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We report on dry asphalt roads acting as ‘mayfly traps’;
that is, they lure swarming, mating and egg-laying mayflies
in large numbers. To explain this surprising behaviour,
we performed multiple-choice experiments with
Ephemeroptera in the field, and measured and compared
the reflection–polarization characteristics of an asphalt
road and a mountain creek from which mayflies emerge.
We show here that Ephemeroptera can be deceived by and
attracted to dry asphalt roads because of the strongly
horizontally polarized light reflected from the surface.
Asphalt surfaces can mimic a highly polarized water
surface to Ephemeroptera. The darker and smoother the
asphalt surface, the higher is the degree of polarization of
reflected light and the more attractive is the road to
mayflies. We show that mayflies detect water by means of
polarotaxis; that is, on the basis of the partially and
horizontally polarized reflected light. Asphalt roads are
excellent markers for swarming Ephemeroptera because of

their conspicuous elongated form; the sky above them is
usually open, which is the prerequisite of mayfly mating,
and the higher temperature of the asphalt prolongs the
reproductive activity of mayflies. These additional factors
enhance the attractiveness of asphalt roads to swarming
mayflies. Thus, asphalt roads near ephemeropteran
emergence sites (lakes, rivers and creeks) are a great
danger for mayflies, because eggs laid on the asphalt
inevitably perish. Asphalt roads can deceive and attract
mayflies en masselike the ancient tar pits and asphalt seeps
or the recent crude or waste oil lakes deceive, lure and trap
polarization-sensitive water-seeking insects in large
numbers.

Key words: mayfly, Ephemeroptera, reproductive behaviour, aspha
road, insect trap, water detection, polarotaxis, polarization vision
reflection polarization, video-polarimetry.

Summary
cts
eets

n
nly
or
e as

ing
y
ny
the
er,
ds,
er
les
he
e-
are
During the last decade, we have observed every year 
individuals of several mayfly (Ephemeroptera) spec
swarmed in large numbers, mated above and landed on
asphalt roads in the immediate vicinity of their emergence s
(mountain streamlets), and that after copulation the fema
laid their eggs en masseon the roads (Fig. 1A–C) instead o
ovipositing them on the water surface. These observatio
especially for egg-laying by females, suggest that the mayfl
were apparently deceived by and attracted to the asp
surface, which acts as an insect trap.

Previous descriptions of ephemeropteran swarming, ma
and egg-laying behaviour have largely ignored 
misinterpreted this enigmatic phenomenon. We have of
observed that mayflies also swarm, mate above and ovipos
the shiny bodywork and windscreen of cars. The sa
reproductive behaviour was frequently observed above and
shiny black plastic sheets used in agriculture (Fig. 1D–
These artificial shiny surfaces also attract many other wa
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insects. There are numerous observations of water inse
being deceived by glass panes, car roofs or wet asphalt str
(Fernando, 1958; Popham, 1964).

Although the above-mentioned observations o
Ephemeroptera are known to entomologists, they are o
mentioned sporadically as marginal notes in publications 
lectures. It has generally been assumed that the roads serv
markers for mayflies to assign the site of swarming and mat
(e.g. Brodskiy, 1973; Savolainen, 1978). Oviposition b
mayflies on asphalt roads is simply explained by the shi
appearance of wet roads which may lure the insects like 
surface of real water bodies. The first interpretation, howev
cannot apply to the observed egg-laying on asphalt roa
because mayflies normally oviposit exclusively on the wat
surface and not on markers. However, males and fema
swarming and mating above asphalt roads perform t
behavioural elements (e.g. egg-laying flight, frequent surfac
touching manoeuvres and dropping onto the surface) that 
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Fig. 1. Examples of mayflies deceived by and attracted to a dry asphalt road (A–C) and to the shiny black plastic sheet used in agriculture (D–I)
in the immediate vicinity of a mountain creek near Budapest, Hungary, during May/June 1997. (A) A male Rhithrogena semicolorata. (B) A
female Epeorus silvicola. (C) A female and two male Epeorus silvicolaattempting to mate. (D) A male Rhithrogena semicolorata. (E) A
copulating pair of Rhithrogena semicolorata. (F) A female and two male Rhithrogena semicolorataattempting to mate. (G) An ovipositing
Rhithrogena semicolorata. (H) An ovipositing Ephemera danica. (I) A male Baetis rhodani.
characteristic above water surfaces. The second interpreta
cannot explain why egg-laying by Ephemeroptera a
frequently occurs on totally dry asphalt surfaces. In the pres
study, we give a possible explanation for this surprisi
behaviour.

The mating of mayflies is preceded by a peculiar swarm
behaviour, during which a group of insects maintains
stationary position with respect to an element of the landsc
called the ‘marker’. Concentration of the males in the swa
and its constant position are particularly important for mayfl
since their sexually mature stage is of very short durat
(Brodskiy, 1973). Markers can be large objects of relative
rare occurrence: the shores of lakes, roads or rows of litto
plants, for example (Savolainen, 1978). Because of the sh
lived adult stage and the fact that the newly moulted ad
mayflies can dry out quickly, during swarming the mayflie
remain relatively close to the water basin in whic
development of the nymphal stage takes place. Thus, i
essential for the markers to be near water. This is why the 
of markers in ephemeropteran swarming has been intensi
studied and why it became a widespread view that asp
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roads near ephemeropteran emergence sites can be marke
swarming and mating.

Discovering the causes of the above-mentioned stran
behaviour of mayflies may be important not only for scientifi
studies of Ephemeroptera, but also for the protection of th
insect group since the huge number of eggs (an egg-packe
a female mayfly contains 6000–9000 eggs) laid onto t
asphalt roads do not survive. Mayflies are in great dang
because their aquatic habitat is becoming more polluted w
herbicides, pesticides, excess fertiliser and industrial was
Almost all mayfly species are threatened, and many of the
have suffered a severe decline during the last decades a
result of habitat destruction by agricultural and urba
development and land drainage. As a consequence, m
swarming of Ephemeroptera is now a rare phenomenon. Th
it is particularly important to determine whether the egg-layin
of mayflies on asphalt roads can be prevented. Little attent
has been paid to this aspect of ephemeropteran swarm
behaviour despite the considerable attention paid to t
scientific study of swarm formation.

