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Studies of plantepollinator interactions have often documented species differences in preferences for
!oral advertisements and rewards. However, the contribution of intraspeci"c variation in behaviours,
especially between sexes, remains less understood. We explored resource preference and resource use by
male and female Manduca sexta hawkmoths, relative to two important nectar resources in southern
Arizona, U.S.A. Manduca sexta is the major pollinator of one of these species (Datura wrightii, Solanaceae).
Because females must also seek out D. wrightii as an oviposition resource, females were predicted to feed
upon it more than would males, which should be free to choose the best nectar resource. Using naïve
laboratory-reared moths in !ight arena experiments, we found that both sexes preferred Datura wrightii
over Agave palmeri (Agavaceae). Exposure to only one species and an odourless paper control, however,
revealed sex-speci"c differences in foraging behaviour, with females feeding longer from A. palmeri and
males feeding longer from D. wrightii, leading us to reject our hypothesis. Differences in feeding pref-
erences directly translated into differences in energy intake. Females gained signi"cantly more energy
than did males by feeding from A. palmeri. We also examined whether behavioural preferences of moths
in the laboratory translated into foraging behaviour in the "eld. Pollen load analysis of moths caught in
2004 showed that females carried signi"cantly more A. palmeri pollen than did males, whereas males
carried more D. wrightii pollen than did females. Whereas most studies examine pollination associations
at the species level, our results highlight the potential importance of between-sex variation in !oral
visits.

The Association for the Study of Animal Behaviour. Published by Elsevier Ltd.

Flowers provide combinations of visual, olfactory and gustatory
cues to advertise the presence of rewards to pollinators (Proctor
et al. 1996; Raguso 2004). Floral visitors can use these cues to
discriminate amongst co-!owering species within a community
(Chittka et al. 1999; Raguso 2004, 2008), as well as to locate indi-
vidually rewarding !owers (e.g. Weiss 1991; Howell & Alarcón
2007). In certain pollination systems, !oral cues also provide
additional information to foragers. For example, !oral cues are used
by highly specialized female yucca moths (Tegeticula and Para-
tegeticula spp.) to locate host plants (Pellmyr 2003; Svensson et al.
2005), while plant volatiles can act synergistically with sex pher-
omones to enhance male attraction to and perception of females
(Ochieng et al. 2002; Deng et al. 2004). In these interactions, it can
be expected that males and females of the same species will differ
in their behaviour on !owers, and thus possibly in their effective-
ness as pollinators as well. For example, only one sex may interact

mutualistically with the plant (e.g. Pellmyr 2003; Herre et al. 2008),
or the quality and/or quantity of !oral visits may differ between
sexes (e.g. Herrera 1987; Wilson & Thomson 1991). In other cases,
differences inmaleefemale size (e.g. Temeles et al. 2000; Temeles &
Kress 2003) or phenology (Minckley et al. 1994) may generate
differences in !oral visits between sexes. To understand the ecology
and evolution of plantepollinator interactions such as these, males
and females of the visitor species must be considered separately.

In the semiarid grassland of southern Arizona, the hawkmoth
Manduca sexta L. (Lepidoptera: Sphingidae) is associated with
Datura wrightii Regel (Solanaceae) at both the larval and adult
stage, as herbivores and pollinators, respectively (Raguso et al.
2003; Bronstein et al. 2007, 2009). In fact, M. sexta adults are the
most frequent nocturnal visitors to D. wrightii at many locations
(Raguso et al. 2003; Alarcón et al. 2008a). Both sexes visit the
!owers for nectar, with female visits typically taking place just
before oviposition on the same plant (Mechaber et al. 2002; Mira &
Bernays 2002). Datura wrightii shows the typical phenotype of
hawkmoth-pollinated !owers, including nocturnal anthesis,
intense and sweet fragrance, re!ective coloration, and production
of copious amounts of sucrose-dominated nectar at the base of the

* Correspondence: R. Alarcón, California State University Channel Islands, One
University Drive, Camarillo, CA 93012, U.S.A.

E-mail address: ruben.alarcon@csuci.edu (R. Alarcón).

Contents lists available at ScienceDirect

Animal Behaviour

journal homepage: www.elsevier .com/locate/anbehav

0003-3472/$38.00 The Association for the Study of Animal Behaviour. Published by Elsevier Ltd.
doi:10.1016/j.anbehav.2010.05.007

Animal Behaviour 80 (2010) 289e296



funnel-shaped corolla (Grant 1983; Raguso et al. 2003; Riffell et al.
2008).

