CONICAL FLOWER CELLS REDUCE SURFACE GLOSS AND IMPROVE COLOUR
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Abstract—Colour signals of flowers facilitate detection, spontaneous preference,
discrimination and flower constancy by important bee pollinators. At short
distances bees orient to floral colour patterns to find a landing platform and collect
nutrition, potentially improving the plants’ reproductive success when multiple
flowers are visited sequentially. In addition to pigments and backscattering
structures within the petals’ internal layers, the epidermal micro-structure of the
petals’ surface may also influence petal reflectance properties and thus influence
overall colour patterns via optical effects. Gloss, i.e., shine caused by specular
reflections of incident light from smooth surfaces, may for example alter the visual
appearance of surfaces including flowers. We classify the epidermal surface
properties of petals from 39 species of flowering plants from 19 families by means
of a cell shape index, and measure the respective surface spectral reflectance from
different angles. The spontaneous behavioural preferences of free flying
bumblebees (Bombus terrestris) for surfaces with different micro-textures was
then tested using specially prepared casts of selected flower petals. We specifically
tested how the petal colour as function of the angle of incident light, surface
structure and bee approach angle influences bumblebees’ spontaneous choices for
artificial flowers. We observe that bumblebees spontaneously prefer artificial
flowers with conical-papillate micro-structures under both multidirectional
illumination and under spotlight conditions if approaching against the direction of
spotlight, suggesting conical cells help promote constant signals by removing gloss
that may confound the integrity of colour signalling.
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flower visitors as the receiver of signal information
(Sprengel 1793; von Frisch 1915; Kevan 1978). As
such, potential colour information must fit four

INTRODUCTION

Floral colour is one of the most important

signals for bumblebees to find and visit flowers
(Kugler 1935; Lunau & Maier 1995; Smithson &
McNair 1996; Lunau et al. 1996; Gumbert 2000;
Muth et al. 2015; Lunau 2016; Reverté et al. 2016;
Wester & Lunau 2017; Ison et al. 2019), and it is
now well appreciated that colour is a perception of
a particular observer that is strongly influenced by
its specific sensory capabilities (Maxwell 1857;
Kiihn 1927; Daumer 1956, Menzel 1979; Dyer 2012;
Kemp et al. 2015; Garcia et al. 2017). In this context,
a colour signal is defined as a trait that has evolved
to allow for an effective visual communication
between plants as the information sender, and
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core conditions to be considered as a signal (i)
effectively transmit information from the signaller
to the receiver, (ii) have evolved specifically for
this particular purpose, (iii) the signaller should
benefit from the production of the signal, and (iv)
the receiver should change its behaviour due to the
perception of the signal (Smith & Harper 2003;
Bradbury & Vehrencamp 2011). In recent years
there has been rapid growth in the appreciation
that surface structure of plant flower petals may
produce a variety of optical effects that may
contribute to the colour perception of bee
pollinators. Proposed optical structures include
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iridescence (Glover & Whitney 1999; Vignolini et
al. 2015), specular reflections (gloss) (Galsterer et al
1999; Vignolini et al. 2012; Whitney et al. 2012; van
der Kooi et al. 2017), and “halos” (Moyroud et al.
2017), although how such optical effects may fit a
formal definition for flower colour signalling has
only been tested in relatively few behavioural
studies (Whitney et al. 2016; Dyer et al. 2007;
Garcia et al. 2019; see van der Kooi et al. 2019 for
review). For example, structural colours such as
iridescence have been proposed to be important
signals that may be present in flowering plant
species, since it has been shown that free flying
bumblebees can learn such information with
appetitive-aversive conditioning in controlled
laboratory conditions (Whitney et al. 2009c),
despite the fact that structural colours might
corrupt colour identity due to changing
appearance from different viewing angles
(Whitney et al. 2016). Indeed, when considering
the wide range of approach angles bees may
encounter flowers in a natural setting it is unlikely
that structural colours could be regarded as signals
rather than cues and thus would not have
specifically evolved for the purpose of plant
pollinator communication (Garcia et al. 2019).

Gloss potentially contains information of the
form of an object, since gloss is produced in the
symmetrical angle to the one of incoming light. For
example, each sphere with a smooth surface
produces gloss that can be used by the beholder to
identify the spherical form. The sparkle in the eyes
is produced by the spherical eyeball and an
essential feature of the eye: the eyespots of
butterfly wings are mimicking potential predators’
eyes including the sparkle (Blut et al. 2012).
Interestingly, some flowers that mimic pollinators
with a glossy surface in order to attract
conspecifics are mimicking the gloss by white and
UV-reflecting spots (Johnson & Midgley 1997; Ellis
& Johnson 2009) or are glossy themselves
(Vignolini et al. 2012). Recently, Lunau et al. (2020)
proposed a signalling function of gloss from
nectar, nectar guides, and nectar-mimicking
structures.

The colour of flowers is affected by light that is
transmitted, absorbed and/or backscattered from
internal structures of the flowers (Stavenga & van
der Kooi 2016; van der Kooi et al. 2016), and by
light that is reflected from the epidermal cells’