In an attempt to clarify the causes of reproductive behavio
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of mayflies on asphalt roads, a 2 year study was conducte
six species of mayfly, using visual observations, vid
recordings, multiple-choice experiments and vide
polarimetric measurements in the field. On the basis of 
investigations, we propose a new interpretation for the pecu
behaviour of Ephemeroptera on asphalt roads. Our explana
is that asphalt roads mimic a highly and horizontally polariz
water surface to water-seeking mayflies which, as we sh
here, detect water by means of the horizontally polariz
reflected light, like many other water insects (Schwind, 19
1991, 1995; Schwind and Horváth, 1993; Horváth, 199
Horváth and Zeil, 1996; Horváth and Varjú, 1997).

Materials and methods
Multiple-choice experiments with swarming mayflies using

different test surfaces

Although we frequently observed the reproductiv
behaviour of Ephemera danica(Müll.), Ecdyonurus venosus
(Fabr.), Epeorus silvicola (Etn.), Baetis rhodani (Pict.),
Rhithrogena semicolorata(Curt.) and Haproleptoides confusa
(Hag.) above dry asphalt roads, we performed multiple-cho
experiments only with Epeorus silvicolaand Rhithrogena
semicolorata. Our experiments were carried out in late Ma
and early June of 1996 and 1997 near the village of Dömörk
located approximately 30 km from Budapest, Hungary. O
study site was the bank of a typical reach of a mountain cre
called Bükkös patak, from which mayflies emerge in lar
numbers and where they swarm during May and Ju
(Andrikovics, 1991; Andrikovics and Kéri, 1991). In th
immediate vicinity (at a distance of 1–5 m) of the creek, 
asphalt road runs between trees and bushes almost paral
the water and in some places it crosses the stream over s
bridges. The creek itself runs in a valley under trees and bu
and is usually completely shadowed by riparian vegetati
except where the road crosses it. The road is several me
higher than the creek, and above it the sky is open. The sur
of the asphalt road is relatively smooth and dark grey, but th
are several patches of a lighter grey with a rougher surfac

In the multiple-choice experiments, we laid rectangular t
surfaces of different types onto the asphalt road at differ
reaches of the creek where mayflies swarmed. The 1 m×2 m
test surfaces were placed 0.5 m apart. The test surfaces we
were (i) shiny black plastic (polyethylene) sheet, (ii) shin
white (milky) plastic (polyethylene) sheet, (iii) shiny
aluminium foil, (iv) slightly shiny black cloth, (v) matt black
cloth and (vi) matt white cloth. To avoid the influence of colo
on the choice of mayflies, the test surfaces were compose
neutral grey (uncoloured) reflecting materials. On seve
occasions, we counted the number of mayflies landing on 
swarming immediately above (height no more than 0.1 m) a
m×0.1 m rectangular region of the test surface. The position
the test surfaces with respect to each other was chan
randomly in order to avoid the possible influence of th
position on the number of mayflies attracted.

Our experiments were always carried out under clear sk
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At the beginning of an experiment, the landscape wa
illuminated by direct light from the setting sun, and after suns
by skylight from above.

Both visual observations and video-recordings were made
the swarming behaviour of mayflies above the asphalt road a
the test surfaces. We also used photographs to document 
landing and egg-laying of mayflies on the asphalt road and t
test surfaces.

During the experiments, we measured the wate
temperature, the air temperature immediately above the cre
and the asphalt road, and the temperature of the asphalt 
test surfaces.

Video-polarimetric recordings of an asphalt road, a creek an
the test surfaces

Using video-polarimetry, we measured the reflection
polarization characteristics of some reaches of a mounta
creek (from which mayflies emerge and where they swarm
mate and oviposit), an asphalt road (above which mayflie
swarm every year) and the test surfaces (used in the multip
choice experiments described above). This method is describ
in detail by Horváth and Varjú (1997). In the case of scene
with flowing water, several digitized pictures were average
prior to the calculation of the reflection–polarization
characteristics in order to eliminate the effect of motion.

Using our video-polarimeter, we could measure th
polarization of light through the three colour channels of th
video camera: red (R, wavelength λred=λmax=730±65 nm,
mean ± S.D.), green (G, λgreen=600±65 nm) and blue (B,
λblue=470±65 nm). Because the recorded scenes – the cre
(the shore and bottom of which were covered by grey pebbl
and stones), asphalt and test surfaces – were colourless, t
polarization was practically independent of the spectral rang
The grey asphalt surface (wet or dry), test surfaces and cre
bed had the common spectral feature that they reflect
approximately equally the entire visible spectrum of th
incident light, as do all neutral grey objects. Thus, whe
presenting the measured reflection–polarizatio
characteristics, we omit reference to the spectral range in wh
the measurement was obtained.

Results
The swarming behaviour of the mayflies

Depending on the species, the swarming of mayflies beg
prior to and after sunset every evening from the beginning 
May until the end of June in both years. After the emergen
of the insects from the mountain creek, the males gathered
several diffuse swarms in the air at a distance of approximate
4–5 m from the ground. At the beginning of swarming, we
observed these relatively diffuse swarms everywhere above 
streamlet, asphalt road, dirt roads and clearings in the vicin
of the emergence sites. Generally, these swarms developed
places where the sky was visible. As time elapsed, the swar
gradually became nearer to the ground and more females fl
through them in order to copulate with the males. After matin
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Table 1.Air temperature and the number of Rhithrogena
semicolorata landing on a 0.1 m × 0.1 m area of three test
surfaces (a shiny black plastic sheet, a shiny white plastic

sheet, a shiny aluminium foil) for 30 s versus time on 23 May
1996

Number of insects landing

Shiny Shiny
Air black white Shiny

Time temperature plastic plastic aluminium
(h) (°C) sheet sheet foil

19:06 25.5 1 0 0
19:09 25.5 3 1 0
19:12 25.0 4 0 0
19:32 24.0 8 0 0
19:35 24.0 9 2 0
19:41 23.5 13 1 0
20:09 21.5 16 0 0
20:20 21.0 33 1 0
20:25 20.5 57 1 2
20:33 20.0 97 1 0
20:40 19.0 166 0 0
20:48 18.0 85 0 2
20:56 17.0 29 2 0
21:02 16.0 9 1 0
the females returned to the streamlet or landed on the asp
road and laid their eggs on the water or asphalt surface.

