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Abstract
Dark artificial surfaces reflecting highly and horizontally polarized light usually have negative effects on polarotactic aquatic 
insects detecting their habitats by the horizontal polarization of water-reflected light. This ecologically disadvantageous 
phenomenon is called polarized light pollution. We have observed that the water between the concrete walls of a harbour 
of the Hungarian Lake Balaton is continuously dark from autumn to spring due to the inflow of a canal rich in dissolved 
humic substances. Using ground-born imaging polarimetry, we demonstrated that this dark water patch reflects light with 
higher degrees of polarization than the brighter lake water. Our hypothesis was that the stronger horizontally polarized 
light reflected from the dark water patch is more attractive to swarming, water-seeking and egg-laying non-biting midges 
(Chironomidae) than the surrounding brighter lake water. With larval samplings, we showed that both the density and the 
average size of chironomid larvae were significantly larger in the harbour than in the surrounding lake. This finding may 
represent an ecological advantage of polarized light pollution: polarotactic chironomids are intensely attracted to a strongly 
and horizontally polarizing, seasonally dark water patch at the canal inflow, where the abundance of larvae increases. It 
should be taken into consideration that increased larval abundance might result in increased swarming intensity which could 
affect humans by causing considerable nuisance.
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Introduction

The larvae of non-biting midges (Diptera, Chironomidae) 
play an important role in benthic ecosystems and often are 
abundant in freshwater aquatic communities (Cranston 
1995). They feed on particulate organic matter, bacteria 
and algae, constituting the base of the aquatic food web. 
The conspicuous swarming of the short-living imagoes usu-
ally takes only a few days (Armitage 1995). During their 
mass swarming, the imagoes take a considerable amount 
of organic matter out of water bodies, which substantially 
decreases the nitrogen and phosphorus concentration. In 
some cases, the imago carcasses play a role in fertilizing 
agricultural lands. On the other hand, dense swarms of chi-
ronomids often serve as nuisances for humans living and 
enjoying recreational activities in areas close to breeding 
places (Ali 1980; Lin and Quek 2011). Just to mention a few 
examples, due to their positive phototaxis, swarming chi-
ronomids are often attracted to artificial outdoor and indoor 
light sources in urbanized areas causing discomfort for tour-
ists and residents, or in extreme cases, the slippery layer of 
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their carcasses on the surface of roads increases the risk of 
accidents (Ali 1980).

Many aquatic insect species are positively polarotactic 
and recognize their aquatic habitats by means of the 
horizontal polarization of water-reflected light (Schwind 
1991, 1995; Horváth and Varjú 2004; Horváth 2014). 
Several chironomid species are also polarotactic (Lerner 
et al. 2008, 2011; Meltser et al. 2008; Horváth et al. 2011; 
Robertson et al. 2018).

Shiny and dark artificial surfaces reflecting highly 
and horizontally polarized light can act as a supernormal 
stimulus, that deceives and attracts polarotactic insects even 
if real water bodies are visible in the optical environment. 
When a water-seeking flying polarotactic aquatic insect has 
to choose between water and such a horizontally polarizing 
manmade surface, it usually selects the latter because of 
the reflected supernormal polarization stimulus (Horváth 
1995, 2014; Horváth and Varjú 2004; Horváth and Kriska 
2008). The revelation of this phenomenon has led to the term 
‘polarized light pollution’ being a special form of ecological 
photopollution and traps (Horváth et al. 2009). Typical 
sources of polarized light pollution are solar panels, glass 
buildings, black car bodies and asphalt roads, for example 
(Horváth et al. 2009). Several studies demonstrated the 
negative effects of polarized light pollution on a variety of 
aquatic insects including mayflies, caddisflies, dragonflies 
and tabanids, for instance (Kriska et al. 1998, 2008, 2009; 
Egri et al. 2017). These insects tend to oviposit on artificial 
surfaces reflecting strongly and horizontally polarized light; 
thus, the risk of their reproductive failure greatly increases 
(Kriska et al. 1998). One of the most drastic examples for 
polarized light pollution has been described by Horváth and 
Zeil (1996), who demonstrated how black oil lakes in the 
desert of Kuwait attract and kill large numbers of water-
seeking polarotactic aquatic insects.

