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1 | INTRODUCTION

Since Darwin (1862) described the hawkmoth-pollinated orchid with

a long floral spur as a notable consequence of natural selection,
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Abstract

The color and patterns of animal-pollinated flowers are known to have effects on pol-
linator attraction. In this study, the relative importance of flower color and color con-
trast patterns on pollinator attraction was examined in two pollinator groups,
swallowtail butterflies and hawkmoths using two Hemerocallis species; butterfly-pol-
linated H. fulva and hawkmoth-pollinated H. citrina, having reddish and yellowish flow-
ers in human vision, respectively. Flowers of both species have UV bullseye patterns,
composed of UV-absorbing centers and UV-reflecting peripheries, known to function
as a typical nectar guide, but UV reflectance was significantly more intense in the
peripheries of H. citrina flowers than in those of H. fulva flowers. Comparison based on
the visual systems of butterflies and hawkmoths showed that the color contrast of the
bullseye pattern in H. citrina was more intense than that in H. fulva. To evaluate the
relative importance of flower color and the color contrast of bullseye pattern on pol-
linator attraction, we performed a series of observations using experimental arrays
consisting of Hemerocallis species and their hybrids. As a result, swallowtail butterflies
and crepuscular/nocturnal hawkmoths showed contrasting preferences for flower
color and patterns: butterflies preferred H. fulva-like colored flower whereas the pref-
erence of hawkmoths was affected by the color contrast of the bullseye pattern rather
than flower color. Both crepuscular and nocturnal hawkmoths consistently preferred
flowers with stronger contrast of the UV bullseye pattern, whereas the preference of
hawkmoths for flower color was incoherent. Our finding suggests that hawkmoths
can use UV-absorbing/reflecting bullseye patterns for foraging under light-limited en-
vironments and that the intensified bullseye contrast of H. citrina evolved as an adap-
tation to hawkmoths. Our results also showed the difference of visual systems

between pollinators, which may have promoted floral divergence.
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hawkmoth-pollinated flowers have been interesting as a model of
floral evolution mediated by pollinators. It is now widely known that
hawkmoth-pollinated flowers have a unique set of floral traits includ-

ing pale colored petals, a sweet floral scent, and long flower tubes or
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spurs (Grant, 1983, 1985 ; Willmer, 2011), often markedly differen-
tiated from related species pollinated by hummingbirds (Campbell,
2004; Hodges, Fulton, Yang, & Whittall, 2003), swallowtail butter-
flies (Hirota et al., 2012), bees (Hoballah et al., 2007) or long-tongued
flies (Johnson, 2006). To deepen our understanding of the pollinator-
mediated floral divergence, we need to compare the preferences for
each floral trait between hawkmoths and other pollinators.

Regarding flower color, many hawkmoth-pollinated flowers
are uniformly white and lacking UV reflectance (Raguso, Henzel,
Buchmann, & Nabhan, 2003; White, Stevenson, Bennett, Cutler,
& Haber, 1994). Hawkmoths have a trichromatic color vision (UV,
blue, green) and, thus can perceive UV wavelength (Héglund,
Hamdorf, & Rosner, 1973; Schwemer & Paulsen, 1973; White, Xu,
Munch, Bennett, & Grable, 2003). Experimental studies showed that
hawkmoths prefer human white color to other colors (Dell'Olivo &
Kuhlemeier, 2013; Dell’'Olivo, Hoballah, Gibitz, & Kuhlemeier, 2011;
Hoballah et al., 2005) and uniformly UV-absorbing flowers to uni-
formly UV-reflecting flowers (White et al., 1994). In contrast, some
hawkmoth-pollinated flowers are yellow with UV bullseye patterns
composed of a UV-absorbing center and a UV-reflecting periphery
as in Hemerocallis citrina (Hirota et al., 2012) and Oenothera spp.
(Kawano et al., 1995; Moody-Weis & Heywood, 2001). Previous
studies showed that UV bullseye patterns are attractive to diurnal
pollinators such as bees and syrphid flies (e.g., Koski & Ashman,
2014) and bees make their first antennal contact preferably at the
UV-absorbing part (Papiorek et al., 2016). Nocturnal hawkmoths can
use a bullseye-like pattern of artificial flowers painted with blue and
white (Kelber, 2002). The UV bullseye pattern of hawkmoth-polli-
nated flowers may act as an advertisement for hawkmoths, but no
previous study has been conducted to test the effect of the UV bull-
seye pattern on hawkmoths.

The two Hemerocallis species, diurnal H. fulva and nocturnal
H. citrina, both have flowers with a UV bullseye pattern. Hemerocallis
fulva, a butterfly-pollinated species, has diurnal, reddish or orange-
colored flowers in human vision without perceivable scent and H. ci-
trina, a hawkmoth-pollinated species, has nocturnal flowers with
yellow color in human vision and a sweet scent in human olfaction.
In an experimental array of Hemerocallis (Hirota et al., 2013), hawk-
moths showed neither constant preference for human red or yellow
color nor any preference for floral scent intensity, corolla orienta-
tion, and stem height. Thus, it is likely that hawkmoths use any other
floral trait differing between the two species of Hemerocallis as a for-
aging cue for detecting the flowers. Between H. fulva and H. citrina,
not only human visible flower color but also the floral UV reflectance
is different: the intensity of UV reflectance in the peripheral part is
stronger in H. citrina than in H. fulva (Hirota et al., 2012, Figures 1
and 2). Furthermore, there is evidence that pollinators use not only
overall color but also color contrast as foraging cue (Chittka & Raine,
2006; Schmidt, Schaefer, & Winkler, 2004). This might imply that
the color contrast between central and peripheral parts (“bullseye
contrast”) acts as an efficient advertisement for hawkmoths.

As opposed to the trichromatic color vision of hawkmoths, swal-
lowtail butterflies of Papilio have a tetrachromatic color vision (UV,
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blue, green, red), which enables them to discriminate differences
in color with higher accuracy (Koshitaka, Kinoshita, Vorobyev, &
Arikawa, 2008). In addition, swallowtail butterflies can perceive the
color of smaller targets than the trichromatic honeybees (Takeuchi,
Arikawa, & Kinoshita, 2006). Thus, flower color may be a more re-
liable foraging cue for butterflies than for hawkmoths. In labora-
tory condition, naive individuals of swallowtail butterflies P. xuthus
preferred more reddish colors when the background was green
(Kinoshita, Shimada, & Arikawa, 1999). In the wild, swallowtail but-
terflies showed a significant preference for human reddish flowers
over human yellowish ones while they also preferred weaker scent
and taller stems (Hirota et al., 2012, 2013). In contrast, little is known
about the preference of butterflies for the floral UV bullseye pattern.

Hemerocallis fulva and H. citrina provide an extraordinary oppor-
tunity to test independent effects of overall flower color and UV
bullseye pattern on the attraction of diurnal and nocturnal pollina-
tors. Artificial F2 hybrids show highly variable floral traits, ranging
from the floral traits of H. fulva to those of H. citrina (Hirota et al.,
2012, 2013 ; Nitta, Yasumoto, & Yahara, 2010). We carried out a
series of trait measurements and field experiments using H. citrina,
H. fulva, and their hybrids, aiming at assessing the relative role of
floral traits in attracting swallowtail butterflies and hawkmoths and
at testing the hypothesis that hawkmoths use the stronger bulls-
eye contrast as a foraging cue more consistently than other floral
traits. First, for parental species and F2 hybrids, spectral properties
of central and peripheral flower colors were measured and mapped
on a color space defined based on relative excitations of photore-

ceptors of a swallowtail butterfly and a hawkmoth. Distance in each

FIGURE 1 Flowers of H. fulva (a,c) and H. citrina (b,d). The upper
and lower photos represent both flowers under human visible and
UV spectrum, respectively. Photographs were taken by a digital
camera a6000 (SONY, removed low-pass filter) with SIGMA 30 mm
2.8 EX DN and NEXCC +U340 filter (HOYA)
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FIGURE 2 Reflectance spectra in the central part (solid lines)
and the peripheral part (dashed lines) of tepals of H. fulva (a) and
H. citrina (b)

color space was used as a measure of color contrast. Second, the
preferences of butterflies and hawkmoths were assessed using the
experimental array consisting of F2 hybrids of H. fulva and H. citrina.
More specifically, we addressed the following questions. (a) How do
flower color and color contrast differ between H. fulva and H. citrina
based on butterfly and hawkmoth color vision? (b) Do butterflies and
hawkmoths prefer the flowers with the stronger contrast of bullseye
pattern? (c) Which of flower color and bullseye pattern is more im-

portant as a foraging cue for butterflies and hawkmoths?

