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General Introduction

Tabanid  flies  can  cause  severe  problems  for  humans  and  livestock  because  of  the 

pathogens of dangerous diseases vectored by the haematophagous tabanid females in the 

warmer  regions  of  almost  all  continents.  Thus,  effective  tabanid  traps  are  in  large 

demand, especially in horse and cattle farms. On the other hand, tabanids are pollinators 

of different plants, and there are numerous predator species which feed on them.

We have shown that both female and male tabanids have positive polarotaxis, that 

is are attracted to horizontally polarized light, just like many other aquatic insect species. 

Based  on  this  attraction,  I  proposed  a  new  concept  of  tabanid  traps  consisting  of 

horizontally polarizing photovoltaics. Section 3 of my thesis deals with this novel trap 

type.

Recently, it was shown that polarotactic tabanids find striped patterns much less 

attractive than homogeneous ones. This phenomenon gave me the inspiration to study the 

attractiveness to tabanids of spotty coat patterns, which are widespread among mammals. 

This subject is treated in section 1 of my thesis.

Similarly  to  other  ungulates,  zebras  emit  carbon dioxide  via  their  breath,  and 

ammonia associated with their urine. These chemicals are strongly attractive to tabanid 

flies, and therefore are frequently used in tabanid traps. Thus, the question arises, whether 

the weak optical tabanid-attractiveness of striped coat patterns can be overcome by the 

olfactory attractiveness. In section 2 of my thesis, I answered this question.

The concept of polarized light pollution has been introduced a few years ago, and 

it has been shown that shiny dark surfaces (e.g., smooth black car bodies) can function as 

ecological traps, since they deceive and attract polarotactic water-seeking insects with 

their horizontally and strongly polarized reflected light. A general way to decrease this 

polarotactic attractiveness of shiny black artificial surfaces is to decrease the degree of 

polarization of reflected light.  Nowadays,  matt  paintings of black/grey car-bodies is a 

fashion  fad.  I  tested,  how  this  mattness  influences  the  polarotactic  attractiveness  to 

different aquatic insects. Section 4 of my thesis is devoted to the polarized light pollution 

of matt black/grey cars.
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The  strongest  known  circular  polarization  of  biotic  origin  is  the  left-circularly 

polarized light reflected from the metallic shiny exocuticle of certain scarab beetles of the 

family Scarabaeidae. This phenomenon has been discovered by Michelson in 1911. Since 

this discovery it has been supposed that scarab beetles, reflecting left-circularly polarized 

light in an optical environment being deficient in circular polarization, may also be able 

to perceive and use it to find each other (mate/conspecifics). In section 5 of my thesis, I 

tested  this  100-year-old  hypothesis  in  choice  experiments  with  four  different  scarab 

species.

General Methods

In my Ph.D. thesis, I present the results of several field and laboratory experiments, in 

which I studied the linear and circular polarization sensitivity in certain species of tabanid 

flies, mayflies, dolichopodid flies and scarab beetles. Using imaging polarimetry in the 

red (650 ± 40 nm = wavelength of maximal sensitivity ± half bandwidth of the CCD 

detectors of the polarimeter), green (550 ± 40 nm) and blue (450 ± 40 nm) parts of the 

spectrum, I measured the reflection-polarization characteristics of the test surfaces, visual 

targets and tabanid traps used in these experiments. The measured polarization patterns 

were practically independent of the spectral  range, since the used test objects/surfaces 

were mainly colourless (black, grey, white, dark brown).

During  the  field  experiments,  the  body of  tabanids  trapped by the  sticky test 

surfaces  and  traps  suffered  serious  damages  during  their  removal,  or  due  to  the 

mechanical hit of the rotating wire of the trap based on a photovoltaic solar panel. These 

made the taxonomic identification of tabanids impossible. They were, however, visually 

identified  as  tabanid  flies  (Diptera:  Tabanidae).  In  some  field  experiments  the 

taxonomical identification of tabanids was possible. Then this task was performed by two 

tabanid  experts  (Mónika  Gyurkovszky  and  Prof.  Róbert  Farkas,  Department  of 

Parasitology  and  Zoology,  Faculty  of  Veterinary  Science,  Szent  István  University, 

Budapest).

Due to the used experimental method, the mayflies and dolichopodid flies could 

not be taxonomically identified, but they surely belonged to the order Ephemoreptera, 
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family Baetidae, Heptageniidae and order Diptera, family Dolichopodidae, respectively, 

as  was visually  determined  by one of  my co-authors  (Dr.  György Kriska,  Biological 

Institute, Eötvös University, Budapest), who is an expert of these insects.

To establish the significance of observed differences in the experiments, I performed 

statistical analyses, such as binomial chi-squared, Kruskal-Wallis and Mann-Whitney U 

tests.
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CHAPTER 1

Spottier  Targets  are  Less  Attractive  to  Tabanid  Flies:  On  the 

Tabanid-Repellency of Spotty Fur Patterns1

1.1. Introduction

The coat pattern of cattle (Bos primigenius) has a remarkably large diversity ranging from 

homogeneous  black  and  brown,  through  brown-white  or  black-white  spotty,  to 

homogeneous grey or white (Fig. 1.1). These coat patterns are specific to species and 

races,  and are the result  of domestic breeding.  The different  coat patterns  have some 

trivial  advantages  and  disadvantages.  The  darkness  of  the  coat  influences  the 

thermoregulation of the animal (Glenn, 1983; Finch et al., 1984), for example: black or 

brown coats absorb sunlight much more than white or grey ones. The visibility of the 

animal  depends  strongly  on  the  brightness  and  colour  of  the  coat  in  contrast  to  the 

background.  At  a  given  background  the  coat  pattern  also  influences  the  visual 

detectability  such  that a  spotty  coat  makes  the  animal  conspicuous  against  a 

homogeneous background, but can endow with camouflaging at a structured background, 

for instance, similar to what has been shown by a classical experiment in the moth Biston 

betularia (Clarke  and Sheppard,  1966;  Grant,  1999).  During  breeding the brightness, 

colour and spottiness of the coat in cattle and horses are usually of marginal importance 

and are the by-product of cross-breeding aiming to maximize other economically more 

important  characteristics  of  the  animal,  e.g.  the  milk  or  meat  production, 

weather-proofness, or the shape or size of the animals.

It  has been demonstrated that  the tabanid load of horses can be reduced by a 

homogeneously  bright  (white  or  grey)  coat  (Horváth  et  al.,  2010b).  The  study 

demonstrated that white horses attract much less blood-sucking  female members of the 

family  Tabanidae  (tabanids  henceforward) than  dark  (black  or  brown)  horses.  This 

1 Blahó, M.; Egri, Á.; Báhidszki, L.; Kriska, G.; Hegedüs, R.; Åkesson, S.; Horváth, G. (2012) Spottier  
targets  are  less  attractive  to  tabanid  flies:  on  the  tabanid-repellency  of  spotty  fur  patterns.  Public 
Library of Science ONE (PLoS ONE) 7(8): e41138. doi:10.1371/journal.pone.0041138 + supporting 
information
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phenomenon was partly explained by the polarizing capacity of the horse’s coat and the 

positive polarotaxis of tabanids. Tabanids lay their eggs onto plants or mud near water, 

and thus must find water for oviposition. Like aquatic insects in general (Schwind, 1991, 

1995; Wildermuth, 1998; Horváth and Varjú, 2004; Lerner et al., 2008), tabanids detect 

water by means of the horizontal polarization of light reflected from the water surface, 

thus they are attracted to horizontally polarized light (Horváth et al., 2008). The higher 

the degree of horizontal polarization of reflected light, the more polarotactic tabanids are 

attracted (Kriska et al., 2009). Egri et al. (2012b) showed that female and male tabanids 

find water by the horizontally polarized water-reflected light,  while the  polarotaxis of 

female tabanids that serves host finding is independent of the angle of polarization, and 

both behaviour types are influenced by the degree of polarization.

Female  tabanids  suck  blood  from  mammals  to  develop  their  eggs.  During 

blood-sucking they transmit pathogens of different serious diseases (Foil, 1989; Mihok, 

2002; Mihok and Lange, 2011). Cattle can be so strongly annoyed by tabanid attacks that 

they cannot graze enough and consequently their milk and meat production is drastically 

reduced (Majer, 1987; Lehane, 2005). Thus, a tabanid-resistant coat that has appropriate 

brightness,  colour  and pattern  characteristics to  minimize the attraction  to  tabanids  is 

advantageous for the host animals of these blood-sucking flies.

Spotty  coats  are  widespread  among  mammals  (Caro,  2009).  We  studied  the 

influence of the size and number of spots on the attractiveness of targets to tabanids. In 

this chapter we report on the results of our field experiments using test surfaces with 

spots of different intensities and/or angles of polarization, the attractiveness of which to 

tabanids depends strongly on the spot size and number. Since the attraction of tabanids to 

their host animals is also likely determined by the polarizing capacity of the host’s coat 

(Egri  et al., 2012b), using imaging polarimetry, we measured the reflection-polarization 

characteristics  of  living  cattle,  spotty  cattle  coats  and  the  test  surfaces  used  in  our 

experiments.
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1.2. Materials and Methods

1.2.1. Experiment 1

Experiment 1 was performed between 10 July and 7 September 2010 in a field near a 

Hungarian horse farm at Szokolya (47o 52' N, 19o 00' E), where according to our earlier 

field experiments (Horváth et al., 2010b), several tabanid species were abundant. To test 

the role of spottiness of vertical test surfaces in the attractiveness to tabanids, four white 

plastic  boards (1 m × 1 m) were set  up vertically  between metal  rods stuck into the 

ground 5 m apart from each other in the field immediately at the border of a small forest. 

On both sides of these white  boards dark brown, nearly 8-shaped plastic  sheets were 

fixed with glue as spots. The white test surfaces had 1, 4, 16 and 64 such brown spots 

ordered along a square grid. The ratio of the white and brown areas of the test surfaces 

was 50:50%. From 10 July to 5 August the front side (facing toward the field) of the 

spotty test surfaces was covered by a transparent, colourless, odourless and weather-proof 

insect monitoring glue (BabolnaBio mouse trap), that captured all insects touching it. All 

four test surfaces were simultaneously either in the sun or shade. We counted the numbers 

of tabanids caught by the brown and white regions of the front side of the test surfaces. 

The glue was refreshed periodically,  when the order of the test surfaces was changed 

randomly to reduce position bias, and the trapped insects with a body size larger than 0.5 

mm were also removed from the sticky surfaces.  Since the  sticky test  surfaces  were 

progressively covered by smaller (< 0.5 mm) non-tabanid insects producing noise in the 

experiment, on 6 August the test surfaces were turned, thus their new sticky front sides 

(facing toward the field) became clean (without disturbing small insects). From 6 August 

2010 we counted the numbers of tabanids captured by both the front and back (facing 

toward the forest) sides of the test surfaces, but the glue was refreshed periodically on the 

front  side  only.  When the  trapped  tabanids  were  removed  from the  glue,  their  body 

suffered so serious damages that their taxonomical identification was impossible. They 

were,  however,  identified  as  tabanid  flies  (Diptera:  Tabanidae)  with  the  use  of  the 

taxonomy textbook of Majer (1987). Although the sex of the captured tabanids was not 

determined, from earlier studies (Horváth et al., 2008, 2010; Kriska et al., 2009; Egri et  
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al.,  2012a,b)  we  know that  vertical  and/or  elevated  test  surfaces  attract  only female 

tabanids, while horizontally polarizing test surfaces laid on the ground attract female and 

male tabanids, both being positively polarotactic. In a parallel experiment lasting from 10 

July to 7 September 2010, we captured tabanids with a trap composed of a rectangular 

black plastic tray (50 cm × 50 cm) filled with transparent vegetable oil on the ground. 

This method of capture made it possible to determine the tabanid species flying in the 

study site during this experiment.

1.2.2. Experiment 2

Experiment 2 was performed simultaneously with experiment 1 between 10 July and 7 

September  2010 in  the  same field  with  the  same brown-white  spotty  and sticky test 

surfaces, which were laid horizontally onto the ground 100 m apart from the vertical test 

surfaces  used  in  experiment  1.  The  aim  here  was  to  test  the  role  of  spottiness  of 

horizontal test surfaces in the attractiveness to tabanids. To get fresh sticky surfaces, on 6 

August 2010 the horizontal test surfaces were turned over: their original lower side faced 

upward bearing the same sticky and spotty patterns as their other sides. Other details of 

this experiment were the same as those of experiment 1.

1.2.3. Experiment 3

Experiment 3 was performed from 22 June to 16 September 2011 at the same site as 

experiment 1. To test the role of spottiness of 3-dimensional targets in the attractiveness 

to tabanids, one dark brown, one white and three spotty cattle models (each with the same 

shape and dimensions; length: 200 cm, height: 120 cm, width: 80 cm) were placed in a 

normal standing posture along a straight line on the grassy ground and 5 m apart from 

each other. The cattle models were fixed by a string to a metal rod (1.5 m) stuck into the 

ground. The spotty models had a white surface with 8, 16 and 64 dark brown spots, the 

size  of  which  decreased  with  increasing  number. The  tabanids  trapped  by the  sticky 

surface of the cattle models were counted and removed periodically. Other details of this 

experiment were the same as those of experiment 1.
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1.2.4. Experiment 4

Experiment 4 was conducted between 22 June and 1 September 2011 at the same site as 

experiment 2. To separate the effect of intensity and polarization of light reflected from 

the target, we tested the role of polarization alone in the attractiveness of spotty targets to 

tabanids using three different spotty test surfaces (43 cm  43 cm): S4+ was a surface 

with  4  neutral  grey,  linearly  polarizing  squares  (P-W-44,  Schneider,  Bad-Kreuznach, 

Germany),  the  transmission  direction  of  which  was  perpendicular  to  that  of  their 

surroundings. S16+ was a surface with 16 linearly polarizing squares, the transmission 

direction of which was perpendicular to that of their surroundings. S16 was a surface 

with 16 linearly polarizing squares, the transmission direction of which was parallel to 

that  of  their  surroundings.  The intensity  and  colour  of  these  grey  test  surfaces  were 

homogeneous. Test surface S16 had also a homogeneous pattern of the degree and the 

angle  of  polarization.  The  degree  of  polarization  reflected  both  from  the  4  and  16 

rectangles  of  test  surfaces  S4+  and  S16+  was  the  same  as  that  reflected  from their 

surrounding  regions,  while  the  angle  of  polarization  of  light  reflected  from  these 

rectangles was perpendicular to that reflected from their surroundings. The substrate of 

the linearly polarizing sheets was a wooden board (43 cm  43 cm  2 cm) painted matte 

white. The polarizer squares were fixed (with tiny nails) contacting at their margins as 

tightly as possible on the white substrate. We used one pair of each surface type: the first 

surface was laid horizontally onto the ground, and the second one was fixed at a height of 

1 m above the ground between vertical metal rods stuck into the ground. The horizontal 

distance of the horizontal and vertical test surfaces of the same type was 1 m. The three 

pairs of test surfaces were set along a straight line 5 m apart from each other. We counted 

the tabanids trapped by these sticky test surfaces periodically. The intensity and colour 

(dark grey), furthermore the degree of polarization (d  100%) of the test surfaces were 

the same, but the angle of polarization varied due to the differing transmission directions 

of the polarizing squares. Surfaces S4+ and S16+ presented spotty patterns only in the 

angle  of  polarization,  while  surface  S16 displayed  a  homogeneous  pattern  in  the 

intensity, colour and polarization. At the contacting edges of the polarizing squares there 
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were inevitably narrow gaps. Such gaps occurred in all six test surfaces, because S16, 

functioning as a control surface with a homogeneous polarization pattern, had also 16 

small  linearly  polarizing  squares  cut  into  the  large  square.  Other  details  of  this 

experiment were the same as those of experiment 1.

1.3. Results

On all test surfaces in experiments 1 and 2, the brown spots captured 1.43.7 times more 

tabanids than the white surface regions (Fig. 1.2, Table 1.1). Apart from the vertical and 

horizontal test surfaces V64 and H64 with 64 spots, these differences were statistically 

significant (Table 1.2).

For both vertical and horizontal test surfaces the number  N of trapped tabanids 

decreased  with increasing  number  and decreasing  size  of  the  brown spots:  the white 

vertical test surfaces with 1, 4, 16 and 64 spots captured 67.1%, 31.5%, 1.1% and 0.3% of 

all  tabanids  trapped in this  experiment,  while  the same data  for the horizontal  spotty 

surfaces were 47.9%, 38.5%, 7.7% and 5.9% (Table 1.1). These differences were again 

statistically significant (Table 1.2). Test surface V1 captured Q(V1/V4) = NV1/NV4 = 2.1 

times  more  tabanids  than  test  surface  V4.  The  Q-values  were  Q(V4/V16)  =  28, 

Q(V16/V64) = 3.5, Q(H1/H4) = 1.2, Q(H4/H16) = 5.0 and Q(H16/H64) = 1.3 for the test 

surface  pairs  V4/V16,  V16/V64,  H1/H4,  H4/H16  and  H16/H64,  respectively.  The 

extreme (maximum and minimum) values of Q were Q(V1/V64) = 208.9 and Q(H1/H64) 

= 8.2 for the test surface pairs V1/V64 and H1/H64, respectively. Test surfaces V64 and 

H64  with  the  most  numerous  and  smallest  spots  were  the  least  attractive,  trapping 

minimal number (V64: 8, H64: 76) of tabanids. The tabanid species flying in the study 

site during experiments 1 and 2 were:  Tabanus tergestinus,  T. bromius,  T. bovinus,  T.  

autumnalis, Atylotus fulvus, A. loewianus, A. rusticus, Haematopota italica.

Similar results were obtained for the sticky cattle models in experiment 3 (Table 

1.3, Fig. 1.3): The homogeneous brown cattle model was the most attractive, trapping 

55.63% of tabanids. The cattle model S8 with 8 spots was less attractive (25.76%) than 

the brown model, but more attractive than the white one (9.15%). The least attractive 

were  the  spotty  cattle  models  S16 (7.85%)  and  S64  (1.61%) with  16  and  64 spots, 
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respectively. The brown spots of cattle models S8, S16 and S64 trapped 2.28, 1.57 and 

2.26 times more tabanids than the white surface regions, respectively.  Apart from the 

comparisons  between cattle  models  White  and S16 (Table  1.4),  these  differences  are 

statistically significant (Table 1.4).

Figure  1.4A  shows  the  reflection-polarization  patterns  of  the  test  surfaces 

composed of linearly polarizing sheets on matte white substrates used in experiment 4. In 

experiment 4 (Table 1.5, Fig. 1.4) the horizontal and vertical test surfaces H-S16 and 

V-S16 with  homogeneous  polarization  patterns  were  the  most  attractive  to  tabanids 

trapping 51.4% and 54.0% of tabanids, respectively. Test surfaces H-S4+ (31.5%) and 

V-S4+ (29.5%)  with 4 spots  of  different  angles  of polarization (Fig.  1.4A) were less 

attractive,  while test  surfaces H-S16+ (17.1%) and V-S16+ (16.5%) with 16 angle of 

polarization  spots  (Fig.  1.4A)  were  the  least  attractive.  The  horizontal  polarization 

patterns  H-S16,  H-S4+ and  H-S16+  attracted  more  tabanids  than  the  corresponding 

vertical  polarization  patterns  V-S16+,  V-S16- and V-S4+. These differences  are  again 

statistically significant (Table 1.6).

In  our  experiments  sticky  visual  targets  (2-dimensional  surfaces  and 

3-dimensional cattle models) with varied degrees and angles of polarization of reflected 

light captured tabanids, the carcasses of which were counted and removed periodically. 

Each such period was immediately followed by a random re-ordering of the test surfaces. 

Since the trapped tabanids and other non-tabanid insects were removed, the newly arrived 

insects were not influenced by the view of insect carcasses. Thus, the altered test surface 

configuration  after  each  tabanid  counting  represented  a  new replication  of  the  given 

experiment.  The number  R of replications and the minimal (Dmin) and maximal (Dmax) 

lengths (days) the repetitions had in our experiments were: experiment 1: R = 7, Dmin = 6, 

Dmax = 12; experiment 2: R = 7, Dmin = 6, Dmax = 12; experiment 3: R = 23, Dmin = 2, Dmax = 

7; experiment 4:  R = 24,  Dmin = 2,  Dmax = 8. These numbers of replications were large 

enough to detect significant differences in the number of trapped tabanids.

To compare the reflection-polarization patterns of our spotty test surfaces (Figs. 

1.2A-B,  1.3A,  1.4A)  with  cattle  coats,  we  measured  the  reflection-polarization 

characteristics of a living black cattle (Fig. 1.5G). The coat of black cattle polarizes the 

reflected  light  strongly,  while  the  coat  of  light-coloured  cattle  polarizes  light  only 
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moderately or weakly (Fig 1.5A-F). The neck, back and hindquarters of cattle can reflect 

light with horizontal polarization (shaded by bright violet and green in Fig. 1.5, and other 

regions of the body surface reflect vertically or obliquely polarized light (shaded by red 

and yellow in the -patterns of Fig. 1.5).

In Fig. 1.5 the reflection-polarization characteristics of a shady (Fig. 1.5A-C) and 

a sunny (Fig. 1.5D-F) cattle model covered by a white-brown spotty cattle coat are shown 

from three different directions of view. The brown spots of the cattle coat reflected light 

with much higher degrees of polarization d, than the white regions. Sunlit coats reflected 

light with higher  d than shady ones. The backside of the cattle model reflected always 

horizontally polarized light (encoded by bright violet and green in the -patterns of Fig. 

1.5A-F).

1.4. Discussion

In this chapter we showed that the spottiness of the coat is of not marginal significance, 

since it strongly determines the attraction of cattle to tabanids, which has been shown to 

have severe influence on disease transmission, as well as reduction in milk production 

and growth due to reduced feeding (Majer, 1987; Foil, 1989; Lehane, 2005). On the basis 

of our results, we suggest that coat colouration could be considered in domestic cattle 

breeding. According to our study, the brighter the coat and the smaller its dark spots, the 

less attractive the cattle coat to attacking blood-sucking tabanids. It remains to be studied 

whether other dipteran insects lured to cattle (e.g.  Musca irritans) for blood sucking or 

drinking  blood  from  open  wounds  are  also  attracted  by  the  same  visual  means  as 

tabanids. Many insects have polarization-sensitive eyes (Horváth and Varjú, 2004), and 

thus  may  be  expected  to  detect  linearly  polarized  light  reflected  from dark  surfaces 

including cattle coats.

We  show  that  spots  disrupting  in  intensity  and/or  angle  of  polarization  the 

homogeneous  pattern  of  reflected  light  reduce  the  attractiveness  to  tabanids.  An 

appropriately  spotty  coat  pattern  can  also  serve  camouflage  in  a  structured  optical 

environment, providing protection against predators (Godfrey  et al., 1987; Stevens and 

Merilaita, 2009; Allen et al., 2010). Camouflage seems to be one of the main reasons for 
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spots or stripes in wild animals. There are a number of examples for this theory: Tigers, 

leopards and many smaller cat species have a striped or spotted coat which makes them 

hard to detect in the wild (Ortolani and Caro, 1996). Even an animal as big as a giraffe is 

well camouflaged by its patterned coat in its natural environment (Caro, 2009).

In this chapter we present an experimentally supported hypothesis on an earlier 

unrecognized  benefit  of  spotty  coat  patterns.  We  would  like  to  emphasize  that 

unattractiveness to tabanids and other biting insects alone might not explain the evolution 

of spotty coat patterns in mammals. However, an evolutionary benefit of the spots to the 

host  is  a  reduced  attraction  to  blood-sucking  tabanids.  Parasite  fauna  has  been 

demonstrated  to  be  an  important  evolutionary  force  in  speciation  processes  and  the 

evolution of morphological characteristics in a wide range of organisms (Clayton, 1991; 

Andersson, 1994), and may result in a viability cost for the species (Moore and Wilson, 

2002).

In our experiments 1-3, the degree and angle of polarization of light  reflected 

from the test surfaces were confounded with intensity and colour of reflected light, since 

the  brown  spots  on  white  background  possess  both  intensity  and  polarization 

modulations.  Experiment  4,  however,  was based on utilizing  homogeneous dark grey 

surfaces with quadratic spots of constant degree of polarization varying only in the angle 

of polarization (Fig. 1.4A). In this way the important role of polarization in the reduction 

of  the  attractiveness  of  spotty  patterns  to  polarization-sensitive  tabanid  flies  was 

demonstrated. Experiment 4 was conducted to separate the interaction between intensity 

(plus degree of polarization) and angle of polarization. The same experimental technique 

has already been successfully used in a field study showing that tabanids are not attracted 

to zebra-striped patterns with intensity and/or angle of polarization modulation (Egri  et  

al., 2012a).

Tabanids detect water by means of the horizontal polarization of light reflected 

from water surfaces (Horváth  et al.,  2008).  There is also a possibility  of polarization 

affecting their host choice (Horváth  et al., 2010b). Recently,  a new kind of polarotaxis 

was observed (Egri  et al., 2012b)  being governed by the degree of polarization, rather 

than  the  angle  of  polarization  of  reflected  light.  They  showed that  female  and male 

tabanids  use  horizontal  polarization  as  a  cue  to  find  water,  while  the  degree  of 
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polarization  serves  host  finding  by  female  tabanids. Thus,  tabanids  are  attracted  to 

linearly polarized light. In our experiments we showed that this positive polarotaxis is 

gradually reduced by a spotty coat pattern of the host animal as the spot size decreases 

and the spot number increases. The attractiveness of spotty patterns to tabanids is reduced 

even if the spots can be perceived only in the angle of polarization pattern. We showed 

that homogeneous dark grey horizontal  and vertical  surfaces with spots of orthogonal 

angles of polarization relative to their surroundings are also less attractive than similar 

surfaces with a uniform angle of polarization (Fig. 1.4A). In the case of real spotty coats 

intensity-colour differences are associated with polarization differences, because bright 

regions reflect weakly polarized light while dark areas reflect highly polarized light, and 

the  angles  of  polarization  of  light  reflected  from the  bright  and  dark  areas  are  also 

different.  These  intensity,  colour  and  polarization  differences  of  spotty  patterns 

synergetically decrease the attractiveness to polarization-sensitive tabanids.