In some special cases, the water body has an isolated 
area and is much darker than the surrounding water. We 
observed such a canal carrying dark organic matter into the 
Hungarian Lake Balaton where chironomids are abundant 
(Fig. 1a, b, Electronic Supplementary Material M1–3). If 
the canal directly flows into a harbour, the intensity con-
trast between the darker and the surrounding brighter water 
can be extremely high (Fig. 1c–f, Electronic Supplementary 
Material M1–2). The harbour of Balatonfenyves in Hun-
gary is a typical example for such a situation. Using drone 
polarimetry, recently Száz et al. (2023) measured the reflec-
tion–polarization characteristics of these dark lake patches 
from the viewpoint of flying polarotactic insects. The posi-
tive polarotaxis of chironomids suggests that such an arti-
ficial dark water patch may act as a supernormal stimulus. 
This may trigger a more intense in situ swarming and ovi-
position of chironomid imagoes due to the higher degree 
of polarization of water-reflected light. We hypothesized 

that the larger intensity of swarming at such a dark water 
patch and its richness in organic matter synergistically cause 
increased larval abundance in the bottom.

To test  this  hypothesis ,  we measured the 
reflection–polarization characteristics of the dark water of 
the harbour of Balatonfenyves and the neighbouring brighter 
lake water, followed by sampling larvae from the sediment 
to compare the amount of larvae inside and outside the 
harbour. We demonstrate here that spawning chironomids 
take advantage of polarized light reflected from the dark 
water rich in organic matter: we showed that polarotactic 
chironomids are intensely attracted to the strongly and 
horizontally polarizing seasonally dark water patch at 
the canal inflow, where they lay a vast amount of eggs, 
increasing the abundance of their larvae.

Materials and methods

Study site

Lake Balaton is the largest lake in Central Europe with a 
surface of 610  km2, whilst its average depth is only 3–4 m. 
The bed of the lake is asymmetric: the water gets deep 
more rapidly close to the shore at the northern bank, but the 
water remains shallow for several hundreds of metres at the 
southern bank. Since the investigated area was located at the 
southern bank, the water depth was only 1.5 m at distances 
of 300–500 m from the shore. Comparing the northern and 
southern littoral zones of the lake, the bottom compound is 
considerably different. At the northern bank, the hard bottom 
is covered by thick, watery mud, whilst at the southern bank, 
the bottom consists of sand. The asymmetric distribution is 
the result of the prevailing winds blowing from the north 
(Virág 1998).

The formation of waves is fostered by the shallowness 
of the lake and the relatively low density of the warm 
water which easily gets heated in summer. Currents evolve 
alongside the lake which is caused by local variations of the 
atmospheric pressure, aided by steady winds. The currents 
and the waves mix the water body easily, which results in 
a bright-coloured water. The high calcium content also 
contributes to the water brightness.

The Zala River is the main inflow of Balaton besides other 
small natural streams and manmade canals. The northern 
inflowing streams have typically karst waters originating 
from limestone or dolomite rocks. The water of the southern 
canals is dark and rich in humic substances, coming from 
marshes and agricultural inland waters. In some areas, the 
dark inflowing water can be seen in satellite photos as dark 
patches (Fig. 1b, c, f). Besides humic substances, these 
inflows carry considerable amount of nitrate and phosphate. 
These nutrients are the main reasons for the increased 



99Limnology (2024) 25:97–109 

1 3

phytoplankton production in the south-west basin of the 
Lake Balaton (Virág 1998).

The harbour of Balatonfenyves (46° 42′ 54.693″ N, 17° 
28′ 33.413″ E) has a water body separated from Lake Balaton 
with two parallel, 400-m-long concrete dykes (Fig. 1c–e). 
The water of the harbour mixes with the lake water only 

through a thin canal used by boats. The canal mouth is at 
the base of the harbour (Fig. 2), where water inflow is con-
trolled with a water gate. From autumn to spring, the canal 
transports dark water with high concentration of dissolved 
humic substances. Between autumn and spring, the colour 
of harbour water turns almost black, whilst the surrounding 

a
N

d

e f

c

b

Balatonfenyves (study area)