2 | MATERIAL AND METHODS

2.1 | Study system

Hemerocallis fulva L. var. aurantiaca (Baker) M. Hotta and H. citrina
var. vespertina (H. Hara) M. Hotta are perennial plants distributed
mainly in western Japan, having partly self-incompatible, hermaph-
roditic flowers. Corolla of the two species has UV bullseye pattern
and the peripheral part of tepals of H. citrina reflects UV stronger
than that of H. fulva (Hirota et al., 2012, Figures 1 and 2). Flower lon-
gevity of the two species is approximately half a day; H. fulva flow-
ers in the daytime while H. citrina flowers at night. The flowering
time of the two species overlaps from 16:30 to 21:30 (Nitta et al.,,
2010). From 16:30 to sunset, both swallowtail butterflies and hawk-
moths actively forage on flower nectar of the two species and their

hybrids (Hirota et al., 2012). The F1 interspecific hybrids show only
weak sterility and can be backcrossed (Yasumoto & Yahara, 2006),
and natural hybrid populations with various intermediates have been
known in some localities (Hasegawa, Yahara, Yasumoto, & Hotta,
2006). Artificial F2 hybrids show highly variable floral traits across
the trait ranges between H. fulva and H. citrina and various combina-
tions of flower color and scent intensity: for example, human reddish
flower with sweet scent or human yellowish flower without scent
(Hirota et al., 2012, 2013).

2.2 | Plant materials

Plants of H. fulva and H. citrina were collected in Haifuku (Hirado is-
land, Nagasaki Prefecture, Japan) and Tsutsumi about 10 km north-
east of Haifuku, respectively (for details, see Yasumoto & Yahara,
2006). To produce F1 hybrids, H. fulva plants were hand-pollinated
by pollen of H. citrina in 2001 (Yasumoto & Yahara, 2008). To pro-
duce F2 hybrids, F1 plants were hand-pollinated by pollen of full sib-
ling F1 plants in 2003 and 2004 (Nitta et al., 2010). All plants were
grown in pots in the nursery of the Department of Biology, Kyushu

University (Fukuoka, Japan).

2.3 | Measurements of flower color and its traits

2.3.1 | Mapping floral spectral reflectance into
insect color space

The spectral reflectance (300-700 nm) of the central and periph-
eral parts of individual flowers was measured with a spectrometer
(BRC112; B&W Tek Inc., Delaware, USA) relative to a white reflec-
tion standard (RS50; StellarNet Inc., Florida, USA) under a deute-
rium/tungsten light source (BDS130; B&W Tek Inc., Delaware, USA).

Swallowtail butterflies (Papilio xuthus, Papilio memnon, and
Papilio helenus) and crepuscular hawkmoths (Theretra japonica,
Theretra oldenlandiae, and Theretra silhetensis) are effective polli-
nators of H. fulva and H. citrina, respectively (Hirota et al., 2012,
2013). Because of the tetrachromatic vision of P. xuthus (Koshitaka
et al., 2008), we employed a tetrachromatic model for swallow-
tail butterflies. Due to the trichromatic vision of the crepuscular
hawkmoth Deilephila elpenor (Héglund et al., 1973; Schwemer &
Paulsen, 1973), we employed a trichromatic model for hawkmoths.
We translated the reflectance spectra into chromatic represen-
tations of P. xuthus and D. elpenor using the following equation
(Chittka & Kevan, 2005).

30 5(2)-15(3)- Des(A)dA

700 6 (1) Ig(2) - Dgs(A)d A

where P; is the relative number of quanta absorbed by the photo-

receptor class i of P. xuthus (UV, blue, green, and red) or D. elpenor
(UV, blue, green), S, is the spectral sensitivity function of receptor
i, Ig and I are the spectral reflectance functions of a flower part
(peripheral or central) and a green foliage background, respectively,
and D,; (Wyszecki & Stiles, 1982) is the irradiance spectrum of
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CIE standard. The spectral sensitivity function S, was determined
using the reported sensitivity function of photoreceptor classes in
the retina of the swallowtail butterfly P.xuthus (Koshitaka et al.,
2008, Supporting Information Figure S1a) or the Stavenga-Smits-
Hoenders rhodopsin template (Stavenga, Smits, & Hoenders, 1993)
with the sensitivity maxima (350 nm, 440 nm, and 525 nm) of cre-
puscular hawkmoth D. elpenor (Hoglund et al., 1973; Schwemer &
Paulsen, 1973, Supporting Information Figure S1b). The denomina-
tor in the calculation of P, standardizes the numerator by a green
foliage background, considering that receptor sensitivity depends
on a predominant background (i.e., green foliage) (Chittka & Kevan,
2005). This standardization by a green background is known to be
less variable under the change of illumination spectrum from day-
time to night (Johnsen et al., 2006). Thus, we only used the single
illumination spectrum.

For butterflies with tetrachromatic vision (Koshitaka et al., 2008),
flower color can be mapped into a three-dimensional butterfly color
space (Ohashi, Makino, & Arikawa, 2015). For this mapping, P; was
transformed into the degree of receptor excitation E; describing the
physiological input to the brain varying from O to 1 and being 0.5 for
the green foliage background (Chittka, 1992):

Then, X, y, and z coordinates in a three-dimensional butterfly

color space were calculated as follows (Ohashi et al., 2015):

Eg+E;+E
X=Euv_¥v

Eyy+Eg+E
Y=EB—%:
2= Ee- EUV+§B+ER.

For hawkmoths with trichromatic vision (Hoglund et al., 1973;
Schwemer & Paulsen, 1973), flower color is mapped on a Maxwell
color triangle, which is a projection of the three-dimensional color
space with a plane of equal intensity (Kelber, Balkenius, & Warrant,
2003). The color coordinates g; in the Maxwell color triangle were
calculated as.

P,

To quantify the flower color difference contributing to polli-
nators’ preference, we applied a linear discriminant analysis to the
flower colors of H. fulva and H. citrina in pollinators’ color space.
First, we constructed the linear discriminant functions that dis-
criminate H. fulva and H. citrina based on the color coordinates in a
three-dimensional color space of butterflies or hawkmoths for each
of the central and the peripheral part. Second, to calculate the dis-
criminant score, the color coordinates of all experimental flowers
were applied to the discriminant functions. The discriminant scores

of the central and the peripheral parts were used as quantitative
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variables of flower color: lower and higher discriminant scores rep-
resent H. fulva-like and H. citrina-like flower colors, respectively. The
linear discriminant analysis was performed using the Ida function of
the MASS package (Venables & Riplay, 2002) under the R statistical
environment version 3.4.4 (R Core Team, 2018).

To quantify the difference of color contrast contributing to pol-
linators’ preference, we used the Euclidean distance between co-
ordinates in the color spaces that can be viewed as the chromatic
distance (Balkenius & Kelber, 2004; Chittka, 1992; Ohashi et al.,
2015). We used the Euclidean distance between two color coor-
dinates of the central and peripheral parts of an individual flower
as a quantitative variable of color contrast of the bullseye pattern
(“bullseye contrast”), and the Euclidean distance between color co-
ordinates of the peripheral part of an individual flower and that of
the green foliage background as a quantitative variable of the color
contrast between a peripheral part of a tepal and the background
(“background contrast”). Here, we define “flower colour” and “con-
trast” operationally as a variable measured by the above variables

and test its correlation empirically.

2.3.2 | Flower color in human vision, scent
intensity, and floral morphology

To compare with our previous studies (Hirota et al., 2012, 2013),
the flower color in human vision was also assessed by recording
the flower color of the central part (not the peripheral part) by a
simple matching with the standard color chart (SCC) of the Royal
Horticultural Society, London, England. Scent intensity was meas-
ured immediately after flower opening by a handheld odour meter
(OMX-SR; Shinyei, Japan) (Hirota et al., 2012, 2013). The measure-
ments were performed for at least three flowers per plant and then
averaged. Two morphological traits significantly affecting pollina-
tion success (e.g., pollinator preference, Hirota et al., 2013) were
measured before observations commenced: corolla orientation (the
angle between a flower’s main axis (from the floral base to the tip of
pistil) and the horizontal) and stem height (from the ground to the

top of an inflorescence).

2.4 | Design of experimental arrays and pollinator
observations

In the foraging experiments, an experimental array was composed
of 36 potted plants of Hemerocallis randomly arranged in a 6 x 6
square with a distance of 50 cm between each pot and placed inside
a net cage or outside in the experimental field of the Department
of Biology, Kyushu University where swallowtail butterflies (Papilio
spp.) and crepuscular hawkmoths (Theretra spp.) were observed in
previous studies (Hirota et al., 2012, 2013). Additionally, nocturnal
hawkmoth, Agrius convolvuli, was common (Hirota personal obser-
vation). We randomly selected one flower and cut off all remaining
ones just before the observation if a plant had two or more flowers.
We replaced some of the 36 plants with new ones day by day be-
cause the longevity of a flower is only half a day, and each individual
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plant did not flower everyday. The following Experiments 1, 2, and 3
were performed from 20 July-2 August 2010, from 11-29 July 2014,
and from 18-29 July 2015, respectively. These dates were around
the flowering peak of the two Hemerocallis species.