Rather than exclusively relying on hawkmoth-attracting!owers,
a recent studydocuments thatM. sexta, alongwithmostof the rest of
the Arizona hawkmoth community, extensively uses Agave palmeri
Engelm. (Agavaceae) as a nectar source (Alarcón et al. 2008a). Agave
palmeri’s brush-like !owers, hexose-rich nectar, rotten fruit odour,
and low !ower re!ectance have been interpreted as adaptations to
attract bats (Howell 1974; Schaffer & Schaffer 1977; Slauson 2000,
2001; Scott 2004; Riffell et al. 2008), and "eld studies conducted
in Arizona have identi"ed nectar-feeding bats as its primary polli-
nators (Howell & Roth 1981; Slauson 2000, 2001; Scott 2004). These
traits, however, do not exclude visits by hawkmoths (Howell 1974;
Schaffer & Schaffer 1977; Slauson 2000, 2001; Scott 2004). Agave
palmeri may in fact be subsidizing M. sexta hawkmoth populations
with copious amounts of nectar before the onset of the summer
monsoon rains, when D. wrightii reaches full bloom (Alarcón et al.
2008a; Riffell et al. 2008; Bronstein et al. 2009).

Evidence that M. sexta primarily visits D. wrightii and A. palmeri
is based on analyses of pollen carried on the moths’ probosces
(Alarcón et al. 2008a; Bronstein et al. 2009). Further experiments
with male M. sexta revealed that they learned to feed from A. pal-
meri umbels, but were innately biased towards D. wrightii !owers
(Riffell et al. 2008, 2009). However, behavioural preferences of
female moths were not examined. Nor did we examine whether
differences in feeding preferences between sexes corresponded to
sex-based differences in pollen loads in "eld-collected individuals.

In the present study, we examine sex-based differences in !oral
visiting behaviour inM. sexta. We asked the following questions. (1)
In the laboratory, do naïve male and female moths differ in their
preference for A. palmeri and D. wrightii !owers? (2) Do wild-
caught male and female M. sexta moths differ in their use of A.
palmeri and D. wrightii !owers, as estimated by the pollen that they
carry on their probosces? Females are clearly linked through their
life history to D. wrightii in the Arizona grasslands because it is one
of the few acceptable host plants in this region (another host plant,
Proboscidea parvi!ora (Martyniaceae), is not known to be visited for
nectar; Mechaber et al. 2002; Mira & Bernays 2002). Datura wrightii
is patchily distributed in lowland sites, whereas A. palmeri can
occur in higher densities on the steep upper slopes of hills and
mountains and can occur several kilometres away from the D.
wrightii patches (Alarcón et al. 2008a; Bronstein et al. 2009). Given
the distances involved, and the necessity for females to locate
dispersed host plant patches, we hypothesized that females would
strongly prefer D. wrightii over A. palmeri in the laboratory, and
would be found with D. wrightii-biased pollen loads in the "eld.
Males, however, do not face this constraint. Thus, we expected
them to choose nectar based exclusively on its food value in the
laboratory and in the "eld.

METHODS

Moth Rearing and Preparation

To test for the existence of sex-speci"c differences in foraging
preferences, we used naïveM. sexta adults from a laboratory colony
maintained at the Arizona Research Laboratories, Division of
Neurobiology at the University of Arizona. Larvae were reared on
arti"cial diet (modi"ed from Bell & Joachim 1976) supplemented
with cholesterol (5 g), wheat germ (144 g; 14 mg of carotenoids),
cornmeal (140 g; 2 mg of carotenoids), soy (76 g; 10 mg of carot-
enoids), linseed oil (9 ml) and sugar (36 g) to enhance adult vision.
Larvae were reared under a long-day light:dark (LD) regimen (LD
17:7 h) at 25e26 !C and 40e50% relative humidity (RH). Pupaewere
segregated by sex and held in a rearing room under reverse-

photoperiod conditions (LD 14:10 h) and with a superimposed
temperature cycle of LD 26:24 !C. Three days before adult eclosion,
pupaewere transferred to"breglass-screen cages (31 " 31 " 32 cm)
under 75e85% RH and ambient light conditions.

