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Abstract

Aquatic insect species that leave the water after larval development, such as mayflies, have to deal with
extremely different visual environments in their different life stages. Measuring the spectral sensitivity of
the compound eyes of the virgin mayfly (Ephoron virgo) resulted in differences between the sensitivity of
adults and larvae. Larvae were primarily green-, while adults were mostly UV-sensitive. The sensitivity
of adults and larvae was the same in the UV, but in the green spectral range, adults were 3.3 times less
sensitive than larvae. Transmittance spectrum measurements of larval skins covering the eye showed
that the removal of exuvium during emergence cannot explain the spectral sensitivity change of the eyes.
Taking numerous sky spectra from the literature, the ratio of UV and green photons in the skylight was
shown to be maximal for 8 = — 13° solar elevation, which is in the 8,,,,, =-14.7° and 6, = -7.1° typical
range of swarming that was established from webcam images of real swarmings. We suggest that spectral
sensitivity of both the larval and adult eyes are adapted to the optical environment of the corresponding
life stages.
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Introduction

Mayflies (Ephemeroptera) are winged aquatic insects originating from the Carboniferous period, with
approximately 3300 currently known species [1]. They live primarily in freshwater systems on all con-
tinents except for Antarctica. Mayflies spend most of their life at the bottom of water bodies as larvae
and they are very short-lived as adults. The adults do not feed, their only objective is reproduction.
Emergence can happen continuously without a well defined swarming period, but a number of species,
specifically the burrowing mayflies such as Ephoron (Polymitarcyidae) or Palingenia species (Palingeni-
idae) can emerge in enormous numbers on a single day during the swarming period [1].

The virgin mayfly [ Ephoron virgo (Olivier, 1791)] is such a species being present in several rivers of Eu-
rope. This species gained attention in the past decades because during their mass swarming, millions of
individuals are attracted to illuminated areas and bridges resulting in mass mortality [2-5]. The life cy-
cle of E. virgo is one year. Eggs hatch into larvae in spring around April [6,7]. During the approximately
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four months of development (electronic supplementary material, movie S1), larvae live in the littoral
zone down to a depth of 6 m [8] in the uppermost layer of the river bottom in U-shaped tubes, where
they feed on suspended particles [9]. At the end of the summer the swarming period comes. After sunset,
the larvae ascend to the surface, the adults emerge in the river current, and they immediately take off to
minimize the risk of predation by fish [1]. During emergence the thorax and abdomen become inflated
with air which facilitates the emergence itself [10]. Males need an additional moult for becoming mature
imagos (electronic supplementary material, movie S2), while in the case of females the sub-imago is the
reproductive stage [10]. After copulation above the river surface, when the natural illumination is almost
completely dark for the human eye, the females start their compensatory flight upstream above the river
(electronic supplementary material, movies S3 and S4) to compensate for the downstream drift of the
population and finally lay their eggs into the river [11] (electronic supplementary material, movie S5).
This is a typical behaviour of river-dwelling mayflies. The adults do not last longer than the night of the
swarming [9]. The synchronized emergence of mayflies at twilight is a very impressive phenomenon
(electronic supplementary material, movies S3 and S4), which might be driven by temperature and light
intensity [1].

In a recent study, when our primary aim was to optimize a phototaxis-based mayfly protecting system
[12] (electronic supplementary material, movie S4), we revealed that the attraction of E. virgo and another
twilight-swarming mayfly (Caenis macrura Stephens, 1836) to light is the highest for UV and blue light
and decreases with increasing wavelength [13]. Similar results were reported for other, non-identified
twilight-swarming mayfly species [14]. On the other hand, it is a well-known phenomenon that the
relative amount of short wavelength radiation (UV and blue) in the spectrum of the skylight is highest
during twilight when the sun is below the horizon, but sunlight scattered in the atmosphere is still dom-
inating the sky [15]. Parallelism between the previously mentioned spectral sensitivity of phototaxis of
E. virgo and the UV- and blue-rich spectral characteristics of the sky during the time of swarming led us
to measure the spectral sensitivity of compound eyes of E. virgo adults with electroretinography (ERG).
Although remarkable changes in the anatomy of eyes throughout different life stages both for females
and males have been shown in Cloeon sp. [16], spectral sensitivity of any mayfly eyes has been measured
only in extremely few cases, and as far as we know, no larvae were measured. Hence, we also measured
the spectral sensitivity of larvae. In this study, we demonstrate how the compound eyes of the virgin
mayfly are optimized for the optical environment both in the larval and adult life stages.