2.4.1 | Experiment 1: innate preference of
swallowtail butterflies

In Experiment 1, we examined the innate preference of swallowtail
butterflies for floral traits. A naive individual of Papilio xuthus was
released to the experimental array in each observation because
P. xuhus is one of the major pollinators of H. fulva in that field (Hirota
et al.,, 2012, 2013). Second- and third-instar larvae of P.xuthus
were collected at Fuchu Campus, Tokyo University of Agriculture
and Technology (Tokyo, Japan). The collected larvae were reared
on fresh citrus leaves at 25°C under a 16-hr:8-hr light:dark regime.
Pupae were allowed to emerge at 25°C in a plastic box under a 16-
hr:8-hr light:dark regime.

An experimental array was placed in a 7.0 x 4.5 m net cage
with a height of 2.0 m. To provide trait variations large enough
to detect significant preferences for floral traits, we designed the
experimental array consisting of 18 potted plants of H. fulva and
F2 hybrids that opened flowers in the morning of the observation
day. Because we could not continue to provide 36 pots of diurnally
flowering F2 hybrids throughout the experimental period, we used
H. fulva in half of the experimental flowers. The trait values of ex-
perimental plants are shown in Supporting Information Table S1.
The naive butterflies on the next day of emergence were used in
the experiment after keeping them away from feeding. Only one
butterfly was released at a time and allowed to fly freely in the net
cage and then caught after 5 min of the latest visitation. One ob-
server watched an experimental array and recorded pollinator vis-
itation sequence. Simultaneously, we recorded pollinator behavior
with High-Definition Video Camera Recorder (XL H1; Canon,
Japan). The observation was performed from 10:00 to 18:34 that
corresponded to the flower-visiting time of swallowtail butterflies
(Hirota et al., 2012).

2.4.2 | Experiment 2: preference of
crepuscular and nocturnal hawkmoths in the field

In Experiment 2, we examined the preference of crepuscular and
nocturnal hawkmoths for floral traits in the field. An experimental
array placed in the experimental field consisted of 36 potted plants
of F2 hybrids that opened flowers in the evening on the day and
were not visited by any insects at the start of observations. The trait
values of experimental plants are shown in Supporting Information
Table S1. Foraging behaviors of pollinators were recorded by an in-
frared video camera recorder (DVS A10FHDIR, Kenko, Japan) with
two LED infrared illuminators (850 nm, IRSK02-BK, Fuloon, China).
The infrared video records enabled us to observe hawkmoth be-
havior through illumination but we could not identify species due
to low resolution and monochrome images of the video records.

We performed video observations each day from 18:30 until 24:00.
The sunset time at Fukuoka for the experimental period was 19:21
-19:32.

2.4.3 | Experiment 3: preference of swallowtail
butterflies and crepuscular hawkmoths in the field

In our previous studies, hawkmoths showed a condition-de-
pendent preference for flower color using a H. fulva-biased ex-
perimental array: Their preferences for flower color are possibly
influenced by diurnal pollinators through the distribution of nectar
source (Hirota et al., 2012, 2013). In Experiment 2, the influence
of diurnal pollinators was excluded by using unvisited flowers. In
Experiment 3, we examined whether stronger bullseye contrast
characteristic of H. citrina is preferred by crepuscular hawkmoths
under the existence of diurnal butterflies. To compare with the
previous study, we used the composition of the experimental
array of Hirota et al. (2012, 2013) that mimicked the situations
in which mutants having H. citrina-like floral traits appeared in a
lower frequency within a diurnal population like H. fulva. An ex-
perimental array placed in the experimental field consisted of 24
and 12 potted plants of H. fulva and F2 hybrids, respectively, that
opened in the morning on the observation day. The trait values
of experimental plants are shown in Supporting Information Table
S1. Foraging behaviors of diurnal pollinators were recorded by
High-Definition Video Camera Recorder, and those of crepuscular
pollinators were recorded by an infrared video camera recorder
with two LED infrared illuminators. We performed video observa-
tions each day from 9:00 to 20:30 because the start-to-close time
of H. fulva varied from 18:00 to 20:30 with a peak at 20:30 (Nitta
et al., 2010).

2.5 | Data analysis and statistics

We defined a trip of pollinator foraging as a process from the arrival
of one pollinator at the experimental array to its departure from the
array. Bayesian generalized linear mixed-effects models, including
random effects for Trip ID, were used to analyse the effects of floral
traits on the pollinator visitation rates. The response variable was
the visitation rate of hawkmoths or butterflies per flower per forag-
ing trip. The explanatory variables were flower colors (the discrimi-
nant scores of both central and peripheral parts), bullseye contrast,
scent intensity, corolla orientation, and stem height. Flower colors
and flower contrasts were calculated based on hawkmoth or but-
terfly color vision. If some explanatory variables correlated strongly,
those variables except one were excluded from the analysis. We as-
sumed a Poisson error structure and a log link. In Experiment 2, the
analyses were performed using two types of the dataset. The data-
set 1 including the whole foraging trips of all hawkmoths was used
to examine the average preference of hawkmoths. The start-to-close
time of H. fulva peak at 20:30 and the start-to-open time of H. cit-
rina peak at 18:30 (Nitta et al., 2010). Until early night (until around
20:30), the flowers of both H. fulva and H. citrina are open, and after



HIROTA ET AL.

that, the flowers of H. citrina is only open. Thus, the dataset was di-
vided into two time periods: from 18:30 until 20:30 (dataset 2c) and
from 20:30 until 24:00 (dataset 2n).

If the 95% Bayesian credible interval (Cl) for a partial regression
coefficient included zero, the corresponding explanatory variable
had a non-significant effect and was classified into the no effect
group. If the Cl did not include zero, the corresponding explanatory
variable had a significant effect and was classified into the negative
or the positive effect group depending on the sign of the median of
the posterior distribution of each regression coefficient. For better
convergence in parameter estimation, all explanatory variables were
standardized to mean = 0and SD = 1.

All models were fitted in the R statistical environment ver-
sion 3.4.4 (R Core Team, 2018), using Stan version 2.17.3 (Stan
Development Team, 2018), a Hamiltonian Monte Carlo sampler.
Results are based on 12,000 samples each from three chains, after
2,000 burn-in steps in each chain. The convergence of the Markov
chains was checked with R (Gelman, Carlin, Stern, & Rubin, 2004)
for each parameter. The R values obtained were less than 1.002 for
all parameters. The mean and 95% Bayesian credible interval for
each parameter were evaluated using the MCMC samples. Model
code was generated using rstanarm (Stan Development Team, 2016),
a package for Rstan. The data were analyzed using uninformative
priors.

In four of six analyses, two or more explanatory variables were
significant. To visualize the influence of a particular explanatory
variable on a response variable while adjusting for the influence of
the other traits, we did not plot observed response variables but
predicted values, based on the observed value of the explanatory
variable of interest and the mean values of the other explanatory
variables, to which we added the residuals from the model (Worley
& Harder, 1996). Consequently, the data points in the figures can-
not be directly comparable among figures. While Worley and Harder
(1996) made adjustments using normal mixed models, we here ad-
opted the adjustment using Poisson mixed-effect models (detailed
in Supporting Information Methods).

3 | RESULTS

3.1 | Difference of flower color and contrast
between H. fulva and H. citrina

We quantified flower color variation using the discriminant scores.
The bimodal pattern of the discriminant scores depended on the pol-
linator color visions and differed between the central and periph-
eral parts. In the butterfly color vision, the discriminant scores of
the central part were bimodally distributed and there was no over-
lap between H. fulva (from -3.898 to 0.130) and H. citrina (3.292 to
5.221, Figure 3a). The discriminant scores of the peripheral part of
the two species slightly overlapped (H. fulva: -3.426 to 1.194, H. cit-
rina: 1.076 to 2.737, Figure 3b). In the hawkmoth color vision, the
discriminant scores of the two species showed larger overlap in both
the central and peripheral parts (the central part: H. fulva: -2.379
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to 1.463, H.citrina: -0.298 to 3.419; the peripheral part: H. fulva:
-3.758 to 1.583, H. citrina: 1.0268 to 3.806), and the overlap in the
central part was larger than in the peripheral part (Figure 3c,d).

