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Several hypotheses tried to explain the advantages of zebra stripes. According to the most recent expla-
nation, since the borderlines of sunlit white and black stripes can hamper thermal vessel detection by
blood-seeking female horseflies, striped host animals are unattractive to these parasites which prefer
hosts with a homogeneous coat, on which the temperature gradients above blood vessels can be detected
more easily. This hypothesis has been tested in a field experiment with horseflies walking on a grey barrel
with thin black stripes which were slightly warmer than their grey surroundings in sunshine, while in
shade both areas had practically the same temperature. To eliminate the multiple (optical and thermal)
cues of this test target, we repeated this experiment with improved test surfaces: we attracted horseflies
by water- or host-imitating homogeneous black test surfaces, beneath which a heatable wire ran. When
heated, this invisible and mechanically impalpable wire imitated thermally the slightly warmer subsur-
face blood vessels, otherwise it was thermally imperceptible. We measured the times spent by landed
and walking horseflies on the test surface parts with and without underlying heated or unheated wire.
We found that walking female and male horseflies had no preference for any (wired or wireless) area
of the water-imitating horizontal plane test surface on the ground, independent of the temperature
(heated or unheated) of the underlying wire. These horseflies looked for water, rather than a host. On
the other hand, in the case of host-imitating test surfaces, female horseflies preferred the thin surface
regions above the wire only if it was heated and thus warmer than its surroundings. This behaviour
can be explained exclusively with the higher temperature of the wire given the lack of other sensorial
cues. Our results prove the thermal vessel recognition of female horseflies and support the idea that sun-
lit zebra stripes impede the thermal detection of a host‘s vessels by blood-seeking horseflies, the conse-
quence of which is the visual (non-thermal) unattractiveness of zebras to horseflies.
� 2022 The Author(s). Published by Elsevier Ltd on behalf of Australian Society for Parasitology. This is an
open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Several explanations have been published about the possible
functions of zebra stripes. Since they are thoroughly reviewed, dis-
cussed and criticized in the book of Caro (2016), we only list them
here with the relevant references: (i) apparent size increase (Cott,
1966; Cloudsley-Thompson, 1984; Vaughan, 1986; Caro, 2016), (ii)
decreased visibility in twilight (Galton, 1851; Kipling, 1908; Cott,
1966; Cloudsley-Thompson, 1984; McLeod, 1987; Morris, 1990),
(iii) dazzling the eyes of predators with moving stripes (Cott,
1957; Kruuk, 1972; Eltringham, 1979; Morris, 1990; How and
Zanker, 2014), (iv) optical camouflage from predators (Wallace,
1867; Darwin, 1871; Wallace, 1879; Poulton, 1890; Thayer,
1909; Marler and Hamilton, 1968; Caro, 2009; Melin et al.,
2016), (v) intraspecific communication by individual stripe pat-
terns (Cloudsley-Thompson, 1984; Kingdon, 1984; Becker and
Ginsberg, 1990; Morris, 1990; Prothero and Schoch, 2003), (vi)
warning colouration (Poulton, 1890; Caro, 2016), (vii) visual
defence against blood-sucking tsetse flies and tabanids carrying
pathogens of serious diseases (Harris, 1930; Vale, 1974; Waage,
1981; Jordan, 1986; Foil, 1989; Estes, 1992; Gibson, 1992; Egri
et al., 2012a; Blahó et al., 2013; Caro et al., 2019; Horváth et al.,
2019a; How et al., 2020), (viii) visual signalling of fitness
(Ruxton, 2002), (ix) cooling by convective air eddies above sunlit
stripes (Cloudsley-Thompson, 1984; Kingdon, 1984; Morris,
1990; Louw, 1993; Cobb and Cobb, 2019). The experimentally best
proven advantage of heterogeneous (e.g. striped or spotted) coat
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patterns is the visual unattractiveness to biting tsetse flies and
horseflies (Vale, 1974; Waage, 1981; Gibson, 1992; Blahó et al.,
2012, 2013; Egri et al., 2012a; Caro et al., 2014, 2019; Horváth
et al., 2014, 2018; Caro and Stankowich, 2015; Caro, 2016; Melin
et al., 2016; Kojima et al., 2019; How et al., 2020; Pereszlényi
et al., 2021).

Recently, a new explanation was proposed for the unattractive-
ness of striped host animals to blood-seeking female tabanids
(Takács et al., 2022): a female horsefly alighted on a host has to
find a blood vessel (Fig. 1). Vessel detection may be performed with
thermoreception on the basis of vessel-induced gradients of the
surface temperature T. In sunshine, these T gradients of the skin
above the slightly warmer blood vessels are difficult to distinguish
from the T gradients induced by the hairs at the borderlines of war-
mer black and cooler white stripes. Therefore, the borderlines of
sunlit white and black stripes can hamper successful thermal ves-
sel detection. This may also be an important reason why female
horseflies avoid striped (or spotted) host animals and prefer hosts
with homogeneous coats, on which the T gradients above blood
vessels can be detected more easily.

Takács et al. (2022) tested this hypothesis in a field experiment
with tabanids walking on a host-imitating grey test target (barrel)
with vessel-mimicking vertical and horizontal thin black stripes
which were slightly warmer than their grey surroundings in sun-
shine, while under shady conditions both black and grey areas
had practically the same T. They found that horseflies spent more
time walking on thin black stripes than surrounding grey areas
Fig. 1. A tabanid-attacked horse. (A) A dark brown horse attacked by numerous
female horseflies (Tabanus bovinus) in a field near the Hungarian village of Szokolya.
(B, C) The flies have bitten blood vessels, from which the blood has dripped
intensely. Photographs were taken by Gábor Horváth in July 2019, and are being
published, with the permission of the horse’s owner, Csaba Viski, Szokolya,
Hungary.
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as expected by chance, but only if the test target was sunlit. This
was because the black stripes were warmer than the surrounding
grey areas in the sun, but not in the shade. All these are consistent
with the horseflies’ experimentally proven attraction to warmer
targets (Horváth et al., 2010, 2019b; Blahó et al., 2012, 2013;
Krcmar et al., 2014; Otártics et al., 2019), because they can escape
fromwarmer substrates more easily to avoid the parasite-repellent
reactions of the attacked host (Horváth et al., 2020a). The often
false blood vessel localizations at the numerous black-white bor-
derlines of the zebra coat, the subsequent painful bites with unsuc-
cessful blood-sucking attempts and the parasite-repellent
reactions of the host significantly increase the chance that horse-
flies cannot escape from the host’s responses and are swatted by
them. To reduce this risk, an appropriate behaviour is the avoid-
ance of hosts with striped (or any heterogeneous) coat pattern.