It is important for hematophagous flies to be as cryptic as possible in order to 

increase their foraging abilities and decrease their predation risk. Flying around or toward 

larger brown spots could convey an ecological advantage (camouflage) to brown tabanids 

as they will evade longer the swatting of cattle or the foraging of insectivorous birds.

When flying tabanids are approaching a target with numerous small spots, at first 

the angular extension of the spots could be lower than the angular resolution (practically 

coinciding with the interommatidial angle) of tabanid eyes. Thus, from a remote distance 

the intensity/polarization signal detected would essentially be an average of the light/dark 

and unpolarized/polarized areas of the target. On the other hand, a homogenous target, or 

large spots of a spotty target,  would be detected as discrete areas from further away. 

Therefore, one could assume that this would result in certain size assortment by tabanids 

attracted to targets with different spot sizes: Tabanids with higher visual resolution could 

be attracted more to spotty targets than tabanids with lower resolution, the latter would 

only be attracted to targets with larger spots. However, this could be true only for vision 

from remote distances, because if a tabanid is near to a spotty target, its compound eyes 

can also perceive the smaller spots.

The host  animals  of  tabanids  such as  large  grazing  mammals  and cattle  emit 

strong  and  characteristic  odour  and  breath  out  carbon-dioxide  and  aceton.  These 
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chemicals surely play a role in the host choice by tabanids (Hall  et al., 1998; Mihok, 

2002; Lehane, 2005; Mihok and Lange, 2011). It may be possible that these chemicals are 

so attractive to tabanids that they would override the visual unattractiveness of spotty 

coat patterns. It would be an interesting task for future research to study experimentally 

how odour combines with visual cues from spotty targets in tabanids, and especially the 

odours emitted by cattle. A similarly important question for future studies would be to 

analyze whether live cattle with numerous spots are indeed less attractive to tabanids than 

cattle with less spots. This could be investigated in the field with a similar photographic 

method as used in (Horváth  et al.,  2010b) to study the attractiveness  of living white 

(grey) and brown (bay) horses to tabanids.

An earlier  study (Egri  et  al.,  2012a)  has  showed that  black-and-white  striped 

targets are unattractive to tabanids, and this is an advantage of the zebra stripes. In this 

chapter we demonstrated a similar effect, namely the unattractiveness of spotty patterns 

to tabanids. In both cases, the narrower the stripes and the smaller the spots, the less is 

their attractiveness to tabanids. This principle could practically be used also for human 

clothing: wearing appropriately stripy or spotty cloths in areas with large tabanid load, 

the  attraction  to  blood-sucking female  tabanids  could  be avoided.  It  would be worth 

testing this hypothesis in the future.

From the results of our field experiments  presented here we conclude that the 

spottier a target (host animal) with smaller and more numerous spots, the less attractive it  

is to tabanids. We also found that the spottier a target of homogeneous intensity, colour 

and  degree  of  polarization  with  a  pattern  of  varying  angles  of  polarization,  the  less 

attractive is it to polarization-sensitive tabanids. This is an earlier unknown advantage of 

spotty coats in regions where tabanids are abundant. From our polarization measurements 

we conclude that the neck, backside and hindquarters of cattle usually reflect horizontally 

polarized light, while other body parts reflect light with oblique, vertical or horizontal 

polarization. Furthermore, the darker the coat, the higher the degree of polarization of 

light  reflected  from the  coat.  These  reflection-polarization  characteristics  of  the  body 

surface may be general and could be valid for all host animals of tabanids.
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Tables

Table  1.1.:  Number  of  tabanid  flies  (Tabanus  tergestinus,  T.  bromius,  T.  bovinus,  T. 
autumnalis,  Atylotus fulvus,  A. loewianus,  A. rusticus,  Haematopota italica) trapped by 
the sticky and spotty test surfaces in experiments 1 and 2 performed between 10 July and 
7 September 2010 in a horse farm at Szokolya in Hungary. V: vertical, H: horizontal, B: 
brown spot, W: white surface region, f: front side of the test surface, b: back side of the  
test surface. Number of brown spots = 1, 4, 16 and 64 on the test surfaces. The results of 
statistical 2 tests can be seen in Table 1.2.

date (2010)
vertical test surfaces

(experiment 1)
horizontal test surfaces

(experiment 2)

V1 V4 V16 V64 H1 H4 H16 H64

10-15 July
fB=233
fW=116

fB=91
fW=63

fB=2
fW=1

fB=1
fW=1

B=93
W=43

B=61
W=51

B=10
W=7

B=5
W=5

16-22 July
fB=345
fW=201

fB=174
fW=89

fB=8
fW=4

fB=0
fW=2

B=94
W=43

B=77
W=45

B=12
W=1

B=0
W=4

23-29 July
fB=293
fW=210

fB=179
fW=62

fB=3
fW=1

fB=1
fW=0

B=44
W=26

B=41
W=23

B=4
W=3

B=11
W=4

30 July -
5 August

fB=112
fW=64

fB=63
fW=22

fB=5
fW=0

fB=1
fW=0

B=66
W=22

B=44
W=23

B=6
W=6

B=8
W=10

turning the test surfaces

6-17 August

fB=32
fW=15
bB=30
bW=2

fB=24
fW=1
bB=1
bW=4

fB=3
fW=0
bB=1
bW=0

fB=2
fW=0
bB=0
bW=0

B=59

W=29

B=57

W=21

B=23

W=12

B=17

W=8

18-26 August

fB=7
fW=5
bB=4
bW=2

fB=4
fW=1
bB=5
bW=1

fB=0
fW=0
bB=0
bW=0

fB=0
fW=0
bB=0
bW=0

B=59

W=17

B=21

W=23

B=5

W=5

B=1

W=0

27 August -
7 September

fB=0
fW=0
bB=0
bW=0

fB=0
fW=0
bB=0
bW=0

fB=0
fW=0
bB=0
bW=0

fB=0
fW=0
bB=0
bW=0

B=25

W=5

B=10

W=6

B=2

W=5

B=2

W=1

sum

B=1056
W=615
B+W=
1671

(67.1%)

B=541
W=243
B+W=

784
(31.5%)

B=22
W=6

B+W=
28

(1.1%)

B=5
W=3

B+W=
8

(0.3%)

B=440
W=185

B+W=62
5

(47.9%)

B=311
W=192
B+W=

503
(38.5%)

B=62
W=39
B+W=

101
(7.7%)

B=44
W=32
B+W=

76
(5.9%)
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Table 1.2.:  Results of the  2 tests for data in Table 1.1. V: vertical,  H: horizontal,  B: 
brown spot, W: white surface region; 1, 4, 16, 64: number of brown spots on the test 
surfaces.

compared test surfaces χ2 df p
significance of

differences

V1_B versus V1_W 116.3 1 < 0.0001 significant

V4_B versus V4_W 113.3 1 < 0.0001 significant

V16_B versus V16_W 9.1 1 0.0025 significant

V64_B versus V64_W 0.5 1 0.48 not significant

H1_B versus H1_W 104.0 1 < 0.0001 significant

H4_B versus H4_W 25.2 1 < 0.0001 significant

H16_B versus H16_W 5.2 1 0.0221 significant

H64_B versus H64_W 1.9 1 0.17 not significant

V1_(B+W) versus V4_(B+W) 320.5 1 < 0.0001 significant

V4_(B+W) versus V16_(B+W) 703.9 1 < 0.0001 significant

V16_(B+W) versus V64_(B+W) 11.1 1 0.0009 significant

H1_(B+W) versus H4_(B+W) 13.2 1 0.0003 significant

H4_(B+W) versus H16_(B+W) 267.6 1 < 0.0001 significant

H16_(B+W) versus H64_(B+W) 3.5 1 0.06 not significant
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Table  1.3.:  Number  of  tabanid  flies  (Tabanus  tergestinus,  T.  bromius,  T.  bovinus,  T. 
autumnalis,  Atylotus fulvus,  A. loewianus,  A. rusticus,  Haematopota italica) trapped by 
the sticky cattle models in experiment 3 performed between 22 June and 16 September 
2011 in a horse farm at Szokolya in Hungary. There were one white, one dark brown and 
three spotty cattle models. The spotty models had a white surface with 8 (S8), 16 (S16) 
and 64 (S64) brown spots. B: brown surface region, W: white surface region. The results 
of statistical 2 tests can be seen in Table 1.4.

date (2011) white
spotty

brown
S64 S16 S8

25 June 37 B = 2, W = 1 B = 12, W = 4 B = 29, W = 5 50

27 June 70 B = 6, W = 3 B = 35, W = 18 B = 141, W = 45 235
29 June 34 B = 2, W = 1 B = 16, W = 10 B = 64, W = 25 166

2 July 1 B = 1, W = 0 B = 8, W = 3 B = 7, W = 4 58

6 July 2 B = 1, W = 0 B = 7, W = 3 B = 12, W = 4 61

10 July 1 B = 1, W = 0 B = 4, W = 2 B = 8, W = 3 39

14 July 7 B = 2, W = 1 B = 11, W = 11 B = 40, W = 32 119

18 July 3 B = 1, W = 0 B = 9, W = 5 B = 20, W = 10 80

21 July 11 B = 3, W = 1 B = 15, W = 13 B = 50, W = 42 214

24 July 9 B = 2, W = 1 B = 13, W = 11 B = 48, W = 38 190

28 July 4 B = 2, W = 1 B = 5, W = 4 B = 40, W = 15 126

31 July 3 B = 1, W = 1 B = 4, W = 3 B = 23, W = 10 101

3 August 2 B = 3, W = 2 B = 4, W = 3 B = 38, W = 6 41

8 August 5 B = 2, W = 1 B = 6, W = 4 B = 21, W = 11 63

11 August 15 B = 2, W = 1 B = 7, W = 5 B = 22, W = 8 107

17 August 16 B = 2, W = 1 B = 8, W = 5 B = 20, W = 7 95

21 August 9 B = 2, W = 1 B = 5, W = 3 B = 10, W = 4 40

26 August 60 B = 3, W = 2 B = 3, W = 2 B = 17, W = 5 101

29 August 41 B = 1, W = 1 B = 1, W = 0 B = 8, W = 3 86

1 September 12 B = 3, W = 0 B = 4, W = 3 B = 20, W = 8 65

4 September 10 B = 1, W = 0 B = 2, W = 1 B = 13, W = 5 50

9 September 1 B = 0, W = 0 B = 6, W = 4 B = 33, W = 13 41

16 September 0 B = 0, W = 0 B = 0, W = 1 B = 7, W = 0 18

sum
353

(9.15%)

B = 43
W = 19

B + W = 62
(1.61%)

B = 185
W = 118

B + W = 303
(7.85%)

B = 691
W = 303

B + W = 994
(25.76%)

2146
(55.63%)
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Table 1.4.: Statistical results of the 2 tests for data in Table 1.3. The spotty cattle models 
S8, S16 and S64 had a white surface with 8, 16 and 64 brown spots, respectively. BM: 
brown cattle model, WM: white cattle model, B: brown surface region, W: white surface 
region.

compared test surfaces 2 df p
significance of

differences

BM versus S8_(B+W) 422.6 1 < 0.0001 significant

S8_(B+W) versus WM 305.0 1 < 0.0001 significant

WM versus S16_(B+W) 3.8 1 = 0.051 not significant

S16_(B+W) versus S64_(B+W) 159.1 1 < 0.0001 significant

S8_B versus S8_W 151.4 1 < 0.0001 significant

S16_B versus S16_W 14.8 1 = 0.0001 significant

S64_B versus S64_W14.81 9.3 1 = 0.002 significant
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Table  1.5.:  Number  of  tabanids  (Tabanus  tergestinus,  T.  bromius,  T.  bovinus,  T.  
autumnalis,  Atylotus fulvus,  A. loewianus,  A. rusticus,  Haematopota italica) captured in 
experiment 4 by the horizontal and vertical test surfaces performed between 22 June and 
1 September 2011 in a horse farm at Szokolya in Hungary. H: horizontal test surface. V: 
vertical  test  surface.  S4+:  2  × 2  =  4  linearly  polarizing  small  squares  in  a  linearly 
polarizing large square with orthogonal transmission directions. S16+: 4 × 4 = 16 linearly 
polarizing  small  squares  in  a  linearly  polarizing  large  square  with  orthogonal 
transmission directions. S16-: 4  × 4 = 16 linearly polarizing small squares in a linearly 
polarizing large square with parallel transmission directions. The results of statistical  2 

tests can be seen in Table 1.6.

date (2011)
horizontal vertical

H-S4+ H-S16+ H-S16- V-S4+ V-S16+ V-S16-

27 June 13 5 21 5 3 6

30 June 8 4 16 1 0 2

4 July 18 10 37 7 3 11

8 July 3 2 18 2 1 10

10 July 9 3 14 3 1 7

12 July 8 3 19 5 3 9

14 July 0 0 3 0 0 1

16 July 9 2 15 4 2 8

18 July 7 4 11 3 1 8

20 July 10 5 17 6 3 10

28 July 44 28 53 3 2 5

5 August 13 8 20 4 3 7

7 August 15 10 24 6 3 9

9 August 14 7 21 4 2 6

11 August 5 2 8 3 1 5

13 August 7 4 12 1 0 3

15 August 18 9 30 11 6 11

17 August 25 14 40 8 5 12

22 August 26 16 41 5 3 19

24 August 31 14 43 10 6 19

26 August 29 17 50 10 9 17

28 August 17 12 26 3 1 5

30 August 14 8 20 6 4 10

1 September 9 4 15 1 0 3

sum
352

(31.5%)
191

(17.1%)
574

(51.4%)
111

(29.5%)
62

(16.5%)
203

(54.0%)
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Table  1.6.:  Statistical  results  of  the  2 tests  for  data  in  Table  1.5.  H:  horizontal  test 
surface.  V: vertical  test surface. S4+: 4 linearly polarizing small squares in a linearly 
polarizing  large  square  with  orthogonal  transmission  directions.  S16+:  16  linearly 
polarizing  small  squares  in  a  linearly  polarizing  large  square  with  orthogonal 
transmission directions. S16-: 16 linearly polarizing small squares in a linearly polarizing 
large square with parallel transmission directions.

compared test surfaces 2 df p
significance of

differences

H-S16- versus H-S4+ 53.2 1 < 0.001 significant

H-S4+ versus H-S16+ 47.7 1 < 0.001 significant

V-S16- versus V-S4+ 26.9 1 < 0.001 significant

V-S4+ versus V-S16+ 13.9 1 = 0.002 significant
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Figures

Figure 1.1.: The remarkably large diversity of the coat pattern in domestic cattle ranges 
from homogeneous black (A-C) and brown (D-F), through spotty brown-white (G-I) and 
black-white (J-L), to homogeneous grey or white (M-O) (source: http://FreeFoto.com).
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Figure 1.2.: : Results of experiments 1 and 2. (A, B) Colour pictures and patterns of the 
degree d and angle  (clockwise from the vertical) of linear polarization of light reflected 
from  the  shady  brown-and-white  spotty  horizontal  (A)  and  vertical  (B)  sticky  test 
surfaces with 1 (H1, V1), 4 (H4, V4), 16 (H16, V16) and 64 (H64, V64) brown spots 
used in experiment 1 and 2 and measured by imaging polarimetry in the blue (450 nm) 
part of the spectrum when the optical axis of the polarimeter was -30o from the horizontal 
(A) and 20o relative to the surface (B). (C, D) Number  N of tabanids captured by the 
brown and white regions of the vertical and horizontal spotty and sticky test surfaces in 
experiments 1 and 2 as a function of the area (m2) covered by one brown spot.
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Figure 1.3.: Results of experiment 3. (A) As Fig. 1.2A for the sticky cattle models used in 
experiment  3  when the  optical  axis  of  the  polarimeter  was  -35o from the  horizontal. 
White:  white cattle,  S64: white cattle with 64 brown spots, S16: white cattle with 16 
brown spots, S8: white cattle with 8 brown spots, Brown: brown cattle. (B) Number N of 
tabanids captured by the brown regions (if any) and the white areas of the sticky cattle  
models in experiment 3.
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Figure  1.4.:  Results  of  experiment  4.  (A) As Fig.  1.2A for  the test  surfaces  used  in 
experiment 4 when the optical axis of the polarimeter was horizontal. In the α-patterns 
the short bars represent the local transmission direction of the linear polarizer.  (B, C) 
Number N of tabanids captured by the vertical and horizontal test surfaces in experiment 
4. S16+: test surface with 16 linearly polarizing squares, the transmission direction of 
which  is  perpendicular  to  that  of  their  surrounding regions.  S4+:  test  surface  with  4 
linearly polarizing squares, the transmission direction of which is perpendicular to that of 
their  surrounding  regions.  S16-:  test  surface  with  16  linearly  polarizing  squares,  the 
transmission direction of which is parallel to that of their surrounding regions.
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Figure 1.5.: Reflection-polarization characteristics of a shady (A-C), and a sunny (D-F) 
cattle coat with white and brown spots measured by imaging polarimetry in the blue (450 
nm)  part  of  the  spectrum.  In  D,  E,  F  the  polarimeter  viewed  normally  to  the  solar 
meridian  (NSM),  toward  the  solar  meridian  (SM),  and toward  the  antisolar  meridian 
(ASM), respectively. The elevation angle of the polarimeter’s optical axis was -20o from 
the horizontal. (G) Colour picture and patterns of the degree of linear polarization d and 
angle  of  polarization   (clockwise  from  the  vertical)  of  a  living  shady  black  cow 
measured by imaging polarimetry in the blue (450 nm) part of the spectrum. The optical 
axis of the polarimeter was horizontal,  and the measurement was performed under an 
overcast sky.  In the  -pattern double-headed arrows show the angle of polarization of 
reflected light at some places of the cattle coat. The background of the animal is white for 
the sake of  a  better  visualization.  The body surfaces of the cow from which  light  is 
reflected  in  a  vertical  plane  polarize  horizontally,  while  those  from  which  light  is 
reflected in a horizontal/oblique plane polarize vertically/obliquely.
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CHAPTER 2

Stripes  Disrupt  Odour  Attractiveness  to  Biting  Horseflies:  Battle 

Between  Ammonia,  CO2,  and  Colour  Pattern  for  Dominance  in  the 

Sensory Systems of Host-Seeking Tabanids2

2.1. Introduction

Female tabanid flies searching for blood nourishments are attracted to their host animals 

by the odours, shape, movement, brightness and colour of the host (Wilson et al., 1966; 

Thompson, 1969; von Kniepert,  1979; Allan and Stoffolano, 1986;  Allan  et al., 1991; 

Hribar et al., 1992; Moore et al., 1996; Sasaki, 2001), and also by the linear polarization 

of host-reflected light (Horváth  et al.,  2008, 2010b; Kriska  et al.,  2009; Blahó  et al., 

2012b;  Egri  et  al.,  2012a,b).  Tabanids  wait  for  hosts  to  appear  in  shady areas  under 

bushes and trees (Vale and Phelps, 1974). Sight is the main host finding mechanism, but 

body temperature (warmth) and odour (mainly ammonia, carbon dioxide and sweat) also 

play an important role (Thorsteinson, 1958; Roberts, 1977). Moving objects, especially if 

dark  coloured,  are  most  prone  to  be  attacked  by  tabanids  (Bracken  et  al.,  1962; 

Thorsteinson et al., 1966).

Tabanids are intermittent feeders: their painful bites generally elicit a protective 

response from the victim, so they are frequently forced to move to another host without 

having  the  chance  to  procure  a  full  blood  meal.  Consequently,  they  may  serve  as 

mechanical  vectors  of  some  diseases  and/or  parasites,  e.g.  anthrax,  tularemia, 

anaplasmosis,  hog  cholera,  equine  infectious  anemia,  filariasis  and  Lyme  disease 

transmitted by their bites (Foil, 1989; Luger, 1990; Maat-Bleeker and Bronswijk, 1995). 

A serious problem can occur in mammals when the blood loss is high due to abundant 

tabanid bites, i.e. hosts exposed to frequent bites can lose up to 0.5 milliliter of blood per 

fly  (Foil  and  Hogsette,  1994),  which  can  severely  weaken  or  even  kill  them.  Thus, 

numerous painful bites from high populations of tabanids can reduce the fitness of the 

host animals.  Furthermore, tabanids sometimes irritate ungulates so seriously that these 

2 Blahó,  M.;  Egri,  Á.;  Száz,  D.;  Kriska,  G.;  Åkesson,  S.;  Horváth,  G.  (2013) Stripes  disrupt  odour 
attractiveness to biting horseflies: Battle between ammonia, CO2, and colour pattern for dominance in 
the sensory systems of host-seeking tabanids. Physiology and Behavior 119: 168-174

29



host  animals  cannot  graze  (Lehane,  2005).  Consequently,  host  animals  exposed  to 

tabanids,  show  strong  behavioural  responses,  such  as  escape  behaviours  when 

approaching flights of tabanid flies are heard. Thus, evolution of a coat pattern with a 

weak attractiveness to tabanids could be an important selective advantage to mammalian 

hosts.

Water-seeking male and female tabanid flies are attracted to horizontally polarized 

light  reflected  from  a  water  surface  (Horváth  et  al.,  2008;  Kriska  et  al.,  2009). 

Host-seeking female tabanids, using blood as nourishment to increase clutch size and to 

develop and ripen their eggs, are also attracted to linearly polarized light reflected from 

the coat of host animals,  independent  of the direction of polarization (Horváth  et al., 

2010b; Egri et al., 2012b). Recently, it was shown that polarotactic tabanids find striped 

or spotted patterns with intensity alteration (alternating dark and bright stripes or patches) 

and/or polarization modulation (stripes or patches with alternating orthogonal directions 

of  polarization)  much  less  attractive  than  homogeneous  white,  grey,  brown or  black 

targets. This may be one of the functions of zebra stripes (Ruxton, 2002; Caro, 2009; Egri 

et al., 2012a) and spotty animal coats (Blahó et al., 2012b). The attractiveness to tabanids 

diminishes with decreasing stripe width and spot size. Stripes narrower than a critical 

width ( 5 cm, Egri et al., 2012a) and spots smaller than a threshold size (diameter 10 

cm, Blahó et al., 2012b) are effective enough not to attract tabanids. Egri et al. (2012b) 

demonstrated  that  stripe widths on the coats of all  three extant  zebra species (Equus 

burchelli, E. grevyi, E. zebra) fall in a range where the striped pattern is most disruptive, 

i.e. least attractive to host-seeking tabanids.

Similar to other ungulates, zebras emit carbon dioxide (CO2) via their breath and 

ammonia  associated  with their  urine  (ammonia  originates  from  the  decay  of  urine). 

Tabanid  flies  are  attracted  by  CO2 and  ammonia,  and  these  chemical  attractants  are 

therefore frequently used in tabanid traps (e.g.  Wilson  et al., 1966;  Hribar  et al., 1992; 

Hall et al., 1998; Lehane, 2005; Mihok and Mulye, 2010; Mihok and Lange, 2011). Thus, 

the question arises whether the weak optical attractiveness of the striped coat pattern of 

zebras to tabanids can be overcome by the olfactory attractiveness of zebras to tabanids. 

Could an attractive zebra smell (CO2, ammonia, sweat) compensate for the poor visual 

attractiveness  of  a  striped  pattern  to  tabanids,  resulting  in  the  loss  of  the  selective 

advantage of striped coat patterns?
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To  answer  this  question,  we  performed  two  field  experiments,  in  which  we 

studied  the  attractiveness  to  tabanid  flies  of  sticky  homogeneous  white,  black  and 

black-and-white striped three-dimensional targets and horse models provided with CO2 

and  ammonia.  Since  tabanids  have  positive  polarotaxis,  we  measured  the 

reflection-polarization characteristics of the test targets used in our experiments.

2.2. Materials and Methods

2.2.1. Experiment 1

Experiment 1 was performed between 21 June and 12 September 2012 on a Hungarian 

horse farm in Szokolya (47o 52' N, 19o 00' E) to investigate the influence of ammonia (the 

most  typical  component  of  bacterially  decaying urine)  on the  attractiveness  of  sticky 

three-dimensional  visual  targets  with  different  surface  patterns  to  tabanid  flies.  Each 

target was composed of a sphere (diameter = 50 cm, Fig. 2.1A-C) and two cylinders 

(height = 50 cm, the major and minor axis of the elliptical cross-section was 50 cm and 

30 cm, respectively, Fig. 2.1D-F) imitating rounded (spherical) or elongated (cylindrical) 

body parts of a host animal for host-seeking female tabanids. There were two identical 

target groups. Each target group was composed of a white, a black-and-white striped and 

a black target arranged 5 m apart along a straight line (Fig. 2.1G,H). The homogeneous 

black and white spheres were common inflatable beach balls sprayed by black and white 

paint, respectively. The striped sphere was a black-sprayed beach ball onto which white 

plastic stripes (width = 2 cm) were fixed with adhesive. The cylinders were composed of 

white plastic buckets. The black cylinders were produced by spraying the white buckets 

with black paint. The striped cylinders were made with painting black stripes (width = 4 

cm) onto the white buckets. Each sphere was fixed at a height of 100 cm to a vertical 

metal rod stuck into the ground. Two cylinders with the same pattern (white, striped, or 

black) were impaled onto a vertical metal rod stuck into the ground 50 cm apart from the 

sphere with the same pattern (white, striped, or black). The height of the lower and higher 

cylinder was 50 and 100 cm from the ground, respectively. Since the sphere and the two 

cylinders with the same surface pattern (white, striped, or black) were quite close (50 cm) 

to each other, they might have been considered by host-seeking flying tabanids to belong 

to the same (host-imitating) target, thus the numbers of tabanids catched by the spheres 
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and cylinders with the same pattern were pooled (Tables 2.1, 2.2). In both target groups 

all  three  different  targets  (white,  striped,  black) were  presented  simultaneously  (Fig. 

2.1G,H).

One target group was baited with ammonia, while the other group was unbaited. 

