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Introduction 

 

Tabanid flies occur in all continents except for Antarctica. While they are pollinators of 

numerous plants and there are several predators which feed on them, they represent 

threat to a number of mammals, especially grazing animals, since they are vectors of 

dangerous diseases (Foil, 1989; Luger, 1990; Maat-Bleeker and Bronswijk, 1995; Hall 

et al., 1998; Sasaki, 2001; Lehane, 2005). Hence, there is large need to reduce the 

number of tabanids on horse and cattle farms. Different tabanid traps are available on 

the market, which are more or less effective. 

  According to a recent discovery (Horváth et al., 2008) tabanid flies are attracted 

to horizontally polarized light as several other aquatic insects. One of my goals was to 

study experimentally the attraction of tabanid flies to linearly polarized light, and to 

develop new, more effective tabanid traps exploiting the positively polarotactic 

behaviour of tabanids. This led to the discovery of a new kind of polarotaxis, which is 

present in host-seeking female tabanids. All field experiments about the discovery of 

polarotaxis in host-seeking tabanid flies and the development of different tabanid traps 

are presented in the first three chapters. 

  The concept of polarized light pollution was introduced a few years ago 

(Horváth et al. 2009), and it was shown that shiny dark artificial surfaces (e.g., solar 

panels) can reflect highly polarized light and deceive water-seeking polarotactic aquatic 

insects. These insects tend to land and oviposit on these polarizing surfaces, which leads 

to the failure of their reproduction. In the fourth chapter I suggest a general method to 

reduce the polarized light pollution induced by man-made surfaces, especially solar 

panels. The solar panels and other polarizing surfaces lose their attractiveness to 

polarotactic insects, if they are fragmented by a white non-polarizing grid. 

  This method of reducing polarized light pollution has been ”discovered” in the 

nature by zebras. The zebra is one of the most exotic animals thanks to its mysterious 

striped pattern. There are several experimentally unconfirmed explanations, which were 

thoroughly discussed and criticized by Ruxton (2002) and Caro (2009), for example. In 

the fifth chapter I propose a new, experimentally supported explanation for the 

evolutionary advantage of zebra stripes by showing that the striped pattern is beneficial 

against blood-sucking tabanids. On the following few pages I present a brief 
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introduction for each of the five chapters of my Ph.D. thesis with the bibliographic data 

of the publication in which the results of the given chapter appeared. 

 

CHAPTER 1: New Kind of Polarotaxis Governed by the Degree of Polarization: 

                         Attraction of Tabanid Flies to Differently Polarizing Host 

                         Animals and Water Surfaces 

 

Aquatic insects find their habitat from a remote distance by means of the horizontal 

polarization of light reflected from the water surface. This kind of positive polarotaxis is 

governed by the horizontal direction of polarization (E-vector). Tabanid flies also detect 

water by this kind of polarotaxis. The host choice of blood-sucking female tabanids is 

partly governed by the linear polarization of light reflected from the host’s coat. Since 

the coat-reflected light is not always horizontally polarized, host finding by female 

tabanids may be different from the established horizontal E-vector polarotaxis. To 

reveal the optical cue of the former polarotaxis, we performed choice experiments in the 

field with tabanid flies, using aerial and ground-based visual targets with different 

degrees and directions of polarization. We observed a new kind of polarotaxis being 

governed by the degree of polarization, rather than the E-vector direction of reflected 

light. It is shown here that female and male tabanids use polarotaxis governed by the 

horizontal E-vector to find water, while the polarotaxis based on the degree of 

polarization serves host finding by female tabanids. As a practical by-product of our 

studies, the enigmatic attractiveness of shiny black spheres used in canopy traps to catch 

tabanids is explained. 

 

Egri, Á.; Blahó, M.; Sándor, A.; Kriska, G.; Gyurkovszky, M.; Farkas, R.; Horváth, G. 

(2012) New kind of polarotaxis governed by degree of polarization: Attraction of 

tabanid flies to differently polarizing host animals and water surfaces. 

Naturwissenschaften 99: 407-416 + electronic supplement 

________________________________________________________________ 
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CHAPTER 2: A New Tabanid Trap Applying a Modified Concept of the Old 

                         Flypaper: Linearly Polarizing Sticky Black Surfaces as an Effective 

                         Tool to Catch Polarotactic Tabanid Flies 

 

Trapping flies with sticky paper sheets is an ancient method. The classic flypaper has 

four typical characteristics: (i) its sticky paper is bright (drab or white), (ii) it is strip-

shaped, (iii) it hangs vertically, and (iv) it is positioned high (several meters) above the 

ground level. Such flypapers, however, do not trap tabanid flies. There is a large need to 

kill tabanids with efficient traps, because they are vectors of dangerous diseases, and 

due to their continuous annoyance livestock cannot graze, horses cannot be ridden, and 

the meat and milk production of cattle is drastically reduced. Based on earlier findings 

on the positive polarotaxis (attraction to linearly polarized light) in tabanid flies and 

modifying the concept of the old flypaper, we constructed a new tabanid trap called as 

”horseflypaper”. In four field experiments we showed that the ideal horseflypaper (1) is 

shiny black, (2) has an appropriately large (75 cm × 75 cm) surface area, (3) has sticky 

black vertical and horizontal surfaces in an L-shaped arrangement, and (4) its horizontal 

surface part should be on the ground, while its vertical surface part has to be at 1-1.5 m 

above the ground to be the most efficient. Using imaging polarimetry, we measured the 

reflection-polarization characteristics of this new polarization tabanid trap. The ideal 

optical and geometrical characteristics of this trap revealed in field experiments are also 

explained. The horizontal part of the trap captures water-seeking male and female 

tabanids, while the vertical part catches exclusively host-seeking female tabanids. 

 

Egri, Á.; Blahó, M.; Száz, D.; Barta, A.; Kriska, G.; Antoni, G.; Horváth, G. (2013) A 

new tabanid trap applying the modified concept of the old flypaper: Linearly 

polarizing sticky black surfaces as an effective tool to catch polarotactic 

horseflies. International Journal for Parasitology 43: 555-563 

________________________________________________________________ 
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CHAPTER 3: Enhancing the Tabanid-capturing Efficiency of the Classic Canopy 

                         Trap with a Horizontally Polarizing Liquid Trap 

 

Host-seeking female tabanid flies, that need mammalian blood for their eggs, can be 

captured by the classic canopy trap with an elevated shiny black sphere as a luring 

visual target. The design of more efficient tabanid traps is important for stock-breeders 

to control tabanids, since these blood-sucking insects can cause severe problems for 

livestock, especially for horse- and cattle-keepers: reduced meat/milk production in 

cattle farms, horses cannot be ridden, decreased quality of hides due to biting scars. I 

show here that male and female tabanids can be caught by a novel, weather-proof 

liquid-filled black tray laid on the ground, because the strongly and horizontally 

polarized light reflected from the black liquid surface attracts water-seeking polarotactic 

tabanids. We performed field experiments to reveal the ideal altitude of the liquid trap 

and to compare the tabanid-capturing efficiency of three different traps: (1) the classic 

canopy trap, (2) the new polarization liquid trap, and (3) the combination of the two 

traps. In field tests we showed that the combined trap captures 2.4−8.2 times more 

tabanids than the canopy trap alone. The reason for the larger efficiency of the 

combined trap is that it captures simultaneously the host-seeking female and the water-

seeking male and female tabanids. We suggested supplementing the traditional canopy 

trap with the new liquid trap in order to enhance the tabanid-capturing efficiency. 

 

Egri, Á.; Blahó, M.; Száz, D.; Kriska, G.; Majer, J.; Herczeg, T.; Gyurkovszky, M.; 

Farkas, R.; Horváth, G. (2013) A horizontally polarizing liquid trap enhances the 

tabanid-capturing efficiency of the classic canopy trap. Bulletin of Entomological 

Research 103: 665-674 

________________________________________________________________ 
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CHAPTER 4: Reducing the Maladaptive Attractiveness of Solar Panels to 

                         Polarotactic Insects 

 

Human-made objects (e.g., buildings with glass surfaces) can reflect horizontally 

polarized light so strongly that they appear to aquatic insects to be bodies of water. 

Insects that lay eggs in water are especially attracted to such structures, because these 

insects use horizontal polarization of light off bodies of water to find egg-laying sites. 

Thus, these sources of polarized light can become ecological traps associated with 

reproductive failure and mortality in organisms that are attracted to them and by 

extension with rapid population declines or collapse. Solar panels are a new source of 

polarized light pollution. Using imaging polarimetry, we measured the reflection-

polarization characteristics of different solar panels, and in multiple-choice experiments 

in the field we tested their attractiveness to mayflies, caddis flies, dolichopodids and 

tabanids. At the Brewster angle, solar panels polarized reflected light almost completely 

(degree of polarization d  100 %) and substantially exceeded typical polarization 

values for water (d  30-70 %). Mayflies (Ephemeroptera), caddis flies (Trichoptera), 

dolichopodid dipterans (Dolichopodidae) and tabanid flies (Tabanidae) were the most 

attracted to solar panels and exhibited oviposition behavior above solar panels more 

often than above surfaces with lower degrees of polarization (including water), but in 

general they avoided solar panels with non-polarizing white borders and white grates. 

The highly and horizontally polarizing surfaces, that had non-polarizing, white cell 

borders, were 10-26-times less attractive to the mentioned polarotactic insects than the 

same panels without white partitions. Although solar panels can act as ecological traps, 

fragmenting their solar-active area does lessen their attractiveness to polarotactic 

insects. The design of solar panels/collectors and their placement relative to aquatic 

habitats will likely affect populations of aquatic insects that use polarized light as a 

behavioral cue. 

 

Horváth, G.; Blahó, M.; Egri, Á.; Kriska, G.; Seres, I.; Robertson, B. (2010) Reducing 

the maladaptive attractiveness of solar panels to polarotactic insects. Conservation 

Biology 24: 1644-1653 + electronic supplement 

________________________________________________________________ 
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CHAPTER 5: Polarotactic Tabanids Find Striped Patterns with Brightness and/or 

                         Polarization Grating Least Attractive: An Advantage of 

                         Zebra Stripes 

 

The characteristic striped appearance of zebras has provoked much speculation about its 

function and why the pattern has evolved, but experimental evidence is scarce. Here I 

demonstrate that a zebra-striped horse model attracts far fewer tabanids than either 

homogeneous black, brown, grey or white equivalents. Such biting flies are prevalent 

across Africa and have considerable fitness impact on potential mammalian hosts. 

Besides brightness, one of the likely mechanisms underlying this protection against 

tabanids is the polarization of reflected light from the host animal. I show that the 

attractiveness of striped patterns to tabanids is also reduced, if only polarization 

modulations (parallel stripes with alternating orthogonal directions of polarization) 

occur in horizontal or vertical homogeneous grey surfaces. Tabanid flies have been 

shown to respond strongly to linearly polarized light, and I demonstrate here that light 

and dark stripes of a zebra’s coat reflect very different polarizations of light in a way 

that disrupts the attractiveness to tabanids. I show that the attractiveness to tabanids 

decreases with decreasing stripe width, and that stripes below a certain size are effective 

in not attracting tabanids. Further, I demonstrate that the stripe widths of zebra coats fall 

in a range where the striped pattern is most disruptive to tabanid flies. The striped coat 

patterns of several other large mammals may also function in reducing exposure to 

tabanids by similar mechanisms of differential brightness and polarization of reflected 

light. Here an experimentally supported explanation is provided for the underlying 

mechanism leading to the selective advantage of a black-and-white striped coat pattern. 

 

Egri, Á.; Blahó, M.; Kriska, G.; Farkas, R.; Gyurkovszky, M.; Åkesson, S.; Horváth, G. 

(2012) Polarotactic tabanids find striped patterns with brightness and/or 

polarization modulation least attractive: An advantage of zebra stripes. Journal of 

Experimental Biology 215: 736-745 + electronic supplement 
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General Methods 

 

In the chapters I describe the specific details of the materials and methods of the field 

experiments performed. Here I briefly summarize the method of imaging polarimetry, 

tabanid identification and statistical analyses, which were common in all five chapters. 

 

Imaging Polarimetry 

 

The reflection-polarization characteristics of the test surfaces and tabanid traps used in 

the field experiments were measured by 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. The 

method of imaging polarimetry has been described in detail by Horváth and Varjú 

(1997, 2004). In each chapter I present the polarization patterns measured only in one 

spectral band, since the test surfaces, traps and a stuffed zebra (Chapter 5) were 

colourless (white, grey, or black), thus practically the same patterns were obtained in 

the other spectral ranges. The illumination (sunny/shady) and sky conditions 

(clear/cloudy sky) and the directions of view of the polarimeter relative to the horizontal 

and the solar meridian are given in the chapters. 

 

Identification of Tabanids 

 

In the field experiments different kinds of traps, visual targets and test surfaces were 

used in order to study their attractiveness to tabanids. The taxonomic identification of 

tabanids trapped by canopy traps and the trays filled with oil was performed by Prof. 

Róbert Farkas, Mónika Gyurkovszky (Department of Parasitology and Zoology, Faculty 

of Veterinary Science, Szent István University, Budapest) and Prof. József Majer 

(Department of General and Applied Ecology, Institute of Environment Studies, 

University of Pécs). When the trapped tabanids were removed from the insect 

monitoring sticky surfaces (Chapter 1: experiments 3, 4; Chapter 2: experiments 1, 2, 3, 

4; Chapter 3: experiment 2; Chapter 5: experiments 3, 4, 5, 6), their body suffered so 

serious damage that their taxonomical identification was impossible. They were, 

however, unambigously identified as tabanid flies (Diptera: Tabanidae). During 
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experiments when only sticky surfaces were installed at a given site, we captured 

tabanids parallelly with a trap composed of a black plastic tray (50 cm × 50 cm) filled 

with a transparent vegetable oil so that we could monitor the tabanid species in the 

vicinity. 

 The tabanid flies captured in our experiments without body damages were 

conserved in ethyl alcohol. Using a binocular microscope (magnification: 50-100×), 

their sex and species were identified later on the basis of the taxonomical clues of 

Hungarian tabanid flies (Majer, 1987). 

 

Statistical Analysis 

 

In all five chapters I present the results of pretty similar field experiments, where I 

studied the attractiveness of different test surfaces, visual targets and traps to tabanids. 

The most important output of our field experiments are the total numbers of tabanids 

captured by the different kinds of traps and/or test surfaces, thus it would have been 

enough to count the trapped insects once, at the end of each experiment. Since the 

experiments often lasted for a whole summer, the traps and test surfaces needed 

cleaning and removal of the captured non-tabanid individuals in order to eliminate the 

visual noise. On the other hand, the sticky glue which we used in many tests tended to 

lose its efficiency after a few weeks, thus it must have been refreshed. Therefore, the 

tabanid flies were counted frequently in each experiment, however the relevant 

information is contained by the total catches. To obtain the significancy of differences 

between these total tabanid catches, it was enough and appropriate to use the binomial 

χ2 test (Zar, 2010) almost in all situations. The statistical tests were performed with the 

use of the program Statistica 7.0. 
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CHAPTER 1 

New Kind of Polarotaxis Governed by the Degree of 

Polarization: Attraction of Tabanid Flies to Differently 

Polarizing Host Animals and Water Surfaces1
 

 

1.1. Introduction 

Orientated motion of animals toward a spatial source governed by a particular cue is 

called taxis. One of the most well-known taxes is phototaxis (Menzel, 1979; Jékely, 

2009). In the early 1980s Schwind (1983, 1984, 1985a,b) discovered the phenomeon of 

polarotaxis: He found that the water bug Notonecta glauca is attracted to horizontally 

polarized light, if this optical cue stimulates its ventral eye region. The function of this 

positive polarotaxis is to help the detection of aquatic habitats by means of the 

horizontally polarized light reflected from the water surface. Later, this kind of 

polarotaxis governed by the horizontal polarization of reflected light has been found in 

many other aquatic insect species (Schwind, 1989, 1991, 1995, 1999; Wildermuth, 

1998; Horváth and Varjú, 2004; Csabai et al., 2006; Kriska et al., 2006, 2007, 2008, 

2009; Horváth et al., 2007, 2008, 2010a,b, 2011; Lerner et al., 2008; Horváth and 

Kriska, 2008). 

 Tabanid flies lay their eggs onto water plants or into mud (Majer, 1987; Lehane, 

2005), thus they have to find water, a process that is also based on polarotaxis (Horváth 

et al., 2008; Kriska et al., 2009). Females of many tabanid species have to find a host 

animal to obtain a blood meal that ensures egg development. The host choice of these 

tabanids is partly governed by the linear polarization of light reflected from the host’s 

coat (Horváth et al., 2010b; Egri et al., 2012b). This polarization-based, i.e. polarotactic 

behaviour of female tabanids, however, should be different from the polarotaxis 

governed by the horizontal E-vector direction, because the coat-reflected light is not 

always horizontally polarized (Horváth et al., 2010b; Egri et al., 2012b). 

 What is the exact optical cue of polarotaxis serving the host choice in tabanids? 

To answer this question, we performed choice experiments in the field with tabanid 

flies. We used various aerial and ground-based visual targets with different degrees of 

                                                 
1 Egri, Á.; Blahó, M.; Sándor, A.; Kriska, G.; Gyurkovszky, M.; Farkas, R.; Horváth, G. (2012) New kind 
of polarotaxis governed by degree of polarization: attraction of tabanid flies to differently polarizing host 
animals and water surfaces. Naturwissenschaften 99: 407-416 + electronic supplement 
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polarization and directions of polarization, and counted the tabanids trapped by these 

test surfaces. I present here a new kind of polarotaxis based on the degree of 

polarization. I show that both female and male tabanids use polarotaxis governed by the 

horizontal direction of polarization to find water, while the polarotaxis based on the 

degree of polarization serves host finding by female tabanids. As a practical by-product, 

we reveal the reason for the attractiveness of black spheres used in canopy tabanid traps. 

 

1.2. Materials and Methods 

1.2.1. Experiment 1 

Experiment 1 was performed between 1 August and 14 September 2010 on a Hungarian 

horse farm at Szokolya (47o52'N, 19o00'E). To study the influence of surface roughness 

of black spherical visual targets to the attractiveness of canopy traps for tabanids, two 

equal traps were used, the pyramidal canopy of which was composed of a common 

white tulle. In one of these traps the visual target was a matte black sphere, while it was 

a shiny black sphere in the other trap (Figs. 1.1, 1.3A). The diameter of both spheres 

was 50 cm. The shiny sphere was a common beach ball sprayed by a black paint. The 

matte sphere was a beach ball covered by a matte black felt. The spheres were hung 1 m 

above the ground level by a string in such a way that their equator was at the height of 

the lowermost margin of the tulle canopy. The two traps were set up 20 m apart from 

each other near a large (50×50 m) paddock where horses were kept. These horses 

attracted numerous tabanids. Both traps were simultaneously either in the sun or in the 

shade. The tabanids attracted to the trap landed on the visual target and after leaving the 

target they became entrapped by the canopy and a translucent plastic container at its top 

(Fig. 1.3C,D). We periodically counted the number of tabanids caught by the traps. 

After each counting, the visual targets were reversed under the two canopies. The 

captured specimens were stored in 70% ethyl alcohol for later taxonomical 

identification. This experiment was repeated between 19 June and 18 September 2011 

on the same horse farm (Fig. 1.3A). The aim of this repetition was to double the 

duration of the field test. 

 

1.2.2. Experiment 2 

Experiment 2 was conducted between 19 June and 18 September 2011 on the same 

horse farm as experiment 1. The aim of this experiment was to investigate the influence 
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of the shape of the visual target of the canopy trap on the attractiveness to tabanids. 

Both canopy traps were identical and the same as used in experiment 1. In one of the 

traps the visual target was a matte black cylinder, while it was a shiny black cylinder in 

the other trap (Figs. 1.2, 1.3B). The diameter and the height of both cylinders were 40 

cm. The shiny cylinder was a pail composed of smooth black plastic. The matte cylinder 

was a pail covered by a matte black felt. The cylinders were fixed to the vertical metal 

rod of the canopy trap 1 m above the ground level in such a way that their equator was 

at the height of the lowermost margin of the tulle canopy. The two traps were set up 20 

m apart from each other near a large (50×50 m) paddock where horses were kept. This 

paddock was 200 m apart from the one at which the other two canopy traps used in 

experiment 1 were set up. Other details of this experiment were the same as in 

experiment 1. 

 

1.2.3. Expreiment 3 

Experiment 3 was carried out between 22 June and 1 September 2011 on a field near the 

horse farm of experiments 1 and 2. The aim was to test the role of the direction of 

polarization in the attractiveness of horizontal and vertical homogeneous dark grey 

targets to polarotactic tabanids. We used 6 test surfaces composed of a wooden board 

(43×43×2 cm) painted matte white and covered by a linearly polarizing sheet (43×43 

cm, P-W-44, Schneider, Bad-Kreuznach, Germany). The polarizing sheets were fixed 

with tiny nails on the white substrate. Along a line, 5 m apart from each other 3 test 

surfaces were fixed vertically 1 m above the ground between vertical metal rods stuck 

into the ground. The other 3 test surfaces were laid horizontally on the ground along a 

line 5 m apart from each other (Fig. 1.4D). The transmission direction of the vertical 

polarizers V-S|, V-S/ and V-S_ was vertical, tilted at 30o, and horizontal, respectively. 

Seen perpendicular to the line passing through the center of the horizontal polarizers H-

S|, H-S/ and H-S_, their transmission direction was vertical, tilted at 45o, and horizontal, 

respectively. The horizontal distance between the lines of the horizontal and vertical test 

surfaces was 1 m. All 6 test surfaces were covered by a transparent insect monitoring 

glue (BabolnaBio). We counted and removed the tabanids trapped by these sticky test 

surfaces periodically, when all other captured insects were also removed, the order of 

the test surfaces was randomized, and the insect monitoring glue was refreshed. The 

brightness, colour (dark grey) and degree of polarization d (≈ 100%) of the test surfaces 
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were the same, but the direction of polarization were different due to the different 

transmission directions of the polarizing sheets. The species identification of tabanids 

collected from the sticky surfaces was impossible, because their body was damaged 

seriously. They were, however, tabanid flies, and their sexes could be determined: in 

males the left and right compound eye contact dorsally, whereas they do not contact in 

females. To determine the species occurring in the region at the time of this 

experiments, we captured tabanids with a trap composed of a rectangular black plastic 

tray (50×50 cm) filled with a transparent salad oil, that was proven to be an efficient 

tabanid trap (Horváth et al., 2008). 

 

1.2.4. Experiment 4 

Experiment 4 was done from 2 July to 5 September 2010 in a wetland field near 

Dinnyés, a Hungarian village (47º8'44''N, 18º34'12''E). Since there was a cattle farm at 

Elzamajor, 1 km from the experiment site, a huge number of tabanid flies occurred 

around the experimental area. As shiny black test surfaces we used four spheres (beach 

balls with a diameter of 41 cm painted to black) and four horizontal plastic boards (1×1 

m) grouped into the following four pairs (Fig. 1.5): (I.) board and sphere on the ground, 

(II.) board and sphere in the air 75 cm above the ground level, (III.) board in the air 75 

cm above the ground and sphere on the ground, (IV.) board on the ground and sphere in 

the air 75 cm above the ground. The horizontal distance between the members of each 

test surface pair was 1 m, while the pairs were 3 m apart from each other along a 

straight line. The spheres were fixed by a string to a vertical metal rod stuck into the 

ground. The aerial plastic boards were fixed horizontally to four vertical metal rods at 

75 cm height, while the boards on the ground were fixed to the grassy soil by L-shaped 

metal hooks stuck into the ground. All 8 shiny black test surfaces were covered by 

insect monitoring glue (BabolnaBio). The tabanids trapped by each spheres and plastic 

boards were counted and removed with all captured insects periodically, the glue was 

refreshed and the order of the test surface pairs was randomly changed. The sex of 

trapped tabanids was determined, but their species identification was impossible 

because of the same reason described above at experiment 3. 
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1.3. Results 

1.3.1. Reflection-Polarization Characteristics of Test Surfaces 

Figure 1.1 shows the reflection-polarization characteristics of the canopy traps and their 

visual targets (matte and shiny black spheres) used in experiment 1 measured by 

imaging polarimetry in the blue (450 nm) spectral range under shady and sunlit 

conditions. The white tulle of the canopy reflected weakly (d < 10%), the matte black 

sphere reflected moderately (d < 30%), while the shiny black sphere reflected highly 

polarized light (d ≤ 100%), depending on the angle of reflection. The high degrees of 

polarization d of light reflected from the shiny black sphere were also visible through 

the canopy tulle (Fig. 1.1A). Under shady conditions the direction of polarization of 

canopy-reflected light was nearly horizontal. If the canopy was sunlit, it reflected light 

usually with oblique directions of polarization relative to the horizontal, depending on 

the direction of view with respect to the sun. The same was true for the matte black 

sphere. On the other hand, the direction of polarization of light reflected from the shiny 

black sphere was always tangential, that is parallel to its circular contour. This 

tangential E-vector distribution of the shiny black sphere was also visible through the 

white tulle of the canopy (Fig. 1.1A). 