Flower Characteristics and Sex-speci"c Preferences by Naïve Moths
to Flowers

To establish whether M. sexta adults show sex-speci"c differ-
ences in feeding behaviours at D. wrightii and A. palmeri !owers, we
performed behavioural tests on males and females in the summers
of 2007 and 2008. Moths had eclosed 3 days prior to testing and
were different individuals from those used by Riffell et al. (2008).
Naïve male and female moths were kept separate and at no time
prior to experimentation were moths exposed to plant odour. We
exposed 15e20 moths of each sex to one of the following three sets
of choices: (1) a singleD. wrightii !ower versus an A. palmeri umbel;
(2) a single D. wrightii !ower versus a paper !ower (no-odour
control); or (3) an A. palmeri umbel versus a paper !ower (no-odour
control). Moths (N # 51 females, N # 60 males) were used only
once in a single test and then killed by being placed in a waxed bag
overnight in a freezer. Experiment 1 tested whether moths of each
sex had a preference (de"ned here as the "rst !ower chosen)
between the two species. Experiments 2 and 3 tested whether
moths of each sex would feed on a !ower from D. wrightii or
A. palmeri when given no other odour choice. Paper !owers were
white paper cones with an opening 8 cm in diameter and a length
of 18 cm that tapered to an eppendorf tube containing 50 ml of 20%
sucrose solution, which approximates the D. wrightii standing crop
and nectar sugar content; these served as a neutral visual display
(see also Riffell et al. 2008). The D. wrightii !owers and A. palmeri
umbels used in the experiments were collected at the "eld site
(Santa Rita Experimental Range; see below) and placed into vials of
water 1e2 h before each experiment. Floral headspace collections
of the excised !owers revealed that scent emissions did not differ
from those of !owers still attached to the plant (unpublished data).
Once transported back to the laboratory, !owers were randomly
positioned in the !ight arena and spaced 1 m apart.

We used one A. palmeri umbel and one D. wrightii !ower for our
behavioural experiments because they are the !oral units that
moths encounter in the "eld. Furthermore, in terms of display size
(X $ SE # 10.7 $ 0.4 cm corolla or umbel diameter; two-tailed
independent samples t test: t18 # 1.251, P # 0.227) and emitted
scent (X $ SE # 86.6 $ 8.0 ng/h; two-tailed independent samples
t test: t18 # 0.362, P # 0.722), they are functionally equivalent (see
Riffell et al. 2008). A D. wrightii !ower produces an average of 56 ml
of sucrose-rich (22%) nectar in an evening, whereas an A. palmeri
!ower produces a 10-fold greater nightly standing crop (616 ml) of
hexose (glucose and fructose)-rich (12%) nectar that can sustain
hawkmoth hovering times for much longer durations (Riffell et al.
2008). Although D. wrightii plants can produce 50e100 !owers
on a given night (Raguso et al. 2003) during JuneeSeptember, they
typically produce far fewer (X $ SE # 12.8 $ 2.4 open !owers per
plant, N # 12 plants, 2006 season). In contrast, Agave palmeri
!owers are always presented in tightly packed umbels
(X $ SE # 3.2 $ 0.4 umbels with open !owers, N # 20 plants at
peak bloom during the 2006 season) with several !owers open per
umbel at any one time (12e30 !owers, personal observation).

Each experiment was conducted by releasing a single moth into
a !ight arena (1.8 " 1.8 " 1.8 m) containing the two choices, spaced
1 m apart, from which they could feed (subsequently termed
treatments). Foraging behaviours noted for each individual were
the !ower species at which the "rst proboscis extension and active
feeding took place, the number of proboscis extensions into the
corolla, and the time spent feeding on the !ower. In addition,
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because plant-emitted cues can affect sex-speci"c behaviours, we
also examined whether the !owers stimulated oviposition behav-
iours by females and abdomen curling by males. Each trial lasted
10 min or until the moth stopped !ying for more than 3 min. The
mothwas then removed from the !ight arena. After an interval of at
least 5 min, another moth was released into the !ight arena. The
D. wrightii !owers and A. palmeri umbels were replaced after every
trial.

