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Why is it worth flying at dusk for aquatic insects? Polarotactic water detection is
easiest at low solar elevations
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Summary

Using 180° field-of-view imaging polarimetry, we similar. From this, we conclude that polarotactic water
measured the reflection-polarization patterns of two detection is easiest at low solar elevations, because the risk
artificial surfaces (water-dummies) in the red, green and that a polarotactic insect will be unable to recognize the
blue spectral ranges under clear and partly cloudy skies at surface of a dark or bright water body is minimal. This
different solar elevations. The dummies consisted of a partly explains why many aquatic insect species usually fly
horizontal glass pane with a matt black or matt light grey en masseat dusk. The daily change in the reflection-
cloth underneath, imitating a dark or bright water body, polarization pattern of water surfaces is an important
respectively. Assuming that polarotactic water insects visual ecological factor that may contribute to the
interpret a surface as representing water if the degree of preference of the twilight period for habitat searching by
linear polarization of reflected light is higher than a  polarotactic water insects. Air temperature at sunrise
threshold and the deviation of the direction of polarization is generally low, so dusk is the optimal period for
from the horizontal is lower than a threshold, we polarotactic aquatic insects to seek new habitats.
calculated the proportion, P, of the artificial surfaces
detected polarotactically as water. We found that at Key words: dusk-flying water insects, aquatic habitat recognition,
sunrise and sunseP is maximal for both water-dummies  polarotaxis, reflection polarization, polarization sensitivity, °180
and their reflection-polarizational characteristics are most  field-of-view imaging polarimetry.

Introduction

It is a well-documented phenomenon that many aquatim the reflection-polarization pattern of water surfaces is a
insect species, especially small-bodied Heteroptera (e.further important visual ecological factor that may contribute
Sigara CorixaandCymatiasp.) but also some Coleoptera (e.g.to the preference for the twilight period for habitat searching
Berosussp.), seek new habitats during their migration andoy polarotactic water insects. These insects detect water by
dispersalen masseausually between dusk and midnight (e.g. means of the horizontal polarization of light reflected from
Popham, 1964; Danilevskii, 1965; Johnson, 1969; Fernandbe water surface (Schwind, 1991, 1995; Horvath and Varjd,
and Galbraith, 1973; Zalom et al, 1979, 1980;2003). Using 180° field-of-view imaging polarimetry, we
Danthanarayana, 1986). From an ecological point of view, thimeasured the reflection-polarization patterns of two artificial
is explained conventionally by the reduced risk of bothsurfaces (water-dummies) in the red, green and blue spectral
predation and dehydration as well as by the period of calm anmdnges under clear and partly cloudy skies at different solar
lower air temperature at twilight (e.g. Landin, 1968; Landinelevations. The water-dummies were composed of a horizontal
and Stark, 1973). At sunset, the intensity of ambient lighglass pane underneath which was a matt black or a matt light
decreases rapidly, rendering the visual detection of flying pregrey cloth, which imitated a dark or bright water body,
by birds more difficult (e.g. King and Wrubleski, 1998). Sincerespectively.
the rate of dehydration is proportional to the surface-to-volume Assuming that polarotactic water insects interpret a surface
ratio, small-bodied aquatic insects become easily dehydratéd be water if the degree of linear polarization of reflected light
during flight if they cannot find a body of water within 1 is higher than a threshold and the deviation of the direction of
At nightfall, the lower temperature, higher relative humidity polarization from the horizontal is lower than a threshold, we
and calmness of air relative to those in daytime are optimal faralculated the proportior®, of the dummy surface detected
small-bodied aquatic insects (Landin and Stark, 1973). polarotactically as water. We found that at sunrise and sunset