For the background contrast in the butterfly vision, H. fulva
showed significantly larger values than H.citrina (H. fulva:
mean = SE =0.359 £0.018, H.citrina: 0.195+0.020, t test,
t =4.265,df = 47, p < 0.001, Figure 4a). For the background contrast
in the hawkmoth color vision, there was no significant difference
between H. fulva and H. citrina (H. fulva: 0.661 +0.009, H. citrina:
0.677 £0.007, t test, t = -0.836, df = 47, p = 0.408, Figure 4b). For
the bullseye contrast in the butterfly color vision, H. citrina showed
significantly larger values than H. fulva (H. fulva: 0.443 + 0.016, H. ci-
trina: 0.677 £ 0.052, t test, t = -5.542, df = 47, p < 0.001, Figure 4c).
Also for the bullseye contrast in the hawkmoth color vision, H. ci-
trina showed significantly larger values than H. fulva (H. fulva:
0.505 £+ 0.023, H. citrina: 0.800 + 0.033, t test, t = -5.712, df = 47,
p < 0.001, Figure 4d).

3.2 | Correlations among floral traits

In F2 hybrids, the correlations among flower color and color con-
trasts varied with the models of pollinator color visions (Supporting
Information Figures S2 and S3). In the butterfly color vision, the dis-
criminant score of the peripheral part was strongly correlated with
the background contrast (Pearson’s product moment correlation
coefficientr = -0.867,t = -30.87, p < 0.001, Supporting Information
Figure S2). The discriminant score of the central part was signifi-
cantly correlated with that of the peripheral part (r = 0.539,t = 11.31,
p <0.001) and the background contrast (r=-0.498, t=-10.15,
p < 0.001). The other combinations of traits, including the scent
intensity and morphological traits, were only weakly correlated. In
the hawkmoth color vision, the discriminant score of the peripheral
part was strongly correlated with the bullseye contrast (r = 0.767,
t=21.14, p < 0.001, Supporting Information Figure S3). The cor-
relations of the other combinations were not significant. The color
for human vision (SCC) was correlated with both of the discriminant
scores in the butterfly color vision but not or weakly correlated with
the two discriminant scores in the hawkmoth color vision.

Among the explanatory variables, the discriminant score of the
peripheral part was strongly correlated with the bullseye contrast in
hawkmoth color vision. Thus, the discriminant score of the periph-
eral part was excluded from the statistical models of hawkmoth'’s

preference.

3.3 | Experiment 1: innate preference of swallowtail
butterflies

Twenty-five individuals of naive P. xuthus foraged the experimental
array and visited cumulatively 358 experiment flowers, including
281 flowers of H. fulva and 77 flowers of F2 hybrids. The visitation
rate significantly decreased with the discriminant scores of both
the central and peripheral parts (Table 1; the lower Cl was larger
than zero), indicating that H. fulva-like flower color was preferred
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butterflies (a, b) and hawkmoths (c, d). Red, yellow, and gray bars represent the distribution of H. fulva, H. citrina, and F2 hybrids, respectively

(Figure 5a,b). The visitation rate also significantly increased with
stem height but decreased with the scent intensity. Contrastingly,
the visitation rate was not significantly affected by the bullseye con-
trast (Figure 5c).

3.4 | Experiment 2: preference of
crepuscular and nocturnal hawkmoths in the field

During 15 days of the experiment, we observed 180 foraging trips
and 944 cumulative visitations of hawkmoths for which species
were not identified. The analysis of the whole observation period
(dataset 1) showed that the visitation rate of hawkmoths signifi-
cantly increased with the discriminant score of the central part
and the bullseye contrast (Table 2; the upper Cl was lower than
zero), indicating that H. citrina-like colored flowers with stronger
bullseye pattern were preferred. Figure 6b is consistent with
those statistical results although Figure 6a does not show a clear
increase in the visitation rate with the discriminant score. In con-
trast, hawkmoth visitation rate was not significantly affected by
scent intensity.

Observed hawkmoths included both crepuscular and noc-
turnal species; 107 trips (566 visitations) and 73 trips (378 vis-
itations) of hawkmoths were observed before and after 20:30,
respectively (Supporting Information Figure S4). The visitation
rates of both crepuscular and nocturnal hawkmoths (dataset 2c,
2n) significantly increased with the bullseye contrast (Tables 3
and 4; the upper Cl was lower than zero), indicating that stronger
bullseye contrast was preferred (Supporting Information Figure
S5b,d). Although the visitation rate did not clearly increase with

the discriminant score of the central part (Supporting Information
Figure S5a,c), the posterior distribution of the partial regression
coefficient of the discriminant score was biased for positive in
dataset 2c, 2n (but 95% CI included zero). This indicates that
H. citrina-like colored flower was marginally preferred by cre-
puscular and nocturnal hawkmoths. Additionally, the visitation
rate of nocturnal hawkmoths significantly decreased with corolla

orientation.

3.5 | Experiment 3: preference of swallowtail
butterfly and crepuscular hawkmoth in the field

During 9 days of the experiment, we observed 16 foraging trips of
swallowtail butterflies (P. xuthus, P. helenus, and P. memnon) and 25
trips of hawkmoths. Swallowtail butterflies visited 24 cumulative
flowers (21 flowers of H. fulva and three flowers of F2 hybrids) and
hawkmoths visited 77 cumulative flowers (49 flowers of H. fulva and
28 flowers of F2 hybrids).

The visitation rates of butterflies significantly decreased
with scent intensity (Table 5). The 95% Cl of the partial regres-
sion coefficients of the other traits included zero, indicating that
swallowtail butterflies did not show any significant preference
for these traits including flower colors (discriminant scores)
(Supporting Information Figure S6). The hawkmoth visitation
rates significantly increased with bullseye contrast (Supporting
Information Figure S7b) and decreased with scent intensity
(Table 6). However, there was no obvious decrease in visita-
tion rate with flower color (discriminant score) in Supporting

Information Figure S7a.
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(background contrast) based on swallowtail butterfly vision (a) and
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contrast) based on swallowtail butterfly vision (c) and hawkmoth
vision (d). Indicated are median, quartiles, whiskers. The differences
between H. fulva and H. citrina were examined by two-sided t tests.

Three asterisks indicate the difference is significant (p < 0.001)

4 | DISCUSSION

In butterfly and hawkmoth vision, both H. fulva and H. citrina had
a bullseye pattern and the bullseye contrast of H. citrina was sig-
nificantly stronger than that of H. fulva (Figures 2 and 3c,d). Both
crepuscular and nocturnal hawkmoths showed a significant prefer-
ence for higher bullseye contrast whereas the hawkmoths showed
weak or no preference for H. citrina-like central color (Tables 2-4, 6).
This finding supports our hypothesis that hawkmoths use a higher
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bullseye contrast as a foraging cue more consistently than the other
floral traits. In contrast, the preferences of swallowtail butterflies
were affected not by the bullseye contrast but by the central and
peripheral flower color (Table 1).

This is the first demonstration that hawkmoths are attracted by
the floral bullseye pattern in the field. Hawkmoths showed consis-
tent preference to stronger bullseye pattern independent from the
composition of the experimental array and the influence of diurnal
pollinators. Thus, we suggest that individuals with intensified bull-
seye contrast were advantageous to be pollinated by hawkmoths
during the process of evolution from H. fulva-like ancestor to H. ci-
trina. In laboratories, it has been known that hawkmoths can rec-
ognize floral patterns. First, Macroglossum stellatarum preferred
artificial flowers with the ring (not striped) pattern to those with
uniform pattern (Kelber, 2002). Second, hawkmoths probed on the
yellow-colored and brighter area of a striped or crossed pattern
(Goyret, 2010; Goyret & Kelber, 2012). However, the presence and
function of the floral bullseye pattern in natural nocturnal flowers
have not been demonstrated probably because our understanding
about the visual system of nocturnal pollinators had been limited
and we human lack UV perception. Recently, it has been reported
that some nocturnal animals have highly sensitive eyes (reviewed
in Warrant, 2008; Kelber & Lind, 2010) and can discriminate color
under dim light conditions (Kelber, Balkenius, & Warrant, 2002; Roth
& Kelber, 2004; Somanathan, Borges, Warrant, & Kelber, 2008).
Thus, we need to clarify how widely color vision is used in nocturnal
animals and those studies will deepen our understanding of the evo-
lution of nocturnal flowers.