The sunlit black-striped grey barrel used as a test target in the
field experiment of Takács et al. (2022) offered both optical and
thermal cues for host-seeking female tabanids: the black stripes
were visually distinguishable from their grey surroundings,
because the former reflected light with less intensity I and a larger
degree of polarisation d than the latter; furthermore the stripes
had higher temperatures T than the grey areas. Thus, without an
appropriate control experiment, the finding that tabanids preferred
the sunlit black stripes over sunlit grey areas could be explained as
follows: tabanids preferred the black stripes due to their (i) smaller
I, and/or (ii) larger d, and/or (iii) higher T compared to the brighter,
less polarised and cooler grey areas. In a control experiment with
the same black-striped grey barrel in the shade (when the stripes
and their grey surroundings had practically the same T) the tabanid
preference for the shady stripes disappeared. From this Takács
et al. (2022) concluded that since the used test target demon-
strated only thermal effects, their results can be explained by this
thermal difference.

In spite of this control experiment of Takács et al. (2022), a more
convincing method would have been to present only thermal cues,
when the blood vessel imitating surface regions can be discerned
only on the basis of their higher T, while their optical cues (I and
d) are the same as those of their surroundings. To eliminate the
multiple cues of the black-striped grey barrel used by Takács
et al. (2022), we repeated their experiment with improved test tar-
gets: we attracted male and female horseflies by water- or host-
imitating homogeneous black test surfaces, beneath which ran an
electrically heatable wire. The invisible and mechanically impalpa-
ble wire thermally imitated the slightly warmer subsurface blood
vessels when heated, otherwise it was thermally imperceptible.
We measured the times spent by landed and walking tabanids
on the test surface parts with and without underlying wires when
the latter were heated and unheated. We wanted to ascertain
whether horseflies prefer the thin surface regions above the wire
only if it is heated and thus warmer than the surroundings. If the
wired surface parts were preferred to the unwired ones only in
the case of heated wire, this preference could be explained exclu-
sively with its higher temperature given the lack of other sensorial
(optical/visual or tactile) cues. This would unambiguously prove
the thermal vessel recognition of (female) tabanids and support
the idea that sunlit zebra stripes (or dark-bright spots) impede
the thermal detection of a host’s vessels by blood-seeking
horseflies.
2. Materials and methods

2.1. Ethics declarations

In our field experiments we studied the behaviour of horseflies
(Tabanidae) landing on our test surfaces. Since these parasites are
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non-protected insects in Hungary, no approval from an ethical
committee was necessary. The owner (Csaba Viski, Szokolya, Hun-
gary) of a horsefly-attacked horse permitted us to take the pho-
tographs presented in Fig. 1. We confirm the followings: (i) for
our studies no institutional permission, licence or approval were
necessary. (ii) No animals (horseflies, horses) were killed specifi-
cally for the purpose of these studies.
2.2. Field experiments

Our field experiments were performed from 3 July to 10 August
2022 on a Hungarian horse farm in Szokolya (47� 520 N, 19� 000 E),
where horseflies (Tabanidae) were abundant. On the days of exper-
iments (Supplementary Tables S1-S3) the weather was warm and
sunny (25–40 �C) with sporadic cumulus clouds on some after-
noons. In these experiments we investigated the behaviour of taba-
nid flies which had landed on a sunlit shiny (smooth) black
horizontal or tilted (60� from the horizontal) plane test surface,
and on a sunlit shiny (smooth) black vertical cylindrical target
(Fig. 2A,D,G and 3A,D). An electrically heatable wire ran below
the smooth black test surfaces. The tilted and vertical test targets
imitated dark host animals (mainly ungulates) of female tabanids,
and the heated wire mimicked the slightly higher temperature of
the skin over blood vessels of hosts. On the other hand, the hori-
zontal test surface imitated a water surface for water-seeking
polarotactic male and female tabanids. The aim of these experi-
ments was to reveal whether horseflies landing and crawling on
the test surfaces (i) can or cannot detect the subsurface heated
wire on the basis of the temperature gradients above the warmer
wires imitating blood vessels being warmer than the surrounding
tissues of a host animal, and (ii) do or do not prefer the thin surface
Fig. 2. Polarisation characteristics of our plane test surfaces. Reflection polarisation patt
with imaging polarimetry in the green (550 ± 40 nm) spectral range when the optical ax
from the vertical (A-C), and horizontal (D-I). In the patterns of the angle of polarisatio
direction of polarisation (C, F, I). In A-C and D-F, the observer/polarimeter faced toward th
the picture.
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areas above the heated wire. Note that tabanids can sense the sur-
face temperature only when they contact a target after landing.

The experimenter was sitting on a chair during the experiment
at a distance of 2 m from the test surface and continuously
observed the sunlit test target. They wore white clothes and a
white hat to minimize their visual attractiveness to tabanids
(Horváth et al., 2010).

The horseflies alighting and walking on the test surface were
observed by the same person from a distance of 2 m. An alighted
horsefly showed two distinct behavioural elements prior to flying
away: (i) staying in a place for a while, or (ii) walking around with
some stops. During walking it frequently swept the substrate with
its two forelegs to test the surface characteristics.