 Figure 1.2 displays the reflection-polarization patterns of the visual targets 

(matte and shiny black cylinders) used in experiment 2 and measured by imaging 

polarimetry in the blue (450 nm) spectral range under sunlit conditions. The matte black 

cylinder reflected weakly (d < 10%) or moderately (d < 30%) polarized light if it was 

shady or sunlit, and the degree of polarization d of reflected light depended on the angle 

of reflection θ. Depending on θ, the shiny black cylinder reflected weakly (d < 10%), 

moderately (d < 30%) or highly (d ≤ 100%) polarized light, and d was maximal (d ≈ 

100%) at the Brewster angle. Depending on the direction of view with respect to the sun 

and on the orientation of the local normal vector of the cylinder surface, both the matte 

and the shiny black cylinders reflected light with different directions of polarization 

changing from vertical through oblique to horizontal. Practically the same reflection-

polarization characteristics of the matte and shiny black cylinders were obtained for the 

green and red spectral ranges. 

 In experiment 3 the vertical test surfaces V-S_, V-S| and V-S/ with horizontal, 

vertical and oblique transmission direction of their linear polarizers had homogeneous 

dark grey colour, and reflected almost totally linearly polarized light (d ≈ 100%) with 
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horizontal, vertical and oblique E-vector direction, respectively (Fig. 1.4A,B,C). The 

horizontal test surfaces H-S_, H-S| and H-S/ were also homogeneous dark grey, and 

reflected nearly totally linearly polarized light (d ≈ 100%), however, the E-vector 

direction of reflected light depended on the direction of view relative to the transmission 

direction of their horizontal linear polarizers. Thus, a flying tabanid approximating to 

the horizontal test surfaces H-S_, H-S| and H-S/ from different directions could perceive 

horizontal, vertical or oblique E-vector direction of reflected light. 

 According to Fig 1.6 the horizontal black boards used in experiment 4 reflected 

always horizontally polarized light, whose degree of polarization d was maximal at the 

Brewster angle. The values of d depended on the angle of elevation from the horizontal, 

but they were always high (d > 50%) at the Brewster angle. Thus, these horizontal test 

surfaces were strongly attractive to polarotactic, water-seeking tabanids (Kriska et al., 

2009). 

 

1.3.2. Attractiveness of Test Surfaces to Tabanids 

In 2010 in experiment 1 the canopy trap with a shiny black sphere captured 11.7 times 

(=164/14) more tabanids than that with a matte black sphere (Fig. 1.3C,D), which is a 

statistically significant difference (Table 1.1). Both traps caught exclusively female 

tabanids of the following species: Tabanus bovinus, T. tergestinus, T. quatuornotatus, T. 

bromius, T. miki, Haematopota pluvialis, H. pluvialis, Silvius vituli. 

 These results were corroborated by those obtained in the repetition of 

experiment 1 in 2011, where the canopy trap with a shiny black sphere captured 9.3 

times (=232/25) more tabanids than that with a matte black sphere, which is a 

statistically significant difference (Table 1.1). Both traps caught again only females of 

the following species: Tabanus autumnalis, T. bovinus, T. tergestinus, T. bromius, 

Haematopota pluvialis, H. italica, Atylotus fulvus, A. loewianus. 

 Similar results were obtained in experiment 2 using black cylinders as visual 

targets, when, however, the difference between the catches was not as large as that in 

experiment 1 using black spheres. In experiment 2 the canopy trap with a shiny black 

cylinder captured 2.2 times (= 69/31) more tabanids than that with a matte black 

cylinder, being a statistically significant difference (Table 1.2). Both traps caught only 

females of the following species: Tabanus autumnalis, T. tergestinus, T. bromius, 

Haematopota pluvialis, Atylotus fulvus. 
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 In experiment 3 the vertical sticky test surfaces V-S_, V-S| and V-S/ with 

horizontal, vertical and oblique transmission direction of their linear polarizers captured 

155 (34.0%), 161 (35.3%) and 140 (30.7%) tabanid flies, respectively (Table 1.3). 

These tabanids were exclusively females. On the other hand, the corresponding 

horizontal sticky test surfaces H-S_, H-S| and H-S/ trapped 3.5, 3.9 and 4.2 times more 

tabanids and of both sexes (Table 1.3), respectively: H-S_ = 550 (31.20%), H-S| = 623 

(35.34%), H-S/ = 590 (33.46%). Tukey Multiple Comparison (Table 1.4) resulted in 

statistically not significant differences in the cathes of test surfaces of the same 

orientation (vertical or horizontal). During experiment 3 the oil-filled trap captured the 

following tabanid species (both females and males): Tabanus tergestinus, T. bromius, T. 

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

The same species could also be trapped by the sticky polarizing test surfaces used in 

experiment 3. 

 According to Fig. 1.5 (Table 1.5), in experiment 4 the black spheres captured 

practically female tabanids only (the 1-2 males trapped are negligible in the case of test 

surface pairs III. and IV.): the number of females caught was 163, 202, 115 and 308 in 

the case of test surface pairs I., II., III. and IV., respectively. If the horizontal black 

boards were in the air, they trapped only 0 and 4 tabanids in the case of test surface 

pairs II. and III., respectively, which number is negligible relative to the catch of other 

test surfaces. However, if the boards were on the ground, they captured 53 males + 97 

females and 59 males + 99 females in the case of test surface pairs I. and IV., 

respectively. Hence, the horizontal black boards were attractive to both male and female 

tabanids if they were on the ground, while they were unattractive when they were in the 

air. On the other hand, the black spheres were attractive exclusively to female tabanids, 

and their attractiveness was larger if they were in the air (163 and 115 on the ground 

versus 202 and 308 in the air). All these differences are statistically significant (Table 

1.6). 

 

1.4. Discussion 

In experiments 1 and 2 the canopy traps with shiny black spherical or cylindrical visual 

targets captured significantly more tabanid flies than the same traps with the 

corresponding matte black visual targets. This difference in catches can only be 

explained by the different attractiveness of the matte and shiny visual targets of the 
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same shape (sphere or cylinder) to tabanids. Although the shiny black test surfaces used 

in our experiments can reflect a larger amount of light than the matte black surfaces, in 

earlier experiments it has been shown that in such situations the attractiveness of 

tabanids cannot be explained by means of positive or negative phototaxis (Horváth et 

al., 2008, 2010a,b; Kriska et al., 2009; Egri et al., 2012b). In these experiments the 

attraction of tabanids to differently polarizing colourless (black, grey, white) test 

surfaces placed on the ground or elevated in the air is governed mainly by the 

polarization rather than the intensity of target-reflected light. Independently of the shape 

(sphere or cylinder) and surface roughness (smooth/shiny or rough/matte) of the targets, 

the direction of polarization of target-reflected light changed from vertical through tilted 

to horizontal as functions of the angle of reflection and viewing direction. The only 

relevant difference in the state of polarization of target-reflected light occurred in the 

degree of linear polarization d: matte black targets reflecting light with low d-values, 

while shiny black targets reflecting light with high d-values especially at and near the 

Brewster angle. 

 From this we conclude that the canopy traps with shiny black visual targets 

captured much more tabanids than those with matte black targets, because the 

attractiveness of their shiny targets to tabanids was much larger than that of matte 

targets due to the much higher degree of polarization d of target-reflected light, 

independently of the E-vector direction. This behaviour of polarotactic tabanids is a new 

kind of polarotaxis based on the degree of polarization of reflected light. 

 This conclusion is corroborated by the results of experiment 3, in which we 

found that the attractiveness of the practically totally polarizing vertical test surfaces to 

tabanids was the same, independently of the E-vector direction of reflected light. The 

same was true for the horizontal test surfaces used in experiment 3. The vertical test 

surfaces trapped only female tabanids, while the horizontal ones captured both female 

and male tabanid flies. Thus we hypothesize that the vertical test surfaces imitated host 

animals attacked only by female tabanids that looked for a blood meal. On the other 

hand, the horizontal test surfaces mimicked water surfaces if they were seen from 

appropriate directions of view. Both female and male tabanids find water (to drink, or to 

cool their heated-up body, or to seek for a rendezvous place in the immediate vicinity of 

water) by the horizontal polarization of light reflected from the water surface. 

 The results of experiment 4 support our conclusion that highly polarizing dark 

visual targets (e.g. black spheres and cylinders) above the ground, independently of the 
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E-vector direction of reflected light, are attractive only to host-seeking female tabanids. 

If the visual target is on the ground, its visibility may be smaller than when it is in the 

air, thus its attractiveness to females could be reduced. Furthermore, experiment 4 

corroborates our other conclusion that highly and horizontally polarizing dark visual 

targets on the ground are attractive to both male and female tabanids looking for water. 

If the horizontally polarizing visual target is in the air, it is not sensed as water by 

tabanids, because a horizontally polarizing water surface is always on ground level. 

 The well-known polarotaxis in tabanids and many other aquatic insects and 

insects associated with water is governed by the E-vector direction of light reflected 

from the water surface. This kind of polarotaxis serves the remote visual detection of 

water by means of the horizontal polarization of water-reflected light. Water insects are 

attracted only to nearly horizontally polarized light, because water surfaces reflect such 

light. In this case the degree of polarization d must be higher than a species-dependent 

threshold d∗ (Kriska et al., 2009). If d > d∗, then the polarotaxis is governed by the 

direction of polarization: if the deviation of the angle of polarization α from the 

horizontal is smaller than a threshold ∆α∗, a polarotactic aquatic insect is attracted to the 

partially linearly polarized light. 

 The other, new kind of polarotaxis governed by the degree of polarization d 

serves the finding of host animals by female tabanids in search of blood. Since the 

different body parts of a host animal reflect light with different E-vector directions, this 

positive polarotaxis cannot be elicited exclusively by horizontally polarized light. In this 

case the E-vector direction of host-reflected light is irrelevant, and only d is important. 

Earlier studies (Horváth et al., 2010b; Egri et al., 2012b) showed that the darker the coat 

of the host, i.e. the higher the d of host-reflected light, the larger the attractiveness to 

tabanids. 

 Hence, tabanid flies possess two kinds of polarotaxis: (1) Both female and male 

tabanids find water by means of the polarotaxis governed by the E-vector direction 

(they look for horizontally polarized light indicating water). (2) Female tabanids 

additionally possess the ability for polarotaxis governed by the degree of polarization d, 

which is used for host choice (the higher the d of host-reflected light, the more attractive 

the host). It is probable that the motivational state influences which of these two 

mechanisms guides the behaviour of female tabanid flies. 
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 The sense of polarotaxis governed by the degree of polarization serving host 

choice is similar to that of polarotaxis governed by the direction of polarization serving 

water detection. The latter has evolved in aquatic insects, because water surfaces cannot 

be unambiguously detected by means of the intensity and colour of reflected light: Non-

aquatic natural surfaces can also reflect light with intensities and colours similar to 

those of water-reflected light. However, non-aquatic natural surfaces usually do not 

reflect horizontally polarized light in an extended field of view, like water surfaces do. 

Thus, water bodies can unambiguously be found by means of this horizontally polarized 

optical cue. Similarly, host animals cannot be unambiguously detected by means of 

their brightness and colour: Although dark/bright hosts in front of a bright/dark 

background can be easily detected, dark/bright hosts in front of a dark/bright 

background can be recognized only with difficulty. However, since the (usually 

vegetation) background reflects only weakly polarized light, a dark host animal can be 

easily detected by means of the highly polarized light reflected from its coat. This may 

be the reason why female tabanids prefer host animals with highly polarizing darker 

coats (Horváth et al., 2010b) in spite of the fact that the blood of darker or brigther hosts 

would be equivalently appropriate for female tabanid to ripe their eggs. 

 It is still unknown in which spectral range the polarization vision of tabanid flies 

functions. Since tabanids possess also UV-sensitive photoreceptors, their polarization 

sensitivity can also function in the UV. Although we could not measure the reflection-

polarization patterns of our test surfaces and visual targets in the UV, their polarization 

characteristics in the UV should be similar to those in the visual spectral range 

measured by imaging polarimetry, because these surfaces were colourless (white, grey, 

or black), and the sunlight and skylight illuminating them had the natural UV 

component. 

 In experiments 1-3 practically the same tabanid species occurred. Thus the 

visual phenomena studied here may be valid throughout tabanids. Experiment 4 was 

performed at a different site, and taxonomical data were not available. 

 Finally, we would like to emphasize that our results presented in this work 

explain the enigmatic attractiveness of black spheres to tabanid flies used as visual 

targets in many tabanid traps. A common feature of many tabanid traps is that they are 

composed of a visual target 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. 

When the attracted tabanids land on the target and find that it is not a potential meal, a 
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proportion of them fly upward into the funnel-like end of the canopy, where they are 

trapped by a glass/plastic container. One of the most frequently used visual targets is a 

black sphere (e.g., a black rubber ball, or an inflatable vinyl beach ball spray-painted 

with glossy black paint) swinging freely from a rope and moving when the wind blows 

(Figs. 1.1A,B, 1.3A). It is generally believed that the black sphere (i) may imitate the 

dark silhouette of a host animal, and (ii) if it is flapping in the wind, its motion might 

mimic that of the host (e.g., Thorsteinson et al., 1965; Lehane, 2005). Although the 

attractiveness of a black sphere to tabanids is unquestionable (Malaise, 1937; Gressitt 

and Gressitt, 1962; Catts, 1970; von Kniepert, 1979; Wall and Doane, 1980; Hribar et 

al., 1992; Mihok, 2002), its explanation has been failed until now. 

 On the basis of our results, it is very important that such a black sphere must be 

highly polarizing in order to attract tabanids maximally. This can be ensured only by 

smooth, that is shiny black spheres. Consequently, weakly polarizing matte black 

spheres are disadvantageous for this purpose. As far as we know, this is a new practical 

information in the design of tabanid canopy traps. Nevertheless, the spherical visual 

targets used in such traps are always shiny due to the techniques of their production: 

these black spheres are composed of rubber, or plastic materials, possessing necessarily 

a smooth, highly polarizing surface. 
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Tables 

Table 1.1: Number of female tabanids captured in experiment 1 by canopy traps with a 

matte or a shiny black sphere as visual target in 2010 and 2011 as a function of time. No 

male tabanids were trapped. For data in 2010 the 2 test had the following results: 2 = 

126.4, df = 1, p < 0.0001, significant. For data in 2011 the 2 test had the following 

results: 2 = 166.7, df = 1, p < 0.0001, significant. 

 

visual target in the canopy trap 
year 2010 

matte black sphere shiny black sphere 
1-7 August 2 24 
8-14 August 3 29 
15-21 August 4 46 
22-31 August 3 35 
1-7 September 2 21 
8-14 September 0 9 

sum 14 (7.9 %) 164 (92.1 %) 
 

year 2011   
19-30 June 2 12 
1-10 July 2 23 
11-21 July 3 32 
22-31 July 7 44 
1-7 August 4 33 
8-14 August 4 27 
15-21 August 2 26 
22-31 August 0 18 
1-7 September 1 14 
8-18 September 0 3 

sum 25 (9.7 %) 232 (90.3 %) 
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Table 1.2: Number of female tabanids captured in experiment 2 by canopy traps with a 

matte or a shiny black cylinder as visual target as a function of time. No male tabanids 

were trapped. . The 2 test had the following results: 2 = 14.4, df = 1, p < 0.0002, 

significant. 

 

visual target in the canopy trap 
date (2011) 

matte black cylinder shiny black cylinder 
19-30 June 2 6 
1-10 July 3 7 
11-21 July 4 9 
22-31 July 8 11 
1-7 August 6 14 
8-14 August 4 10 
15-21 August 2 5 
22-31 August 1 4 
1-7 September 1 2 
8-18 September 0 1 

sum 31 (31 %) 69 (69 %) 
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Table 1.3: Number of tabanids captured in experiment 3 by the horizontal (H) and 

vertical (V) test surfaces as a function of time. The direction of the polarizer’s 

transmission on the surfaces were horizontal (S_), vertical (S|) and (S/) oblique. 

 

horizontal vertical date 
(2011) H-S_ H-S| H-S/ V-S_ V-S| V-S/ 
27 June 21 21 20 6 7 4 
30 June 17 15 16 0 1 2 
4 July 14 15 17 3 1 1 
8 July 21 21 19 8 7 10 

10 July 21 27 23 13 13 11 
12 July 20 25 19 10 8 8 
14 July 11 13 17 8 5 7 
16 July 14 18 15 9 9 7 
18 July 14 17 18 11 10 11 
20 July 9 16 14 6 5 5 
28 July 3 8 5 1 0 0 

5 August 21 25 20 7 4 3 
7 August 43 44 41 3 6 4 
9 August 21 18 19 7 6 6 

11 August 14 16 14 0 2 0 
13 August 12 15 12 2 1 3 
15 August 19 28 26 2 0 2 
17 August 43 43 40 10 16 11 
22 August 82 94 102 2 0 3 
24 August 42 42 42 20 21 18 
26 August 57 59 53 15 29 16 
28 August 19 24 25 3 2 1 
30 August 10 10 10 7 5 6 

1 September 2 7 3 2 3 1 
sum of females 356 390 371 155 161 140 
sum of males 194 233 219 0 0 0 

total 
550 

(31.20%) 
623 

(35.34%) 
590 

(33.46%) 
155 

(34.00%) 
161 

(35.31%) 
140 

(30.69%) 
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Table 1.4: Results of the statistical Tukey Multiple Comparison test of data in Table 1.3 

obtained in experiment 3. H: horizontal test surface. V: vertical test surface. S_: test 

surface with horizontal transmission direction of its linear polarizer. S|: test surface with 

vertical transmission direction of its linear polarizer. S/: test surface with oblique 

transmission direction of its linear polarizer. The differences in the catches of test 

surfaces of the same orientation (vertical or horizontal) are statistically not significant. 

 

compared test surfaces p-value significance of differences 
H-S_ versus H-S| 0.86 Not significant 
H-S| versus H-S/ 0.97 Not significant 
H-S/ versus H-S_ 0.95 Not significant 
   
V-S_ versus V-S| 0.99 Not significant 
V-S| versus V-S/ 0.86 Not significant 
V-S/ versus V-S_ 0.93 Not significant 

 

Table 1.5: Number of tabanids (m: male, f: female) captured by the eight test surfaces 

in experiment 4. BG: horizontal shiny black board on ground, SG: shiny black sphere 

on ground, BA: horizontal shiny black board in air, SA: shiny black sphere in air. 

 

test surfaces 
pair I. pair II. Pair III. pair IV. 

date 
(2010) 

BG SG BA SA BA SG BG SA 
2-7  
July 

2 m + 
1 f 

44 f 0 35 f 0 27 f 2 m 63 f 

7-16  
July 

15 m + 
9 f 

34 f 0 26 f 1 f 
2 m + 
38 f 

17 m + 
13 f 

76 f 

17-24  
July 

27 m + 
36 f 

59 f 0 91 f 3 f 34 f 
37 m + 

43 f 
1 m + 
102 f 

25 July- 
4 Aug. 

1 m + 
21 f 

14 f 0 3 f 0 15 f 
2 m + 
23 f 

13 f 

5-13  
Aug. 

1 m + 
6 f 

5 f 0 10 f 0 1 f 6 f 11 f 

14-23  
Aug. 

7 m + 
13 f 

1 f 0 18 f 0 0 
1 m + 

6 f 
19 f 

24-29  
Aug. 

11 f 3 f 0 16 f 0 0 4 f 18 f 

30 Aug.- 
5 Sept. 

0 3 f 0 3 f 0 0 4 f 6 f 

sum 
53 m + 
97 f = 
150 

0 m + 
163 f = 

163 

0 m + 
0 f = 

0 

0 m + 
202 f = 

202 

0 m + 
4 f = 

4 

2 m + 
115 f = 

117 

59 m + 
99 f = 
158 

1 m + 
308 f = 

309 
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Table 1.6: Results of the statistical 2 tests of data in Table 1.5 obtained in experiment 

4. BG: horizontal shiny black board on ground, SG: shiny black sphere on ground, BA: 

horizontal shiny black board in air, SA: shiny black sphere in air. I., II., III. and IV.: the 

four test surface groups used in experiment 4. 

 

compared test surfaces 2 df p 
significance of 

differences 
  I. BG: 97 female versus 53 male 12.91 1 0.0003 significant 
  I. SG: 163 female versus 0 male 163 1 <0.0001 significant 
 II. SA: 202 female versus 0 male 202 1 <0.0001 significant 
III. BA: 4 female versus 0 male 4 1 0.046 significant 
III. SG: 115 female versus 2 male 109.1 1 <0.0001 significant 
IV. BG: 99 female versus 59 male 10.13 1 0.0015 significant 
IV. SA: 308 female versus 1 male 305.0 1 <0.0001 significant 
I. SG + III. SG versus II. SA + IV. SA: 
163 + 117 = 280 versus 202 + 309 = 511 

67.46 1 <0.0001 significant 

I. SG + II. SA + III. SG + IV. SA 
   versus 
I. BG + II. BA + III. BA + IV. BG: 
 
163 + 202 + 117 + 309 = 791 
   versus 
97 + 53 + 0 + 4 + 99 + 59 = 312 

208.0 1 <0.0001 significant 
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Figures with Legends 

 

 

 

 

Figure 1.1: Colour picture, and patterns of the degree of linear polarization d and angle 

of polarization α of light reflected from the canopy traps and their visual targets (matte 

and shiny black spheres) used in experiment 1, measured by imaging polarimetry in the 

blue (450 nm) spectral range under shady (A, B) and sunlit (C) conditions. The 

elevation angle of the polarimeter’s optical axis was −15o (A, B) and −45o (C) from the 

horizontal. 
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Figure 1.2: Colour picture, and patterns of the degree of linear polarization d and angle 

of polarization α of light reflected from the visual targets (matte and shiny black 

cylindrical buckets) used in experiment 2, measured by imaging polarimetry in the blue 

(450 nm) spectral range under sunlit conditions. The elevation angle of the 

polarimeter’s optical axis was −10o from the horizontal. In (A) and (B) the targets were 

illuminated by sunlight from the right side, while in (C) the sun shone from the back of 

the observer (polarimeter). 
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Figure 1.3: (A) The two canopy traps used in experiment 1. One of the traps had a 

matte black sphere as visual target, while the target was a shiny black sphere in the 

other trap. (B) The two canopy traps used in experiment 2. One of the traps possessed a 

matte black cylinder (bucket) as visual target, while the target was a shiny black 

cylinder (bucket) in the other trap. (C, D) Photographs of the insect collecting plastic 

container of the canopy traps with a shiny black sphere (C) and a matte black sphere (D) 

during experiment 1. The much more numerous tabanids (dark brown insect carcasses) 

captured by the trap with the shiny black sphere are clearly visible. 
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Figure 1.4: Colour picture and reflection-polarization characteristics of the test surfaces 

used in experiment 3 when the optical axis of the polarimeter was horizontal and the 

shady test surfaces were vertical. The double-headed arrows represent the local 

transmission direction of the linear polarizer. (A) S_: test surface with horizontal 

transmission direction of its linear polarizer. (B) S|: test surface with vertical 

transmission direction of its linear polarizer. (C) S/: test surface with oblique 

transmission direction of its linear polarizer. (D) Arrangement of the three vertical (V) 

and three horizontal (H) sticky test surfaces used in experiment 3. 
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Figure 1.5: Number of male and female tabanids captured by the test surfaces in the 

four groups I., II., III. and IV. used in experiment 4. 
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Figure 1.6: Colour picture and reflection-polarization characteristics of a sunlit, sticky, 

shiny, black, horizontal board used in experiment 4 measured by imaging polarimetry in 

the blue (450 nm) spectral range when the polarimeter looked toward the sun (A) or 

normal to the solar meridian (B) and the elevation angle of its optical axis was –35o 

from the horizontal. In the α-patterns the double-headed arrows represent the direction 

of polarization of reflected light. 
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CHAPTER 2 

A New Tabanid Trap Applying a Modified Concept of the Old 

Flypaper: Linearly Polarizing Sticky Black Surfaces 

as an Effective Tool to Catch Polarotactic Tabanid Flies2
 

 

2.1. Introduction 

It is a well-known fact that certain flies can be trapped by a sticky drab/white paper strip 

hanging vertically from the ceiling. This ancient trap is called the “flypaper” and is used 

from the beginning of the history of mankind (Beavis, 1988). Several different types of 

such flytraps are used to catch various insect species/groups for scientific purposes 

(Jactel et al., 2006; Kamarudin and Arshad, 2006; Chadee and Ritchie, 2010; Faiman et 

al., 2011), or for practical aims in the agriculture (Coli et al., 1985; Stejskal, 1995; 

Cross et al., 2006; Moreau and Isman, 2012). Depending on their application, the 

material (paper or plastic), colour (colourless or differently coloured), shape (e.g. 

rectangular or circular), stickiness (more or less tacky), alignment (vertical, tilted or 

horizontal) and position (e.g. laid on the ground, or onto an elevated substrate, or 

hanging high in the air) of these flytraps are different. Classic flypapers possess four 

typical characteristics: (1) their sticky paper is usually light drab or white, (2) their 

shape is a strip, (3) they hang vertically in the air, and (4) they are positioned several 

meters above the ground. 

