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Supplementary Materials and Methods

Preliminary experiment 1 was performed on 6 May 2009 from 10:00 to 16:00 h (local summer time = UTC+2h) at Törökmező (Hungary), in a field, where many hawthorn (Crataegus monogyna, Rosaceae) bushes bloomed, and numerous Cetonia aurata scarabs (females and males) swarmed at and around the bushes. The weather was sunny, warm and calm. Two vertical neutral density circularly polarizing plastic sheets (P-ZN/L-43186, P-ZN/R-12628, Schneider, Bad-Kreuznach, Germany) with dimensions 1270(480(0.8 mm were placed 1 m apart horizontally from each other, and at a distance of 1 m from a given hawthorn bush (Supplementary Fig. S9) where Cetonia scarabs flew in abundance. One of the plastic sheets was an RC polarizer, while the other an LC polarizer. Apart from the handedness (left, right), both filters had the same optical characteristics. The Cetonia scarabs flying around the selected hawthorn bush could see the green leaves and the white flowers through the large polarizers (Fig. S9). During the experiment we observed (from a distance of 10 m) the behavior of the flying Cetonia scarabs and their reaction to the circular polarizers. The experiment was done 10 times at 10 different blossoming hawthorn bushes where Cetonia swarmed. Each observation lasted 30 minutes.

Preliminary experiment 2 was done on 7 May 2009 between 12:00 and 14:00 h (UTC+2h) at the same site where the preliminary experiment 1. The weather was sunny, warm and calm. In a given experimental session we collected 10 Cetonia aurata scarabs (5 females and 5 males) from the blossoming hawthorn bushes, and released them one by one from a large hawthorn branch with flowers placed on the grassy ground, 2 m apart from the two circular polarizers. We observed the reaction of the released and flying Cetonia scarabs to the circular polarizers. The experimental session was repeated 10 times at 10 different blossoming hawthorn bushes where Cetonia swarmed. Thus, in this experiments as total 100 Cetonia aurata individuals were involved.

Supplementary Results

In the preliminary experiments 1 and 2 (Fig. S9) the Cetonia aurata scarabs flying in abundance around the blossoming hawthorn bushes with the two test surfaces displayed no reaction to the LCP and RCP stimuli: Cetonia scarabs did not fly toward, or land on the large circular polarizers. In the preliminary experiment 2 the released Cetonia scarabs simply flew away from the hawthorn branch without any approach toward the circular polarizers. Some of the released beetles landed on the hawthorn bush at which the test surfaces were placed.

Supplementary Discussion
In the abiotic optical environment, the three most important sources of circular polarization are the light originating from certain stars and nebulae (Coulson, 1974), the light reflected from some optically active stones and ground/soil surfaces (Wolstencroft, 1974), and the underwater light total-reflected from the air-water interface outside the Snell window (Waterman, 1954; Ivanoff and Waterman, 1958; Können, 1985, p. 149). The light from the turbid sky has also a weak CP component due to the scattering of sunlight on special anisotrope aerosol particles (Hannemann and Raschke, 1974; Hitzfelder et al., 1976).

Cetonia and Anomala scarabs can be serious pests in the plantages of strawberry and other Rosaceae fruits (e.g. Anomala larvae feed on the roots, and the adults consume the leaves, flowers or ripening fruits). For this reason various traps have been designed to capture them with the use of different chemical attractants (Hill, 1987, 2002, 2009; Tóth et al., 2004a,b, 2005). If these scarabs were sensitive to circular polarization, a new kind of trap could be developed, which could attract them by CP light.