Our goal was to measure the times horseflies spent walking on
the wireless and wired areas of the test surface. The observer con-
centrated only on walking tabanids monitoring the substrate.
Using two stop-watches, the observer measured the times spent
by walking tabanids above areas with underlying wires (with the
first stop-watch held in the right hand) and above regions without
underlying wires (with the second stop-watch held in the left
hand) of the test surface. When a horsefly alighted on the wired/
wireless area and started to walk, the right/left stop-watch was
started and was stopped when it flew away, or walked onto a wire-
less/wired area. This procedure was repeated throughout the
experimental days from morning (9:00 h = local summer
time = Universal Time Coordinated + 2 h = UTC + 2 h) to afternoon
(17:00 h = UTC + 2 h). If after landing a horsefly stayed in place
prior to flying away, its staying period was not registered with
the stop-watch, since this reaction was irrelevant with respect to
seeking something (e.g. vessel).

Since we used dry (i.e. non-sticky) targets, the same horsefly
might have alighted several times on the test surface. This pseu-
erns of the plane test surface used in field experiment 1 (A-C) and 2 (D-I) measured
is of the polarimeter was 56� [�hBrewster = arc tan (n = 1.5) = 56.3� = Brewster angle]
n a (measured clockwise from the vertical) double-headed arrows show the local
e solar meridian, while in case of G-I the sunlight came from the upper left corner of



Fig. 3. Polarisation characteristics of our cylindrical test surface. Reflection polarisation patterns of the vertical cylindrical test target used in field experiment 3 measured
with imaging polarimetry in the green (550 ± 40 nm) spectral range when the optical axis of the polarimeter was horizontal. In the patterns of the angle of polarisation a
(measured clockwise from the vertical) double-headed arrows show the local direction of polarisation (C, F). In A-C, the sunlight came from behind the observer/polarimeter,
while in case of D-F it came from the upper right corner of the picture.
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doreplication could have been avoided only with sticky test tar-
gets, on which a landed horsefly could not have walked and flown
away, thus the time the fly spent on the target could not have been
measured.

The identification of the species of horseflies alighted on the
test surfaces was impossible. However, it was obvious that they
were tabanids (Diptera: Tabanidae). In previous field experiments
(Herczeg et al., 2014, 2015) the following tabanid species were
found to occur at the same study site: Tabanus tergestinus, Tabanus-
bromius, Tabanus bovinus, Tabanus autumnalis, Atylotus fulvus, Aty-
lotus loewianus, Atylotus rusticus, Haematopota italica. In female
tabanids the eyes are separated by a frontal stripe, while in males
the eyes are normally touching (Chvala et al., 1972). These charac-
teristics of the tabanid eyes could be differentiated in our experi-
ments, in which only female tabanids landed on the 60�-tilted
plane and the vertical cylindrical test surfaces, while the horizontal
plane test surface on the ground attracted both female and male
tabanids that sought water (Horváth et al., 2014).

Our host-imitating artificial test targets differed from the real
host animals (mainly ungulates) of tabanids. In spite of this, we
did not measure the spectral reflectance of our test surfaces and
did not compare it to that of real hosts, because such a comparison
was unnecessary. The only relevant goal of our field experiments
was to imitate the temperature gradients of the host’s skin above
blood vessels by the heated wire below the black test surfaces.
According to the thermograms presented in Fig. 4 of this work
(see also Figs. 3 and 5 of Horváth et al., 2018, and Fig. 4 of
Takács et al., 2022), this imitation was appropriate.
4

2.2.1. Experiments with plane test surfaces
The first type of test surface was composed of a smooth (shiny)

black plastic sheet (50 cm � 50 cm � 0.5 mm) fixed on a light yel-
low wooden frame (50 cm � 50 cm � 10 cm) that was tiltable from
0� (horizontal) to 90� (vertical) relative to the horizontal. Below the
black plastic sheet a resistance wire (diameter = 1 mm) meandered
in eight parallel straight channels (width = 5 mm, length = 40 cm)
between paperboard bands (thickness = 5 mm, width = 5.4 cm,
length = 50 cm). The distance between the neighbouring wire
channels was 5.5 cm. The black test surface was a smooth plane,
and the underlying meandering wire was neither mechanically,
nor visually, nor olfactorially sensable by the alighted tabanids.
The plastic sheet had a very shallow (<0.01 mm) indentation above
the wire channel, which enabled to observe whether a landed taba-
nid is or is not above the wire. The wire was electrically heatable, it
was supplied by a 12 Volt rechargeable lead acid battery (UPS
Power MC38-12, 12 V, 38 Ah/10 H). The temperature of the wire
was controlled by the Joule heat formed in it due to the conducted
electric current, the amperage of which was changeable by a man-
ual potentiometer. The switch-on state of the electric current, that
is the heating of the wire, was indicated by the lighting of a LED.

In experiment 1, with a horizontal plane test surface (from 9:00
to 17:00 h = local summer time = UTC + 2 h on 3, 8, 14, 21, 28 July
and 2, 8 August 2022) the continuously sunlit surface was laid on
the ground (Fig. 2A). In this case, it optically modelled a horizon-
tally polarising water surface for water-seeking polarotactic male
and female horseflies (Horváth et al., 2014). On a given experimen-
tal day, the electric supply of the wire below the test surface was



Fig. 4. Photos and thermograms of our plane and cylindrical test surfaces. Photograph and thermogram of the plane test surface with heated (A-C) and unheated (D-F) wire
used in field experiments 1 and 2, and the vertical cylindrical test target with heated (G-I) and unheated (J-L) wire used in field experiment 3. The surface temperature T (oC)
along the arrows in the thermograms is shown in C, F, I, L.

Fig. 5. Results of experiment 1. (A) Mean ± S.D. (%) of the relative times swireless = twireless/(twireless + twired) and swired = twired/(twireless + twired) spent by tabanids walking on the
wireless (twireless) and wired (twired) areas of the horizontal plane test surface with underlying heated and unheated wire in field experiment 1. Relative area Awireless = 94% of
the test surface was wireless, and relative area Awired = 6% was underlied by wire. (B) Mean ± S.D. of the relative-area-normalized relative times Q = swireless/Awireless and swired/
Awired for heated and unheated wire in field experiment 1 (numerical data is provided in Supplementary Table S1, statistics in Table 1 and Supplementary Table S4).
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switched on and off hourly. Thus, the wire was periodically
(hourly) heated or unheated.