Material and Methods

Mayflies

Larvae were collected from the river Ipoly near Letkés (Northern Hungary, 47° 53" 08.2” N 18° 45" 48.0” E)
on several mornings between 3 June and 5 August 2020. Adults were collected at evenings after sunset
between 6 and 16 August 2020 at the nearby bridge where a few public lights usually attract mayflies.
Larvae and adults were transported to the laboratory in river-water-containing jars and plastic containers,
respectively, inside a conventional cooler box. High humidity for the adults inside the plastic containers
was ensured by wet kitchen papers. In the laboratory, the animals were kept at 10°C temperature. ERG
recordings on larvae were performed within 36 h after collection, typically between 5:00 and 15:00 (UTC
+ 2 h). Recordings on adults were started at dawn around 5:00 (UTC + 2 h; 5-6 h after collection) and
were continued until no alive specimens were available (typically around 11:00; 11-12 h after collection).

Electroretinography recordings

The preparation of adults and larvae was quite similar. The insects were laid on a 2 x 2 cm (thickness
= 2 mm) transparent Plexiglas and a piece of adhesive tape was used to fix their body to the Plexiglas.
The abdomen and thorax of larvae and adults were covered with the tape. In the case of larvae, a water
droplet was inserted under the tape to ensure a wet surroundings for the gills on the abdomen and a
second piece of adhesive tape was used to fix the mandibles to the Plexiglas. In the case of adults, the
mandibles were fixed to the Plexiglas with a droplet of melted paraffin wax.

Microelectrodes composed of tungsten wire (diameter = 0.08 mm) etched in saturated KNO, solution
were used for recordings. Measuring and reference electrodes were inserted into the right eye and be-
tween the head and thorax, respectively. Photoreceptor responses were amplified with a custom-built
amplifier (see electronic supplementary material figure S1 in Kecskeméti et al. [17]). For data acquisition



we used a USB sound card based on the C-Media CM6206 USB Audio I/O Controller chip (C-Media Elec-
tronics Inc., Taipei, Taiwan), which was modified for low-frequency measurements based on the instruc-
tions available on the Data AcQuisition And Real-Time Analysis website (http://www.daqgarta.com).
Recordings were made with the free Audacity 2.2.1 audio recording software (https://www.audacityte
am.org). Time course of the amplified photoreceptor responses was recorded by the left channel of the
sound card, while the right channel was used for recording a reference signal indicating the presence of
the light stimuli. The reference signal was used for calibrating the voltage level on the left channel and
ensured the identification of the receptor responses in the recorded data (16-bit WAV format, sampling
frequency = 8 kHz). In preliminary tests, the linearity of the sound card inputs was verified within the
+1V range, thus amplification was set to keep the measured signals far within this range.

Light stimuli were created with a LED-based, custom-built light source being able to create 14 different
quasi-monochromatic light stimuli with a light intensity variable over several log intensity units (for
more details see Egri & Kriska [18]). For creating light stimuli, we used the following 12 wavelengths (+
half bandwidth of LED): 346 nm ( + 5.0 nm), 376 nm ( + 4.8 nm), 402 nm ( = 5.5 nm), 421 nm ( + 6.4 nm),
442 nm (£ 8.5 nm), 467 nm (= 10.4 nm), 496 nm ( + 13.5 nm), 516 nm ( = 14.5 nm), 552 nm ( + 17.7 nm),
598 nm ( + 6.9 nm), 623 nm ( £ 7.7 nm), 641 nm ( + 8.6 nm).

After a 30 min of dark adaptation, a preprogrammed stimulus sequence was presented to the eye prepa-
ration. The distance of the eye from the light guide was the same for all measurements (d = 2.5 mm). For
a given wavelength, 7-8 500-ms-long stimuli with logarithmically increasing intensities (intensity step
= 0.5 log unit) were presented to the preparation with 6-s-long dark inter-stimulus intervals. This scan
was performed for all 12 wavelengths in increasing and reversed wavelength order with 12-s-long dark
periods when switching wavelength. The whole sequence was repeated 2-4 times. Photon flux of light
stimuli varied between 2.5x10'° and 7.6x10'* photons cm™ s’
The magnitude of negative jumps in potential during the first 100 ms of a light stimulus was considered
as the response amplitude. In the case of a given stimulus sequence, for each wavelength, response am-
plitudes were plotted against log photon flux of light stimuli and sigmoid exposure-response functions
were fitted on the data. Reciprocals of photon fluxes required for eliciting a standard response criterion
(0.1 mV) were calculated for all wavelengths and the spectral sensitivities obtained for each stimulus se-
quence repetition were averaged. Out of the total number of 73 collected larvae and approximately 2500
collected adults, spectral sensitivity of 19 larval (14 females + 5 males) and 14 adult (13 females + 1 male)
compound eyes were successfully measured with ERG.