The two target groups were positioned 500 m apart (separation of the odour treatments) at 

two opposite sides of a grove in such a way that from the constant location of a given 

target group the other group was not visible (Fig. 2.1G,H). The surface of all targets was 

covered by transparent, odourless, colourless and weather-proof insect monitoring glue 

(BabolnaBio  mouse trap).  The members  of  a  given target  group were simultaneously 

either sunny or shady. Every day both target groups were alternatively (early forenoon 

and late afternoon) or simultaneously (around noon) sunlit or shady for several hours. 

Between two data collections one of the target groups was provided continuously with 

ammonia (this is called the baited hereafter), while the other group was without ammonia 

(called  the  unbaited  group hereafter).  The  two  (ammonia-baited  and  unbaited)  target 

groups were at a sufficiently long distance (500 m) from each other that the ammonia 

originating from the baited group could not influence the area of the unbaited group. To 

eliminate  any  site-specific  effect, the  ammonia  sources  were  periodically  switched 

between the two target groups after each data collection (see Table 2.1).

Each ammonia source was a plastic bottle (1.5 liter) with five small holes on its 

stopper partly filled with 1 liter  aqueous household ammonia  replenished weekly (Fig. 

2.1I). In the baited target group there was one ammonia source at each target: beneath the 

cylinders  the ammonia  sources  were placed on the ground fixed with a  string to  the 

vertical metal rod, while they were fixed with strings at a height of 1 m to the metal rods 

holding the spheres, so that ammonia bottles and spheres were at the same height. After a 

week the  solution  in  the  bottles  still  emitted  some ammonia  smell.  In  our  ammonia 

sources  (Figs.  2.1I,  2.2C)  we  used  a  saturated  (4%  ammonia  dissolved  in  water) 

household aqueous ammonia, that initially resulted in a strong ammonia odour from a 

distance of several meters. However, to minimize the risk of reduced attractiveness, the 

aqueous ammonia was refreshed weekly. Thus, at the beginning of our field experiments 

the aerial concentration of ammonia around the test targets might have been stronger than 

that typical for zebras in the field.

The tabanids trapped by the sticky targets were counted and removed periodically 

(see Table 2.1) by cleaning the sticky surfaces with petrol. After the complete evaporation 
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of  the  petrol  (the  smell  of  which  thus  had  no effect  on  the  tabanids),  the  glue  was 

refreshed, the positions of the members of both target groups were rerandomized and the 

ammonia  sources  were  displaced  from one  group  to  the  other  in  order  to  eliminate 

site-specific effects.

2.2.2. Experiment 2

Experiment 2 was performed between 10 July and 12 September 2012 on the same horse 

farm as experiment 1 and was designed  to investigate the influence of carbon dioxide 

(imitating  the  CO2 exhalated  by  host  animals)  and ammonia  on the  attractiveness  of 

three-dimensional sticky  horse  models  (mock  horses)  with  different  optical  surface 

patterns  to  tabanid  flies.  We  used  two  pairs  of  horse  models.  In  each  pair  a 

black-and-white striped horse model, called mock zebra (Fig. 2.2A) and a black mock 

horse (Fig. 2.2B) composed of plastic were placed in a normal standing posture on the 

grassy ground, 5 m apart. The shape and dimensions (length = 160 cm, height = 110 cm, 

width = 60 cm) of the mock horses were the same. The pattern of the mock zebra was 

copied from a zebra hide (Equus burchelli), with a ratio of the black and white surface 

regions of approximately 50:50.

In the immediate vicinity (50 cm apart) of each mock horse of one of the pairs the 

same ammonia source (Fig. 2.2C) as used in experiment 1 was placed. Furthermore, both 

of these ammonia-baited mock horses were also continuously provided by CO2 released 

from a gas tank via a manometer and 2 m of rubber tubing (Fig. 2.2A,B,D). These mock 

horses are called the odour-baited models, henceforth. The gas tank (initially 60 bar) was 

set inside the bushes and the end of the rubber tubing was fixed by string to a vertical 

metal rod stuck in the ground in such a way that the CO2 was released at 0.5 liter/minute 

(corresponding to the rate of CO2 exhalation by horses;  Marlin  and Nankervis,  2002; 

Brega,  2005) near  the  head  of  each  mock  horse  (Fig.  2.2A,B). Hence,  the  CO2 

concentration  was  similar  to  the  natural  situation  around  breathing  zebras.  The 

continuous emission of CO2 was checked by gas bubbles visible when the end of the 

rubber tubing was put into a bottle of water. The CO2 tanks  were regularly replaced on 

depletion.

500 m from the odour-baited mock horses another model pair (composed of the 

same zebra-striped and black mock horses placed 5 m apart) without ammonia and CO2 
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was set at the edge of the grove in such a way that from the constant location of a given 

model pair the other pair was not visible due to trees and bushes (Fig. 2.2F,G). These 

mock  horses  are  called  the  unbaited  models  henceforth.  The  odour-baited  and  the 

unbaited  model  pairs  were  at  large  enough  distance  (500  m)  from each  other  (with 

numerous trees and bushes inbetween), so that ammonia and CO2 originating from the 

odour-baited mock horses could not influence the area of the unbaited mock horses.

Covering  of  mock  horses  with  glue,  their  illumination  conditions  (sunlit  or 

shady), replenishment with ammonia, periodic counting of captured tabanids (Table 2.3), 

randomized positioning within each target pair and periodic switching of the ammonia 

and CO2 sources between target pairs after every data collection to eliminate site-specific 

effects were the same as in experiment 1.

2.3. Results

In experiments 1 and 2 the sticky visual targets (spheres plus cylinders, mock horses and 

mock zebras) trapped only female tabanids (Tables 2.1, 2.3). From this and our optical 

measurements we concluded that these test targets imitated visually well the host animals 

of blood-sucking female tabanid flies. In experiment 1 most tabanids were trapped by the 

sticky black targets: 89% (N = 622) with ammonia, and 90% (N = 773) without ammonia 

(Table 2.1). According to Table 2.2, these differences between the baited and unbaited 

black targets are statistically significant. The white targets caught only 7.4% (N = 52) and 

7.2% (N =  62)  of  tabanids  with  and without  ammonia,  respectively,  not  statistically 

different  from  one  another  (Table  2.2).  The  least  tabanids  were  captured  by  the 

black-and-white striped targets: 3.6% (N = 25) with ammonia, and 2.8% (N = 24) without 

ammonia,  not  statistically  different  from  one  another  (Table  2.2).  The  differences 

between the numbers of tabanids trapped by the black compared to the white targets were 

significant, independent of provision with ammonia (Table 2.2). The same was true for 

the numbers of tabanids trapped by the white and striped targets without ammonia (Table 

2.2). From experiment 1 we conclude that host-imitating three-dimensional targets with 

black-and-white stripes did not lose their  weak visual attractiveness to tabanids when 

provided with tabanid-attracting ammonia. These striped targets attracted practically the 

same small numbers (24 and 25) of tabanids, independent of provision with ammonia.
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In experiment 2 the sticky black mock horses captured significantly more tabanids 

than the mock zebras, independent of the ammonia and CO2 provision (Tables 2.3, 2.4): 

the baited black horse model trapped 200 (88.5%) and the odourless black mock horse 

caught 100 (95.2%) tabanids, while the baited and odourless mock zebras captured only 

26 (11.5%) and 5 (4.8%) tabanids, respectively. On the other hand, the baited mock zebra 

trapped  significantly  more  tabanids  (26)  than  the  odourless  mock  zebra  (5).  The 

difference between the numbers of tabanids trapped by the baited (200) and odourless 

(100) black mock horses was significant (Table 2.4). From experiment 2 we conclude that 

although the combined emittance of ammonia and CO2 enhanced the attractiveness of 

black horse models and mock zebras to tabanids, the mock zebra kept its poor visual 

attractiveness to tabanids in spite its emittance of tabanid-attractants.

The sticky white targets (spheres and cylinders) used in experiment 1 reflected 

practically unpolarized (d < 5%) light, independent of the illumination condition (shady, 

or sunlit). The same was true for the white stripes of the sticky striped target. On the other 

hand, the sticky black targets used in experiment 1 reflected strongly (70% < d < 90%) 

linearly polarized light at the Brewster angle [Brewster = arc tan (n) from the local normal 

vector of the surface, where n is the refractive index of the black paint], depending on the 

illumination  (shady,  or  sunlit).  Independent  of  the  illumination,  the  direction  of 

polarization of light reflected from the sticky black targets was perpendicular to the plane 

of reflection. The same was true for the black stripes of the sticky striped targets.

The  sticky  black  and  zebra-striped  shady  and  sunlit  horse  models  used  in 

experiment  2  had quite  similar  reflection-polarization  characteristics  (Fig.  2.3)  as  the 

black and striped targets in experiment 1 and the coats of real horses and zebras, the 

reflection-polarization patterns of which were presented by  Horváth  et al. (2010b) and 

Egri et al. (2012a). At the Brewster angle the black mock horses and the black stripes of 

the  mock  zebras  reflected  linearly  polarized  light  strongly  (70%  <  d <  90%)  with 

directions of polarization normal to the local plane of reflection, while the white stripes 

of the mock zebras reflected practically unpolarized (d < 5%) light.

2.4. Discussion

Our study examined how ammonia and CO2 scents influenced the responses of tabanid 

flies  to  objects  simulating  various  patterns,  including  those  with  characteristic  zebra 
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stripes. Cattle and many other ungulates are ruminant animals, while zebras and other 

horses are not. Although the chemical components of the gas mixture exhalated by these 

two different ungulate groups more or less differ, all ungulates emit CO2 and have an 

ammonia  scent.  This  was the reason why we used these two typical  ungulate-related 

odour types  in our field experiments.  Our results  suggest that  although both of these 

scents that are associated with zebras were attractive to tabanids, they did not reduce the 

efficacy of the poorly attractive nature of the black-and-white zebra stripes  to tabanids. 

We do not suggest that zebras evolved stripes exclusively as a visual defense against 

tabanid fly bites, but we propose that one of the advantages of striped (or spotted) coat 

patterns is that it significantly reduces the visual attraction to tabanids. Apart from the old 

tsetse fly hypothesis (Waage, 1981), this is the only experimentally tested and proven 

suggestion on the evolutionary importance of striped and spotted coats.  All  these are 

thoroughly discussed by Blahó et al. (2012b) and Egri et al. (2012a).

Since our field experiments were performed in Hungary, we had to work with 

Hungarian tabanids. This is, however, not a serious problem, because all tabanids that lay 

their eggs in the immediate vicinity of water or mud are in all probabilities positively 

polarotactic,  like  aquatic  insects  in  general  (Horváth  and  Varjú,  2004;  Kriska  et  al., 

2009). Thus, we expect that the tabanids co-occurring with zebras and other ungulates in 

Africa exhibit similar polarotactic behaviour to the Hungarian species.

In their field experiments, Egri et al. (2012a) used such two-dimensional vertical 

test surfaces and three-dimnesional mock zebras, that possessed vertical, tilted as well as 

horizontal stripes. These mock zebras and those used in our present experiment had such 

stripe patterns  that  were copied from real  zebras.  In  these experiments  we could not 

establish  any  preference  of  tabanids  for  particular  directions  of  stripes.  Thus,  the 

unattractiveness  of  striped  coat  patterns  to  tabanids  seems  independent  of  the  stripe 

direction.

In this chapter we show that three-dimensional black-and-white striped targets are 

significantly less attractive to host-seeking female tabanids than homogeneous white or 

black targets, even if they emit CO2 and/or ammonia.  Ammonia and CO2 increased the 

attractiveness to tabanids 2 times in the case of black mock horses and 5 times in the case 

of  mock zebras.  Although the  baited  black  mock horses  attracted  over  8 times  more 

tabanids than striped ones, a 5-fold increase in tabanid capture with the striped targets 

baited with ammonia and CO2 shows that the poor optical attractiveness of striped targets 
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can  be  overcome  to  a  certain  degree  by  adding  a  combination  of  tabanid-attractant 

chemicals.

After comparing the reflection-polarization patterns of the sticky black, white and 

striped targets (spheres and cylinders) and mock horses used in experiments 1 and 2 (Fig. 

2.3) with those of the coats of real white and black horses and zebras (Horváth  et al., 

2010b;  Egri  et  al.,  2012a),  we  concluded  that  our  three-dimensional  targets  in 

experiments 1 and 2 imitated well the reflection-polarization characteristics of the body 

surface of real horses and zebras.

We compared mock zebras  with  black  mock horses,  since in  our  earlier  field 

experiments (Horváth et al., 2010b; Egri et al., 2012a) we found that among equids black 

horses are the most attractive to host-seeking tabanids. Hence, we wanted to test how 

many times can tabanid-attractant chemicals increase the tabanid-attractiveness of mock 

zebras relative to that of black mock horses. We tested the effect of two odour baits: (i) 

ammonia for the spherical-cylindrical targets, and (ii) CO2 with ammonia for the mock 

horses. Although we did not test the effect of CO2 alone, this is not a serious problem, 

since the synergistic interaction of ammonia and CO2 baits could not overcome the weak 

visual attractiveness of mock zebras to tabanids. Thus it can be expected that the effect of 

a  single  CO2 bait  would  be  even  much  weaker.  Only  if  the  simultaneous  use  of 

tabanid-attracting ammonia and CO2 baits had compensated the unattractiveness of the 

striped pattern of the mock zebras, would it have been worth testing the effect of CO2 

separately  from  ammonia,  in  order  to  establish  the  contributions  of  these  attracting 

chemicals.

According to  Tables  2.1 and 2.3,  there was a  week-to-week variability  in  the 

numbers of tabanids caught. The reason for this may be the fluctuation of weather, as 

under  cool,  cloudy  conditions  the  flight  activity  of  tabanids  considerably  declines 

(Burnett and Hays, 1974; Chvála, 1979; Krcmar et al., 2005; Lehane, 2005; Horváth et  

al.,  2008). In the literature tabanid flies are generally described as lovers of sunlight, 

warmth and moisture. Burnett and Hays (1974) reported that temporary cloudiness, rain, 

or  a  drop in temperature  caused a  cessation  of  tabanid  activity.  According to  Chvála 

(1979), a relatively short diurnal activity of tabanids was apparently given by the deep 

changes in temperature and relative humidity of the air between night and day-time in the 

studied area. Multiple regression analysis by Krcmar et al. (2005) showed that the peak 

of  the  biting  activity  for  five  tabanid  species  was  significantly  influenced  by 
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meteorological factors: when the weather was cold and cloudy, very few specimens were 

collected.

Since the sticky test targets used in our field experiments trapped only female 

tabanids, it is pertinent to suppose that these tabanids considered our targets as potential 

host animals, and they landed on these targets intending to suck blood. Hence the trapped 

female  tabanids  sought  hosts,  and were  attracted  by the intensity  and polarization  of 

target-reflected  light  as  well  as  by  the  odour  of  the  applied  white,  black  and 

black-and-white striped targets.

In both of our experiments we used ammonia being a typical attractant of tabanid 

flies (Hribar  et al.,  1992;  Lehane,  2005; Mihok and Mulye, 2010;  Mihok and Lange, 

2011).  Mammalian urine contains only a limited amount  of ammonium salt,  thus the 

urine itself  does not have an ammonia smell. However,  ammonia  originates from the 

bacterial  decay  of  urine  (Hill  et  al.,  2012). The  ammonia  odour  is  associated  with 

ungulates for the following reasons: (i) When drinking from more or less constant water 

bodies,  ungulates  frequently  urinate.  Due  to  the  later  bacterial  decay  of  urine,  the 

urine-impregnated soil emits  more or less ammonia (depending on the soil  moisture), 

signaling that  ungulates  frequently  visit  the sites  to seek water.  (ii)  During urination, 

certain body parts (mainly the legs) of ungulates are unavoidably contaminated with a 

small amount of urine, that later emits ammonia, especially when the animal is sweating. 

Consequently,  ammonia  odour  is  a  typical  olfactory  marker  of  host  animals  or  their 

vicinity  for host-seeking female tabanid flies.  These are the reasons why tabanids are 

attracted to ammonia (Hribar et al., 1992; Lehane, 2005; Mihok and Mulye, 2010; Mihok 

and Lange, 2011).  In the future, it would be worth testing whether tabanids should also 

see the hosts from the outset to forage more intensely in the vicinity of host excretions.

At  the  beginning  of our  experiments  the  attractiveness  of  ammonia  odour  to 

tabanids was probably over-represented relative to the natural situation. However, this 

was  not  problematic,  because  it  turned  out  that  attractive  CO2 and  ammonia  do  not 

overcome the weak visual attractiveness of zebra stripes to tabanids. Therefore, the strong 

initial ammonia concentration around our test targets still supports our main conclusion. 

We were convinced that the perhaps initially strong ammonia concentration could not 

repel tabanid flies in our field experiments, since the stronger the ammonia odour, the 

greater the attractiveness to tabanids. This fact is exploited in chemically-baited tabanid 

traps (Thompson, 1969; Hribar et al., 1992; Hall et al., 1998; Lehane, 2005; Mihok and 

38



Mulye,  2010;  Mihok  and  Lange,  2012).  For  example,  traps  baited  with  ammonium 

hydroxide captured four times more tabanids than unbaited traps (Krcmar, 2005).

While stripes may deter tabanids, ungulates can avoid them by moving into shade, 

or by tail swishing, grazing during cool times of the day, or using a mixed strategy of 

grazing in the sun and periodically retreating into shade (Lehane, 2005; Horváth  et al., 

2010b).

In experiment 1 the difference in the catches of striped and white targets is not 

very large (Table 2.1), but it is significant (Table 2.2): the ammonia-baited and unbaited 

white  targets  captured  52/25  ≈ 2.1  and  62/24  ≈ 2.6  times  more  tabanids  than  the 

corresponding striped  targets.  This  also demonstrates  that  tabanid  fly  bites  may be  a 

selective force, and in this respect white coats are more advantageous than black ones, 

but less advantageous than striped furs. Why have not more mammals evolved white fur? 

In the opinion of Horváth et al. (2010b), the advantage of wearing a white coat (visual 

unattractiveness  to  tabanids)  may  be  overwhelmed  by  the  disadvantage  that  a  white 

animal is very striking for predators as well as preys. A white coat is furthermore, less 

protective against damaging UV light, causing skin tunours in white horses. About the 

problem of whiteness see further discussion in Horváth et al. (2010b).

Experiment 1 started on 21 June 2012, while experiment 2 on 10 July 2012, thus 

they  ran  parallel  since  10  July 2012.  According to  Table  2.1,  the  tabanid  catches  in 

experiment 1 became much lower after the start of experiment 2. One of the reasons for 

this could be that the tabanids trapped by the test targets of one of the experiments could 

not obviously have been captured by those of the other experiment.

Our  findings  presented  here  raise  the  following  questions:  Why  do  so  many 

African sympatric artiodactyls have non-striped coats? Note, however, that in fact there 

are a number of striped and partially striped mammals in Africa, such as brindled gnu 

(Connochaetes  taurinus),  bongo (Tragelaphus eurycerus),  nyala  (Tragelaphus angasi), 

Lesser  kudu  (Tragelaphus  imberbis),  striped  hyena  (Hyaena  hyaena),  okapi  (Okapia 

johnstoni) and giraffe (Giraffa camelopardalis), for example. Why are Eurasian equids 

not striped even though they also suffer tabanid attacks? Another interesting question that 

could  be  studied  in  the  future  is  whether  the  body  heat  of  zebras  (that  may  attract 

tabanids,  Thorsteinson,  1958)  could  or  could  not  overcome  the  advantage  (visual 

unattractiveness to tabanids) of stripes. Thus, the enigma of why zebras have striped coats 

is not completely solved and demands additional research.
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Tables

Table 2.1.: Number of female tabanids captured by the white, black-and-white striped, 
and black sticky targets with and without ammonia in experiment 1. Male tabanids were 
not trapped.

date (2012)
with ammonia without ammonia

white striped black white striped black

28 June 17 13 37 8 0 34
1 July 15 3 102 10 1 103
10 July 5 2 160 10 4 141
16 July 1 3 59 2 3 64
25 July 2 1 17 8 1 54
28 July 3 0 9 5 0 19

8 August 4 0 85 4 1 71
15 August 2 0 52 1 0 74
23 August 1 0 25 7 3 129
29 August 1 0 45 3 10 30

4 September 1 0 15 2 0 23
12 September 0 3 16 2 1 31

sum
52

(7.4%)
25

(3.6%)
622

(89.0%)
62

(7.2%)
24

(2.8%)
773

(90.0%)
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Table  2.2.:  Statistical  comparisons  (2 test)  between  the  numbers  of  female  tabanids 
captured by the white, black-and-white striped and black sticky targets with and without 
ammonia in experiment 1 (Table 2.1).

compared targets 2 df p
significance of

differences
black with ammonia

verus
white with ammonia

482.1 1 < 0.0001 significant

white with ammonia
versus

striped with ammonia
9.5 1 0.002 significant

black without ammonia
versus

white without ammonia
605.4 1 < 0.0001 significant

white without ammonia
versus

striped without ammonia
16.8 1 < 0.0001 significant

black with ammonia
versus

black without ammonia
16.3 1 < 0.0001 significant

white with ammonia
versus

white without ammonia
0.88 1 0.35 not significant

striped with ammonia
versus

striped without ammonia
0.02 1 0.89 not significant
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Table 2.3.: Number of female tabanids captured by the black-and-white striped and black 
sticky horse models with and without ammonia and carbon dioxide (CO2) in experiment 
2. Male tabanids were not trapped.

date (2012)
with ammonia + CO2 without ammonia + CO2

striped black striped black
16 July 12 38 1 12
25 July 0 16 1 23
28 July 0 8 1 5

8 August 6 61 2 12
15 August 3 30 0 11
23 August 3 23 0 7
29 August 2 8 0 11

4 September 0 10 0 9
12 September 0 6 0 10

sum 26 (11.5%) 200 (88.5%) 5 (4.8%) 100 (95.2%)

Table  2.4.:  Statistical  comparisons  (2 test)  between  the  numbers  of  female  tabanids 
captured  by  the  black-and-white  striped  and the  black  sticky horse  models  with  and 
without odour (ammonia and carbon dioxide) in experiment 2 (Table 2.3).

compared horse 
models

2 df p
significance of 

differences
black with odour

versus
striped with odour

134.0 1 < 0.0001 significant

black without odour
versus

striped without odour
86.0 1 < 0.0001 significant

black with odour
 versus

black without odour
33.3 1 < 0.0001 significant

striped with odour
versus

striped without odour
14.2 1 0.0002 significant
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Figures

Figure 2.1.: Sticky white (A, D), black-and-white striped (B, E), and black (C, F) spheres 
(A-C) and cylinders (D-F) used in experiment 1. Arrangement of the sticky test targets 
with  (G)  and without  (H) ammonia.  (I)  A plastic  bottle  with  five  small  holes  on  its  
stopper containing aqueous ammonia as an ammonia source.

Figure 2.2.:  Black-and-white striped (A) and black (B) sticky horse models provided 
with carbon dioxide (CO2) and ammonia in experiment 2. (C) The ammonia source was a 
plastic bottle with five small holes on its stopper filled partly with aqueous ammonia. (D) 
The CO2 originated from a gas tank with a manometer. (E) The continuous emission of 
CO2 was checked by gas bubbles visible when the end of the rubber tubing was put into a 
bottle of water. (F) Arrangement of sticky horse models baited with CO2 and ammonia. 
(G) Arrangement of unbaited sticky horse models.
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Figure 2.3.:  Colour photographs and patterns of the degree of linear polarization  d and 
the angle of polarization   (clockwise from the vertical) of  the sunlit sticky black and 
black-and-white  striped  horse  models  used  in  experiment  2  measured  by  imaging 
polarimetry in the blue (450 nm) spectral range. The angle of elevation of the optical axis 
of the polarimeter was -20o from the horizontal.
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CHAPTER 3

How Can Horseflies Be Captured by Solar Panels? A New Concept of 

Tabanid Traps  Using Light  Polarization and Electricity Produced by 

Photovoltaics3

3.1. Introduction

Tabanid flies (Diptera: Tabanidae) can cause severe problems for humans and animals 

because of  the diseases  vectored by the haematophagous  females  (Foil,  1989;  Luger, 

1990; Hall  et al.,  1998; Sasaki,  2001; Lehane,  2005). Livestock, especially cattle  and 

horses can be so strongly annoyed by the continuous attacks of blood-sucking tabanids 

that  they  cannot  graze  enough,  and  consequently their  meat  and  milk  production  is 

drastically reduced (Hunter and Moorhouse, 1976; Harris  et al., 1987;  Lehane, 2005). 

Furthermore, tabanid bites cause visible scars on the skin of host animals. The bigger the 

scarless area of cattle hides, for example, the higher their value. As a consequence, the 

numerous bites of blood-sucking female tabanids can drastically lower the value of cattle 

breeded for hide. Therefore, effective tabanid traps are in large demand, especially for 

stock-breeders.

Historically,  traps based on flight interception principles and attraction to large 

black targets have been routinely used to capture tabanids (Malaise, 1937; Gressitt and 

Gressitt, 1962; Catts, 1970; Chvala  et al., 1972;  von Kniepert, 1979; Wall and Doane, 

1980; Hribar et al., 1992). Blue-black cloth traps, such as the Nzi trap (Mihok, 2002; van 

Hennekeler  et al., 2008; Mihok and Lange, 2011), for example, which rely on different 

attraction principles, are also frequently used for trapping tabanids. A common feature of 

many tabanid traps is that they are composed of a visual target – most frequently a black 

sphere – suspended underneath a tent-like canopy. The function of the visual target is to 

attract tabanids from a remote distance by means of optical cues (intensity and colour of 

target-reflected light, shape and motion of the target). When the attracted female tabanids 

land on the target and experience that a potential blood meal is not available, a proportion 

3 Blahó,  M.;  Egri,  Á.;  Barta,  A.;  Antoni,  G.;  Kriska, G.;  Horváth,  G. (2012) How can horseflies  be 
captured  by  solar  panels?  A new concept  of  tabanid  traps  using  light  polarization  and  electricity 
produced by photovoltaics. Veterinary Parasitology 189: 353-365
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of them fly upward into the funnel-like end of the canopy, where they are trapped by a 

glass or plastic container. These traps capture almost exclusively female tabanids that 

look for host animals to suck their blood (Lehane, 2005).