In the hawkmoth color vision, the bullseye contrast was strongly
correlated with the discriminant score of the peripheral part, but
not with the discriminant score of the central part. This result im-
plies that the intensity of the bullseye contrast of Hemerocallis is
largely determined by the peripheral part having the UV reflectance.
Although many flowers pollinated by nocturnal hawkmoths lack UV
reflectance uniformly (Raguso et al., 2003; White et al., 1994), some
yellow flowers pollinated by nocturnal hawkmoths have a UV bull-
seye pattern composed of UV-absorbing and UV-reflecting parts
(Hirota et al., 2012; Kawano et al., 1995). This UV bullseye pattern
may be disadvantageous in white flowers because UV-absorbing
white flowers show more reliable higher contrast against the back-
ground of green leaves under the various nocturnal conditions than
the other colors (Johnsen et al., 2006). On the other hand, the UV
bullseye pattern composed of UV-absorbing and UV-reflecting parts
may be advantageous in yellow-flowered species to attract hawk-
moths by compensating the relatively less reliable lower contrast
of yellow color to the green background. Additionally, the stronger
bullseye contrast with intense UV reflectance is possibly advanta-
geous at night. Koski and Ashman (2015) showed the deleterious ef-
fect of UV irradiance on pollen grain viability in UV bullseye flowers
in the daytime, for the peripheral parts of curving petals can directly
reflect UV to anthers. At night, UV irradiance is much weaker than
in daytime so that nocturnal flowers could not suffer from reduced
pollen viability by floral UV reflection relative to diurnal flowers.
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The preferences of hawkmoths for flower color were incoher-
ent between Experiments 2 and 3: hawkmoths marginally preferred
H. citrina-like central flower color in Experiment 2 (Table 2) but they
preferred H. fulva-like central flower color in Experiment 3 (Table 6).
In Experiment 2, the absolute value of the partial regression coeffi-
cient of the discriminant score was lower than the coefficient of the
bullseye contrast, indicating that flower color has a smaller effect
on hawkmoth attraction than bullseye contrast. Under our experi-
mental settings, the nectar availability at crepuscule was influenced
by the abundance of the diurnal pollinators and the composition of
the experimental array. In Experiment 3, H. fulva-like colored flowers
were dominant in the experimental array and the visitation rate of
butterflies to the array was low. This situation corresponds to Hirota
et al. (2013) that showed that hawkmoths preferred human reddish

TABLE 1 Medians, standard deviations, and 95% credible
intervals of the posterior distribution of the partial regression
coefficients in the Bayesian generalized linear mixed effects model
for innate butterfly preference (Experiment 1)

Explanatory

variables Coefficients  SD 2.5% 97.5%

Discriminant score -0.247 0.096 -0.435 -0.058
of central part

Discriminant score -0.170 0.079 -0.323 -0.015
of peripheral part

Bullseye contrast -0.009 0.071 -0.146 0.132

Scent intensity -0.547 0.119 -0.791 -0.325

Corolla orientation 0.104 0.061 -0.015 0.224

Stem height 0.386 0.061 0.267 0.504

Bold values indicate that the parameters have significant positive or
negative effects on the visitation rate.

flowers over yellowish flowers using a H. fulva-biased experimental
array consisting of unvisited flowers. We suggest that this low visi-
tation rate resulted because H. fulva-like colored flowers kept nectar
until crepuscule and hawkmoths learned the association between
H. fulva-like color and nectar avalability. It has been documented that
hawkmoths can be trained to switch their color preference by learn-
ing an association of a certain color with a nectar reward (Balkenius
& Kelber, 2006; Goyret, Pfaff, Raguso, & Kelber, 2008; Kelber et al.,
2003). In the field, hawkmoth preferences for flower color, which
are easily learned, should be largely influenced by the abundance of
competitive pollinators, and the distribution of the remaining nectar
source. More careful studies are needed to assess the magnitudes of
selective pressures on attractive traits by considering the commu-
nity level interaction and its annual fluctuation.

Available evidence supports that swallowtail butterflies can rec-

ognize the bullseye contrasts in two Hemerocallis species. First, using

TABLE 2 Medians, standard deviations, and 95% credible
intervals of the posterior distribution of the partial regression
coefficients in the Bayesian generalized linear mixed effects model
for crepuscular and nocturnal hawkmoth preference (Experiment 2)

Explanatory

variables Coefficients  SD 2.5% 97.5%

Discriminant score 0.075 0.035 0.006 0.145
of central part

Bullseye contrast 0.188 0.042 0.105 0.270

Scent intensity 0.015 0.033  -0.050 0.079

Corolla orientation -0.039 0.036 -0.109 0.033

Stem height -0.086 0.036 -0.156  -0.015

Bold values indicate that the parameters have significant positive or
negative effects on the visitation rate.
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FIGURE 5 Effect of flower colors of central (a) and peripheral parts (b) and bullseye contrast (c) on visitation rate of naive swallowtail

butterflies in Experiment 1. The flower colors of the central (a) and peripheral part (b) were defined by discriminant analysis: large and small
values of the discriminant score represent H. citrina- and H. fulva-like flower colors. Data points of each experimental flower are shown by
transparent gray and the overlaps of points by darker color. A solid line indicates the prediction of the model if the explanatory variable was
significant. All points and a solid line are adjusted by controlling for the effects of the other explanatory variables (detailed in Supporting
Information Methods)
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artificial flowers, Kandori and Ohsaki (1998) demonstrated that the
bullseye pattern enhanced foraging efficiency and flower constancy of
butterflies, Pieris rapae. Second, the wavelength discrimination ability
of Papilio is the highest among the animals tested so far (Koshitaka et
al., 2008). The bullseye contrast intensities of H. fulva and H. citrina
were 0.443 +£0.016 and 0.677 + 0.052, respectively. This is signifi-
cantly larger than 0.03, a criterion for perceptible color discrimination
in butterfly vision (Ohashi et al., 2015). Thus, the presence of percep-
tible bullseye pattern of Hemerocallis is expected to be used by but-
terflies. However, its intensity did not show any significant effect on
butterfly attraction. This discrepancy can be explained by assuming
that swallowtail butterflies have a threshold of response and non-re-

sponse to the bullseye pattern, depending on the contrast intensity.
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Naive swallowtail butterflies preferred H. fulva-like flower color
of both central and peripheral parts. This result supports our previ-
ous studies showing wild butterflies’ preference for reddish flower
to human vision because both of the discriminant scores were neg-
atively correlated with SCC (Supporting Information Figure S2). In
Experiment 3, although most butterflies visited flowers of H. fulva,
we did not detect the preference of wild butterflies for flower color.
It may be caused by the small visitation rate and the H. fulva-biased
experimental array. The background contrast is stronger in H. fulva
than in H.citrina (Figure 3a) and negatively correlated with the
discriminant score of the peripheral part (Supporting Information
Figure S3). Papilio xuthus uses the target-background intensity con-
trast when landing (Koshitaka, Arikawa, & Kinoshita, 2011). Thus,
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FIGURE 6 Effect of flower color of central part (a) and bullseye contrast (b) on visitation rate of hawkmoths using the whole foraging
trips of all hawkmoths in Experiment 2. The flower colors of the central part (a) were defined by discriminant analysis: large and small values
of the discriminant score represent H. citrina- and H. fulva-like flower colors. The flower color of the peripheral part was excluded from

the statistical analysis considering its strong correlation with the bullseye contrast under the hawkmoth color vision. Data points of each
experimental flower are shown by transparent gray and the overlaps of points by darker color. A solid line indicates the prediction of the
model if the explanatory variable was significant. All points and solid lines are adjusted by controlling for the effects of the other explanatory

variables (detailed in Supporting Information Methods)

TABLE 3 Medians, standard deviations, and 95% credible
intervals of the posterior distribution of the partial regression
coefficients in the Bayesian generalized linear mixed effects model
for crepuscular hawkmoth preference (dataset 2c from Experiment
2)

Explanatory

variables Coefficients  SD 2.5% 97.5%

Discriminant score 0.064 0.045 -0.025 0.153
of central part

Bullseye contrast 0.184 0.054 0.079 0.291

Scent intensity 0.045 0.045 -0.043 0.132

Corolla orientation 0.020 0.046  -0.070 0.109

Stem height -0.057 0.045 -0.145 0.03

Based on the start-to-close time of H. fulva flower, we defined the hawk-
moths that foraged before 20:30 as crepuscular hawkmoths. Bold values
indicate that the parameters have significant positive or negative effects
on the visitation rate.