The above-mentioned measurement protocol allowed us to compare the sensitivity curve of larvae and
adults on the same plot. For each of the preparation groups of female larvae, female adults and male
larvae, the differences in absolute sensitivity of the individuals were removed with the method described
by Allan et al. [19]. In short, all spectral sensitivity curves within a group were normalized with their
integral, which resulted in curves fitting on each other. Finally, all curves were scaled with the same
constant in such a way that the mean sensitivity at 516 nm became the same value as the mean of the
original sensitivities at 516 nm. This method turned out to be robust, because using the other wavelengths
for scaling produced practically the same final spectral sensitivity curves. The sensitivity curve of the
single male adult was not adjusted.

Since the measured spectral sensitivities were bimodal, the sum of two Al-based pigment templates
(equations (1)-(5) in [20]) was fitted to the mean spectral sensitivity of female and male larvae and female
adults. Since each template had two free parameters (A, and a vertically scaling parameter), the sum
of two templates had four parameters. The fit was performed with the downhill simplex method [21].
No curve was fitted to the spectral sensitivity of the single measured male.

Transmittance spectrum of exuviae

Since we found differences between larval and adult spectral sensitivities, the question arose whether
these differences can be explained by the lack of exuvium after the final moult of the larva. The trans-
mittance spectrum of E. virgo exuviae at the cornea lens was measured with an Ocean Optics STS-VIS
spectrometer equipped with a P400-010-UV-VIS fibre (Ocean Optics, Largo, USA). Exuviae of E. virgo
were collected from the surface of the river Ipoly when E. virgo were emerging in huge numbers, and
were kept in 10°C river water until the next morning. From each exuvium, a region (diameter = 1.5-2
mm) containing one of the array of cornea lenses were manually cut out under a stereo microscope and
were inserted into a thin layer of water between two coverslips. The area of the cornea lens array was
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approximately 20% of the separated section of the exuvium. Measurements were performed outdoors,
the fibre terminal (core diameter = 400 pm) was directed to the clear blue sky which was used as a light
source. The sample sandwiched between the coverslips was inserted in front of the fibre terminal and
a spectrum was measured. Another spectrum was taken with slightly biased position of the sample so
that the measured light propagated through only the two coverslip layers and the encompassed thin wa-
ter layer. Dividing the former spectrum with the latter resulted in the transmittance spectrum. A total
number of 6 (3 females + 3 males) transmittance spectra were measured, each for separate exuviae.

Because cornea lens arrays of E. virgo exuviae were very small and were not easy to handle, as a reference,
we measured the transmittance spectrum of cornea lenses of a Libellula depressa Linnaeus, 1758 dragonfly
exuvium with the same method. Measurement on the bigger array of cornea lenses (diameter = 2-3 mm)
could be reliably performed.

Swarming period of E. virgo within the day

The intensity of E. virgo swarming as a function of solar elevation was determined from images of a public
webcam directed to a lamp-lit Danube embankment section in Budapest (Hungary, 47° 28" 46.6” N 19°
03" 32.7” E). Daily webcam time-lapse videos were downloaded from http://camvid.idokep.hu/thuthu
and were selected for further evaluation if swarming E. virgo mayflies were apparent around the urban
lights. Archived images of this webcam was a potentially useful information source of mayfly swarmings
between 2012 and 2021. Videos from seven, seven and four evenings proved to be usable in 2012, 2014
and 2019, respectively. In Budapest, E. virgo is the only insect species being able to perform such intense
swarming that could be seen on these webcam images, thus E. virgo was not confused with other species.

After extracting the frames from a given day’s time-lapse video (8-bit JPG) (electronic supplementary
material, figure S1A, B), for each frame the corresponding solar elevation 6 was calculated from the time
and location and a conspicuous lamp and its intimate vicinity was cropped from the frames (electronic
supplementary material, figure S1C). Further evaluation involved only frames taken after sunset (8 < 0°).
The median of the cropped sub-images was calculated (electronic supplementary material, figure S1D),
it was subtracted from all original sub-images and finally the resultant sub-images were converted to
greyscale (electronic supplementary material, figure S1E). This resulted in a series of processed images
where bright pixels on a black background represented the swarming mayflies (electronic supplementary
material, figure S1E). For each processed image, the overall image brightness obtained by calculating the
mean of pixel intensities was considered as a measure of swarming intensity. Thus, for each evaluated
day, a curve was established quantifying the swarming intensity as a function of solar elevation. For
all evaluated days of 2012, 2013 and 2019, these curves were averaged resulting in yearly mean curves,
and the median was subtracted from each yearly curve to move the baseline to zero. The full widths
at 25% maximum of the peak in each mean curve were considered as the typical solar elevation range
of the swarming for each year: [0,,;n, 8max]2012, [Omins Omaxl2013 a0d [0mins Omax]2019- Finally the union of
these yearly ranges was considered as the quantified typical solar elevation range of swarming of E. virgo
mayflies. It is important to mention that this method detected the beginning of the swarming (emergence
with copulation and upstream compensatory flight) with a time delay, because the mayflies must have
already started their flight before arriving to the urban lights observed by the webcam.