In experiment 2, with a 60�-tilted plane test surface (from 9:00
to 17:00 h = local summer time = UTC + 2 h on 4, 10, 17, 23, 30 July
and 3, 9 August 2022) the wooden frame of the continuously sunlit
5

tilted (60� from the horizontal) test surface was placed on a white
tetrapodal plastic stool (height = 46 cm) (Fig. 2D,G). In this case it
optically modelled a dark host animal for host-seeking female
horseflies (Horváth et al., 2014). The azimuth direction (i.e. the
horizontal component of the normal vector) of the tilted test sur-
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face was turned hourly in such a way that its surface was illumi-
nated by direct sunlight. On a given experimental day, the wire
was heated or not heated hourly as in experiment 1.

In experiments 1 and 2, the surface area of the quadratic plane
test surface with side length a = 50 cm is Atest = a2, and below it ran
eight straight channels with width w = 0.5 cm, each filled by a wire
with length b = 40 cm. The surface area of the eight straight wired
channels is Awired = 8bw. The proportion of the area of the eight
wired channels relative to the whole area of the quadratic test sur-
face is Qwired = Awired/Atest = 8bw/a2 = 0.064 � 6%. The proportion of
the area of the surface parts without underlying wire relative to
the whole test surface is Qwireless = (Atest � Awired)/Atest = (a2-
� 8bw)/a2 = 1 � Qwired = 0.936 � 94%. Hence, 94% of the plane test
surface was wireless, and 6% was underlaid by wire (imitating
warm blood vessels when heated).

2.2.2. Experiment with a vertical cylindrical test surface
The second type of test surface was composed of an outer

smooth (shiny) black plastic sheet (100 cm � 70 cm � 0.5 mm)
underlaid by another plastic sheet (100 cm � 70 cm � 1 mm), both
fixed on a vertical plastic barrel (height h = 80 cm, radius
r = 22 cm). Between the two plastic sheets a resistance wire
(diameter = 1 mm, length = 520 cm) ran in a spiral form within a
circular area with a diameter of 60 cm in such a way that within
this circle there were five coaxial semicircles including the circular
perimeter. The radial distance between two neighbouring semicir-
cles was 60/9 = 6.7 cm. The wire spiralling beneath the cylindrical
outer black plastic sheet was neither mechanically, nor visually,
nor olfactorially sensable by the landed tabanids. The outer black
plastic sheet had a very slight (height < 0.01 mm, width = 5 mm)
bulge above the wire, which enabled observation of whether an
alighted horsefly was or was not above the wire. The wire was
heatable as in the experiments 1 and 2.

In experiment 3 (from 9:00 to 17:00 h = local summer time =
UTC + 2 h on 6, 11, 18, 26, 31 July and 5, 10 August 2022), the con-
tinuously sunlit vertical cylindrical black target was placed on a
white tetrapodal plastic stool (height = 46 cm) (Fig. 3A,D). In this
case, the test surface optically modelled a dark host animal for
host-seeking female horseflies (Horváth et al., 2014). This test tar-
get was turned hourly in such a way that its surface was illumi-
nated by direct sunlight. On a given experimental day, the
spiralling wire was heated or unheated hourly as in experiments
1 and 2.

The surface area of the vertical cylindrical test surface with
height h = 70 cm and width v = 100 cm is Atest = hv, and below it
ran a spiralling wire with a length of L = 520 cm. Although the wire
diameter was only 1 mm, the width of the slight bulge above the
wire was d = 5 mm. Thus, the effective surface area of the test sur-
face underlied by the wire is Awired = Ld. The proportion of the
wired area relative to the whole area of the cylindrical surface is
Qwired = Awired/Atest = Ld/hv = 0.037 � 4%. The proportion of the area
of the surface part without underlying wire relative to the whole
surface is Qwireless = (Atest � Awired)/Atest = (hv � Ld)/hv = 1 � Qwired =
0.963 � 96%. Hence, 96% of the vertical cylindrical test surface was
wireless, and 4% was underlied by wire (imitating a warm blood
vessel when heated).

2.3. Imaging polarimetry

Tabanids are polarisation-sensitive insects (Horváth et al.,
2008; Meglic et al., 2019): (i) during host finding, blood-seeking
females are attracted to linearly polarised light, independent of
the direction of polarisation (Horváth et al., 2014), while (ii) males
and females seek water by means of the horizontal polarisation of
water-reflected light (Horváth et al., 2008). Thus, we measured the
reflection polarisation characteristics of the test surfaces (Figs. 2
6

and 3) used in our field experiments with imaging polarimetry in
the red (650 ± 40 nm), green (550 ± 40 nm) and blue
(450 ± 40 nm) parts of the spectrum (Horváth and Varjú 1997,
2004).

2.4. Thermography

The temperature distributions (thermograms) of the sunlit hor-
izontal and 60�-tilted plane test surfaces (Fig. 2) and the sunlit ver-
tical cylindrical test target (Fig. 3) with heated and unheated wire
used in the field experiments were measured with a thermocamera
(FLIR E8-XT, nominal precision = ±2 �C for ambient temperature
10–35 �C) under a clear sky in sunshine. These thermograms serve
as a demonstration of the typical temperature patterns of our test
surfaces under sunny conditions when host-seeking female taban-
ids are active. The surface temperature T along a straight line on
the test surfaces was determined with our custom-developed
software.