surface (van der Kooi et al. 2019). Whereas the
reflection of backscattered light is diffuse and
altered in its wavelength composition due to
absorption by pigments, the reflection of light from
the surface is directional and less altered in its
wavelength composition and thus appears
“white” to a human observer, and presumably
achromatic to bees. The epidermis cell shape is
principally responsible for the amount of incident
light refracted into the flower petal and the amount
reflected directly from the flower petal surface.
Specular reflectance consists of light reflected from
a surface where the angle of incidence of the light
and the angle of reflection are equal (Chadwick &
Kentridge 2015). Given the appropriate viewing
angle, in flower petal epidermises with conical
cells, each cell produces only a very small specular
highlight, whereas in epidermises with flat cells
the highlights can be as large as the epidermis cells.
The potential glossiness of surfaces is mediated by
direct reflection of incident light and may thus lead
to a dynamic or variable visual perception of the
surface, dependent of the viewing angle of an
observer. However, even in human’s perception of
gloss and colour is only partially understood, and
here it appears that colour saturation and thus
colour perception may be influenced by the
glossiness of a surface, although such processing
may be by separate sensory channels (Chadwick &
Kentridge 2015). For example, by using
photography and a polarizing filter to remove
gloss reflected from the surface of food there is a
change in our perception of the colour of fruit
(Landy 2007; Motoyoshi et al. 2007). The perceived
colour of glossy surfaces is thus potentially a
mixture of light changing in its wavelength
composition after absorption by pigments,
backscattering, and light unchanged in its
wavelength composition after reflection from the
surface (van der Kooi et al. 2017, 2019).

Besides visual cues, the surface micro-texture of
flowers also provides tactile cues for bees (Kevan
& Lane 1985). It is known that bees can perceive
surface sculpturing upon contact by means of their
antennae (Kevan & Lane 1985; Erber at al. 1998).
Since petal surface sculpturing might affect the
grip of bees on flowers, it is interesting to know
whether bees can use gloss, a factor that is
associated with surface sculpturing, as an indicator
for grip on a flower (Papiorek et al. 2014).
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MATERIALS AND METHODS

In petals with conical epidermal cells the effect
of colour on bees is potentially intensified by the
focusing of light into the pigment layer (Kay et al.
1981; Gorton & Vogelmann 1996; Glover & Martin
1998; Comba et al. 2000; Baumann et al. 2007;
Whitney et al. 2011 b; Papiorek et al. 2014; Gkikas
et al. 2015). However, how this affects the colour
perception of bees in a biologically significant way
remains unclear. For example, Dyer et al. (2007)
found that bumblebee choices for Antirrhinum
majus flower colour was not significantly affected
in a diffuse light setting considering wild type
flowers with conical petals, or Mixta mutants that
had flat cell shapes. As a result of the conical
epidermis shape, the reflected light from the
mesophyll may also scatter and diffuse light which
can produce a velvet and matte texture of the petal
(Kay et al. 1981; Kay 1988; Glover & Martin 1998).
In contrast, flat surfaces produce a uniform and
directional reflection of incident light, which may
be perceived as gloss dependent of the viewing
angle (Kay et al. 1981; Kay 1988; van der Kooi et al.
2014; van der Kooi et al. 2017). Gloss is largely
independent of the wavelength, but strongly
dependent on the angle of the incident light, and
causes “whitish” reflections likely to be a dynamic
component of flower petals when the flower
visitor changes its position relative to the glossy
surface (Hurlbert 2007; Land 1977; Skorpski &
Chittka 2011).

The salience of colours in flowers displaying
glossy surfaces has not yet studied; one might
expect that bumblebees either ignore the gloss or
respond to the spatial change of the glossy area
with viewing angle, or respond to the change of the
overall colour due to the gloss. The change of the
colour of a glossy flower due to the viewing angle
might represent a dynamic cue attracting the
approaching bees’ attention, a changeable and thus
less reliable cue, or a generally altered colour cue.
Lunau (1990) demonstrated that bumblebees
possess an inherent preference for spectrally pure
colour signals, which implies that a mixture of
glossy “white” light reflections might dilute the
colour and result in a less spectrally pure colour.
Discrimination of flowers displaying glossy
surfaces seems critical, since the surface colour
changes due to the orientation of the flower, the
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position of the sun and the approach flight
direction of the flower visitors (Galsterer et al.
1999).

In the current study we seek to experimentally
test if the level of gloss from the surface of flower
petals is a reliable signal for promoting
spontaneous preferences in free-flying
bumblebees  (Bombus  terrestris)  considering
different illumination directions, and bee
approach angles to a flower. We thus initially
survey a number of flowers with SEM imaging to
identify likely flower structures that produce
various levels of gloss due to the underlying petal
surface structure, and make positive epoxy casts of
representative species to enable psychophysics
type behavioural experiments with free flying
bumblebees. We specifically test the hypothesis
that gloss influences the spontaneous preferences
of bees for flowers.

MICRO-TEXTURES OF FLOWERS

The flowers of 39 available plant species were
selected to obtain a good cross section from the
Botanical Garden of the Heinrich-Heine-
University Diisseldorf from June to August 2015.
The flowers were stored in an airtight box with wet
towel in a refrigerator at 8°C to prevent a
premature aging process and shrinking of the
flower material until measurements were made.

From the flowers’ petal a 5mm x 20mm
rectangular section was cut out using a razor blade
(Wilkinson Sword Classic; Wilkinson Sword
GmbH, Solingen, Germany). From this section up
to 40 micro-slices were cut out, as far as possible
with a thickness about 0.06mm corresponding to 3
rows of epidermal cells. The best 5 microsclices
were put in water between object holder and cover
slip to defer the leak of the cell sap and were
analysed under a microscope (Zeiss Axio
Scope.Al, Carl Zeiss Microimaging GmbH,
Gottingen, Germany). Photos were taken using a
microscope camera (Zeiss AxioCam MRc, Carl
Zeiss Microlmaging GmbH, Gottingen, Germany)
and the software Zen 2 (blue edition 2011, Carl
Zeiss Microscopy GmbH, Jena, Germany). The
photos were used to quantify the epidermal cell
shape using a Shape-index (Papiorek et al. 2014).
The Shape-index is the product of apical, lateral
and basal angular measures of a cell (Fig. 1):



July 2021

conical conical
apicical o, A\ g, ar /Mo
'y ) h
Bmll’l {
Bma; i
h
b
basal -v.