Optical environment of larvae and adults

Besides measuring the spectral sensitivity of the compound eyes of E. virgo adults and larvae, we were
also interested in the spectral characteristics of different optical environments that are being observed
by these mayflies in their different life stages. First we made an attempt to get an insight into the visual
world of the larvae. At the same place where larvae were collected for ERG recordings, a radiometri-
cally calibrated and cosine corrector-equipped (CC-3-UV-S) Ocean Optics STS-VIS spectrometer (Ocean
Optics, Largo, USA) was used to measure and compare the spectrum of the underwater and terrestrial
world. Here, the river flows towards South. From the Eastern shore, around noon on 2 July 2020 (typi-
cally 4 weeks before swarming, solar elevation = 48.3°, solar azimuth = 111.4°, a partly cloudy day), two
spectra were measured with horizontal orientation of the cosine corrector towards the Western shore
of the approximately 20-m-wide river (figure 1A). One measurement was made 50 cm above the water
level, and another underwater at a depth of 20 cm. In the latter case, the spectrometer was placed into an
aquarium that was submerged in the water. The transmittance spectrum of the aquarium wall was taken
into account. These spectra were measured only for demonstration purposes and were just plotted.
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Figure 1: Measured spectra of the terrestrial and underwater environment at the location where E. virgo
larvae were collected. (A) Schematic diagram of the scene where the two spectral measurements were
made. (B) Measured spectra above (blue solid line) and under (red dashed line) the water level.

Bearing in mind the bimodal spectral sensitivity of adults, we performed a simple analysis on the
UV /green content of various skylight spectra as a function of solar elevation. Skylight spectra were
used from the supplementary material of Spitschan et al. [22], who have measured hundreds of clear
sky spectra in a rural environment under various solar elevations and moon phases at the latitude of
41° 39" 52.6” N during the summer of 2014. We used spectra that were measured in the -23° < 6 < 23°
solar elevation range. First, these sky spectra originally given in energy units were converted to quantal
irradiance units (photons cm? s nm™) as described by Johnsen [23]. Taking into account the fitted
sensitivity maxima of the adult UV and green receptors, for each sky spectrum corresponding to a given
solar elevation, the integral of irradiances in the 365 nm + 5 nm and 516 nm #* 5 nm ranges, and their
ratio was calculated (for most sky spectra the lowest available wavelength was 360 nm).

We made an attempt to measure sky spectra with our previously mentioned spectrometer, but for solar
elevations below -5° the measured spectra lost in noise as noted by Johnsen [23]. Therefore, using spectra
from the literature was far more effective.

Statistics

Spectral sensitivity of female larvae and adults was compared wavelength by wavelength with Mann-
Whitney U tests, as well as the spectral sensitivity of male and female larvae. Tests were performed with
the statistics package of GNU Octave 5.2.0.

Results

Spectral sensitivity of the compound eyes of E. virgo larvae and adults

Typical measured receptor responses of a female E. virgo larva and an adult for different stimulus inten-
sities are shown in electronic supplementary material, figure S2. The grey regions represent the 500-ms-
long light stimuli and the stimulus intensities are also displayed in optical density units defined as OD
= -log,,(1/1,), where I; = 7.59-10'* photons cm™ s™.



Mean spectral sensitivity of female larvae and adults with the fitted sum of pigment templates are shown
in electronic supplementary material, figure 2 with vertical bars denoting s.d. Blue and red curves corre-
spond to larvae and adults, respectively. Both curves are bimodal having sensitivity maxima in the UV
and green spectral range. Larvae are mostly sensitive to the green, while the sensitivity of adults is the
highest for the UV range. It is also clear that in the UV range (A < 400 nm) the sensitivity of larvae and
adults are practically the same, while for longer wavelengths, the adult eyes are significantly less sensitive
than the eyes of larvae. At 516 nm, the adult eye is approximately 3.3 times less sensitive than the lar-
val eye. For each tested wavelength, asterisks at the bottom of the figure indicate statistically significant
differences between the larvae and adults emerged from Mann-Whitney U tests at a = 0.001 significance
level. Solid curves indicate the fitted sum of pigment templates, while the dotted and dashed curves
are, respectively, the templates corresponding to the assumed UV and green receptor types. Maxima of
the fitted templates for the female larvae are A7V =373 nm, and \S,, = 530 nm. For the female adults
AUV =364 nm, and \S ., =516 nm were obtained. In the case of both UV and green receptor types, the
peak wavelength was shifted towards the shorter wavelengths. Because of these emerged differences
between the corresponding peak wavelengths of larvae and adults, we performed the same curve fitting
separately for each preparation. This enabled us to statistically compare the peak wavelengths of larvae
and adults with Mann-Whitney U tests. The mean of these separate wavelengths for the assumed UV
and green pigments for female larvae and adults were the same as the previously mentioned A7"  and
MG values within the difference range of + 1 nm. According to the Mann-Whitney U tests, the peak
wavelength of UV sensitivity of the larvae and adults was practically similar (p = 0.047, z = -1.990), while
the shift in peak wavelength of the assumed green receptor was significant (p < 0.01, z = -2.669).
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Figure 2: Mean spectral sensitivity of the compound eye of female E. virgo larvae and adults. Vertical bars
denote s.d. and asterisks at the bottom indicate significant differences between sensitivity of larvae and
adults revealed by Mann-Whitney U tests (o = 0.001). Blue and red continuous curves show the fitted
sum of two Al-based pigment templates for the larvae and adults, respectively. The two corresponding
Al-based pigment templates (UV and green) are shown by dotted and dashed curves.

