3472(15)00432-7/sref59
http://refhub.elsevier.com/S0003-3472(15)00432-7/sref60
http://refhub.elsevier.com/S0003-3472(15)00432-7/sref60
http://refhub.elsevier.com/S0003-3472(15)00432-7/sref60

	Fed males increase oviposition in female hawkmoths via non-nutritive direct benefits
	Methods
	Study Organism
	Mate Choice
	Mating, Oviposition and Flight Muscles
	δ13C Analysis
	Multiple Mating versus Single Mating

	Results
	Mate Choice
	Mating, Oviposition and Flight Muscles
	δ13C Analysis
	Multiple Mating versus Single Mating

	Discussion
	Conclusions

	Acknowledgments
	References