The aim of the present study is to show that the daily chandeis maximal for both water-dummies, and at these times their
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reflection-polarizational characteristics are most similar. Frongloths and the water-dummies (Fid3) versusthe wavelength
this, we conclude that polarotactic water detection is easiest@gs measured with a Jobin Yvon-Spex Fluoromax-2
low solar elevations, because the risk that a polarotactic insegpectrofluorimeter (Jobin Yvon Ltd, Edison, NJ, USA). We
will be unable to recognize the surface of a dark or bright wateshowed that the conclusions drawn from the data obtained for
body is minimal. This partly explains why many aquatic insecthe glass water-dummies also hold for flat water surfaces.
species usually flgn massat dusk. As the air temperature at Similar dummies with manipulated reflection-polarizational
sunrise is generally too low, dusk is the optimal period foand spectral characteristics were successfully applied by
polarotactic aquatic insects to seek new habitats. Schwind (1991, 1995) to study the polarotaxis of water insects.
The results presented here could be achieved using the 1800ur imaging polarimeter was a Nikon F801 photographic
field-of-view imaging polarimetry developed recently by Galcamera equipped with a Nikon-Nikkor fisheye lens with a 180°
et al. (2001a,b) and Horvath et al. (2002), with which the fulfield of view, 8mm focal length and 2.8 f-number. Fujichrome
polarization pattern of horizontal reflecting surfaces can b&ensia Il 100 ASA colour reversal films were used as a
measured. This technique made it possible to measui®- the detector. The fisheye lens possessed a filter wheel with linearly
values of polarizing surfaces in the entire lower hemisphericgdolarizing (HNP’'B, Polaroid) filters with three different
visual field of a hypothetical flying polarotactic water insect.directions of the transmission axes. With this technique,
Previously, such measurements and the derivatidghafuld  polarization patterns can be measured in the red (650530
not be performed, because earlier imaging polarimetrisvavelength of sensitivity maximum % half bandwidth), green
measurements (e.g. Horvath and Zeil, 1996; Horvath an@®50+3Cnm) and blue (450+50m) spectral ranges.

Varju, 1997; Horvéath et 411997, 1998; Kriska et al1998; The polarimeter with down-facing fisheye lens was
Bernath et aJ 2002) were restricted to relatively small suspended on a holder above the centre of the water-dummy
(~40°%50° maximum) fields of view. in such a way that the vertical optical axis of the lens pointed

towards the nadir (FidA). In order to minimise the
disturbance of the shadow of the holder on the dummy surface,
Materials and methods different holder orientations relative to magnetic north were
Originally, we planned to measure the reflection-chosen (FiglC). The distance between the outermost surface
polarization pattern of water surfaces by means of 180° fiel®f the fisheye lens and the glass surface was as small as
of-view imaging polarimetry. The calibration of this techniquepossible (%m) in order to measure the reflection-
and the evaluation of the photographs are described in detaiblarizational characteristics of the water-dummies in a conical
by Gal et al. (2001a,b) and Horvath et al. (2002). Since ouield of view as wide as possible (~160°). The fisheye lens was
down-facing polarimeter must be suspended somehow abof@cused into infinity to record the mirror image of the sky
the water surface, which must not undulate during recordingeflected from the glass surface. For a complete measurement,
it would be enormously difficult to perform such three photographs were taken through the polarizers with three
measurements above water surfaces over a period of tindéfferent transmission axes. This took ~sl@uring which the
(Fig. 1A). The requirement for a cloudless sky and no wind t@perator triggered the expositions by a remote cord and turned
ensure flat water surfaces can be met only by chance (Géle filter wheel of the polarimeter three times. During
et al, 2001a). This makes such comparative polarimetrieneasurements, the operator lay on the ground below the level
measurements almost impossible throughout the day. Thus, wéthe glass pane to avoid unwanted reflections (Ag. After
subsequently decided to use water-imitating artificial reflectinghe measurement of a water-dummy, it was replaced by the
surfaces called ‘water-dummies’. other dummy within ~Inin and the procedure was repeated.
One of the water-dummies consisted of a horizontal glasthis allowed us to measure the reflection-polarization patterns
pane (Imx1 m) underlaid by a piece of plywood covered with of both dummies within a few minutes, i.e. under almost the
a matt black cloth. This imitated either a dark water body (wittsame illumination conditions and at the same solar elevation
transparent water and a black bottom) or deep water (froifs).
which only a small amount of light is returned from the Measurements were carried out near the time of the summer
subsurface layers). The other water-dummy was a horizontablstice under sunny, partly cloudy skies on 17 July 2002 and
glass pane (inx1m) underlaid with a piece of plywood under sunny, cloudless clear skies on 18 July 2002 near
covered by a matt light grey cloth, which mimicked either a&Kunfehérté in Hungary (46°23N, 19°24 E) from sunrise
bright water body (with transparent, shallow water and a brigh@04:42h; local summer time = Universal Time Conversion +
bottom) or a water body with bright suspended patrticles (fror2 h) to an hour after sunset (20:8)at the differenbs shown
which a considerable amount of light is returned in comparisom Fig.1C. The maximumBs was 67° at noon (12:56).
with the amount of surface-reflected light). The water-Because of disturbance by early morning dewfall, reflection-
dummies were laid horizontally on levelled metal holderspolarization patterns at low solar elevations are presented here
30cm above the ground (Fi@A) on a hill top in order to only for the sunset and dusk period.
minimise the disturbing mirroring of landmarks near the The evaluated reflection-polarization patterns are presented
horizon. The horizontality of the dummies was checked byere in the form of circular maps, the centre and perimeter
water levels. The relative reflectivity of the black and greyof which are the nadir and the horizon, respectively. The