TABLE 4 Medians, standard deviations, and 95% credible
intervals of the posterior distribution of the partial regression
coefficients in the Bayesian generalized linear mixed effects model
for nocturnal hawkmoth preference (dataset 2n from Experiment 2)

Explanatory

variables Coefficients  SD 2.5% 97.5%

Discriminant score 0.095 0.056 -0.019 0.202
of central part

Bullseye contrast 0.193 0.067 0.065 0.329

Scent intensity -0.023 0.052 -0.128 0.077

Corolla orientation -0.132 0.059 -0.248 -0.018

Stem height -0.133 0.059 -0.249 -0.018

Based on the start-to-close time of H. fulva flower, we defined the hawk-
moths that foraged after 20:30 as nocturnal hawkmoths. Bold values in-
dicate that the parameters have significant positive or negative effects
on the visitation rate.
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TABLE 5 Medians, standard deviations, and 95% credible
intervals of the posterior distribution of the partial regression
coefficients in the Bayesian generalized linear mixed effects model
for wild swallowtail butterfly preference (Experiment 3)

Explanatory

variables Coefficients SD 2.5% 97.5%

Discriminant score -0.317 -0.328 -1.174 0.427
of central part

Discriminant score -0.189 -0.184 -0.758 0.427
of peripheral part

Bullseye contrast 0.155 0.158 -0.419 0.754

Scent intensity =17533 -1.606 -3.309 -0.285

Corolla orientation -0.176 -0.163  -0.673 0.402

Stem height 0.299 0.301 -0.301 0.914

Bold values indicate that the parameters have significant positive or
negative effects on the visitation rate.

TABLE 6 Medians, standard deviations, and 95% credible
intervals of the posterior distribution of the partial regression
coefficients in the Bayesian generalized linear mixed effects model
for crepuscular hawkmoth preference (Experiment 3)

Explanatory

variables Coefficients  SD 2.5% 97.5%

Discriminant score -0.272 0.143 -0.572 -0.010
of central part

Bullseye contrast 0.412 0.129 0.164 0.672

Scent intensity -0.361 0.154 -0.676 -0.078

Corolla orientation -0.163 0.114  -0.378 0.069

Stem height 0.120 0.125 -0.124 0.367

Bold values indicate that the parameters have significant positive or
negative effects on the visitation rate.

swallowtail butterflies could land more easily on H. fulva-like col-
ored peripheral flower parts than on H. citrina-like colored periph-
eral parts. The swallowtail butterflies preferred not only peripheral
color but also central color. The center part of H. fulva flower re-
flects longer wavelength light than the center part of H. citrina
(Figure 2). Most insects, such as bees and hawkmoths, lack a red
receptor (Lunau & Maier, 1995), but swallowtail butterflies have a
red receptor and can perceive longer wavelength (Kinoshita et al.,
1999). It is more costly for at least bees to feed on the flowers that
reflect only longer wavelength, such as human red, than on other
flowers with more conspicuous colors for them, like pink or yellow,
in terms of searching time for flowers (Spaethe, Tautz, & Chittka,
2001) although long wavelength light (up to 650 nm) can stimulate a
“green” (540 nm) receptor for the majority of bees only if the light is
very strong (Chittka & Waser, 1997). This is probably the reason why
many bees tend not to feed on red flowers (Rodriguez-Gironés &
Santamaria, 2004). In contrast, for butterflies, it is a better strategy
to forage on flowers that reflect only longer wavelength which are

seldom visited by bees.

Our study has uncovered the different effect of bullseye con-
trast on the attraction of diurnal and nocturnal pollinators by con-
trolling the effect of background flower color. We revealed striking
differences in the responses to flower color and the bullseye con-
trast between swallowtail butterflies and hawkmoths. This result
indicates that the difference of visual systems between pollinators
may have promoted floral divergence. There is increasing physi-
ological evidence that pollinators use not only visual cue but also
a variety of sensory information to find, feed on, and learn about
flowers (e.g., von Arx, Goyret, Davidowitz, & Raguso, 2012; Clarke,
Whitney, Sutton, & Robert, 2013). Further field observations based
on knowledge about the varieties and differences of pollinator sen-
sory systems will provide profitable clues to understand floral evo-

lution mediated by pollinators.

ACKNOWLEDGMENTS

We are grateful to L. Kawaguchi for helpful comments for the meas-
urement of spectral reflectance and Toshiyuki Satoh and Yudai
Nishide for collecting larvae of the butterfly. We also thank the
anonymous reviewers for valuable comments on the manuscript.
This work was partially supported by Grant-in-Aid for JSPS Fellows
(223799, 17J01165) and Grant-in-Aid for Scientific Research A
(24247005) from the Japan Society for Promotion of Science.

AUTHORS CONTRIBUTIONS

SKH, NM, AAY, and TY: conceived and designed the study. SKH and
NM: collected the data and analyzed it. SKH: wrote the manuscript,
with the contribution of all authors.

DATA ACCESSIBILITY

Data with the floral traits of the experimental flowers and pollinator
visitations are openly available in Dryad (https://doi.org/10.5061/
dryad.7b3c73Kk).

ORCID

Shun K. Hirota http://orcid.org/0000-0002-6104-1119

Akiko A. Yasumoto http://orcid.org/0000-0002-8997-6768

REFERENCES

Balkenius, A., & Kelber, A. (2004). Colour constancy in diurnal and noc-
turnal hawkmoths. Journal of Experimental Biology, 207, 3307-3316.
https://doi.org/10.1242/jcb.01158

Balkenius, A., & Kelber, A. (2006). Colour preferences influences
odour learning in the hawkmoth, Macroglossum stellatarum.
Naturwissenschaften, 93, 255-258.  https://doi.org/10.1007/
s00114-006-0099-9

Campbell, D. R. (2004). Natural selection in Ipomopsis hybrid zones:
Implications for ecological speciation. New Phytologist, 161, 83-90.
https://doi.org/10.1046/j.1469-8137.2003.00919.x


https://doi.org/10.5061/dryad.7b3c73k
https://doi.org/10.5061/dryad.7b3c73k
http://orcid.org/0000-0002-6104-1119
http://orcid.org/0000-0002-6104-1119
http://orcid.org/0000-0002-8997-6768
http://orcid.org/0000-0002-8997-6768
https://doi.org/10.1242/jcb.01158
https://doi.org/10.1007/s00114-006-0099-9
https://doi.org/10.1007/s00114-006-0099-9
https://doi.org/10.1046/j.1469-8137.2003.00919.x

HIROTA ET AL.

Chittka, L. (1992). The colour hexagon: A chromaticity diagram based
on photoreceptor excitations as a generalized representation of co-
lour opponency. Journal of Comparative Physiology A, 170, 533-543.
https://doi.org/10.1007/BF00199331

Chittka, L., & Kevan, P. G. (2005). Flower colour as advertisement. In A.
Dafni, P. G. Kevan, & B. C. Husband (Eds.), Practical pollination biology
(pp. 157-196). Cambridge, ON: Enviroquest Ltd.

Chittka, L., & Raine, N. E. (2006). Recognition of flowers by polli-
nators. Current Opinion in Plant Biology, 9, 428-435. https://doi.
org/10.1016/j.pbi.2006.05.002

Chittka, L., & Waser, N. (1997). Why red flowers are not invisible to bees.
Israel Journal of Plant Sciences, 45, 169-183. https://doi.org/10.1080/
07929978.1997.10676682

Clarke, D., Whitney, H., Sutton, G., & Robert, D. (2013). Detection and
learning of floral electric fields by bumblebees. Science, 340, 66-69.
https://doi.org/10.1126/science.1230883

Darwin, C. (1862). On the various contrivances by which British and foreign
orchids are fertilised by insects: And on the good effects of intercrossing.
London, UK: John Murray.

Dell'Olivo, A., Hoballah, M. E., Gibitz, T., & Kuhlemeier, C. (2011).
Isolation barriers between Petunia axillaris and Petunia inte-
grifolia  (Solanaceae). Evolution, 65, 1979-1991. https://doi.
org/10.1111/j.1558-5646.2011.01279.x

Dell'Olivo, A., & Kuhlemeier, C. (2013). Asymmetric effects of loss and
gain of a floral trait on pollinator preference. Evolution, 67, 3023-
3031. https://doi.org/10.1111/ev0.12178

Gelman, A., Carlin, J. B., Stern, H. S., & Rubin, D. B. (2004). Bayesian data
analysis. Boca Raton, FL: Chapman & Hall.