Energy Intake by Moths per Foraging Bout

To examine whether differences between male and female
foraging behaviours may be attributable to energy intake, we
examined the amount of energy gained per foraging bout. A
foraging bout is de"ned here as the time that a hawkmoth actively
fed from a given !ower during a single visit. Two calculations are
necessary to determine the energy provided by the !owers per
foraging bout: intake rates while feeding from !owers and the
nectar volume of energy from !owers of each species. We had
previously determined the energy provided by !owers of each
species: D. wrightii !owers provide about 209 J/!ower from sucrose
and hexose (glucose and fructose) sugar concentrations in a 56 ml
standing crop, and A. palmeri !owers provide about 1318 J/!ower
from sucrose and hexose sugar concentrations in a 616 ml standing
crop (Riffell et al. 2008). Using these values, we next determined
the intake rates of the feeding moths using two approaches. After
each foraging bout, the amount of nectar remaining in the !ower
was removed and measured using a 7 cm silica needle (model
MF28G; World Precision Instruments, Sarasota, FL, U.S.A.). This
value was subtracted from the mean amount of nectar sampled
within unvisited !owers (N # 20). The second method used paper
!owermimics (Raguso &Willis 2005; Riffell et al. 2008) with a tube
containing 100 ml of 20% sucrose solution in the centre of the
!ower. Male and female moths were released singly into a !ight
arena and were allowed to feed from these !ower mimics (N # 16).
Knowing the exact volume of sugar solution in the paper !owers
provided an accurate determination of energy intake, while also
allowing a comparison of real and paper !owers. Last, to evaluate
whether mating experience in!uenced moth feeding behaviours,
a pilot experiment examined the intake rates between mated and
unmated males and females. Results from these pilot experiments
demonstrated that intake rates between sexes did not differ
signi"cantly (two-tailed independent samples t test: t16 # %0.16,
P # 0.86), and that intake rates of the 20% sucrose solution closely
matched values from the intake rates of male moths feeding from
the D. wrightii !owers (3.58 and 3.22 ml/s, respectively for males;
two-tailed independent samples t test: t36 # 1.26, P # 0.21). Finally,
mating experience did not in!uence intake rates compared to
unmated moths (two-tailed independent samples t test for both
sexes: t33 # 1.88, P # 0.85). We therefore used an intake rate of
3.22 ml/s and the time moths spent feeding from !owers to calcu-
late the minimum amount of energy gained per foraging bout.

Manduca sexta Collection and Observation in the Field

The "eld portion of this studywas conducted at the University of
Arizona’s SantaRita Experimental Range (SRER,N31.78!,W110.82!;
1320 m), approximately 45 kmsouth of Tucson, Arizona. Thehabitat
is characterized by rolling semiarid grasslands with seasonally
!owing washes, and is bordered by mesquite and oak woodlands.
During the summer months (JulyeSeptember) this area receives an
average of 29.2 cm of precipitation and reaches a mean maximum
temperature of 31.7 !C (NOAAWestern Regional Climate).

In 2004 and 2005, we captured and sexed adult M. sexta
hawkmoths attracted to collecting lights. In both years collecting

lights were operated once a week at SRER from mid-June through
early September, starting before the onset of summer monsoon
rains and ending past the peak of adult hawkmoth abundance. The
collecting lights consisted of two 175 W mercury vapour lamps,
placed on either side of a re!ective white sheet, with one 15 W UV
blacklight tube hanging from either side of the sheet. Collecting
lights were operated for 2 h starting at sunset, when hawkmoths
are most active. As eachM. sexta hawkmoth landed on the sheet we
recorded its sex. We removed the pollen carried on its proboscis
(see below), and then measured the proboscis and right forewing
before transferring the moth to a holding cage. All individuals were
released at the end of that evening’s census period.

During July and August of 2006 we directly observed and
identi"ed hawkmoth !oral visitors to D. wrightii. Several large D.
wrightii plants were observed for a total of 20 h. The observation
periods commenced at sunset, a period of particularly high hawk-
moth activity (Raguso et al. 2003; Alarcón et al. 2008a), and typi-
cally lasted 1e2 h. Hawkmoths were allowed to freely visit !owers
on a given plant, but as they left we collected them with an aerial
net for identi"cation. Moths were identi"ed to species, sexed, and
then placed in a holding cage until the end of the observation
period, when they were released.

Pollen Collection and Analysis

We removed the pollen that each hawkmoth carried on its
proboscis and "xed it on a slide for later examination. To remove
pollen, we slowly unrolled the proboscis using forceps that were
cleaned with alcohol between uses, and then ran a small (w2 mm3)
cube of glycerin jelly containing basic fuchsin stain (Kearns &
Inouye 1993) along the dorsal and ventral lengths of the
proboscis. The glycerin cube was then placed immediately on
a microscope slide, melted over an alcohol lamp, covered with
a cover slip, and labelled.