Later, as the air temperature and intensity of ambient li
decreased, the swarms gradually left the dirt roads a
clearings. We then observed swarming mayflies exclusiv
above the asphalt road and those reaches of the creek op
the sky. In these swarms, both the males and females 
periodically up and down, displaying the species-spec
nuptial dances (see Fischer, 1992), or flew parallel to the w
or asphalt surface against the prevailing breeze. Th
frequently touched the water or asphalt surface, or drop
onto it for a few seconds. When the air temperature decrea
to below approximately 14–15 °C and the light intensity w
low, mayfly swarming suddenly ceased, and the inse
disappeared from both the water and asphalt surfaces. T
then landed on the leaves of neighbouring trees, bushes
grass in order to roost.

All six mayfly species observed showed the same behav
above and on the asphalt road as at the water surface.
density of swarming, mating and ovipositing mayflies w
highest above those patches of the asphalt road where
surface was smoother and darker than the surrounding reg
No reproductive behaviour occurred above the relatively lig
grey or rough spots of the asphalt. One of the most typ
reactions of female mayflies to the smooth, black asph
patches was the following: after copulation in the air, t
females arrived above one of these patches. First, they 
across the patch, then suddenly turned back at its border,
in the presence of a gentle breeze, they all flew into the bre
Females touched the patch several times and landed on 
lay their eggs. Thus, we assume that the darker and smoo
the asphalt, the greater is its attractiveness to water-see
mayflies. Experiments to test this hypothesis are in progre

Above the asphalt road, we observed two types of flight 
the six Ephemeroptera species, which are typical flig
manoeuvres usually found only above a water surface. (i) Egg-
laying flight of females. The females, generally facing into th
slight breeze, flew to and fro parallel to and immediately abo
the asphalt surface, dancing up and down in a zig-zag pat
and sometimes touching the asphalt. This type of flight w
shown only by females above the middle part of the asph
road. During egg-laying flight, the females showed a typic
species-specific stereotypical flight pattern (see Fischer, 19
which resembled the nuptial dance of the swarming males 
occurred simultaneously with it. As egg-laying fligh
progressed, an increasing number of eggs was pressed out
the genitalia of the females. At the end of this flight, th
females landed on the asphalt and laid their egg-pac
(Fig. 1G). In the case of Ephemera danica, the females landed
on the asphalt and remained on it until their elongated e
packet had been pressed out and laid (Fig. 1H). The functi
of egg-laying flight are finding an optimal site for oviposition
and/or allowing a larger number of eggs to be pressed 
and/or acting as a defence against attacks by swarming m
(Fischer, 1992). (ii) Water-touching manoeuvres of males. The
males also periodically touched the asphalt surface during t
halt
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flight, usually facing into the wind. Some of the individual
touched the asphalt periodically only with their cerci whil
flying up and down immediately above the road. Others land
on the asphalt, stayed on it for 1 s and then took off, to la
again some seconds later. Similar water touching by m
mayflies (e.g. Baetis vernus, Ecdyonurus venosus, Rhithrogena
semicolorataand Ephemera danica) was observed by Fischer
(1992) above natural water surfaces at ephemeropte
emergence sites. According to Fischer (1992), such touch
of the water surface by male Ephemeroptera allows them eit
to drink water or to test the height above the water surfa
using the cerci.

Multiple-choice experiments with swarming mayflies

We performed the multiple-choice experiments with all s
mayfly species; however, quantitative data were gathered o
for Rhithrogena semicolorataand Epeorus silvicola, a typical
medium- and large-sized mayfly species, respectively.

Table 1 shows the air temperature and the number 
Rhithrogena semicoloratalanding on a given region of three
different test surfaces (a shiny black plastic sheet, a shiny w
plastic sheet and a shiny aluminium foil). Rhithrogena
semicoloratais attracted almost exclusively to the shiny blac
plastic sheet. At the beginning of swarming above the asph
road (at approximately 19:00 h), only a few mayflies landed 
the black plastic, but their number increased rapidly over tim
At 20:40 h, the reproductive activity reached its maximum o
this plastic. Swarming ceased suddenly approximate
20–30 min after this maximum because of the decreas
temperature and the low light intensity. The shiny white plas



2277Mayfly egg-laying on asphalt roads

d
ith

 for
re
rved
. We
The
her
ired
s a
nd

 to

ut
ich
 of
all
ly

trol

as
r

ies
es
4

he
e
e

an

Table 2.Air temperature, temperature of the test surfaces and
the number of Epeorus silvicola landing on a 0.1 m × 0.1 m

area of three test surfaces (a shiny black plastic sheet, a shiny
white plastic sheet, a shiny aluminium foil) for 30 s versus

time on 3 June 1996

Number of insects landing

Temperature Shiny Shiny
Air of the test black white

Time temperature surfaces plastic plastic Aluminium
(h) (oC) (oC) sheet sheet foil

19:10 25.0 27.5 11 0 0
19:12 25.0 27 9 0 0
19:15 24.5 27 9 0 0
19:19 24.0 26.5 24 0 0
19:22 23.5 26 26 1 0
19:25 23.0 25.5 19 1 0
19:29 22.0 24.5 16 0 0
20:03 21.5 23.5 3 0 0

Table 3.The number of Rhithrogena semicoloratalanding on
a 0.1 m × 0.1 m area of three test surfaces (a shiny black

plastic sheet, a slightly shiny black cloth, a matt white cloth)
for 30 s versus time on 17 June 1996

Number of insects landing

Time Shiny black Slightly shiny Matt 
(h) plastic sheet black cloth white cloth

19:33 25 6 0
19:38 18 3 0
19:43 20 3 2
19:48 25 2 0
19:53 23 5 1
19:58 22 4 0
20:03 24 4 0
20:08 16 3 0
20:13 23 4 0
20:18 21 4 0

The slightly shiny black cloth reflected partially horizontally
polarized light. Its degree of polarization was much lower than that
of the shiny black plastic sheet (see Table 6; Fig. 4).