The reflection spectra in Fig. 3 indicate that the elytra in Anomala and Cetonia may have a helicoidal multilayer structure with a single pitch, while in Potosia with two different pitches. It is well known that scarabids possess a helicoidal architecture of their exocuticular multilayer structure (Caveney, 1971) in such a way that the optical pitch of the helicoidal structure yields constructive interference of reflected light in certain visible wavelength regions (Brink et al., 2007; Jewell et al., 2007; Biró and Vigneron, 2011).
Since the investigated scarabs reflect LCP green (and red) light, and their natural vegetable habitat reflects practically circularly unpolarized green (leaves) or white (flowers) light, in experiment 2 a positive response to the LCP stimulus could have been expected only in the case when the pictures of Cetonia aurata (Fig. S3G) were used in the choice-box. Although we do not know exactly how these image stimuli (Figs. S3G, S3H, S3I) were interpreted by the test beetles, we assume that they functioned as different visual motivations: (i) Figure S3G aimed to evoke attraction to a mate/conspecific, (ii) the aim of Fig. S3H was to elicit attraction to flowers and leaves of a host plant (feeding), and (iii) Fig. S3I aimed to evoke attraction to a flowering bush, where both mate and food could be found. Pictures of host plants (Figs. S3H, S3I) seen through circular polarization filters could result in a cue conflict in the test beetle, because under natural conditions the host plants do not reflect CP light. However, such a cue conflict was not present when Fig. S3G was used in experiment 2, furthermore it was excluded in experiments 3 and 4, where dead scarabs were used as stimuli.

Vision and optical orientation in scarab beetles has been the subject of numerous studies (e.g., Schneider, 1952; Meyer-Rochow and Horridge, 1975; Frantsevich et al., 1977; Horridge et al., 1979; Briscoe and Chittka, 2001; Seago et al., 2009), but sensitivity to linearly polarized light was, when present at all, poorly developed. If Cetonia aurata, Potosia cuprea, Anomala vitis and A. dubia were now sensitive to circular polarization, the question would arise: Which spectral type of photoreceptors does mediate this sensory capability? The answer could be based on the fact that their metallic shiny exocuticle reflects LCP light exclusively in the green and/or red part of the spectrum (Fig. 3). It is expected that a visual system that evolves to perceive the cuticle-reflected CP light is sensitive to that part of the spectrum in which the intensity of CP light is maximal. In the case of the four scarab species studied by us this is the green or the red spectral range. Thus, due to the green circular polarization peak of the exocuticle in Anomala vitis, A. dubia and Cetonia aurata and the green and red circular polarization peaks in Potosia cuprea (Fig. 3) it is highly probable that these scarabs would perceive circular polarization in the visible part of the spectrum, rather than in the UV.


In principle, a presumed circular polarization vision in these beetles could function in the UV spectral range. The circular polarization filters used in our experiments transmitted light mainly in the visible part of the spectrum. Therefore, our finding that the studied scarabs did not respond to the CP stimuli could also be explained by asserting that they indeed perceive circular polarization in the UV, while this component was not available in our choice experiments 1, 2, 5 and 6. This possibility is, however, excluded by the fact that the metallic shiny exocuticle of these scarabs reflects CP light only in the green and red spectral ranges, rather than in the UV. Furthermore, in experiments 3 and 4 the UV component was also present, because UV-absorbing circular polarization filters were not used, and the light sources contained UV as well: (i) in experiment 3 the dead scarabs in the choice-box (Figs. 1, S4) were illuminated also by violet-blue LEDs containing some UV component, and (ii) in experiment 4 the dead scarabs on the funel traps (Fig. S6) were illuminated by natural sunlight and skylight, containing also UV.
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Supplementary Tables
Supplementary Table S1: Number of Cetonia aurata choosing either the LCP or the RCP light stimulus in the six sectors of the choice-box used in experiment 2 performed in the field with three different stimuli under sunny or totally overcast sky conditions. Sun: choices of beetles were on the solar half of the choice-box. Anti-Sun: choices of beetles were on the antisolar half of the choice-box. Overcast: the sky was totally overcast, thus the choice-box was illuminated isotropically by cloudlight. According to the statistical analyses, the differences are not significant:

Stimulus 1:
SSeffect = 5.33, df = 1, MSeffect = 5.33, F = 0.48, p = 0.50,

SSerror = 111.3, df = 10, MSerror = 11.1,

χ2 = 0.33, df = 1, p = 0.57 → not significant

Stimulus 2:
SSeffect = 4.08, df = 1, MSeffect = 4.08, F = 0.36, p = 0.56, 

SSerror = 112.2, df = 10, MSerror = 11.2,

χ2 = 0.34, df = 1, p = 0.56 → not significant

Stimulus 3:
SSeffect = 0.75, df = 1, MSeffect = 0.75, F = 0.09, p = 0.77,

SSerror = 84.2, df = 10, MSerror = 8.4,

χ2 = 0.07, df = 1, p = 0.79 → not significant

	Sectors
	LCP light stimulus
	RCP light stimulus

	Stimulus 1: picture of Cetonia aurata on a hawthorn (Crataegus monogyna) flower (Fig. S3G)

	Sector 1
	14
	17

	Sector 2
	20
	21

	Sector 3
	17
	14

	Sector 4
	18
	13

	Sector 5
	15
	20

	Sector 6
	10
	17

	Sum (Nbeetle=196=

100 female +

96 male)
	94

(Sun=34, Anti-Sun=27, Overcast=33)

(crawling= 59, flying= 35)
	102

(Sun=33, Anti-Sun=29, Overcast=40)

(crawling= 62, flying= 40)

	Stimulus 2: picture of hawthorn (Crataegus monogyna) leaves and flowers (Fig. S3H)

	Sector 1
	9
	13

	Sector 2
	15
	9

	Sector 3
	12
	15

	Sector 4
	8
	13

	Sector 5
	9
	17

	Sector 6
	14
	7

	Sum (Nbeetle=141=

73 female +

68 male)
	67

(Sun=34, Anti-Sun=33)

(crawling= 39, flying= 28)
	74

(Sun=39, Anti-Sun=35)

(crawling= 48, flying= 26)

	Stimulus 3: picture of a blooming hawthorn (Crataegus monogyna) bush (Fig. S3I)

	Sector 1
	12
	9

	Sector 2
	9
	15

	Sector 3
	15
	13

	Sector 4
	10
	10

	Sector 5
	13
	11

	Sector 6
	8
	6

	Sum (Nbeetle=131=

69 female +

62 male)
	67

(Sun=23, Anti-Sun=17, Overcast=27)

(crawling= 37, flying= 30)
	64

(Sun=26, Anti-Sun=19, Overcast=19)

(crawling= 40, flying= 24)

	Total
	228

(Sun=91, Anti-Sun=77, Overcast=60)

(crawling=135, flying=93)
	240

(Sun=98, Anti-Sun=83, Overcast=59)

(crawling=150, flying=90)


Supplementary Table S2: Number of Potosia cuprea, Anomala dubia and A. vitis choosing either the LCP or the RCP light stimulus in the six sectors of the choice-box used in experiment 2 using stimulus 3 (picture of a blooming hawthorn bush, Fig. S3I) in the 12 windows of the choice-box. According to the statistical analyses, the differences are not significant:

Potosia cuprea:
SSeffect = 0, dfeffect = 1, MSeffect = 0, F = 0, p = 1,

SSerror = 28.6, dferror = 10, MSerror = 2.9,

χ2 = 0, df = 1, p = 1 → not significant

Anomala vitis:

SSeffect = 0.3, dfeffect = 1, MSeffect = 0.3, F = 0.08, p = 0.78, 

SSerror = 42.3, dferror = 10, MSerror = 4.2,

χ2 = 0.04, df = 1, p = 0.84 → not significant

Anomala dubia:
SSeffect = 1.3, dfeffect = 1, MSeffect = 1.3, F = 0.22, p = 0.65,

SSerror = 61.3, dferror = 10, MSerror = 6.1,

χ2 = 0.16, df = 1, p = 0.69 → not significant

	Sectors
	LCP light stimulus
	RCP light stimulus

	Potosia cuprea (Nbeetle = 100 = 52 male + 48 female)

	Sector 1
	7
	8

	Sector 2
	9
	5

	Sector 3
	8
	10

	Sector 4
	11
	10

	Sector 5
	8
	9

	Sector 6
	7
	8

	Sum
	50 (crawling=35, flying=15)
	50 (crawling=37, flying=13)