 Although these classic flypapers catch numerous different insect species, they do 

not trap tabanid flies. However, there is a large need to kill tabanids with efficient traps, 

because they are vectors of dangerous diseases (Foil, 1989; Luger, 1990; Maat-Bleeker 

and Bronswijk, 1995; Hall et al., 1998; Sasaki, 2001; Lehane, 2005). Also, their 

continuous annoyance of livestock prevents grazing: horses cannot be ridden and the 

meat and milk production of cattle is drastically reduced (Hunter and Moorhouse, 1976; 

Harris et al., 1987; Lehane, 2005). Several different trap types have been developed to 

reduce the number of tabanids (Malaise, 1937; Gressitt and Gressitt, 1962; Wilson et 

al., 1966; Catts, 1970; Roberts, 1977; von Kniepert, 1979; Hayakawa, 1980; Wall and 

                                                 
2 Egri, Á.; Blahó, M.; Száz, D.; Barta, A.; Kriska, G.; Antoni, G.; Horváth, G. (2013) A new tabanid trap 
applying a modified concept of the old flypaper: Linearly polarising sticky black surfaces as an effective 
tool to catch polarotactic horseflies. International Journal for Parasitology 43: 555-563 + supporting 
information 
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Doane, 1980; Hribar et al., 1991, 1992; Moore et al., 1996; Mihok, 2002). There are 

three main kinds of conventional tabanid traps: (i) flight interception traps, (ii) 

chemically baited canopy traps, and (iii) optically baited canopy traps. These traps 

attract female tabanids visually by shiny black objects and/or surfaces. It is generally 

believed that such black structures may simulate the dark silhouette of a host animal, 

and if they are flapping in the wind, their motion might mimic that of the host and 

attract female tabanids that want to suck blood (Thorsteinson et al., 1965, 1966; Lehane, 

2005). The most frequently used visual target in these traps is a shiny black ball. An 

important aspect of the optical attractiveness of such a ball due to linearly polarized 

reflected light was recently revealed by Egri et al. (2012a). 

 Tabanids have positive polarotaxis, i.e. they are attracted to linearly polarized 

light (Horváth et al., 2008; Egri et al., 2012a), and this polarotactic behaviour can be 

used to develop new tabanid traps. Recently, Blahó et al. (2012a) designed such a 

polarization tabanid trap, the visual target of which is a horizontal solar panel attracting 

polarotactic tabanids by means of the horizontally polarized light reflected from the 

photovoltaic surface. The tabanids trying to touch or land on the solar panel are killed 

by a wire rotated at high speed with an electric motor powered by electricity produced 

by the solar panel. 

 The aim of this chapter is to describe another new tabanid trap that applies the 

modified concept of the old flypaper. I show here that linearly polarizing vertical and 

horizontal sticky black surfaces are an effective tool to catch polarotactic male and 

female tabanid flies. In field experiments we determined the ideal optical and 

geometrical characteristics of this sticky tabanid trap. Using imaging polarimetry, we 

measured the reflection-polarization characteristics of this trap to demonstrate the 

optical reason for the polarization attractiveness to tabanid flies. Our novel tabanid trap 

is a practical application of the knowledge accumulated in the last few years on the 

polarotaxis in tabanids (Horváth et al., 2008, 2010a,b; Kriska et al., 2009; Blahó et al., 

2012a,b; Egri et al., 2012a,b). 
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2.2. Materials and Methods 

2.2.1. Greyness Experiment 

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

horse farm at Szokolya (47o 52' N, 19o 00' E), where tabanids were in abundance. To 

study the influence of the brightness of horizontal and vertical sticky colourless tabanid 

traps on the attractiveness to tabanids, four pairs of plastic sheets (50 cm × 50 cm × 0.5 

cm) were used (Figs. 2.1A and 2.2). One member of each test surface pair was 

horizontal, and the other member was vertical. The 1st test surface pair was black, the 

2nd, 3rd and 4th pairs were dark grey, light grey and white, respectively. The centre of 

each vertical test surface was fixed at a height of 100 cm from the ground between two 

vertical metal rods. Each horizontal test surface laid onto the ground was fixed by four 

L-shaped metal hooks stuck into the ground. The test surface pairs were set up 5 m apart 

from each other along a straight line. The horizontal distance was 50 cm between the 

horizontal and vertical members of each test surface pair. All eight test surfaces were 

simultaneously either in the sun or in the shade, and covered by a transparent, 

colourless, odourless, weather-proof insect-monitoring glue (BabolnaBio). We 

periodically removed and counted the tabanids trapped by these sticky test surfaces. The 

surfaces were then cleaned with petrol, the order of the test surface pairs were 

randomized, and the glue was reapplied. The identification to species of the tabanids 

collected from these sticky surfaces was impossible, because their bodies were damaged 

seriously. It was obvious, however, that they were tabanids. In previous field 

experiments (Blahó et al., 2012b; Egri et al., 2012b) the following tabanid species were 

found to occur at the same study site with the use of self-made liquid-filled traps applied 

also in our earlier field experiments (Horváth et al., 2008, 2010b, 2011; Kriska et al., 

2009; Blahó et al., 2012a,b; Egri et al., 2012a,b): Tabanus tergestinus, T. bromius, T. 

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

 

2.2.2. Height Experiment 

Experiment 2 was performed between 21 June and 12 September 2012 at a distance of 

100 m from the site of experiment 1. To study the influence of the height of horizontal 

and vertical sticky test surfaces on the attractiveness to tabanids, four pairs of black 

plastic sheets (50 cm × 50 cm × 0.5 cm) were used (Figs. 2.1B and 2.3). One member of 

each test surface pair was horizontal, while the other member was vertical. The 1st pair 
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was set on the ground, while the 2nd, 3rd and 4th pairs were set at a height of 50, 100 

and 150 cm from the ground level, respectively (these values refer to the height of the 

plane of the horizontal test surfaces and of the geometrical center of the vertical test 

surfaces). Each elevated horizontal test surface was fixed to four vertical metal rods 

driven with a hammer into the ground. The horizontal test surface on the ground was 

fixed by four L-shaped metal hooks stuck into the ground. We periodically counted the 

tabanids trapped by these sticky black test surfaces. Other details of this experiment 

were the same as those of experiment 1. 

 

2.2.3. Size Experiment 

Experiment 3 was performed between 21 June and 12 September 2012 at a distance of 

100 m from the site of experiment 2. To study the influence of the size of horizontal and 

vertical sticky black test surfaces on the attractiveness to tabanids, four pairs of black 

plastic sheets were used (Figs. 2.1C and 2.4). One member of each test surface pair was 

laid horizontally on the ground, and the other member was set vertically with its center 

at 100 cm above the ground level. The dimensions of the sticky plastic sheets (thickness 

= 0.5 cm) of the 1st, 2nd, 3rd and 4th test surface pairs were 25 cm × 25 cm, 50 cm × 50 

cm, 75 cm × 75 cm and 100 cm × 100 cm, respectively. We frequently counted the 

trapped tabanids. Other details of this experiment were the same as those of experiment 

1. 

 

2.2.4. Prototype Experiment 

Experiment 4 was performed between 28 July and 12 September 2012 at a distance of 

100 m from the site of experiment 3. In this experiment we tested the functioning of a 

prototype of our new polarization horseflypaper (Figs. 2.1D, 2.5 and 2.6), the concept of 

which is patented in Hungary (patent number: P-07-00104, year of submission: 2007, 

year of publication: 2009). The prototype uses a roll of sticky insect-monitoring plastic 

foil (Rentokil FE-45 Luminos, width = 37 cm with a central 30 cm wide sticky band on 

its one side). It has a wooden base plate (43 cm × 57 cm) painted shiny black. At one 

short side of this base plate two perpendicular holders are mounted that have 

symmetrical engravings so that they can hold the roll of the sticky foil. The foil should 

be rolled out with the sticky side upside along the base plate until it covers the whole 

plate. Then the sticky foil is fixed with four screws along its two non-sticky long 
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margins by two black wooden battens to the base plate. We used two optional 

supporting sticks that can be mounted to the prototype in a way that the sticky foil 

stands vertically instead of horizontally so that we can measure the tabanid-capturing 

efficiency of the trap for both orientations. The whole trap made of wooden boards and 

battens was painted shiny black to maximize the degree of polarization of trap-reflected 

light. Three different trap arrangements were used: (i) One vertical sticky black plate 

standing on the ground. (ii) One horizontal sticky black plate laid on the ground. (iii) An 

L-shaped pair with a vertical and a horizontal sticky black plate on the ground. These 

three traps were on the ground 5 m apart from each other along a straight line (Figs. 

2.1D, 2.5 and 2.6). We periodically counted the trapped tabanids. Other details of this 

experiment were the same as those of experiment 1. 

 

2.3. Results 

According to Table 2.1, in experiment 1 the black test surfaces captured the most 

tabanids (horizontal: 51.2%, vertical: 54.1%), the dark grey test surfaces were slightly 

less attractive (horizontal: 46.8%, vertical: 34.7%), while the light grey (horizontal: 

1.9%, vertical: 1%) and white (horizontal: 0.1%, vertical: 10.2%) test surfaces were 

practically unattractive to tabanids. The horizontal black, dark grey and light grey test 

surfaces trapped 16.7, 23.8 and 33 times more tabanids than the corresponding vertical 

surfaces, respectively. On the other hand, the white vertical test surface trapped 10-

times more tabanids than the horizontal white surface. From experiment 1 we conclude 

that a sticky horizontal or vertical surface captures the most tabanids if it is black, 

furthermore a horizontal black sticky surface on the ground can trap more than 15 times 

as much tabanids as a vertical one of the same size. These two differences are 

statistically significant (Table 2.5). 

 Table 2.2 shows that in experiment 2 a horizontal sticky black test surface 

trapped tabanids practically (98.9%) only if it was on the ground. The horizontal test 

surfaces at a height of 50, 100 and 150 cm captured only 0.7%, 0.2% and 0.2% of the 

total catches, respectively. On the other hand, the vertical sticky black test surfaces on 

(0 cm) and near (50 cm) the ground trapped much less (14.1% and 15.4%) tabanids than 

the more elevated (100 and 150 cm) vertical surfaces (37.8% and 32.7%). The 

horizontal test surface on the ground captured 22.9 times more tabanids than the most 

effective vertical surface at 100 cm from the ground. From experiment 2 we conclude 
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that a horizontal sticky black surface captures the most tabanids if it is on the ground, 

when it can trap more than 20 times as much tabanids as a vertical sticky black surface 

of the same size at a height of 1-1.5 m from ground. These two differences are 

statistically significant (Table 2.6). 

 From Table 2.3 it is clear that in experiment 3 the number of trapped tabanids 

increased with the size of the sticky black test surface, independently of the surface 

orientation (horizontal or vertical). A horizontal test surface with a given size captured 

much (6.3, 21.7, 15.3, 17.6 times) more tabanids than the corresponding vertical test 

surface of the same size. These differences are statistically significant (Table 2.7). The 

surface density δ of trapped tabanids (number of cathes per 1 m2) was maximal for both 

the horizontal (δ = 3541 /m2) and vertical (δ = 231 /m2) test surfaces with dimensions of 

75 cm × 75 cm. The surface densities δ of catches for the two smaller (25×25 cm2 and 

50×50 cm2) vertical test surfaces were equal, while δ for the smallest (25×25 cm2) 

horizontal test surface (δ = 912/m2) was significantly smaller than that for the second 

larger (50×50 cm2) horizontal test surface (δ = 3128/m2). From experiment 3 we 

conclude that the larger a horizontal or vertical sticky black surface, the greater the 

number of captured tabanids (Fig. 2.8), and the ideal dimensions of horizontal and 

vertical sticky traps are 75 cm × 75 cm possessing maximum surface density of catches. 

 In experiment 4 the vertical sticky black surface of the new polarization tabanid 

trap (horseflypaper) captured much less tabanids (5.4% and 5%) than the horizontal 

sticky black surface (38.3% and 51.3%). According to the χ2 test, the horizontal surface 

of the L-shaped combined trap caught significantly more tabanids (51.3%) than the 

single horizontal surface (38.3) (Table 2.8). The difference between the catches of the 

vertical surfaces (single: 5.4%, combined: 5%) was not significant. The combined trap 

captured more tabanids (56.3%) than the single vertical (5.4%) and horizontal (38.3%) 

traps together (43.7%). This difference is significant according to the χ2 test. The 

horizontal trap surfaces captured 7.0 and 10.2 times more tabanids than the vertical 

ones, which differences are statistically significant (Table 2.8). From experiment 4 we 

conclude that the prototype of our new polarization tabanid trap functions excellently 

under field conditions (Figs. 2.1D, 2.5 and 2.6), and it is worth combining both the 

vertical and horizontal sticky black trap surfaces in an L-shaped arrangement to 

maximize the tabanid catches. According to the height experiment the vertical part 
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should be positioned about 1 m above the ground, but due to practical reasons, the 

vertical part of the new trap stood on the ground. 

 According to Fig. 2.6, the degree of linear polarization d of light reflected from 

the vertical and horizontal sticky black surfaces of our new tabanid trap depends on the 

direction of view, but it is always high (70% < d < 90%) near the Brewster angle. The 

direction of polarization of surface-reflected light is horizontal, if the plane of reflection 

is vertical. Thus, the horizontal surface part of the trap reflects always horizontally 

polarized light (Fig. 2.6). If the plane of reflection is horizontal or tilted, the reflected 

light is vertically or obliquely polarized (Fig. 2.6). The consequence of these reflection-

polarization characteristics is that the horizontal trap surface is practically always 

detected as water (represented by blue colour in row 4 of Fig. 2.6) by water-seeking 

polarotactic tabanid flies. Light with degrees of polarization d > 20% and angles of 

polarization 80o < α < 100o means water for polarotactic tabanids (Kriska et al., 2009). 

On the other hand, depending on the direction of view, the vertical trap surface reflects 

light with horizontal, oblique or vertical direction of polarization with high degrees of 

polarization near the Brewster angle (Fig. 2.6). Thus the vertical horseflypaper attracts 

only host-seeking female tabanids (Egri et al., 2012a). 

 Figures 2.7A-C show the reflection-polarization characteristics of a sunlit 

horizontal shiny black surface (plastic sheet, from which our test surfaces used in 

experiments 1-3 were composed) measured from three different directions of view 

relative to the sun, when the polarimeter saw perpendicular to the solar meridian (Fig. 

2.7A), toward the anti-solar meridian (Fig. 2.7B) and toward the solar meridian (Fig. 

2.7C). Figures 2.7D-E show the reflection-polarization characteristics of the same black 

surface measured under a totally overcast sky from two different directions of view, 

when the polarimeter saw perpendicular to the solar meridian (Fig. 2.7D) and toward 

the anti-solar meridian (Fig. 2.7E). Under overcast sky conditions the illumination of 

this surface had approximately a rotational symmetry, and thus the reflection-

polarization patterns of the surface were independent of the viewing direction relative to 

the invisible sun. This horizontal black board had the same reflection-polarization 

properties as the horizontal part of our prototype trap. According to these polarization 

patterns, the light reflected from such horizontal shiny black surfaces is always 

horizontally polarized, independently of the viewing direction with respect to the sun. 

The degree of polarization d of surface-reflected light is higher or lower, depending on 

the elevation of view, but it is always high enough to attract tabanids. 
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2.4. Discussion 

Our aim was to determine the ideal parameters of a new polarization tabanid trap 

applying the modified concept of the old flypaper. Based on the positive polarotaxis of 

female and male tabanid flies, we designed a trap composed of horizontal and vertical 

sticky black surfaces reflecting linearly polarized light with high degrees of polarization 

at the Brewster angle and thus attracting polarotactic tabanids. Like the classic flypaper, 

the new tabanid trap captures the attracted tabanids by the adhesive covering its surface. 

Because the target insects of this new sticky trap are tabanid flies, we call it 

”horseflypaper” as an analogy of the classic name ”flypaper”. In three field experiments 

we determined the optimal brightness, height, orientation and size of this horseflypaper: 

According to experiment 1, the ideal horseflypaper is black, contrary to the classic 

flypaper being usually light drab or white. On the basis of experiment 2, the ideal black 

horseflypaper is either horizontal laid on the ground, or vertical at about 1-1.5 m from 

the ground, contrary to the classic flypaper, which always hangs vertically at several 

meters above the ground level. In experiment 3 we obtained that the ideal size of the 

black (horizontal or vertical) horseflypaper is about 75 cm × 75 cm, since this size 

ensures a maximum surface density of catches, contrary to the classic flypapers being 

usually a narrow strip. 

 Hence, applying these modifications on the traditional ”flypaper”, we obtain an 

effective tool, the so-called ”horseflypaper” to catch polarotactic tabanid flies. Based on 

the results of experiments 1-3 we designed a prototype of this horseflypaper composed 

of a horizontal and a vertical sticky black surface in an L-shaped arrangement (Figs. 

2.1D, 2.5C and 2.6). According to our experiences gathered in experiment 4, this 

prototype functioned well and captured tabanids efficiently under field conditions. 

 The fact that black is the ideal colour of the horseflypaper can be explained by 

the positive polarotaxis in tabanid flies. Tabanids are attracted to linearly polarized 

light, and the higher the degree of polarization, the larger the attractiveness (Horváth et 

al., 2008, 2010b; Egri et al., 2012a). Due to the rule of Umow (1905), the degree of 

linear polarization of light reflected from a shiny surface is the higher, the darker the 

surface. Thus, shiny black surfaces reflect light with the highest degrees of polarization. 

Consequently, such surfaces are the most attractive to polarotactic tabanids. 

 In experiment 4, the horizontal surface of the L-shaped combined horseflypaper 

caught 10.2 times more tabanids than the vertical surface (Table 2.4). In experiments 1-
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3 similar results were obtained (Tables 2.1-2.3): the horizontal black test surfaces 

trapped about 15-23 times more tabanids than the vertical ones. The reason for the 

phenomenon that horizontal sticky black surfaces on the ground can trap much more 

tabanids than vertical ones can be the following: Earlier, it has been shown that tabanids 

possess two different polarotaxis governed by different motivations (Egri et al., 2012a): 

(1) Female tabanids that look for host animals to suck blood are attracted to dark targets 

reflecting linearly polarized light with high degrees of polarization, independently of the 

direction of polarization. (2) Water-seeking male and female tabanids are attracted to 

horizontally polarized light, because they detect water remotely by means of the 

horizontal polarization of water-reflected light. Thus, the vertical sticky black test 

surfaces in our experiments trapped only those host-seeking female tabanids that wanted 

to suck blood for the development of their eggs. This host-finding period of female 

tabanids falls mainly on the beginning of the tabanid season. On the other hand, the 

horizontal sticky black test surfaces in our experiments trapped all male and female 

tabanids that wanted (i) to drink water, and/or (ii) to cool the body in water, and/or (iii) 

to mate at water, and/or (iv) to lay eggs into/near water (females only). Motivations (i) 

and (ii) are characteristic for the whole tabanid season, while motivations (iii) and (iv) 

are typical for the beginning-middle and the middle-end of the tabanid season, 

respectively. Due to these more or less permanent motivations the horizontal test 

surfaces kept their high attractiveness to male and female tabanids throughout the entire 

tabanid season, thus they captured much more tabanids than the corresponding vertical 

test surfaces. 

 We experienced that a horizontal shiny black surface is attractive to tabanids 

only if it is on the ground. This can be explained in such a way that such a horizontally 

polarizing surface is sensed as water by flying tabanids, and the water surface is usually 

at the ground level. Tabanids seem to know this, and thus a horizontally polarizing 

surface that is elevated from the ground is not interpreted as water by tabanids. This is 

rather surprizing, since certain other aquatic insects are attracted to horizontally 

polarizing surfaces, even if these reflectors are elevated a few meters from the ground 

level. We mention, for instance, certain non-biting midges (chironomids) being also 

polarotactic (Lerner et al., 2008), and their females are attracted to horizontally 

polarized light reflected from test surfaces laid on car roofs (Horváth et al., 2011). 

 We experienced that the ideal size of both the vertical and horizontal surface 

components of the L-shaped combined horseflypaper is about 75 cm × 75 cm. Smaller 
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or larger test surfaces trapped less tabanids per unit area (surface density in Table 2.3). 

As mentioned above, vertical dark surfaces mimick host animals for host-seeking 

female tabanids. A given tabanid species may prefer a vertical dark surface with a 

particular size, that corresponds with the average size of the preferred, or most abundant 

host animals. This preferred/optimal size may be tabanid species specific. In the habitat 

of our field experiments 1-4 and in the case of the tabanid species investigated (Tabanus 

tergestinus, T. bromius, T. bovinus, T. autumnalis, Atylotus fulvus, A. loewianus, A. 

rusticus, Haematopota italica) the vertical size 75 cm × 75 cm was the most attractive 

to tabanids. 

 On the other hand, the horizontal surface of our horseflypaper imitates a water 

surface for polarotactic water-seeking tabanids by the horizontally polarized reflected 

light. Considering drinking or body cooling by bathing, male and female tabanids may 

not prefer any water body of a particular size: tabanids could drink or bath practically in 

every water body. However, female tabanids may prefer an optimal size of water bodies 

as their egg-laying sites: too small water bodies can dry out quickly, hindering the 

development of tabanid larvae, while in too large water bodies fishes as predators can 

be dangerous to tabanid larvae. According to our experiment 3 (Table 2.3), in average 

the optimal size of oviposition sites seems to be about 75 cm × 75 cm for the tabanids 

investigated by us. This optimal size can, however, be species specific. 

 The ideal trap surface of 75 cm × 75 cm has also the advantage that it can easily 

be handled manually when the trap is transported, set up, refreshed and maintaned in the 

field. The handling and maintaining of much larger trap surfaces would be rather 

difficult, while much smaller trap surfaces would be not enough efficient (Table 2.3, 

Fig. 2.8). 

 It has been well documented that tabanids are generally attracted to dark, 

especially black objects, rather than bright ones (Granger, 1970; Roberts, 1970; 

Thompson and Pechuman, 1970; Anderson, 1985). Jones (1922), for example, reported 

on the attraction of male tabanids (mainly Tabanus bromius) to small dark pools of 

water. Roth and Lindquist (1948) observed that female Chrysops discalis were attracted 

to oviposit on sticky dark boards and stakes set in the water along the shore of a lake. 

Blickle (1955) created artificial dark pools of water at which he caught tabanids. Von 

Kniepert (1979) placed a black plastic sheet (1.5 m × 3 m) on the ground and caught by 

hand-netting several unspecified tabanid flies which were attracted to the plastic in a 
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response identical to that of tabanids toward small water pools. Taylor and Smith (1989) 

captured Tabanus sackeni both at black plastic sheets and dark water puddles. Using 

unbaited black sticky boards, Moore et al. (1996) trapped male tabanids. Hall et al. 

(1998) captured both male and female tabanids (Tabanus tergestinus and T. bromius) by 

unbaited and odour-baited sticky black plastic sheets (30 cm × 30 cm) placed 

horizontally on the ground in a sheep pasture. Hence, in the past several researchers 

used horizontal sticky dark surfaces to capture tabanids. These sticky black test surfaces 

are the precursors of our new polarization tabanid trap, the horseflypaper. However, the 

cited researchers did not know the exact reason for the attractiveness of their shiny dark 

test surfaces to tabanids. In all the above-mentioned earlier experiments water-seeking 

tabanids were attracted by the horizontal polarization of reflected light, which 

polarotactic behaviour and its explanation was discovered by Horváth et al. (2008). 
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Tables 

 

Table 2.1: Number of tabanids captured by the horizontal and vertical sticky black, dark 

grey, light grey and white test surfaces in experiment 1. The percentages given in 

brackets are calculated separately for the horizontal and vertical test surfaces. 

 

horizontal sticky test surfaces vertical sticky test surfaces 
date (2012) 

black 
dark 
grey 

light 
grey 

white black 
dark 
grey 

light 
grey 

white 

28 June 85 44 1 0 12 5 0 2 
1 July 16 84 1 0 11 11 0 5 

10 July 280 139 26 0 24 4 1 2 
17 July 141 175 0 0 2 1 0 0 
25 July 141 122 1 0 2 3 0 0 
28 July 1 5 0 0 1 3 0 0 

8 August 37 63 0 0 0 2 0 0 
15 August 42 42 1 0 0 4 0 0 
23 August 96 73 0 0 0 0 0 0 
29 August 30 37 0 1 0 0 0 0 

4 September 16 20 3 0 0 0 0 0 
12 September 1 5 0 0 1 1 0 1 

sum 
886 

(51.2%) 
809 

(46.8%) 
33 

(1.9%) 
1 

(0.1%) 
53 

(54.1%) 
34 

(34.7%) 
1 

(1.0%) 
10 

(10.2%) 
 



Chapter 2       A New Tabanid Trap Applying the Modified Concept of the Old Flypaper 
 

 46 

Table 2.2: Number of tabanids captured by the horizontal and vertical sticky black test 

surfaces positioned on the ground (0 cm) and at a height of 50, 100 and 150 cm from the 

ground in experiment 2. The percentages given in brackets are calculated separately for 

the horizontal and vertical test surfaces. 

 

horizontal sticky black test surfaces vertical sticky black test surfaces 
date (2012) 

0 cm 50 cm 100 cm 150 cm 0 cm 50 cm 100 cm 150 cm 
28 June 162 0 0 0 8 4 5 6 
1 July 39 0 0 0 2 1 18 13 

10 July 428 3 0 0 5 10 29 20 
17 July 234 2 0 0 0 1 1 3 
25 July 136 1 0 0 2 4 2 3 
28 July 13 0 1 0 1 1 0 5 

8 August 25 3 2 2 3 2 0 0 
15 August 93 0 0 0 1 0 2 1 
23 August 136 0 0 0 0 0 1 0 
29 August 40 0 0 0 0 0 1 0 

4 September 15 0 0 0 0 0 0 0 
12 September 29 0 0 0 0 1 0 0 

sum
1350 

(98.9%) 
9 

(0.7%) 
3 

(0.2%) 
2 

(0.2%) 
22 

(14.1%) 
24 

(15.4%) 
59 

(37.8%) 
51 

(32.7%) 
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Table 2.3: Number of tabanids captured by the horizontal and vertical sticky black test 

surfaces with dimensions 25 cm × 25 cm (A = 0.0625 m2), 50 cm × 50 cm (A = 0.25 

m2), 75 cm × 75 cm (A = 0.5625 m2) and 100 cm × 100 cm (A = 1 m2) in experiment 3. 