L a k e
B

a l a
t o

n

Balatonfenyves Balatonfenyves

Balatonfenyves

Balatonmáriafürdő

Balatonmáriafürdő

10 km

Zala River

Zala River

Fig. 1  Contour of Lake Balaton, where the arrows mark the mouth 
of Zala River, Balatonmáriafürdő, and our study site, Balatonfenyves 
(a). Satellite photos of the mouth of Zala River (b photo by Google 
Earth; imagery date: 12 April 2016) and the harbour of Balatonfe-
nyves (c photo by Google Earth; imagery date: 6 July 2017). Aerial 

photos of the harbour of Balatonfenyves and the surrounding lake (d, 
e photos by György Kriska and Ferenc Kriska). A satellite photo of 
the harbour of Balatonmáriafürdő (f photo by Google Earth; imagery 
date: 17 April 2010)
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lake water is significantly brighter khaki-green (Fig. 1c–e, 
Electronic Supplementary Material M1). The striking dif-
ference in the intensity of water-reflected light can also be 
seen on satellite images (Fig. 1c). After closing the water 
gate in May, due to the currents and boat traffic, the colour 
of the harbour water starts to lighten and from the end of 
July, no colour difference appears between the harbour and 
lake waters.

Imaging polarimetry

The reflection–polarization characteristics of the surface of 
harbour and lake water (Fig. 2) were measured with imaging 
polarimetry in the red (650 ± 50 nm), green (550 ± 50 nm) 
and blue (450 ± 50 nm) parts of the spectrum as described by 
Horváth and Varjú (1997). Measurements were performed at 
28 May 2017 under clear sky conditions around noon at two 
(eastern, western) locations of the dyke for two (northern, 
southern) opposite directions of view as shown in Fig. 2. 
At the eastern and western side of the harbour, a pair of 
five imaging-polarimetric measurements were done: five 
towards north, and other five towards south, symmetrically 
to the harbour edge with the same camera settings of the 
polarimeter. Hence, four quintets of imaging-polarimetric 
measurements were made, and each quintet contained 
polarization patterns of the dark-watered harbour and the 
bright-watered lake. The optical axis of the polarimeter 
enclosed -37° with the horizontal, which is the Brewster’s 
angle relative to the horizon, from which the originally 
unpolarized light is reflected with a maximal degree of 
horizontal polarization. As a result, at each measurement 
site (marked with EN, ES, WN and WS in Fig.  2), we 

obtained the reflection–polarization characteristics of the 
dark harbour water and the brighter lake water. For each 
of the four sites, the reflection–polarization properties of 
the harbour- and lake-water-reflected light were compared 
by (i) defining masks for the harbour and lake water on the 
polarization patterns, and (ii) using a Monte Carlo approach 
described in the Statistics section.

Larval sampling

We performed our larval survey at the harbour of Balatonfe-
nyves on 21 July 2017. This date was chosen by taking into 
account the swarming dynamics of the chironomid species 
living in Lake Balaton. In the lake’s bed, three chironomid 
species (Chironomus balatonicus [Devai, Wulker et Scholl, 
1983], Procladius choreus [Meigen, 1804], Tanypus punc-
tipennis [Meigen, 1818]) dominate. Based on the study of 
Specziár and Bíró (2000), we consider it as valid to our 
experimental site, as well. P. choreus and T. punctipennis 
species appear with at least two generations each year (Spec-
ziár 2008; Árva et al. 2015a). First, the overwintered larvae 
emerge. Typical periods of these events are May–June and 
February–June for P. choreus and T. punctipennis, respec-
tively, whilst the second generation of the imagoes appears 
from mid-August to the end of September (Specziár and 
Vörös 2001; Specziár 2008). C. balatonicus develop only 
one generation per year, the overwintered larvae emerge 
from April to the beginning of July (Specziár 2008; Árva 
et al. 2015b). Since the shade of the harbour water is the 
darkest from the second part of autumn to the middle of 
spring, sampling in July enabled us to collect the most 

Fig. 2  Sampling areas at 
Balatonfenyves. H: harbour, 
B1: Lake Balaton 30 m from 
the harbour, B2: Lake Balaton 
200 m from the harbour. The 
white circular sectors represent 
the azimuthal field of view of 
our imaging-polarimetric meas-
urement quintets, each consist-
ing of five measurements. WN: 
western side, northern direction 
(Fig. 4), WS: western side, 
southern direction (Fig. 5), EN: 
eastern side, northern direc-
tion (Fig. 6), ES: eastern side, 
southern direction (Fig. 7). The 
solar elevation angle was 53°, 
and the azimuthal direction of 
the Sun is marked with a yellow 
arrow (photo by Google Earth; 
imagery date: 16 April 2016)
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larvae, the parents of which swarmed when the water in the 
harbour was the darkest.