Horváth et al. (2008, 2010b) showed that male and female tabanids are attracted 

to  horizontally  polarized  light,  just  like  many  other  aquatic  insect  species (Schwind, 

1991,  1995;  Wildermuth,  1998,  2007;  Horváth  and Varjú,  2004; Csabai  et  al.,  2006; 

Kriska et al., 2006, 2007, 2008, 2009; Horváth and Kriska, 2008; Lerner et al., 2008; [27] 

Malik et al., 2008; Horváth et al., 2009). The reason for this adaptive behaviour is that 

tabanids lay their eggs onto marsh plants near freshwater bodies or mud, thus they have 

to find water, what is performed by means of the horizontal polarization of light reflected 

from the water surface. It has been suggested that this positive polarotactic behaviour in 

tabanids could be used to develop new tabanid traps (Horváth et al., 2008).

The aim of this chapter is to present the concept of such a trap based on two novel 

principles: (1) In this trap the new visual target is a horizontal solar panel (photovoltaics) 

that attracts polarotactic tabanids by means of the highly and horizontally polarized light 

reflected from the photovoltaic surface. (2) The tabanids trying to touch or land on the 

photovoltaics  are  perished  by  the  mechanical  hit  of  a  wire  rotated  quickly  with  an 

electromotor  supplied by the  photovoltaics-produced electricity.  We describe  here the 

concept and design of this new tabanid trap, the effectiveness of which was demonstrated 

in field experiments. We discuss the advantages and disadvantages of the new trap. Using 

imaging  polarimetry,  we  measured  the  reflection-polarization  characteristics  of  the 

photovoltaic trap surface showing the optical reason for the polarotactic attractiveness to 

tabanids.  Our  study  demonstrates  how  basic  scientific  knowledge,  i.e.  the  positive 

polarotaxis in tabanids, can be applied in the design of a new tabanid trap.

3.2. Materials and Methods

3.2.1. Tabanid trap 1

Tabanid trap 1 was composed of a horizontal, circular, shiny, black, plastic board (radius 

= 30 cm, thickness = 5 mm) fixed onto a cylindrical aluminium frame of height 15 cm 

and radius 25 cm (Fig. 3.1). Below the black board an electromotor (Igarashi sp3650-65g, 

Conrad Electronic, Budapest) was fixed to the aluminium frame in such a way that its 
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vertical axis of rotation got through the center of the horizontal black board. At its center 

a thin (thickness = 0.5 mm), 60 cm long metal wire was fixed to the vertical  axis of 

rotation. Thus, the wire could rotate around its center in a horizontal plane, parallel to and 

3 cm above the surface of the black board. The electromotor was driven by a car battery 

(45 Ah,  lead-acid type)  supplying a  direct  voltage  of  12 V.  The direct  current  to  the 

electromotor was controlled by a common potentiometer, with which the angular velocity 

of the rotating axis of the electromotor could be adjusted.

3.2.2. Tabanid trap 2

Tabanid trap 2 was composed of two rectangular (30 cm × 60 cm) horizontal solar panels 

(Omnitron F 10/12, Conrad Electronic, Budapest) fixed to the top of an aluminium house 

(60 cm × 60 cm × 20 cm). At the center of the horizontal square (60 cm × 60 cm) surface  

of the trap the vertical axis of rotation of an electromotor (Igarashi sp3650-65g, Conrad 

Electronic, Budapest) got through an aluminium band (1 cm × 2 cm × 60 cm). To the 

cylindrical (diameter = 2 cm, height = 1 cm) aluminium head of this rotation axis a thin 

(thickness = 0.5 mm), 60 cm long metal wire was fixed in such a way that the wire could 

rotate  horizontally  around its  center parallel  to and 3 cm above the photovoltaic  trap 

surface. The aluminium band between the two photovoltaics and their aluminium frames 

were sprayed by a black paint. Thus, the whole horizontal surface of the trap was shiny 

black  (Fig.  3.2A)  and  reflected  highly  (i.e.  with  high  degrees  of  polarization)  and 

horizontally  polarized  light  to  attract  polarotactic  tabanids.  The  electromotor  was 

supplied through a controlling electronics by the direct current produced by the two solar 

panels. This electronics ensured, for example, that after its switch on the rotating wire can 

reach gradually its maximal angular velocity. Without such a slow spinning up, the wire 

could coil onto the rotation axis of the electromotor. After its switch off the rotation of the 

motor’s axis ceased promptly, because at spinning off the wire does not coil onto the 

rotation  axis.  At  full  sunshine and at  higher  solar  elevation  angles  (> 29o)  above the 

horizon the direct current produced by the two horizontal solar panels could rotate the 

wire  with  large  enough  angular  velocities  to  perish  all  tabanid  flies  attracted  to  the 

horizontally polarizing photovoltaic trap surface hitting them mechanically by the wire. 

When the solar elevation angle was lower than about 29o,  two additional solar panels 

(Omnitron  F  10/12,  Fig.  3.2A)  were  necessary  to  rotate  the  wire  with  high  enough 
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angular  velocities  to  capture  tabanids.  The  aluminium  frame  of  these  additional 

photovoltaics was not painted black, because the functions of the supplementary solar 

panels was to produce enough direct current for the electromotor rotating the wire, rather 

than to attract  tabanids.  Horváth  et al.  (2010a) showed that  strongly polarizing shiny 

black  surfaces  with  an  appropriate  white  frame  and  grid  lose  their  attractiveness  to 

polarotactic insects, including tabanids.

3.2.3. Calculation of the power needed to rotate the wire of the tabanid 

trap

Consider a 2R long wire with thickness  a fixed at ist center perpendicular to a vertical 

axis of rotation.  Let the wire rotate in a horizontal  plane with an angular velocity  . 

Consider an elementary length dr of the wire placing at distance r from the rotation axis 

(Fig. 3.3). The tangential velocity of this elementary part is  r. The elementary drag 

force acting to this elementary wire section is

rrakrrakF d
2

1
))(d(

2

1
d 222   , (Eq. 1)

where  is the air density, and k is the shape coefficient of drag (being equal to the shape 

coefficient of a cylinder, if the wire has a circular cross section). The elementary torque 

of the elementary drag force dF acting to the elementary wire section dr with respect to 

the axis of rotation is:

rrakFrM d
2

1
dd 32   . (Eq. 2)

The elementary work done by the elementary drag force dF along an elementary arc ds = 

rd is:

tMtrFrFsFW ddd)d(ddddd   . (Eq. 3)
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The elementary power needed to rotate the elementary wire section dr with an agular 

velocity  is:

rrakM
t

W
P d

2

1
d

d

d
d 33   . (Eq. 4)

This elementary power dP is necessary to compensate the elementary torque dM of the 

elementary drag force dF. The total power P needed to compensate the full torque M of 

drag acting to the wire rotating with an angular velocity  is obtained if the elementary 

powers dP are summed, that is integrated along the whole length 2R of the wire:
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3.2.4. Experiment 1

Experiment 1 was performed between 12 and 30 July 2009 on five days near a Hungarian 

horse farm at Szokolya (47o 52' N,  19o 00' E). The aim of this experiment was to test 

whether (i) the movement of the wire of tabanid trap 1, and (ii) the buzz and/or the air  

motion  produced  by the  rotating  wire  can  or  cannot  disturb  and thus  repel  tabanids 

attracted to the horizontally polarizing trap surface. During this experiment the weather 

was sunny and warm, thus flying tabanids were abundant in the air around trap 1 laid on 

the grassy ground.

Every day experiment 1 lasted from 10:00 h to 15:30 h (local summer time = 

UTC + 2 h), during which the wire of trap 1 was still for 30 minutes, then it was rotating 

for 30 minutes,  and this  was repeated four times.  After a 30-minute rotating the trap 

surface was cleaned by 70% ethanol from the droplets of tabanid body fluid and eggs 

sometimes arisen when tabanids were hit by the rotating wire.  When the wire was still, 

we observed and counted the following two typical reactions of tabanid flies approaching 

the horizontal shiny black surface of trap 1: T = touching the trap surface. In nature this is 

a typical reaction of tabanids when they touch the water surface to drink or bath in order 

to cool their heated-up body. L = landing (and occasionally walking) on the trap surface. 

Tabanids neither land nor walk on the water surface. These are their typical reactions on 
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highly and horizontally polarizing artificial surfaces (Horváth and Kriska, 2008; Horváth 

et al., 2008, 2009, 2010a,b). In spite of the quick rotation of the wire, a few tabanids were 

able to touch or land on the trap surface. Then we counted the following tabanid-specific 

reactions: T and L (as earlier). H = hitting the tabanid trying to touch or land on the trap 

surface by the rotating wire. When a flying tabanid was hit, the wire produced a typical  

twanging sound, by which reaction H could be heard and counted by the observer. During 

the experiment we collected several carcasses of tabanids hit by the rotating wire and 

thrown away on the grassy ground.

As mentioned, at still wire the reactions of tabanids were T and L. Then, if the 

wire had been rotated,  it  could have hit  and perished tabanids when they touched or 

landed on the trap surface. Let still
TN  and still

LN  be the number of tabanids touching (T) 

and landing (L) on the trap surface, respectively, during the time period when the wire 

was still. If the wire had been rotated and its rotation had not been disturbed and repelled 

tabanids attracted to the horizontally polarized light reflected from the trap surface, the 

rotating wire could have perished still
TN  +  still

LN  tabanids.  Let  rotating
HN ,  rotating

TN  and 

rotating
LN  be the number of tabanids hit (H) by the rotating wire, or touching (T) and 

landing (L) on the trap surface, respectively, during the time period when the wire was 

rotating (this time period was the same as the period when the wire was still).  If the 

motion of the wire and/or the buzz and/or the air motion produced by the rotating wire 

disturbed and thus repelled the visually attracted tabanids, then  rotating
HN  +  rotating

TN  + 

rotating
LN  < still

TN  + still
LN  could be expected. Thus, we define the following measure of 

disturbance of trap 1 due to the wire rotation:

still
L

still
T

rotating
H

rotating
L

rotating
T

edisturbanc 1
NN

NNN
Q


 . (Eq. 6)

If  the  rotation  of  the  wire  disturbed  and  thus  repelled  all  polarotactically  attracted 

tabanids (that is rotating
H

rotating
L

rotating
T NNN   = 0), then  Qdisturbance = 1 (100%), while if the 

wire rotation were not repellent at all (i.e. still
L

still
T

rotating
H

rotating
L

rotating
T NNNNN  ), then 

Qdisturbance =  0  (0%).  Since  we  had  only  one  exemplar  of  trap  1,  still
TN  and  still

LN , 

furthermore rotating
HN , rotating

TN  and rotating
LN  could be measured only subsequently, rather 

than simultenously. Using 30 min as the unit period of rotation and stillness of the wire, 
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we  tried  to  minimize  the  inevitable  influence  of  the  temporal  variation  of  tabanid 

abundance in the air near trap 1 during each session of experiment 1.

3.2.5. Experiment 2

Experiment 2 was done on 11 and 12 July 2010 at the same site as experiment 1. The aim 

of experiment 2 was to test whether the wire of tabanid trap 2 can be rotated with the use 

of the electricity produced by a horizontal photovoltaic area of 60 cm × 60 cm with large 

enough  angular  velocities  to  perish  all  tabanids  touching  the  horizontally  polarizing 

photovoltaic trap surface. During this experiment the weather was sunny and warm, thus 

flying tabanids were abundant in the air around trap 2 laid on the grassy ground. The 

procedure  of  experiment  1  was  repeated  with  the  use  of  trap  2.  The  disturbance 

)/()(1 still
L

still
T

rotating
H

rotating
L

rotating
Tedisturbanc NNNNNQ   of trap 2 due to the rotation of 

its wire was again calculated.

3.2.6. Experiment 3

Experiment 3 was performed between 13 and 17 July 2010 at the site as experiment 1. 

The aim of experiment 3 was to test the functioning of tabanid trap 2 and to measure its  

tabanid-capturing  efficiency  Qcapture without  a  supplementary  solar  panel.  During  this 

experiment the weather was sunny and warm, thus flying tabanids were abundant in the 

air around trap 2 laid on the grassy ground. A session of experiment 3 lasted every day 

from 10:00 h to 17:30 h (UTC + 2 h). During a session the wire of trap 2 was rotating 

continuously for 7.5 h. In spite of the wire rotation, a few tabanids were able to touch or 

land on the photovoltaic trap surface. After each day the trap surface was cleaned by 70% 

ethanol from the body fluid and eggs of hit  tabanids.  As in experiments 1 and 2, we 

counted the following reactions of tabanids approaching trap 2: H = hitting, T = touching 

and  L =  landing  on  the  horizontal  photovoltaic  trap  surface.  The  tabanid-capturing 

efficiency of trap 2 is defined as

rotating
L

rotating
T

rotating
H

rotating
H

capture NNN

N
Q


 , (Eq. 7)
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where  rotating
HN ,  rotating

TN  and  rotating
LN  are  the  numbers  of  reactions  H,  T  and  L, 

respectively, when the wire was rotating (throughout experiment 3).

3.2.7. Experiment 4

Experiment 4 was conducted between 2 and 6 August 2010 at the same site as experiment 

1. The aim of experiment 4 was to test whether a supplementary solar panel can enhance 

the time period when trap 2 functions efficiently. During this experiment the weather was 

sunny and warm, thus flying tabanids were abundant in the air around trap 2 laid on the 

grassy ground. A session of experiment 4 lasted every day from 09:00 h to 19:00 h (UTC 

+ 2 h). During a session the wire of trap 2 was rotating continuously for 10 h. Apart from 

the horizontal photovoltaic surface of trap 2, we used an additional photovoltaic surface 

(60 cm × 60 cm) composed of two solar panels (Omnitron F 10/12, 30 cm × 60 cm). The 

supplementary  photovoltaic  surface  was tilted  at  45o from the horizontal.  In  order  to 

maximize  the  sunlight-collecting  efficiency  of  this  supplementary  photovoltaics,  its 

symmetry axis was oriented hourly toward the azimuth direction of the sun moving along 

its arc on the sky. After each day the photovoltaic trap surfaces were cleaned by 70% 

ethanol.  As  in  experiments  1-3,  we  counted  the  following  reactions  of  tabanids 

approaching  trap  2:  H  =  hitting,  T  =  touching  and  L =  landing  on  the  horizontal 

photovoltaic trap surface. Tabanids never touched or landed on the oblique surface of the 

supplementary  photovoltaics.  The  tabanid-capturing  efficiency 

)/( rotating
L

rotating
T

rotating
H

rotating
Hcapture NNNNQ   of trap 2 was calculated.

3.3. Results

According to (Eq. 5), the power P needed to rotate a 2R long wire is proportional to the 

air density , the wire thickness a, the 3rd power of the angular velocity , and the 4th 

power of the half length R. The area of the solar panel necessary to rotate the wire with a 

given  angular  velocity   can  be  calculated  from Eq.  (5),  from which  the  following 

conclusions can be drawn: (i) If the thickness  a of a wire is doubled, for example, the 

rotation  of  the  wire  with  the  same  angular  velocity   needs  twice  as  large  power 

(photovoltaic area). (ii) To rotate a wire with a double   is possible by a 23 = 8-times 
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larger power (photovoltaic area). (iii) If the length of a wire is doubled, its rotation with 

the same  requires a 24 = 16-times greater power (photovoltaic area).

Figure 3.5A shows the reflection-polarization characteristics of the surface of trap 

1 used in experiment 1 measured by imaging polarimetry in green part of the spectrum. 

The degree of polarization d reflected from the horizontal trap surface was almost 100% 

(represented by black shade in the d-patterns), because the plastic surface was shiny black 

and the measurement happened from the Brewster angle Brewster = arc tan (n) = 56.3o from 

the  vertical  (i.e.  33.7o from the horizontal),  where  n =  1.5 is  the  refractive  index of 

plastic. The angle of polarization of reflected light was   90o from the vertical, meaning 

horizontal polarization (represented by bright green and blue colours in the -patterns). 

Thus, the horizontal, shiny, black surface of trap 1 reflected highly (high  d-values) and 

horizontally (  90o) polarized light, which attracted polarotactic tabanids. This was the 

reason  for  the  large  attractiveness  of  the  trap  surface  to  tabanid  flies.  All  these 

polarization  characteristics  were  practically  independent  of  the  wavelength  of  light, 

because the trap surface was colourless (black).

Rows 1-3 in Fig. 3.4 show photographs of the carcasses of tabanid flies hit by the 

rotating wire of trap 1 in experiment 1. It is clear from these pictures and on the basis of  

our observations that the tabanids hit by the rotating wire suffered so serious injuries that 

they inevitably perished sooner or later. From these carcasses we revealed that both sexes 

(females and males) of tabanids were attracted and perished by trap 1. This demonstrates 

well the tabanid-perishing efficiency of this new technique.

According to Table 3.1, in experiment 1 the disturbance Qdisturbance due to the wire 

rotation  of  trap  1  changed  between  4.8% and 9.1% with  an  average  of  6.7%.  Note, 

however, that the calculated values of Qdisturbance were partly influenced by the inevitable 

temporal variation of the abundance of tabanid flies in the air near trap 1, since counting 

the number of tabanid reactions to the trap in the subsequent periods of still and rotating 

wire  happened  subsequently.  Consequently,  the  calculated  disturbance  is  only  an 

estimation of the real disturbance.

From experiment 1 we concluded that (i) the motion of the wire and/or the buzz 

and/or the air motion induced by the rotating wire of trap 1 repelled less than about 7% of 

tabanids attracted to the horizontally polarizing trap surface, and (ii) the rotating wire 

could hit the attracted tabanids so strongly that they perished. Consequently, it was worth 
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building an improved version of trap 1. Thus, we built trap 2, in which the electromotor, 

rotating  the  wire,  was  supplied  with  the  electricity  produced  by  photovoltaics,  the 

horizontal  shiny  black  surface  of  which  served as  a  horizontally  polarizing  and thus 

tabanid-attracting reflector.

Rows 4-7 in Fig. 3.4 show photographs of the carcasses of tabanids hit by the 

rotating wire of trap 2 in experiment 2. Both female and male tabanids (Tabanus bovinus, 

T. tergestinus, T. quatuornotatus, T. bromius, T. miki, Haematopota pluvialis, H. pluvialis, 

Silvius vituli) hit suffered again so strong injuries that they perished. According to Table 

3.2, in experiment 2 the disturbance Qdisturbance due to the wire rotation of trap 2 was 4.2% 

and 7.3% with an average of 5.6%.

From experiment 2 we concluded that (i) the motion of the wire and/or the buzz 

and/or the air motion induced by the rotating wire of trap 2 repelled less than about 6% of 

tabanids attracted to the horizontally polarizing horizontal photovoltaic trap surface, and 

(ii) the rotating wire could hit the attracted tabanids so that they perished.

Figure 3.5B-C shows the reflection-polarization characteristics of the horizontal 

photovoltaic  surface  of  trap  2  and  the  oblique  supplementary  photovoltaics  used  in 

experiments 2-4 measured by imaging polarimetry in the green part of the spectrum from 

two different azimuthal directions of view. The degree of polarization d reflected from the 

horizontal  photovoltaic  trap  surface  was  approximately  100%  and  the  direction  of 

polarization of reflected light was horizontal (  90o from the vertical) at the Brewster 

angle  (–34o from the  horizontal).  Thus,  the  horizontal,  shiny,  black  photovoltaic  trap 

surface reflected highly and horizontally polarized light, which was strongly attractive to 

polarotactic tabanids. This was the reason for the large attractiveness of the horizontal 

photovoltaic trap surface to tabanid flies. On the other hand, depending on the azimuthal 

direction  of  view,  the  tilted  supplementary  photovoltaic  surface  reflected  light  with 

moderate degrees of polarization (d < 25%) and with not always horizontal, but also with 

tilted  directions  of  polarization.  Consequently,  this  supplementary  photovoltaics  was 

unattractive  to  polarotactic  tabanids.  This  unattractiveness  to  tabanids  was  further 

enhanced by the fact that the supplementary solar panels had a bright frame, that repelled 

polarotactic insects (Horváth  et al.,  2010b). All these polarization characteristics were 

practically  independent  of  the  wavelength  of  light,  because  the  photovoltaic  surfaces 

were colourless (black).
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Table  3.3  shows  the  number  of  tabanid  reactions  and  the  tabanid-capturing 

efficiency  Qcapture of  trap 2 in experiment  3,  when the wire was rotating continuously 

without  a  supplementary  solar  panel.  We  experienced  that  in  full  sunshine  trap  2 

functioned excellently:  from 10:00 to 17:30 h (UTC + 2 h) – during which the solar 

elevation angle changed between its minima and maxima as given in Table 3.3 – the wire 

was rotating continuously with large enough angular velocities to hit and perish almost all 

tabanid flies trying to touch or land on the horizontal photovoltaic trap surface. Qcapture of 

trap  2  changed  between  89.4%  and  94.3%  with  an  average  of  91.5%.  The 

tabanid-capturing efficiency was not 100%, because a few tabanids could touch or land 

on the photovoltaic trap surface in spite of the fact that the wire was rotating.

From experiment 3 we concluded that if the solar elevation angle was not lower 

than about 29o (Table 3.3), trap 2 functioned well in full sunshine and it could capture 

tabanid flies attracted to its horizontal photovoltaic surface with an efficiency of about 

92%. The tabanids that escaped from the rotating wire after touching or landing on and 

flying away from the photovoltaic trap surface could perish when they returned later to 

the trap. We observed that some tabanids landing on the photovoltaics were hit by the 

rotating  wire  when  later  they  tried  to  fly  away.  Thus,  the  92%  tabanid-capturing 

efficiency is an under-estimation.

In experiment 4 we tested how a tilted supplementary photovoltaics can enhance 

the  time  period  during  which  trap  2  can  capture  tabanid  flies  efficiently.  Table  3.4 

contains the number of tabanid reactions and the tabanid-capturing efficiency  Qcapture of 

trap 2 in experiment  4,  when the wire was rotating  continuously with the use of the 

oblique  (45o from the  horizontal)  supplementary  photovoltaics.  We found that  in  full 

sunshine trap 2 with the supplementary photovoltaics functioned excellently: from 9:00 

to 19:00 h (UTC + 2 h) – during which the minima and maxima of the solar elevation 

angle varied as given in Table 3.4 – the wire was rotating continuously with large enough 

angular velocities to hit  and perish almost all  tabanids trying to touch or land on the 

horizontal  photovoltaic  trap  surface.  Qcapture of  trap  2  with  the  supplementary 

photovoltaics ranged from 93.2% to 94.7% with an average of 94.1%.

From experiment 4 we concluded that if the solar elevation angle was not lower 

than  about  10o (Table  3.4),  trap  2  with  the  supplementary  photovoltaics  functioned 

excellently  in  full  sunshine  and  it  could  perish  tabanids  attracted  to  its  horizontal 

photovoltaics with an efficiency of about 94%. If the additional photovoltaics was not 
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turned  always  toward  the  sun,  the  tabanid-capturing  efficiency  of  trap  2  inevitably 

decreased  when the  fixed  supplementary  photovoltaics  did  not  point  toward  the  sun. 

Since the abundancy of tabanids is usually highest in early afternoon, it is worth orienting 

the  fixed  supplementary  photovoltaics  towards  South  or  South-West  on  the  northern 

hemisphere.

3.4. Discussion

In our field experiments we showed that positively polarotactic, water-seeking male and 

female  horseflies  can  be  attracted  to  a  highly  and  horizontally  polarizing  horizontal 

photovoltaic surface, and the attracted tabanids can be perished by the mechanical hit of a 

wire rotated with an electromotor supplied by the direct electric current produced by the 

photovoltaics.  These are  the bases of the new concept  of tabanid traps,  in  which the 

photovoltaics is bifunctional: (i) its horizontally polarized reflected light signal attracts 

water-seeking, polarotactic tabanids, and (ii) it produces the electricity necessary to rotate 

the wire.

This new trap can capture (hit and perish) tabanids with an efficiency of about 

92% in full sunshine if the solar elevation angle is not lower than about 29o (Table 3.3). 

Using an obliquely oriented supplementary photovoltaics with the same area as that of 

the  horizontal  photovoltaic  trap  surface,  the  capturing  efficiency  can  be  increased  to 

about 94% and the capturing period can be extended by a few hours, if the solar elevation 

angle is not lower than about 10o (Table 3.4).

If the supplementary photovoltaics does not follow the solar azimuth direction, its 

optimal orientation is South or South-West, since in afternoon, partly due to the higher air 

temperature, more tabanids are flying than in forenoon. If the azimuthal orientation of the 

additional photovoltaics is constant, then, depending on its orientation, the period when 

the trap can efficiently capture tabanids is reduced by a few hours in comparison to the 

situation  when  the  supplementary  photovoltaics  follows  the  solar  azimuth  direction. 

Without a supplementary solar panel the trap possessing only a horizontal photovoltaics 

is able to perish tabanids with a few hours shorter period than the same trap with a tilted 

supplementary photovoltaics.

If the sun is occluded by clouds, or the photovoltaic surfaces of the trap get into 

the shade of trees or buildings, the photovoltaics produces so small electricity that the 
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wire  cannot  rotate  with  a  large  enough  angular  velocity  to  hit  and  perish  tabanids 

touching  or  landing  on  the  horizontal  photovoltaic  trap  surface.  Thus,  one  of  the 

prerequisites of an efficient functioning of this new tabanid trap is that its photovoltaic 

surfaces  must  be  exposed  to  full  sunshine.  However,  the  reduction  of  the  capturing 

efficiency due to the occlusion of the sun by clouds is not a serious problem, because 

tabanids  usually  do not  fly  when the  sun is  hidden by clouds (Horváth  et  al.,  2008, 

2010a,b; Kriska et al., 2009; Egri et al., 2012a + personal observations).

The new tabanid trap, of course, must be water-proof, since it also has to function 

after rains. The realization of water-proofness is not an easy task of engineering, but a 

solvable problem.