In the laboratory, the fuchsin-stainedpollen slideswere analysed
at 40e100" magni"cation. Alarcón et al. (2008a) showed that
D. wrightii and A. palmeri heavily dominated the pollen samples,
making up 80e90% of all grains carried over 2 years. Therefore,
pollen was classi"ed into three groups, Datura, Agave and Other,
with the Other group consisting of all the rarer pollen morphotypes
carried by the moths. We then counted the number of pollen grains
in each category, and calculated the relative abundance of each
group (numberof pollen grains of each group/total numberof pollen
grains) for each individual. Here we only compare Datura and Agave
pollen-load values (arcsine transformed prior to analysis to meet
assumptions of normality, but we report backtransformed values).

RESULTS

Naïve Hawkmoth Behaviour

In the laboratory, naïve male M. sexta showed a strong prefer-
ence for D. wrightii !owers (as in Riffell et al. 2008). FemaleM. sexta
also strongly preferred D. wrightii !owers. When placed in the
presence of both an A. palmeri and a D. wrightii !ower, moths of
both sexes chose D. wrightii "rst signi"cantly more often (G test for
goodness of "t: G1 # 9.01, P < 0.001; Fig. 1a). Similarly, when male
and female moths were placed in an arena with a D. wrightii !ower
and a paper (no-odour control) !ower, they always chose and fed
from D. wrightii (G test for goodness of "t: G1 #13.44, P < 0.001;
Fig. 1b). When given a choice between an A. palmeri umbel and
a paper (no-odour control) !ower, males and females both
preferred and fed from A. palmeri (G test for goodness of "t:
G1 # 9.01, P < 0.001; Fig. 1c).
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Sex-speci"c Differences in Behaviours at Flowers

In two-choice experiments with live !owers and paper !ower
controls in the laboratory, there were signi"cant differences

between sexes in time spent feeding and in the number of
proboscis extensions. Overall, moths spent more time feeding from
A. palmeri !owers than from D. wrightii !owers (Table 1). However,
there was a difference between the sexes: females spent signi"-
cantly more time feeding from A. palmeri !owers (27.4 s) than
males (14.8 s) (post hoc Scheffé test: P < 0.001; Fig. 2a, Table 1). By
contrast, males fed signi"cantly longer on D. wrightii (12.1 s) than
females (4.0 s) (Table 1, Fig. 2a), but spent approximately the same
time feeding from the two !ower species (post hoc Scheffé test:
P # 0.18; Fig. 2a, Table 1). Males also probed D. wrightii !owers
more frequently (2.9 probes) than did females (1.1 probes),
although the number of times that males and females probed A.
palmeri did not differ signi"cantly (Table 2, Fig. 2b).

When females came into contact with a D. wrightii !ower, they
spent 48.4% of their time ovipositing upon it and the remaining
time (51.5%) feeding from it. In contrast, when in the presence of
the A. palmeri umbel, females exclusively fed from the !owers; they
showed no oviposition behaviour. Males, not surprisingly, showed
no sexual behaviours in response to the D. wrightii !ower or the A.
palmeri umbel.

Differences between males and females in time spent feeding
were directly related to the amount of energy received during those
visits, based on nectar intake rates from the !owers (3.22 ml/s). On
average there was no difference between sexes in total energy
ingested from the !owers (two-way ANOVA factor for sex of the
moth: F1,67 # 0.11, P # 0.73). However, the amount of energy
obtained from the two plant species differed signi"cantly, with A.
palmeri umbels providing more energy to the moths (sexes
combined: 273.6 J) than individual D. wrightii !owers (199.6 J)
(two-way ANOVA factor for !ower: F1,67 # 3.94, P # 0.0459; Fig. 3).
Moreover, the interaction between plant species and sexwas highly
signi"cant (two-way ANOVA factor for sex*!ower: F1,67 # 20.23,
P < 0.0001). Female moths gained approximately four-fold more
energy from A. palmeri than fromD. wrightii !owers, whereasmales
gained more energy from D. wrightii (Fig. 3).

Field Collections and Pollen Analyses

We operated our collection lights at SRER on 12 nights in 2004,
resulting in pollen collections from the probosces of 105 M. sexta
hawkmoths, 28 females and 77 males. In 2005 we operated
collection lights for 11 nights and collected pollen from the
probosces of 39 moths, 8 females and 31 males. Male and female
moths had similar proboscis lengths (X $ SE # 91.3 $ 0.7 mm; two-
tailed independent samples t test: t141 # 0.407, P # 0.685);
however, female moths were larger than males, as estimated by the
length of their right forewings (X $ SE: females: 55.9 $ 0.7 mm;
males: 52.0 $ 0.3 mm; t140 # 5.902, P < 0.001). We analysed pollen
data for each year separately, since Alarcón et al. (2008a) showed
that pollen composition differs between years.