Figure 3 shows the spectral sensitivity of male larvae and the single male adult with the same concept
as that of figure 2. The male larval spectral sensitivity is practically the same as we measured for the
females (blue curves in figures 2, 3). This was verified with Mann-Whitney U tests, which detected a
significant sensitivity difference between female and male larvae only at the single wavelength of 516
nm. Sensitivity maxima of the simultaneously fit two pigment templates for the male larvae are AUV =
379 nm, and A\, = 522 nm. The spectral sensitivity of the single measured male adult is shown by the
red curve. It is important to note that this cannot be reliably compared with the other curves because
this is a single measurement. Receptor response amplitudes varied between preparations, and without
having more preparations, the absolute sensitivities could not be averaged out (see Methods).
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Figure 3: Spectral sensitivity of the compound eye of male E. virgo larvae and the single adult. Vertical
bars denote s.d. for larvae. The blue continuous curve shows the fitted sum of two Al-based pigment
templates for the larvae. The two corresponding Al-based pigment templates (UV and green) are shown

by dotted and dashed curves. The spectral sensitivity of the single male adult is just plotted with linear
interpolation between the datapoints.

Transmittance spectrum of exuviae

Figure 4 displays the mean transmittance spectrum of the six measured E. virgo exuviae and the trans-

mittance of the single L. depressa exuvium. The two curves are qualitatively similar, the transmittance
decreases with decreasing wavelength.
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Figure 4: Transmittance spectrum of E. virgo and L. depressa exuviae. Solid line: mean transmittance

spectrum of the six measured E. virgo exuviae. Dashed line: Transmittance spectrum of the L. depressa
exuvium.

Swarming period of E. virgo within the day

Electronic supplementary material, figure S3 shows the yearly mean of quantified swarming intensities
as a function of solar elevation for the years 2012 (electronic supplementary material, figure S3A), 2013
(electronic supplementary material, figure S3B) and 2019 (electronic supplementary material, figure S3C)
obtained from the webcam time-lapse videos. Horizontal dotted lines show the 25% level of the maximal
value in each graph. In the case of the years 2012, 2013 and 2019 typical solar elevation ranges of swarming
(full width at 25% maximum) were [0, 0, . Jo012 = [-13.7°, -7.7°], [0mins Omax)oo1z = [-10.5°, -7.1°] and
[0.mins Omaxloo1e = [-14.7°, -12°], respectively. These intervals are represented with yellow rectangles in the



graphs. The range of solar elevations within which mayflies swarmed in these 3 years is indicated by
the red vertical dashed lines. Thus, according to our webcam-based method, E. virgo mayflies typically

swarm between 0, =-14.7° and 0., = -7.1° solar elevations.

Optical environment of larvae and adults

Measurement of the spectral characteristics of the terrestrial and underwater environment at the collec-
tion site of the larvae resulted in the spectra shown in figure 1B. It is clear that the underwater visual
environment is relatively poor in short wavelengths, which is not surprising because the river water usu-
ally has a brownish appearance for the human eye. On the other hand, the total photon flux under the
water was approximately 10 times lower than above the water level (ratio of the areas below the curves
in figure 1B equals 9.7). This means that UV and blue light are filtered out and longer wavelengths
dominate the much dimmer underwater world at a typical site where E. virgo larvae develop.