We  experienced  that  the  rotating  wire  can  coil  to  the  rotation  axis  of  the 

electromotor, if a larger insect, leaf or branch falls onto the horizontal photovoltaic trap 

surface.  In this case the shape of the kinked wire becomes spiral  like,  thus losing its 

practicability.  Then  the  kinked  wire  has  to  be  replaced  with  an  intact,  slightly 

upward-bending  new one.  Therefore,  it  is  important  that  the  aluminium head  of  the 

rotating axis of the electromotor must be constructed in such a way that in it the wire can 

be manually and easily exchanged. Furthermore, if possible, the trap should not be placed 

beneath trees.

A disadvantage of the new photovoltaic tabanid trap is that it may also attract and 

perish other,  non-tabanid polarotactic  insects,  such as water beetles,  aquatic  bugs and 

dragonflies,  for  example.  However,  on  the  one  hand,  aquatic  insects  are  usually  not 

protected animals due to their abundance. On the other hand, the horizontal photovoltaic 

trap surface is  only 60 cm × 60 cm, being too small  to attract  many aquatic  insects. 

Aquatic insects require a species-specific minimal surface area of the water bodies into 

which their eggs are laid and where their larvae can develop successfully (Bailey and 

Ridsdill-Smith, 1991; Williams and Feltmate, 1992).

A further disadvantage ot the photovoltaic trap is its complexity relative to the 

conventional tabanid traps. Due to the electronics and the rotating wire, the electronic and 

moving components can go wrong. The prize of this trap is also larger than that of normal 

traps because of the necessary photovoltaics and water-proof electronics.

When the new photovoltaic tabanid trap is used in the field, it could hurt animals 

and humans with its rotating wire. To avoid such injuries, the trap should be settled on the 

ground in such places, where animals or humans cannot approach it. Otherwise, the trap 
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has  to  be enclosed  by an  appropriate  fence  (e.g.  a  wire  grid)  to  hinder  animals  and 

humans to touch the rotating wire.

According to our experience, it is advantageous, if in its sedent stage the wire of 

the trap curves slightly upward (see Fig. 3.5A). During its rotation the originally slightly 

upward bending wire becomes straight  due to  the centrifugal  force.  If  the wire were 

straight in its stillness, it would bend downward because of gravitation and would touch 

the horizontal photovoltaic trap surface. In this case, immediately after the switch on of 

the electromotor, the peripheral section of the wire would lag behind the central section 

due to the friction force of the underlying trap surface. Then the wire getting into a spin 

can easily  coil  to the motor’s  rotation axis.  Due to the same effect,  the flexible  wire 

cannot be replaced by a string having a tiny weight at its ends (then the lag of the weights 

due to friction would cause the coil of the string onto the rotation axis).

It is worth using ligh-emitting diodes (LEDs) on the outer walls of trap 2. The 

function of these LEDs is that in the evening and at night their light signal can mark the 

position of the trap and call the attention of animals or humans passing by in order to 

avoid  the  trap.  The  LEDs  can  be  supplied  with  the  electricity  produced  by  the 

photovoltaics during sunshine and stored in an in-built battery. In this case an additional 

electronic module is required to charge this battery with the direct current produced by 

the photovoltaics and not used by the electromotor rotating the wire.

In  comparison  to  sticky  traps  using  insect-monitoring  glues  or  liquids,  an 

advantage of the new photovoltaic trap presented in this chapter is that the carcasses of 

the captured  tabanids  do not  remain on the tabanid-attracting  horizontal  trap surface, 

since the hit tabanids are thrown away by the rotating wire to the neighbouring ground 

areas. Thus, this new trap does not lure and perish insectivorous birds with the tabanid 

carcasses, not like certain kinds of sticky insect traps. Although the new tabanid trap has 

an  active  part,  the wire rotated  by an electromotor,  its  actuation  does  not  require  an 

additional power supply (e.g. a battery), because the necessary electricity is produced by 

the photovoltaics of the trap.

The attractivity of the photovoltaic trap to tabanids could be enhanced with the 

use of certain chemicals (e.g. ammonia, carbon-dioxide, phenols) preferred by tabanid 

flies (Hribar et al., 1992; Mihok and Lange, 2011). The field test of such an odour-baited 

photovoltaic trap could be the task of future reseach.
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Finally, we would like to emphasize that in this chapter our major goal was to 

present  a  novel  concept  of  tabanid  traps  based  on  light  polarization  and  electricity 

produced by photovoltaics.  The attraction  and capture principles  of this  new trap are 

fundamentally different from those of the existing tabanid traps (Malaise, 1937; Gressitt 

and Gressitt, 1962; Catts, 1970; Chvala et al., 1972; von Kniepert, 1979; Wall and Doane, 

1980; Hribar et al., 1992; Mihok, 2002; van Hennekeler et al., 2008; Mihok and Lange, 

2011). Studying the possible position of the photovoltaic trap in the marketplace and the 

comparison of this new trap with other traps could be the tasks of future investigations. 

Although beyond its advantages the new trap has also a few disadvantages, we showed 

here that its novel concept – based on highly and horizontally polarizing photovoltaics 

and the positive polarotaxis of tabanids – functions well in reality. Thus, in the future it is  

worth improving the technique and design of this photovoltaic tabanid trap, the concept 

of  which  is  patented  in  Hungary  (patent  number  U-11-00276:  Insect-perishing 

construction,  especially  tabanid  trap  using  photovoltaics  and  a  wire  rotated  with  the 

electricity produced by the photovoltaics).
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Tables

Table  3.1.:  Number  of  reactions  of  tabanid  flies  NT
still ,  N L

still ,  N H
rotating ,  NT

rotating , 

N L
rotating  and  the  disturbance  Qdisturbance=1−( NT

rotating +NL
rotating+N H

rotating
)/(NT

still +N L
still

)  
of trap 1 due to the rotation of its wire in experiment 1. T = touching the horizontal shiny 
black surface of trap 1. L = landing (and occasionally walking) on the trap surface. H = 
hitting the tabanid trying to touch or land on the trap surface by a rotating wire.

wire was still wire was rotating
date time reactions of time reactions of

(2009) (UTC + 2 h) tabanids (UTC + 2 h) tabanids

12
 J

ul
y

10:00-10:30 25 T + 15 L 10:30-11:00 1 T + 0 L + 21 H
11:00-11:30 11 T + 10 L 11:30-12:30 2 T + 1 L + 26 H
12:30-13:00 15 T + 13 L 13:00-13:30 0 T + 0 L + 34 H
13:30-14:00 22 T + 17 L 14:00-14:30 2 T + 2 L + 31 H
14:30-15:00 13 T + 5 L 15:00-15:30 1 T + 0 L + 18 H

sum 86 T + 60 L sum 6 T + 3 L + 130 H
Qdisturbance 4.80%

17
 J

ul
y

10:00-10:30 21 T + 19 L 10:30-11:00 0 T + 1 L + 12 H
11:00-11:30 6 T + 2 L 11:30-12:30 2 T + 0 L + 23 H
12:30-13:00 17 T + 13 L 13:00-13:30 1 T + 0 L + 27 H
13:30-14:00 12 T + 9 L 14:00-14:30 1 T + 1 L + 24 H
14:30-15:00 5 T + 2 L 15:00-15:30 1 T + 0 L + 4 H

sum 61 T + 45 L sum 5 T + 2 L + 90 H
Qdisturbance 8.50%

21
 J

ul
y

10:00-10:30 14 T + 8 L 10:30-11:00 0 T + 0 L + 19 H
11:00-11:30 31 T + 5 L 11:30-12:30 1 T + 0 L + 14 H
12:30-13:00 14 T + 11 L 13:00-13:30 1 T + 3 L + 35 H
13:30-14:00 10 T + 8 L 14:00-14:30 2 T + 0 L + 26 H
14:30-15:00 24 T + 7 L 15:00-15:30 1 T + 1 L + 17 H

sum 93 T + 39 L sum 5 T + 4 L + 111 H
Qdisturbance 9.10%

23
 J

ul
y

10:00-10:30 23 T + 10 L 10:30-11:00 1 T + 1 L + 10 H
11:00-11:30 20 T + 15 L 11:30-12:30 2 T + 0 L + 26 H
12:30-13:00 9 T + 16 L 13:00-13:30 0 T + 2 L + 25 H
13:30-14:00 5 T + 3 L 14:00-14:30 1 T + 0 L + 22 H
14:30-15:00 7 T + 2 L 15:00-15:30 2 T + 1 L + 10 H

sum 64 T + 46 L sum 6 T + 4 L + 93 H
Qdisturbance 6.40%

30
 J

ul
y

10:00-10:30 22 T + 16 L 10:30-11:00 1 T + 1 L + 35 H
11:00-11:30 33 T + 26 L 11:30-12:30 2 T + 1 L + 77 H
12:30-13:00 60 T + 54 L 13:00-13:30 3 T + 0 L + 65 H
13:30-14:00 41 T + 39 L 14:00-14:30 2 T + 1 L + 61 H
14:30-15:00 16 T + 14 L 15:00-15:30 2 T + 0 L + 50 H

sum 172 T + 149 L sum 10 T + 3 L + 288 H
Qdisturbance 6.20%

Total 476 T + 339 L total 32 T + 16 L + 712 H
averaged Qdisturbance 6.70%
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Table  3.2.:  Number  of  reactions  of  tabanid  flies  NT
still ,  N L

still ,  NT
rotating ,  N L

rotating , 

N H
rotating  and  the  disturbance  Qdisturbance=1−( NT

rotating +NL
rotating+N H

rotating
)/(NT

still +N L
still

)  
of trap 2 due to the rotation of its wire in experiment 2. T = touching the horizontal shiny 
black photovoltaic surface of trap 2. L = landing on the photovoltaic trap surface. H = 
hitting the tabanid trying to touch or land on the photovoltaic trap surface by a rotating 
wire.

wire was still wire was rotating
date time reactions of time reactions of

(2010) (UTC + 2 h) tabanids (UTC + 2 h) tabanids

11
 J

ul
y

10:00-10:30 21 T + 10 L 10:30-11:00 1 T + 1 L + 24 H
11:00-11:30 13 T + 9 L 11:30-12:30 1 T + 1 L + 26 H
12:30-13:00 17 T + 12 L 13:00-13:30 2 T + 1 L + 27 H
13:30-14:00 20 T + 15 L 14:00-14:30 1 T + 1 L + 23 H
14:30-15:00 18 T + 7 L 15:00-15:30 2 T + 1 L + 24 H

sum 89 T + 53 L sum 7 T + 5 L + 124 H
Qdisturbance 4.2%

12
 J

ul
y

10:00-10:30 12 T + 11 L 10:30-11:00 1 T + 0 L + 15 H
11:00-11:30 16 T + 5 L 11:30-12:30 1 T + 1 L + 22 H
12:30-13:00 11 T + 9 L 13:00-13:30 1 T + 1 L + 22 H
13:30-14:00 17 T + 11 L 14:00-14:30 2 T + 0 L + 16 H
14:30-15:00 14 T + 4 L 15:00-15:30 1 T + 1 L + 18 H

sum 70 T + 40 L sum 6 T + 3 L + 93 H
Qdisturbance 7.3%

total 159 T + 93 L total 13 T + 8 L + 217 H
averaged Qdisturbance 5.6%
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Table 3.3.:  Number of reactions of tabanid flies  NT
rotating ,  N L

rotating ,  N H
rotating  and the 

tabanid-capturing  efficiency  Qcapture =N H
rotating

/ (N H
rotating +NT

rotating +NL
rotating

)  of  trap  2  in 
experiment 3, when the wire was rotating continuously without a supplementary solar 
panel.  T = touching the horizontal  photovoltaic surface of trap 2. L = landing on the 
photovoltaic  trap  surface.  H  =  hitting  the  tabanid  trying  to  touch  or  land  on  the 
photovoltaic trap surface by a rotating wire. The solar elevation angle was calculated on 
the basis of the website http://ephemeris.com with the use of the geographical coordinates 
of the site of experiment 3 and the points of time.

date
(2010)

time
(UTC + 2 h)

solar elevation
(min – max)

tabanid reactions
Qcapture

(%)
13 July 10:00 – 17:30 29.21o – 63.92o 11 T + 6 L + 143 H 89.4
14 July 10:00 – 17:30 29.13o – 63.77o 8 T + 7 L + 150 H 90.9
15 July 10:00 – 17:30 29.04o – 63.61o 9 T + 4 L + 148 H 91.9
16 July 10:00 – 17:30 28.94o – 63.45o 7 T + 3 L + 164 H 94.3
17 July 10:00 – 17:30 28.84o – 63.28o 13 T + 3 L + 155 H 90.6

sum 48 T + 23 L + 760 H 91.5 (average)

Table 3.4.:  Number of reactions of tabanid flies  NT
rotating ,  N L

rotating ,  N H
rotating  and the 

tabanid-capturing  efficiency  Qcapture =N H
rotating

/ (N H
rotating +NT

rotating +NL
rotating

)  of  trap  2  in 
experiment  4,  when  the  wire  was  rotating  continuously  with  the  use  of  a  tilted 
supplementary photovoltaics. T = touching the horizontal photovoltaic surface of trap 2. 
L = landing on the horizontal photovoltaic trap surface. H = hitting the tabanid trying to 
touch or land on the horizontal photovoltaic trap surface by a rotating wire. The solar 
elevation angle was calculated on the basis of the website http://ephemeris.com with the 
use of the geographical coordinates of the site of experiment 4 and the points of time.

date
(2010)

time
(UTC + 2 h)

solar elevation
(min – max)

tabanid reactions
Qcapture

(%)
2 August 09:00 – 19:00 11.49o – 59.84o 10 T + 5 L + 205 H 93.2
3 August 09:00 – 19:00 11.29o – 59.58o 8 T + 4 L + 198 H 94.3
4 August 09:00 – 19:00 11.08o – 59.32o 9 T + 3 L + 188 H 94.0
5 August 09:00 – 19:00 10.87o – 59.05o 7 T + 6 L + 219 H 94.4
6 August 09:00 – 19:00 10.65o – 58.78o 11 T + 1 L + 215 H 94.7

sum 45 T + 19 L + 1025 H 94.1 (average)
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Figures

Figure 3.1.: (A) Schematic structure of tabanid trap 1 used in experiment 1. (B) Cross 
section of the trap. (C) Photograph of the trap in the field.
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Figure 3.2.: (A) Photograph of trap 2 used in experiments 2-4. Right: the trap composed 
of two horizontal solar panels and a wire rotating above the photovoltaic surface. Left:  
two supplementary solar panels with a tilted surface. (B-E) Photographs of tabanid flies 
landed on the horizontal photovoltaic surface of trap 2.
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Figure 3.3.: Drawing for calculation of the power P needed to rotate a wire of length 2R 
and thickness a with an angular velocity , if the wire is fixed to the axis of rotation at its 
center.
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Figure 3.4.:  Photographs of  the carcasses of tabanid  flies  hit  by the rotating  wire in 
experiment 1 (rows 1-3) and experiment 2 (rows 4-7).
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Figure 3.5.:  Colour picture and patterns of the degree of polarization  d and angle of 
polarization  of the tabanid trap 1 (A) used in experiment 1 and tabanid trap 2 and its 
supplementary tilted photovoltaics (B, C) used in experiments 2-4 measured by imaging 
polarimetry  green  (550  nm)  part  of  the  spectrum.  The  double  headed  arrows  in  the 
-patterns show the direction of polarization of light reflected from the trap surface. The 
angle of elevation of the optical axis of the polarimeter was –34o from the horizontal 
(Brewster angle). The surfaces were in shade and illuminated by skylight.
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CHAPTER 4

Unexpected Attraction of  Polarotactic  Water-Leaving Insects  to  Matt 

Black  Car  Surfaces:  Mattness  of  Paintwork  Cannot  Eliminate  the 

Polarized Light Pollution of Black Cars4

4.1. Introduction

Nowadays cars have frequently a matt black or dark grey finish. Matt car surfaces can be 

produced via paint or foil. Such a finishing gives an eye-striking, unusual matt colour to 

the  car-body.  Since  this  painting  or  covering  is  rather  expensive,  predominantly  the 

luxurious cars are produced to be matt.

Shiny car-bodies attract water-leaving insects (Jäch,1997; Nilsson, 1997; Vondel, 

1998), because the hood, roof and boot reflect horizontally polarized light (Kriska et al., 

2006; Horváth et al., 2011), and these insects are lured to this optical signal since they 

detect water by means of the horizontal polarization of water-reflected light (Schwind, 

1991, 1995; Wildermuth,  1998; 2007; Bernáth et  al.,  2004; Horváth and Varjú,  2004; 

Csabai et al., 2006, 2012; Kriska et al., 2007; Horváth and Kriska, 2008; Horváth et al., 

2008;  Lerner  et  al.,  2008;  Egri  et  al.,  2012b;  Boda and Csabai,  2013).  This  positive 

polarotaxis induced by the reflection polarization of artificial surfaces is the main reason 

for polarized light pollution (Horváth et al.,  2009). Thus, shiny black cars are typical 

sources of polarized light pollution (Kriska et al., 2006; Wildermuth and Horváth, 2005), 

a  spectacular  consequence of which can be seen in  Fig.  4.1 showing mass-swarming 

mayflies attracted to shiny black cars. The mayflies in Fig. 4.1 laid their egg batches 

(each containing 6000-9000 eggs) onto car-bodies, and these eggs perish quickly due to 

dehydration.  Ephoron  virgo (Ephemeroptera:  Polymitarcyidae;  Fig.  4.1D)  is  not  only 

endangered (Russev, 1992), but also a highly protected mayfly species in Europe Decree 

of Hungarian Ministry of Environment and Water.

4 Miklós Blahó, Tamás Herczeg, György Kriska, Ádám Egri, Dénes Száz, Alexandra Farkas, Nikolett 
Tarjányi, László Czinke, András Barta, Gábor Horváth (2014) Unexpected attraction of polarotactic 
water-leaving insects to matt black car surfaces: mattness of paintwork cannot eliminate the polarized 
light pollution of black cars. Public Library of Science ONE (PLoS ONE) 9 (7): e103339 + electronic 
supplement (doi: 10.1371/journal.pone.0103339)
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A new fashion fad is that cars are painted matt black or matt dark grey (row 1 in  

Fig. 4.2). Alternatively, the whole car-body or its fragments (e.g., the roof, hood or boot) 

are covered with carbon foil resulting in a similarly matt black/grey appearance. Since 

rough (matt) surfaces depolarize the reflected light (Kriska et al., 2006; Horváth et al., 

2011; Wildermuth, 1998; Horváth and Varjú, 2004;  Kriska et al., 2007; Horváth et al., 

2008; Lerner et al., 2008; Egri et al., 2012b;  Horváth et al., 2009), one of the possible 

ways of elimination of polarized light pollution of shiny black artificial surfaces is to 

make  them matt  (Horváth  and Kriska,  2008;  Horváth  et  al.,  2009).  Thus,  one  could 

hypothesize that matt black/grey cars may less induce polarized light pollution, because 

they may reflect weakly polarized light, that does not attract polarotactic insects. If this 

were the case, the spreading of matt black cars would be a fashion fad that could be 

welcomed, because they would not attract polarotactic insects, the egg batches of which 

would inevitably perish due to dehydration when laid onto car-bodies.

To compare the attractivenes of matt and shiny black car surfaces to polarotactic 

insects, we performed two field experiments with horizontal shiny and matt black/grey 

car-body fragments. We checked the attractiveness of these test surfaces to polarotactic 

mayflies, dolichopodid flies and tabanid flies. The studied mayfly species are endangered 

in Europe. Mayflies and dolichopodids were abundant in the site of our first experiment. 

Since tabanid  flies  are  serious  pests,  they are neither  rare  nor protected  species.  The 

investigated  mayflies,  dolichopodids  and  tabanids  were  used  simply  as  indicators  of 

strongly  and  horizontally  polarized  reflected  light,  because  they  are  positively 

polarotactic insects (Horváth and Kriska, 2008; Horváth et al., 2008; Egri et al., 2012b; 

Kriska et  al.,  1998;  2009;  Horváth et  al.,  2010a,b;  Blahó et  al.,  2012a,b;  Egri  et  al., 

2012a, 2013). We showed that changing shiny black car paintwork to matt one can be a 

disadvantageous fashion fad concerning the polarized light pollution of black vehicles.
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4.2. Materials and Methods

4.2.1. Experiment 1

Experiment 1 was performed between 15 and 29 May 2013 on six warm days  in the 

Hungarian Duna-Ipoly National  Park at  Dömörkapu (47o 40'  N,  19o 03'  E),  where an 

asphalt road is running parallel (at a distance not more than 7 m) to a mountain creek. 

The  creek  is  the  emergence  site  of  different  mayfly  (Ephemeroptera:  Baetidae, 

Heptageniidae) and dolichopodid fly (Diptera:  Dolichopodidae) species.  At dusk from 

May to July every year adult  mayflies  and dolichopodids emerge from the creek and 

swarm in large numbers near or above the asphalt road, which is thus an ideal place for 

choice experiments. As the studied mayfly species are endangered in Europe, we obtained 

a permission from the Central Danube Environmental Protection and Water Management 

Inspectorate to perform our field experiment at this site. In this experiment our aim was 

to test the attractiveness of horizontal car-body parts, such as the hood, roof and boot of 

car-bodies  to  mayflies  and  dolichopodids,  which  are  positively  polarotactic  insects 

(Kriska et al., 2007, 1998, 2009;  Horváth et al., 2010a). There were three different test 

surfaces: (i) shiny black (greyness = 100 %), (ii) matt black (greyness = 100 %) and (iii) 

matt grey (greyness = 90 %). They were composed of a metal plate (80 cm x 80 cm, 10 

kg) painted or covered with the same paints or carbon foil as used presently in the car 

industry. These test surfaces were produced by a professional Hungarian firm (Lakk-Mix 

Ltd., Budapest) dealing with car-bodies, car-body painting and covering, and using strict 

standardized methods. Only one of the test surfaces was covered by a matt grey carbone 

foil (Avery 502), the other two surfaces were painted by RAL (shiny black, matt black) 

paint.

These car-body fragments  were laid on the asphalt  surface (of  a small  bridge 

running above the creek) along a straight line 1 m apart from each other. On a given day 

the experiment began at 19 h (= local summer time = UTC + 2 h) and stopped at 21 h. 

The order of the test surfaces was cyclically permutated every 5 minutes to eliminate site 

effects. After such a reordering, we photographed all three test surfaces with a digital 

camera (Nikon D90) to document the insects landed on or flying immediately (a few dm) 

above  them.  Later,  in  the  laboratory  we  counted  the  number  of  mayflies  and 

dolichopodids on these photographs. Although these mayflies and dolichopodids could 
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not be taxonomically identified, they surely belonged to the order Ephemoreptera, family 

Baetidae, Heptageniidae and order Diptera, family Dolichopodidae, respectively, as was 

visually determined by György Kriska, who is an expert of these insects. According to 

our earlier field experiments at the same site (Kriska et al., 1998, 2009;  Horváth et al., 

2010a), we know that the following mayfly and dolichopodid species occurred in the air 

during  experiment  1:  Baetis  rhodani,  Epeorus  sylvicola,  Rhithrogena  semicolorata 

(mayflies),  Dolichopus  ungulatus,  Dolichopus  acuticornis,  Dolichopus  agilis 

(dolichopodids).

4.2.2. Experiment 2

Experiment 2 was performed between 24 June and 27 July 2013 twenty times on sunny, 

warm days on a Hungarian horse farm in Szokolya (47o 52' N, 19o 00' E), where tabanid 

flies  are abundant  in  summer (Egri  et  al.,  2012b; Kriska et  al.,  2009;  Horváth et  al., 

2010a,b;  Blahó  et  al.,  2012a,b;  Egri  et  al.,  2012a,  2013).  Our  aim  was  to  test  the 

attractiveness  of  the  three  (shiny  black,  matt  black,  matt  grey)  test  surfaces  used  in 

experiment 1 to tabanids, which are positively polarotactic insects (Horváth et al., 2008; 

Blahó et al., 2012a; Egri et al.,  2013; Krcmar, 2013). The test surfaces were laid on the 

ground along a straight line 1 m apart from each other in a meadow near the horse farm, 5 

m from a row of trees and bushes. Two persons sat 2 m from the row of the three test  

surfaces and continuously counted the reactions of tabanids to them. On a given day the 

experiment began at 9 h (UTC + 2 h) and stopped at 14 h. The order of the test surfaces  

was  cyclically  permutated  hourly  to  eliminate  site  effects.  Three  different  tabanid 

reactions  were  distinguished:  (1)  aerial  looping (a  flying  tabanid  approached the  test 

surface  and  performed  at  least  one  loop  in  the  air  above  it  at  a  height  of  a  few 

decimeters), (2) touch-down (a tabanid touched at least once the test surface then flew 

away), and (3) landing (a tabanid landed on the test surface and remained on it at least for 

3  seconds).  These  reactions  are  typical  to  tabanid  flies  at  horizontally  polarizing 

reflecting  surfaces  on  the  ground  (Horváth  et  al.,  2008;  Krcmar  and  Lajos,  2011). 

Although  the  observed  tabanids  could  not  be  taxonomically  identified,  they  surely 

belonged to the family Tabanidae as was visually determined by the observers (authors of 

this work), who are experience in tabanid field experiments. In the horse farm two other 

experiments using different tabanid traps ran simultaneously with experiment 2. Since the 
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tabanids captured in these experiments were later identified (by Mónika Gyurkovszky 

and  Róbert  Farkas,  Department  of  Parasitology  and  Zoology,  Faculty  of  Veterinary 

Science, Szent István University, Budapest), we know that the following tabanid species 

occurred in the air during experiment 2:  Tabanus tergestinus,  T. bromius,  T. bovinus,  T.  

autumnalis, Atylotus fulvus, A. loewianus, A. rusticus, Haematopota italica.