Flowers were abundant, and high numbers of moths were in
evidence at the study site in 2004 (Alarcón et al. 2008a). In that year
M. sexta hawkmoths carried much more Agave pollen (w70%) on
their probosces than Datura (w21%). Females carried signi"cantly
more Agave pollen (70%) than did males (43%) (two-tailed
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Figure 1. Two-choice experiments examining !oral preferences of naïve male and
female M. sexta moths. Percentages of each sex that chose (a) Datura wrightii or Agave
palmeri, (b) D. wrightii or a no-odour control and (c) A. palmeri or a no-odour control.

Table 1
Two-way ANOVA assessing the effects of moth sex, !ower species and their inter-
action on the time spent feeding from !owers in two-choice experiments with live
!owers versus no-odour controls

Factor (df) Summed square F P

Sex (1) 85.67 0.84 0.3671
Flower species (1) 2887.41 27.77 <0.001
Sex"!ower species (1) 1809.02 17.40 <0.001
Residuals (67) 103.97
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independent samples t test assuming unequal variances:
t61.5 # %2.71, P # 0.009; Fig. 4), whereas there was a trend for males
to carrymoreDatura pollen (two-tailed independent samples t test:
t60 # 1.94, P # 0.057) than females (28% vs.14%; Fig. 4). In 2005, both
!owers and moths were extremely scarce, probably because of
delayed summer rains (Alarcón et al. 2008a). Manduca sexta again
carried more Agave pollen (w46%) than Datura pollen (w31%).
However in this casewe foundnodifferences betweenmales (45.0%)
and females (31.1%) in the amount of Agave (two-tailed independent
samples t test: t37 # 0.546, P # 0.546) and Datura (male # 17.9%;
female # 45.5%; t37 # %1.248, P # 0.220) pollen carried among the
fewmoths wewere able to sample. A power analysis suggested that
with this small sample size there was a probability of only 0.09 of
detecting a signi"cant difference (a # 0.05) in the amount of Agave
pollen carried bymale and femalemoths in 2005; a sample size of at
least 72 moths would have been required to detect a similar differ-
ence in Agave pollen loads between the sexes (22.8%), as observed in
2004, and signi"cantly more moths would have been required to
detect differences in Datura (N & 128) pollen loads, at the levels of
signi"cance observed in 2004. Thus, because of the small sample
size in 2005, we present data only from 2004 (Fig. 4).

DISCUSSION

Manduca sexta females in southern Arizona have few suitable
host plants for oviposition, only one of which, Datura wrightii, is

also a useful nectar source. However, a second nectar plant, Agave
palmeri, is locally abundant in parts of M. sexta’s range. We provide
evidence elsewhere (Alarcón et al. 2008a) that nectars of both plant
species are heavily used by this hawkmoth. Furthermore, we have
shown via laboratory experiments thatM. sextamales prefer to feed
on nectar from D. wrightii !owers, but that naïve individuals can
quickly learn to feed from A. palmeri by associating its pungent
scent with the copious nectar rewards (Riffell et al. 2008).

Here we tested the hypothesis that preference and utilization of
these two nectar plants differed between female and maleM. sexta.
We expected that female moths would prefer D. wrightii in
behavioural experiments, and that "eld-captured females would
carry D. wrightii-biased pollen loads on their probosces. Surpris-
ingly, however, in spite of females’ reliance upon D. wrightii as an
oviposition host plant and, as shown here, a strong innate prefer-
ence for its nectar in laboratory experiments, females (1) spent
more time feeding from A. palmeri !owers than from D. wrightii in
the laboratory, (2) derived more energy from visits to A. palmeri
than to D. wrightii and (3) used A. palmeri more heavily in the "eld
than did males. We had expected that male moths would prefer the
more rewarding A. palmeri in behavioural experiments, and that
"eld-captured males would show evidence that they primarily use
A. palmeri in spite of an innate preference for D. wrightii nectar.
Again, contrary to our predictions, we found that (1) male moths
spent equivalent time feeding from D. wrightii and A. palmeri in the
laboratory experiments, (2) the difference in energetic sugar
content between !oral species caused males to derive more energy
from their visits toD. wrightii and (3) males used D. wrightiimore in
the "eld than did females based on the pollen loads. Thus, although
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Figure 2. Mean $ SE (a) foraging times and (b) proboscis extensions by male and
female M. sexta moths to live Datura wrightii and Agave palmeri !owers when given
a choice between a live !ower of either species and a no-odour (paper) control.
Responses to live !owers from each two-choice test are shown.