Ratio of UV and green photons as a function of solar elevation is plotted in figure 5A. Each cross in figure
5 corresponds to UV /green ratio calculated from a skylight spectra obtained from Spitschan et al. [22].
The thick red line shows the moving average of the datapoints calculated with a 3-degree-wide window.
The pair of dashed vertical lines represents the solar elevation range obtained from webcam images for
the typical swarming period (electronic supplementary material, figure S1, Fig. S3). According to figure
5, the ratio of the number of UV (365 nm +5 nm) and green (516 nm + 5 nm) photons in the natural
skylight illumination is constant during the day (8 > 10°), starts to increase when sunset is approaching
(0° < 8 < 10°), peaks around 8 = —13° in the interval, when E. virgo mayflies really perform swarming
(electronic supplementary material, figure S3), and finally decrease when starlight and/or moonlight
start to dominate the sky (6 < -18°).
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Figure 5: Spectral characteristics of the sky as a function of solar elevation. (A) Content ratio of UV (365
nm * 5nm)and green (516 nm +* 5nm) photons in the spectrum of the sky as a function of solar elevation
0 for various spectra measured by Spitschan et al. [22]. Thick red curve is the moving average calculated
with a window width of 3 degrees. Typical solar elevation range of swarming of E. virgo (electronic
supplementary material, figure S3) is indicated by a pair of vertical dashed lines. (B) Mean spectrum in
the -23° < 8 < -15.3° solar elevation range. For calculating the UV/green content ratio, the spectra were
integrated in the 10-nm-wide windows shown by grey rectangles. (C) As B for -15.3° < 8 <-7.7°. (D) As
Bfor-7.7° <8 <0° (E) As Bfor 0°< 0 <7.7° (F) As B for 7.7° < 8 < 15.3°. (G) As B for 15.3° < 6 < 23°.

Figure 5B-G shows the mean sky spectra corresponding to 7.7 degree-wide solar elevation ranges indi-
cated by horizontal brackets under the horizontal axis of figure 5A. Thus each curve in figure 5B-G is
the average of all sky spectra obtained from Spitschan et al. [22], that corresponded to the solar ele-



vaion range shown by the horizontal brackets. The purpose of figure 5B-G is to demonstrate the spectral
changes in the sky spectrum in six steps in the -23° < 8 < 23° solar elevation range. Each individual spec-
trum was used to calculate a UV /green ratio indicated by a blue cross in figure 5A. In figure 5B-G, grey
rectangles show the wavelength ranges in which the integral of a given spectrum was calculated for the
UV (365 nm + 5 nm) and green (516 nm + 5 nm) regions.

Discussion

Spectral sensitivity measurements of compound eyes of mayfly adults are very scarce in the literature,
possibly because the short lifespan of the individuals. In our case, mortality was extremely high, only
14 E. virgo adult individuals could be measured out of the approximately 2500 collected individuals.
Previous studies on certain Ephemera and Atalophlebia mayflies have shown that their compound eyes are
maximally sensitive to UV light [24,25], which is in accordance with our results. The reader should have
noticed that we measured the spectral sensitivity of only a single male adult. The reason for this lies in
the swarming behaviour of E. virgo and our collection technique. We collected mayflies around urban
lights where the individuals were attracted. They were practically all females, because the compensatory
upstream flight is performed exclusively by females [5].

Regarding E. virgo larvae, our ERG recordings represent the first attempt to measure the spectral sensitiv-
ity of any mayfly larvae, as far as we know. We propose that the high green-sensitivity of the compound
eyes of the larvae, relative to the UV-sensitivity is related to the spectral characteristics of the natural
underwater environment of larvae. Larvae of several Ephemeroptera species seem to be negatively pho-
totactic [26,27], and are more active in darkness [28]. However, there are mayfly species, the larvae of
which are slightly attracted to long-wavelength (green-yellow) light [29]. According to our personal ob-
servations, E. virgo larvae are negatively phototactic which is not surprising from a burrowing mayfly that
lives inside the upper layer of the river bottom. Our spectral measurements showed that the underwater
environment in a typical river where E. virgo larvae develop is extremely long-wavelength-dominant,
thus short wavelengths like UV are mostly lacking from the illumination. On the other hand, the light
intensity was also remarkably lower inside the river water. As our measurements were performed at a
depth of only 20 cm, the relative amount of short wavelength radiation is generally much lower at the
river bottom, as well as the overall light intensity. According to Kiihne et al. [29], phototaxis of aquatic
insects living exclusively in water (e.g. larvae) is generally long-wavelength-sensitive.

However, the subjective measure of visual perception sensed by the insect may differ from the ERG-
determined sensitivities; the spectral sensitivity of female adults shows a sensitivity decrease in the green
spectral range relative to the sensitivity of larvae, but the UV-sensitivity remains at the same level. The
underwater optical environment of the larvae is more long-wavelength-dominant and dimmer than that
of the terrestrial environment in any conditions, because the differences depend on the reflection and
transmission characteristics of the underwater objects and the river water, respectively. Emerging adults
get into a brighter environment with higher content of short wavelength illumination, thus losing green
sensitivity might not be disadvantageous. In addition, crepuscular and twilight-active insects tend to
have relatively highly UV-sensitive eyes [25,30].