2.5. Statistics

In our field experiments, we compared ratios of the total time
horseflies spent above the heated or unheated wire with the sur-
face ratio of the test surface without underlying wire. After calcu-
lating the mean and standard deviation of the measured time
ratios, we divided these time ratios with the corresponding area
of the surface with or without underlying wire to obtain relative
time values, independent of the wired or wireless parts of the test
surface. Using a single-factor ANOVA test for the sunlit test sur-
faces with heated and unheated wires, we compared the relative
times for the wired and wireless areas. We chose a significance
level of P = 0.05. For statistical analyses, we used the statistical
function package of Microsoft Excel 2022.
3. Results

3.1. Reflection polarisation characteristics of test surfaces

When the plane test surface was horizontal in experiment 1
(Fig. 2A), it reflected horizontally polarised light (Fig. 2C) with
maximal degrees of linear polarisation 87% � d � 95% (Fig. 2B) at
and near the Brewster angle hBrewster = arc tan (n = 1.5) = 56.3� from
the vertical, where n = 1.5 is the refractive index of the plastic sheet
covering the plane test target. In experiment 2, the 60�-tilted plane
test surface, seen from frontwise (Fig. 2D), reflected horizontally
polarised light (Fig. 2F) with medium degrees of polarisation
45% � d � 58% (Fig. 2E). On the other hand, the tilted test surface,
seen from the side (Fig. 2G), reflected moderate degrees of polari-
sation 23% � d � 55% (Fig. 2H) with oblique angles of polarisation
�50� � a � �40� clockwise from the vertical (Fig. 2I). Note, how-
ever, that since the reflection-polarisation characteristics of the
plane test surface depend on the direction of view and the illumi-
nation conditions, Fig. 2 represents only some typical polarisation
patterns measured by imaging polarimetry in the green (550 nm)
part of the spectrum. In the red (650 nm) and blue (450 nm) spec-
tral ranges, the reflection polarisation patterns were very similar to
those in the green range due to the colourless (black) feature of the
test surface.

For the interpretation of the reactions of polarotactic horseflies
observed in experiments 1 and 2 (see Section 3.3), the most rele-
vant polarisation difference between the horizontal and the 60�
tilted test surfaces was that the horizontal test surface always
reflected horizontally polarised light, while the tilted surface did
not always reflect horizontally, but also obliquely or vertically
polarised light, depending on the viewing direction. Considering



Table 1
Tukey-Kramer post-hoc test for differences between the relative-area-normalized
relative times swireless/Awireless and swired/Awired, where swireless = twireless/(twireless +-
twired) and swired = twired/(twireless + twired) are the relative times spent by tabanids
walking on the wireless (twireless) and wired (twired) areas of the horizontal plane test
surface in field experiment 1, where Awireless = 94% is the relative area of the test
surface without underlying wire, and Awired = 6% is the relative area of the surface
with underlying wire (see also Supplementary Table S4). Qwireless = (Atest � Awired)/Atest

is the proportion of the area of the surface parts without underlying wire relative to
the whole test surface, and Qwired = Awired/Atest is the proportion of the area of the
wired area relative to the whole area of the test surface.

Comparison Absolute
mean
difference

Critical
value

Significance

Qwireless with heated wire vs Qwired

with heated wire
0.150 0.217 Not

significant
Qwireless with heated wire vs Qwireless

with unheated wire
0.013 0.217 Not

significant
Qwireless with heated wire vs Qwired

with unheated wire
0.057 0.217 Not

significant
Qwired with heated wire vs Qwireless

with unheated wire
0.136 0.217 Not

significant
Qwired with heated wire vs Qwired with

unheated wire
0.207 0.217 Not

significant
Qwireless with unheated wire vs Qwired

with unheated wire
0.071 0.217 Not

significant
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the polarisation characteristics, the horizontal test surface mim-
icked water surface (Horváth and Varjú, 1997; Horváth et al.,
2008; Horváth, 2014), while the tilted test surface imitated a host
animal for horseflies (Horváth et al., 2014).

Depending on the angle of reflection, the vertical cylindrical test
target used in experiment 3 (Fig. 3A,D) reflected light with degrees
of polarisation 0% � d � 95% (Fig. 3B,E) and horizontal (a � ±90�),
oblique (5� < a < 85�, 95� < a < 175�, �85� < a < �5�,
�175� < a < �95�) or vertical (a � 0� or 180�) angles of polarisation
(Fig. 3C,F). The direction of polarisation of light reflected from a
surface is always perpendicular to the plane of reflection deter-
mined by the dominating incident ray of sun- and/or skylight,
the point observed and the observer’s viewing direction (optical
axis of the polarimeter). Hence, both d and a varied in wide ranges,
as is typical for the host animals of horseflies (Horváth et al., 2014).

An important feature of all three test targets is that the wire
underlying the black plastic sheet covering is practically impercep-
tible in the polarisation patterns (Fig. 2A,D,G; 3A,D), while it is
slightly perceptible in the photograph of the targets (Fig. 2B,C,E,F,
H,I; 3B,C,E,F).

3.2. Thermograms of test surfaces

Fig. 4 shows the photographs and thermograms of the sunlit
test targets and the surface temperature T (�C) along the arrows
in the thermograms at 35 �C air temperature used in field experi-
ments 1–3. When the wires were heated, the wired areas of the
test surfaces were approximately 2–3 �C warmer than the unwired
areas (Fig. 4B,C,H,I). When the wires were unheated, there were
practically no T-differentces between the wired and unwired areas
(Fig. 4E,F,K,L). The reason for the tiny (0.5 �C) change in T above the
areas underlaid by unheated wires (Fig. 4E,F,K,L) was that the local
T depended on the reflection angle of sunlight reflected from the
slightly curved surface of the shallow/slight indentations/bulges
of the black plastic sheet above wires. The temperature distribu-
tion of the test targets plays an important role in the interpretation
of time periods that tabanids spent walking on the test surfaces
(see section 3.3).

3.3. Time periods walking horseflies spent on test targets with heated
and unheated wires

In experiment 1, both female and male horseflies landed on the
horizontal plane test surface laid on the ground. When the under-
lying wire was unheated, horseflies walking on the test surface
spent swired,unheated = 5.60 ± 1.00% and swireless,unheated = 94.40 ± 1.
00% of their total time on the wired and wireless areas, respectively
(Fig. 5A, Supplementary Table S1). Since the ratio swired,un-

heated = 5.6% is approximately the same as the surface ratio
Awired = 6% of the wired areas, furthermore swireless,unheated = 94.4%
approximately equals to A

wireless
= 94% of the wired areas, we con-

clude that the walking horseflies preferred neither the wired nor
the wireless areas of the test surface when the wire was unheated.