T2 i

convex flat

Figure 1:
for the calculation of the Shape-index.
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Figure 2: Classification of epidermis cells due to their shape in micro-slices. The scale bar indicates 20 um.
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The Shape-index was calculated for the 39
species of flowering plants by averaging the
arithmetic mean from 5 micro-slices each. The cell
shape was classified according to Kay et al. (1981)
into 6 categories, which were conical pointed,
conical-papillate, conical, lenticular-conical,
lenticular and lenticular-smooth (Fig. 2). The
conical pointed category includes the most sharply
pointed cell shape, the conical-papillate cell types
are prevalent marked by a conical shape with
strong constrictions of the lateral cell walls,
whereas cells of the conical categories did not
show these clear constrictions. Cells of the
lenticular types provided the distinctive lenticular
shape, the lenticular-conical cell shape is similar
but with a conical tip on the upper-side (Kay et al.
1981). The characteristic of the lenticular-smooth
epidermal cells is the approximately rectangular

shape without vaulted up- and wunderside

resulting in a flat surface.
SPECTRAL REFLECTANCE AND LOCI IN THE COLOUR HEXAGON

Reflection measurements of the flowers were
used to study the dependence of spectral
reflectance from the micro-texture of the epidermal
cells. A spectrophotometer (USB 4000, Ocean
Optics, Inc. Ostfildern, Germany) was connected
with the light  source (UV-VIS-NIR
LIGHTSOURCE, Ocean Optics, DH - 2000 - BAL)
via a coaxial glass fibre (QR 400-7-UV-VIS, Ocean
Optics, Inc. Dunedin, Fl. USA). Before each
measurement started the spectrophotometer was
calibrated with a black standard (black PTFE
powder, Spectralon®, reflection of 2 %, reflection
standard SRS-02-010, Labsphere, Inc. North
Sutton, USA) and a white standard (white PTFE
powder, Spectralon®, reflection of 99 %, reflection
standard SRS-99-010, Labsphere, Inc. North
Sutton, USA). The recordings were taken from
1.2cm x 1.8cm sized pieces of petal cut-outs with a
scalpel of the same flower from which the Shape-
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index was calculated. These specimens were
measure on an achromatic (including UV) grey
cardboard.

The petal sections were placed on a lab-lift
(Hebebiihne Swissboy 110, Rudolf Grauer AG,
Degersheim, Switzerland) in order to adjust a
constant distance to the detector head which both
emitted light from the source and detected the
light reflected from the sample. To simulate
different angles of incident light the detector head
was placed at angles of 45° and 90° to the plane of
the sample. All measurements were made in a
darkened room.

A modified setup was used to measure the
gloss of the artificial flowers: instead of a detector
head emitting incident and recording reflected
light, the incident light was illuminating the probe
via a separate fibre at an angle of 45° to the plane
of the sample; the detector head was mounted to a
goniometer and measurements of the spectral
reflectance were taken for angles of 45° and 90° to
the incident light. The spectral reflectance curves
are shown in the supplemental Fig. 54.

The spectral reflectance curves were used to
calculated the colour loci in the colour hexagon
(Chittka 1992) using the spectral sensitivity of the
photoreceptors of the bumblebee Bombus terrestris
(Peitsch et al. 1992), standard daylight D65
(Wyszecki & Stiles 1982) and the green plotter foil
as background for adaptation of the
photoreceptors. For more information about the
calculation of the colour loci see Lunau et al. (1996)
and Rhode et al. (2013).

The spectral reflectance properties of the
flowers were classified with the following
parameters: colour hue, colour contrast, spectral
purity, intensity and green contrast.

The colour hue (H) was determined by the
highest spectral reflectance (Rmax) of the spectral
reflectance curve and given as the (A) in the
considered range of wavelength from 300-700nm:

H = A(Rmax)

The colour contrast was determined as the
Euclidean distance between the flower colour
locus, and the colour locus of the centre in the
colour hexagon (Chittka 1992) representing the
background colour locus.
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The spectral purity (SP) according to Lunau et
al. (1996) was determined in the colour hexagon as
the distance between the flower colour locus and
the colour locus of the background colour divided
by the distance between the corresponding
spectral locus and the background colour locus
(Papiorek et al. 2013):

SP = (HD (LC-LB))/(HD (SL-LB))

with (HD (LC-LB)) = distance in hexagon units
between the locus of the flower colour and the
locus of the background, and (HD (SL-LB)) =
distance in hexagon units between the
corresponding spectral locus and the locus of the
background

The green contrast (GC) was determined based
on the assumption that the bees’ photoreceptors
are adapted to the background colour and then
half-maximally excited (Laughlin 1981; Chittka
1992). It is thus the difference in the calculated
excitation of the green receptor for the flower and
the green background.

GC=1Ec-0.5I

The intensity (B) of the flower colours was
calculated as the quotient of the sum of the
calculated excitation of the UV-, blue-, and green
photoreceptors type and the number of
photoreceptors types as defined by Spaethe et al.
(2001).

B = (Y. Euv, Es, Ec)/3
MANUFACTURING OF ARTIFICIAL FLOWERS

Due to its suitable size and micro-textures
artificial flowers were produced from casts of the
upper-side of a petal of the rose 'Agnes Bernauer'
(Rosaceae) and the upper-side of a green leaf of
Magnolia grandiflora (Magnoliaceae) as well as the
upper-side and underside of a petal of Tibouchina
urvilleana (Melastomataceae). These four natural
patterns were complemented with three different
artificial flowers with factitious surface structures.
These artificial flowers were composed of the flat
bottom of a small glass dish (& 38mm), one of it
was directly used as a flat dummy and two more
dummies were produced by strewing glass pellets
with different diameters (150um < & < 300um;
420um < I < 840pm; Worf Glaskugeln GmbH,
Mainz, Germany) into the glass dish. The small
glass dish was the initial position for all dummies,
also the flower petals and glass pellets were fixed
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on it with double-faced adhesive tape (tesafix®
51570, Tesa SE, Norderstedt, Germany). By this
way artificial flowers with a completely smooth, a
slightly rough, and a highly rough surface were
manufactured.