The surface density is δ = N / A, where N is the total number of captured tabanids, and A 

is the surface area of the test surface. 

 

horizontal sticky black test surfaces vertical sticky black test surfaces 
date (2012) 

25××××25 50××××50 75××××75 100××××100 25××××25 50××××50 75××××75 100××××100 
28 June 0 53 186 319 1 4 26 27 
1 July 0 8 41 68 0 5 30 30 

10 July 18 265 578 987 4 11 42 70 
17 July 2 113 321 515 3 11 8 20 
25 July 3 89 239 407 0 0 5 14 
28 July 1 7 3 9 0 0 2 2 

8 August 3 50 113 328 0 2 8 18 
15 August 10 86 190 297 0 0 2 3 
23 August 15 76 204 342 0 0 4 4 
29 August 4 26 69 100 1 1 0 4 

4 September 1 8 36 58 0 0 1 0 
12 September 0 1 12 17 0 2 2 4 

sum N 57 782 1992 3447 9 36 130 196 
density δδδδ (1/m2) 912 3128 3541 3447 144 144 231 196 

 

Table 2.4: Number of tabanids captured by (i) the vertical sticky black surface standing 

on the ground, (ii) the horizontal sticky black surface laid on the ground, and (iii) the L-

shaped combined sticky black trap with a vertical and a horizontal surface used in 

experiment 4. The percentages given in brackets in row ‘sum’ are calculated with 

pooling the data of all four test surfaces. The percentages given in brackets in row 

‘total’ are calculated separately for the pair of the single vertical and horizontal surfaces, 

and the L-shaped combined trap. 

 

sticky black surfaces of the new tabanid trap 
L-shaped combined date (2012) single 

vertical 
single 

horizontal vertical horizontal 
31 July 3 26 5 22 

8 August 11 45 4 99 
15 August 5 51 0 45 
23 August 1 22 5 30 
29 August 4 27 5 29 

4 September 3 23 5 35 
12 September 1 3 2 4 

sum 28 (5.4%) 197 (38.3%) 26 (5.0%) 264 (51.3%) 
total 225 (43.7%) 290 (56.3%) 
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Table 2.5: Statistical comparisons (χ2 tests) between the numbers of tabanids trapped 

by the different test surfaces used in experiment 1 (Table 2.1). Hb: horizontal black, Vb: 

vertical black, Hdg: horizontal dark grey, Vdg: vertical dark grey, Hlg: horizontal light 

grey, Vlg: vertical light grey, Hw: horizontal white, Vw: vertical white. 

 

test surfaces χχχχ
2 test 

Hb versus Vb df=1, χ2=738.97, p<0.00001,           significant 
Hdg versus Vdg df=1, χ2=712.49, p<0.00001,           significant 
Hlg versus Vlg df=1, χ2=30.12, p<0.00001,             significant 
Hw versus Vw df=1, χ2=7.36, p<0.0067,                 significant 
Hb versus Hdg df=1, χ2=3.50, p<0.062,                not significant 
Hdg versus Hlg df=1, χ2=715.17, p<0.00001,           significant 
Hlg versus Hw df=1, χ2=30.12, p<0.00001,             significant 
Vb versus Vdg df=1, χ2=4.15, p<0.042,                   significant 
Vdg versus Vlg df=1, χ2=31.11, p<0.00001,             significant 
Vlg versus Vw df=1, χ2=7,36, p<0.0067,                 significant 

 

Table 2.6: Statistical comparisons (χ2 tests) between the numbers of tabanids trapped 

by the different test surfaces used in experiment 2 (Table 2.2). H0: horizontal on the 

ground (0 cm), V0: vertical on the ground (0 cm), H50: horizontal at a height of 50 cm, 

V50: vertical at a height of 50 cm, V100: vertical at a height of 100 cm, V150: vertical at a 

height of 150 cm. 

 

test surfaces χχχχ
2 test 

H0 versus H50 df=1, χ2=1323.24, p<0.00001,        significant 
H0 versus V100 df=1, χ2=1182.88, p<0.00001,        significant 
V0 versus V50 df=1, χ2=0.09, p<0.768,              not significant 

V50 versus V100 df=1, χ2=14.76, p<0.00012,            significant 
V100 versus V150 df=1, χ2=,0.58 p<0.4456,            not significant 
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Table 2.7: Statistical comparisons (χ2 tests) between the numbers of tabanids trapped 

by the different test surfaces used in experiment 3 (Table 2.3). H: horizontal, V: 

vertical, N: total number of captured tabanids, δ: surface density of trapped tabanids. 

The number next to the letter ‘N’ or ‘δ’ represents the size of the test surface (e.g., HN75 

corresponds to the total number of tabanids captured by the 75×75 cm2 horizontal test 

surface). 

 

test surfaces χχχχ
2 test 

HN25 versus VN25 df=1, χ2=34.91, p<0.00001,                significant 
HN50 versus VN50 df=1, χ2=680.34, p<0.00001,              significant 
HN75 versus VN75 df=1, χ2=1633.86, p<0.00001,            significant 

HN100 versus VN100 df=1, χ2=2091.18, p<0.00001,            significant 
Hδ25 versus Hδ50 df=1, χ2=1215.51, p<0.00001,            significant 
Hδ50 versus Hδ75 df=1, χ2=25.58, p<0.00001,                significant 
Hδ75 versus Hδ100 df=1, χ2=1.26, p<0.2608,                 not significant 
Vδ25 versus Vδ50 df=1, χ2=0.00, p<1,                          not significant 
Vδ50 versus Vδ75 df=1, χ2=20.18, p<0.00001,               significant 
Vδ75 versus Vδ100 df=1, χ2=2.87, p<0.0903,                 not significant 

 

Table 2.8: Statistical comparisons (χ2 tests) between the numbers of tabanids trapped 

by the different sticky black test surfaces used in experiment 4 (Table 2.4). HS: 

horizontal single sticky black surface, VS: vertical single sticky black surface, HL: 

horizontal sticky black surface of the L-shaped combined trap, VL: vertical sticky black 

surface of the L-shaped combined trap. 

 

test surfaces χχχχ
2 test 

HL versus HS df=1, χ2=9.74, p<0.0018,                   significant 
VL versus VS df=1, χ2=0.07, p<0.7855,               not significant 
HS versus VS df=1, χ2=126.94, p<0.00001,            significant 
HL versus VL df=1, χ2=195.32, p<0.00001,            significant 

HS+VS versus HL+VL df=1, χ2=8.20, p<0.0042,                  significant 
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Figures with Legends 

 

 

 

Figure 2.1: Arrangements of the different sticky tabanid traps used in our four field 

experiments studying the influence of greyness (A), height (B), size (C) and alignment 

(D) of horizontal and vertical trap surfaces on the tabanid-capturing efficacy. 
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Figure 2.2: Arrangement of the vertical and horizontal sticky test surfaces with 

different shades of grey (black, dark grey, light grey, white) used in experiment 1. 

 

 

 

Figure 2.3: Arrangement of the vertical and horizontal sticky black test surfaces at 

different heights from the ground (0, 50, 100, 150 cm) used in experiment 2. 
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Figure 2.4: Arrangement of the vertical and horizontal sticky black test surfaces with 

different dimensions (25×25, 50×50, 75×75, 100×100 cm2) used in experiment 3. The 

two smallest horizontal test surfaces (25×25, 50×50 cm2) laid on the grassy ground are 

almost invisible in this picture due to the perspective. 

 

 

 

Figure 2.5: Photographs of the vertical (A), the horizontal (B) and the horizontal and 

vertical (C) sticky black surfaces of the prototype of the new polarization horseflypaper 

used in experiment 4. (D) Photograph of a horizontal sticky black test surface with 

numerous trapped tabanid flies. 
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Figure 2.6: Colour photograph, patterns of the degree of linear polarization d and the 

angle of polarization α (clockwise from the vertical), and areas detected as water (for 

which the reflected light has the following characteristics: d > 20%, 80o < α < 100o) of 

the horizontal and vertical sticky black surfaces of the prototype of the new polarization 

horseflypaper used in experiment 4. The patterns were measured in the blue part of the 

spectrum by imaging polarimetry from different directions of view relative to the trap 

surfaces. The traps were illuminated by direct sunlight and skylight from the clear sky. 

The angle of elevation of the optical axis of the polarimeter was −35o from the 

horizontal. 
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Figure 2.7: Colour photograph, patterns of the degree of linear polarization d and the 

angle of polarization α (clockwise from the vertical), and areas detected as water (for 

which the reflected light has the following characteristics: d > 20%, 80o < α < 100o) of a 

horizontal shiny black test surface measured in the blue part of the spectrum when it 

was sunny (A, B, C) or shady (D, E) for different directions of view relative to the solar 

meridian. Towards SM: the polarimeter saw towards the solar meridian. Towards ASM: 

the polarimeter saw towards the anti-solar meridian. Normal to SM: the polarimeter saw 

normal to the solar meridian. The traps were illuminated by skylight from the totally 

overcast sky. The angle of elevation of the optical axis of the polarimeter was nearly 

−35o from the horizontal. 
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Figure 2.8: Photographs of the smallest (25×25 cm2) and largest (100×100 cm2) 

horizontal sticky black test surfaces used in experiment 3. The trapped tabanids (18 on 

the 25×25 cm2 surface and 987 on the 100×100 cm2 surface) can be clearly seen. 
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CHAPTER 3 

Enhancing the Tabanid-capturing Efficiency of the Classic 

Canopy Trap with a Horizontally Polarizing Liquid Trap3 

 

3.1. Introduction 

In regions where tabanid flies are abundant, livestock, especially cattle and horses can 

be strongly annoyed by the permanent attacks of blood-sucking tabanid females. Thus, 

the host animals cannot graze. The consequences of this are that the meat and/or milk 

production is reduced in cattle farms, and horses cannot be ridden (Hunter and 

Moorhouse, 1976; Harris et al., 1987; Lehane, 2005). Furthermore, tabanid bites cause 

visible scars on the cattle skin. The bigger the scarless area of cattle hides, the higher 

their value. Numerous tabanid bites can drastically lower the value of cattle breeded for 

hide. Tabanid females also vector the pathogens of several diseases (e.g. tularemia, 

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

allergic reactions) when sucking blood (Foil, 1989; Luger, 1990; Maat-Bleeker and 

Bronswijk, 1995; Lehane, 2005). Because of these problems effective tabanid traps are 

in large demand, especially for stock-breeders to control tabanids. Scientists studying 

the biology and ecology of tabanid flies also need appropriate tabanid traps. For the 

development of effective tabanid traps, such type of studies can be beneficial in all 

terrestrial regions of the world where tabanids occur in abundance (e.g. between the 

latitudes of ±60o). 

 Nowadays the most widespread tabanid trap type is the canopy trap. It is 

essentially a conical/pyramidal canopy resting on a tripod/tetrapod, or hanging from a 

large vertical hook stuck into the ground with an insect collector fitted at its apex 

(Muirhead-Thomson, 1991, p. 215). Suspended beneath the canopy is the visually 

attractant decoy target in the form of a shiny black sphere (Bracken et al., 1962; 

Thorsteinson et al., 1965). The good performance of this trap type has been frequently 

demonstrated (Muirhead-Thomson, 1991, p. 216). Its tabanid-capturing efficiency can 

be enhanced by the addition of CO2 or certain other chemical attractants, e.g. ammonia, 

phenol, octenol or acetone (Hribar et al., 1992; Mihok, 2002; Mihok and Mulye, 2010; 

                                                 
3 Egri, Á.; Blahó, M.; Száz, D.; Kriska, G.; Majer, J.; Herczeg, T.; Gyurkovszky, M.; Farkas, R.; Horváth, 
G. (2013) A horizontally polarizing liquid trap enhances the tabanid-capturing efficiency of the classic 
canopy trap. Bulletin of Entomological Research 103: 665-674 
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Mihok and Lange, 2012). However, the canopy trap captures only host-seeking female 

tabanids attracted to the shiny black sphere, because this visual target imitates a host 

animal (Muirhead-Thomson, 1991, p. 216). 

 Horváth et al. (2008) showed that male and female tabanids are attracted to 

horizontally polarized light, because these insects find water by the horizontal 

polarization of light reflected from the water surface. They emphasized that this 

polarotaxis can be the basis of the design of new and better tabanid traps composed of 

different kinds of horizontal black surfaces reflecting strongly and horizontally 

polarized light. The attracted tabanids can be captured by oil-filled trays, for example, a 

method used frequently in choice experiments with scientific purposes (Horváth and 

Kriska, 2008; Horváth et al., 2010a,b; Blahó et al., 2012a,b; Egri et al., 2012a,b). 

Kriska et al. (2009) showed that the darker a colourless (white, grey, black), shiny, 

horizontally polarizing oil-filled tray laid on the ground is, the higher the degree of 

linear polarization d of oil-reflected light is, and thus, the larger the attractiveness to 

tabanids is. 

 On the basis of the above-mentioned findings, we developed a new polarization 

tabanid trap composed of a black liquid-filled tray. In this work I describe this new 

polarization liquid trap, being a concrete realization of the concept suggested by 

Horváth et al. (2008). I show here that male and female tabanids can be caught by our 

weather-proof, liquid-filled, black tray laid on the ground, because the strongly and 

horizontally polarized light reflected from the black liquid surface is very attractive to 

water-seeking polarotactic tabanids. In field experiments we established the ideal 

altitude of the liquid trap: we proved that the liquid trap should be placed on the ground 

to ensure its maximal efficacy. Then, to compare the tabanid-capturing efficiency of the 

classic canopy trap, the new polarization liquid trap, and the combination of the two 

traps, we performed further field experiments. 

 

3.2. Materials and Methods 

3.2.1. Polarization Liquid Trap 

Our new trap is essentially a circular black plastic tray (with a diameter of 50 cm) 

possessing an over-flow tube (Fig. 3.1). Every black tray was filled with 2 liter tap 

water, then 1 liter common vegetable oil was poured onto the water. Because oil is less 

dense than water, the oil swam in a thin layer on the water. In rain the surplus rainwater 
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fallen into the tray flowed out through the over-flow tube (Fig. 3.1B). The result was an 

always ideally horizontal black liquid surface, which reflected strongly and horizontally 

polarized light, and thus attracted polarotactic tabanids. 

 We conducted two different types of field experiment (Fig. 3.2): height 

experiment (Fig. 3.2A,B) and combined trap experiment (Fig. 3.2C,D). In the former, 

the influence of height of the liquid trap from the ground on the tabanid-capturing 

efficiency was studied, while in the latter, the tabanid-catching efficiencies of canopy 

traps, liquid traps and combined traps were compared. 

 

3.2.2. Experiment 1 (Height Experiment 1) 

This experiment was performed on a Hungarian horse farm in Göd (47o 43' N, 19o 09' 

E) between 28 June and 28 August 2009. Three vegetable-oil-filled quadratic black 

trays (50 cm × 50 cm) were positioned at heights of 0 m (ground), 1 m and 2 m from the 

ground 2 m apart horizontally along a sraight line (Fig. 3.2A). The tabanids trapped by 

these trays (Table 3.1) were collected weekly (when the order of the traps was randomly 

changed), stored in ethyl alcohol and identified later in the laboratory. This experiment 

was repeated in a garden next to a range at Tarnalelesz, Hungary (48o 3' N, 20o 10' E) on 

the following days in the summer of 2009: 28-29 June; 5-6, 12-13, 26-31 July, 1-2 

August (Table 3.2). To half the height increment between the elevated traps from 1 m to 

0.5 m, four vegetable-oil-filled quadratic black trays (50 cm × 50 cm) were positioned at 

heights of 0 m (ground), 0.5 m, 1.0 m and 1.5 m from the ground 2 m apart horizontally. 

 

3.2.3. Experiment 2 (Height Experiment 2) 

This experiment was performed between 3 July and 4 September 2011 on the same 

horse farm as experiment 1. The aim of this experiment was twofold: (1) To test the 

influence of a relatively small elevation (20 cm) of the liquid trap on the tabanid-

capturing efficiency. (2) To test whether a strongly and horizontally polarizing, sticky 

black annular plastic sheet around the liquid trap (called as ”skirt” hereinafter) can 

enhance the tabanid-capturing efficiency. Two circular (diameter = 50 cm) black plastic 

trays were laid 10 m apart on the grassy ground (Fig. 3.2B): The 1st tray was on the 

ground, and the 2nd tray was elevated at a height of 20 cm from the ground positioned 

on the top of a truncated conical platform covered by a shiny black plastic sheet (skirt) 

lubricated with insect-monitoring glue (BábolnaBio mouse trapping glue, Hungary). 

The function of the skirt was to enhance the visibility of the liquid trap, since the skirt 
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can be seen by flying tabanids already from a remote distance, not like the flat liquid 

surface. Both black trays were filled with tap water and vegetable oil on the water 

surface. The tabanids trapped by these two trays were collected periodically (days of 

collection are given in Table 3.3) when the sites of the two traps were reversed. 

 

3.2.4. Experiment 3 (Combined Trap Experiment 1) 

This experiment was performed between 19 July and 25 September 2010 on a 

Hungarian horse farm in Szokolya (47o 52' N, 19o 00' E), where tabanids are abundant 

in summer (Kriska et al., 2009; Horváth et al., 2010a,b; Blahó et al., 2012a,b; Egri et 

al., 2012a,b, 2013). Our aim was to compare the tabanid-capturing efficiency of a 

conventional canopy trap and a combined trap (Fig. 3.2C). The latter was composed of a 

conventional canopy trap and a liquid trap. Both canopy traps were composed of a white 

pyramidal canopy made from a common tulle and a shiny black beach ball sprayed by 

black paint with a diameter of 50 cm at a height of 1 m from the ground. In the 

combined trap the liquid trap was a circular (diameter = 80 cm) black plastic tray laid 

on the grassy ground below the canopy and filled with water and vegetable oil as 

described above. The tabanids trapped by both traps were collected weekly when the 

sites of the two traps were reversed. 

 

3.2.5. Experiment 4 (Combined Trap Experiment 2) 

This experiment was performed between 15 June and 12 September 2012 on the same 

horse farm as experiment 3. The aim of this experiment was to determine whether a 

combined trap captures more tabanids than its component traps alone. Therefore, we 

compared the tabanid-capturing efficiencies of the following three traps (Fig. 3.2D): (i) 

A conventional canopy trap with a shiny black sphere (50 cm diameter beach ball 

sprayed by a black paint) at a height of 1 m from the ground below a pyramidal canopy 

composed of a common white tulle. (ii) A liquid trap composed of a circular black tray 

(diameter = 50 cm) placed on the ground. The tray was filled with 2 liter tap water and 1 

liter common vegetable oil on the water surface. (iii) A combined trap composed of the 

canopy trap and the liquid trap below the canopy. The distance between the canopy trap 

and the combined trap was 15 m, and the single liquid trap was between them in the 

middle. The tabanids caught by the canopies (Table 3.4) were counted only at the end of 

the experiment, since due to the construction of the canopies, their insect-collecting 

plastic containers could not have been emptied without the difficult and time-consuming 
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mounting down of the canopies. The tabanids captured by the liquid traps (Table 3.4) 

were counted weekly (when the order of the traps was randomly changed). 

 

3.3. Results 

3.3.1. Reflection-polarization Characteristics of the Liquid Trap 

Figure 3.3 shows the reflection-polarization characteristics of the polarization liquid 

trap when it was sunlit or shady measured from different directions of view relative to 

the solar meridian. These polarimetric measurements show that the liquid trap functions 

well under all illumination conditions: The light reflected from the sunlit horizontal 

shiny black oil surface is always horizontally polarized, independently of the viewing 

direction with respect to the sun. The degree of linear polarization d of oil-reflected 

light is higher or lower, depending on the elevation angle from the horizontal, but it is 

always high enough to attract polarotactic tabanids. Under overcast sky conditions the 

illumination of the liquid trap has approximately a rotational symmetry, and thus the 

reflection-polarization characteristics of the trap are independent of the viewing 

direction relative to the (invisible) sun, as can also be seen in Fig. 3.3. Row 4 in Fig. 3.3 

displays the areas detected as water by polarotactic tabanid flies. Light with degrees of 

polarization d > 20% and angles of polarization 80o < α < 100o means water for 

polarotactic tabanids (Kriska et al., 2009). In row 2 and 3 of Fig. 3.3 we can see that the 

shiny black horizontal oil surface reflects light with high degrees of polarization 

(represented by dark grey and black shades in the d-patterns in row 2 of Fig. 3.3), and 

with exactly or nearly horizontal direction of polarization (represented by bright green 

and blue colours in the α-patterns in row 3 of Fig. 3.3). The consequence of these 

polarizing features is that the whole oil surface of the liquid trap is strongly attractive to 

polarotactic tabanids. 

 

3.3.2. Experiment 1 (Height Experiment 1) 

In experiment 1 (Fig. 3.2A) performed in Göd only the polarization liquid trap on the 

ground (height = 0 m) caught male and female tabanids (N = 360), the other two 

elevated traps (height = 1 and 2 m) did not capture any tabanid flies (Table 3.1). This is 

obviously a highly significant difference. In experiment 1 in Tarnalelesz (Table 3.2) 

98.5% (N = 66) of the male and female tabanids were captured by the trap on the 

ground (height H0 = 0 m), the trap at 1 m above the ground (H1.0 = 1 m) caught only 1 
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female tabanid fly, which is a statistically highly significant difference (H0 versus H1.0: 

df=1, χ2=63.06, p<0.00001). The other two elevated traps (H0.5 = 0.5 m and H1.5 = 1.5 

m) did not capture any tabanid. 

 

3.3.3. Experiment 2 (Height Experiment 2) 

In experiment 2 (Fig. 3.2B, Table 3.3) the polarization liquid trap on the ground (height 

= 0 m) caught 94.3% (N = 265) of tabanids, while the elevated liquid trap (height = 20 

cm) on the top of a sticky black truncated conical skirt captured only 5.7% (N = 16) of 

tabanids. The single liquid trap on the ground caught significantly more tabanids than 

the elevated liquid trap at 20 cm from ground level together with its sticky black 

truncated conical skirt (df=1, χ2=220.64, p<0.00001). The sticky black truncated conical 

skirt of the elevated liquid trap caught much less tabanids (0.7%) than the elevated 

liquid trap itself (5.0%). This difference is statistically significant (df=1, χ2=9, 

p<0.0027). 

 According to our polarimetric measurements, the light reflected from the 

horizontal shiny black oil surface of both liquid traps used in experiment 2 (Fig. 3.2B) 

was strongly polarized with high degrees of linear polarization d > 70% with horizontal 

direction of polarization. On the other hand, the sticky black truncated conical skirts 

around the elevated and sunken liquid trays reflected not only horizontally, but also 

obliquely and vertically polarized light with higher (d > 50%) or lower (d < 50%) 

degrees of polarization. The consequence of these reflection-polarization characteristics 

was that only the strongly and horizontally polarizing oil surface of these traps could be 

visually attractive to polarotactic water-seeking male and female tabanids. 

 

3.3.4. Experiment 3 (Combined Trap Experiment 1) 

In experiment 3 (Fig. 3.2C) the combined trap (composed of a canopy trap with a shiny 

black aerial sphere and a liquid trap on the ground) caught 71% [N = 568 = canopy: 301 

(37.6%, all female Tabanus) + liquid: 267 (33.4%, 145 female + 122 male Tabanus 

sp.)] and the single canopy trap (canopy with an aerial shiny black sphere) captured 

29% (N = 232) of tabanids (all female Tabanus sp.), which is a statistically significant 

difference (df=1, χ2=141.12, p<0.00001). In the case of the combined trap used in 

experiment 3 (Fig. 3.2C) the canopy captured slightly more (37.6%, N = 301) tabanids 
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than the liquid trap (33.4%, N = 267), which difference is statistically not significant 

(df=1, χ2=2.04, p<0.1537). 

 According to our polarimetric measurements, the white canopies of the canopy 

traps reflected practically unpolarized light (d < 10%) with non-horizontal directions of 

polarization. The shiny black rubber sphere reflected strongly polarized light (d > 50%) 

from its periphery, when the angle of reflection was near to the Brewster angle [θBrewster 

= arc tan (n) from the local normal vector of the spherical surface, where n is the 

refractive index of rubber]. Otherwise, the sphere-reflected light was only weakly 

polarized (d < 50%). Furthermore, the direction of polarization of sphere-reflected light 

was always perpendicular to the horizontal, oblique or vertical plane of reflection, thus 

being vertically, obliquely or horizontally polarized, depending on the direction of view. 

 

3.3.5. Experiment 4 (Combined Trap Experiment 2) 

Table 3.4 contains the species, sex and number of tabanids captured by the three 

different traps in experiment 4 (Fig. 3.2D). The combined trap (canopy trap with liquid 

trap on the ground) caught 49.3% (N = 857) of tabanids. The single liquid trap captured 

44.7% (N = 776) of tabanids, while the single canopy trap captured only 6.0% (N = 104) 

of tabanids. These differences are statistically significant (Table 3.5). The liquid trap 

part of the combined trap caught statistically significantly more tabanids (N = 684, 

39.3%) than the canopy trap part alone (N = 173, 10.0%). From these we conclude that 

the combined trap is (combined / single canopy = 857/104 =) 8.2 times more efficient 

than the classic canopy trap alone. According to Table 3.4, the canopy traps captured 

practically only female tabanids, while the liquid traps caught both male (15.4-31.6%) 

and female (68.4-84.6%) tabanid flies. The percentages of males and females depended 

on the species. 