Fig. 1. (A) Experimental
arrangement  of the  180°
field-of-view imaging polarimetric
measurement of the reflection-
polarizational characteristics of
horizontal water-dummies.
(B) Relative reflectivities of the
matt black and matt grey cloths
(used as substrata of the glass
panes) as well as the black and
grey water-dummies. (C) The
mirror image of the apparent
celestial path of the sun during the
measurements on 18 July 2002
under clear, cloudless skies at the
Hungarian Kunfehértd (46°23,
19°24 E) in a system of polar
coordinates, where the solar
azimuth angle {{s) is measured
clockwise from the magnetic
north, and the solar elevatiofis

is measured radially from the
horizon. Dots show the solar
positions when the measurements
were performed. Black dots
represent the solar positions when
the patterns in Fig8 and 3 were
measured.
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numerical values of the degred) (and angle ) of linear  d>dy=5% and (2)d—90°|<Aay=5°. We introduce the quantity
polarization are coded by different shades of grey and colourgpercentage® of a reflecting surface detected as water’, which
In these maps, the water-dummies cover an approximately the angular proportio®, of the viewing directions (relative
circular area as wide as ~160°. The azimuth anfjjeof a to the angular extension oftzteradians of the whole lower
given direction of view is measured clockwise from the solahemisphere of the field of view of the insect) for which both
meridian, and its nadir angle)(is measured radially in such criteria are satisfied. In other wordB, gives the relative
a way, thav is proportional to the radius (nadir=0°, horizon:  proportion of the entire ventral field of view in which the
v=90°). Note that the polar system of coordinates used for th@ater-dummies are considered polarotactically to be water.
representation of the reflection-polarization patterns is simplyhe higher thé>-value for a reflecting surface in a given visual
the mirror image of the celestial polar system of coordinategnvironment, the larger its polarotactic detectability; i.e. the
Although during measurements the direction of the polarimetdrigher the probability that a water-seeking insect can find it by
holder relative to the fixed dummies changed as the sun movedlarotaxis. Thus, for the sake of simpliciB/is subsequently
along its celestial arc (FigC), for the sake of a better called ‘polarotactic detectability’. Using the Mann—Whitney
visualization in Fig2—4 we present all circular pictures rotatedtest and the statistical program SPSS (version 9.0)Pthe
in such a way that the actual solar meridian always pointgalues calculated for the grey water-dummy were compared
vertically upwards, since these patterns are symmetrical to thth those of the black dummy in the blue, green and red parts
solar—antisolar meridian under clear skies. of the spectrum.

The mirror image of the polarimeter, its holder and the
remote cord, as well as their shadows (E#&), moved
counter-clockwise with respect to the solar meridian over time Results
(Figs2, 3). Our aim was to compare the reflection-polarization Column 1 in Fig2 and 3 shows the colour photographs
patterns of the two water-dummies. Therefore, for comparativ@vithout polarizers) of the mirror image of the clear sky
analyses, we excluded regions (chequered in Eigp in  reflected from the grey and black water-dummies, respectively,
which landscape near the horizon, unwanted overexposuras a function 06s. Since these colour photographs were taken
disturbing shadows or mirror images of the polarimeter, itsvith different times of exposure, they do not display correctly
holder and remote cord occurred in the individual pictureshe relative intensity of reflected light. Nevertheless, it is clear
taken at a giveRs. Thus, for both dummies at a particulgr  that the light reflected from the glass surface dominates relative
we obtained a time-dependent mask, the area of which wa#s the cloth-reflected light at the black water-dummy (B)g.
inappropriate for comparative analyses and from whichwhile at the grey dummy (Fi@) the cloth-reflected component
viewing directions were not taken into account. Hence, iralso contributes significantly to the net amount of returned
comparative analyses, only those viewing directions wergght.
considered where the mirror image of the sky and the Column 2 in Fig® and 3 shows the patterns of the degree
polarizational characteristics of the reflected skylight could bef linear polarizationd) of skylight reflected from the water-
registered without any disturbance. dummies in the blue part of the spectrum at different solar