4.3. Results

4.3.1. Reflection-polarization characteristics of matt black cars

Figure 4.2 shows the reflection-polarization characteristics of a matt black car measured 

from five different directions of view in the blue (450 nm) part of the spectrum with 

imaging polarimetry. The degree of polarization d of light reflected from the skylit part of 

the tilted windscreen was very high (85 % < d < 100 %), while the light reflected from 

the vertical windows was only weakly polarized (d < 15 %). The roof, hood and boot 

reflected moderately polarized light (25 % <  d < 55 %), and the vertical  parts of the 

car-body reflected weakly polarized light (d < 15 %). The spatial distribution of d of light 

reflected from the roof, hood and boot was rather homogeneous. The tilted windscreen 

and the horizontal roof, hood and boot reflected horizontally polarized light, while the 

other (vertical  and tilted) parts of the car-body reflected light with vertical  or oblique 

directions  of  polarization.  Areas  of  the  car-body  that  reflect  light  with  degree  of 

polarization high enough (d > 15%) and with nearly horizontal direction of polarization 

(80o < α < 100o) are sensed as water by polarotactic insects (Horváth and Varjú, 2004; 

Kriska et al., 2009). According to Fig. 4.2, these areas of the matt black car-body occured 

on the windscreen, roof, hood and boot.

4.3.2. Reflection-polarization characteristics of test surfaces

Figure 4.3 shows and Table 4.1 contains the average and standard deviation of the degree 

of polarization  d of light reflected from the three horizontal test surfaces (shiny black, 

matt black, matt grey) used in experiments 1 and 2 measured with imaging polarimetry in 

the  red,  green  and  blue  parts  of  the  spectrum when  the  surfaces  reflected  sun-  and 
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skylight, or light from trees and bushes (Fig. 4.5). The major part of the test surfaces 

reflected  horizontally  polarized  light,  a  small  part  reflected  vertically  or  obliquely 

polarized light, while from a neutral point (at the border of the horizontally and vertically 

polarizing  surface regions) unpolarized light  was reflected.  The shiny black and matt 

black test surfaces reflected light with the highest d, while the matt grey surface was the 

weakest polarizing (Table 4.1, Fig. 4.3). The polarization characteristics of the black and 

grey  test  surfaces  depended  only  slightly  on  the  wavelength.  When the  test  surfaces 

reflected sun- and skylight, their degree of polarization was higher in comparison to the 

situation when they reflected light from trees and bushes. In the blue spectral range the 

least standard deviation of d occurred on the matt grey test surface, and in the green part 

of the spectrum the least  standard deviation of  d possessed the matt grey test surface 

(Table  4.1).  Comparing  the  reflection-polarization  characteristics  of  shiny/matt, 

black/grey car-bodies (Fig. 4.2) with those of our test surfaces (Figs. 4.3 and 4.5, Table 

4.1), it was evident that they were practically the same. Thus, our test surfaces imitated 

well the polarization characteristics of matt/shiny and black/grey car-bodies.

According to Table 4.1 (see also Fig. 4.3), depending on the direction of view, in 

the blue, green and red spectral ranges the standard deviation Δd of d of the shiny black 

test surface (blue: ±16.4-19.6 %, green: ±15.7-18.0 %, red: ±15.7-18.8 %) was 1.9-2.8, 

1.8-2.5 and 1.5-2.8 times higher, respectively, than that of the matt grey surface (blue: 

±5.8-10.5 %, green: ±6.4-10.2 %, red: ±6.7-10.3 %). Similarly, Δd of the matt black test 

surface  (blue:  ±11.9-14.6  %,  green:  ±11.8-13.9  %,  red:  ±12.0-13.7  %)  was  1.4-2.1, 

1.4-1.8 and 1.3-1.8 times higher, respectively, than that of the matt grey surface. These 

results  are  important  in  the  explanation  of  our  finding  that  the  attractiveness  of  the 

horizontally polarizing matt grey car-body fragment to mayflies was significantly larger 

than that of the two black test surfaces (see Discussion).

4.3.3.  Attractiveness  of  test  surfaces  to  mayflies,  dolichopodids  and 

tabanids

Figure  4.4A shows  the  numbers  of  mayflies  landed  on  the  three  test  surfaces  in 

experiment 1 (Table 4.2). There was no statistically significant difference between the 

attractiveness  of the shiny black and matt  black test  surfaces to mayflies  (Table 4.3). 

Interestingly,  the matt grey test surface attracted about 10.7-15.7 times more mayflies 
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than the two black test surfaces, which differences were statistically significant (Table 

4.3).  This  result  was  very  surprising,  and  we  propose  an  explanation  for  it  in  the 

Discussion.

Figure 4.4B shows the numbers of dolichopodids landed on the three test surfaces 

in  experiment  1  (Table  4.2).  The shiny black  test  surface  was the  most  attractive  to 

dolichopodids and the matt grey surface was the least attractive. The differences between 

the attractiveness of the shiny black and matt grey as well as between the matt black and 

matt grey test surfaces were significant, while there was no significant difference between 

the numbers of dolichopodids landed on the shiny black and matt black surfaces (Table 

4.3).

Figure 4.4C shows the numbers of landing, touching and looping of tabanids at 

the three test surfaces in experiment 2 (Table 4.4). Considering these three reactions, the 

shiny  black  test  surface  was  significantly  the  most  attractive  to  tabanids,  while 

considering  landing  and  touching,  the  matt  grey  surface  was  significantly  the  least 

attractive. The attractiveness of the matt black test surface was between that of the shiny 

black and the matt grey surfaces (Fig. 4.4C, Table 4.5).

The results of our experiments show the following: (i) The attractiveness of black 

car-bodies to polarotactic insects depends in complex manner on the surface roughness 

(shiny, matt) and species (mayflies, dolichopodids, tabanids). (ii) Depending on species, 

matt black car-bodies can be less or equally attractive to polarotactic insects than shiny 

black  ones.  (iii)  The  polarized  light  pollution  of  shiny  black  cars  usually  cannot  be 

reduced with the use of matt painting. (iv) Non-expectedly, the matt dark grey car finish 

is much more attractive to mayflies (being endangered and protected in many countries) 

than matt black finish.

4.4. Discussion

One could assume that changing the shiny paintwork of black car-bodies to a matt one, 

the polarized light pollution of the horizontally polarizing roof, hood and boot can be 

reduced,  since  roughness  (mattness)  depolarizes  the  reflected  light.  In  our  field 

experiments we obtained that this is not what always happens, because the investigated 

horizontally  polarizing  matt  black  and  matt  grey  car-body  fragments  were  similarly 

attractive, or even more attractive to polarotactic mayflies than the studied horizontally 
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polarizing shiny black car-body fragment. The reason for this is that although (i) the matt 

grey car-body surface reflected light with lower degrees of polarization d than the shiny 

black surface, and (ii) the matt black car finish was less polarizing than the shiny black 

finish when reflecting canopylight (Table 4.1, Fig. 4.3B), this reduction of d was not large 

enough to make them unattractive to polarotactic insects. On the other hand, (iii) the matt 

black finish was even more polarizing than the shiny black finish when reflecting sun- 

and skylight (Table 4.1, Fig. 4.3A). One of the prerequisites of attraction of water-leaving 

insects  by  polarizing  reflectors  is  that  d of  reflected  light  must  be  higher  than  the 

threshold d* of insect polarization sensitivity. Species-specific values of d* are known for 

certain  dragonfly,  mayfly  and  tabanid  fly  species  (Kriska  et  al.,  2009).  Thus,  the 

attractiveness  of  a  car  paintwork  to  polarotactic  insects  can  be  ensured  only  if  d of 

reflected light is higher than d*.

More remarkably, the attractiveness of the horizontal matt grey car-body fragment 

to polarotactic mayflies was significantly larger than that of the two black test surfaces. 

One of the reasons for this could be that the standard deviation Δd of d of the shiny black 

test surface was about 2-3 times higher than that of the matt grey surface, and Δd of the 

matt black test surface was 1.3-2.1 times higher than that of the matt grey surface (Table 

4.1, Fig. 4.3). Calm water bodies with a smooth surface are characterized by small Δd of 

reflected light due to the lack of ripples (Horváth and Varjú, 2004, 1997; Bernáth et al., 

2002).  Turbulent  waters  with  rough,  ripplening/undulating  surfaces  reflect  light  with 

large  Δd,  because  d of  reflected  light  depends strongly on the direction  of  incidence 

relative to the normal vector of the surface, which changes randomly spatio-temporally if 

the water is turbulently flowing. Since the mayflies investigated in experiment 1 prefer 

quiescent water bodies (Encalada and Peckarsky, 2007), the matt grey test surface with 

small Δd of reflected light might have imitated a calm water surface to them in the visible 

spectral range, while the two black test surfaces with approximately 1.5-3 times larger Δd 

might have been sensed by mayflies as turbulent waters. Therefore, the matt grey test 

surface was much more attractive to mayflies than the two black test surfaces.

Another reason for the greater attractiveness of the matt grey car-body surface to 

mayflies can be that the matt grey test surface (with a greyness of 90 %) was by 10 % 

brighter than the black test surfaces (with a greyness of 100 %), and thus the former was 

more attractive to mayflies due to their possible positive phototaxis. However, it has been 

shown  earlier  that  the  studied  polarotactic  mayfly  species  (Baetis  rhodani,  Epeorus 
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sylvicola,  Rhithrogena  semicolorata)  are  not  phototactic  (Kriska  et  al.,  1998):  their 

attractiveness to shiny/matt white/grey/black horizontal surfaces is governed by the linear 

polarization of reflected light, rather than by the light intensity (brighness/darkness).

Table 4.1 (see also Fig. 4.3) provides the values of the degree of polarization d in 

three  (red,  green,  blue)  spectral  ranges  to  show  that  the  reflection-polarization 

characteristics  of  our  test  surfaces  used  in  experiments  1  and  2  were  practically 

independent of the wavelength in the visible part of the spectrum: at a given test surface 

under a given illumination condition the spectral differences in d are less than 5 %, which 

is below the polarization sensitivity threshold of any known animal (Henze and Labhart, 

2007).

In our experiments mayflies, dolichopodids and tabanids attracted by test surfaces 

with  different  reflection-polarization  characteristics  were  counted.  Experiment  1  was 

repeated 6 times on 6 days during the extremely short (a few days) swarming period of 

the investigated mayflies. This meant 6 x 2 = 12 h observation time, during which 96 

photographs were taken about each test surface (Table 4.2). After each photography the 

three test surfaces were reordered with cyclical permutation to eliminate site effects. The 

studied mayflies live as adult only for one day. Thus, during a given 2-hour session of 

experiment 1 (on a given day) a given mayfly might react to certain test surfaces more 

than once, meaning pseudo-replication of this experiment after the reordering of the test 

surfaces  every  5  minutes  (24  times  in  the  2  h  of  a  given  session).  Such  a  possible 

pseudo-replication could not be avoided during the 2 h of a given session, because the 

test surfaces must have been dry. Pseudo-replication could have been avoided only with 

the use of sticky test surfaces. However, the matt black test surfaces must not be covered 

with any glue, since the glue layer would make them shiny. On the other hand, each day 

of the 6-day experiment 1 always new mayflies might have occurred due to their one-day 

life-time. Thus, pseudo-replication might have been minimal in experiment 1. The adults 

of dolichopodids live more than one day, thus, considering the numbers of dolichopodids, 

some degree of pseudo-replication may not be excluded in experiment 1. However, it is 

highly probable that every day of the 6-day experiment  1 not the same dolichopodid 

individuals reacted to our test surfaces all the time. Similar was true for the number of 

tabanids in the 20-day experiment 2 repeated 20 times with hourly cyclically permutated 

re-ordering of the three test surfaces. According to our results and experiences gained in 

our earlier similar field experiments with mayflies, dolichopodids and tabanids (Kriska et 
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al., 2007; Horváth et al., 2008; Egri et al., 2012b; Kriska et al., 1998, 2009; Horváth et 

al., 2010a,b; Blahó et al., 2012a,b; Egri et al., 2012a; Egri et al., 2013), the number of 

repetitions  and  the  duration  of  experiments  1  and  2  were  large  enough  to  detect 

significant differences in the attractiveness of test surfaces to polarotactic insects.

In our research the exact species names are practically irrelevant, since the studied 

water-leaving  insects  were  only  indicators  of  the  polarized  light  pollution  of  the 

investigated  test  surfaces.  The  only  important  aspect  was  that  positively  polarotactic 

insects should be involved into our field experiments, the aim of which was to test the 

attractiveness  of  matt/shiny  and  black/grey  car-bodies.  All  the  involved  species  are 

positively polarotactic as shown earlier.

In  every  year  more  and  more  cars  are  running  on  the  roads.  They  are 

predominantly shiny, and if their paint strongly absorbs light in a given spectral range, 

they  induce  strong  polarized  light  pollution  (Kriska  et  al.,  2006;  Wildermuth  and 

Horváth, 2005) like the black or dark grey asphalt roads themselves (Horváth et al., 2009; 

Kriska et al., 1998; Horváth et al., 2010c). We showed here that, unfortunately, this kind 

of  light  pollution  cannot  be eliminated  by the use of  matt  black/grey  car  paintworks 

available presently in the market. The technology of matt paintworks has been developed 

to provide car-owners with a striking visual appearance of their cars and/or the protection 

of vulnerable paintworks against scratches. It would be worth improving this technology 

to  ensure  a  much  greater  reduction  of  reflection  polarization  in  order  to  eliminate 

polarized light pollution of car-bodies. If this were realized, the mattness of black cars 

could  be  an  advantageous  fashion  fad  considering  the  protection  of  endangered 

populations of polarotactic water-leaving insects.

The physical reason for the high polarization reflection (eliciting attractiveness to 

polarotactic insects) of black car surfaces is the following: A shiny (smooth) surface of a 

given dielectric medium reflects two components. The first component, the light reflected 

from  the  air-medium  interface,  is  partially  linearly  polarized  with  a  direction  of 

polarization parallel to the surface. The second component, the light backscattered from 

the medium and refracted at the medium-air interface, is also partially linearly polarized 

but with direction of polarization perpendicular to the surface. The superposition of these 

orthogonally  polarized  components  reduces  the  net  degree  of  polarization  of 

surface-reflected  light.  If  the first  or the second component  dominates,  the degree  of 

polarization  is  high  with  a  direction  of  polarization  parallel  or  perpendicular  to  the 
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surface, respectively. In the case of the smooth (shiny) surface of a black medium the first 

component dominates, because the second component is strongly absorbed by the black 

medium, thus, the degree of polarization of reflected light is high. If the surface of a 

black medium is rough (matt),  in a microscopic scale it is composed of countless tiny 

surface fragments (facets), the surfaces of which are smooth on their own but oriented 

randomly in all possible directions. Due to these random facet orientation the surface 

reflects light diffusely (in all possible directions). A given facet reflects light with high 

degrees of polarization due to the absorption of the above-mentioned second component, 

but the direction of polarization of facet-reflected light is random because of the random 

facet orientation. Furthermore, incident light can also be reflected more than once from 

different facets. All these result in that the net degree of polarization of light reflected by 

a  matt  surface  is  reduced  because  of  the  superposition  of  the  numerous  individual 

facet-reflected components with random directions of polarization. More details of the 

physics/optics of absorbing and reflecting materials can be read e.g. in (Umow, 1905; 

Lerner et al., 2012).

From the results of our field experiments presented here we conclude that making 

matt  the car-body cannot  reduce the polarized  light  pollution  of  black cars.  Matt  car 

surfaces  can  even attract  more  individuals  of  certain  polarotactic  insect  species  (e.g. 

mayflies) than shiny black cars. Thus, changing shiny black paintwork to matt one can be 

a disadvantageous fashion fad concerning environmental protection.
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Tables

Table 4.1.: Degree of linear polarization d (average ± standard deviation, averaged to the 
whole surface area) of the three horizontal test surfaces (shiny black, matt black, matt 
grey) used in experiments 1 and 2 measured with imaging polarimetry in the red (650 
nm), green (550 nm) and blue (450 nm) parts of the spectrum when sun- and skylight 
(Fig. 4.5I) or canopylight originating from trees and bushes (Fig. 4.5II) was reflected by 
the test surfaces.

light incident to the test
surfaces

test surface
degree of linear polarization d (%)

red green blue

sun- skylight
shiny black 31.6 ± 15.7 32.4 ± 15.7 34.5 ± 16.4
matt black 33.6 ± 13.7 34.2 ± 13.9 36.1 ± 14.6
matt grey 22.0 ± 10.3 22.9 ± 10.2 24.3 ± 10.5

canopylight from
trees and bushes

shiny black 29.6 ± 18.8 27.4 ± 18.0 26.8 ± 19.6
matt black 22.6 ± 12.0 21.9 ± 11.8 21.1 ± 11.9
matt grey 13.0 ± 6.7 12.4 ± 6.4 11.4 ± 5.8
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Table 4.2.: Numbers of mayflies (M) and dolichopodids (D) landed on the shiny black, 
matt  black  and  matt  grey  horizontal  test  surfaces  in  experiment  1  counted  on  the 
photographs taken after each permutation of the order of the surfaces. No.: number of 
repetition of experiment, %: percentage of mayflies/dolichopodids relative to their total 
number counted on all three test surfaces, AV: average, SD: standard deviation.

No.
shiny
black

matt
black

matt
grey

M D M D M D
1. 2 1 1 2 6 2
2. 3 1 1 2 9 2
3. 0 3 2 1 8 2
4. 0 5 0 2 6 3
5. 0 2 3 3 15 3
6. 0 1 0 5 13 2
7. 0 1 0 5 11 2
8. 0 3 1 0 8 3
9. 0 2 0 1 11 1

10. 1 6 0 0 8 1
11. 2 6 0 5 7 6
12. 3 2 1 8 3 0
13. 0 1 1 5 8 0
14. 0 0 0 3 10 2
15. 0 4 1 6 9 2
16. 0 1 1 4 16 2
17. 3 1 0 4 6 2
18. 3 0 4 4 11 2
19. 1 1 0 9 6 4
20. 0 2 3 2 13 2
21. 2 9 4 0 4 5
22. 0 6 2 8 5 4
23. 3 9 0 11 7 9
24. 4 11 1 6 8 16
25. 0 6 2 9 7 5
26. 0 6 4 4 18 4
27. 0 7 0 5 12 9
28. 0 10 0 8 17 4
29. 1 4 0 4 18 4
30. 1 5 0 7 8 9
31. 0 1 0 3 4 2
32. 0 1 0 2 3 2
33. 1 3 0 8 7 1
34. 1 0 0 3 5 1
35. 0 6 0 5 2 3
36. 0 12 0 5 1 1
37. 0 6 1 3 3 1
38. 0 4 0 4 2 1
39. 0 5 0 7 1 1
40. 0 6 0 6 0 0
41. 0 8 0 4 8 4
42. 0 6 0 3 6 2
43. 0 2 0 7 8 0
44. 0 6 0 6 5 4
45. 0 7 0 4 6 2
46. 0 6 0 5 4 2
47. 0 4 0 7 4 2
48. 0 2 0 3 5 2
49. 0 7 2 7 4 3

50. 0 5 2 3 2 1
51. 1 1 0 4 4 5
52. 0 5 1 3 5 3
53. 1 3 0 3 5 2
54. 1 3 1 0 7 1
55. 0 6 2 2 3 2
56. 1 4 0 1 4 2
57. 0 6 0 1 4 2
58. 0 5 1 0 4 3
59. 0 6 0 2 9 3
60. 1 4 0 4 7 3
61. 1 0 0 0 7 1
62. 0 3 3 5 15 2
63. 0 7 0 3 11 3
64. 0 7 0 4 11 4
65. 0 8 0 3 7 1
66. 0 1 0 1 16 2
67. 1 6 0 4 10 11
68. 2 4 1 2 6 5
69. 0 3 0 4 12 3
70. 1 5 0 8 6 3
71. 0 3 0 7 11 12
72. 1 7 0 4 8 5
73. 2 14 1 7 13 11
74. 1 10 1 8 12 9
75. 1 11 2 11 18 9
76. 0 8 0 6 14 7
77. 0 7 1 14 21 10
78. 0 8 2 8 13 5
79. 0 7 0 3 5 7
80. 0 4 0 2 8 4
81. 0 7 0 10 6 5
82. 0 6 0 5 6 2
83. 0 6 0 7 5 1
84. 0 6 0 6 7 4
85. 0 4 0 7 3 0
86. 0 6 0 6 3 2
87. 0 2 1 1 3 2
88. 0 4 2 4 4 0
89. 0 3 1 4 2 3
90. 0 5 0 5 6 2
91. 0 5 0 3 7 4
92. 0 6 1 2 5 4
93. 0 2 1 1 5 4
94. 0 4 1 0 5 2
95. 0 4 0 1 3 0
96. 2 14 0 1 6 4

sum 46 461 60 415 720 326
% 5.6 38.4 7.3 34.5 87.1 27.1
AV 0.48 4.80 0.63 4.32 7.50 3.40
SD 0.89 2.96 1.00 2.82 4.38 2.94
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Table 4.3.: Statistical comparisons (Kruskal Wallis and Mann-Whitney U test) between 
the numbers of mayflies and dolichopodids landed on the shiny black, matt black and 
matt grey horizontal test surfaces in experiment 1 (Fig. 4.4A,B, Table 4.2).

comparison test type test result Significancy

m
ay

fl
ie

s
shiny black versus
matt black versus

matt grey
Kruskal-Wallis

H=176.2,
df=2,

p<0.0001
Significant

shiny black versus
matt grey

Mann-Whitney U with 
Bonferroni correction

U=172.5,
p<0.0001

Significant

shiny black versus
matt black

Mann-Whitney U with 
Bonferroni correction

U=4372.5,
p=0.38

not significant

matt black versus
matt grey

Mann-Whitney U with 
Bonferroni correction

U=210,
p<0.0001

Significant

do
lic

ho
po

di
ds

shiny black versus
matt black versus

matt grey
Kruskal-Wallis

H=16.8,
df=2,

p=0.0002
Significant

shiny black versus
matt grey

Mann-Whitney U with 
Bonferroni correction

U=3111.5,
p=0.0001

Significant

shiny black versus
matt black

Mann-Whitney U with 
Bonferroni correction

U=4166,
p=0.25

not significant

matt black versus
matt grey

Mann-Whitney U with 
Bonferroni correction

U=3468,
p=0.003

Significant
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Table 4.4.:  Numbers of three reactions (landing, touching, looping) of tabanids to the 
shiny  black,  matt  black  and  matt  grey  horizontal  test  surfaces  in  experiment  2  as  a 
function of time in.

date 
(2013)

shiny black matt black matt grey
land Touch loop land touch loop land touch loop

June 24 124 17 5 85 24 2 37 4 4
July 01 147 389 43 95 93 29 42 61 17
July 02 138 350 24 72 68 12 39 58 14
July 03 135 490 39 103 177 37 73 71 21
July 04 397 612 143 97 184 40 60 46 32
July 05 117 371 203 86 161 89 56 73 38
July 08 245 708 204 82 143 52 61 83 48
July 09 251 529 119 97 152 21 67 71 18
July 10 105 400 60 89 147 40 73 81 19
July 15 59 100 13 16 19 8 15 16 5
July 16 100 214 27 47 104 14 30 58 10
July 17 130 377 94 83 180 57 61 45 39
July 18 253 474 128 101 116 47 99 149 73
July 19 172 247 72 99 82 23 47 38 19
July 22 120 280 28 70 135 17 37 84 11
July 23 167 378 30 135 326 24 104 191 20
July 24 183 403 28 98 194 17 56 82 7
July 26 144 233 18 88 137 14 64 56 14
July 27 161 384 30 99 276 47 66 79 18
July 28 121 224 43 82 126 41 51 66 15

sum 3269 7180 1351 1724 2844 631 1138 1412 442
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Table 4.5.: Statistical comparisons (Kruskal Wallis and Mann-Whitney U test) between 
the numbers of the three reactions (landing, touching, looping) of tabanids to the shiny 
black (sb), matt black (mb) and matt grey (mg) horizontal test surfaces in experiment 2 
(Fig. 4.4C, Table 4.4).

comparison test type test result significanc
la

nd
in

g

sb versus
mb versus mg

Kruskal-Wallis H=38.6, df=2, p<0.0001 significant

sb versus mg
Mann-Whitney U with 
Bonferroni correction

U=11, p<0.0001 significant

sb versus mb
Mann-Whitney U with 
Bonferroni correction

U=27.5, p<0.0001 significant

mb versus mg
Mann-Whitney U with 
Bonferroni correction

U=67.5, p=0.0003 significant

to
uc

hi
ng

sb versus
mb versus mg

Kruskal-Wallis H=34.2, df=2, p<0.0001 significant

sb versus mg
Mann-Whitney U with 
Bonferroni correction

U=20, p<0.0001 significant

sb versus mb
Mann-Whitney U with 
Bonferroni correction

U=44, p<0.0001 significant

mb versus mg
Mann-Whitney U with 
Bonferroni correction

U=71.5, p=0.0005 significant

lo
op

in
g

sb versus
mb versus mg

Kruskal-Wallis H=11.2, df=2, P=0.004 significant

sb versus mg
Mann-Whitney U with 
Bonferroni correction

U=82, P=0.001 significant

sb versus mb
Mann-Whitney U with 
Bonferroni correction

U = 127.5, p = 0.049 not significant

mb versus mg
Mann-Whitney U with 
Bonferroni correction

U=139.5, p=0.10 not significant
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Figures

Figure  4.1.:  Mayflies  attracted  en  masse to  shiny  black  cars  due  to  the  highly  and 
horizontally  polarized  light  reflected  from  the  car-body.  (A,  B)  Mass-swarming 
Ephemerella  hendrickson.  (C)  Egg-laying  Ephemera  danica.  (D)  Thousands  of 
mass-swarming female Ephoron virgo mayflies landed on a windscreen, onto which they 
laid  their  yellow  egg  batches.  Photos  A and  B  were  taken  by  Dr.  Rebecca  Allen 
(Michigan State  University,  USA), while  photos  C and D originate  from Dr.  György 
Kriska (Eötvös University, Budapest, Hungary).
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Figure 4.2.: Photograph, patterns of the degree of linear polarization d and the angle of 
polarization α (clockwise from the vertical), and areas detected as water by polarotactic 
insects (for which the reflected light has the following characteristics: d > 15%, 80o < α < 
100o)  of  a  matt  black  car  measured  with  imaging  polarimetry  from  five  different 
directions of view in the blue (450 nm) part of the spectrum. The angle of elevation of the 
optical axis of the polarimeter was -20o from the horizontal. The number-plate of the car 
is screened by a white rectangle.