 

3.4. Discussion 

From the results of Kriska et al. (2009) it follows that the ideal colour of a polarization 

liquid trap is black, because only a horizontal, smooth, black surface reflects always 

strongly and horizontally polarized light, independently of the meteorological, 

illumination conditions (shady or sunlit) and direction of view (Fig. 3.3). The physical 

reason for this is the effect of Umow (1905): in a given spectral range, the darker a 

reflecting surface is, the higher the degree of linear polarization of reflected light is. 
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 The advantage of our new polarization liquid trap is that it attracts both male and 

female tabanids by means of the strongly and horizontally polarized light reflected from 

the liquid surface (Horváth et al., 2008; Blahó et al., 2012a; Egri et al., 2012a, 2013). 

The mechanical trapping of tabanids touching the liquid surface is performed by a thin 

layer of oil being hydrophilic to the chitinous body of flies. The weather proofing of the 

trap is ensured by an over-flow tube: If rain water falls into the tray, the rain drops sink 

below, the surplus water flows out through the tube, and the ideal horizontal smooth 

black oil surface remains intact henceforward. Furthermore, the oil layer on the water 

hinders the evaporation of water. The polarization liquid trap is a patented design in 

Hungary (patent number P-07-00104: Polarization insect trap, especially tabanid trap). 

 In experiments 3 and 4 we compared the tabanid-catching efficiencies of canopy 

traps, liquid traps and their combinations. We found that the combination of the canopy 

and liquid traps is much more efficient than the classic canopy trap alone: the combined 

trap captured 2.4 (experiment 3) and 8.2 (experiment 4) times more tabanids than the 

single canopy trap. The reason for the larger efficiency of the combined trap is that it 

captures simultaneously the host-seeking and the water-seeking tabanids (Horváth et al., 

2008; Blahó et al., 2012a; Egri et al., 2012a, 2013). Due to these advantages, we 

suggest to use the polarization liquid trap as an accessory of the traditional canopy trap 

capturing only the host-seeking female tabanids (Gressitt and Gressitt, 1962; Catts, 

1970; Wall and Doane, 1980; Sasaki, 2001, Lehane, 2005; Hennekeler et al., 2008; Egri 

et al., 2012a). 

 In our earlier field studies (Horváth et al., 2008; Kriska et al., 2009; Blahó et al., 

2012a; Egri et al., 2012a) we experienced that tabanids may ignore horizontally 

polarizing surfaces placed above the ground level, because this is an unnatural situation 

(a water surface is generally on the ground level). Since this ignorance by tabanids – 

being relevant in the positioning of our liquid trap – has not been systematically 

investigated, we conducted experiments 1 and 2. Another practical goal of these 

experiments was to test whether the liquid trap could be installed on an elevated mount 

in hurdles of cattle or horses. Such an elevated position of the trap could hinder the 

animals to step into the trap. 

 In experiments 1 and 2 the liquid trap captured tabanids only, if its oil surface 

was on the ground level. The reason for this finding may be that the liquid trap could 

imitate a horizontally polarizing water surface to polarotactic tabanids seeking for water 

always at the ground level, which is the natural situation. Remarkably, non-biting 
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midges (chironomids) as polarotactic aquatic insects (Lerner et al., 2008) can also be 

trapped by elevated polarization liquid traps placed on the roof of a car at a height of 

about 1.5 m (Horváth et al., 2011). Another example is the case of dragonflies, which 

are also polarotactic (Wildermuth, 1998, 2007) and can be attracted by the horizontally 

polarizing elevated roofs of dark or red cars (Wildermuth and Horváth, 2005). 

 The ideal height of the liquid trap to capture maximal numbers of tabanids is the 

ground level. If the trap is elevated (≥ 20 cm), its tabanid-capturing efficiency is 

drastically reduced. Hence, the polarization liquid trap has to be settled on the ground to 

keep its large tabanid-catching efficiency. Thus, this trap must be installed in places 

where livestock cannot tread on it or drink the liquid (vegetable oil and water). 

Unfortunately, this trap cannot be installed on an elevated mount in hurdles of cattle or 

horses. The advantage of such an elevated mount would be that the animals could not 

step or drink into the liquid trap. 

 Egri et al. (2012a) showed that tabanids posses two different kinds of positive 

polarotaxis: (1) Female and male tabanids are attracted to horizontally polarized light. 

This polarotaxis is governed by the direction of polarization, and serves to detect water 

by means of the horizontal polarization of light reflected from the water surface. Male 

and female tabanids have to find water in order (i) to drink, (ii) to cool their body, and 

(iii) to find each other to copulate near water bodies. Furthermore, (iv) females need 

water to lay eggs onto plants next to water or into mud. (2) Female tabanids have to 

suck blood of vertebrates to develop and ripe their eggs. Host animals are partly 

detected by the linearly polarized light reflected from the coats of hosts. The higher the 

degree of polarization, the more attractive is the host, independently of the direction of 

polarization of coat-reflected light (Egri et al., 2012a). This polarotaxis is governed by 

the degree of polarization, and serves to find host. 

 It is well-known that the shiny black sphere of traditional canopy traps attracts 

exclusively female tabanids, since the sphere, hanging above the ground and beneath 

the canopy, imitates a host animal. Thus, canopy traps capture only female tabanids 

(Muirhead-Thomson, 1991; Lehane, 2005; Egri et al., 2012a,b, 2013). Egri et al. 

(2012a) also demonstrated that the sphere must be smooth (shiny), that is highly 

polarizing in order to attract efficiently female tabanids. The reason for this may be that 

in nature the hosts of tabanids usually wear relatively dark coats which polarize 

reflected light strongly. If the black sphere in a canopy trap is matte, i.e. non-polarizing 

or weakly polarizing, its tabanid-attracting capability is lost or drastically reduced (Egri 
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et al., 2012a). These explain why only female tabanids are attracted to the shiny black 

spherical visual target of canopy traps, and which polarization characteritics attract 

them in different behavioural contexts. 

 Finally, we mention that in the combined trap the liquid trap component could 

be replaced by a horizontal sticky black board, which reflects also strongly and 

horizontally polarized light and it catches all tabanids touching its sticky surface as the 

horizontal black liquid surface. Such a polarization sticky trap (so-called 

”horseflypaper”) was recently designed and successfully tested by Egri et al. (2013). 

 In this work we illustrated the relative improvement of the combined canopy-

liquid trap over previous designs. In the future, it would be useful to know under what 

conditions this could matter to livestock producers. It would be worth investigating how 

the innovation in trap design suggested here (i) reduces the abundance of tabanids and 

disease transmission, or increases the quality of hides due to reduced biting scars. (ii) 

How does the impact depend on the density at which the combined traps are deployed? 

Only after such further studies can a guidance be provided on how may combined traps 

might be needed in a given situation. 

 

 

 

 

 

Tables 

 

Table 3.1: Species, sex and number of tabanid flies captured by the polarization liquid 

traps positioned at three different heights in experiment 1 at Göd (Fig. 3.2A). 

 

height of trap 
species and sex 

0 m 1 m 2 m 
Tabanus bromius, male 10 0 0 
Tabanus bromius, female 10 0 0 
Tabanus tergestinus, male 200 0 0 
Tabanus tergestinus, female 140 0 0 

sum 360 (100%) 0 (0%) 0 (0%) 
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Table 3.2: Species, sex and number of tabanid flies trapped by the polarization liquid 

traps positioned at four different heights in experiment 1 (Fig. 3.2A) at Tarnalelesz. 

 

height of trap 
species and sex 

0 m 0.5 m 1.0 m 1.5 m 
Chrysops caecutiens, female 0 0 1 0 
Atylotus fulvus, male 6 0 0 0 
Atylotus fulvus, female 2 0 0 0 
Atylotus loewianus, male 8 0 0 0 
Atylotus loewianus, female 8 0 0 0 
Heptatoma pellucens, female 1 0 0 0 
Tabanus bromius, male 6 0 0 0 
Tabanus bromius, female 1 0 0 0 
Tabanus bovinus, male 3 0 0 0 
Tabanus bovinus, female 2 0 0 0 
Tabanus maculicornis, male 2 0 0 0 
Tabanus maculicornis, female 2 0 0 0 
Tabanus tergestinus, male 11 0 0 0 
Tabanus tergestinus, female 14 0 0 0 

sum 66 (98.5%) 0 (0%) 1 (1.5%) 0 (0%) 
 

 

Table 3.3: Number of tabanids (Tabanus tergestinus) trapped by the two polarization 

liquid traps in experiment 2 (Fig. 3.2B) as a function of time. Trap 1 was on the ground. 

Trap 2 was elevated +20 cm from the ground on the top of a sticky black truncated 

conical skirt. 

 

trap 2 (elevated) date 
(2011) 

trap 1 (on ground) 
tray periphery 

9 July 100 8 2 
15 July 108 2 0 
23 July 11 1 0 

8 August 12 2 0 
13 August 11 0 0 
27 August 15 1 0 

4 September 8 0 0 
sum 265 (94.3%) 14 (5.0%) 2 (0.7%) 

total 
265 (94.3%) 

(150 female + 115 male) 
16 (5.7%) 

(11 female + 5 male) 
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Table 3.4: Species, sex and number of tabanids captured by the different traps (canopy 

trap with an aerial shiny black sphere, polarization liquid trap on the ground, combined 

trap: canopy trap together with liquid trap) in experiment 4 (Fig. 3.2D). m: male, f: 

female. 

 

combined 
species single canopy single liquid 

canopy liquid 
Atylotus 

loewianus 
0 m + 4 f 59 m + 82 f 0 m + 7 f 21 m + 97 f 

Chrysops 
relictus − 0 m + 2 f − 0 m + 2 f 

Haematopota 
italica − − 0 m + 2 f − 

H. pluvialis 0 m + 3 f 0 m + 3 f 0 m + 3 f 0 m + 6 f 
Hybomitra sp. − 4 m + 85 f − 54 m + 3 f 
Philipomyia 

graeca − − − 0 m + 2 f 

Tabanus 
bovinus 

0 m + 65 f 29 m + 21 f 1 m + 110 f 7 m + 45 f 

T. bromius 0 m + 21 f 124 m + 135 f 0 m + 23 f 0 m + 53 f 
T. 

quatuornotatus − − − 6 m + 87 f 

T. spectabilis − 13 m + 83 f − 2 m + 109 f 
T. sudeticus − 1 m + 23 f − 8 m + 22 f 

T. tergestinus 0 m + 11 f 15 m + 97 f 0 m + 27 f 0 m + 58 f 
Tabanus sp. − − − 7 m + 95 f 

sum
104 (6.0%) = 
0 m + 104 f 

776 (44.7%) = 
245 m (31.6%)+ 531 f 

173 (10.0%) =
1 m + 172 f 

684 (39.3%) = 
105 m (15.4%)+ 579 f 

total 880 (50.7%) 857 (49.3%) 
 

Table 3.5: Statistical comparisons (χ2 test) between the numbers of tabanids captured 

by the different traps (canopy trap with an aerial shiny black sphere, polarization liquid 

trap on the ground, combined trap: canopy trap together with liquid trap) in experiment 

4 (Fig. 3.2D, Table 3.4). C1: single canopy trap with an aerial shiny black sphere. L1: 

single liquid trap on the ground. C2: canopy part of the combined trap. L2: liquid part of 

the combined trap. 

 

comparison of test surfaces χχχχ
2 test 

C1 versus L1 df=1, χ2=513.16, p<0.00001, significant 
C2 versus L2 df=1, χ2=304.69, p<0.00001, significant 

C1+L1 versus C2+L2 df=1, χ2=0.30, p<0.5810,       not significant 
C1 versus C2+L2 df=1, χ2=590.02, p<0.00001, significant 
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Figures with Legends 

 

 

 

Figure 3.1: Left: The new polarization liquid trap composed of a circular black plastic 

tray (with a diameter of 50 cm) possessing an aluminium over-flow tube. The tray 

should be filled by 2 liter tap water until the surplus water flows out the over-flow tube. 

Then 1 liter vegetable oil have to be poured onto the water. Right: Close-up photograph 

of the over-flow tube, through which the surplus water is flowing out. 
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Figure 3.2: Schematic drawings of the arrangements of the different tabanid traps used 

in our field experiments. Insets: photographs of the different traps. We conducted two 

different types of field experiment: height experiment to reveal the ideal altitude of the 

liquid trap (A,B), and combined trap experiment to compare the tabanid-capturing 

efficiency of canopy traps, liquid traps and their combinations (C,D). 
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Figure 3.3: Colour photograph, patterns of the degree of linear polarization d and the 

angle of polarization α (clockwise from the vertical), and areas detected as water (for 

which the reflected light has the following characteristics: d > 20%, 80o < α < 100o) of a 

polarization liquid trap measured in the green part of the spectrum when it was sunny 

(A, B, C) or shady (D, E) for different directions of view relative to the solar meridian. 

Towards SM: the polarimeter saw towards the solar meridian. Towards ASM: the 

polarimeter saw towards the anti-solar meridian. Normal to SM: the polarimeter saw 

normal to the solar meridian. In the shady situation (D, E) the trap was illuminated by 

skylight from the totally overcast sky. The angle of elevation of the optical axis of the 

polarimeter was nearly −35o from the horizontal. In row 3 double-headed arrows show 

the local direction of polarization of light reflected from the horizontal oil surface. 
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CHAPTER 4 

Reducing the Maladaptive Attractiveness of Solar Panels to 

Polarotactic Insects4 

 

4.1. Introduction 

Rapidly changing environments have the potential to disrupt evolved behaviours 

because the environmental cues organisms use to direct their behaviour may no longer 

elicit the outcome with which they were associated historically (Levins 1968). 

Evolutionary traps occur when rapid environmental change triggers organisms to make 

maladaptive behavioural decisions (Schlaepfer et al. 2002). Although evolutionary traps 

may be associated with any behaviour (e.g., mate selection, navigation, nest-site 

selection), the most empirically and theoretically well-understood type of evolutionary 

trap is the ecological trap. Ecological traps are situations in which novel environmental 

conditions lead organisms to settle in poor quality habitats (Dwernychuk and Boag 

1972). They represent severe cases of behavioural maladaptation that can lead to 

population declines or extirpation (Delibes et al. 2001; Kokko and Sutherland 2001). 

Despite the awareness of ecological traps among ecologists and conservation biologists, 

fewer than 10 cases have been well documented (reviewed by Robertson and Hutto 

2006, 2007; Hedin et al. 2008; Carrete et al. 2009; Resetarits and Binckley 2009). 

 Shiny dark-coloured objects such as oil lakes and glass buildings can reflect 

highly and horizontally polarized light. Positively polarotactic aquatic insects that use 

horizontally polarized light to detect water are attracted to these objects (Schwind 1991; 

Horv th and Zeil 1996; Horváth et al. 1998; Wildermuth 1998; Kriska et al. 2008). 

Sunlight is unpolarized, because it consists of electromagnetic waves of different 

wavelengths and vibrating at all possible planes perpendicular to the direction of 

propagation, but light is completely linearly polarized when its waves oscillate only in a 

single plane. The smooth surface of water horizontally polarizes reflected sunlight and 

skylight, and this reflection is an evolutionarily reliable cue that indicates the presence 

of lakes and rivers to over 300 species of aquatic insects (e.g., Schwind 1995; 

Wildermuth 1998; Horváth and Kriska 2008). Polarized light pollution (Horváth et al. 

                                                 
4 Horváth, G.; Blahó, M.; Egri, Á.; Kriska, G.; Seres, I.; Robertson, B. (2010) Reducing the maladaptive 
attractiveness of solar panels to polarotactic insects. Conservation Biology 24: 1644-1653 + electronic 
supplement 
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2009) produced by human-made objects can be so severe that it creates ecological traps 

in which insects tend to mate above and oviposit on artificial surfaces, where they are 

subject to increased predation and reproductive failure (Kriska et al. 1998; Horváth and 

Varj 2004). 

 In general, dark and smooth materials reflect light with a high degree of 

polarization and so are highly likely to attract polarotactic organisms. The use of 

photovoltaic solar cells and solar collectors as a source of energy is likely to increase 

dramatically yet the physical characteristics of the cells and collectors suggest they may 

represent a major new source of polarized light pollution (Figs. 4.2, 4.4, 4.6, 4.7, 4.8 

and 4.9). We examined the attractiveness of photovoltaic solar panels and artificial 

surfaces of varying brightness and smoothness to some polarotactic aquatic insects 

(Philopotamus: Trichoptera; dolichopodids: Diptera; mayflies: Ephemeroptera; tabanid 

flies: Tabanidae) and used imaging polarimetry (Horváth and Varjú 1997) to quantify 

the reflection–polarization characteristics of these surfaces. 

 

4.2. Materials and Methods 

4.2.1. Choice Experiments with Mayflies, Caddis Flies and Dolichopodids 

We conducted five experiments in the Hungarian Duna-Ipoly National Park at 

Dömörkapu, in which we monitored the response of Ephemeroptera, Trichoptera, and 

dolichopodid dipteran species to (1) white-framed solar cells and nonpolarizing 

surfaces, (2) white- and black-framed solar cells with an underlying polarizing plastic 

sheeting, (3) white- and black-framed solar cells in the absence of an underlying 

polarizing plastic sheeting, (4) shiny black surfaces with different nonpolarizing white 

grid patterns, and (5) white framing of solar cells in a solar panel versus a 

homogeneously black solar panel. The insects we examined in the park emerged from a 

creek adjacent to the site of the experiments at dusk from May to July and swarmed 

above the water surface and portions of a dry asphalt road that reflected highly and 

horizontally polarized light near sunset. Insects mate in swarms that develop from 17:00 

to 21:00 h, and fertilized females oviposit directly onto water or other horizontally 

polarizing surfaces immediately afterward (Horváth and Kriska 2008). In earlier field 

experiments performed at the same site (Kriska et al. 1998; Horváth and Varjú 2004; 

Horváth and Kriska 2008), these taxa more often reproduced over artificial surfaces that 
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reflected highly and horizontally polarized light than over water, and displayed the same 

reproductive behaviour above human-made, shiny, dark surfaces and water surfaces. 

 On 21 May 2008 we tested the relative attractiveness of white-framed solar cells 

and nonpolarizing test surfaces of different reflectivity to polarotactic taxa. We laid a 

sheet of shiny black plastic (2 × 2 m) flat (Fig. 4.1A) on a dry asphalt road on which we 

placed a matte black cloth (80 × 60 cm) (Fig. 4.1B), a matte white cloth (Fig. 4.1C), and 

a photovoltaic solar panel (13 W, Solar Generator, Conrad Electronic, Budapest, 

Hungary) of the same size equidistant from each other and the edges of the sheet. The 

photovoltaic panel was composed of two white-framed (frame width 1 cm) photovoltaic 

solar cells (each 60 × 40 cm). The fourth test surface was an area of the black plastic 

sheeting equivalent in size to the other surfaces. We repositioned the test surfaces on the 

plastic sheet randomly every 30 min over the course of each experiment. Mayflies hover 

over and land repeatedly on surfaces prior to oviposition (Savolainen 1978), so we 

inferred attractiveness from the number of mayflies (NM) and the number of landings 

(NL) made by individuals on each test surface. 

 On 22 May 2008 we tested whether the original white, nonpolarizing (degree of 

linear polarization of reflected light d  0%) frame (width 1 cm) around the two solar 

cells reduced their attractiveness to mayflies. The manufacturer (Conrad Electronic) 

described this white frame as purely decorative. We used two solar panels of identical 

size (80 × 60 cm) (Fig. 4.2A). The first had the original white frame. On the second, the 

white frame was covered with a highly (d  100%) and horizontally polarizing, shiny, 

black plastic tape (width 1 cm). We counted the number of mayflies and the number of 

landings made by individuals on both solar panels. These two panels were transposed 

on the black plastic sheet every 15 min throughout the 2-hour experiment. 

 For 5 days between 23 and 30 May 2008, we tested mayfly attraction to a white-

framed and a black-framed solar panel in the absence of the underlying polarizing 

plastic sheeting. The protocols were identical to the preceding experiment, but the 

underlying substrate of the two differently framed solar panels was a weakly polarizing 

(d < 15%) section of the dry asphalt road (Fig. 4.2A-C). 

 For 8 days between 23 May to 3 June 2008, we tested the effect of nonpolarizing 

white grid patterns on the attractiveness of shiny black surfaces to mayflies. Given the 

typically deleterious effects of habitat fragmentation on the abundance and species 

richness of species in natural systems (e.g., Collinge 2000; Funk et al. 2005; Moore et 

al. 2008), we tested whether partitioning even highly and horizontally polarizing 
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surfaces into smaller sections could make them unattractive to polarotactic insects. 

Because the operative nature of attraction of all known taxa of polarotactic aquatic 

insects to water is its polarized light signature (dragonflies: Wildermuth 1998; 78 

aquatic beetles [Coleoptera] and 21 aquatic bugs [Heteroptera]: Csabai et al. 2006; 37 

aquatic Coleopteran and Heteropteran taxa: Kriska et al. 2006), we created test surfaces 

of highly polarizing smooth black plastic (Bernáth et al. 2001). We made four shiny 

black plastic squares (2 × 2 m) with a white frame (width 1 cm) on their outer edge. 

Three of the white-framed squares were orthogonally partitioned by white tape (width 1 

cm) with a low d (< 5%) that effectively fragmented the total area of black polarizing 

surface into smaller fragments (A, 1 section; B, 4 sections; C, 16; D, 32; Fig. 4.3). We 

covered surfaces with a colourless and odorless transparent paraffin oil, which made 

them sticky so that insects landing on them would be instantly trapped. Every 30 min 

we randomly repositioned test panels within their linear formation on an underlying 

substrate of weakly polarizing (d < 15%) dry asphalt road. Test surfaces were placed on 

the asphalt road 50 cm apart, parallel to the river, and exposed from 19:00 and 21:00 h. 

Trapped insects were collected at the end of each 2-hour session, stored in alcohol, and 

later identified in the laboratory. We calculated the density of Emphemeroptera, 

Trichoptera, and dolichopodid Dipterans captured per unit black area on test surfaces. 

Ephemeropterans were identified to the species level. 

 We repeated the procedure we used with the shiny black surfaces fragmented by 

different white grid patterns with (1) a white-framed (width 1 cm) solar panel (100 W, 

RWE Schott Solar, Alzenau, Germany) composed of solar cells that were small, 

homogeneous, shiny black, and rectangular with narrow (width 0.2–0.5 cm) white 

margins (Fig. 4.4) and (2) a homogenous black solar panel (40 W, DunaSolar, 

Budapest, Hungary) with no white partitioning (Fig. 4.4) to examine whether 

behavioural responses to test surfaces were representative of responses to manufactured 

solar panels. Narrow white cell divisions created 144 black squares that were slightly 

heterogeneous in size (Fig. 4.4). We laid the panels on the dry asphalt road 1-m apart 

and exchanged their position every 30 min. Although the area of both surfaces was 

identical (1.2 × 0.7 m), the net black area of the panel with the white grid was slightly 

smaller (0.825 m2) than the black area of the panel that was entirely black (0.84 m2), so 

we calculated the number of insects captured per unit black area (Tables 4.5 and 4.6). 

For 10 days between 3 and 18 June 2009 between 18:00 and 21:00 h, we counted 

dolichopodids and mayflies because these taxa were the most abundant at the study site. 
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4.2.2. Choice Experiment with Tabanids 

On 2 sunny, warm days (9 and 11 July 2009, between 10:00 and 18:00 h each day), we 

conducted experiments at a horse farm in Szokolya (47o 52' N, 19o 00' E), Hungary. We 

used the same two solar panels as in the experiment with sticky panels that trapped 

mayflies and dolichopodids, but the panels did not have sticky paraffin oil on them (Fig. 

4.4). We laid both test surfaces horizontally on grassy ground 1-m apart and switched 

their positions every 30 minutes. We made sure both panels were in either sun or shade 

at the same time. Thus, their temperatures (measured by a digital contact thermometer 

with an accuracy of 0.25 °C) were the same. We counted the number of tabanid flies 

touching the dry solar panels and expressed the number of “captures” relative to the 

amount of black surface on the panels (Table 4.7). We did not use the paraffin oil to 

capture flies because we learned in a preliminary test that it did not capture tabanids. 

We acknowledge our method in this experiment is affected by pseudoreplication (i.e., 

the same tabanid individual may have been counted more than once). In spite of this, we 

believe the conclusions we drew from the number of tabanids touching the dry solar 

panels are valid because the attractiveness of the surfaces to tabanids is proportional to 

the number touching the surfaces. 