Table 2
Two-way ANOVA assessing the effects of moth sex, !ower species and their inter-
action on the number of proboscis extensions into !ower corollas in two-choice
experiments with live !owers versus no-odour controls

Factor (df) Summed square F P

Sex (1) 15.09 9.06 0.0036
Flower species (1) 4.64 2.80 0.0990
Sex"!ower species (1) 12.06 7.27 0.0089
Residuals (67) 111.17
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both male and female moths strongly preferred D. wrightii to A.
palmeri in controlled two-choice experiments, they used these
nectar plants differently when encountering them separately.
These behavioural differences translate into higher energy gains for
each sex than we had expected.

The innate preference shown by both sexes for D. wrightii in the
current study demonstrates the importance of this host plant forM.
sexta in the southwest U.S.A. Females spent equal time ovipositing
on and feeding from the D. wrightii !ower, whereas males only fed
from the !ower. In contrast, females at A. palmeri, which is not
a suitable host plant, spent all of their time feeding. Our results
suggest that attraction to D. wrightii, at least for female moths, may
be because the !ower is not only a cue of a nectar resource, but also
a cue of an appropriate oviposition site. In the vicinity of our study
sites, a recent study showed that ovipositing M. sexta prefer !ow-
ering to non!owering D. wrightii individuals, and that the
compound ($)-linalool, identi"ed in the !oral scent, mediates this
attraction (Reisenman et al., in press). Gravid females, however,
might display restraint while feeding at individual D. wrightii
!owers because they also need to locate and oviposit on dispersed
host plants to minimize competition among their offspring, since
a single "fth-instar M. sexta larvae can consume an entire plant
within 48 h (G. Davidowitz, personal observation). Thus, the fact
that M. sexta females must search for D. wrightii, which is patchily
distributed in southwestern Arizona, may necessitate their use of A.
palmeri as an energetic subsidy. Males however, do not have such
constraints. Instead, males might bene"t from spending more time
feeding at D. wrightii !owers to increase their probability of
encountering females that eclose beneath plants or that arrive to
oviposit on them. However, further studies are needed in the "eld
to address this hypothesis.

The between-year differences in pollen load composition (and
hence, presumably, in nectar usage) that we identi"ed are probably
due to the 10-day delay in the onset of summer rains in 2005
relative to 2004 (Alarcón et al. 2008a). Since hawkmoths typically
emerge following the "rst major rainfall event of the summer, the
shift could cause delayed emergence and reduced survival. As
indicated by our power analysis, in 2005 we sampled less than 55%
of the individuals necessary to detect differences between sexes in
pollen load composition. In addition, the !oral communities in
which hawkmoths foraged in 2005 and 2004 differed greatly.
Summer rains in the Sonoran Desert are known to have commu-
nity-wide effects on !owering abundance and phenology (Bowers
& Dimmitt 1994). Furthermore, fewer !owers were produced in
2005 than in 2004 (Alarcón et al. 2008a), which would have forced
moths to use less preferred !oral resources. In addition, peak
!owering of D. wrightii occurred about 1 month later in 2005 than
in 2004 (Riffell et al. 2008), which probably delayed M. sexta’s shift
from primarily feeding from D. wrightii to A. palmeri (Riffell et al.
2008). This could explain why moths carried more Datura pollen
in 2005 than in 2004. Variation in resource use by pollinators has
also been attributed to interannual changes in precipitation
patterns in other studies (Alarcón et al. 2008b). However, further
work is necessary to document resulting behavioural shifts in
resource use and the "tness consequences for insect pollinators.

The sex-based differences we have documented may also be
in!uenced by differences in olfactory capabilities between the
sexes. Female M. sexta olfactory receptor cells (ORCs) are more
sensitive than those of males to plant-derived volatiles (Fraser et al.
2003). In contrast, the majority of male ORCs are sensitive to
pheromonal compounds emitted by females (Christensen et al.
1989; Kaissling et al. 1989). These differences in ORC sensitivity
suggest that females may be more likely to explore novel !owers
for nectar compared to male moths; however, this needs to be
veri"ed in the "eld.