When the underlying wire was heated, horseflies walking on
the horizontal test surface spent swired,heated = 6.84 ± 1.45% and
swireless,heated = 93.16 ± 1.45% of their total time on the wired and
wireless areas, respectively (Fig. 5A, Supplementary Table S1).
Since the ratio swired,heated = 6.84% is approximately the same as
the surface ratio Awired = 6% of the wired areas, furthermore swire-

less,heated = 93.16% nearly equals to Awireless = 94% of the wired areas,
we conclude again that the walking horseflies preferred neither the
wired nor the wireless areas of the horizontal test surface when the
wire was heated.

On the basis of the above, our final conclusion is that the walk-
ing (female and male) horseflies had no preference for any (wired
or wireless) area of the horizontal plane test surface, independent
7

of the temperature (heated or unheated) of the underlying wire.
This conclusion is corroborated by Fig. 5B presenting the
mean ± standard deviation of the relative-area-normalized relative
times Qwireless = swireless/Awireless and Qwired = swired/Awired. As shown
in Table 1 (see also Supplementary Table S4), when the wire was
heated, then Qwired,heated = 1.141 ± 0.242 on the wired areas was
not statistically significantly different from Qwireless,heated = 0.991 ±
0.015 on the wireless areas. Similarly, when the wire was
unheated, then there was no statistically significant difference
between Qwired,unheated = 0.934 ± 0.167 and Qwireless,unheated = 1.004
± 0.011 at significance level of P = 0.05 (Table 1, Supplementary
Table S4).

In experiment 2, only females landed on the 60�-tilted plane
test surface. When the underlying wire was unheated, females
walking on this test surface spent swired,unheated = 6.79 ± 1.40%
and swireless,unheated = 93.21 ± 1.40% of their total time on the wired
and wireless areas, respectively (Fig. 6A, Supplementary Table S2).
Since the ratio swired,unheated = 6.79% is approximately the same as
the surface ratio Awired = 6% of the wired areas, and furthermore
swireless,unheated = 93.21% is nearly equal to Awireless = 94% of the
wired areas, we conclude that the walking tabanids preferred nei-
ther the wired nor the wireless areas of the 60� tilted plane test
surface when the wire was unheated.

When the underlying wire was heated, the average time ratio
that walking female tabanids spent on the wired areas was swired,

heated = 20.65 ± 3.62% (Fig. 6A, Supplementary Table S2) which is
approximately 3.4 timesmore time than the surface ratio Awired = 6%
of the wired areas. From this, we conclude that horseflies walking
on the 60� tilted plane test surface preferred surface regions above
the heated wire to regions without underlying wire. This conclu-
sion is confirmed by Fig. 6B showing the mean ± standard deviation
of the relative-area-normalized relative times Qwireless and Qwired.
As shown in Table 2 (see also Supplementary Table S5), when
the wire was heated, then Qwired,heated = 3.4412 ± 0.603 on the
wired areas was statistically significantly higher than Qwireless,

heated = 0.844 ± 0.038 on the wireless areas. However, when the
wire was unheated, then there was no significant difference
between Qwired,unheated = 1.131 ± 0.233 and Qwireless,unheated = 0.99
2 ± 0.015 at a significance level of P = 0.01 (Table 2, Supplementary
Table S5).



Fig. 6. Results of experiment 2. (A) Mean ± S.D. (%) of the relative times swireless = twireless/(twireless + twired) and swired = twired/(twireless + twired) spent by tabanids walking on the
wireless (twireless) and wired (twired) areas of the 60� tilted plane test surface with underlying heated and unheated wire in field experiment 2. Relative area Awireless = 94% of the
test surface was wireless, and relative area Awired = 6% was underlaid by wire. (B) Mean ± S.D. of the relative-area-normalized relative times Q = swireless/Awireless and swired/
Awired for heated and unheated wire in field experiment 2 (numerical data is provided in Supplementary Table S2, statistics in Table 2 and Supplementary Table S5).

Table 2
Tukey-Kramer post-hoc test for differences between the relative-area-normalized
relative times swireless/Awireless and swired/Awired, where swireless = twireless/(twireless +-
twired) and swired = twired/(twireless + twired) are the relative times spent by tabanids
walking on the wireless (twireless) and wired (twired) areas of the 60� tilted plane test
surface in field experiment 2, where Awireless = 94% is the relative area of the test
surface without underlying wire, and Awired = 6% is the relative area of the surface
with underlying wire (see also Supplementary Table S5). Qwireless = (Atest � Awired)/Atest

is the proportion of the area of the surface parts without underlying wire relative to
the whole test surface, and Qwired = Awired/Atest is the proportion of the area of the
wired area relative to the whole area of the test surface.

Comparison Absolute
mean
difference

Critical
value

Significance

Qwireless with heated wire vs Qwired

with heated wire
2.597 0.477 Significant

Qwireless with heated wire vs Qwireless

with unheated wire
0.147 0.477 Not

significant
Qwireless with heated wire vs Qwired

with unheated wire
0.287 0.477 Not

significant
Qwired with heated wire vs Qwireless

with unheated wire
2.450 0.477 Significant

Qwired with heated wire vs Qwired with
unheated wire

2.310 0.477 Significant

Qwireless with unheated wire vs Qwired

with unheated wire
0.140 0.477 Not

significant
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In experiment 3, again only female horseflies landed on the ver-
tical cylindrical test target. When the underlying wire was
unheated, females walking on this target spent swired,unheated = 4.5
6 ± 0.49% and swireless,unheated = 95.44 ± 0.49% of their total time
on the wired and wireless areas, respectively (Fig. 7A, Supplemen-
tary Table S3). Since the surface percentages Awired = 4% and Awire-

less = 96% of the wired and wireless areas are approximately the
same as swired,unheated = 4.56% and swireless,unheated = 95.44%, we con-
clude that the walking tabanids preferred neither the wired nor the
wireless areas of the cylindrical test target when the wire was
unheated.

When the underlying wire was heated, the average time ratio
that walking female tabanids spent on the wired areas was swired,

heated = 16.77 ± 2.45% (Fig. 7A, Supplementary Table S3) which is
approximately 4.2 timesmore time than the surface ratio Awired = 4%
8

of the wired areas. From this, we conclude again that walking
tabanids preferred surface aeras above the heated wire to areas
without underlying wire. This conclusion is supported by Fig. 7B
and Table 3 (see also Supplementary Table S6): when the wire
was heated, then Qwired,heated = 4.193 ± 0.613 on the wired areas
was statistically significantly higher than Qwireless,heated = 0.867 ± 0.
026 on the wireless areas. However, when the wire was unheated,
then there was no significant difference between Qwired,unheated = 1.
139 ± 0.122 and Qwireless,unheated = 0.994 ± 0.005 at a significance
level of P = 0.01 (Table 3, Supplementary Table S6).