The primed glass dish with the different surface
structures was placed in a larger glass dish and a
low viscous silicone casting compound (viscosity <
950mPas; (TFC4001, Troll factory, Riede,
Germany) was poured over the structure at room
temperature. The crosslinking of this two-
component system takes place at ambient
temperature so that the dummies were not
exposed to fission products of the chemical
reaction or heat exposure thus the micro-texture of
the petals were preserved. After 40min hardening
time the two glass dishes were removed and the
negative in the block of silicone was filled with 5g
of an epoxy mixture of 2 parts resin, 1 part
hardener (Typ 4305 and hardener 313, DD
Composite GmbH, Bad Liebenwerda, Germany)
admixed with 10% ultramarine pigment paste
(RAL 5002, DD Composite GmbH, Bad
Liebenwerda, Germany). The mixture was
carefully homogenized and stirred with a scoop to
avoid air bubbles. The hardening time was 24
hours. From each negative 20 positives were
manufactured. The positives were used as artificial
flowers; a 2mm deep hole (J = 5mm) was drilled
into the middle of the circular artificial flowers to
serve as a sugar water bowl as reward for the
bumblebees.

LIGHT AND SCANNING ELECTRON MICROSCOPY

Photographs were taken to visualize the gloss
from the surface of the artificial flowers for the
human eye with a camera (Panasonic, Lumix,
Panasonic Marketing Europe GmbH, Hamburg,
Germany) under multidirectional light conditions
consisting of 9 fluorescent tubes (BIOLUX T8, L 58
W/965, OSRAM GmbH, Miinchen, Germany) and
in a spotlight-setup (LED 9414, Zweibriider
Optoelectronics, Solingen, Germany) with an
angle of incident light of 45° and different
approach angles of the camera (90°, 85°, 75°, 65°,
55° und 45°).

The similarity between natural petals and the
casts were checked by means of scanning electron
microscopy (Leo 1430 VP, Carl Zeiss NTS GmbH,
Oberkochen, Germany) in the Center for
Advanced Imaging of the Heinrich-Heine-

University Diisseldorf. The natural petal of
Tibouchina urvilleana was fixed for 48 hours in a
Schaffer mixture consisting of 1 part formaldehyde
35% (CH:0, Sigma-Aldrich®, Miinchen, Germany)
and 2 parts ethanol 96% (C.HsOH, Merck®,
Darmstadt, Germany) and then washed 3 times in
ethanol (96 %). The natural sample and the
artificial flowers, which replicate the upper-side of
the petal from Tibouchina urvilleana, Rosa ‘Agnes
Bernauer’, the leaf of Magnolia grandiflora and the
underside of the petal of Tibouchina urvilleana were
sputtered with gold. The scanning in vacuum (p <
10-3Pa = 10-5mbar) lasted 30min to ensure high-
resolution photos (software ZEN, Carl Zeiss AG,
Oberkochen, Germany) with maximal resolution
of Inm.

BUMBLEBEE KEEPING

The bumblebees, Bombus terrestris (BIObest,
Westerlo, Belgium) were kept from June to
November 2015 in a laboratory of the Institute of
Sensory Ecology of the Heinrich-Heine-University
Diisseldorf. Two colonies were used consecutively
to perform the tests. The nest box was connected to
a flight box (height x width x depth.: 81lcm x 62cm
x 60cm) in which the bumblebees were fed with
Biogluc® from a wick connected to a Falcon tube.
Honeybee-collected pollen (Heinrich Holtermann
KG, Brockel, Germany) was given directly into the
nest to ensure the protein supply of the colony. The
room had no windows so that daylight could not
influence the foraging behaviour of the
bumblebees. The room was illuminated by
fluorescent tubes (BIOLUX T8, L 58 W/965,
OSRAM GmbH, Miinchen, Germany) from 9:00
am. to 6:00 p.m., the room temperature varied
between 22.7°C and 23.9°C, the relative air
humidity between 17% and 22%.

EXPERIMENTAL SETUP UNDER MULTIDIRECTIONAL
ILLUMINATION

The behavioural tests under multidirectional
light refer to the natural conditions on a cloudy
day, whereby strong gloss effects are excluded. In
contrast, the spotlight experiments were intended
to simulate direct sunlight with strong shadows
and gloss on smooth surfaces. The experimental
arena (height x width x depth = 175cm x 146cm x
100cm) for the setup under multidirectional
illumination was confined by a mosquito net and
had a table (height x width x depth = 125cm x 70cm
x 40cm) for the presentation of the artificial flowers
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Figure 3: Experimental setups: a) Diffuse illumination and vertical presentation of artificial flowers. Foreground with bar
indicating the starting point for individual bumblebees. b) Inset shows a landed bumble bee drinking sugar water. c) Spotlight

illumination and vertical presentation of artificial flowers. Note the torch at left.

(Fig. 3). The artificial flowers were presented
against a green board covered with a matte PVC
foil (Plotterfoil Oracal 631, Exhibition Cal, 064
gelbgriin, RAL 6018, ORAFOL® Europe GmbH,
Oranienburg, Germany). The green board (60cm x
60cm) had 4 circular cut-outs (J = 38mm) to insert
the artificial flowers. The multidirectional
illumination was provided by 9 fluorescent tubes
(BIOLUX T8, L 58 W/965, OSRAM GmbH,
Miinchen, Germany). The intensity of the
illumination amounted to about 2000lux measured
with a luxmeter (BEHA 93408, BEHA Amprobe,
Glottertal, Germany) near the artificial flowers.