Table 4.The number of Epeorus silvicolalanding on and
flying immediately above (within a height of 0.1 m) a 0.1 m ×

0.1 m area of three test surfaces (a shiny black plastic sheet, a
matt black cloth, a matt white cloth) for 30 s versus time on 6

May 1997

Number of insects landing

Time Shiny black Matt Matt 
(h) plastic sheet black cloth white cloth

20:12 13+50 0+3 0+0
20:14 20+150 1+2 0+0
20:20 160+170 0+0 0+0
20:27 32+32 0+0 0+0
20:30 16+10 0+0 0+0

The numbers of mayflies are given in the format a+b, where a is
the number of insects landing on the surface and b is the number of
insects swarming above it.
sheet and the aluminium foil were not attractive to Rhithrogena
semicolorata. The very small number of mayflies observe
landing on these test surfaces is negligible in comparison w
the number landing on the black plastic sheet.

As Table 2 demonstrates, similar results were obtained
Epeorus silvicola. To preclude the possibility that temperatu
differences between the test surfaces resulted in the obse
patterns, we measured the temperature of the test surfaces
found no temperature differences between the surfaces. 
temperature of the test surfaces was always significantly hig
than the air temperature above the asphalt road (Table 2; pa
t-test, P<0.01). Both temperatures decreased gradually a
function of time, because both the swarming of mayflies a
the multiple-choice experiments began immediately prior
sunset.

In the first series of multiple-choice experiments (carried o
in 1996), we found that the shiny black plastic sheet (wh
reflected light specularly, i.e. in such a way that the angle
incidence is equal to the angle of reflection, and only a sm
amount of light is reflected in other directions) was the on
attractive surface for all six mayfly species studied. As con
surfaces, we used a slightly shiny black cloth and a matt w
cloth that reflected light diffusely (that is, in all directions). Th
results of the control experiment are presented in Table 3
Rhithrogena semicolorata. Again, the shiny black plastic shee
was significantly more attractive than the cloths (paired t-test,
P<0.001). The white cloth was unattractive; however, the bla
cloth attracted a small number of mayflies. The reason for 
was that this black cloth was slightly shiny. This is discuss
below in detailing the reflection–polarization characteristics
the test surfaces.

In 1997, we used totally matt black cloth as one of t
control surfaces. The other two test surfaces were a shiny b
plastic sheet and a matt white cloth. The number of Epeorus
silvicola swarming immediately above and landing on the
surfaces is given in Table 4. The matt black and white surfa
hite
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were unattractive to mayflies; the shiny black plastic sheet w
the only attractive surface. A similar result was found fo
Rhithrogena semicolorata(Table 5). In this species, the
majority of mayflies observed on the cloths and the aluminium
foil were copulating pairs; they began to mate while still in the
air and dropped accidentally onto these surfaces. The mayfl
observed on the black plastic sheet were mainly single mal
or egg-laying females, but copula were also abundant. Table
also shows the typical pattern observed in all six species: at t
beginning of swarming, only a few mayflies landed on th
shiny black plastic sheet, but later almost every member of th
swarm landed on it periodically. At the end of swarming, we
observed that more individuals had settled onto the plastic th
were flying above it.
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Table 5.The number of Rhithrogena semicoloratalanding on
a 0.1 m × 0.1 m area of four test surfaces (a shiny black

plastic sheet, a matt black cloth, a matt white cloth, a shin
aluminium foil) for 30 s versus time on 11 May 1997

Number of insects landing

Shiny Matt Matt Shiny
Time black black white aluminium
(h) plastic sheet cloth cloth foil

19:10 6 0 0 0
19:15 8 0 1 0
19:20 8 0 1 0
19:25 11 0 0 1
19:39 12 1 0 0
19:43 13 1 0 2
19:47 12 0 0 0
19:51 21 0 0 0
19:54 20 3 0 0
19:57 18 4 0 1
20:00 26 4 0 4
20:03 23 3 0 0
20:06 28 2 0 0
20:09 31 2 0 1
20:12 35 0 0 1
20:13 29 2 0 0
20:15 60 2 0 1
20:16 63 5 0 1
20:21 64 0 0 0
20:25 63 0 0 0
20:28 58 0 0 0
20:31 26 0 0 0
20:34 8 0 0 0
20:37 8 0 0 0
The landing of mayflies on the black plastic sheet was
intensive that we could hear the loud strikes of the insect bod
similar to rain drops rattling on the plastic. If we covered a
part of the black plastic sheet with a piece of any other t
surface, then reproductive activity of mayflies ceased ab
this region, but not above the surrounding sheet. When 
piece of the other test surface was removed, reproduc
behaviour of the insects above this part of the black pla
sheet recommenced.

Displacing the black plastic sheet

To demonstrate the strong preference of swarming mayfl
for the shiny black plastic sheet, we lifted the black plas
sheet above which mayflies swarmed in large numbers 
moved it slowly such that its surface remained horizontal. T
swarming mayflies followed the slowly moving plastic. Whe
the black plastic sheet with the cloud of swarming mayflies w
moved above one of the other test surfaces and then the b
plastic was quickly removed, the mayfly cloud dissipat
rapidly. When the black plastic was replaced on t
unattractive test surface, the mayflies returned and quic
developed a swarm. If the black plastic was held vertically, 
mayflies did not swarm over or next to it, nor did they follo
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its movement. The same was true for all other test surfaces
this experiment.

Transferring the mayflies from the black plastic sheet to oth
test surfaces

Using a hand net, we captured mayflies (single males a
females, egg-laying females, copulating pairs) swarming abo
the black plastic sheet and released them onto one of the o
test surfaces. We observed that these mayflies did not conti
their reproductive activity on the new test surface, but left
and returned to the black plastic. However, if we transferr
them to another black plastic sheet, they began th
reproductive behaviour again, showing that the captur
mayflies did not fly away from the new test surface because
the netting procedure, but because of the unattractive 
repellant nature of the test surface.

The influence of temperature on the reaction of mayflies to 
test surfaces

The water temperature of the creek was between 12 a
14 °C, and did not change during swarming on a given da
The air temperature above the creek (at a distance of 1 m fr
the water surface) was significantly higher than that of th
water (paired t-test, P<0.001) and decreased from
approximately 20–22 °C to 14–15 °C between the start a
end of swarming each day. The air temperature above 
asphalt road (at a distance of 1 m from the surface) w
significantly higher still (paired t-test, P<0.001) and
decreased from approximately 25–26 °C to 16–17 °C duri
swarming (Table 1). The warmest location was always t
asphalt road and the test surfaces on it (Table 2; paired t-test,
P<0.01).