The reflection-polarization patterns of a perfectly blackelevations. The grey water-dummy is less polarizing than the
water-dummy (Fig4), absorbing the penetrating component ofblack one. The light reflected from it is almost unpolarized in
incident light, were calculated with the mathematical methodnany directions of view, and its maximuhis only ~30%. At
developed by Schwind and Horvath (1993), Horvath (1995)he Brewster angle — at which the surface-reflected light is
and GAél et al. (2001a) for incident single-scattered Rayleigtotally and horizontally polarized (56° from the nadir for glass)
skylight. — very lowd-values occur in many azimuth angles (2i.The

Schwind (1985) showed that backswimmelMotpnecta black water-dummy is an effective polarizer, reflecting highly
glaucg avoid a light source emitting vertically polarized light. polarized skylight from many directions of view. At the
The same was demonstrated in dragonflies (Horvath.,et aBrewster angle, a continuous annular region, subsequently
1998; Wildermuth, 1998), mayflies and many other waterealled the ‘Brewster zone’, occurs with maximuoh
loving insects (Schwind, 1991, 1995; Kriska et, d1998; Depending ofs, two neutral points with unpolarized reflected
Bernath et aJ 2001b). Polarotactic water insects consider anygkylight appear within the Brewster zone perpendicular to the
surface as water if (1) the degree of linear polarization ofolar meridian (Fig3).
reflected light §) is higher than the threshold of polarization Column 3 in Fig2 and 3 shows the patterns of the angle of
sensitivity @) and (2) the deviation of the angle of polarization ¢) of skylight reflected from the water-dummies
polarization of reflected light from the horizontala) is  in the blue part of the spectrum. For the grey dummy, as the
smaller than a thresholddy) in that part of the spectrum in solar elevation increases, the proportion of the nearly vertically
which the polarization of reflected light is perceived.polarized reflected skylight with —453<45° (shown in red
Therefore, an imaginary polarotactic water insect levitatingand yellow) becomes dominant over the nearly horizontally
above the centre of our water-dummies was assumed pwlarized reflected skylight with 458<135° (shown in green
interpret as water those areas of the dummies from whicand blue) perpendicular to the solar meridian. However, from
skylight is reflected with the following two criteria: (1) regions of the grey water-dummy towards the mirror image of



the sun, approximately horizonta

polarized light is always reflected.
near-zero solar elevations, this is ¢
the case for regions towards the mi
image of the antisun. From t
Brewster zone of the grey dumr
nearly vertically polarized light

always reflected perpendicular to
solar meridian (Fig2). From the
black water-dummy, predominan
nearly horizontally polarized skylig
is always reflected irrespective 64.
However, approximately vertical
polarized skylight is reflected from
shaped regions with long @&
perpendicular to the solar—antisc
meridian within the Brewster zone
well as from crescent-shaped ai
near the horizon perpendicularly to
solar meridian. From the Brews
zone of the black dummy, horizonte
polarized skylight is always reflect
(Fig. 3). Note that the mirror imag
of the polarimeter, its holder a
remote cord disturb thex-pattern:
only slightly. Therefore, in the:
regions, we omitted the cheque
pattern of these mirror images in

Fig.2. Colour photographs (witha
polarizers) of the mirror image of t
clear sky reflected from the grey wa
dummy (glass pane underlaid by n
light grey cloth), patterns of the degreg
and angle ; measured from the loc
mirror meridian) of linear polarization
reflected skylight, and the area dete:
polarotactically as wateversusthe sola
elevation @s) and time (local solar time
UTC + 2h). The polarization patterns
measured by 180° field-of-view imagi
polarimetry in the blue part of tl
spectrum. Chequered areas show t
regions that are inappropriate

comparative analyses due to unwal
overexposure, shadows and mirror ime
of the polarimeter, its holder and rem
cord. In column 4, regions are shadec
black whered>dy=5% and 8520<95°.
An imaginary polarotactic water insect
assumed to consider a surface as wa
these two conditions are satisfied for
partially linearly polarized reflected ligl
In column 4, the regions where th
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criteria are not satisfied remain blank. The positions of the mirror image of the sun are shown by dots, and the BrewS&rfanmléhe
nadir for glass with an index of refraction of 1.5) is represented by an inner circle within the circular patterns. Belistuskaoice by early
morning dewfall, reflection-polarization patterns at low solar elevations are presented here only for the sunset and dusk period
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a-maps of Fig2 and 3. These regio
were, however, not taken into acco