 

4.3. Results 

At the Brewster angle ( Brewster = 56.3° from the vertical), solar cells (d  90–100%) and 

black plastic sheeting (d  100%) were strong horizontal polarizers of incident light 

compared with the matte black (d < 20%) and white (d  0%) test surfaces (Figs. 4.2 

and 4.4). Mayflies were attracted to the black plastic sheeting (number of mayflies: NM 

= 126, number of landings: NL = 281) and avoided (NM = NL = 0) the matte white and 

matte black surfaces and the white framed solar cells (p < 0.0001, df = 1, NM: 2 = 126, 

NL: 2 = 281). Mayflies avoided the white-framed solar cells (NM = NL = 0), but were 

attracted to the solar cells with polarizing black frames (NM = 43, NL = 105, p < 0.0001, 

df = 1, NM : 2 = 43, NL : 2 = 105; Fig. 4.2B). When we replaced the black plastic sheet 

with weakly polarizing dry asphalt (d < 15%; Fig. 4.2B-C), the black-framed solar cells 

attracted 4.2 times more mayflies (NM, blackframed = 200, NM, whiteframed = 48, 2 = 93.1, df = 

1, p < 0.0001) and elicited 6.9 times more landings (NM, blackframed = 474, NM, whiteframed = 

69, 2 = 302, df = 1, p < 0.0001) than the white-framed solar cells (Table 4.1). The 

relation between the number of orthogonal white stripes on a sticky test surface and the 
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captures per unit black area for all taxa was negative (Fig. 4.5). Captures per square 

meter were 26.5 and 10.3 times higher on the unpartitioned surface relative to the most 

highly partitioned surface for Trichopterans and dolichopodids, respectively (Tables 4.2 

and 4.3). Mayfly captures per square meter were 16.7 times higher on the unpartitioned 

surface relative to the most highly partitioned surface, and responses were similar 

among the four mayfly species we captured (Table 4.4). Captures (1186/m2) of 

dolichopodids on the homogeneous black solar panel were 2.7 times higher than 

captures (442/m2) on the partitioned white-gridded panel, which is a highly statistically 

significant difference (Table 4.5). The homogeneous panel (475/m2) attracted mayflies 

6.6 times more than the partitioned panel (72/m2) (Table 4.6). We obtained similar 

results for the experiment with tabanid flies (Table 4.7). The homogeneous black solar 

panel (240.5/m2 ) attracted tabanids 3.4 times more than the white-gridded panel 

(71.5/m2 ). Tabanids touched down (1406/m2) on the homogeneous panel 8.7 times 

more frequently than on the white-gridded panel (162.4/m2). After landing, tabanids 

stayed (11084.5 s/m2) on the homogeneous panel 7.3 times longer period than on the 

white-gridded panel (1523.6 s/m2). Figure 4.4 shows the reflection–polarization patterns 

of the two sticky and dry solar panels we used in the experiment with mayflies, caddis 

flies, dolichopodids, and tabanids, respectively. The dry and sticky solar panels had 

nearly the same reflection–polarization characteristics. Both the white frame and the 

white grid of the partitioned solar panel reflected weakly polarized or unpolarized light, 

whereas the other shiny black surface regions reflected highly polarized light as did the 

entire surface of the homogeneously black solar panel. The direction of polarization of 

light reflected from both panels was always horizontal when the plane of reflection was 

vertical. 

 

4.4. Discussion 

Recent results demonstrate that photovoltaic solar panels produce polarized light 

pollution (Horváth et al. 2009). White-framed and white-gridded solar panels, however, 

were much less attractive to polarotactic aquatic insects than homogeneous black 

panels. Thus, the former panels induce much less polarized light pollution. The degree 

of polarization of light reflected from water bodies is typically <70%. Because of the 

near total (d  100% at the Brewster angle) and horizontal polarization of light reflected 

from solar panels, polarotactic aquatic insects are likely to prefer artificial surfaces over 
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natural bodies of water and to oviposit on the artificial surfaces. This polarization-

induced attraction represents a severe form of ecological trap (Robertson and Hutto 

2006) for polarotactic insects that will result in reproductive failure of eggs laid on 

artificial surfaces (e.g., Watson 1992; Vondel 1998; Kriska et al. 2006; Horváth et al. 

2007), death from exhaustion, and increased risk of predation (Kriska et al. 1998; 

Horváth and Varjú 2004; Horváth and Kriska 2008). The solar panels we used were 

oriented horizontally to mimic the orientation of natural water bodies. Solar panels are 

often elevated above the ground and tilted at an angle to maximize interception of solar 

radiation. Vertical glass surfaces are highly effective at horizontally polarizing light 

(Malik et al. 2008) and attracting certain polarotactic aquatic insects to oviposit en 

masse even many stories above ground level (Kriska et al. 2008). It is well documented 

that aquatic beetles, water bugs and dragonflies are attracted to and oviposit on the roof, 

hood, and trunks of dark-coloured highly polarizing automobiles that are elevated and 

tilted at various heights and angles (e.g., Jäch 1997; Nilsson 1997; Wildermuth and 

Horváth 2005). Consequently, we expect that tilted and even highly elevated solar 

panels will attract these insects. Elevation may even increase the distances at which 

such structures can be detected. Our results show that a dense nonpolarizing (e.g., 

white) grid partitioning the solar-active area of solar pan-els reduces or eliminates the 

polarized light pollution of these highly and horizontally polarizing artificial surfaces. 

There is a trade-off, however, between the amount of solar-active surface and 

nonpolarizing grid: such grids will reduce the performance of these panels. The 

decrease in energy production associated with the application of a grid is proportional to 

the total surface area of the grid. The white-gridded solar panel (RWE Schott Solar) we 

used had a total surface area of 0.840 m2, and the surface area of the white grid was 

0.015 m2. Thus, the solar-active (black) area was 0.825 m2. This means there would be a 

1.8% loss of effective (i.e., energy producing black) surface area in this panel, but a 

statistically significant reduction of the attractiveness of the panel to polarotactic 

insects. Thus, the cost of effectively eliminating the attractive effect of polarized light 

pollution on the taxa we investigated amounts to a relatively small drop in performance 

of solar panels. The cognitive or behavioural mechanism reducing the attractiveness of 

partitioned solar panels to polarotactic insects is unclear. Because fragmenting 

polarizing surfaces reduced their attractiveness, patch size may be a habitat-selection 

cue to aquatic insects, as has been observed in terrestrial and aquatic vertebrates (e.g., 

Herkert 1994; Funk et al. 2005; Moore et al. 2008). Another, more proximate, potential 
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mechanism is that the low spatial resolution of the insect compound eye reduces 

polarization contrast, rendering the appearance of a white-gridded solar panel as less 

polarized and therefore less attractive than might be expected on the basis of our high 

resolution polarization patterns. Although distinguishing between these two 

mechanisms is outside the scope of this work, the possibility of a sensory origin rather 

than a more cognitive origin of the reduction in attractiveness facilitates mitigation of 

the ecological trap solar panels present. 

 The potential effects of polarized light pollution associated with solar panels on 

populations of aquatic insects remains unclear, but they are predicted to cause rapid and 

potentially large population declines (Delibes et al. 2001; Donovan and Thompson 

2001), especially when located near natural wetlands and water bodies. The ubiquity of 

strong artificial polarizers in rural and urban environments has not been quantified. 

Until the population-scale effects of artificial polarizers on affected taxa are clarified, 

we urge caution in the placement of solar arrays and selection of panel design, 

particularly where rare or endangered species may be directly or indirectly affected. 

Solar farms, on which solar panels cover large areas, are rapidly increasing throughout 

Europe, Africa, and the United States. As artificial polarizers become a more common 

component of modern landscapes, intense selective pressure could trigger rapid 

evolution of novel habitat-selection cues (Kokko and Sutherland 2001). This possibility 

is contingent on the existence of other environmental signals that are tightly correlated 

with the presence of suitable water bodies. Because horizontally polarized light is the 

most reliable visual cue associated with water bodies under variable illumination 

conditions (Horváth and Varjú 2004), rapid evolution of cue use that facilitates 

evolutionary escape may be unlikely, especially if exploiting novel cues requires the 

evolution of new or enhanced sensory modalities. 

 Our results illustrate the attractiveness of highly and horizontally polarizing 

surfaces to polarotactic insects and show that both the degree and the direction of 

polarization of reflected light are important to mayflies, dolichopodids, Trichopterans, 

and tabanid flies in selecting among potential habitats. We also demonstrated that the 

increasing fragmentation of polarizing surfaces by a white grid reduces their 

attractiveness to polarotactic insects. This fact can be used to eliminate the trap effect 

associated with solar panels. By partitioning the active (i.e., highly and horizontally 

polarizing) surface of a panel into smaller subpanels with nonpolarizing (e.g., white) 

borders (Figs. 4.4 and 4.3), the surface is fragmented and becomes much less attractive. 
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Substantial variation exists in the degree of partitioning associated with commercially 

manufactured solar cells and collectors and the width of the white panel partitions may 

determine whether adjacent panel sections are perceived as separate habitat patches or a 

single continuous patch. Although the relative effectiveness of partitioning solar panels 

appears taxon specific, the 10- to 26-fold reduction in attractiveness we found is 

biologically significant, which suggests partitioning will be an effective conservation 

measure for these and other polarotactic taxa. Because solar collectors and photovoltaic 

solar panels share polarization relevant physical characteristics (i.e., they are smooth 

and dark coloured), we expect polarized light pollution to be associated with solar 

collectors as well and that partitioning their surfaces with nonpolarizing strips should 

similarly reduce their attractiveness to polarotactic insects. New technologies such as 

three-dimensional solar cells that use vertically aligned arrays of carbon nanotubes 

(Camacho et al. 2007; Currie et al. 2008) reflect only a small amount of diffuse light 

with weak and not always horizontal polarization, and so should produce little polarized 

light pollution. 

 Ecological traps represent severe threats to animal populations (Delibes et al. 

2001; Kokko and Sutherland 2001) and may contribute to ongoing declines of native 

species worldwide. Because ecological traps are predicted to arise from rapid 

environmental changes, including climate change, habitat fragmentation (Schlaepfer et 

al. 2002), and introductions of nonnative species (Schlaepfer et al. 2003), they are 

almost certainly more common than is recognized. Consequently, identifying methods 

to realign the attractiveness of habitats with their value for survival and reproduction is 

critical. Successful management of “behavioural landscapes” will require new 

conceptual approaches. 
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Tables 

 

Table 4.1: Number NM of mayflies (Ephemeroptera) and number NL of mayfly landings 

on the black-framed and white-framed horizontal photovoltaic solar cells in the 3rd 

choice experiment (Fig. 1B,C) between 19:30 and 20:30 h (= UTC + 2 h) from 23 to 30 

May 2008. The differences NM(black-framed) − NM(white-framed) and NL(black-

framed) − NL(white-framed) are statistically significant (NM : χ2 = 93.1, df = 1, p < 

0.0001; NL : χ2 = 302.1, df = 1, p < 0.0001), which is marked by an asterix *. 

 
number NM of mayflies number NL of landings 

date (2008) 
black-framed white-framed black-framed white-framed 

23 May 26 4 64 4 
25 May 33 7 51 9 
28 May 46 18 78 20 
29 May 69 13 200 21 
30 May 26 6 81 15 

sum 200* 48 474* 69 
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Table 4.2: The surface density n(N) = m ⋅ 1m2 / Ablack(N) of polarotactic Philopotamus 

(Trichoptera) species trapped by the four horizontal white-framed sticky black plastic 

squares with N orthogonal white stripes (Fig. 3) in the 4th choice experiment between 

19:00 and 21:00 h (= UTC + 2 h) from 23 May to 3 June 2008, where m is the number 

of insects counted on a given test surface, and Ablack(N) is the sum of the black areas. n 

is the number of insects trapped by 1 m2 sticky black surface. The differences between 

the sums of the neighbouring columns are statistically not significant (N=0 / N=2 : 2 = 

2.64, df = 1, p = 0.1039; N=2 / N=6 : 2 = 3.76, df = 1, p = 0.0526; N=6 / N=10 : 2 = 

0.676, df = 1, p = 0.411). The differences between the sums of the columns N=0 / N=6 

and N=2 / N=10 are statistically significant (N=0 / N=6 : 2 = 11.0, df = 1, p = 0.0009; 

N=2 / N=10 : 2 = 6.37, df = 1, p = 0.0116) illustrating reduced attraction to more highly 

partitioned test surfaces. 

 
Philopotamus (Trichoptera) 

date (2008) N = 0 N = 2 N = 6 N = 10 
23 May 3.9 1.1 0.6 0.0 
24 May 2.3 0.3 0.3 0.0 
25 May 2.3 0.5 0.0 0.0 
28 May 2.1 1.1 0.0 0.0 
29 May 0.0 3.5 0.6 0.3 
30 May 2.1 0.8 0.0 0.0 
2 June 1.8 0.3 0.3 0.3 
3 June 1.3 0.5 0.3 0.0 

sum 15.9 8.0 1.9 0.6 
 

Table 4.3: As Table 4.2 for polarotactic dolichopodids (Diptera). The differences 

between the sums of the neighbouring columns are statistically significant (N=0 / N=2 : 
2 = 33.26, df = 1, p < 0.0001; N=2 / N=6 : 2 = 85.75, df = 1, p < 0.0001; N=6 / N=10 : 
2 = 22.37, df = 1, p < 0.0001) and marked with asterix *. 

 
dolichopodids (Diptera) 

date (2008) N = 0 N = 2 N = 6 N = 10 
23 May 19.8 16.2 10.8 2.3 
24 May 31.8 7.2 4.4 2.6 
25 May 31.8 22.3 5.3 2.6 
28 May 99.4 39.9 8.9 0.0 
29 May 44.0 21.8 9.4 3.8 
30 May 24.2 90.6 9.1 2.3 
2 June 76.3 22.9 15.5 7.5 
3 June 102.8 56.3 34.3 20.8 

sum 430.5* 277.1* 97.8* 41.9 
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Table 4.4: As Table 4.2 for polarotactic mayflies (Ephemeroptera). The differences 

between the sums of the neighbouring columns N=0 / N=2 and N=2 / N=6 are 

statistically significant (N=0 / N=2 : 2 = 33.57, df = 1, p < 0.0001; N=2 / N=6 : 2 = 

17.11, df = 1, p < 0.0001) and marked by asterix *, while the difference between the 

sums of columns N=6 / N=10 is statistically not significant ( 2 = 0.96, df = 1, p = 

0.327). 

 
mayflies (Ephemeroptera) 

species N = 0 N = 2 N = 6 N = 10 
Baetis rhodani 9.9 3.5 0.3 0.3 
Epeorus silvicola 3.1 0.5 0.3 0.0 
Ephemera danica 44.5 15.7 3.3 0.6 
Rhithrogena semicolorata 54.4 20.7 6.9 5.8 

sum 111.9* 40.4* 10.8 6.7 
 

Table 4.5: The n = m⋅1 m2/A surface density of polarotactic dolichopodids (Diptera) 

trapped by the homogeneous black and white-gridded solar panels, where m is the 

number of insects counted on the surface, A is the amount of black area; n, is the 

number of dolichopodids trapped by 1 m2 of sticky black surface. For the homogeneous 

black solar panel and the white-gridded solar panel A was 0.84 and 0.825 m2, 

respectively. On all dates, for the black surface the difference in the sum of n ( 2 = 

338.4, df = 1, p < 0.0001) and the daily differences in n ( 2 = 8.9−84.5, df = 1, p < 

0.005) were highly statistically significant. 

 

date (2009) black white-gridded 
3 June 111.9 15.8 
8 June 185.7 47.3 
9 June 136.9 55.8 

10 June 75.0 32.7 
12 June 135.7 78.8 
14 June 161.9 32.7 
15 June 77.4 43.6 
16 June 109.5 46.1 
17 June 98.8 40.0 
18 June 92.9 49.7 

sum 1185.7 442.4 
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Table 4.6: The surface density n of polarotactic mayflies (Ephemeroptera) trapped by 

the homogeneous black and white-gridded solar panels. For the black surface the 

difference in the sum of n ( 2 = 296.4, df = 1, p < 0.0001) and the differences in n for all 

three species ( 2 = 21.8–149.5, df = 1, p < 0.0001) were highly statistically significant. 

 

mayfly species black white-gridded 
Baetis rhodani 271.4 50.9 

Ephemera danica 142.9 2.4 
Rhithrogena semicolorata 60.7 18.2 

sum 475.0 71.5 
 

Table 4.7: The surface densities ntouch and ntime of the numbers of polarotactic tabanids 

(NT) and their landings (NL) on the homogeneous black and the white-gridded dry solar 

panels, and the t = T⋅1 m2/A temporal preference of these tabanids, where T is the time 

period spent by tabanids on a given test surface, the net black area of which is A (Ablack 

= 0.84 m2, Awhite-gridded = 0.825 m2). The differences in the sum of ntabanid, ntouch-down and t 

are statistically significant (ntabanid : 
2 = 90.5, df = 1, p < 0.0001; ntouch-down : 

2 = 984.5, 

df = 1, p < 0.0001; t : 2 = 7248.6, df = 1, p < 0.0001). The daily differences in ntabanid, 

ntouch-down and t are also statistically significant (ntabanid : 2 = 29.6–60.4, df = 1, p < 

0.0001; ntouch-down : 
2 = 435.1–574.6, df = 1, p < 0.0001; t : 2 = 3604.2–3683.6, df = 1, 

p < 0.0001). 

 

 ntabanid ntouch-down t (sec) 
date (2009) black white-gridded black white-gridded black white-gridded 

9 July 95.2 32.7 625 84.8 6078.6 987.9 
11 July 145.2 38.8 781 77.6 5006 535.8 

sum 240.5 71.5 1406 162.4 11084.5 1523.6 
 



Chapter 4                   Reducing the Attractiveness of Solar Panels to Polarotactic Insects 
 

 84 

Figures with Legends 

 
 
 
Figure 4.1: Colour pictures and reflection-polarization patterns of a shiny black (sb) 

plastic sheet (A), horizontal matte black (mb) cloth (B), and matte white (mw) cloth (C) 

used in the 1st choice experiment. Here the test surfaces were laid on a dry asphalt road 

(da), and the scene was illuminated by skylight after sunset. The polarimeter viewed 

toward the antisolar meridian, and the angle of elevation of its optical axis was −35o 

from the horizontal. 
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Figure 4.2: Photographs and reflection-polarization patterns of the shiny black (sb) 

plastic sheet (2 × 2 m; other surfaces 80 x 60 cm), white-framed photovoltaic solar cells 

(pv-w), black-framed photovoltaic solar cells (pv-b), shiny black plastic sheet (sb), and 

dry asphalt (da) measured in the green (550 nm) part of the spectrum after sunset. 

Double-headed arrows show the direction of polarization of reflected light. The 

polarimeter viewed toward the antisolar meridian and the angle of elevation of its 

optical axis was −35o from the horizontal. 
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Figure 4.3: Photographs and reflection-polarization patterns of the four polarizing 

surfaces (2×2 m) used in the experiment with mayflies, stoneflies and dolichopodids 

(Fig. 4.5). The white-framed surfaces (B, C, D) are orthogonally partitioned by 

nonpolarizing white tape. Double-headed arrows show the direction of polarization of 

reflected light. The polarimeter viewed toward the antisolar meridian and the angle of 

elevation of its optical axis was −35o from the horizontal. 
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Figure 4.4: Photographs and reflection-polarization patterns of the two horizontal (dry 

and sticky) solar panels used in the choice experiments with mayflies, stoneflies, 

dolichopodids and tabanids. Double-headed arrows show the direction of polarization of 

reflected light. The polarimeter viewed toward the antisolar meridian and the angle of 

elevation of its optical axis was −35o from the horizontal. 
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Figure 4.5: The surface density (captures per square meter) of polarotactic 

dolichopodid (Diptera), mayflies (Ephemeroptera), and Philopotamus (Trichoptera) 

trapped by a highly and horizontally polarizing sticky surface with different numbers of 

orthogonal white strips (Fig. 4.3). 
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Figure 4.6: Polarotactic aquatic insects attracted to and landed on the shiny black 

surface of horizontal solar panels. (A) Adult female stonefly (Perla burmeisteriana). 

(B) Female mayfly (R. semicolorata) with a white egg batch on the end of her abdomen. 

(C) Dolichopodid fly trapped by the sticky solar panel in the 5th experiment. (D) 

Female mayflies trapped by the sticky solar panel in the 5th experiment. The elongated 

white egg-batches laid by the females onto the panel after their entrapment are clearly 

seen. (E, F) Tabanid flies landed on the dry homogeneous black solar panel (E), and the 

dry white-gridded solar panel (F) used in the 6th experiment. 
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Figure 4.7: Colour pictures and reflection-polarization patterns of photovoltaic solar 

panels with homogeneous shiny black surface on the rooftop of the Szent István 

University in Gödöll , Hungary measured in the green (550 nm) spectral range from 

four different directions of view: from right (A), from front and above (B), from front 

and below (C), from left (D). In the α-patterns the double-headed arrows show the local 

direction of polarization of reflected light. 



Chapter 4                   Reducing the Attractiveness of Solar Panels to Polarotactic Insects 
 

 91 

 

 
 
Figure 4.8: As Fig. 4.7 for photovoltaic panels composed of small homogeneous shiny 

black rectangular solar cells with narrow white margins viewed from front and below 

(A), and from right (B). 
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Figure 4.9: As Fig. 4.7 for solar collectors in the garden of the Szent István University 

in Gödöll , Hungary viewed from three different directions of view: from right (A), 

from front (B), from left (C). In the p-patterns of columns B and C it can be seen that 

the wire-grid of the fence reflects practically unpolarized light. 
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CHAPTER 5 

Polarotactic Tabanids Find Striped Patterns with Brightness 

and/or Polarization Grating Least Attractive: 

An Advantage of Zebra Stripes5 

 

5.1. Introduction 

The most typical characteristics of zebras are the bold black and white striped patterns 

on their body surface (Fig. 5.1). Embryological evidence (Prothero and Schoch, 2003) 

has shown that the background colour of zebras is black, and the white stripes and 

bellies (where the production of dark pigmentation is inhibited) appear only in a later 

embryonic developmental stage. The reason for the striped coat pattern in zebras has 

long been debated (see Appendix), and Wallace (1867, 1879) suggested that zebras 

evolved striped coats as camouflage against carnivores in tall grass. Darwin (1871), 

however, who had closely studied the inheritance of colours and stripes in horses and 

zebras, criticized this hypothesis as an explanation, since zebras do not occur in areas 

with dense vegetation, but rather prefer open savannah habitats with short grass. 

 Since the 19th century a number of alternative hypotheses (Waage, 1981; 

Ruxton, 2002; Lehane, 2005; Caro, 2009) have been proposed to explain the striped 

pattern of zebras, ranging from predator defence, social interaction, indication of 

physical condition, thermoregulation, and protection from tsetse flies. These and more 

explanations have been thoroughly discussed and criticized by Ruxton (2002) and Caro 

(2009), who concluded that the majority of these hypotheses are experimentally 

unconfirmed, and thus the exact cause of stripes in zebras remained unknown. 

Nevertheless, the explanation of Waage (1981) for the benefit of zebra stripes (i.e., 

protection from tsetse flies) has been the only experimentally more or less supported 

hypothesis (Turner and Invest, 1973; Brady and Shereni, 1988; Gibson, 1992; Ruxton, 

2002; Lehane, 2005; Caro, 2009). 

 Horseflies (Tabanidae) are vectors of several dangerous pathogens (Foil, 1989; 

Hall et al., 1998), and if irritated by them horses and cattle cannot graze, the 

consequence of which is the reduction of their body weight and milk production (Hunter 

                                                 
5 Egri, Á.; Blahó, M.; Kriska, G.; Farkas, R.; Gyurkovszky, M.; Åkesson, S.; Horváth, G. (2012) 
Polarotactic tabanids find striped patterns with brightness and/or polarization modulation least attractive: 
an advantage of zebra stripes. Journal of Experimental Biology 215: 736-745 + electronic supplement 
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and Moorhouse, 1976; Harris et al., 1987; Lehane, 2005). This suggests severe fitness 

consequences for animals that attract tabanid flies. Depending on the geographical 

distribution of different tabanid species in the vicinity of zebras in Africa (Uscher, 

1972), these blood-sucking flies can also cause serious health problems for such equines 

(Leclercq, 1954, 2000; Kingdon, 1979; Moss, 1982; Leclercq and Maldes, 1987; 

Churcher, 1993; Tegegne, 2004). 

 Since the zebra-striped pattern is something between the white and black coats 

of horses, the attractiveness of zebras to tabanids might also be expected to be 

intermediate between those of white and black horses. We tested this hypothesis in six 

field experiments, in which we studied the attractiveness of striped and homogeneous 

dark and white horse models, of black-and-white striped test surfaces, or of 

homogeneous dark grey surfaces with polarization gratings to polarotactic tabanids as a 

function of the stripe width. We measured the stripe width in different parts of zebra 

coats as well as the reflection-polarization characteristics of zebra coats and our test 

surfaces, using imaging polarimetry. Here we present the results of these experiments 

and measurements, highlighting the evolutionary significance of striped coat patterns of 

hosts of polarotactic tabanid flies. We show how the attractiveness of striped patterns to 

tabanids decreases with decreasing stripe width, and how strong the correlation is 

between the range of stripe widths characteristics of zebras and the attractiveness to 

tabanids, which is a remarkable fine tuning of zebra patterning. 