To simulate horizontal and  vertical
presentation of natural flowers, the green board
was presented on the table either in horizontal or
in an almost vertical position at an angle of 85°
from the horizontal table surface to the rear wall.
This inclination ensured that the bumblebees
could sit on the artificial flowers while drinking
sugar water. A video-camera (Panasonic HC-V707,
Panasonic, Hamburg, Germany) mounted to a
tripod was used to record the bumblebees’
behaviour. The foragers, marked with an Opalith-
plate, were captured individually on their way
from the nest to the foraging cage and carried into
the experimental arena with a Drosophila tube. A
stand at a distance of 42cm from the experimental

setup marked the starting point to ensure uniform
conditions.

EXPERIMENTAL SETUP WITH SPOTLIGHT ILLUMINATION

The experimental arena for the setup under
spotlight illumination was in a flight room with a
table (height x width x depth = 100cm x 126m x
80cm) for the presentation of the artificial flowers
(Fig. 3). The relocation of the test arena was
necessary to avoid disturbance of the bumblebees
in the flight box by changing light conditions. The
green board was presented on the table either in
horizontal or in an almost vertical position. The
spotlight was provided by a LED torch (LED 9414,
Zweibriider Optoelectronics, Solingen, Germany)
mounted on a laboratory stand placed on the table
at an angle of 45° to the board and directed to the
middle of the board so that the four presented
artificial flowers were completely illuminated. A
video-camera (Panasonic HC-V707, Panasonic,
Hamburg, Germany) mounted to a tripod to
record the bumblebees’ behaviour was placed
opposite to the torch. The bumblebees were
released at a distance of 42cm either from the torch
for an approach in the direction of the incident
light source or from the video-camera for an
approach against the direction of the incident light.
The intensity of the illumination near the artificial
flowers was measured with the luxmeter and
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showed differences in illuminance between 700
and 2000lux.

EXPERIMENTAL PROCEDURE

All experiments were done with flower-naive
bumblebees marked with numbered tags for
(Opalith-Pléttchen,
Holtermann, Brockel, Germany). We used
motivated free flying bees that spontaneously
elected to travel from the nesting box to the arena
in order to reduce pre-training (see below), and
each bee was tested during one foraging bout in
the arena before it was allowed to go to the nest.

individual identification

Video-recording was started when the
bumblebee was released in the flight arena. A
landing was counted if the bumblebees touched
the artificial flower with all six legs. It was checked
that bumblebees never interrupted their landing
following contact of the artificial flowers with their
antennae. Bumblebees that did not decide to land
on artificial flowers for 4 min were excluded.
Individual bumblebees were used in only one
experiment. In the experiments with spotlight
conditions, individual bumblebees were used for
tests in and against the direction of the spotlight.

In all experiments 4 artificial flowers were
presented simultaneously (Table 1). In quadruple
choice tests four different artificial flowers were
presented either horizontally or vertically, which
were a biomimetic replica of a natural rose petal
and three artificial micro-structures, fine, rough,
and smooth (Table 1, Fig. 4). In dual choice tests
two different artificial flowers were presented
twice and vertically; these were either biomimetic
replica of the upper-side of a petal of Tibouchina
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urvilleana and of the upper-side of a green leaf of
Magnolia grandiflora or of the underside of a petal
of Tibouchina urvilleana and of the upper-side of a
green leaf of Magnolia grandiflora (Table 1, Fig. 4).

Before the tests the bumblebees were pre-
trained 1-3 times on the vertical setup, but with 4
achromatic grey artificial flowers made of
cardboard and rewarded with a 50% sugar
solution presented in Eppendorf caps. As soon as
a bumblebee had visited all 4 grey artificial flowers
during a single training trial, it was marked and
released into the nest to empty the honey stomach.
On its way from the nest to the flight room it was
captured for testing. The number of bumblebees
tested varied among experiments due to the size of
the nest and available workers.

In all experiments only the first choice was
evaluated to determine spontaneous choice
behaviour. In  the  experiments  with
multidirectional illumination each individual
bumblebee was tested 4 times in order to test
positional preferences and learning effects (Table
1; Supplement Fig. S2). After each landing on an
artificial flower the bumblebee was allowed to
imbibe the sugar water before it was captured.
Then the artificial flower was cleaned and refilled
with 7ul of 50% sugar solution. The entire setup
was turned for 90° before the bumblebee was
released again to reveal possible position
preferences. By this way it was ensured that all
artificial flowers were presented once in each
position. After the fourth test the bumblebee was
released into the nest and excluded from further
experiments.

TABLE1: Test series with

Test Nr. lNlumination Presentation Artificial Bees tested different combinations of
flowers (n) artificial flowers (sm =

1 mult horizontal sm, fi, ro, rp 16 srPOOth; fi = fine, produced
. . with small glass pellets; ro =

2 mult vertical sm, fi, ro, rp 16 rough, produced with large
3 mult vertical td, gl, td, gl 20 glass pellets, rp = rose petal;
4 mult vertical td, tb, td, tb 20 td = Tibouchina petal adaxial;
i horizontal i tb = Tibouchina adaxial, gl =

5 spoti orizonta sm, fi, ro, rp 10 Magnolia green leaf) and
6 spota horizontal sm, fi, ro, rp 10 illumination (mult =
7 spoti vertical td, gl, td,gl 20 multidirectional;  spoti =
8 spota vertical td, gl, td,g| >0 spotlight in the dlrectlm? of
) ) approach; spota = spotlight