Glass pane underlaid by matt black cloth under clear skies

. 1 2 3 4
in comparative analyses. Time Colour Degree of Angle of Area detected
In column 4 of Fig® and 3, th sola.r photograph polarization (d)  polarization (o) as water
regions of the water-dummies wh ~ €Vaton - ’ e =
the degree of polarizatiod>dy=5%
and the angle of polarizati 12:47h [
l0—90°|<A\ay=5° are shaded in blac ~ 8=67°
assuming that the imagine A
polarotactic insect detects the wate ==~ —~——— ==
the blue part of the spectrum. A
solar elevation of 0°, the grey wat
dummy is interpreted as water only ~ 11:39h
areas towards the mirror sun ¢ ©=63°
mirror antisun and partly in t B
Brewster zone. A9s increases, tr
area detected as water gradu
decreases and the grey dummy
considered as water only in sm 10:07h
spots around the mirror sun ¢ 6=51°
opposite to it. At higheBs, the gre)
dummy is not interpreted as wa C Morning
even in the Brewster zone (FR).
The black water-dummy is alwa
considered as water at or near 08:27 h
Brewster angle. However, furtt  6=34° \
away from the Brewster angle f D
black dummy is not interpreted
water perpendicular to the sa
meridian (Fig.3). Since quite simile
patterns were obtained in the gr  06:34 h
and red parts of the spectrum, we ¢~ 0,=15°
to present them here. E

Fig.4 shows the patterns of t
degree and angle of linear polarizat
and the areas detected as water 1
perfectly black glass reflector (ind
of refractionng=1.5) — which absort
all penetrating light — computed 1
the same solar elevations as in R
and 3 and for incident single-scatte
Rayleigh skylight. The patterns
Fig.4 are very similar to those
Fig.3. Hence, the reflectio
polarizational characteristics of t

20:10 h
0,=3°

21:18 h
0,=6°

black water-dummy approxime G
those of a perfectly black gle
reflector. The same patterns were . Detdsiad ab witan
Sunset 135° d=>5% and
E SUA IS Eﬂ Inappropriate 180° 85°=0=95°
Fig.3. Colour photographs (witho Afternoon & for evaluation o measured from

polarizers) of the mirror image of t

the local mirror meridian

clear sky reflected from the black watie:-

dummy (glass pane underlaid by matt black cloth), patterns of the ddyee®l(angled; measured from the local mirror meridian) of linear
polarization of reflected skylight, and the area detected polarotactically asverstgsthe solar elevatiorfg) and time (local solar time = UTC
+ 2h). See Fig2 for further details.



computed for a perfectly black water refle
with an index of refractionn(y) of 1.33, and w
obtained practically the same results. Hence
slightly higher index of refraction of glass ma
the reflection-polarizational characteristics
glass surfaces only slightly different from th
of water: the degree of linear polarization of li
reflected from the glass is slightly higher anc
Brewster angle of glassBg=56") is slightly
wider than that of the waterfg=53°), for
example. Thus, the conclusions drawn from
data obtained for the glass water-dummies
hold for flat water surfaces.

In Fig.5, the left column shows t
percentageP, detected as water (polarota
detectability) calculated for the grey and bl
water-dummies under clear skies as well a
the perfectly black glassnd=1.5) and wate
(nw=1.33) reflectors as a function of the s
elevation in the blue, green and red parts o
spectrum. The polarotactic detectabilitiBgds),
of the perfectly black reflectors
approximately the same in all three spe:
ranges, since the slight wavelength depend
of the refractive indices of glass and water
be discounted in the visible part of the spect
P(6s) of the perfectly black reflectors w
calculated for the full surface of the reflec
(broken curves) as well as for the mas
surface, i.e. for regions appropriate
comparative analyses (individual data pc
displayed with triangles). The right column
Fig.5 shows the difference AP, in the
polarotactic detectability between the grey
black water-dummies as well as between
perfectly black glass and water reflectors
Fig. 5, the following are seen:

(1) TheAP between the perfectly black gl:
and water reflectors is smaller than a few per
the maximum differencé\Pmay) is 4% forfs=0°
(sun on the horizon) anfiP=2% for higherbs.
This also shows that the conclusions drawn
the data obtained with the glass water-dum
can also be extended to flat water surfaces.