The above statistical tests have also shown that the presence of
a wire alone did not affect the behaviour of the horseflies in any of
the experiments, since there was no statistically significant differ-
ence between Qwired,unheated and Qwireless,unheated. This result proves
that the wires beneath the shiny black smooth plastic test surface
were mechanically impalpable for the walking horseflies.
4. Discussion

The landing of tabanids on black objects/surfaces depends on
their sex and the tilt angle d of the surface, measured from the hor-
izontal (Horváth et al., 2020b): The landing frequency of male and
female tabanids is highest for horizontal (d = 0�) surfaces and is
minimal for d = 75�. The landing frequency of males decreases in
a monotonous way to zero with increasing d. Female landing has
a primary maximum and minimum at d = 0� and d = 75�, respec-
tively, and a secondary peak at d = 90�. Both sexes are strongly
attracted to and land on nearly horizontal (0� � d � 15�) surfaces,
and vertical surfaces are also very attractive but only for females.

Female horseflies generally do not alight on host animals wear-
ing black-white striped fur to seek for blood vessels (Horváth et al.,
2010, 2014,2019a; Blahó et al., 2012, 2013; Egri et al., 2012a; Caro
et al., 2014, 2019; Caro, 2016). The reason for this avoidance is
rather enigmatic. On thicker black/white stripes there are only
vessel-induced temperature gradients on the skin surface below
the hair layer, thus tabanids could detect vessels with thermore-
ception as easily as on hosts with homogeneous coloured coats.

The optical and/or olfactorial cues of the host animals of horse-
flies attract these parasites (Foil, 1989; Krcmar, 2005; Krcmar et al.,



Fig. 7. Results of experiment 3. (A) Mean ± S.D. (%) of the relative times swireless = twireless/(twireless + twired) and swired = twired/(twireless + twired) spent by tabanids walking on the
wireless (twireless) and wired (twired) areas of the vertical cylindrical test surface with underlying heated and unheated wire in field experiment 3. Relative area Awireless = 96% of
the test surface was wireless, and relative area Awired = 4% was underlaid by wire. (B) Mean ± S.D. of the relative-area-normalized relative times Q = swireless/Awireless and swired/
Awired for heated and unheated wire in field experiment 3 (numerical data is provided in Supplementary Table S3, statistics in Table 3 and Supplementary Table S6).

Table 3
Tukey-Kramer post-hoc test for differences between the relative-area-normalized
relative times swireless/Awireless and swired/Awired, where swireless = twireless/(twireless +-
twired) and swired = twired/(twireless + twired) are the relative times spent by tabanids
walking on the wireless (twireless) and wired (twired) areas of the vertical cylindrical
test surface in field experiment 3, where Awireless = 96% is the relative area of the test
surface without underlying wire, and Awired = 4% is the relative area of the surface
with underlying wire (see also Supplementary Table S6). Qwireless = (Atest � Awired)/Atest

is the proportion of the area of the surface parts without underlying wire relative to
the whole test surface, and Qwired = Awired/Atest is the proportion of the area of the
wired area relative to the whole area of the test surface.

Comparison Absolute
mean
difference

Critical
value

Significance

Qwireless with heated wire vs Qwired

with heated wire
3.326 0.461 Significant

Qwireless with heated wire vs Qwireless

with unheated wire
0.127 0.461 Not

significant
Qwireless with heated wire vs Qwired

with unheated wire
0.272 0.461 Not

significant
Qwired with heated wire vs Qwireless

with unheated wire
3.199 0.461 Significant

Qwired with heated wire vs Qwired with
unheated wire

3.054 0.461 Significant

Qwireless with unheated wire vs Qwired

with unheated wire
0.145 0.461 Not

significant
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2005, 2014; Lehane, 2005; Krcmar and Maric, 2006; Mihok and
Mulye, 2010; Mihok and Lange, 2012; Baldacchino et al., 2013,
2014; Mihok and Carlson, 2021). After alighting on the host, taba-
nid behaviour is also governed by the host’s body temperature
(Thorsteinson, 1958; Bracken and Thorsteinson, 1965; Lehane,
2005; Horváth et al., 2019b, 2020a). In our field experiments 2
and 3, we showed that blood-seeking female horseflies, alighting
on test targets optically imitating hosts, prefer the elongated thin
surface areas above wires only, if the wires are heated and imitate
warmer blood vessels. This finding experimentally confirms the
hypothesis of Takács et al. (2022), who proposed that the T-gradi-
ents of the skin above the slightly warmer blood vessels can be
confused with the T-gradients of the skin at the borderlines of
cooler white and warmer black zebra stripes.
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As demonstrated by thermograms of horses, the skin overlying
major blood vessels is warmer than skin areas farther from these
vessels (Soroko and Davies-Morel, 2016; Soroko and Howell,
2018; Horváth et al., 2020a; Takács et al., 2022). In our field exper-
iments 2 and 3, blood-seeking female tabanids were attracted to
the elongated thin warmer surface areas above heated wires mim-
icking the warmer skin surface above blood vessels. Sunlit black
skin stripes/spots are warmer than white ones, but this difference
in temperature T between black and white regions disappears in
shade (Horváth et al., 2018; Pereszlényi et al., 2021). Takács et al.
(2022) proposed that this T difference/gradient at the borderline
of dark and bright pelage regions of zebras (or other host animals
of tabanids with heterogeneous fur patterns) can confuse the ther-
mal perception of blood vessels by blood-seeking female horseflies,
the consequence of which is the visual unattractiveness of zebras
to tabanids: at the borderlines of sunlit white and black zebra
stripes similar T-gradients occur on a skin surface without an
underlying vessel. The vessel-seeking horseflies deceived by these
T-gradients bite the skin to suck blood not only at sites above ves-
sels, but also at the black-white borderlines. Such an unsuccessful
blood-sucking attempt evokes the host’s parasite-repelling reac-
tions that are dangerous for biting horseflies. These boderline-
elicited false vessel locations, the painful bitings and the host’s
fly-repellent reactions increase the risk that the biting tabanid is
swatted by the host. According to Takács et al. (2022), the avoid-
ance of striped (and spotted) hosts is an adaptive/adequate evolu-
tionary strategy to reduce this risk.