The swarming of mayflies began immediately prior to o
after sunset when the air temperature was still relatively hi
above both the asphalt surface and the creek. The swarm
ceased when the air temperature decreased below 14–16
The higher air temperature above the asphalt road prolong
the reproductive behaviour of mayflies by approximate
15 min in comparison with the reaches of the creek fro
which the sky was visible, presumably making the asph
more attractive to mayflies than the creek. However, sin
there was no temperature difference among the test surfa
investigated, the different reactions of mayflies to th
different test surfaces cannot be explained by their therm
perception. Similarly, a role of olfaction in the choice of th
test surface by mayflies can be excluded (see below
Mayflies must have preferred the asphalt road and the bla
plastic sheet and avoided the other test surfaces because t
surfaces were visually attractive, non-attractive or eve
repellant.

Mayflies roosted on the leaves of trees and bushes after t
reproductive activity. To study the role of the substratu
chosen by the insects as a roosting place, we again used
test surfaces, which were laid onto the ground beneath tr
and bushes on the bank of the creek. We observed that, a
swarming, the mayflies landed en massenot only on the shiny

y
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black plastic sheet, but also on the other test surfa
irrespective of their type (using paired t-test, there were no
significant differences between surfaces chosen). T
behaviour of roosting mayflies was, however, quite differe
from the behaviour observed during swarming. Roosti
mayflies did not dance, fly up and down, or oviposit on the t
surfaces, but simply settled on them and remained motionl
apparently using the test surfaces as roosting places and n
reproduction sites. Because of the lower temperature, 
roosting of mayflies on the shore of the creek began earlier t
at the border of the warmer asphalt road.

Reflection–polarization characteristics of the swarming site
of mayflies

From the above observations, it is clear that mayflies se
reproduction sites predominantly on the basis of visual cu
(see also Discussion). We can hypothesize that the detec
of water surfaces as oviposition sites occurs by polarotaxis
in many other water insects (Schwind, 1985, 1991, 199
Thus, using video-polarimetry, we determined th
reflection–polarization characteristics of several reaches o
mountain creek and compared them with those of an asp
road and the test surfaces.

Reaches of a mountain creek

Fig. 2 shows the measured reflection–polarizatio
characteristics of three different reaches of a mountain cr
from which mayflies emerge and where they swarm, mate 
oviposit yearly in large numbers. All three scenes had
slightly undulating water surface and were recorded from
direction of view of the camera of 60 ° measured from t
vertical, which is slightly larger than the Brewster angle 
asphalt (57.5 °) and water (53 °) with refractive indices 
1.57 and 1.33, respectively. In the first reach of the creek (F
2A, row 1), the water was relatively slow and calm and
small pond was present in the shadow of trees. Through
foliage, skylight illuminated the water surface from abov
and to the right. The degree of polarization is high only 
those regions of the water surface that are illuminated by 
skylight (Fig. 2A, row 2). The other regions of the water an
the shore reflect practically unpolarized light. Because of 
undulation of the water surface, the degree of polarizat
and the E-vector alignment (Fig. 2A, row 3) change strong
from site to site on the water surface, giving a relatively bro
distribution of these variables (Fig. 2A, rows 4, 5). The E
vectors of light reflected from the water surface a
approximately horizontal but, because of the ripples on 
water surface, they can diverge strongly from this directi
(Fig. 2A, rows 3, 5).

The second reach of the mountain creek was exposed
skylight from above (Fig. 2B). The water flowed slowly amon
stones and pebbles. Here, the degree of polarization of l
reflected from the undulating surface of the turbulent water w
also relatively low, and the dry stones and pebbles were larg
unpolarized (Fig. 2B, row 2). Thus, the spatial distributions 
the degree (Fig. 2B, row 2) and direction (Fig. 2B, row 3) 
ces
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polarization are very patchy and the histograms of the
variables are again relatively broad (Fig. 2B, rows 4, 5). In t
case of the third reach (Fig. 2C), the creek flowed under tre
but its surface was illuminated by skylight from the side
Consequently, the degree of polarization of light reflected fro
the water surface is relatively high (Fig. 2C, rows 2, 4
However, similarly to the first and second reaches, both t
degree and direction of polarization of the light reflected fro
the water surface change strongly because of the ripp
(Fig. 2C, rows 2, 3), and their histograms are again bro
(Fig. 2C, rows 4, 5).

Sections of an asphalt road

Fig. 3 shows the measured reflection–polarizatio
characteristics of three different sections of the asphalt ro
above and on which the investigated mayflies swarmed, ma
and oviposited. Analysing the patterns and histograms of 
degree and direction of polarization of light reflected from th
three sections of the asphalt road in Fig. 3 and comparing th
with those of the reaches of the mountain creek in Fig. 2, 
can establish several important points. The distribution of t
degree of polarization and the E-vector alignment of the lig
reflected from the asphalt road is narrow; the E-vector of t
reflected light is predominantly horizontal and, apart from th
lighter and rougher patches of the asphalt surface, the deg
of polarization is relatively high, in spite of the fact that th
surface was dry. We also measured the reflection–polarizat
characteristics of light reflected from wet sections of th
asphalt road after rain. We obtained similar results as for 
dry asphalt road; however, the degrees of polarization w
significantly higher when the asphalt was wet (paired t-test,
P<0.001; see Table 6; Fig. 4).

Test surfaces used in the multiple-choice experiments

Fig. 4 shows the reflection–polarization patterns of th
different test surfaces measured using video-polarimet
Table 6 shows the measured relative brightness, degree
polarization δ and E-vector alignment α of light reflected from
the test surfaces. From Fig. 4 and Table 6, the followin
observations can be made. Light reflected from the shiny bla
plastic sheet (δ=55 %) and the wet asphalt (δ≈51 %) possessed
the highest degrees of polarization (P<0.001). The degree of
polarization of light reflected from the dry asphalt (δ≈31 %)
was still strong and much higher (P<0.001) than that from the
slightly shiny black cloth (δ≈15 %), the matt black cloth
(δ≈9 %) and the shiny white plastic sheet (δ=7.7 %). The matt
white cloth (δ=3.3 %) and the shiny aluminium foil (δ=3.2 %)
reflected practically unpolarized light.