(2) The AP between the full and mask
surfaces of the perfectly black reflectors
smaller than 5%. From this, we conclude tha
use of the masks (e.g. chequered arec

Fig.4. Patterns of the degreal)(and angle {;
measured from the local mirror meridian) of lin
polarization of reflected skylight, and the ¢
detected polarotactically as wateersusthe solar
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Perfectly black reflector under clear Rayleigh skies

1 2 3
Degreeof Angle of Areadetected
Solar polarization (d) polarization (o) as water

elevation
666" Noon
A

0° o
d —45 245 O
- —90°"90° betated swater

0% 100% -135° 135° d>5% ard
85°<=a<95°

180°
o measured from
the local mirror meridian

elevation @s) for a perfectly black glass (with an index of refraction of 1.5) reflector — which absorbs all penetrating light — calmulated f
incident single-scattered Rayleigh skylight with the use of the Fresnel formulae. The Brewster &righen(8&e nadir for glass with an index
of refraction of 1.5) is represented by a circle within the circular patterns.



762

. Bernath, J. Gal and G. Horvath

Percentage, P, of the reflector

Difference, AP, between the

surfaces detected aswater bladk and grey reflectors
0ig |
601 !
: o
50 | o
g 404
[ ' *
30 1 ' % <o
N o
20 {0p®
0’: . 6 © 00 (3
101 '
0 ; . ...'.:.." T T T T T 1
20 40 60
< ;
< 70 1
T D ‘
® 604 |
= ‘
@ 504 o
g S wf
o ‘
©3 < 304 ot
E 0] 4 s
'8 .: * © o 00 3
9 104 .
S ® M
T 0 : e ; ; . ; )
0 20 40 60
70 1 E 3 . 70 1 F E
60 1 1 A 60 ] '
! Perfectly black R !
s0{ 4 A x¥ 50{ !
Y., ¢ reflector L S.¥ .
Do~ & AL —,;;2,’ '
B o o= 401 | o
301 : 301 ‘
1 I o®
201 | 201 ' <§ <
‘ R 3 *
! 1 o9 <»
10 1 Grey reflector 1099 RO
o S S - e 2 o . . S
0 20 40 60 0 20 40 60
A Solar elevation (deg.) A Solar elevation (deg.)
Sunrise 04:49 h Noon Sunrise 04:49 h Noon
Sunset 20:37 h 12:46 Sunset 20:37 h 12:46
A Masked perfectly v Masked perfectly [Blak reflector @l ™ Diff erence between the
blad glassreflector blad water reflector O Grey reflector @ whole perfectly blad
—.—. Wholeperfectly ~ ————- Whole perfectly glassand water reflectors
blad glassreflector blac water reflector <& AP ¢
Forenoon Afternoon
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of the region appropriate for comparative analyses (non-chequered regionsdan3frig3ata points measured in the morning and afternoon are
depicted as empty and filled squares/dots/diamonds, respectively. The black continuous curves (polinomials) are fittemtdtiietely the
method of least squares. The dashed/dashed-dR{figcturves are computed for the full area of a perfectly black glass (index of refraction = 1.5)
and water (1.33) reflector absorbing all penetrating light. Triangles shdwwvilees calculated for the perfectly black glass and water reflectors
within the regions of the field of view appropriate for comparative analyses (non-chequered regiothsandbiepatterns of Figg, 3).
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Figs2,3) in comparative analyses does not changeharacteristics of dark and bright waters are most similar, the
significantly theP-values calculated for differeft and for the P of bright or dark waters is maximal and the risk that a
two water-dummies and does not affect our conclusions drawpplarotactic insect will be unable to recognize the surface of a
from the remaining parts of the measured reflectionwater body is minimal. This conclusion is also valid for a
polarization patterns of the water-dummies. visual field of the ventral polarization-sensitive eye region of
(3) At B6<0° (sun on the horizon)P has an absolute water insects, which may be narrower than the whole lower
maximum for the grey water-dummy and has a local maximurhemisphere because the areas detected as water are centred at
for the black dummy in all three spectral ranges. Thus, in ther near the Brewster angle (see column 4 of Ejgsand
visible part of the spectrum, polarotactic detection of brightecolumn 3 of Fig4).
water bodies is easiest when the sun is approximately at theWe usedly=5% andjaw|=5° as the thresholds of the degree
horizon. TheP(Bs) of the black water-dummy has a local and angle of linear polarization for our imaginary polarotactic
minimum at9s=30° in all three spectral ranges. For higher solainsect; these are characteristic of the highly polarization-
elevations,P(6s) of the black dummy is as high as, or evensensitive blue receptors in the specialized dorsal rim area of
higher than, that abs=0°. Hence, in the visible part of the the compound eye in the field crick€ryllus campestris
spectrum, polarotactic detection of dark water bodies is easigétabhart, 1980). Since, in insects associated with water, the
when the sun is either approximately at the horizon or near thalues ofdy andAay of polarization sensitivity are unknown,
zenith. and they could be species-specific, we set these values
(4) TheP of the grey water-dummy is significantly smaller arbitrarily. However, we also computed how the polarotactic
throughout the day than that of the black dummy for all threéetectability of the water-dummies depends on these
spectral ranges (Mann-Whitney te$?<0.001). The AP  thresholds. We found that by increasidg, P decreases
between the grey and black water-dummies is minimal at lownonotonically, and the increase day results in the