	Anomala vitis (Nbeetle = 100 = male)

	Sector 1
	9
	8

	Sector 2
	9
	7

	Sector 3
	11
	10

	Sector 4
	7
	7

	Sector 5
	8
	12

	Sector 6
	7
	5

	Sum
	51 (crawling=32, flying=19)
	49 (crawling=31, flying=18)

	Anomala dubia (Nbeetle = 100 male)

	Sector 1
	10
	6

	Sector 2
	10
	7

	Sector 3
	7
	8

	Sector 4
	11
	12

	Sector 5
	4
	10

	Sector 6
	6
	9

	Sum
	48 (crawling=30, flying=18)
	52 (crawling=32, flying=20)


Supplementary Table S3: Results of the statistical χ2 test of data in Table 3.
	species
	χ2
	df
	p
	significancy

	Cetonia aurata
	0.16
	1
	0.69
	not significant

	Potosia cuprea
	0.04
	1
	0.84
	not significant

	Anomala vitis
	0
	1
	1
	not significant

	Anomala dubia
	0.64
	1
	0.42
	not significant


Supplementary Table S4: Number of Cetonia aurata, Potosia cuprea, Anomala vitis and A. dubia choosing either the left-circularly polarized (LCP) or the totally linearly polarized (TLP) light stimulus in the six sectors of the choice-box used in experiment 5. According to the statistical analyses, the differences are not significant:
Cetonia aurata:
SSeffect = 0, dfeffect = 1, MSeffect = 0, F = 0, p = 1,

SSerror = 58.7, dferror = 10, MSerror = 5.87,

χ2 = 0, df = 1, p = 1 → not significant

Potosia cuprea:
SSeffect = 1.33, dfeffect = 1, MSeffect = 1.33, F = 0.12, p = 0.74,

SSerror = 111.3, dferror = 10, MSerror = 11.13,

χ2 = 0.16, df = 1, p = 0.69 → not significant

Anomala vitis:

SSeffect = 1.33, dfeffect = 1, MSeffect = 1.33, F = 0.43, p = 0.53,

SSerror = 31.3, dferror = 10, MSerror = 3.13,

χ2 = 0.16, df = 1, p = 0.69 → not significant

Anomala dubia:

SSeffect = 8.33, dfeffect = 1, MSeffect = 8.33, F = 1.80, p = 0.21,

SSerror = 46.3, dferror = 10, MSerror = 4.63,

χ2 = 1, df = 1, p = 0.32 → not significant

	Sectors
	LCP light stimulus
	TLP light stimulus

	Cetonia aurata

	Sector 1
	8
	6

	Sector 2
	11
	10

	Sector 3
	12
	8

	Sector 4
	6
	9

	Sector 5
	5
	11

	Sector 6
	8
	6

	Sum (Nbeetle=100)
	50

(crawling = 48, flying = 2)
	50

(crawling = 47, flying = 3)

	Potosia cuprea

	Sector 1
	10
	3

	Sector 2
	8
	8

	Sector 3
	14
	8

	Sector 4
	8
	13

	Sector 5
	4
	6

	Sector 6
	8
	10

	Sum (Nbeetle=100)
	52

(crawling = 51, flying = 1)
	48

(crawling = 46, flying = 2)

	Anomala vitis

	Sector 1
	6
	9

	Sector 2
	11
	9

	Sector 3
	9
	8

	Sector 4
	10
	9

	Sector 5
	10
	6

	Sector 6
	6
	7

	Sum (Nbeetle=100)
	52

(crawling = 52, flying = 0)
	48

(crawling = 48, flying = 0)

	Anomala dubia

	Sector 1
	11
	9

	Sector 2
	9
	10

	Sector 3
	7
	11

	Sector 4
	9
	9

	Sector 5
	3
	8

	Sector 6
	6
	8

	Sum (Nbeetle=100)
	45

(crawling = 45, flying = 0)
	55

(crawling = 55, flying = 0)


Supplementary Table S5: Results of the statistical χ2 test of data in Table 7.
	species
	χ2
	df
	p
	significancy