Goyret, J. (2010). Look and touch: Multimodal sensory control of
flower inspection movements in the nocturnal hawkmoth Manduca
sexta. Journal of Experimental Biology, 213, 3676-3682. https://doi.
org/10.1242/jeb.045831

Goyret, J., & Kelber, A. (2012). Chromatic signals control probos-
cis movements during hovering flight in the hummingbird hawk-
moth Macroglossum stellatarum. PLoS One, 7, e34629. https://doi.
org/10.1371/journal.pone.0034629

Goyret, J., Pfaff, M., Raguso, R. A., & Kelber, A. (2008). Why do Manduca
sexta feed from white flowers? Innate and learnt colour prefer-
ences in a hawkmoth. Naturwissenschaften, 95, 569-576. https://doi.
org/10.1007/s00114-008-0350-7

Grant, V. (1983). The systematic and geographical distribution of hawk-
moth flowers in the temperate North American flora. Botanical
Gazette, 144, 439-449. https://doi.org/10.1086/337395

Grant, V. (1985). Additional observations on temperate North American
hawkmoth Flowers. Botanical Gazette, 146, 517-520. https://doi.
org/10.1086/337557

Hasegawa, M., Yahara, T., Yasumoto, A., & Hotta, M. (2006). Bimodal
distribution of flowering time in a natural hybrid population of
daylily (Hemerocallis fulva) and nightlily (Hemerocallis citrina).
Journal of Plant Research, 119, 63-68. https://doi.org/10.1007/
s10265-005-0241-3

Hirota, S. K., Nitta, K., Kim, Y., Kato, A., Kawakubo, N., Yasumoto, A. A.,
& Yahara, T. (2012). Relative role of flower color and scent on pollina-
tor attraction: Experimental tests using F1 and F2 hybrids of daylily
and nightlily. PLoS One, 7, e39010. https://doi.org/10.1371/journal.
pone.0039010

Hirota, S. K., Nitta, K., Suyama, Y., Kawakubo, N., Yasumoto, A. A., &
Yahara, T. (2013). Pollinator-mediated selection on flower color,
flower scent and flower morphology of Hemerocallis: Evidence
from genotyping individual pollen grains on the stigma. PLoS One, 8,
e85601. https://doi.org/10.1371/journal.pone.0085601

Hoballah, M. E., Gubitz, T., Stuurman, J., Broger, L., Barone, M., Mandel,
T., ... Kuhlemeier, C. (2007). Single gene-mediated shift in pollina-
tor attraction in Petunia. The Plant Cell, 19, 779-790. https://doi.
org/10.1105/tpc.106.048694

Ecology and Evolution 63
=4 e W1 LEY- ¢

Hoballah, M. E., Stuurman, J., Turlings, T. C., Guerin, P. M., Connetable, S.,
& Kuhlemeier, C. (2005). The composition and timing of flower odour
emission by wild Petunia axillaris coincide with the antennal percep-
tion and nocturnal activity of the pollinator Manduca sexta. Planta, 222,
141-150. https:/doi.org/10.1007/s00425-005-1506-8

Hodges, S. A., Fulton, M., Yang, J. Y., & Whittall, J. B. (2003). Verne Grant
and evolutionary studies of Aquilegia. New Phytologist, 161, 113-120.
https://doi.org/10.1046/j.1469-8137.2003.00950.x

Hoéglund, G., Hamdorf, K., & Rosner, G. (1973). Trichromatic visual sys-
tem in an insect and its sensitivity control by blue light. Journal of
Comparative Physiology A, 86, 265-279. https://doi.org/10.1007/
bf00696344

Johnsen, S., Kelber, A., Warrant, E., Sweeney, A. M., Widder, E. A., Lee,
R. L., & Herndndez-Andrés, J. (2006). Crepuscular and nocturnal
illumination and its effects on color perception by the nocturnal
hawkmoth Deilephila elpenor. Journal of Experimental Biology, 209,
789-800. https://doi.org/10.1242/jeb.02053

Johnson, S. D. (2006). Pollination by long-proboscid flies in the endan-
gered African orchid Disa scullyi. South African Journal of Botany, 72,
24-27. https://doi.org/10.1016/j.sajb.2005.04.002

Kandori, I., & Ohsaki, N. (1998). Effect of experience on foraging behavior
towards artificial nectar guide in the cabbage butterfly, Pieris rapae
crucivora (Lepidoptera: Pieridae). Applied Entomology and Zoology, 33,
35-42. https://doi.org/10.1303/aez.33.35

Kawano, S., Odaki, M., Yamaoka, R., Oda-Tanabe, M., Takeuchi, M., &
Kawano, N. (1995). Pollination biology of Oenothera (Onagraceae).
The interplay between floral UV-absorbancy patterns and floral vol-
atiles as signals to nocturnal insects. Plant Species Biology, 10, 31-38.
https://doi.org/10.1111/j.1442-1984.1995.tb00118.x

Kelber, A. (2002). Pattern discrimination in a hawkmoth: innate prefer-
ences, learning performance and ecology. Proceedings of the Royal
Society of London, Series B: Biological Sciences, 269, 2573-2577.
https://doi.org/10.1098/rspb.2002.2201

Kelber, A., Balkenius, A., & Warrant, E. J. (2002). Scotopic colour vi-
sion in nocturnal hawkmoths. Nature, 419, 922-925. https://doi.
org/10.1038/nature01065

Kelber, A., Balkenius, A., & Warrant, E. J. (2003). Colour vision in diurnal
and nocturnal hawkmoths. Integrative and Comparative Biology, 43,
571-579. https://doi.org/10.1093/icb/43.4.571

Kelber, A., & Lind, O. (2010). Limits of colour vision in dim light.
Ophthalmic and Physiological Optics, 30, 454-459. https://doi.
org/10.1111/j.1475-1313.2010.00721.x

Kinoshita, M., Shimada, N., & Arikawa, K. (1999). Colour vision of the
foraging swallowtail butterfly Papilio xuthus. Journal of Experimental
Biology, 202, 95-102.

Koshitaka, H., Arikawa, K., & Kinoshita, M. (2011). Intensity contrast as a
crucial cue for butterfly landing. Journal of Comparative Physiology. A,
197,1105-1112. https://doi.org/10.1007/s00359-011-0671-4

Koshitaka, H., Kinoshita, M., Vorobyev, M., & Arikawa, K. (2008).
Tetrachromacy in a butterfly that has eight varieties of spectral re-
ceptors. Proceedings of the Royal Society B: Biological Sciences, 275,
947-954. https://doi.org/10.1098/rspb.2007.1614

Koski, M. H., & Ashman, T.-L. (2014). Dissecting pollinator responses to
a ubiquitous ultraviolet floral pattern in the wild. Functional Ecology,
28, 868-877. https://doi.org/10.1111/1365-2435.12242

Koski, M. H., & Ashman, T.-L. (2015). Floral pigmentation patterns pro-
vide an example of Gloger's rule in plants. Nature Plants, 1, 14007.
https://doi.org/10.1038/nplants.2014.7

Lunau, K., & Maier, E. J. (1995). Innate colour preferences of flower
visitors. Journal of Comparative Physiology A, 177, 1-19. https://doi.
org/10.1007/BF002433%94

Moody-Weis, J. M., & Heywood, J. S. (2001). Pollination limita-
tion to reproductive success in the Missouri evening primrose,
Oenothera macrocarpa (Onagraceae). American Journal of Botany, 88,
1615-1622.


https://doi.org/10.1007/BF00199331
https://doi.org/10.1016/j.pbi.2006.05.002
https://doi.org/10.1016/j.pbi.2006.05.002
https://doi.org/10.1080/07929978.1997.10676682
https://doi.org/10.1080/07929978.1997.10676682
https://doi.org/10.1126/science.1230883
https://doi.org/10.1111/j.1558-5646.2011.01279.x
https://doi.org/10.1111/j.1558-5646.2011.01279.x
https://doi.org/10.1111/evo.12178
https://doi.org/10.1242/jeb.045831
https://doi.org/10.1242/jeb.045831
https://doi.org/10.1371/journal.pone.0034629
https://doi.org/10.1371/journal.pone.0034629
https://doi.org/10.1007/s00114-008-0350-7
https://doi.org/10.1007/s00114-008-0350-7
https://doi.org/10.1086/337395
https://doi.org/10.1086/337557
https://doi.org/10.1086/337557
https://doi.org/10.1007/s10265-005-0241-3
https://doi.org/10.1007/s10265-005-0241-3
https://doi.org/10.1371/journal.pone.0039010
https://doi.org/10.1371/journal.pone.0039010
https://doi.org/10.1371/journal.pone.0085601
https://doi.org/10.1105/tpc.106.048694
https://doi.org/10.1105/tpc.106.048694
https://doi.org/10.1007/s00425-005-1506-8
https://doi.org/10.1046/j.1469-8137.2003.00950.x
https://doi.org/10.1007/bf00696344
https://doi.org/10.1007/bf00696344
https://doi.org/10.1242/jeb.02053
https://doi.org/10.1016/j.sajb.2005.04.002
https://doi.org/10.1303/aez.33.35
https://doi.org/10.1111/j.1442-1984.1995.tb00118.x
https://doi.org/10.1098/rspb.2002.2201
https://doi.org/10.1038/nature01065
https://doi.org/10.1038/nature01065
https://doi.org/10.1093/icb/43.4.571
https://doi.org/10.1111/j.1475-1313.2010.00721.x
https://doi.org/10.1111/j.1475-1313.2010.00721.x
https://doi.org/10.1007/s00359-011-0671-4
https://doi.org/10.1098/rspb.2007.1614
https://doi.org/10.1111/1365-2435.12242
https://doi.org/10.1038/nplants.2014.7
https://doi.org/10.1007/BF00243394
https://doi.org/10.1007/BF00243394

HIROTA ET AL.