Figure 4.3.: Degree of linear polarization d of the shiny black (sb), matt black (mb) and 
matt  grey  (mg)  horizontal  test  surfaces  used  in  experiments  1  and  2  measured  with 
imaging polarimetry in the red (650 nm), green (550 nm) and blue (450 nm) parts of the 
spectrum when sun- and skylight (A, Fig. 4.5I) or canopylight originating from trees and 
bushes (B, Fig. 4.5II) was reflected by the test surfaces. Columns: averages. Vertical bars: 
standard deviations.  The average is calculated for the whole area of each test surface 
(corresponding  to  2500  x  4000  =  10.000.000  pixels  in  the  pictures  and  polarization 
patterns).
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Figure 4.4.: Total numbers of mayflies (A), dolichopodids (B) landed on the shiny black, 
matt black and matt grey horizontal test surfaces in experiment 1. C: Total numbers of 
reactions (touching, landing and aerial looping) of tabanids to the shiny black (sb), matt 
black (mb) and matt grey (mg) horizontal test surfaces in experiment 2.
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Figure 4.5.: Photograph, patterns of the degree of linear polarization d and the angle of 
polarization α (clockwise from the vertical), and areas detected as water by polarotactic 
insects (for which the reflected light has the following characteristics: d > 15%, 80o < α < 
100o)  of  the  shiny  black,  matt  black  and  matt  grey  horizontal  test  surfaces  used  in 
experiments 1 and 2 measured with imaging polarimetry from two different directions of 
view in the blue (450 nm) part of the spectrum. The polarimeter saw: (I) toward an open 
field (the surfaces reflected sun- and skylight), (II) toward trees and bushes (the surfaces 
reflected  light  from a tree canopy).  The angle  of  elevation  of the optical  axis  of  the 
polarimeter was –45o from the horizontal.
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CHAPTER 5

No Evidence for Behavioural Responses to Circularly Polarized Light in 

Four Scarab Beetle Species with Circularly Polarizing Exocuticle5

5.1. Introduction

The occurrence of circularly polarized (CP) light in nature is rare relative to the partially 

linearly polarized light (Horváth and Varjú, 2004). In the biotic optical environment, the 

larvae of the fireflies  Photuris lucicrescens and P. versicolor can be mentioned, the left 

and right lanterns of which emit weak left- and right-circularly polarized (LCP and RCP) 

bioluminescent  light  (Wynberg  et  al.,  1980),  and  the  function  of  which  (if  any)  is 

unknown. The birefringent cuticle of certain crustaceans reflects CP light (Neville and 

Luke, 1971). Due to a special structure of the outer cuticle (exocuticle) being  optically 

analogous to the cholesteric liquid crystals, the metallic coloured body surface of many 

scarab beetle species reflects LCP light (Michelson, 1911; Robinson, 1966;  Neville and 

Caveney,  1969; Caveney,  1971;  Können,  1985,  pp.  83-85;  Wolken,  1995,  p.  189; 

Hegedüs et al., 2006; Jewell et al., 2007) (Fig. 5.1A-D). This selective reflection of LCP 

light is rare in nature, and the natural environment of these scarab beetles is also deficient 

in  CP signals  (Fig.  5.1E-F).  Goldstein  (2006)  reported  on  the  reflection-polarization 

properties of scarab beetles and discussed the history of this research.

Earlier,  the  potential  biological  function  of  CP light  emitted,  transmitted,  or 

reflected  by  different  organisms  was  completely  enigmatic,  because  it  was  unknown 

whether these animals are at all able to perceive circular polarization. Although Shurcliff 

(1955) observed that the human eye stimulated by CP light can perceive a visual illusion 

similar to the Haidinger’s brushes induced by linearly polarized light (Haidinger, 1844), 

the discovery of an animal species being sensitive to circular polarization happened only 

recently:  Chiou  et  al.  (2008) and  Kleinlogel  and  White  (2008)  showed  that the 

stomatopod shrimp Gonodactylus smithii is able to detect CP light at the receptor level. 

5 Blahó, M.; Egri, Á.; Hegedüs, R.; Jósvai, J.; Tóth, M.; Kertész, K.; Biró, L. P.; Kriska, G.; Horváth, G.  
(2012) No evidence for behavioral responses to circularly polarized light in four scarab beetle species 
with  circularly  polarizing  exocuticle.  Physiology  and  Behavior  105:  1067-1075  +  electronic 
supplement
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Chiou et al. (2008) also reported that the carapace of this marine shrimp reflects CP light, 

furthermore  they  demonstrated  behaviourally  that  these  crustaceans  can  also  be 

conditioned to CP stimuli when foraging.

In  spite  of  the  fact  that  the  degree  of  circular  polarization  is  weak  in  the 

underwater optical environment of Gonodactylus smithii (Chiou et al., 2008; Kleinlogel 

and White, 2008), they possess circular polarization sensitivity/vision. Thus, it would be 

pertinent  to  suppose that  those scarab beetles  (Fig.  5.1A-D) possessing left-circularly 

polarizing metallic shiny exocuticle in an optical environment (vegetation) being poor in 

CP light (Fig. 5.1E-F) may also perceive circular polarization, and use it to find each 

other (mate/conspecifics), which could be a relevant behavioural context of their possible 

circular polarization sensitivity/vision.

Recently,  Brady  and  Cummings  (2010)  obtained  that  jewel  scarab  beetles 

(Chrysina gloriosa) have a differential response to CP light and thus may be sensitive to 

circular polarization. Warrant (2010) made an attempt to explain how beetles and other 

invertebrates could perceive circularly polarized light.  If  scarabs had, indeed, circular 

polarization vision, the CP light reflected from their exocuticle (Fig. 5.1A-D) could help 

them to find each other in the circularly unpolarizing foliage (Fig. 5.1E-F) without the 

risk to be recognized by predators insensitive to circular polarization.  In this way the 

camouflaging metallic  green left-circularly polarizing body surface in a green foliage 

reflecting circular-polarization-deficient light could be perceived only by scarabs.

Cetonia and  Anomala scarabs,  for  example,  are  common  worldwide  and  are 

usually serious pests in the horti- and agriculture. Until now their sensitivity to circular 

polarization  has  not  been  investigated.  To  fill  this  gap,  we  performed  six  choice 

experiments to study whether Anomala dubia Scop., A. vitis F. (Coleoptera, Scarabaeidae, 

Rutelinae),  and  Cetonia  aurata L.,  Potosia  cuprea F.  (Coleoptera,  Scarabaeidae, 

Cetoniinae), all possessing left-circularly polarizing exocuticle, are attracted to LCP and 

RCP light stimuli in two different behavioural contexts: finding mate/conspecifics and 

foraging. We chose these scarab species, because their metallic green exocuticle reflects 

LCP light  (Fig.  5.1A-D),  and  they  are  abundant  in  Hungary  from May  to  July.  To 

demonstrate circularly polarizing characteristics, we took photographs about the studied 

scarabs and their host plants without and with circular polarization filters.

The left-circularly  polarizing ability  of scarab cuticles  has been discovered by 

Michelson (1911). Until now one could believe that this circular polarization could be an 

89



optical cue for scarab beetles. One hundred years after Michelson’s discovery we now 

show that CP light reflected from four scarab species has no visual function.

5.2. Materials and Methods

Throughout this chapter we used consequently the following nomenclature accepted in 

physics (optics): A left-circular (LC) polarization filter blocks LCP light and transmits 

RCP light.  Similarly,  a  right-circular  (RC)  polarization  filter  blocks  RCP light  and 

transmits  LCP  light.  A circular  polarization  filter  is  the  complement  of  a  circular 

polarizer:  an  LC  polarizer  transmits  LCP light  and  blocks  RCP light,  while  an  RC 

polarizer transmits RCP light and blocks LCP light.

Photographs through an LC and an RC polarizer were taken in the laboratory. 

Pictures demonstrating (i) the intense LCP light reflected from the exocuticle of Cetonia 

aurata,  Potosia cuprea,  Anomala vitis and  A. dubia scarabs (Fig. 5.1A-D), and (ii) the 

circularly unpolarized light reflected from green leaves of hawthorn and wild rose (Fig. 

5.1E), furthermore 12 other host plants of scarabs (Fig. 5.1F) were captured by a digital 

camera (Fujifilm FinePix S2 Pro) through an LC and an RC polarizer (P-ZN/L-43186, 

P-ZN/R-12628). The scarabs and the leaves were illuminated by unpolarized white light 

transmitted through a white curtain in the window of the laboratory.

5.2.1. Preliminary experiments

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 (Fig. 5.2) 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 

90



the  white  flowers  through  the  large  polarizers  (Fig.  5.2).  During  the  experiment  we 

observed (from a distance of 10 m) the behaviour 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.

5.2.2. Experiment 1

Experiment 1 was conducted between 8 and 10 May 2009 between 10:00 and 15:00 h 

(UTC+2h) every day in our Laboratory with 120 Cetonia aurata (65 females, 55 males) 

collected  on  7  May 2009  in  the  field,  during  preliminary  experiments  1  and 2  (see 

Electronic Supplement). The beetles were kept together with some flowering hawthorn 

branches in a glass terrarium under natural illumination conditions, where some of them 

mated and many other individuals performed copulation attempts. Prior to the test the 

beetles were kept for 6 hours in an empty translucent white plastic container. The test 

chamber was composed of a paper box (50×50×30 cm), the inner walls of which were 

covered by matte white paper. On one of the vertical walls of the box two test windows 

(1515 cm) were set up 20 cm apart from each other. Both test windows were illuminated 

by homogeneous diffuse white light transmitted through a white curtain of a window (22 

m) of the laboratory. One of the test windows was covered with an LC polarization filter 

(thickness=0.8 mm, type: P-ZN/L-43186, Schneider,  Bad-Kreuznach, Germany), while 

the other window with an RC filter (thickness=0.8 mm, type: P-ZN/R-12628, Schneider). 

The outer surface of the polarizers was covered by a diffuser (common white paper) in 

order to completely depolarize the light falling onto the polarizers. The bottom of the test 
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chamber was covered by a sheet of white paper, which was replaced by a new one after 

each  test  run,  in  order  to  eliminate  the  possible  influence  of  odor  marks  left  by  the 

scarabs tested. On the bottom of the test chamber there was a releaser at the wall opposite 

to  the two test  windows.  The releaser  was composed of a non-transparent  paper  cup 

(height=2 cm, diameter=5 cm). At the beginning of a given choice a scarab was put from 

the empty container to below the releaser of the test chamber. The beetle was left on its 

back side (to motivate the beetle for movement) in darkness beneath the releaser for 1 

minute, then the releaser was moved away. After some seconds the beetle turned from its 

back side to its legs, and began to crawl toward the wall with the two test windows. The 

experiment with a given Cetonia ended when the beetle reached one of the test windows 

covered by an LC or RC polarization filter and a diffuser. Each individual beetle was 

tested only once. The order of the LC and RC polarization filters in the two test windows 

was randomly changed between the test runs. At the end the number of beetles choosing a 

given test window was counted.

5.2.3. Experiment 2

Experiment 2 was done with the following four scarab species: Cetonia aurata, Potosia 

cuprea,  Anomala  vitis and  A.  dubia.  The  whole  cuticle  (both  dorsal  and  ventral)  of 

Cetonia, Potosia and A. vitis is metallic shiny green and reflects intense LCP light (Fig. 

5.1A-C). In the case of  A. Dubia the brownish elythrae reflect weak LCP light, while 

other parts of the cuticle reflect intense LCP green light (Fig. 5.1D). On 26 April 2010 

between 11:00 and 12:00 h (UTC+2h) 196 swarming Cetonia aurata (both females and 

males)  were captured  in  a  field  (Törökmező:  47o 88'  N,  18o 93'  E),  where  hawthorn 

(Crataegus monogyna) bushes bloomed. The captured beetles were kept among pieces of 

cardboard in translucent, white plastic containers (with numerous holes on their top for 

airing) under natural light and thermal conditions in a garden in Göd (Hungary), where 

some of them mated. Slices of fresh apple were given to them as food. Between 27 and 

29 April 2010 from 10:00 to 16:00 h (UTC+2h) every individual beetle was tested three 

times in a choice-box (Fig. 5.3A-F).

The choice-box was a flat cylinder (height=10 cm, diameter=60 cm) composed of 

6 radial sectors divided by vertical walls (26 10 cm) hanging from a top disc (radius=30 

cm) with a circular hole (diameter=5 cm) at its center. Each sector was divided by a short 
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vertical wall (13 13 cm). Both halves of the sector were barred by a vertical wall (15 

15 cm), called ”window” further on. The inner surface of these windows was covered 

by a colour picture, a circular polarizer and a 2 mm thick glass pane of the same size (7.5 

13 cm). In the left and right windows of a given sector an LC polarizer (P-ZN/L-43186) 

and  an  RC polarizer  (P-ZN/R-12628)  were  placed,  respectively.  All  the  walls  of  the 

choice-box were composed of a 5 mm thick milky white translucent plexiglass, which 

functioned as a depolarizer of the incident light. Many such materials could act as quarter 

wave  plates,  which  when  illuminated  by  the  linearly  polarized  skylight  during  the 

experiment would actually produce CP light. We tested for this possibility by observing 

the polarization of transmitted linearly polarized light through LC and RC polarization 

filters,  but we did not experience any trace of CP light in the choice-box. In a given 

choice experiment the choice-box contained the same 62=12 colour pictures: in the 1st, 

2nd and 3rd part of this experiment these pictures showed (1) a Cetonia aurata sitting on 

a hawthorn (Crataegus monogyna) flower (Fig. 5.3G), (2) hawthorn flowers and leaves 

(Fig. 5.3H), and (3) a blooming hawthorn bush (Fig. 5.3I). Prior to a test the beetles were 

kept for 6 hours in an empty translucent white plastic container. During the experiment, 

performed open-air in the mentioned garden in Göd, a given beetle was put on the middle 

of a horizontal wooden board, and the insect was covered by an opaque releasing cylinder 

(diameter=4.5  cm,  height=17 cm),  onto  which  the  choice-box was drawn through its 

central hole. The releasing cylinder was covered by the palm of hand of the investigator 

person for 30 seconds, then the cylinder was removed from the choice-box, by which the 

experiment began: (i) the released beetle (standing at the beginning at the center of the 

choice-box) could select one of the 6 sectors, toward which it began to crawl or fly, and 

(ii) in a given sector it could choose either the left or the right window with the same 

picture seen through an LC or an RC polarization filter. The behaviour of the beetle in the 

choice-box was observed from above by the naked eye through the circular hole on the 

top of the box. When the beetle reached (by crawling or flying) the left/right window of 

the selected sector (within 20-200 sec), the experiment ended. Then the tested beetle was 

removed from the choice-box, the underlying wooden board of which was cleaned by a 

cloth  impregnated  with ethyl  alcohol  (to  eliminate  the possible  odor cues  left  by the 

tested beetle), the circular choice-box was rotated by a random angle around its vertical 

symmetry  axis,  and  the  experiment  was  repeated  by  a  new  test  beetle.  This  whole 
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procedure was done three times (27, 28, 29 April 2010, 10:00-16:00 h) with the use of the 

three different picture types (Fig. 5.3G-I) in the 12 windows of the choice-box. During 

the  experiments  some  of  the  Cetonia beetles  escaped,  thus  the  number  of  beetles 

decreased (N = 196, 141 and 131 for the 1st, 2nd and 3rd parts, respectively).

Between 30 June and 2 July 2010 the 1st  part  of this  choice experiment  was 

repeated with 100 individuals of each  Potosia cuprea,  Anomala vitis and  A. dubia that 

were caught with traps baited by synthetic attractants (see experiment 4) and kept in the 

laboratory similarly as Cetonia aurata described above. In captivity, several individuals 

of these scarab species copulated. These experiments were performed in the laboratory 

under bright and isotropic artificial illumination conditions (drawn-in white curtains on 

the windows, lamps on the ceiling switched off, choice-box placed in the center of the 

room) with the same pictures taken about a blooming hawthorn bush (Fig. 5.3I) that were 

used in the 12 sectors of the choice-box.

5.2.4. Experiment 3

Experiment  3 was performed in the laboratory  between 3 and 8 July 2010 with 100 

individuals of each Cetonia aurata, Potosia cuprea, Anomala dubia and A. vitis captured 

with  traps  baited  by  synthetic  attractants  (see  experiment  4).  The  beetles  were  kept 

among cardboard sheets inside translucent  white plastic  containers under natural  light 

conditions in the laboratory, where many of them mated. Slices of fresh apple were given 

to them as food. Prior to a test the beetles were kept for 6 hours in an empty translucent  

white plastic container. Every individual was tested only once in the choice-box shown in 

Fig. 5.4.

The  box  had  three  main  parts:  (1)  Release  and  choice  arena  (length=20  cm, 

width=30 cm, height=10 cm), where the test beetle was released from an opaque cylinder 

(height=21 cm, diameter=4 cm) after kept for 30 sec in the dark. The released beetle 

could crawl (or fly) on a horizontal paper sheet toward the left or right window facing the 

arena.  The paper  sheet  was replaced by a new one after  each choice run in  order to 

eliminate any possible scent cue left by the tested beetles. After the release cylinder was 

removed from the box, and the test beetle was observed from above by the naked eye 

through a circular hole on the top of the box. A given test ended when the beetle reached 

a  cardboard  bar  (width=14  cm,  height=1.5  cm)  at  the  opening  of  the  left  and  right 
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stimulus compartments of the box. (2) The arena continued in the left and right stimulus 

boxes, which were separated from the arena by the narrow cardboard bar mentioned. The 

left  box  (length=21  cm,  width=14.5  cm,  height=10  cm)  was  empty  with  a  small 

removable matte white cardboard window on its rear vertical wall. On this rear window 

the visual stimuli were two dead beetle carcasses (one female and one male) of the same 

species as the test beetle. These stimulus beetles were illuminated by four light-emitting 

diodes  (two  OSSV53E1A violet-blue  LEDs  with  an  emission  peak  at  400  nm  and 

emitting also some ultraviolet light, and two 530XW8C VIS LEDs emitting light in the 

visible part of the spectrum) placed in a small box on the ceiling. The spectrum of light 

emitted by both diodes can be seen in Fig. 5.4D. (3) The lower part of the right stimulus 

box (length=10 cm, width=14.5 cm, height=10 cm) contained the same light source (2 

violet-blue LEDs and 2 VIS LEDs) in the ceiling as the left box, and a common plane 

glass-silver mirror (13.5  14.5 cm) tilted at 45o from the horizontal. The upper part of 

the right stimulus box was a small tower with a small removable matte white cardboard 

window on its top horizontal wall. On this top window the visual stimuli were two dead 

beetles (one female and one male) of the same species as the test beetle. These stimulus 

beetles were illuminated by the four LEDs through the tilted mirror. The function of this 

mirror was to convert the LCP light originating from the shiny metallic green exocuticle 

of the stimulus beetles to RCP light after reflection. Due to the 45o tiltness of the mirror 

the test beetle in the choice arena saw the two stimulus beetles in the right box as if they 

were on the rear vertical wall, similarly to the case of the left stimulus box. The only 

relevant difference between the left and right stimuli was the handedness (left-handed in 

the  left  box,  and right-handed in  the right  box)  of  the CP light  originating  from the 

stimulus beetles.

The test beetles had to choose either the stimulus beetles of the same species seen 

directly (i.e. seen the LCP light reflected from the exocuticle), or seen through the tilted 

mirror (i.e. seen the RCP light converted after reflection from the mirror). The walls of 

the choice-box were composed of matte brownish cardboard, and the inner surfaces of 

which were sprayed by a matte white paint to eliminate any disturbing polarization of 

wall-reflected light. Since the stimulus beetles in the left and right stimulus boxes were 

not exactly identical (slightly differed in size, colour, brightness and posture), they were 

replaced with each other after every 5 choices, in order to eliminate any choice bias due 
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to these differences. Hence, during an experiment with 100 individuals of a given scarab 

species the left and right stimuli were changed 100/5 = 20 times.

5.2.5. Experiment 4

Experiment  4  was conducted  to  see whether  the  strongly  LCP light  from dead adult 

scarabs evokes attraction from three feral scarab populations in the field. Two trapping 

experiments were conducted: one with  Anomala scarabs (Anomala vitis and  A. dubia), 

and the second with Cetonia aurata. CSALOMON VARb3 traps with transparent upper 

funnels  (produced  in  the  Plant  Protection  Institute  of  the  Hungarian  Academy  of 

Sciences, Budapest, Fig. 5.5A) were used, which proved to be excellent for the capture of 

related scarabs (Imrei  et al., 2001; Schmera et al., 2004). Treatments in the experiment 

included: (A) Traps with dead beetles (8 specimens of Cetonia aurata or Anomala vitis, 

respectively, or 10 specimens of  A. dubia) glued (by Super Bond, Henkel Ltd., Dublin, 

Ireland) to the inside of the transparent funnel of the trap (Fig. 5.5B-D). Dead beetles 

were  washed  in  an  excess  of  hexane  for  5  min  before  gluing  them  to  remove 

semiochemicals with possible behavioural activity. Dead beetles were glued roughly in a 

rectangle at distances of 1-2 mm from each other on the middle portion of the funnel. (B) 

Unbaited  traps  for  negative  control.  (C)  Traps  baited  with  a  synthetic  attractant  for 

positive control.

For attractant, commercially available CSALOMON lures were used. Anomala 

vitis/dubia sex attractant baits were applied [active ingredient: (E)-2-nonen-1-ol, Tóth et  

al., 1994] in the experiment with  Anomala scarabs, where exclusively male individuals 

were caught  due to the sex-attractant.  In the  Cetonia test  the ternary floral  attractant 

[active ingredients methyl eugenol, (E)-anethol, 1-phenethyl alcohol (Tóth  et al., 2005, 

Vuts et al., 2010)] were used, which lures both females and males with an approximate 

sex  ratio  of  1:1.  Traps  were  set  up  in  a  randomized  complete  block  design.  Both 

experiments included 3 replicate blocks. The distance between traps within a block was 

10-15 m.  Blocks  were  set  30-50 m apart.  Traps  were  inspected  twice  weekly,  when 

captured  insects  were  identified,  recorded  and  removed.  Catches  recorded  at  such 

occasions were regarded as data points in statistical analyses. The Anomala experiment 

was conducted in a sour cherry orchard at Halásztelek (Pest county, Hungary), between 
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21 and 28 June 2010. Traps were suspended from branches at 1.5 m height in the crown 

of trees. The Cetonia experiment was set up near the bushy edge of a mixed oak forest 

with mostly Rosa canina and Crataegus spp. at Julia major (Budapest, Hungary) from 10 

to 25 June 2010. Traps were suspended from the vegetation at the height of 1.5 m in 

sunny places.

5.2.6. Experiments 5 and 6

In pilot experiments, prior to experiments 5 and 6, we tested with all the later investigated 

scarab individuals if a positive phototaxis can be elicited from them. For this purpose we 

applied the choice-box used in experiment 6, but modified in such a way that one of the 

two windows was covered by a black cardboard sheet. Thus, the scarabs could choose 

between a dark window and a bright window, both windows transmitting unpolarized 

white light. During this experiment the left and right positions of the dark and bright 

windows were randomized. For experiments 5 and 6 we used only those scarabs (85-90% 

of the individuals tested in the pilot experiment) that selected the bright window, and thus 

evidently had a positive phototaxis. These pilot tests showed that light levels, arena size, 

measurement  accuracy  and  the  behavioural  state  of  the  beetles  were  appropriate  to 

observe a behavioural effect if it exists.

Experiment 5 was performed in the laboratory between 15 and 30 June 2011 with 

100 individuals of each Cetonia aurata, Potosia cuprea, Anomala vitis and A. dubia. The 

same choice-box was used as in experiment 2 (Fig. 5.3A-C), but in each sector the left 

window  transmitted  LCP  light  while  the  right  window  transmitted  totally  linearly 

polarized (TLP) light, whose direction of polarization was 45o from the horizontal. The 

same picture, a blooming hawthorn bush (Fig. 5.3I) was presented in each window. In all 

six  sectors  this  colour  picture  was  seen  through  a  left-circular  polarizer  (the 

quarter-wavelength retarder layer of which faced the test beetle and the linear polarizing 

sheet  of  which  faced the  colour  picture)  in  the  left  window, and through a  reversed 

left-circular polarizer (with its quarter-wavelength retarder layer facing the colour picture, 

while its linear polarizing sheet facing the test beetle)  in the right window. Thus, the 

spectral  (intensity and colour) characteristics of both stimuli  were the same, and only 

their  polarization  characteristics  (LCP and  TLP)  were  different.  Other  details  of  this 

experiment were the same as those of experiment 2.
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Experiment 6 was conducted in the laboratory from 1 and 13 July 2011 with 100 

individuals of each Cetonia aurata, Potosia cuprea, Anomala vitis and A. dubia. We used 

a one-sector choice-box in which one of the windows transmitted LCP light and the other 

window transmitted unpolarized (UP) light (Fig. 5.6). In both windows there was an LC 

polarizer and a white diffuser (a common paper sheet, reducing the degree of linear and 

circular polarization to zero, which was tested by imaging polarimetry). Seen from the 

box, in one of the windows the LC polarizer was inside and the diffuser was outside, 

while in the other window their order was reversed. Thus, the spectral characteristics of 

both stimuli were the same, and only their polarization characteristics (LCP and UP) were 

different. During this experiment the left and right positions of the LCP and UP windows 

were randomized. The box was composed of a light brown wooden sheet, and the surface 

of which was matte to reduce its reflection polarization. Other details of this experiment 

were the same as those of experiment 2.