The difference between the spectral sensitivity of larvae and adults begs additional questions about the
timing of the change in sensitivity. According to the measured transmittance spectrum of the larval skin,
the removal of the exuvium should increase the sensitivity over the whole spectrum, and this increase
itself should increase towards the short wavelengths. In relative terms, the larval eyes are approximately
1.6 times more sensitive in the green than in the UV region. In the case of adults, the eyes are approxi-
mately two times sensitive in the UV than in the green range. Thus, taking into account the transmittance
spectrum of the larval skin, the final moult alone cannot account for the sensitivity of adults compared
to the larvae. Consequently, the spectral sensitivity change must be mainly the result of changes in the
eye itself. It is important to note that our corneal transmittance measurements were not the most precise,
however our results were similar to that of Meyer-Rochow and Horridge [31], who measured the trans-
mittance of a terrestrial beetle. Nevertheless, compared to other measurements of corneal transmission
[32], our measured transmittance spectra are lower, thus it would be worth to perform measurements in a
microspectrophotometer. We measured the ERG of larvae of various size including the final larval stage
when the forewing pads become very dark just before the final moult [1]. We found that the sensitivity
of larvae was quite uniform and we did not find any larvae having spectral sensitivity resembling the
adults’ sensitivity curve. Thus, the transition in sensitivity must happen relatively quickly around the



time of the final moult, because adults must have well prepared eyes for their few-hours-long life which
is the final and most important element of their 1-year-long life cycle. Opsin expression changes during
larval development of certain mayflies have already been identified [33,34], which might be the case for
E. virgo also. To mention another resembling case, daily changes in gene expression of a long-wavelength
opsin were reported in a firefly, while no change was detected in the UV-opsin expression [35]. Changes
in opsin expression could decrease the concentration of photopigments in the green receptors of E. virgo
adults. This could result in the decrease of sensitivity, because the sensitivity of a photoreceptor de-
pends on the concentration of photopigments in the receptor [36]. On the other hand, the decrease in
the number of green photoreceptors could also account for the lower green sensitivity of adults. Daily
changes in eye spectral sensitivity is not uncommon among arthropods [36]. In our case, the recordings
on larvae and adults were not exactly, but approximately performed in the same period of the day, thus
the emerged differences between larval and adult sensitivities were not likely due to diurnal variation in
spectral sensitivity.

In our analysis, we concluded that E. virgo typically swarms between -14.7° and -7.1° solar elevations
(electronic supplementary material, figure Fig. S3), when the relative amount of UV photons compared
to that of the green photons is maximal (figure 5). Taking into account that the swarming period of E.
virgo typically takes place between the beginning of August to mid-September, the previously mentioned
solar elevation range corresponds to an approximately 1-h-long interval. However, it is important to note
that the swarming starts earlier than the time of 8 = -7.1° because our webcam method detected the ap-
pearance of mayflies around urban lights and did not detect the emergence and copulation which can
take place earlier, before the upstream compensatory flight of the females. From electronic supplemen-
tary material, figure S3, it seems that the beginning of the detected swarmings are not exactly the same
for the studied years. The reason for this may lie in the compensatory flight. The time course of swarming
intensity at a given location can vary during swarming because the time of the females’ arrival depends
on the spatial distribution of emergence downstream from the observed location. Each year, the spatial
distribution of the oviposition events may vary due to the weather, light pollution, for example, which
may determine the spatial distribution of emergence events of the next year. These yearly spatial fluctu-
ations in emergence locations can result in different dynamics in swarming intensity at a given location.

Similar to many other aquatic insects, E. virgo adults possess positive polarotaxis to horizontally polar-
ized light and have the ability to visually detect water surfaces by means of the water-reflected hori-
zontally polarized light [37]. The polarization sensitivity of aquatic insects usually works in the UV or
blue spectral range, because the degree of polarization of light reflected from natural water surfaces is
highest for short wavelengths [38,39]. To mention two extreme examples, the degree of polarization of
light reflected from a dark water surface can be more than 2.5 times higher in the UV than in the green,
while for an eutrophic, green-brown-looking pond, the same ratio can be approximately 1.2, which is still
greater than 1 [38]. This phenomenon is independent of solar elevation, which is the main determinant
of light conditions [39]. In behavioural experiments Schwind [38] found that Cloeon sp. (Ephemeroptera:
Baetidae) use the blue spectral region for detecting polarization of light. We suggest, that polarization-
sensitive photoreceptors contributed to the UV-sensitivity peak of E. virgo compound eyes. Our setup
allowed only extracellular recordings, but it would be interesting to test the polarization and spectral sen-
sitivity of single photoreceptors of E. virgo or other twilight-swarming mayflies with intracellular record-
ings. This could also reveal the presence of blue receptors. The significant shift towards the shorter
wavelengths of the fitted green pigment template for adults might be related to the presence of blue
receptors that do not necessarily undergo sensitivity decrease like the green ones.