	Cetonia aurata
	0.04
	1
	0.84
	not significant

	Potosia cuprea
	0.36
	1
	0.55
	not significant

	Anomala vitis
	0.36
	1
	0.55
	not significant

	Anomala dubia
	0.16
	1
	0.69
	not significant


Supplementary Figures with Legend

[image: image1.jpg]window with a white curtain

left test window Iy right test window
white diffusers

left-circular

polarization filter
A

right-circular
polarization filter

Cetonia
aurata

path of
. beetle

Cetonia
aurata

test chamber
with matte white
inner walls

releaser





Supplementary Figure S1: Arrangement of experiment 1 from a top view.

[image: image2.jpg]100 4

T
S
(@)}

T
S
o0

T T 1
S O O O
>~ © wn <

(o4,) uoissrwisue)

T
S
(ap}

S
@\

T
-
—

)

600 700 800

wavelength (nm)

500

400




Supplementary Figure S2: Transmission spectrum of the P-ZN/L-43186 and P-ZN/R-12628 circular polarizers used in our choice experiments.
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Supplementary Figure S3: (A-F) Structure of the choice-box used in experiment 2. (A) Choice-box in its normal position with the release cylinder in the center. (B-C) Choice-box with its upside down showing the 6 sectors and 12 windows from a tilted (B) and vertical (C) direction of view. (D-F) The two windows of a sector with an RC and an LC polarizer photographed without a polarization filter (D), and through an LC polarization filter (E) and an RC polarization filter (F). (G-I) The three color pictures used in the choice-box.
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Supplementary Figure S4: Spectrum of the two light-emitting diodes used in experiment 3. violet-blue LED: OSSV53E1A light-emitting diode with a peak at 400 nm (violet) and emitting also some ultraviolet light. VIS LED: 530XW8C light-emitting diode emitting light in the visible part of the spectrum.
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Supplementary Figure S5: Photographs of the stimulus beetles in the left and right windows of the choice-box used in experiment 3 taken without a polarization filter (A,B), and through an LC polarization filter (C,D) and an RC polarization filter (E,F), respectively. In the left window the dead scarabs were seen directly, presenting LCP light stimuli originating from their exocuticle. In the right window the dead scarabs were seen through a tilted plane mirror, presenting RCP light stimuli. The circular arrows show the handedness of CP light transmitted by the polarization filters. In C the beetles are black, because the filter absorbed the LCP light originating directly from the beetles’ exocuticle. In F the beetles are black, because the filter absorbed the RCP light originating from the exocuticle and reflected from the mirror. The sides of the rectangular windows of the stimulus beetles were horizontal and vertical. Here, they are tilted due to the slight tiltness of the photographic camera.
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Supplementary Figure S6: (A) A CSALOMON( VARb3 funnel trap used in experiment 4, in which the dead beetles were glued to the inside of the transparent upper funnel. (B-D) Photographs of the dead scarabs (Anomala vitis, A. dubia, Cetonia aurata) glued to the trap.
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Supplementary Figure S7: Structure of a sector of the choice-box (with its upside down) used in experiment 5 and photographed without a polarization filter (A) and through a linear polarizer, the transmission direction of which is shown by the black double-headed arrow. Seen from the box, in each sector one of the two windows transmitted totally linearly polarized (TLP) light (whose direction of polarization was 45o from the horizontal and is shown here by the white double-headed arrow), and the other window transmitted LCP light.
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Supplementary Figure S8: Structure of the choice-box used in the pilot experiments and experiment 6. (A) Photograph of the choice-box. Seen from the box, one of the windows transmitted LCP light and the other window transmitted unpolarized light. (B) The choice-box in a dark room illuminated by unpolarized light and photographed with its upside down withouth a polarization filter. (C) As B but here photographed through an LC polarization filter.
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Supplementary Figure S9: Arrangement of the preliminary experiments 1 and 2 with the two vertical circular polarizers (A), and their photographs taken through an RC polarization filter (B) and an LC polarization filter (C).
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