Because of the approximately smooth and horizon
reflecting surfaces, the direction of polarization of ligh
reflected from the wet and dry asphalt and the shiny black a
white plastic sheets was not significantly different from
horizontal (P<0.001). The E-vectors of light reflected from th
cloths differed significantly from the horizontal direction
(P<0.001) because of the surface roughness of these clo
The shiny aluminium foil reflected the light such that it did no
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change the degree and direction of polarization of the incid
light. Since the surroundings (sky and randomly oriented l
blades of the vegetation) of the swarming sites and the sit
the multiple-choice experiments possessed randomly orien
ent
eaf
e of
ted

E-vectors, the directions of polarization of light reflected fro
the shiny aluminium foil were also random, and the relative
low degree of polarization changed strongly from site to s
depending on the direction of view.
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Fig. 2. The reflection–polarization characteristics of three differe
reaches of a mountain creek (a typical emergence and swarming
of the mayflies studied) measured using video-polarimetry. All thr
scenes with a slightly undulating water surface were recorded from
direction of view of the camera of 60 ° measured from the vertic
(A) In this relatively slow and calm reach of the creek, a small po
is present, shadowed by trees. Through the foliage, skylig
illuminated the water surface from above and to the right. (B) 
reach of the creek illuminated from above by the clear sky where 
water flowed slowly among stones and pebbles. (C) A reach wh
the creek flowed under trees, but its surface was illuminated 
skylight from the side. Row 1 shows the spatial distribution of th
brightness and colour of the scene as seen through the vid
polarimetry camera. The small rectangular areas demarcated
white lines within the pictures in row 1 represent the regions f
which the histograms of the degree and direction of polarization 
given in rows 4 and 5. Row 2 gives the patterns of the degree
polarization δ of the scenes. The colour scale is given in the top le
corner: the darker the grey tone, the higher is δ (black, δ=100 %,
white, δ=0 %). Row 3 shows the patterns of the E-vector alignmentα
of the scenes measured from the vertical. The darker the violet/gr
or red/yellow colour, the more the E-vector alignment deviates fro
the horizontal or vertical, respectively (red, 0 °<α<45 °; green,
45 °<α<90 °; violet, 90 °<α<135 °; yellow, 135 °<α<180 °). Row 4
shows histograms (frequencies) of the distribution of the degree
polarization calculated for the rectangular windows in row 1. In ro
5 are histograms (frequencies) of the distribution of the E-vec
alignment calculated for the rectangular windows in row 1.
Discussion
An appropriate explanation for the reproductive behavio

of mayflies above asphalt roads is that certain sens
(olfactory, thermal or visual) cues deceive and attract the
insects. To investigate these cues, we performed multip
choice experiments with swarming mayflies. We us
colourless reflecting test surfaces because we wanted to s
the role of the brightness and polarization of reflected light
the reproductive behaviour and detection of water by mayfli
We wished to avoid the more complex investigation of the ro
of colour in this behaviour. The latter is a task for futu
studies.
Table 6.The reflection–polarization characteristic

S1 S2 S3
Wet Matt Shiny Sh

asphalt white cloth aluminium p

Relative brightness 38.8±3.4 99.7±5.4 100±5.7
(%)

Degree of polarization, 50.9±3.4 3.3±0.9 3.2±1.1
δ (%)

E-vector alignment,
α (degrees) 89.1±1.4 58.8±4.3 57.7±2.1

Relative brightness is calculated relative to the shiny aluminium
Values are means ±S.E.M. (N=560 × 736 = number of pixels in a vid
ur
ory
se
le-
d

tudy
 in
es.
le
e

The role of olfaction, wind and air humidity

The asphalt road and the test surfaces did not possess 
characteristic smell detectable by the human olfactory syste
The black and white plastic sheets were composed of the sa
polyethylene; consequently, their odour must be the same,
in the case of the matt black and white cloths. Similarly, the
might not be any significant difference between the smell 
the smooth/dark and light/rough regions of the asphalt surfa
It is, therefore, improbable that olfaction plays a role in th
attractiveness of the shiny black plastic sheet and the asph
surface to mayflies. This is consistent with the results of oth
authors (Schwind, 1985, 1991, 1995; Horváth et al. 1998), who
found that water-seeking insects find their aquatic habit
visually and not by means of olfaction.

Mayflies generally avoid those sites where the wind is stron
and the air humidity is low (Brodskiy, 1973). Any small
possible differences in wind velocity and relative humidity
among the test surfaces were compensated for by the rand
positioning of these surfaces in the multiple-choic
experiments. Thus, a role of wind and air humidity in th
attractiveness of the shiny black plastic sheet can be exclud

The role of temperature

Since there were no temperature differences between 
different regions of the asphalt road and the test surfaces ly
on it, the attractiveness of the smoother and darker regions
the asphalt surface and the shiny black plastic sheet canno
explained in terms of temperature. Mayflies must have therm
sensitivity in order to perceive the optimal temperature rang
for swarming (Savolainen, 1978). When the air becomes cold
than approximately 14–15 °C after sunset, swarming ceas
and the mayflies roost on the leaves of grass, trees and bus
on the shore of their emergence site. The air above asph
roads is always warmer than that above the water surfa
because the sunshine warms the dark asphalt more than
water. This higher temperature above asphalt roads 
advantageous for mayflies as it prolongs their reproducti
activity. Note, however, that it is unlikely to be the highe
temperature that attracts mayflies to asphalt roads. The hig
temperature only affects the duration of the swarming perio
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s of the test surfaces measured using video-polarimetry

S4 S5 S6 S7 S8
iny white Matt Slightly shiny Shiny black Dry
lastic sheet black cloth black cloth plastic sheet asphalt