Takács et al. (2022) also pointed out that since in shade the
white and black zebra stripes have the same temperature (Cena
and Clark, 1973; Benesch and Hilsberg, 2003; Benesch and
Hilsberg-Merz, 2006; Horváth et al., 2018, 2019b; Cobb and
Cobb, 2019), T gradients do not occur at the white-black borderli-
nes, and therefore horseflies can detect blood vessels by thermore-
ception on striped (spotted) hosts as easily as on homogeneous
ones. Nevertheless, female tabanids attack hosts predominantly
in sunshine. The main reason for this is that they prefer to land
on warmer hosts (Horváth et al., 2019b), because they can escape
more easily from warmer surfaces (Horváth et al., 2020a).
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In our field experiments 2 and 3, female horseflies alighted on
the host-imitating black test surfaces. During walking, they pre-
ferred the elongated thin warmer surface areas above heated wires
to the colder surrounding areas exclusively if the wires were
heated, i.e. warmer than the ambient temperature. If the wires
were unheated, and thus there was practically no temperature dif-
ference between the wired and wireless surface areas, this prefer-
ence disappeared. This latter finding excludes the possibility that
the walking tabanids might prefer the surface regions above wires
due to their shallow (<0.01 mm) indentation (in experiment 2) or
slight (<0.01 mm) bulge (in experiment 3). Note that there were
neither mechanical nor optical cue differences between the wired
and wireless surface areas. Therefore, the wires were perceptible
only by thermoreception, if they were heated. Consequently, in
experiments 2 and 3 the female horseflies did not prefer the heated
wired surface areas due to these indentations/bulges, which made
it possible for the observer to visually detect the wired regions.

Takács et al. (2022) hypothesised that the borderlines between
black and white stripes create temperature gradients across zebras’
coats – with black fur retaining more heat in sunlight – that mimic
the heat output of blood vessels near the surface of the skin, which
horseflies detect by thermoreception. To test this, they conducted a
field experiment to explore how horseflies reacted to a zebra model
formed of a vertical grey barrel with thin (0.5 cm) black stripes. The
barrel was orientated so that the stripes were either sunlit or shady,
in order to introduce temperature gradients across the surface. In
sunlight, the black stripes were approximately 1.5–2 �C warmer
than the grey background, while in shade there was no temperature
difference between stripes and grey areas. Female horseflies spent
proportionally 2.8 times more time walking (19.6% of time) on sun-
lit black stripes, even though black stripes made up only 7% of the
total surface ratio. In comparison, horseflies spent 6.4% of the time
on stripes on the shaded side of the barrel where there was no tem-
perature gradient. These findings appeared to confirm that female
horseflies are attracted to warmer areas, likely confusing the barrel
stripes for blood vessels, according to the authors. Takács et al.
(2022) propose that the confusion caused by the borders between
warmer black stripes and cooler white stripes will lead horseflies
to bite repeatedly but unsuccesfully in the search for blood vessels,
and that this action may trigger a reaction from the host animal –
such as a tail swish, for example – that poses a risk to the fly. There-
fore, avoiding striped animals may be a sensible evolutionary strat-
egy that horseflies have developed.

In our experiments 2 and 3, warm blood vessels were imitated
by heated wires below the smooth black test surface. The warmer
surface areas above heated wires corresponded to the sunlit war-
mer black stripes on the grey barrel in the experiment of Takács
et al. (2022). The important methodological improvement of our
experiments 2 and 3 was that only temperature gradients could
occur on our homogeneous black test targets and there was no opti-
cal (intensity and polarisation) contrast between the wired and
wireless regions. In both experiments, we obtained very similar
results to Takács et al. (2022): female horseflies spent proportion-
ally 3.4 times (experiment 2) and 4.2 times (experiment 3) more
time walking above heated wires, even though wired surface areas
made up only 6% (experiment 2) and 4% (experiment 3) of the total
surface ratio. In comparison, horseflies spent only 1.13–1.14 times
(experiments 2 and 3) the relative-area-normalized relative time
above unheated wires where there was no temperature gradient.

Tabanids are polarotactic insects, that is they are attracted to
linearly polarised light (Horváth et al., 2014). The higher the degree
of linear polarisation d, the stronger this attraction (Kriska et al.,
2009). They possess two different kinds of polarotaxis: (i) both
females and males are attracted to horizontally polarised light, if
such light stimulates the ventral side of their compound eyes
(Horváth et al., 2008). By this optical cue they detect the water sur-
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face (Horváth, 2014). Both sexes need water to drink, bath (for
body cooling), and find each other to copulate near water. Further-
more, females find drinking host animals (to suck blood for egg
development) at water bodies, and lay their eggs onto leaves of
water plants or in mud (Horváth et al., 2014). (ii) Female tabanids
find their host animals partly by the degree of polarisation d of
host-reflected light, independent of the angle/direction of polarisa-
tion (Egri et al., 2012b; Horváth et al., 2017).

In experiment 1, both female and male tabanids landed and
walked on the smooth black horizontal plane test surface reflecting
horizontally polarised light. Duringwalking, they had no preference
for the surface areas above heated wires imitating warm blood ves-
sels. This finding can be interpreted in such a way that in this case
the landing tabanids thought the plane test surface was water on
the basis of the horizontally polarised surface-reflected light. After
alighting, they tested the surface quality with their sense organs.
Since they assumed that they are on a water surface, neither sex
seeked blood vessels (males do not suck blood, females suck blood
only from host animals). Since they did not seek blood vessels – by
means of temperature gradients of the surface – they paid no atten-
tion to the warmer surface areas above heated wires.
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