Foraging Strategies and Sex-speci"c Differences in Metabolic
Demands

The metabolic demand of reproduction is also an important
factor mediating behaviours of many insects (Wheeler 1996; Papaj
2000), and in combination with the energetic requirements of
other adult behaviours, may underlie the observed foraging
differences between sexes in M. sexta. The energy invested by
females into eggs is one example of the costs associated with this
process. For example, in the house !y, Musca domestica, and lady-
bird beetle, Adalia bipunctata, the energy content for eggs weighing
0.12 and 0.1 mg is estimated to be 0.212 and 0.795 J/egg, respec-
tively (McIntyre & Gooding 2000; Fernandes & Briegel 2004).
Although the eggs of these insects are 10-fold lower inmass thanM.
sexta eggs (1.2 mg), they provide a coarse estimate for the energetic
content of eggs. If femaleM. sexta eggs have similar energy content,
and a female lays 100e300 eggs in an evening (Mechaber et al.
2002), then females may lose 4e239 J during oviposition. The fat
body (the energy storage site) of adult M. sexta females is nearly
double that of males, as is female body size and metabolic demand
for !ight relative to males (68 and 121 cm3/h oxygen consumption
rate for male and female moths, respectively; Bartholomew & Casey
1978). Males, on the other hand, may lose substantially less during
reproduction. In the monarch butter!y (Danaus plexipus) and bush
crickets (Orthoptera: Tettigoniidae), about 10%6e10%5 J are invested
into sperm and ejaculate (Oberhauser 1992; Wedell 1994). Given
that 50e60% of the energy content of eggs comes directly from the
adult nectar diet for the hawkmoth Amphion !oridensis (O’Brien
et al. 2000), the higher combined metabolic cost of !ight with
egg investment may require female moths to use different behav-
ioural strategies for !oral resources than males. Further experi-
ments examining the lipid, carbohydrate and protein content of
M. sexta eggs and sperm, as well as behavioural experiments
examining the metabolic costs of !ight between sexes are needed.

Sex-speci"c Differences in Pollinator Quality

Manduca sexta is the most important pollinator of D. wrightii in
this southern Arizona habitat (Bronstein et al. 2009). Differences in
male and female preferences for, and visits to, D. wrightii !owers
are likely to re!ect important sex-based differences in the qualities
of each sex as pollinators. Our results suggest that male M. sexta
may be more effective pollinators than females because: (1) they
apparently spend more time feeding from D. wrightii relative to
other nectar sources, (2) they carry more D. wrightii pollen in some
years than females, and (3) their visits do not directly lead to costs
associated with the deposition of herbivorous offspring. However,
it remains to be determined whether male and female M. sexta
differ in the quantity and quality of D. wrightii pollen that they
move between !owers within and among plants.

In pollination biology as a whole, traits of !oral visitors are
almost always considered at the species level. Yet, there is extensive
evidence for within-species differences in pollinator quality. Body
size can correlate with pollen receipt and deposition, for example
(Steiner & Whitehead 1991). With regard to sex-based differences,
male and female purple-throated carib hummingbirds, Eulampis
jugularis (Trochilidae), in the Lesser Antillean Islands prefer to feed
upon and pollinate species of Heliconia (Heliconiaceae), whose
!owers correspond to the length and curvature of each sex’s bill
(Temeles et al. 2000; Temeles & Kress 2003). Among most solitary
bee species, males typically visit !owers to feed on nectar, whereas
female bees must additionally collect pollen to provision their
offspring (Michener 2000). These differences have the potential to
translate into differential quality as pollinators (Herrera 1987;
Wilson & Thomson 1991). In other cases, only one sex acts as
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a pollinator. For example, only female yucca moths and "g wasps
actively collect and deposit pollen, carrying out this activity in the
course of oviposition (Pellmyr 2003; Herre et al. 2008). Male
euglossine bees (Apidae) collect fragrant compounds from tropical
orchids, and in doing so function as their primary pollinators; these
!owers are not visited by female euglossine bees (Eltz et al. 1999).
Male Andrena nogroaenea bees (Andrenidae) pollinate the sexually
deceptive orchid Ophrys sphegodes through pseudocopulation with
!owers that emit volatile compounds similar to the sex phero-
mones of virgin A. nogroaenea females (Schiestl et al. 1999). Beyond
any behavioural differences, males and females may have different
phenologies, and this alone can affect their quality as pollinators
(Minckley et al. 1994). In combination with this body of work, our
results suggest that further attention should be given to how
selection shapes both plant and animal traits in the context of
between-sex variation in !oral visiting patterns within species.
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