97.6±4.3 24.4±2.8 17.6±3.2 22.6±2.4 26.0±3.1

7.7±1.5 9.1±2.1 15.1±2.8 55.0±5.4 30.6±3.4

91.3±1.1 81.9±5.4 73.1±4.9 90.5±1.2 90.9±1.3

 foil; E-vector alignment is measured with respect to the vertical. 
eo frame).
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Fig. 3. The reflection–polarization characteristics of three different sections of the asphalt road above and on which the mayflies swarmed,
mated and oviposited. In each case, the asphalt surface was dry, and the scenes shown were recorded from a direction of view of the camera of
60 ° with respect to the vertical. (A) A long section of the asphalt road illuminated by direct light from the setting sun under a clear sky. The
camera viewed towards the solar meridian. (B) A short, smooth and dark section of the asphalt road illuminated by direct sunlight prior to
sunset. The camera viewed towards the solar meridian. (C) A short section of the asphalt road with smooth and rough, bright and dark patches
illuminated by skylight from above after sunset. Other details are as in Fig. 2.
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Fig. 4. The reflection–polarization characteristics of eight different test surfaces measured using video-polarimetry. The scene was illuminated
by skylight from above after sunset and recorded from a direction of view of the camera of 70 ° with respect to the vertical. The rectangular
pieces of the test surfaces were laid on a dry asphalt road, a small rectangular area of which (S1) was moistened by water. S1, wet asphalt
surface; S2, matt white cloth; S3, shiny aluminium foil; S4, shiny white plastic sheet; S5, matt black cloth; S6, slightly shiny black cloth; S7,
shiny black plastic sheet; S8, dry asphalt surface. (A) The colour picture of the scene as seen through the video-polarimetry camera. (B) The
pattern of the degree of polarization of the scene. (C) The pattern of the E-vector alignment of the scene. Other details are as in Fig. 2.
(approximately 15 min longer) above the asphalt ro
compared with the cooler water surface. For species swarm
at dusk over water, a gradual increase in swarming altitude
been reported (Brodskiy, 1973) as the insects avoid cold
near the ground. We observed the reverse of this phenome
above asphalt roads.

The role of colour and brightness

On the basis of the above arguments, the high attractive
of asphalt roads to mayflies can be explained only by opt
cues, i.e. by the colour, brightness or polarization of reflec
light. Because a black or grey asphalt surface reflects the w
spectrum of the incident light and its reflectivity is almo
independent of the wavelength, as for the colourless 
ad
ing

 has
 air
non

ness
ical
ted
hole
st
test

surfaces used in the experiments, the role of colour in t
choice by mayflies can be excluded. The shiny aluminium fo
and the plastic sheets reflected the light specularly, the m
cloths reflected it diffusely. Among the test surfaces, th
brightest was the aluminium foil; the white plastic sheet an
the white matt cloth reflected a slightly, but not significantly
smaller amount of light; and the black plastic sheet and t
black cloths were the darkest (Table 6). If mayflies wer
attracted to the asphalt surface by positive phototaxis, then 
shiny aluminium foil, the shiny white plastic sheet and the ma
white cloth should have been the most attractive to them. Sin
the reverse was found, one can conclude that mayflies were 
guided by phototaxis to the asphalt surface.

We found that mayflies were attracted only to the shiny blac
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plastic sheet among the test surfaces. This cannot be expla
by the relatively small amount of light reflected from this plas
sheet, because the matt black cloth, which had a similar rela
brightness (using a paired t-test, there is no significant
difference in brightness; Table 6), was not attractive at all. I
specular direction (i.e. when the angle of incidence is equa
the angle of reflection), a shiny black surface reflects more li
than a matt black one; however, it was established above 
the amount of light reflected is not the cue used by mayflie

The role of reflection polarization

Aluminium foil does not change the degree and direction
polarization of the incident light (Horváth and Pomozi, 1997
The light reflected from the plastic sheets became polari
parallel to their surface, but the degree of polarization of lig
reflected from the white plastic sheet (δ=7.7 %) was much
smaller than that from the black one (δ=55 %) (Table 6). The
light reflected from the cloths also possessed very low deg
of polarization; furthermore, the E-vector of light reflected fro
them was not horizontal. Thus, we suggest that polarization
reflected light might be the most important variable explaini
the attractiveness of the shiny black plastic sheet. We obse
that the black plastic sheet was attractive only if its surface w
horizontal; the vertically oriented black plastic sheet, for whi
the E-vectors of reflected light would have been vertical, w
not attractive to mayflies. Thus, we can conclude that o
horizontally polarized reflected light attracts mayflies.

This is also supported by the fact that the shiny aluminiu
foil, which did not change the degree and direction 
polarization of reflected light, was unattractive to mayflies. T
polarization distribution of the surroundings of the sites of o
choice experiments was generally characterized by rand
orientation of the E-vectors and by relatively low values of t
degree of polarization (e.g. see Fig. 3A). Thus, the lig
reflected from the aluminium foil was relatively unpolarized 
comparison with the light reflected from the black plastic sh
and its E-vector was not horizontal (Table 6).

We found that the shiny black plastic sheet was mo
attractive to mayflies than the dry asphalt surface, and that
latter was much more attractive than the slightly shiny bla
cloth. However, the smoother and darker regions of the asp
road were much more attractive than the rougher and ligh
patches. We found that the degree of polarization of reflec
light was highest for the shiny black plastic sheet (δ=55 %);
light reflected from the dry asphalt road possessed a sma
degree of polarization (δ≈31 %), but a higher degree o
polarization than that of the slightly shiny black clot
(δ≈15 %). The degree of polarization of light reflected from t
rougher and lighter patches of the asphalt was lower than 
reflected from the smoother and darker regions of the asp
road (Fig. 3C, rows 1, 2). Therefore, the higher the degree
polarization of reflected light, the greater is its attractivene
to mayflies. Hence, mayflies swarming, mating and egg-lay
on asphalt roads are predominantly visually deceived by 
attracted to the asphalt surface because the strongly 
horizontally polarized reflected light imitates a water surfac
ined
tic
tive
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Our results are in accordance with the earlier results 
Schwind (1985, 1991, 1995), whose test surfaces also attrac
Cloeonspecies (Ephemeroptera). He found that the probab
spectral range where the polarization vision system of Cloeon
functions is between 450 and 480 nm.

We found that the slightly shiny black cloth with a degre
of polarization δ of reflected light of 15 % was slightly
attractive (see Table 3), while the matt black cloth (δ=9.1 %)
was relatively unattractive to the six mayfly specie
investigated. This indicates that the threshold of th
polarization sensitivity of their visual system is between 9 %
and 15 %. Apart from some anatomical studies (e.g. Horridg
1976; Horridge and McLean, 1978; Burghause, 1981) on t
dorsal (turban) and lateral eyes in male and fema
Ephemeroptera, nothing is known about the polarizatio
sensitivity of the visual system in mayflies. Our observation
make it very probable that mayflies possess well-develop
polarization vision and detect the water surface on the basis
reflected polarized light.