solar elevations in all three parts of the spectrum. monotonous increase d?P. Since there were no sudden
We obtained practically the same results for partly cloudedhanges, local extrema, breaking points or plateaus P(th¢
skies. andP(Aay) curves, we could not establish any criterion for a

threshold value that could be preferred. This fact has the
_ _ important consequence that the values of these two thresholds
Discussion can indeed be chosen arbitrarily, and the actual choice concerns

The reflection-polarizational characteristics of waterneither the relative values &f calculated for differen@s nor
surfaces depend on the illumination conditions, materiathe conclusions drawn from them. Thus, the arbitrary use of
composition of the bottom, dissolved organic materials, angldy=5% andAa|=5° is not a serious restriction.
of view measured from the nadir and the direction of Under clear skies at a giv€g the reflection-polarizational
observation relative to the sun. Aquatic insects can identifgharacteristics of the water-dummies as well as real water
their water habitat by perceiving the partial linearbodies depend on two components of returned light. The first
polarization of light reflected from the water surface if thecomponent is the light reflected from the glass/water surface.
degree of linear polarization is high enough and the directiomhe direction of polarization (e-vector direction) of this
of polarization approximates the horizontal. These twaartially polarized component is usually horizontal, and if the
criteria are satisfied predominantly viewing towards theangle of reflection is equal to the Brewster angle, it is totally
Brewster zone, which is continuous throughout the day fopolarized ¢=100%). The second component is the light
dark water bodies (Fig3, 4), but for bright waters this is true originating from below the surface due to reflection from the
only towards the sun and antisun and at the time of sunrisenderlying substratum or the bottom of the water or to
and sunset (Fig). During the day, the polarotactic backscattering from particles suspended in the water. This
detectabilityP is so low for bright water bodies (Fig) that component is always vertically polarized due to refraction at
water insects can easily overlook them. At bright watethe surface (Horvath and Pomozi, 1997). The net polarization
surfaces, both the shape and the direction of the regiomd returned light is determined by the relative intensities of
suitable for polarotactic water detection change considerablhese two components. Since these two components have
with the varying solar elevation (column 4 in FB3). orthogonal directions of polarization, their superposition
Therefore, bright aquatic habitats can be recogniseteduces the net degree of polarization. If the intensity of
polarotactically only from certain directions of view with the first component is greater than that of the second, the
respect to the sun. returned light is partially linearly polarized with horizontal e-

If the polarization of light reflected from water is analyzedvector. When the second component is the more intense, the
in the whole lower hemisphere of the visual field of a flyingreturned light is partially vertically polarized. Finally, if the
and water-seeking imaginary polarotactic insef, is intensities of these two components are approximately equal,
proportional to the chance of a water body being recognizetthe returned light is practically unpolarized.
as water in the optical environment. Thus, in the visible part In the ultraviolet (UV), the second component of returned
of the spectrum, polarotactic water detection is easiest in tHight originating from below the water surface is considerably
sunrise and sunset periods, when the reflection-polarizationedduced in natural water bodies due to the great absorption of
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UV light by the dissolved organic materials and the low UVpolarizational and spectral characteristics of real water

reflectivity of the bottom (Schwind, 1995; Bernath et al surfaces.

2002). Thus, in the UV, the majority of natural water bodies
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