5.2.7. Reflection spectra of scarab beetles

Reflection spectra of the exocuticle of scarab beetles were measured with the use of a 

fiber-optic UV-VIS spectrometer (Avaspec 2048/2), in a similar setup as used earlier to 

measure  the  reflectance  of  various  butterfly  wings (Kertész  et  al.,  2006; Biró  et  al., 

2007).  Both in specular  arrangement  under  normal  incidence  (Fig.  5.7) and using an 

integrating sphere (radius=3 cm) in order to collect all the light reflected under any angle 

of  emergence.  The  integrating  sphere  can  be  regarded  as  an  equivalent  to  a  diffuse 

illumination.  All  optical  measurements  were  carried  out  with  unpolarized  light.  An 

Avaspec diffuse,  white  standard  was used as  comparison sample  for  reflection  factor 

measurements.

5.3. Results

According  to  Fig.  5.1A,  the  cuticle  of  Cetonia scarabs  reflects  LCP light,  while  the 

underlying  Epipremnum leaf reflects circularly unpolarized light. Figure 5.1B-D shows 

that the exocuticle of Potosia cuprea, Anomala vitis and A. dubia scarabs also polarizes 

left-circularly the reflected light, since the whole body surface of Cetonia, Potosia and A. 

vitis is black seen through an LC polarization filter, furthermore, apart from the brownish 
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elytra the body surface of A. dubia is also black through such a filter. On the other hand, 

the  light  reflected  by  host  plants  (hawthorn:  Crataegus  monogyna,  wild  rose:  Rosa 

canina,  black  poplar:  Populus  nigra,  London  plane:  Platanus  acerifolia,  common 

whitebeam:  Sorbus aria, field maple:  Acer campestre, small-leaved lime:  Tilia cordata, 

European rowan:  Sorbus aucuparia, wild cherry:  Prunus avium, staghorn sumac:  Rhus 

typhina, common elm: Ulmus campestris, pagoda tree: Sophora japonica, sweet chestnut: 

Castanea sativa, European birch: Betula pendula) of the investigated scarabs is circularly 

unpolarized (Fig. 5.1E-F).

In the preliminary  experiments  1  and 2 (Fig.  5.2)  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.

In  experiment  1  61  (40  crawling,  21  flying)  and 59 (42  crawling,  17  flying) 

Cetonia aurata individuals chose the LCP and RCP light stimulus, respectively. This tiny 

difference  is  statistically  not  significant  (2=0.033,  df=1,  p=0.86).  The  reaction  of 

Cetonia in this experiment corresponded to a simple phototactic random choice between 

the LCP and RCP stimuli.

In experiment 2 (Table 5.1) 94 Cetonia aurata chose the LCP and 102 the RCP 

light  stimulus  when  confronted  with  pictures  of  a  C.  aurata on  a  hawthorn  flower 

(stimulus 1, Fig. 5.3G). For pictures of hawthorn leaves and flowers (stimulus 2, Fig. 

5.3H), and a blooming hawthorn bush (stimulus 3, Fig. 5.3I) Cetonia chose the LCP/RCP 

stimulus in ratio of 67/74 and 67/64, respectively. In total, the LCP stimulus was chosen 

228 times, while the RCP stimulus 240 times. All these choices were not significantly 

different from 50-50%. None of the six sectors was preferred by Cetonia. The solar half 

of the choice-box (when the sky was cloudless) was slightly more (189) preferred than 

the antisolar half (160), but this difference is not significant (2=2.41, df=1, p=0.12).

When reaching the LCP/RCP stimulus,  Cetonia preferred crawling (285) against 

flying (183). Quite similar results were obtained for Potosia cuprea, Anomala dubia and 

A. vitis (Table 5.1): the choice ratio of the LCP/RCP stimulus was 50/50 (Potosia), 48/52 

(A. dubia)  and 51/49 (A. vitis),  respectively.  These choice  ratios  are  not significantly 
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different  from 50/50%. Neither  of  the  six  sectors  was  preferred,  and the  test  beetles 

crawled (Potosia: 72, A. dubia: 62, A. vitis: 63) more frequently than flew (Potosia: 28, 

A. dubia: 38, A. vitis: 37).

In experiment 3 (Table 5.2) the choice ratios of the LCP/RCP dead beetles were 

48/52,  51/49,  46/54  and  50/50  for  Cetonia,  Potosia,  Anomala  dubia and  A.  vitis, 

respectively. Again, these rates are statistically not significantly different from 50/50%. 

Beetles preferred again crawling (Cetonia:  90,  Potosia:  79,  A. dubia:  72,  A. vitis:  76) 

against flying (Cetonia: 10, Potosia: 21, A. dubia: 28, A. vitis: 24).

In experiment 4 traps with sex attractant caught a high number of Anomala dubia 

and A. vitis, significantly different from all other treatments ). Single A. vitis specimens 

were recorded in traps with dead  A. vitis or  A. dubia scarabs, whereas unbaited traps 

caught no beetle.  Catches of  A. dubia showed the same picture,  with high number of 

catches in traps baited with sex attractant, and no or a single beetle in the other treatments 

(Table 5.3). The floral attractant-baited traps caught significantly more  Cetonia aurata 

than the other treatments (Table 5.3). In fact, no beetles were captured in traps with dead 

Cetonia beetles or unbaited.  Catches of the closely related  Potosia cuprea showed the 

same trend (Table 5.3).

In experiment 5 all four scarab species studied showed no preference between the 

LCP and the totally linearly polarized stimuli  (Table 5.4). The minimal differences in 

their choices were not significant. The same was the situation in experiment 6 (Fig. 5.6), 

where  all  four  species  chose  practically  equally  either  the  LCP or  the  unpolarized 

stimulus, and their choice differences were again not significant (Table 5.5). Experiments 

5 and 6 support our main conclusion that circular polarization does not attract  Cetonia 

aurata,  Potosia  cuprea,  Anomala  vitis and  A.  dubia when  they  look  for  food  or 

mate/conspecifics.

According to Fig. 5.7, the reflection spectra (measured at normal incidence) of the 

left-circularly polarizing exocuticle of Anomala vitis, A. dubia, and Cetonia aurata have 

a single peak in the green (Anomala vitis: 562 nm, A. dubia: 614 nm, Cetonia: 574 nm) 

part of the spectrum, while Potosia cuprea possesses a main peak in the red (670 nm) and 

a secondary peak in the green (549 nm). The only peak results  in the metallic  green 

colour of Anomala and Cetonia, and the two peaks result in the brownish green colour of 

Potosia.
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5.4. Discussion

In the optical environment of the studied scarab species the strongest source of CP light is 

their  exocuticle,  since  their  vegetable  habitat  reflects  generally  circularly  unpolarized 

light (Fig. 5.1). Consequently, circular polarization sensitivity/vision in these scarabs in 

principle  could be  exploited  to look for  mate/conspecifics  by means  of  detecting  the 

exocuticle-reflected  LCP light.  However,  from  the  results  of  our  experiments  we 

conclude  that  Cetonia  aurata,  Potosia  cuprea,  Anomala  vitis and  A.  dubia are  not 

attracted  at  all  to  CP light  under  the  conditions  present  in  our  tests,  which  involved 

feeding  stimuli  (flowers  and  leaves  of  the  host  plants,  or  their  pictures)  and 

mate/conspecific stimuli (pictures or dead beetles of the conspecifics), in spite of the fact 

that their exocuticle reflects LCP light in the visible part of the spectrum (Fig. 5.1A-D).

The results of experiment  4 suggest that the visual stimuli,  including the LCP 

light from dead Anomala vitis,  A. dubia,  Cetonia aurata and Potosia cuprea scarabs do 

not evoke attraction or arrestation from conspecifics in the field, despite the fact that high 

catches  in  sex-attractant-baited  traps  (for  Anomala scarabs)  as  well  as  in  floral 

attractant-baited traps (for  Cetonia and  Potosia) showed that the studied species were 

present in relatively high population density at the experimental site. In experiment 4 the 

scarabs seemed to find each other by means of pheromones, rather than by visual cues, 

e.g.  the  exocuticle-reflected  LCP light.  Cross-attraction  by  sex  attractant  bait  is  well 

known and has been published previously for both Anomala vitis and A. dubia (Tóth et  

al., 1994). Similarly, attraction of Cetonia and Potosia (both species of similar size and 

shape) by the applied floral attractant, has been documented earlier (Tóth  et al., 2005; 

Vuts et al., 2010).

If these scarabs can find each other by means of odors, they may not need visual 

cues  to  find  mate/conspecifics.  Note,  however,  that  the  use  of  pheromones  does  not 

necessarily influence the potential importance of visual cues, since several animal species 

are  multimodal  in  their  signaling  (Christensen,  2005).  In  our  opinion,  the  circular 

polarization of the exocuticle-reflected light may only be a byproduct of the helicoidal 

structure of the exocuticle of these scarabs. Instead, the major function of this helicoidal 

structure could be, for example, a mechanical or chemical one (in order to enhance the 

resistance of the exocuticle against mechanical stresses and/or acidic/alkaline damages), 

rather  than  optical  (to  produce  LCP light  for  visual  communication).  The 
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mechanical/chemical  hypothesis  should  be  tested  in  the  future,  while  the  optical 

hypothesis is highly improbable in light of the results presented here. Another unsolved 

problem is how the unique structure of scarab cuticles – resembling cholesteric liquid 

crystals and occurring exclusively in scarabs (van de Kamp and Greven, 2010) – can be 

so much different from that of other beetles.

The lack of positive response (i.e. attraction to LCP stimuli) of scarabs in our 

experiments could also be explained by the lack of motivation of the test beetles to look 

for  mate/conspecifics  and/or  host  plants.  This  is  very  improbable,  because:  (1) 

Experiment  1  was  conducted  with  Cetonia  aurata scarabs  freshly  collected  on  the 

preceding  day  (when  actively  looking  for  flowers  and  mate),  thus  it  is  pertinent  to 

suppose that they did not lose their motivation during the experiment. (2) Experiments 2, 

3, 5 and 6 were performed in choice-boxes with scarabs collected in the field on the 

preceding day, and prior to a test the beetles were kept for 6 hours in a container without 

food, furthermore each individual was tested only once. These conditions minimized the 

possibility  that  the  beetles  would  lose  their  motivation  to  look for  mate/conspecifics 

and/or  host plants.  (3) Experiment  4 was performed in the field with actively  flying, 

motivated scarabs. (4) In experiments 1-3, 5 and 6 the test beetles frequently displayed 

flight  responses  toward  the  visual  stimuli  (Tables  5.1  and  5.2),  demonstrating  their 

activity and motivation. Furthermore, the test beetles were obviously in mating mood, 

because in captivity several individuals of all  four scarab species mated or performed 

copulation attempts.

Hence, in two species (Anomala vitis, A. dubia) of the subfamily Rutelinae, and in 

two species (Cetonia aurata,  Potosia cuprea) of the subfamily Cetoniinae in the family 

Scarabaeidae (Coleoptera), all possessing left-circularly polarizing exocuticle, we found 

no evidence for behavioural responses to CP light. Furthermore, there were no sexual 

differences in the polarization characteristics of exocuticular reflections, and attraction by 

pheromones seemed more important than vision in finding mate/conspecifics. Since the 

visual system of scarab beetles shares basic optical and anatomical features (Gokan and 

Meyer-Rochow,  2000),  our  results  might  be  generalized.  In  the  future  it  would  be 

important to test the circular polarization sensitivity of several other scarab species and 

whether they are attracted or not to CP light, in order to draw a general conclusion about 

the circular polarization vision or blindness in scarabs.
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Tables

Table  5.1.:  Number  of  Cetonia  aurata,  Potosia  cuprea,  Anomala  vitis  and A.  dubia 
choosing (with crawling (c), or flying (f)) either the LCP or the RCP light stimulus in the 
six sectors of the choice-box used in experiment 2 using stimulus 1 [picture of Cetonia  
aurata on a hawthorn (Crataegus monogyna) flower (Fig. 5.3G)], 2 [picture of hawthorn 
(Crataegus  monogyna)  leaves  and  flowers  (Fig.  5.3H)]  or  3  [picture  of  a  blooming 
hawthorn (Crataegus monogyna) bush (Fig. 5.3I)] in the 12 windows of the choice-box 
and their statistical analyses. Sun (S): choices of beetles were on the solar half of the 
choice-box.  Anti-Sun  (AS):  choices  of  beetles  were  on  the  antisolar  half  of  the 
choice-box.  Overcast  (O):  the  sky  was  totally  overcast,  thus  the  choice-box  was 
illuminated isotropically by cloudlight.

species
stimulus
number

sex LCP RCP
statistic
result

significancy

Cetonia
aurata

1
100♀
96♂

94
(S=34,
AS=27,
O=33)

(c=59, f=35)

102
(S=33,
AS=29,
O=40)

(c=62, f=40)

2=0.33,
df=1,

p=0.57

not
significant

2
73♀
68♂

67
(S=34,
AS=33)

(c=39, f=28)

74
(S=39,
AS=35)

(c=48, f=26)

2=0.34,
df=1,

p=0.56

not
significant

3
69♀
62♂

67
(S=23,
AS=17,
O=27)

(c=37, f=30)

64
(S=26,
AS=19,
O=19)

(c=40, f=24)

2=0.07,
df=1,

p=0.79

not
significant

sum

228
(S=91,
AS=77,
O=60)

(c=135, f=93)

240
(S=98,
AS=83,
O=59)

(c=150, f=90)

Potosia
cuprea

3
48♀
52♂

50
(c=35, f=15)

50
(c=37, f=13)

2=0,
df=1,
p=1

not
significant

Anomala
vitis

3 100♂
51

(c=32, f=19)
49

(c=31, f=18)

2=0.04,
df=1,

p=0.84

not
significant

Anomala
dubia

3 100♂
48

(c=30, f=18)
52

(c=32, f=20)

2=0.16,
df=1,

p=0.69

not
significant
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Table  5.2.:  Number  of  Cetonia  aurata,  Potosia  cuprea,  Anomala  vitis and  A.  dubia 
choosing (with crawling (c), or flying (f)) either the dead beetles of the same species seen 
directly (i.e. seen the LCP light reflected from the exocuticle) or their reflections viewed 
from a plane mirror (i.e. seen the RCP light reflected from a mirror) in the choice-box 
used in experiment 3 and their statistical analyses. When testing each species, the stimuli 
were two pairs of dead beetles of the same species: one pair was seen directly, while in 
the case of the other pair their reflections from a mirror were viewed.

species sex
LCP beetle

(seen directly)

RCP beetle
(seen through

a mirror)

statistic
result

significancy

Cetonia
aurata

50♀
50♂

48
(c=44, f=4)

52
(c=46, f=6)

2=0.16,
df=1, p=0.69

not
significant

Potosia
cuprea

48♀
52♂

51
(c=45, f=6)

49
(c=34, f=15)

2=0.04,
df=1, p=0.84

not
significant

Anomala
vitis

100♂
50

(c=41, f=9)
50

(c=35, f=15)
2=0,

df=1, p=1
not

significant
Anomala

dubia
100♂

46
(c=30, f=16)

54
(c=42, f=12)

2=0.64,
df=1, p=0.42

not
significant

Table 5.3.:  Number of  Cetonia aurata,  Potosia cuprea,  Anomala vitis and  A. dubia in 
traps baited with dead beetles, sex or floral attractant, or in unbaited traps in experiment 
4. p-values derived from Kruskal-Wallis test.

bait Anomala vitis Anomala dubia

dead Anomala dubia beetles
1

(♂)
0

dead Anomala vitis beetles
1

(♂)
0

sex attractant
867
(♂)

381
(♂)

unbaited 0
1

(♂)
p-value 0.0002 0.0002

bait Cetonia aurata Potosia cuprea
dead Cetonia aurata beetles 0 0

floral attractant
415

(205 ♀ + 210 ♂)
47

(24 ♀ + 23 ♂)
unbaited 0 0
p-value < 0.0001 < 0.0001
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Table  5.4.:  Number  of  Cetonia  aurata,  Potosia  cuprea,  Anomala  vitis and  A.  dubia 
choosing (with crawling (c), or flying (f)) 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 and their statistical analyses.

species
LCP light
stimulus

TLP light
stimulus

statistic
result

significancy

Cetonia
aurata

50
(c=48, f=2)

50
(c=47, f=3)

2
 = 0,

df = 1,
p = 1

not
significant

Potosia
cuprea

52
(c=51, f=1)

48
(c=46, f=2)

2
 = 0.16,

df = 1,
p = 0.69

not
significant

Anomala
vitis

52
(c=52, f=0)

48
(c=48, f=0)

2
 = 0.16,

df = 1,
p = 0.69

not
significant

Anomala
dubia

45
(c=45, f=0)

55
(c=55, f=0)

2
 = 1,

df = 1,
p = 0.32

not
significant

Table  5.5.:  Number  of  Cetonia  aurata,  Potosia  cuprea,  Anomala  vitis and  A.  dubia 
choosing (with crawling (c), or flying (f)) either the left-circularly polarized (LCP) or the 
unpolarized  (UP)  light  stimulus  in  the  choice-box  used  in  experiment  6  and  their 
statistical analyses.

species
LCP light
stimulus

UP light
stimulus

statistic
result

significancy

Cetonia
aurata

49
(c=49, f=0)

51
(c=51, f=0)

2
 = 0.04,

df = 1,
p = 0.84

not
significant

Potosia
cuprea

47
(c=47, f=0)

53
(c=53, f=0)

2
 = 0.36,

df = 1,
p = 0.55

not
significant

Anomala
vitis

53
(c=53, f=0)

47
(c=47, f=0)

2
 = 0.36,

df = 1,
p = 0.55

not
significant

Anomala
dubia

52
(c=52, f=0)

48
(c=48 , f=0)

2
 = 0.16,

df = 1,
p = 0.69

not
significant
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Figures

Figure 5.1.: Photographs of scarab beetles (A, C, D: dead; B: living beetles feeding on 
apple slices  in a plastic  container)  and their  host plants  (freshly cut)  taken without  a 
polarization filter (middle column), and through an LC (left column) and an RC (right 
column) polarization filter.  In the left  and right columns the circular arrows show the 
handedness of CP light transmitted by the polarization filter. (A)  Cetonia aurata (left: 
female, right: male) on a centipede tongavine (Epipremnum pinnatum) leaf. (B) Potosia 
cuprea. (C) Anomala vitis. (D) Anomala dubia. (E) Hawthorn (Crataegus monogyna) and 
wild rose (Rosa canina) leaves. (F) 12 different green plant leaves: black poplar (Populus  
nigra),  London  plane  (Platanus  acerifolia),  common  whitebeam  (Sorbus  aria),  field 
maple  (Acer  campestre),  small-leaved  lime  (Tilia  cordata),  European  rowan  (Sorbus 
aucuparia), wild cherry (Prunus avium), staghorn sumac (Rhus typhina), common elm 
(Ulmus campestris), pagoda tree (Sophora japonica), sweet chestnut (Castanea sativa), 
and European birch (Betula pendula).
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Figure 5.2.: 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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Figure 5.3.: (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 colour pictures used in the choice-box.
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Figure 5.4.: Structure of the choice-box used in experiment 3. (A) Photograph of the 
choice-box taken from above. d: door, p: paper sheet, r: release cylinder, L: light-emitting 
diodes, e: electrical batteries as power supplies for the diodes, t: tower, and b: holder of 
dead beetles. (B) Cross-section of the left and right parts of the choice-box showing the 
inner  structure.  Double-headed  arrows  represent  that  the  concerned  component  is 
removable. h: circular hole through which the test beetle can be observed; b3: test beetle; 
s: a bar of cardboard closing the choice arena; b1: holder of dead beetles seen directly; o: 
observer; m: tilted plane mirror; b2: holder of dead beetles seen through the tilted mirror. 
(C) The view seen by a test beetle. L: box of the light-emitting diodes; b1: left holder of 
dead  scarab  beetles  seen  directly,  presenting  LCP light  stimuli  originating  from  the 
beetles’ exocuticle; b2: right holder of dead scarabs seen through the tilted plane mirror, 
presenting RCP light stimuli originating from the exocuticle of beetles being in the tower.
(D) : 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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Figure 5.5.: (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.

110



Figure 5.6.: 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.

Figure  5.7.:  Typical  reflection  spectra  of  the  metallic  shiny,  left-circularly  polarizing 
exocuticle of Anomala vitis, A. dubia, Cetonia aurata and Potosia cuprea scarab beetles 
measured at normal reflection. The value of reflected intensity  I is measured relative to 
the diffuse reference reflection standard of the instrument.  I-values can be larger than 
100%, if a surface reflects a greater amount of light than the diffuse reference standard.
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Summary

In  my  Ph.D.  thesis,  I  investigated  different  questions  related  to  linear  and  circular 

polarization sensitivity  of different  insect species  in field and laboratory experiments. 

Some of the topics are pure fundamental research, while other results can easily lead to 

practical applications.

In Chapter 1 I sudied the attractiveness of spotty coat patterns of host animals to 

tabanid flies, and showed that the smaller and the more numerous the spots are, the less 

attractive the host is to tabanids. This research was inspired by the recent discovery, that 

polarotactic tabanids find striped patterns visually less attractive than homogeneous ones.

In  Chapter  2  I  investigated  whether  the  above-mentioned  weak  visual 

tabanid-attractiveness  of  striped  coat  patterns  can  be  overcome  by  the  olfactory 

attractiveness of CO2 and ammonia. In field experiments I demonstrated that although 

CO2 and ammonia increase the attractiveness of visual targets, these chemicals do not 

overwhelm the weak visual attractiveness of stripes to tabanids.

In Chapter 3 I proposed an effective, new concept of tabanid traps consisting of a 

horizontally polarizing photovoltaic solar panel, which attracts tabanids with polarized 

light reflected from the black panel surface, and at the same time supplies electricity for 

an electric motor mounted with a rotating wire that hits and perish the attracted tabanids.

In Chapter 4 I tested how the matteness of black and grey car-bodies influence the 

polarotactic attractiveness to different aquatic insects. I showed that shiny dark surfaces 

can function as ecological traps, since they deceive and attract polarotactic water-seeking 

insects  with  their  horizontally  and  strongly  polarized  reflected  light  (polarized  light 

pollution).  I  found that  the  visual  attractiveness  of  car-bodies  to  polarotactic  aquatic 

insects depends in a complex manner on the surface roughness and insect species, thus 

matt black paintings usually cannot reduce the polarized light pollution of black cars.

In  Chapter  5  I  tested  a  more  than  100-year-old  hypothesis,  whether  some scarab 

beetle species can or cannot perceive circularly polarized light as it has been supposed. 

This question originates from 1911, when Michelson discovered that scarab beetles are 

reflecting  left-circularly  polarized  light  in  an  optical  environment  (vegetation)  being 

deficient in circular polarization.  From numerous choice expeirments I concluded that 

four scarab species are not attracted to circularly polarized light when feeding or looking 

for mate or conspecifics.
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Összefoglalás

Doktori  értekezésemben  különböző  rovarfajok  lineáris  és  cirkuláris 

polarizáció-érzékelésével kapcsolatos kérdéseket tanulmányoztam terepi és laboratóriumi 

kísérletekben. Kutatásaim egy része alapkutatás jellegű, de születtek olyan eredmények 

is, amelyek könnyen valamilyen gyakorlati alkalmazáshoz is vezethetnek.

Az 1. fejezetben azt vizsgáltam, hogy a gazdaállatok tarkafoltos mintázatai miként 

befolyásolják a bögölyökre kifejtett vonzóképességet. Azt találtam, hogy minél több és 

kisebb folt található egy felületen, annál kevésbé vonzó a bögölyök számára. A kutatást 

azon  felfedezés  inspirálta,  miszerint  a  bögölyök  kevésbé  vonzódnak  a  zebracsíkos 

mintázatokhoz, mint a homogén egyszínűekhez.

Dolgozatom 2. fejezetében arra a kérdésre kerestem a választ, hogy a zebracsíkos 

mintázatok  csekély  vizuális  vonzóképessége  felülírható-e  a  bögölyök  számára  vonzó 

széndioxiddal  és  ammóniával.  Terepkísérletekben  megmutattam,  hogy  e  vegyületek 

jelenléte  ugyan  növeli  a  bögölyökre  gyakorolt  vonzóképességet,  a  csíkos  felületek 

vizuálian gyenge bögölyvonzó-képességét azonban nem tudja elnyomni.

A 3.  fejezetben  egy új  típusú,  hatékony  bögölycsapdát  mutattam be,  melynek 

központi  eleme  egy  vízszintes  napelemtábla,  ami  egyrészt  a  felületéről  visszavert 

polarizált  fénnyel  odavonzza  a  bögölyöket,  másrészt  a  megtermelt  energiával  egy 

elektromotort hajt, ami egy fémdróttal felszerelve elkaszálja az odavonzott bögölyöket.

Az  értekezés  4.  fejezetében  azt  tanulmányoztam,  hogy  fekete  és  szürke 

autókarosszéria-elemek  mattsága  (felületi  érdessége)  miként  befolyásolja  a  különböző 

vízirovarokra  gyakorolt  vonzóképességet.  Kimutatták  ugyanis,  hogy  a  fényes,  fekete, 

mesterséges felületek ökológiai csapdaként működhetnek, mivel a felületükről visszavert 

fény  megtévesztheti  a  vizet  kereső,  polarotaktikus  vízirovarokat  (poláros 

fényszennyezés). Megmutattam, hogy egy autókarosszéria-elem polarotaktikus rovarokra 

kifejtett vonzóképessége erősen függ a felület érdességétől és a rovarfajtól, miáltal a matt 

fekete bevonat általában nem csökkenti a fekete autók poláros fényszennyezését.

Az  5.  fejezetben  egy  több,  mint  100  éves  hipotézist  vizsgáltam,  miszerint  egyes 

szkarabeusz  bogárfajok  képesek  érzékelni  a  fény  cirkuláris  polarizációját.  E  kérdés 

1911-re nyúlik vissza,  mikor  Michelson fölfedezte,  hogy e bogarak balra  cirkulárisan 

polarizált  fényt  vernek vissza.  Kísérletekkel  igazoltam,  hogy a  vizsgált  négy faj  nem 

vonzódik a cirkulárisan poláros fényhez, miközben táplálékot vagy fajtársat keres.
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