Generally, aquatic insects and those living in moist substra
are influenced in their choice of habitat not only b
horizontally polarized reflected light (visible from remote
distances), but also by non-optical factors; shortly after landi
on a substratum, they may find it unsuitable and leave ag
(Schwind, 1991). However, we did not observe such behavio
in the six Ephemeroptera species studied. Perhaps the hig
and horizontally polarized light reflected from the aspha
surface or the shiny black plastic sheet was such a strong vis
cue that it suppressed the signals of other sensory organs.

Comparison of the attractiveness of asphalt roads and wate
surfaces to mayflies

Since the asphalt is black or dark grey and non-transpare
an asphalt road is an efficient specular reflector and polarize
its surface is smooth; it always reflects horizontally polarize
light, the degree of polarization of which is almost 100% ne
the Brewster angle (57.5°). Light penetrating into the asphalt h
no effect on the polarization because it is totally absorbed. T
situation in the case of a streamlet, however, is different, beca
light reflected specularly from the water surface is horizontal
polarized, whereas light penetrating into water and emanat
from it is vertically polarized due to refraction. This vertically
polarized component reduces the net degree of polarizati
Thus, the light reflected from a brook is horizontally polarize
when the surface-reflected light dominates and vertica
polarized when the light returning from the water dominate
The greater the proportion of light returning from the water 
comparison with that reflected from the water surface, the low
is the net degree of polarization (Fig. 2A,B). In Fig. 2C, th
degree of polarization of light reflected from the water surfac
is relatively high, because only a small amount of light is comin
from the water (due to the sheltering vegetation), and the amo
of light reflected from the water surface is high (due to the brig
illumination from the side).

The highly and always horizontally polarized light reflecte
from asphalt roads and the relatively homogeneous distributi
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of the degree and direction of polarization (see Figs 3, 4) c
therefore be much more attractive to mayflies than the surf
of a streamlet (Fig. 2). An asphalt road can reflect and polar
the incident light in such a way that the reflected light becom
a supernormal stimulus for water-seeking mayflies 
comparison with the light reflected from the water. This w
also observed in our multiple-choice experiments, wh
mayflies swarming above the asphalt road were attracted to
highly polarized light reflected from shiny black plastic she
when it was laid onto the road. A relatively small black plast
sheet (a few square metres) attracted all the mayflies swarm
above the asphalt road within several tens of metres.

According to Schwind (1991), insects inhabiting runnin
waters, e.g. plecopterans living near brooks (Zwick, 199
may not locate their habitats using polarization vision becau
polarization is reduced or even distorted by waves (s
Fig. 2B). Nevertheless, our observations and multiple-cho
experiments show that this is not true of the Ephemeroptera
least for the six species studied by us.

One of the prerequisites of mayfly mating is to swarm abo
places where the sky is visible, because the females are usu
detected visually and captured by the males from belo
(Brodskiy, 1973). The sky is generally open above highwa
and asphalt or dirt roads; thus, in this respect, roads near
emergence site of mayflies provide a good swarming pla
After mating, the polarotactic females return to water 
oviposit. Highly and horizontally polarized light reflected from
asphalt roads with a smooth and dark surface can deceive
attract them.

Hence, asphalt roads are visually attractive on several lev
to mayflies: the sky above them is visible, the strong a
horizontal polarization of reflected light mimics a wate
surface, and they have a slightly higher temperature than 
surrounding areas. Asphalt roads can be much more attrac
for mayflies than real creeks, because the latter frequently 
under trees and bushes. Mayflies do not swarm or mate ab
those reaches of the creek that are in the shelter of trees;
is, from which the sky is not visible. Egg-laying also take
place on the reaches of the streamlets where the sky is vis
and from which polarized skylight can be reflected to guide t
mayflies to the water surface.

Other choice experiments with mayflies

Using different shiny black and white plastic marker
oriented horizontally or vertically, Savolainen (1978) studie
the ability of some mayfly species to recognize the markers
their visual environment. His observation that individuals 
Ephemera vulgatawere deceived by horizontal plastic shee
is consistent with our results. In contrast to our choi
experiments, Fischer (1992) could attract male Baetis vernus
in large numbers to a horizontally oriented matt black clo
laid on the grass of a meadow, and the mayflies followed 
cloth if it was moved slowly. However, he carried out n
control experiments and gave no information about the opti
characteristics of the test surface, so that comparisons with
results are difficult.
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The results of Savolainen (1978) and Fischer (1992) we
interpreted regarding the effects of markers on the swarmi
of mayflies. All earlier experiments studying the swarming si
preference of mayflies have concentrated exclusively on t
brightness contrast of markers; reflection polarization as 
optical cue was not taken into consideration. Some auth
(e.g. Fischer, 1992) have hypothesized that the recognition
the surface of creeks or lakes by the visual system 
Ephemeroptera is made on the basis of brightness contra
Our results on the polarotaxis of Ephemeroptera demonstr
that this view is erroneous.

Asphalt roads as analogies with ancient tar seeps and rece
oil lakes

Our observations on mayflies deceived by and attracted
highly and horizontally polarized light reflected from aspha
roads recall the earlier observations of Horváth and Zeil (199
that both male and female dragonflies were visually deceiv
by the high and horizontal polarization of light reflected from
crude oil lakes in the desert of Kuwait where they attempt
to touch the surface or lay their eggs and perished in the bla
liquid oil. Recently, G. Horváth and G. Kriska (unpublishe
data) have observed that mayflies are attracted to and trap
in large numbers by the waste oil lake in Budapest. Asph
roads and crude or waste oil lakes resemble the Pleistoc
natural tar pits and asphalt seeps in Rancho la Brea, L
Angeles, USA (Akersten et al. 1983), and Starunia, Western
Ukraine (Angus, 1973; Kowalski, 1997), which also trappe
water insects en masseprobably because of their high
reflection polarization (Horváth and Zeil, 1996).

A new method for studying ephemeropteran swarming
behaviour in the field

Our experiments suggest that a shiny black plastic sh
could be used for the investigation of reproductive behavio
in Ephemeroptera. In the field, under natural conditions, it 
often difficult to observe mayfly swarms, because they a
formed in unapproachable sites, above the water surface o
high altitudes, for instance. The placement of a shiny bla
plastic sheet of several square metres would attract the wh
swarm, allowing the study of the mayflies or their capture. Th
simple method could facilitate field studies by students 
Ephemeroptera.
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