Anyone who has once seen the mass swarming of a twilight-swarming mayfly, such as E. virgo, knows
how fascinating the appearance, presence and vanishing of the mayflies over the river within the rel-
atively short time frame of the twilight is (electronic supplementary material, movies S3 and S4). The
underlying mechanism behind the strict timing of the swarming of E. virgo, and other twilight-swarming
mayflies is still a mystery but temperature and light intensity might play a role in triggering the swarm-
ing [1]. An interesting behavioural experiment would be to test the effect of the spectrum of overhead
illumination on the timing of emergence.
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Supplementary material for Spectral sensitivity transition in the com-
pound eyes of a twilight-swarming mayfly and its visual ecological im-
plications

This document contains Supplementary Figures S1-3 and captions for Supplementary Movies S1-5.

Figure S1: Evaluation of webcam images for determining the swarming period of E. virgo within the day,
as a function of solar elevation 8. (A) Webcam image from 5 September 2019 during the day at 12:26 (UTC
+ 2h). (B) Webcam image from the same day at 20:33 (UTC + 2h). Yellow rectangle shows the cropped
region of the image that was used in further evaluation. (C) Sub-image shown by yellow rectangle in B
(size =90 x 72 pixels). (D) Median image of the 267 cropped sub-images taken after sunset on 5 September
2019. This image is the mayfly-free static background, that was calculated by obtaining the median pixel
intensity at each pixel position across all sub-images. (E) Greyscale version of the difference of D and
C where the bright pixels on a black background indicate the presence of swarming mayflies. Overall
brightness values (mean pixel intensity) of these kind of images were plotted against solar elevation 6 in
Fig. S3.

OD: 4.0 3.5

EEFERREE
SRR

Figure S2: Typical measured receptor responses of a female E. virgo larva (upper row) and a female adult
(lower row) eye preparation elicited by 516 nm light stimuli. Grey regions represent the 500-ms-long
stimuli. Numbers at the top indicate the photon flux of stimuli in optical density units, where OD =
-log,(I/1y) and I, = 7.6-10'* photons/cm?/s.

14



<— swarming —»!

1

1

T

1

6 | 18 Aug 1
19 Aug 1

Mean data of 20249 pg12 !
21 Aug I

4r 24 Aug !
28 Aug :
2 Sep \
1

4 B 23 Aug
28 Aug
29 Aug
Mean data of 30Aug 2013

Mean swarming intensity for a given year
N

0
3.0 c . . . .' .
1
1
25 r 29 Aug | 1
L 31 Aug | |
20 Mean data of 3Sep 2019 1
1
|

-30 -25 -20 -15 -10
Solar elevation 6 [°]

Figure S3: Calculated mean overall brightness of processed webcam sub-images (Fig. S1E) for evaluated
days of 2012 (A), 2013 (B) and 2019 (C). Solar elevation ranges shown by yellow rectangles correspond to
full widths at 25% maximum of the data (horizontal dotted lines show 25% of maximum). The union of
these yearly ranges, indicated by red vertical dashed lines, was considered as the typical solar elevation
range for the swarming of E. virgo mayflies: -14.7° < 0 < -7.1°.
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Movie S1: Larvae of the virgin mayfly (E. virgo) on river-bottom sediments. The digging behaviour is
typical for a burrowing mayfly like E. virgo, that live inside the uppermost layer of the bottom. This
video was recorded by Gyorgy Kriska.

Movie S2: Final moult of a newly emerged male E. virgo subimago. Females do not need this additional
moult as they become immediately mature adults after emergence. This video was recorded by Ferenc
Kriska.

Movie S3: Mass swarming of E. virgo at the Zoltdn Tildy bridge in Tahitétfalu (Northern Hungary)
in 2012. Because the mayflies swarm after sunset, the bridge lighting attracted enormous amounts of
mayflies. In the second section of the movie, individuals dying on the asphalt with their yellow egg-
batches can be seen. This video was recorded by Gytrgy Kriska.

Movie 54: Mass swarming of E. virgo at the Zoltan Tildy bridge in Tahit6tfalu (Northern Hungary) in
2019. In the first part, a time lapse video of the mayfly-protecting beacon lights at the piers of the Zoltan
Tildy bridge [13] is shown. The second part shows swarming E. virgo individuals. The last part shows
the previously mentioned beacons in action, during mass swarming (with a boat on the scene). This
video was created by Ferenc Kriska.

Movie S5: Egg laying E. virgo females at the river surface. This slow-motion video shows oviposition on
the water surface and eggs reaching the bottom. This video was recorded by Ferenc Kriska.
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