 

5.2. Materials and Methods 

5.2.1. Experiment 1 

This experiment was conducted between 26 August and 12 September 2008 on a 

Hungarian horse farm at Szokolya (47o52' N, 19o00' E). During the experiment the 

weather was usually sunny and warm. Three plastic trays (50×50 cm) filled with salad 

oil were placed on the ground (Fig. 5.2). The first white-framed tray was painted 

homogeneously black without white orthogonal (perpendicular to each other) stripes 

(N=0) (Fig. 5.2A). The second and third white-framed painted black trays had two 

(N=2, Fig. 5.2B) and six (N=6, Fig. 5.2C) orthogonal painted white stripes (width = 2 

cm). The order of the trays was changed randomly every day. The trays were covered 

by wooden boards each night from sunset to sunrise, and when it was raining. The total 

number of the trapped tabanids was counted for each tray (Table 5.2), the tabanids were 
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stored in alcohol, and later identified (Table 5.1). Although the whole area of all three 

trays was the same (A=0.25 m2), the sum Ablack(N) of their black areas was slightly 

different, due to the different numbers N of white stripes. The larger the number N of 

these stripes, the smaller the highly and horizontally polarizing black area Ablack(N), and 

thus the smaller the predicted attractiveness to polarotactic tabanids: Ablack(N=0)=(50 cm 

– 2×2 cm)2=0.2116 m2, Ablack(N=2)=4×[(50 cm – 3×2 cm)/2]2=0.1936 m2, 

Ablack(N=6)=16×[(50 cm – 5×2 cm)/4]2=0.1600 m2. The motivation for making these 

area calculations is to compare correctly the numbers of trapped tabanid flies: The 

number m of tabanids captured by a given tray was divided by the black area Ablack(N), 

resulting in the surface density n=m⋅1m2/Ablack(N), giving the number of flies captured 

by 1 m2 black tray surface. These densities are also given in Table 5.2. 

 

5.2.2. Experiment 2 

This experiment was performed at a Hungarian horse farm in Göd (47o43' N, 19o09' E) 

between 1 July and 5 September 2009. Five plastic trays filled with salad oil (Fig. 5.3) 

were placed on the ground, and their order was changed randomly every 5 days. There 

were two small (35.5×35.5 cm) and three large (50×50 cm) trays. One of the small trays 

was painted black (Fig. 5.3A), while the other was painted white (Fig. 5.3E), both 

having a surface area of Asmall = 0.1260 m2. The three large trays were painted so that 

they had 1-1 (Fig. 5.3B), 3-3 (Fig. 5.3C) and 6-6 (Fig. 5.3D) black-white parallel stripes 

with the same total area Ablack=Awhite=0.1250 m2. Hence, the total black or white area of 

the three striped large trays was practically the same as the area of the two small 

homogeneous trays: Ablack=Awhite=0.1250 m2≈Asmall=0.1260 m2. The two homogeneous 

trays functioned as control with the same area as the total black or white areas of the 

striped trays. When considering the dependence of tabanids trapped by the striped trays 

on the stripe width, the catches of these homogeneous trays were not taken into account. 

The trays were covered by wooden boards every day from sunset to sunrise, and when it 

was raining. The total number of the trapped tabanids was counted for each tray (Table 

5.4), the tabanids were stored in alcohol, and later identified (Table 5.3). 

 

5.2.3. Experiment 3 

This experiment was conducted between 17 August and 13 September 2009 at the same 

horse farm as experiment 1. Three different horizontal black-and-white striped test 
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surfaces (50×50 cm) composed of thin plastic board were placed on the ground (Fig. 

5.4). Their surfaces were covered with transparent, odourless and colourless insect 

monitoring glue (BabolnaBio® mouse trap). Their order was changed randomly, when 

the trapped tabanids were counted and removed from the glue (Table 5.5). The glue was 

refreshed two times weekly. The 1st, 2nd and 3rd test surface had 1-1 (Fig. 5.4A), 2-2 

(Fig. 5.4B) and 4-4 (Fig. 5.4C) black-white parallel stripes with the same total area 

Ablack=Awhite=0.1250 m2. After raining, when the sticky test surfaces became dry, the 

glue continued to trap insects. In experiments 1 and 2, tabanids were trapped by salad 

oil, and after trapping their carcassess could drift arbitrarily in the oil. Thus, it was 

unknown whether originally they landed on a black or a white part of the striped test 

surfaces. To eliminate this problem, we performed experiment 3, where tabanids were 

captured by a glue, fixing their landing position. 

 

5.2.4. Experiment 4 

This experiment was carried out between 17 July and 13 September 2009 at the same 

horse farm as experiment 1. A brown, a black, a white and a black-and-white zebra-

striped horse model (Fig. 5.5A,B) composed of plastic, each with the same shape and 

dimensions (length=160 cm, height=110 cm, width=60 cm) were placed in a normal 

standing posture on the grassy ground, 5 m apart from each other along a straight line. 

(The pattern of the zebra-striped horse model was copied from a real zebra skin, and the 

ratio of the black and white surface regions was approximately 1:1.) Their surfaces were 

covered with transparent, odourless and colourless insect monitoring glue 

(BabolnaBio® mouse trap) two times weekly, and their positions were then also 

randomly changed. Due to their positions, all four horse models were simultaneously 

either sunny or shady. In sunny and warm weather the tabanids trapped by the sticky 

surface of these horse models were counted and removed every two days (as total 27 

times). When the weather was rainy/overcast and cool, tabanids did not fly, and thus the 

sticky horse models did not capture any tabanid flies. 

 

5.2.5. Experiment 5 

This experiment was conducted between 16 July and 26 August 2010 at the same horse 

farm as experiment 1. Six different vertical test surfaces (100 cm × 100 cm), composed 

of thin plastic board, were fixed to vertical metal rods stuck into the ground 2 m apart 

along a straight line (Fig. 5.6A). There were one chequered (Z1), one white (W), one 
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grey (G) and three striped (Z2, Z5, Z13) test surfaces. The chequered surface had two 

white and two black equal squares in a diagonal arrangement (Fig. 5.6D). The three 

black-and-white striped surfaces were composed of four equal squares with the same 

stripe width but with four different stripe orientations: vertical, horizontal, +45o and 

−45o relative to the vertical. The 1st, 2nd and 3rd striped test surface had 13×4 (Fig. 

5.6G), 5×4 (Fig. 5.6F) and 2×4 (Fig. 5.6E) black stripes with a width w=2.0, 6.0 and 

12.5 cm, and the total area of their black and white stripes was the same. In Fig. 5.9 the 

chequered test surface was considered as a pattern with a stripe with w=50 cm. A given 

test surface had the same pattern on both sides. The greyness of the grey test surface 

was 50%, coinciding with the average greyness of the black-and-white striped test 

surfaces Z1, Z2, Z5, Z13. The test surfaces were covered with transparent, odourless 

and colourless insect monitoring glue (BabolnaBio® mouse trap). Their order was 

changed randomly every week. When the trapped tabanids were counted and removed 

from the sticky test surfaces (Table 5.6), the glue was refreshed. Between 16 July and 5 

August only the front side of the test surfaces (facing toward a meadow) was glued. 

Between 6 and 26 August the test surfaces were turned over and their both (front and 

back) sides were glued. Then the tabanids trapped by the two sticky sides were counted 

separately (Table 5.6). 

 

5.2.6. Experiment 6 

This experiment was conducted between 25 June and 1 September 2011 at the same 

horse farm as experiment 1. To test the role of polarization in the attractiveness of 

striped patterns to polarotactic tabanids we used 3 different striped test surfaces (43 cm 

× 43 cm): Surface Z9+ was composed of 9 linearly polarizing neutral grey parallel 

stripes (P-W-44, Schneider, Bad-Kreuznach, Germany) with alternating orthogonal 

transmission directions (Figs. 5.7B, 5.8A). Surface Z17+ was made of 17 linearly 

polarizing parallel stripes (P-W-44) with alternating orthogonal transmission directions 

(Figs. 5.7C, 5.8B). Surface Z17_ was composed of 17 linearly polarizing parallel stripes 

(P-W-44) with parallel transmission directions (Figs. 5.7D, 5.8C). The stripe width of 

test surfaces Z17+, Z9+ and Z17_ was w=43/17=2.5, 43/9=4.8 and 43 cm, respectively. 

Z17_ had a homogeneous (constant) direction of polarization and was considered as a 

single “stripe”. The substrate of the linearly polarizing stripes was a wooden board 

(43×43×2 cm) painted matte white. The polarizing stripes were fixed (with tiny nails) 
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parallel to each other 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 

on 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 two 

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. The test surfaces were covered by a transparent, 

odourless and colourless insect monitoring glue (BabolnaBio) every 3-4 days. We 

counted the tabanids trapped by these sticky test surfaces periodically, when all other 

insects captured were also removed and the order of the test surfaces was randomized. 

The brightness and colour of the test surfaces were the same (greyness = 25%), but the 

patterns of the degree and direction of polarization were different due to the different 

transmission directions of the polarizing stripes (Fig. 5.8). Surfaces Z9+ (Fig. 5.8A) and 

Z17+ (Fig. 5.8B) presented striped patterns only in the state of polarization, while 

surface Z17_ displayed a homogeneous pattern in brightness, colour and polarization. 

At the contacting edges of the polarizing stripes there was inevitably a weak brightness 

contrast. Such contrast lines occurred in all six test surfaces, because Z17_, functioning 

as a control surface with a homogeneous polarization pattern, was also composed of 

linearly polarizing stripes. 

 

5.2.7. Measurement of Stripe Width on Zebra Coats 

In experiments 2, 3, 5 and 6 the relative proportions of the white and black stripes and 

the linearly polarizing stripes of the test surfaces (Figs. 5.3, 5.4, 5.6, 5.7) were equal 

(50-50%), and the same was true for the zebra-striped horse model used in experiment 4 

(Fig. 5.5A,B). This was important − otherwise the preference of the black or white 

stripes or the differently polarizing stripes by tabanids could also be explained by the 

inequality of the black and white or the differently polarizing regions of the test 

surfaces. We measured the stripe width on coats of E. burchelli (13 coats) and E. grevyi 

(5 coats) in the Hungarian Natural History Museum (Budapest), and E. zebra (1 coat) in 

the Swedish Natural History Museum (Stockholm). We selected relatively uniformly 

striped regions on the head, neck, abdomen-side, back-side, front leg and hind leg on 

the zebra coats (Fig. 5.10), and measured the average and standard deviation of the 

width of white and black stripes by a digital slide-gauge. 
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5.3. Results 

In experiment 1, we found that the denser the white grid on white-framed black trays 

filled with salad oil, the smaller the number of trapped tabanids (Table 5.2). The white-

framed black tray without orthogonal white stripes (Fig. 5.2A) captured a significantly 

higher proportion (53.1%) of the total number of tabanids, while the white-framed black 

trays with 2 (Fig. 5.2B) and 6 (Fig. 5.2C) orthogonal white stripes trapped much less 

(39.8% and 7.1%, respectively) tabanids ( 2 test: 2=108.60, df=2, p<<0.001). The 

surface densities n of trapped tabanids were n = 1167.3, 955.6 and 206.3 for the trays 

without (N=0) and with N = 2 and 6 orthogonal white stripes, respectively (Table 5.2). 

The white stripes reflected unpolarized light, while the black areas of these trays 

reflected highly and horizontally polarized light, which is very attractive to polarotactic 

tabanids (last row in Fig. 5.2). Due to these depolarizing white stripes, the degree of 

polarization d of reflected light (averaged for the whole trap surface) thus decreased, as 

the number of stripes increased. This experiment demonstrates that black surfaces 

reflecting horizontally polarized light are less attractive to tabanids, if the number of 

depolarizing white stripes increases. 

 In experiment 2, the white and black trays filled with salad oil were, respectively 

the least and the most attractive to tabanid flies, with 3 versus 145 trapped individuals 

(Table 5.4). The smaller the number N of black/white stripes, the more tabanids were 

trapped: the trays with N = 12, 6 and 2 stripes captured 24, 66 and 138 tabanids, 

respectively (Table 5.4), and we found a significant difference in numbers of trapped 

tabanids under different conditions ( 2 test: 2=88.62, df=4, p<<0.001). The black 

stripes of the trays filled with salad oil reflect highly and horizontally polarized light 

(Fig. 5.3) and are attractive to tabanids. On the other hand, the white stripes are 

unattractive to polarotactic tabanids, because they reflect light with very low (d<5%) 

degree of polarization (Fig. 5.3). 

 In experiment 3, the horizontal sticky 2-striped test surface attracted most 

tabanids (N=321), the 4-striped surface was less attractive (N=290), and the 8-striped 

surface was the least (N=19) attractive, resulting in significant differences in the number 

of trapped tabanids between the different groups ( 2 test: 2=262.87, df=2, p<<0.001; 

Table 5.5, Figs. 5.4). The insect monitoring sticky surface fixed the landing position of 

insects attracted. Thus we could observe that the highly polarizing shiny black stripes 

attracted 14/5=2.8-times (8-striped test surface), 225/65≈3.5-times (4-striped test 
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surface) and 265/56≈4.7-times (2-striped test surface) more tabanids than the weakly 

polarizing shiny white stripes (Table 5.5). Under all conditions, we found significantly 

higher numbers of tabanids trapped on the black stripes compared to the white ones ( 2 

test, 2 stripes: 2=136.08, df=1, p<0.001, 4 stripes: 2=88.28, df=1, p<0.001, 8 stripes: 
2=5.0, df=1, p<0.025). 

 In experiment 4, the black (N=562) and brown (N=334) horse models were the 

most attractive to tabanids, the white one (N=22) was much less attractive (see Table 4 

of Horváth et al., 2010b) and, interestingly enough, the black-and-white zebra-striped 

horse model (N=8) was the least attractive. There were significant differences between 

these horse models. Notably, in spite of the small numbers of captured tabanids, the 

difference between the zebra-striped (Fig. 5.5A,B) and the white sticky horse models 

was significant ( 2=6.53, df=1, p<0.01), with the striped pattern capturing fewer 

individuals than the white one. The black and the brown horse models reflected highly 

polarized light (d>80%) at and near the Brewster angle, while the white horse model 

reflected effectively unpolarized (d≈0%) light. The black and white stripes of the zebra 

model reflected light with high (d>80%) and low (d≈0%) degrees of polarization. Seen 

from the side and the rear, certain parts of the black and brown horse models reflected 

highly polarized light (see Fig. 4 of Horváth et al., 2010b), and thus these areas of the 

body surface were most attractive to polarotactic tabanids. In the case of the white horse 

model there existed no such polarotactically attractive body parts, while small parts of 

the black stripes of the zebra model were also polarizationally attractive. These 

reflection-polarization characteristics partly explain the attractiveness of these horse 

models to polarotactic tabanids observed in experiment 4. 

 In experiment 5, the vertical sticky striped test surfaces Z13 and Z5 with 

13×4=52 (N=14) and 5×4=20 (N=13) black stripes trapped the least tabanids, the 

vertical grey (N=29) and white (N=95) surfaces captured more flies, while the vertical 

striped surfaces Z2 and Z1 with 2×4=8 (N=107) and 1×4=4 (N=467) black stripes 

caught the most tabanids (Table 5.6, Fig. 5.6). Using χ2 test, there were significant 

differences in the number of tabanids trapped between the test surfaces Z5/Z13 and 

Grey, Grey and White, Z5/Z13 and Z2, Z2 and Z1 (statistics are given in Table 5.7). 

According to the χ2-test, on surfaces Z2 and Z1 the black stripes trapped significantly 

more tabanids than the white stripes (Table 5.8). Thus, only when the white and black 
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stripes are wide enough, there is a difference in the number of tabanides caught by the 

black and white stripes. 

 In experiment 6, the horizontal sticky test surface H-Z17+ (Figs. 5.7C, 5.8B) 

trapped the least tabanid flies (N=208: 17.8% of total), the horizontal sticky test surface 

H-Z9+ (Figs. 5.7B, 5.8A) captured more tabanids (N=361: 30.9%), while the horizontal 

test surface H-Z17_ (Figs. 5.7D, 5.8C) caught the most tabanids (N=600: 51.3%) (Table 

5.9, Fig. 5.3). Similar results were obtained for the vertical sticky test surfaces V-Z17+ 

(N=64: 17.3%), V-Z9+ (N=112: 30.2%), V-Z17_ (N=195: 52.5%) used in experiment 6 

(Table 5.9, Fig. 5.3). There were significant differences in the numbers of tabanids 

trapped between the test surfaces H-Z17_ versus H-Z9+, H-Z9+ vs. H-Z17+, V-Z17_ 

versus V-Z9+, V-Z9+ vs. V-Z17+ (χ2 test, p<0.001 in all cases; Tables 5.9, 5.10). From 

experiment 6 we conclude that (horizontal or vertical) stripes with the same brightness 

and colour but with alternating orthogonal directions of polarization are less attractive 

to tabanids than similar polarizing surfaces with homogeneous (constant) direction of 

polarization. Furthermore, similarly to surfaces with black and white stripes, the 

attractiveness of (horizontal or vertical) homogeneously coloured surfaces with 

alternating orthogonal directions of polarization to tabanids decreases as the width of 

polarizing stripes decreases. 

 The reflection-polarization characteristics of the body surface of real zebras (e.g. 

Equus burchelli) are practically the same as those of the zebra model used in 

experiment 4 (Fig. 5.5). Depending on the lighting conditions, the posture of zebras and 

the viewing direction relative to the sun, the black stripes on the back-side of zebras can 

reflect highly polarized light (Fig. 5.3C-G), which might be attractive to polarotactic 

tabanids, if the polarizing black surface were not fragmented by unpolarizing white 

stripes. 

 Figure 5.9 shows the number N of tabanids trapped by the test surfaces as a 

function of the widths w of the black and white stripes for our six experiments. The 

catch number N decreases monotonously with decreasing w. According to Fig. 5.9, 

horizontal, vertical or zebra-shaped striped surfaces with brightness and/or polarization 

grating (modulation) have only a neglectable attractiveness to tabanids for stripe widths 

0.23 cm < w < 7.47 cm (represented by a vertical grey bar in Figs. 5.1 and 5.9) falling in 

the range of the average stripe width in Equus burchelli, E. zebra and E. grevyi zebras. 

We conclude that zebras have evolved a coat pattern with just so narrow stripes that 

makes them minimally attractive to tabanid flies. 
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5.4. Discussion 

We showed here that the evolution of stripes with brightness and/or polarization 

modulations disrupting the homogeneous pattern of reflected light might be a selective 

advantage in avoiding attacks of polarotactic tabanids. Parasite infections have been 

shown to be involved in the evolution of sexual signals and colouration in animals 

(Hamilton and Zuk, 1982; Andersson, 1994), further stressing the potential link between 

the attacking parasite and the evolution of the host colouration as a response. There are 

many different hypotheses proposed to explain the possible benefits of zebra stripes. 

Although there is no need for only one single mechanism to explain the selective 

advantage of these stripes, the majority of these hypotheses are presently unconvincing 

and suffer from lack of supporting experimental evidence (Ruxton, 2002; Caro, 2009). 

Here we present the first experimentally supported explanation for the underlying 

mechanism for one of the possible advantages of zebra stripes. Repellence of tabanids 

(and more generally of other biting insects, e.g. tsetse flies and mosquitoes) alone might 

not explain the striped coat pattern in zebras, but we demonstrate here its important role 

in parasite avoidance. 

 In our experiments 1-5 polarization was confounded with brightness, because 

black and white stripes are both a polarization grating and a brightness grating. 

However, the results of experiment 6, using isoluminant stripes varying only in 

direction of polarization, showed the important role of polarization in the reduced 

attractiveness of striped patterns to polarotactic tabanids. Although on the basis of our 

results the relative contributions (in %) of brightness and polarization modulations 

cannot be determined in the tabanid-repellency of zebra stripes, they surely interact, 

because black and white stripes possess both brightness and polarization gratings. 

Nevertheless, experiment 6 demonstrates the strong contribution of polarization 

modulation, since in this experiment there were practically only polarization contrasts 

between the neighbouring stripes. 

 Our results are much more than a modification of one of the hypotheses 

suggested to explain zebra stipes, the old tsetse fly hypothesis (Turner and Invest, 1973; 

Waage, 1981; Brady and Shereni, 1988; Gibson, 1992), which could have explained 

neither the behavioural, nor the receptor physiological basis of the reduced 

attractiveness of striped patterns to tsetse flies. First, we extended the group of parasitic 

insects repelled by striped patterns with the family of tabanid flies. Second, our results 
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have also two further relevant aspects that distuingish them from the experimentally 

only partly supported tsetse fly hypothesis: 

 

• We revealed the behavioural, receptor physiological and physical basis of 

the reduced attractiveness of striped patterns to tabanids: Earlier, it was 

showed that tabanids possess polarization vision to detect water by means of the 

horizontal polarization of light reflected from the water surface (Horváth et al., 

2008). Tabanids have also positive polarotaxis, i.e. are attracted to linearly 

polarized light, which also partly governs their host choice (Horváth et al., 

2010b). This polarotaxis is progressively disrupted by a black-and-white stripe 

pattern on the body surface of the host animal as the stripe width decreases. 

More importantly, the attractiveness of striped patterns to polarotactic tabanids 

is considerably reduced even if the stripes can be sensed only in the polarization 

domain. We showed that homogeneously coloured (dark grey) horizontal and 

vertical surfaces with stripes of alternating orthogonal directions of polarization 

are also less attractive than similar surfaces with constant polarization. This 

demonstrates the important role of polarization in the tabanid-repellency of 

striped patterns. Note that in the case of zebra coats brightness differences are 

inevitably associated with polarization differences: the white stripes reflect 

weakly polarized light while the black stripe polarize light strongly, and the 

directions of polarization of light reflected from the white and black stripes are 

also different. These brightness and polarization differences of zebra-striped 

patterns synergetically reduce the attractiveness to polarotactic tabanids. 

• We also showed how the attractiveness of striped patterns to tabanid flies 

decreases with decreasing stripe width, and how strong the correlation is 

between the range of stripe width characteristics of zebras and the 

attractiveness to tabanids: It is an important advance that we could show that 

the stripe width of all three extant zebra species (Equus zebra, E. burchelli, E. 

grevyi) is just in that range, where the attractiveness to tabanids is practically 

zero (Fig. 5.9). In the experiments conducted with tsetse flies and striped test 

surfaces (Turner and Invest, 1973; Waage, 1981; Brady and Shereni, 1988; 

Gibson, 1992) the stripe width has not been varied. 
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Our field experiments were performed in Hungary, and consequently only some 

Hungarian tabanid species were involved. Our results are, however, more general, and 

are in all probability valid also for African tabanid species living in the distribution 

areas of zebras, because African tabanids should also be polarotactic, as insects 

associated with water generally are (Schwind, 1991, 1995; Wildermuth, 1998), since 

their larvae develop in water or mud (Kingdon, 1979; Moss, 1982; Leclercq and 

Maldes, 1987; Churcher, 1993; Leclercq, 2000; Tegegne, 2004). Compared to more 

temperate regions (Chvala et al., 1972), the African tabanid fauna is much richer in 

number of species present, and the distribution ranges cover most of the continent 

(Surcouf and Ricardo, 1909; Leclercq, 1954; Uscher, 1972; Leclercq and Maldes, 

1987), suggesting that the selection pressure for striped coat patterns as a response to 

attacking blood-sucking dipteran parasites is probably high in this region. 

 Real zebras have a very strong odour and breath out CO2. In the field, odours of 

zebras, horses and other mammals surely play a role in the host choice by tabanids (Hall 

et al., 1998; Lehane, 2005). For tsetse flies, for example, it was shown that odour 

changes the attractiveness of colour (Hariyama and Saini, 2000). But tsetse flies are not 

tabanids and do not need water for their larvae to develop in, and they might therefore 

respond differently than tabanids. The odour, CO2 and the non-zero visual attractiveness 

of the striped coat of zebras can be the major reasons for the fact that zebras sometimess 

suffer from blood-sucking tabanids. It was recently shown that zebra models are still 

less attractive to tabanids even if they are baited with ammonia and CO2 (Blahó et al., 

2013). We compared the reflection-polarization characteristics of our test surfaces 

(Figs. 5.2, 5.3, 5.4, 5.5A,B) with those of a real zebra coat (Fig. 5.5C-G), and found that 

they are practically the same. Furthermore, our test surfaces were illuminated in the 

field by sunlight and skylight, covering the whole spectrum available to tabanids under 

natural conditions. 

 In experiment 5 the vertical grey test surface was less attractive to tabanids than 

the white test surface and the striped surface Z1, while it was more attractive than the 

striped surfaces Z5 and Z13 (Table 5.6). From this it is clear that the investigated 

tabanids were attracted/repelled by the stripes themselves, rather than due to the average 

brightness of the test surfaces. 

 All three zebra species have the narrowest stripes and the thinnest skin on their 

head and legs (Figs. 5.1, 5.5, 5.10), where the stripe widths are so small that they 

effectively do not attract tabanid flies (Fig. 5.9). This phenomenon may reflect an 
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evolutionary adaptation: In the head there are several sensory organs (eyes, ears, tongue, 

muzzle), the efficient functioning of which is most important for survival. The legs also 

are indispensable to escape from predators. Consequently, head and legs must be 

protected in the best possible way from blood-sucking parasites (e.g. tabanid and tsetse 

flies), since any injury to these body parts due to aggressive biting insects might result 

in their insufficient functioning, undermining the escape and survival of the animal. 

Furthermore, in head and legs the blood vessels can more easily be reached through the 

thin hide, and a more efficient protection is therefore urgently needed for these body 

parts. We suggest that the numerous narrow stripes on the head and legs of zebras may 

serve such a visual protection. 

 Further research should explain why the origins of the Eurasian horses were 

apparently striped, but through evolution have lost almost all of their stripes despite the 

fact that they occur in tabanid-infested regions. Thus, another evolutionary enigma is 

why Eurasian horses have not kept the stripes given that they would reduce attacks by 

tabanid biting flies. Afterall, African horses, namely zebras kept their stripes. 

Sometimes domestic horses and donkeys express stripes on their bodies, which 

conspecifics apparently suppress. This is the so-called throw-backs of domestic animals 

(Gould, 1983). 