ﬂWl LEy_Ecology and Evolution

Open Access,

Nitta, K., Yasumoto, A. A., & Yahara, T. (2010). Variation of flower
opening and closing times in F1 and F2 hybrids of daylily
(Hemerocallis fulva; Hemerocallidaceae) and nightlily (H. citrina).
American Journal of Botany, 97, 261-267. https://doi.org/10.3732/
ajb.0900001

Ohashi, K., Makino, T. T., & Arikawa, K. (2015). Floral colour change
in the eyes of pollinators: Testing possible constraints and cor-
related evolution. Functional Ecology, 29, 1144-1155. https://doi.
org/10.1111/1365-2435.12420

Papiorek, S., Junker, R. R., Alves-Dos-Santos, I., Melo, G. A., Amaral-
Neto, L. P., Sazima, M., ... Lunau, K. (2016). Bees, birds and yellow
flowers: Pollinator-dependent convergent evolution of UV patterns.
Plant Biology, 18, 46-55. https://doi.org/10.1111/plb.12322

R Core Team (2018). R: A language and environment for statistical com-
puting. Vienna, Austria: R Foundation for Statistical Computing.
Retrieved from https://www.R-project.org/

Raguso, R. A, Henzel, C., Buchmann, S. L., & Nabhan, G. P. (2003).
Trumpet flowers of the Sonoran Desert: Floral biology of Peniocereus
cacti and sacred Datura. International Journal of Plant Sciences, 164,
877-892. https://doi.org/10.1086/378539

Rodriguez-Gironés, M. A., & Santamaria, L. (2004). Why are so many bird
flowers red? PLoS Biology, 2, e350. https://doi.org/10.1371/journal.
pbio.0020350

Roth, L. S., & Kelber, A. (2004) Nocturnal colour vision in geckos.
Proceedings of the Royal Society of London B: Biological Sciences, 271,
S485-5487. https://doi.org/10.1098/rsbl.2004.0227

Schmidt, V., Schaefer, H. M., & Winkler, H. (2004). Conspicuousness, not
colour as foraging cue in plant-animal signalling. Oikos, 106, 551-557.
https://doi.org/10.1111/j.0030-1299.2004.12769.x

Schwemer, J., & Paulsen, R. (1973). Three visual pigments in Deilephila
elpenor (Lepidoptera, Sphingidae). Journal of Comparative Physiology,
86,215-229. https://doi.org/10.1007/bf00696341

Somanathan, H., Borges, R. M., Warrant, E. J., & Kelber, A. (2008).
Nocturnal bees learn landmark colours in starlight. Current Biology,
18, R996-R997. https://doi.org/10.1016/j.cub.2008.08.023

Spaethe, J., Tautz, J., & Chittka, L. (2001). Visual constraints in forag-
ing bumblebees: Flower size and color affect search time and flight
behavior. Proceedings of the National Academy of Sciences of the
United States of America, 98, 3898-3903. https://doi.org/10.1073/
pnas.071053098

Stan Development Team (2016). rstanarm: Bayesian applied regression
modeling via Stan. Retrieved from https://mc-stan.org/

Stan Development Team (2018) RStan: The R interface to Stan. Retrieved
from https://mc-stan.org/

Stavenga, D. G., Smits, R. P., & Hoenders, B. J. (1993). Simple ex-
ponential functions describing the absorbance bands of visual
pigment spectra. Vision Research, 33, 1011-1017. https://doi.
org/10.1016/0042-6989(93)90237-q

Takeuchi, Y., Arikawa, K., & Kinoshita, M. (2006). Color discrimina-
tion at the spatial resolution limit in a swallowtail butterfly, Papilio

xuthus. Journal of Experimental Biology, 209, 2873-2879. https://doi.
org/10.1242/jeb.02311

Venables, W. N., & Riplay, B. D. (2002). Modern applied statistics with S,
4th ed. New York, NY: Springer.

von Arx, M., Goyret, J., Davidowitz, G., & Raguso, R. A. (2012). Floral
humidity as a reliable sensory cue for profitability assessment by
nectar-foraging hawkmoths. Proceedings of the National Academy of
Sciences of the United States of America, 109, 9471-9476. https://doi.
org/10.1073/pnas.1121624109

Warrant, E. (2008). Nocturnal vision. In A. I. Basbaum, A. Kaneko, G. M.
Shepherd, & G. Westheimer (Eds.), The senses: A comprehensive refer-
ence (pp. 53-86). San Diego, CA: Academic Press.

White, R. H., Stevenson, R. D., Bennett, R. R., Cutler, D. E., & Haber, W. A.
(1994). Wavelength discrimination and the role of ultraviolet vision in
the feeding behavior of hawkmoths. Biotropica, 26, 427-435. https://
doi.org/10.2307/2389237

White, R. H., Xu, H., Munch, T. A., Bennett, R. R., & Grable, E. A. (2003).
The retina of Manduca sexta: Rhodopsin expression, the mosaic of
green-, blue- and UV-sensitive photoreceptors, and regional special-
ization. Journal of Experimental Biology, 206, 3337-3348. https://doi.
org/10.1242/jeb.00571

Willmer, P. (2011). Pollination and floral ecology. Princeton, NJ: Princeton
University Press.

Worley, A. C., & Harder, L. D. (1996). Size-dependent resource allocation
and costs of reproduction in Pinguicula vulgaris (Lentibulariaceae).
Journal of Ecology, 84, 195-206. https://doi.org/10.2307/2261355

Wyszecki, G., & Stiles, W. S. (1982). Color science: Concepts and methods,
quantitative data and formulae. New York, NY: John Wiley & Sons.

Yasumoto, A. A., & Yahara, T. (2006). Post-pollination reproductive
isolation between diurnally and nocturnally flowering daylilies,
Hemerocallis fulva and Hemerocallis citrina. Journal of Plant Research,
119, 617-623. https://doi.org/10.1007/s10265-006-0028-1

Yasumoto, A. A., & Yahara, T. (2008). Reproductive isolation on inter-
specific backcross of F1 pollen to parental species, Hemerocallis fulva
and H. citrina (Hemerocallidaceae). Journal of Plant Research, 121,
287-291. https://doi.org/10.1007/s10265-008-0152-1

SUPPORTING INFORMATION

Additional supporting information may be found online in the

Supporting Information section at the end of the article.

How to cite this article: Hirota SK, Miki N, Yasumoto AA,
Yahara T. UV bullseye contrast of Hemerocallis flowers
attracts hawkmoths but not swallowtail butterflies. Ecol Evol.
2019;9:52-64. https://doi.org/10.1002/ece3.4604



https://doi.org/10.3732/ajb.0900001
https://doi.org/10.3732/ajb.0900001
https://doi.org/10.1111/1365-2435.12420
https://doi.org/10.1111/1365-2435.12420
https://doi.org/10.1111/plb.12322
https://www.R-project.org/
https://doi.org/10.1086/378539
https://doi.org/10.1371/journal.pbio.0020350
https://doi.org/10.1371/journal.pbio.0020350
https://doi.org/10.1098/rsbl.2004.0227
https://doi.org/10.1111/j.0030-1299.2004.12769.x
https://doi.org/10.1007/bf00696341
https://doi.org/10.1016/j.cub.2008.08.023
https://doi.org/10.1073/pnas.071053098
https://doi.org/10.1073/pnas.071053098
https://mc-stan.org/
https://mc-stan.org/
https://doi.org/10.1016/0042-6989(93)90237-q
https://doi.org/10.1016/0042-6989(93)90237-q
https://doi.org/10.1242/jeb.02311
https://doi.org/10.1242/jeb.02311
https://doi.org/10.1073/pnas.1121624109
https://doi.org/10.1073/pnas.1121624109
https://doi.org/10.2307/2389237
https://doi.org/10.2307/2389237
https://doi.org/10.1242/jeb.00571
https://doi.org/10.1242/jeb.00571
https://doi.org/10.2307/2261355
https://doi.org/10.1007/s10265-006-0028-1
https://doi.org/10.1007/s10265-008-0152-1
https://doi.org/10.1002/ece3.4604