9 spoti vertical td, tb, td, tb 20 against the direction of
10 spota vertical td, tb, td, tb 20 approach); number of

bumblebee workers tested.
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Figure 4: Scanning electron micrographs of a-d) the biomimetic surfaces of the artificial flowers and of e,f) the adaxial and
abaxial side of the original petal of Tibouchina urvilleana ; a) adaxial epidermal micro-structure of Tibouchina urvilleana cast: the
conical cells show no cuticula folds; b) adaxial epidermal micro-structure of the Rose, Agnes Bernauer petal cast: the conical-
papillate cells show strong cuticula folds; c) abaxial epidermal micro-structure of T. urvilleana cast: the lens-shaped cells show
no cuticula folds; d) adaxial epidermal micro-structure of a green leaf cast of Magnolia grandiflora; e) adaxial epidermal micro-
structure of the natural petal of T. urvilleana; f) abaxial epidermal micro-structure of the natural petal of T. urvilleana. The scale
bars are located in every picture in the right lower corner.

approaching the artificial flowers in direction of
the incident light and 4 times approaching the
artificial flowers against the direction of the

In the experiments with spotlight illumination
each individual bumblebee was tested 8 times
(Table 1). Each bumblebee was tested 4 times
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0.371; t = -2.433; df = 37; P =
0.020); d) intensity (R = 0.322;
t= 2.068; df = 37; P = 0.046);
Pearson's correlation.

incident light. In each of the 8 tests, the bumblebee
was only allowed to land on one artificial flower.
The setup was turned for 90° between the tests
(Table 1).

EVALUATION OF THE DATA

The data evaluation was done with the statistic
software R-Studio (Version 0.98.1103 — © 2009-2014
RStudio, Inc.,, www.rstudio.com). The correlation
between Shape-index and the various colour
parameters was analysed with a Pearson test.

The photos of the artificial flowers taken under
spotlight illumination were used for the estimation
of gloss effects with Adobe Photoshop CS2 (Adobe
Systems Software Ireland Limited, Dublin,
Ireland). The areas of the artificial flowers were
converted into the number of pixels. Using the tool
‘Lichter’ and with a tolerance of 30 out of
maximally 255 units the number of white pixels
was counted.

The evaluation of the behavioural data was
analysed with a two-tailed Chi-Square test with
four categorical variables in quadruple choice tests
and two categorical variables in quadruple choice

tests. In the quadruple choice experiments a two-
tailed Chi-Square test was applied as a post-hoc
test.

RESULTS
EPIDERMAL MICRO-STRUCTURES

The 39 examined plant species exhibited petals
with different epidermal cell shapes from
lenticular-smooth over lenticular to conical with
intermediated structures (Table 2). The cell shape
of 23 investigated epidermal surfaces could be
classified as lenticular and 16 as conical in different
manifestations. The smaller the shape index value
the more conical is the structure of the epidermal
cells. Calystegia sepium for instance was the flower
with the smallest value of shape-index of 0.17,
consequently it was classified as conical-pointed.
By contrast, the flattest cell shape was observed at
Magnolia soulangeana with a shape-index of 0.94,
which led to the classification as lenticular-smooth.

Scanning electron microscopy revealed clear
differences of the micro-texture of the adaxial petal
epidermis cast of Tibouchina urvilleana, the adaxial
petal epidermis cast of the rose hybrid 'Agnes
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spectral purity and intensity according to the measuring angles of 45° and 90°.
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Bernauer', abaxial petal epidermis cast of
Tibouchina wurvilleana and adaxial green leaf
epidermis cast of Magnolia grandiflora. The
difference between the casts and the natural
surfaces of adaxial petal epidermis of Tibouchina
urvilleana and adaxial epidermis of Magnolia
grandiflora are small indicating a good quality of
the casts (Fig. 4).

ANGLE-DEPENDENT SPECTRAL REFECTION DEPENDENT OF
EPIDERMAL MICRO-STRUCTURES

To test how different angles of incident light
affect the reflection properties of epidermal micro-
structures, the dependence of selected flower
parameters, spectral purity, green contrast, colour
contrast, and intensity derived from the spectral
analysis of the flower petals were each plotted
against shape index.

The difference of the spectral purity of a similar
petal area measured at an angle of 45° and at an
angle of 90° is significantly correlated with the
shape-index (Pearson's correlation; Fig. 5a). With
an increasing shape-index value, the difference of
spectral purity measured at the respective angles
of 45° or 90° is significantly decreasing. The
difference in the green contrast measured at the
respective angles of 45° or 90° is not significantly
correlated with the shape-index (Fig. 5b). Contrary
to the green contrast result, the difference in colour
contrast measured at either angle is significantly
negatively correlated with the shape-index (Fig.
5c). The difference in intensity measured at angles
of 45° or 90° is significantly positive correlated
with the shape-index (Fig. 5d).

The percentage of white pixels, assumed to be
caused by gloss, varies between 0.01% and 51.48%
in the photos taken of the artificial flowers under
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different light conditions and angle (Supplement
Table S1; Supplement Fig. S1). The casts of the
conical epidermis cells of petals of the rose hybrid
and of Tibouchina wurveillana have lower
percentages of white pixels under all illumination
conditions compared to the man-made surfaces
and the casts of the flat epidermis cells of petals of
Tibouchina urveillana and the green leaf of Magnolia
grandiflora (Table 3). Moreover, the percentage of
white pixels in the six photos taken under different
light conditions and camera angles is below 0.1%
in the conical upper-side of the petal epidermis of
Tibouchina urveillana and below 1.0% in the rose
petal and varies at minimum around 10% in all
other artificial flowers (Table 3).