 

5.5. Appendix: Zebra Stripes and their Possible Functions 

The stripes of zebras are nearly vertical on the head, neck and trunk, while 

approximately horizontal on back-side and legs. Zebras occur in Central and South 

Africa, where three species are found: (1) Most common is the plains zebra, Equus 

burchelli (with 12 subspecies), distributed across extensive parts of southern and eastern 

Africa. It has ca. 26 wide caudal stripes per side, some of which extend towards the 

belly in the rear of the animal (Fig. 5.1). (2) Grevy’s zebra, E. grevyi, is the largest 

species (Fig. 5.1), having about 80 stripes on each side perpendicular to the long axis of 

its body. It is an inhabitant of the semi-arid grasslands of Ethiopia and northern Kenya. 

(3) The mountain zebra, E. zebra, having two subspecies, is found in southwest Africa 

and has ca. 55 stripes on each side, with three horizontal bands near the hind legs and a 

white belly (Fig. 5.1). The now extinct quagga, E. quagga, also had a partially striped 

coat pattern most pronounced in the front part of the body, on the head, neck and front 

half of the body (Plate I in Bard, 1977). 
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 Several different hypotheses have been proposed to explain the possible 

functions and evolutionary significance of the black-and-white striped coat pattern in 

zebras. The alternative hypotheses and their explanations have been discussed in recent 

reviews (Ruxton, 2002; Caro, 2009): 

 

• Apparent size increase: The stripes may create a visual illusion that increases 

the apparent size of the zebra. This illusion could afford zebras an advantage 

over their predators (Cott, 1966; Cloudsley-Thompson, 1984; Vaughan, 1986; 

Morris, 1990). 

• Visibility in poor light: In low light conditions (near dusk and dawn, or in 

moonlight) the stripes might be difficult to make out even when being quite 

close to zebras (Galton, 1851; Kipling, 1908; Cott, 1966; Cloudsley-Thompson, 

1984; McLeod, 1987; Morris, 1990). 

• Moving stripes may dazzle predators: The moving stripes of fleeing zebras 

might make it difficult for predators to single out an individual zebra from the 

herd (Cott, 1957; Kruuk, 1972; Eltringham, 1979). The stripes of even a single 

individual may be enough to dazzle and confuse a predator (Morris, 1990). 

• Camouflage: The stripes may allow zebras to blend in with their background 

(e.g. tall grass, or savannah vegetation) by dissolution of their contour (Wallace 

1867, 1879; Thayer, 1909; Marler and Hamilton, 1968). The most vulnerable 

juveniles and female adults of several, non-striped ungulate species also have a 

camouflaging striped coat. 

• Social benefits: Since the stripe pattern is individual, as a fingerprint, zebras 

may recognize each other on the basis of their stripes (Morris, 1990; Prothero 

and Schoch, 2003). This might be especially important in the visual 

communication between mothers and their foals, or in reinforcing the bond 

between male and female in courtship (Cloudsley-Thompson, 1984; Becker and 

Ginsberg, 1990). Stripes might also be visual markers for group bonding or to 

direct companions to particular parts of the body for grooming (Kingdon, 1984). 

• Fitness indication: Irregularities in the stripe pattern due to hurts, injuries, or 

any kind of acute dysfunction might be a visual signal about the poor physical 

condition (fitness) of the individual for mate-seeking zebras (Ruxton, 2002). 
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• Thermoregulation: The fat pattern in the skin may correlate with the pattern of 

black stripes, which might function as heat absorbers, and thus may play a role 

in the thermoregulation of the body. Furthermore, the black and white stripes 

may work together (inducing rotary breezes by thermal convection of air) to 

keep the animal cooler than without stripes (Cloudsley-Thompson, 1984; 

Kingdon, 1984; Morris, 1990; Louw, 1993). 

• Protection from tsetse flies: Zebras seem to be unfavoured hosts for tsetse flies 

(Jordan, 1986). According to Harris (1930), Waage (1981) and Gibson (1992), 

the purpose of zebra stripes may be protection from tsetse flies, these being 

vectors of dangerous pathogens, especially the trypanosomes of nagana and 

sleeping sickness (Foil, 1989). Tsetse flies avoid striped surfaces, and 

congregate on solid objects (Vale, 1974). They usually need a large plainly 

coloured subject to see and land on; therefore they do not bite zebras as often as 

other, homogeneously coloured animals (Estes, 1992). 

 

These explanations have been thoroughly discussed and criticized by Ruxton (2002), 

who concluded that the majority of these hypotheses are experimentally unconfirmed, 

and thus the exact cause of stripes in zebra remained unknown. Caro (2009) also 

recently discussed some of the alternative hypotheses proposed to explain the striped 

pattern, ending up with the same conclusion − that the reason for the evolution of a 

striped coat in zebras is still unknown. 
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Tables 

 

Table 5.1: Species, sex and number of tabanids captured by the three different traps in 

experiment 1. 

trap species female male sum 
Tabanus tergestinus 102 37 139 
Tabanus bromius 60 - 60 
Tabanus bovinus 8 4 12 
Atylotus fulvus 1 - 1 
Atylotus loewianus 26 5 31 
Atylotus rusticus 3 - 3 

white-framed black tray 
without (N = 0) orthogonal 
white stripes 

 = 247 

Haematopota italica 1 - 1 
Tabanus tergestinus 84 36 120 
Tabanus bromius 37 1 38 
Tabanus bovinus - 1 1 
Tabanus autumnalis - 5 5 
Atylotus loewianus 7 2 9 
Atylotus fulvus 6 - 6 

white-framed black tray 
with N = 2 orthogonal 
white stripes 

 = 185 

Chrysops sp. 5 1 6 
Tabanus tergestinus 13 3 16 
Tabanus bromius 8 1 9 
Tabanus bovinus 1 - 1 
Tabanus autumnalis 1 - 1 
Atylotus loewianus 1 1 2 

white-framed black tray 
with N = 6 orthogonal 
white stripes 

 = 33 
Atylotus fulvus 4 - 4 

total 368 97 465 
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Table 5.2: Numbers m and surface density n of tabanids trapped by the three different 

white-framed black trays filled with salad oil (Fig. 5.2) in experiment 1. n = m ⋅ 1 m2 / 

Ablack(N), where Ablack(N) is the sum of the black areas of a given tray: Ablack(N=0) = 

0.2116 m2, Ablack(N=2) = 0.1936 m2, Ablack(N=6) = 0.1600 m2. n is the number of 

tabanids trapped by 1 m2 black tray surface. There was a significant difference in the 

number of trapped tabanids between the three test surfaces. 

 
white-framed black tray 

date 
(2008) 

without (N = 0) 
orthogonal white 
stripes (Fig. 5.2A) 

with N = 2 
orthogonal white 
stripes (Fig. 5.2B) 

with N = 6 
orthogonal white 
stripes (Fig. 5.2C) 

26-27 August 38 42 5 
28-29 August 34 33 6 
30-31-August 32 25 4 

1-2 September 27 27 3 
3-4 September 31 18 4 
5-6 September 28 11 5 
7-8 September 22 15 3 

9-10 September 19 9 1 
11-12 September 16 5 2 

sum of m 247 (53.1%) 185 (39.8%) 33 (7.1%) 
n 1167.3 955.6 206.3 
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Table 5.3: Species, sex and number of tabanids captured by the five different traps in 

experiment 2. 

trap, total species female male sum 
Tabanus tergestinus 63 26 89 
Tabanus bovinus 3 - 3 
Tabanus bromius 2 - 2 
Atylotus loewianus 33 4 37 
Haematopota italica 5 8 13 

black, total = 145 

Tabanus sp. 1 - 1 
Tabanus tergestinus 67 24 91 
Tabanus bromius 6 1 7 
Tabanus autumnalis - 1 1 
Atylotus loewianus 20 3 23 
Haematopota italica 5 10 15 

2-striped, total =138 

Stomoxys calcitrans 1 - 1 
Tabanus tergestinus 32 9 41 
Tabanus miki 9 2 11 
Tabanus autumnalis 1 - 1 
Tabanus sp. - 1 1 
Atylotus loewianus 1 - 1 

6-striped, total =  66 

Haematopota italica 2 9 11 
12-striped, total = 24 Tabanus tergestinus 17 7 24 
white,         total =   3 Tabanus sp. 3 - 3 

total 271 105 376 
 

Table 5.4: Numbers of tabanids captured by the five (white, black-and-white striped, 

and black) traps filled with salad oil in experiment 2 (Fig. 5.3). There was a significant 

difference in the number of tabanids trapped between the five test surfaces. 

traps filled with salad oil 
black-and-white striped traps date 

(2009) 
weather  

white 
(Fig. 5.3E) 

12-striped 
(Fig. 5.3D) 

6-striped 
(Fig. 5.3C) 

2-striped 
(Fig. 5.3B) 

 
black 

(Fig. 5.3A) 
1-5 July sunny 0 2 5 8 9 

6-10 July rainy 0 0 0 0 0 
11-15 July sunny 1 2 8 15 17 
16-20 July cloudy 0 0 0 0 0 
21-25 July sunny 0 5 12 17 19 
26-31 July rainy 0 0 0 0 0 
1-5 August sunny 0 6 10 25 25 

6-10 August sunny 1 4 17 32 30 
11-15 August sunny 0 3 5 21 22 
16-20 August cloudy 0 0 0 0 0 
21-25 August sunny 0 2 5 14 15 
26-31 August rainy 0 0 0 0 0 
1-5 September sunny 1 0 4 6 8 

sum 3 24 66 138 145 
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Table 5.5: Numbers of tabanids trapped by the horizontal sticky black-and-white 

striped test surfaces in experiment 3 (Fig. 5.4). There was a significant difference in the 

number of trapped tabanids between the three test surfaces. 

 
sticky black-and-white striped 

8-striped 
(Fig. 5.4C) 

4-striped 
(Fig. 5.4B) 

2-striped 
(Fig. 5.4A) 

date 
(2009) 

black white black white black white 
17 August 0 0 4 2 10 5 
18 August 1 1 33 12 52 16 
24 August 4 3 78 14 70 11 
26 August 1 1 28 16 46 9 
28 August 5 0 29 7 29 5 

1 September 1 0 14 3 13 3 
4 September 1 0 26 8 30 5 
8 September 0 0 5 3 4 0 

13 September 1 0 8 0 11 2 
sum 14 5 225 65 265 56 
total 19 290 321 

 
Table 5.6: Numbers of tabanids trapped by the vertical sticky white, grey and black-

and-white striped test surfaces in experiment 5 (Fig. 5.6). W: white surface, G: grey 

surface, Z13: surface with 13×4 black stripes (Fig. 5.6G), Z5: surface with 5×4 black 

stripes (Fig. 5.6F), Z2: surface with 2×4 black stripes (Fig. 5.6E), Z1: surface with 1×4 

black stripes (Fig. 5.6D), Bs: black stripe, Ws: white stripe, f: front side of the surface, 

b: back side of the surface. 

date (2010) W G Z13 Z5 Z2 Z1 

16 – 21 July 32 6 
Bs=0 
Ws=0 

Bs=0 
Ws=0 

Bs=24 
Ws=3 

Bs=89 
Ws=80 

22 – 29 July 20 3 
Bs=0 
Ws=0 

Bs=0 
Ws=0 

Bs=9 
Ws=4 

Bs=23 
Ws=16 

30 July – 5 
August 

10 2 
Bs=0 
Ws=0 

Bs=2 
Ws=0 

Bs=30 
Ws=9 

Bs=58 
Ws=25 

6 – 17 August 
f=23 
b=7 
f+b=30 

f=7 
b=7 
f+b=14 

fBs=3 
fWs=2 
bBs=1 
bWs=0 

fBs=0 
fWs=3 
bBs=2 
bWs=1 

fBs=4 
fWs=1 
bBs=6 
bWs=3 

fBs=49 
fWs=40 
bBs=43 
bWs=8 

18 – 26 August 
f=2 
b=1 
f+b=3 

f=3 
b=1 
f+b=4 

fBs=4 
fWs=3 
bBs=1 
bWs=0 

fBs=2 
fWs=2 
bBs=1 
bWs=0 

fBs=5 
fWs=6 
bBs=1 
bWs=2 

fBs=21 
fWs=12 
bBs=2 
bWs=1 

sum 95 29 
Bs=9 
Ws=5 
Bs+Ws=14 

Bs=7 
Ws=6 
Bs+Ws=13 

Bs=79 
Ws=28 
Bs+Ws=107 

Bs=285 
Ws=182 
Bs+Ws=467 
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Table 5.7: Statistical comparisons between the numbers of tabanids trapped by the 

different test surfaces used in experiment 5 (see Table 5.6). 

 

comparison between test surfaces χχχχ
2 test 

Z13 versus G df=1, χ2=5.38, p<0.02,            significant 
G versus W df=1, χ2=35.13, p<0.0001,      significant 

Z13 versus Z2 df=1, χ2=72.08, p<0.00001,    significant 
Z2 versus Z1 df=1, χ2=225.78, p<0.00001,  significant 

 

 

Table 5.8: Statistical comparisons between the numbers of tabanids trapped by the 

black (Bs) and white (Ws) regions of the different test surfaces used in experiment 5 

(see Table 5.6). 

 

test surface χχχχ
2 test 

Z13 df=1, χ2=1.14, p<0.285,   not significant 
Z5 df=1, χ2=1.67, p<0.7,       not significant 
Z2 df=1, χ2=24.55, p<0.00001,   significant 
Z1 df=1, χ2=22.77, p<0.00001,   significant 
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Table 5.9: Number of tabanids captured in experiment 6 by the horizontal and vertical 

test surfaces. H: horizontal test surface. V: vertical test surface. Z9+: test surface with 9 

linearly polarizing stripes of alternating orthogonal transmission directions. Z17+: test 

surface with 17 linearly polarizing stripes of alternating orthogonal transmission 

directions. Z17_: test surface with 17 linearly polarizing stripes of parallel transmission 

directions. The statistical analyses of these data can be found in Table 5.10. 

 

horizontal vertical date 
(2011) H-Z9+ H-Z17+ H-Z17_ V-Z9+ V-Z17+ V-Z17_ 
27 June 16 6 20 6 5 8 
30 June 7 3 15 1 1 3 
4 July 6 4 10 4 2 6 
8 July 6 1 21 3 1 9 

10 July 10 3 15 3 2 7 
12 July 9 4 17 6 4 11 
14 July 0 0 3 0 0 1 
16 July 8 5 22 5 3 10 
18 July 10 6 25 7 4 12 
20 July 14 8 23 5 3 8 
28 July 34 24 45 1 0 3 

5 August 18 14 25 4 4 8 
7 August 16 9 22 5 3 8 
9 August 13 8 19 2 1 5 

11 August 3 1 7 1 0 3 
13 August 8 6 14 3 1 4 
15 August 20 10 33 10 6 13 
17 August 26 16 41 7 4 10 
22 August 28 14 45 6 4 9 
24 August 29 16 48 9 5 15 
26 August 30 17 56 12 8 18 
28 August 21 15 32 3 0 7 
30 August 17 11 23 8 3 14 

1 September 12 7 19 1 0 3 

sum 
361 

(30.9 %) 
208 

(17.8 %) 
600 

(51.3 %) 
112 

(30.2 %) 
64 

(17.3 %) 
195 

(52.5 %) 
 

Table 5.10: Statistical comparisons between the numbers of tabanids trapped by the 

different test surfaces used in experiment 6 (see Table 5.9). 

comparison between test surfaces χχχχ
2 test 

H-Z17_ versus H-Z9+ df=1, χ2=59.439, p<0.0001,     significant 
H-Z9+   versus H-Z17+ df=1, χ2=190.178, p<0.0001,   significant 
V-Z17_ versus V-Z9+ df=1, χ2=22.440, p<0.0001,     significant 
V-Z9+   versus V-Z17+ df=1, χ2=13.091, p<0.0003,     significant 
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Figures with Legends 

 

 

 

Figure 5.1: Photographs of the three extant zebra species: plains zebra, Equus burchelli 

(http://www.shoarns.com/ZebraGallery.html), Grevy’s zebra, E. grevyi 

(http://www.easypedia.gr/el/images/shared/4/48/Equus_grevyi_(aka).jpg), and 

mountain zebra, E. zebra (http://www.shoarns.com/ZebraGallery.html). The horizontal 

black and white bars represent the ranges of the width w (average ± standard deviation 

in cm) of the black and white stripes, respectively, measured on different body parts 

(head, neck, abdomen-side, back-side, back, front leg, hind leg) of E. burchelli, E. 

grevyi and E. zebra (Fig. 5.10). Vertical grey column: range of w (0.23 cm < w < 7.47 

cm) measured on zebra coats (minimum of average – standard deviation  w  

maximum of average + standard deviation). 
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Figure 5.2: Rows 1-3: Colour pictures, and patterns of the degree of linear polarization 

p and angle of polarization α (clockwise from the vertical) of shady white-framed black 

trays filled with salad oil without (A), and with 2 (B), and 6 (C) orthogonal white stripes 

used in experiment 1 measured by imaging polarimetry in the blue (450 nm) part of the 

spectrum. Row 4: Areas detected as water by polarotactic insects (for which the degree 

p and angle α of polarization of reflected light are in the following intervals: 10% < p < 

100%, 80o < α < 100o). The optical axis of the polarimeter viewed toward the antisolar 

meridian with an elevation angle of −35o from the horizontal. When the test surfaces 

were sunlit, their polarization patterns were quite similar. 
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Figure 5.3: As Fig. 5.2 for the black (A), white (E), and black-and-white striped (B–D) 

trays filled with salad oil used in experiment 2. 

 

 

Figure 5.4: As Fig. 5.2 for the black-and-white striped sticky horizontal test surfaces 

used in experiment 3. 
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Figure 5.5: Rows 1-3: Colour pictures, and patterns of the degree of linear polarization 

d and angle of polarization α (clockwise from the vertical) of the zebra-striped sticky 

horse model used in experiment 4 and a real-size zebra model covered by an Equus 

burchelli coat measured by imaging polarimetry in the blue (450 nm) part of the 

spectrum from the side (A, C, F) and from behind (B, D, E, G). The optical axis of the 

polarimeter was −20o from the horizontal for A-B, and 0o for C-G. The zebra models 

were sunlit (A-E) or shady (F, G). The polarimeter faced the sun (C, E) or the sun was 

to the left (A, D) or behind the polarimeter (B). 
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Figure 5.6: (A) Arrangement of the six vertical sticky test surfaces used in experiment 

5. (B-G) Photographs of the white (B), the grey (C), and the black-and-white striped (D-

G) test surfaces. 
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Figure 5.7: (A) Arrangement of the 3 vertical and 3 horizontal sticky test surfaces used 

in experiment 6. (B-D) Column 1: Photographs of the test surfaces taken without a 

polarizer, i.e. as seen with the naked eye. Column 2: Photographs of the test surfaces 

taken through a linear polarizer with a horizontal transmission direction. Column 3: 

Photographs of the test surfaces taken through a linear polarizer with a vertical 

transmission direction. The double-headed arrows show the transmission direction of 

the linear polarizer in front of the camera. The short bars represent the transmission 

direction of the stripes of the linear polarizers of the test surfaces. h: horizontal test 

surface. v: vertical test surface. Z9+: test surface with 9 linearly polarizing stripes of 

alternating orthogonal transmission directions. Z17+: test surface with 17 linearly 

polarizing stripes of alternating orthogonal transmission directions. Z17_: test surface 

with 17 linearly polarizing stripes of parallel transmission directions. 
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Figure 5.8: As Fig. 5.2 for the linearly polarizing test surfaces used in experiment 6. In 

the α-patterns the short bars represent the transmission direction of the stripes of the 

linear polarizers. 
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Figure 5.9: Total number N of tabanids trapped by the sticky striped test surfaces in 

experiments 1-6 as a function of the width w (cm) of the black and white stripes 

(experiments 1-5) and the linearly polarizing stripes (experiment 6). The continuous 

exponential curves pass through the corresponding three data points of experiments 1-3 

and 6, while the straight line is fitted to the four data points of experiment 5 by means of 

the method of least squares. The four horizontal dashed lines show the numbers of 

tabanids captured by the sticky black, brown, white and zebra-striped horse models used 

in experiment 4. The vertical grey bar represents the range of w (0.23 cm < w < 7.47 

cm) measured on zebra coats (minimum of average – standard deviation  w  

maximum of average + standard deviation). 
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Figure 5.10: Regions [1: head, 2: neck, 3: abdomen-side, 4a: back-side, 4b: back (if 

any), 5: front leg, 6: hind leg] of the body surface of zebra coats (A, Equus grevyi) and 

zebra models (B, E. burchelli), where the width of the black and white stripes were 

measured.
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Summary 

 

In my Ph.D. thesis the experimental study of the positive polarotaxis in tabanids plays 

the central role. My results facilitate the better understanding of the polarization-based 

behaviour of these blood-sucking insects, which led to practical applications, and gave 

the answers for long-debated scientific questions. 

 In Chapter 1 I showed that female tabanids possess a new kind of polarotaxis 

that was unknown before. This polarotaxis, used for host choice, is governed by the 

degree of polarization of light reflected from the coat of host animals.  

 In Chapter 2 I introduced the prototype of a new sticky tabanid trap. It attracts 

water-seeking male and female tabanids as well as host-seeking female tabanids, 

contrary to the classical traps capturing only host-seeking female tabanids. In field 

experiments the optimal colour, size and height over ground level of this two-

component trap were determined. 

 In Chapter 3 I studied the efficiency of a new, weather-proof, liquid-filled 

tabanid trap, which can be used alone, or in combination with the traditional canopy 

trap being most effective against host-seeking female tabanids. I showed that the new 

liquid-trap is highly efficient, because it perfectly imitates the reflection-polarization 

characteristics of water surfaces, and thus attracts both water-seeking male and female 

polarotactic tabanids. 

 In Chapter 4 I presented a new method for reducing the polarized light pollution 

induced by artificial surfaces, especially solar panels. I showed that a dense enough 

white grid pattern drastically reduces the attractiveness of highly and horizontally 

polarizing surfaces to polarotactic aquatic insects. 

 The reason for the mysterious striped pattern of zebras has been debated for 

more than 100 years. In Chapter 5 I proposed a new explanation of the evolutionary 

benefit of zebra stripes. Based on my experiments I found that zebra-striped patterns are 

unattractive to tabanid flies. I showed that the attractiveness to tabanids decreases with 

decreasing stripe width, and I demonstrated that the stripe widths of real zebra coats fall 

in a range, where the striped pattern is most disruptive to tabanids. Furthermore, I 

showed that the attractiveness of striped patterns to tabanids is also reduced, if stripes 

occur only in the pattern of the direction of polarization of homogeneous grey surfaces. 
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Összefoglalás 

 

Doktori értekezésemben központi szerepet kap a bögölyök polarotaxisának kísérleti 

vizsgálata, aminek eredményei segítenek jobban megismerni e vérszívó rovarok 

fénypolarizáció által vezérelt viselkedését, s ez gyakorlati alkalmazások megszületését, 

valamint évtizedeken át vitatott szakmai kérdések megválaszolását tette lehet vé. 

 Az 1. fejezetben terepkísérletekkel igazoltam, hogy a n stény bögölyök egy 

eddig ismeretlen polarotaxis-típussal rendelkeznek, ami a gazdaállat-keresésüket 

vezérli. Ilyenkor a gazdaállatról visszever d  fény polarizációiránya érdektelen, s a 

n stény bögöly a nagyobb polarizációfokú fényhez vonzódik. 

 A 2. fejezetben bemutattam egy új, ragadós bögölycsapda prototípusát, melynek 

nagy el nye, hogy az eddigi csapdákkal ellentétben egyszerre vonzó a vízkeres  hím és 

n stény, illetve a peterakó n stény bögölyök számára. A két részb l álló csapda 

végleges formája különböz  terepkísérletek eredményei alapján született, melyek során 

az optimális színt, méretet és talajszintt l mért távolságot határoztam meg. 

 A 3. fejezetben egy id járásálló, folyadékkal töltött bögölycsapda kipróbálásáról 

és hatékonyságáról adtam számot. E csapda kombinálható a n stény bögölyök ellen jól 

használható hagyományos sátras csapdával, de akár egymagában is alkalmazható. 

Eredményességét annak köszönheti, hogy tökéletesen utánozza a vízfelszínek 

tükröz dési-polarizációs sajátságait, így vonzó a polarotaktikus hím és n stény 

bögölyök számára is. 

 A 4. fejezetben a poláros fényszennyezés csökkentésének egy lehetséges új 

módjáról számoltam be. Megmutattam, hogy a vízirovarok számára jelent sen csökken 

egy er sen és vízszintesen fénypolarizáló felület vonzóképessége, ha azt megfelel en 

s r  fehér rácsmintázattal látjuk el. 

 A zebrák csíkos mintázatának jelent ségét számos elmélettel próbálták már 

megmagyarázni. Az 5. fejezetben ismertetett eredményeim alapján kiderült, hogy a 

zebracsíkos mintázat nem vonzza a bögölyöket. Annál kevésbé vonzó egy csíkos felület 

a bögölyök számára, minél keskenyebbek a csíkok. Valódi zebrab rökön végzett 

mérésekb l megállapítottam, hogy a zebrák csíkjainak átlagos vastagsága éppen abba a 

tartományba esik, ahol a bögölyvonzás elhanyagolható, továbbá e tendencia akkor is 

fennáll, ha homogén szürke felületek csíkozottsága csak a polarizációirány 

mintázatában fordul el . 