SPONTANEOUS PREFERENCE OF BOMBUS TERRESTRIS UNDER
MULTIDIRECTIONAL LIGHT CONDITION

In the quadruple choice experiments four
different artificial flowers, a biomimetic replica of
a natural rose petal (conical) and three artificial
micro-structures, rough, fine, and smooth (Table 1)
were presented simultaneously. When presented
vertically under multidirectional light conditions,
the bumblebees show a significant spontaneous
preference for the artificial flowers displaying the
micro-texture of the rose petal and the rough and
fine micro-textures over those displaying the
smooth micro-texture (Fig. 6).

In a dual choice experiment the bumblebees
significantly preferred artificial flowers displaying
the conical micro-texture of the upper-side of a
Tibouchina urvilleana petal over those displaying
the smooth micro-texture of a Magnolia grandiflora
green leaf under multidirectional light conditions
(Fig. 7, but in another experiment did not prefer
artificial flowers displaying the conical micro-
texture of the upper-side of a Tibouchina urvilleana

Table3: Percentage of white pixels in digital photos of the artificial flowers taken under different light conditions and angle.

Light condition Rose Glassrough, Glass fine, ~ Smooth Tibouchina Tibouchina Magnolia

Camera angle petal large pellets  small surface petal, conical  petal, green leaf,
pellets smooth smooth

Multidirectional 45° 0.11% 9.50% 4.75% 0.16% 0.02% 0.05% 0.37%

Multidirectional 90° 0.17% 9.74% 6.65% 0.03% 0.03% 0.17% 0.21%

In spotlight 45° 0.01% 5.00% 3.17% 0.08% 0.08% 0.09% 0.11%

In spotlight 90° 0.15% 7.22% 4.59% 0.01% 0.01% 0.68% 0.09%

Against spotlight 45° 0.90% 7.73% 11.38% 26.65% 0.10% 14.49% 51.48%

Against spotlight 90° 0.02% 5.37% 4.63% 0.03% 0.01% 0.74% 0.06%




120 Wilmsen et al.

petal over those displaying the lens-shaped micro-
texture of the underside of a Tibouchina urvilleana
petal (Fig. 7).

SPONTANEOUS PREFERENCES OF BOMBUS TERRESTRIS UNDER
SPOTLIGHT CONDITIONS

The impact of the angle of a directional light
source on the attractiveness of micro-structures for
bumblebees were studied in experiments with
horizontally presented artificial flowers, in which
the bumblebees approached the artificial flowers
either from the direction of the spot light, or
against it.

With spotlight illumination the bumblebees did
not show any spontaneous preference when the
artificial flowers, i.e., a biomimetic replica of a
natural rose petal and three artificial micro-
structures, fine, rough, and smooth (Table 1), were
displayed horizontally and the bumblebees were
approaching from the direction of the spotlight.
However, when they were approaching against
the direction of the spotlight the bumblebees
significantly —preferred the

artificial flower

J Poll Ecol 28(9)

displaying the micro-texture of the rose petal and
that displaying the rough micro-texture over those
displaying the fine and smooth micro-textures
(Fig. 8). This difference
dependence of lighting conditions shows
significant changes in bumblebee choices were
visual mediated.

in behaviour in

In a dual choice experiment the bumblebees
significantly preferred artificial flowers displaying
the conical micro-texture of the upper-side of a
Tibouchina urvilleana petal over those displaying
the smooth micro-texture of a Magnolia grandiflora
green leaf only if approaching against the direction
of incident spot light, but not if approaching in the
direction of incident spot light (Fig. 9). Similarly,
the bumblebees significantly preferred artificial
flowers displaying the conical micro-texture of the
upper-side of a Tibouchina urvilleana petal over
those displaying the smoother micro-texture of the
underside of a Tibouchina urvilleana petal only if
approaching against the direction of incident spot
light (Fig. 9). This result indicates an effect on the
visual behaviour of the bumblebees.

Multidirectional light conditions

Horizontal presentation
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First choices of 16 Bombus terrestris workers at a) horizontally and b) vertically presented artificial flowers under

multidirectional light conditions. Abbreviations for artificial flowers are as follows: conical = replica of rose petal; rough = micro-
texture produced by large glass pellets; fine = micro-texture produced by small glass pellets; smooth = smooth surface. Statistics:
P-values refer to a Chi-Square test with four categorical variables. Different letters above indicate significant differences with P

< 0.05 between categories.
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Multidirectional light conditions
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Figure 7:  First choices of 20 Bombus terrestris workers at vertically presented artificial flowers under multidirectional light
conditions. a) Dual choice between biomimetical replicas of the upper-side of a Tibouchina petal and a Magnolia green leaf, and
b) between biomimetical replicas of the adaxial and abaxial side of a Tibouchina petal. Abbreviations: Tconcical = conical micro-
texture of upper-side of Tibouchina urvilleana petal; Tsmooth = smooth micro-texture of underside side of Tibouchina urvilleana
petal; Msmooth = smooth micro-texture of upper-side of Magnolia grandiflora green leaf. Statistics: P-values refer to a Chi-
Square test with two categorical variables.

Spotlight conditions
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Figure 8: Landing frequency of 10 Bombus terrestris workers at horizontally presented artificial flowers under spot light
conditions when approaching a) in, and b) against the direction of incident light. Abbreviations for artificial flowers are as
follows: conical = replica of rose petal; rough = micro-texture produced by large glass pellets; fine = micro-texture produced by
small glass pellets; smooth = smooth surface. Statistics: P-values refer to a Chi-Square test with four categorical variables.
Different letters above indicate significant differences with P < 0.05 between categories due to the Wilcoxon-Test without error
correction.
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Spotlight conditions
in direction of bee
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Position preferences of the bumblebees were
not found in any of the experiments (Supplement
Fig. 52). Experienced bumblebees performing the
2nd 3rd and 4t rewarded choices more or less
maintain their initial preference or exhibit a less
pronounced preference for structured micro-
textures (Supplement Fig. S3 and Table S2)

DISCUSSION

Flowering plants typically have petal cells with
a variety of shapes ranging from flat-shaped
through rounded to conical-shaped that are
thought to offer an advantage for promoting
efficient visitations via insect pollinators (Kay et al.
1981; Gorton & Vogelmann 1996; Glover & Martin
1998; Comba et al. 2000; Whitney et al. 2011a;
Gkikas et al. 2015). Interestingly, flat cells on
flower petals are less frequently observed in
nature, representing only about 10% of tested
flowering plant species (Kraaij & van der Kooi
2019), strongly suggesting a selective advantage
for having more conical shaped cells. Classic

Surface of artificial flower

explanations for the evolution of conical cells have
included improving grip for insects handling
flowers (Whitney et al. 2009a, 2009b; Alcorn et al.
2012), modulating temperature through optical
effects (Comba et al. 2000; Whitney et al. 2011a;
Vignolini et al. 2015), modulating wettability
(Whitney et al. 2011c), hydrophobicity (Garcia et
al. 2020), increasing of the surface for scent
emission (Whitney et al. 2011 a; Moyroud & Glover
2016), enabling self-cleaning (Whitney et al. 2011a;
Moyroud & Glover 2016) and/or visual signalling
that may enhance a capacity for discrimination or
detection (Whitney et al. 2016). Visual signalling
seems a very plausible driver of an evolutionary
process as it is well established that flowering
plants have frequently evolved pigment-based
colour signals that are optimally suited to either
bee (Chittka and Menzel 1992; Dyer et al. 2012),
bird (Shrestha et al. 2013) or fly vision (Shrestha et
al. 2016, 2019). Despite the various hypotheses for
the evolutionary explanation of conical petal
epidermal cells, the explanation of direct visual
signalling communication via iridescence, gloss, or
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other structural colour effects does not fit with
behavioural evidence that structural colours are
unreliable in complex natural conditions, where
the position of the sun as the principle light
changes, and indeed insects must approach
flowers from a seemingly infinite number of
approach angles and/or inclination viewpoints
which would render changing structural colours
an unreliable cue compared to pigment based
colours (Lunau 2016; Garcia et al. 2019; Kraaij &
van der Kooi 2019).

In the current study we sourced a number of
flowering plant species which had a variety of
conical cell shapes and used an established cell
shape index (Papiorek et al. 2014) to test for
correlations between index values and key visual
descriptors for bees including spectral purity, G-
contrast, colour contrast or intensity (Lunau 1990;
Rhode et al. 2013). The smaller the shape index
value the more conical is the structure of the
epidermal cells; for example, Calystegia sepium
flower petal cells had the smallest shape-index
value of 0.17 and conical-pointed cell shapes,
whilst Magnolia soulangeana had flat cells and a
shape-index of 0.94. For spectral purity and colour
contrast there were significant negative
correlations with shape index, suggesting that
more pronounced cell shape served to improve the
integrity of colour signals. There was no significant
correlation between G-contrast and index values
suggesting cell shape plays no role on flower
detection, consistent with previous behavioural
research (Dyer et al. 2007). There was, however, a
significant positive correlation between intensity
and index; suggesting that flat cells reflect more
light back towards an observer. To test the
biological significance of these optical effects, we
next conducted careful behavioural studies with
flower naive, free-flying bumblebees. To enable
this research, we used casts of key petal surfaces
and additionally constructed artificial stimuli.

If stimulus intensity was important, we would
expect that bumblebees would spontaneously
prefer to choose smoother surfaces, whilst if
maintaining pigment-based colour signal integrity
i.e. the constancy of colour irrespective of viewing
angle (represented by spectral purity and/or colour
contrast) was preferred by naive bumblebees we
would expect more visitations to conical or rough
surfaces. If bee choices were random this would fit

a null hypothesis position that petal cell shape
does not serve a visual signalling role for bee
pollinators. In multidirectional lighting conditions
as might represent diffuse cloudy foraging
conditions there was a significant spontaneous
preference for bees landing on stimuli with conical
or rough surfaces of vertically presented artificial
flowers, showing that signal integrity is the
explanation in these conditions that best explains
the reason why flowering plants have conical cells.

In spotlight conditions that simulated direct
sunlight there was no significant preference when
bees travelled towards stimuli and the primary
illumination source was behind the travel path of
the bee; however, when bees had to travel in a
direction towards the illumination source, we
observed there was again a significant
spontaneous preference for landing on stimuli
with conical or rough surfaces. This shows that
signal integrity promoted by conical cells is the
primary reason flower petals frequently have
conical shaped cells. It has been well established
that flower colour pigments represent an efficient
way for plants to colour flowers to best promote
visits from important pollinators (van der Kooi et
al. 2019), and maintaining the signal integrity of
this signalling system appears to be of high value
in how flowers evolve surface structures (Rhode et
al. 2013). It would be valuable to test whether
pollinators avoid approaching glossy flowers
against the direction of incident sunlight in order
to avoid uncertainty about the perceived flower
colours.
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APPENDICES

Additional supporting information may be found in the
online version of this article:

Appendix 1. Fig. St: Artificial flowers
Appendix 2.  Fig. S2: Positional preferences

Appendix 3.  Fig. S3: 1st, 2nd 3rd, and 4th choices of
bumblebee workers

Appendix 4.  Fig. S4: Spectral reflectance of petals
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Appendix 5. Table S1: Percentage of white pixels in
digital photos

Appendix 6. Table S2: Comparison between summarised
responses of bumblebees and first responses of individual
bumblebees
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