As shown in Fig. 2, we designed three sampling areas: 
one inside the harbour (H), one in Balaton, 30 m from the 
harbour to the east (B1) and one also in the lake, 200 m from 
the harbour towards east (B2). The average water depth in 
and outside the harbour was 2.5 m and 1–2 m, respectively. 
We took 15 sediment samples with a systematic, non-
contiguous, qualitative sampling method from each of the 
three sampling areas to estimate the occurrence density of 
chironomid larvae. All samples were taken with a Ponar 
grab, the sampling area was 25 cm × 25 cm. The samples 
were washed through a net with a mesh size of 950 µm, 
and each sample was conserved in 75% ethanol. Finally, 
the chironomid larvae were selected and counted under a 
stereomicroscope later in the laboratory.

Estimation of larval biomass and average larval size

After selecting the chironomid larvae, each of the 45 col-
lected samples were photographed in a Petri dish (diam-
eter = 10 cm) from above (Fig. 3a). On each photo, every 
larva was manually masked in the red channel (red pixel 
intensity value was set to 255), and finally the layer of the 
masks was placed on a black background. In the case of 
overlapping larvae, the green or blue channels of the image 
were used for masking, so that each larva was represented by 
a bright blob (pixel intensity = 255) in one of the red, green, 

blue channels of the mask image (Fig. 3b). The number of 
these blobs gave the number of larvae for the current sample/
photograph. The size of each larva was estimated by calcu-
lating the corresponding blob’s area in pixels and normaliz-
ing it with the area of the Petri dish measured also in pixels. 
Average size of larvae for a given photo was also calculated. 
Finally, to estimate the larval biomass for a given sample/
photograph, the cumulative larval size was calculated.

Organic matter content

Parallel with the larval samplings, on 21 July 2017, 50 mL 
portions of the sediment samples were separated for 
measuring the organic matter content as follows: the sample 
weight was measured after drying at 105 °C, then after being 
kept at 600 °C for 2 h, the mass difference between the 
dried and incinerated weight resulted in the organic matter 
content.

Statistics

The number of masked pixels which were taken into account 
for characterizing the degree and angle of polarization of 
water-reflected light on the lake and harbour side was around 
1 million per side. Therefore, performing a statistical test, 
for example, for comparing the degree of polarization on 
the harbour and lake side at a given measurement site would 
result in extremely high significance due to the high sample 

a b

Fig. 3  A sample of chironomid larvae from sampling area H. a 8-bit 
RGB photograph of the larvae in the Petri dish. b The correspond-
ing, manually created mask image for further evaluation. On the black 
background, larvae are primarily represented by red blobs by setting 

the pixel values to 255 in the red channel. In case of overlapping lar-
vae, the same procedure was followed in the green or blue channels. 
The area of each coloured blob represents the size of a given larva
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size (Lin et  al. 2013). Thus, we applied the method of 
Pereszlényi et al. (2021). We randomly selected 100 degree 
of polarization values from the harbour, as well as from the 
lake side for a given measurement location and compared 
the samples with Mann–Whitney U test. We repeated 
this procedure 10,000 times and averaged the statistical 
results. The same was applied for the angle of polarization 
measurements.

We used Kruskal–Wallis tests followed by pairwise 
Wilcoxon rank sum tests with Bonferroni’s correction to 
reveal differences in larval abundance, larval size, larval 
biomass and organic matter content across the sampling 
areas. For these variables, we also applied principal 
component analysis (PCA) and fitted ellipses to component 
scores with 95% confidence interval. The statistical tests 
were performed with the R-3.6.3 statistical package (R Core 
Team 2020).

Ethics

The studied insects are non-protected in Hungary; thus, no 
approval from any ethical committee was necessary for our 
work.

Results

Reflection polarization of water surfaces

Figure 4 shows the five measured reflection–polarization 
patterns of the eastern side of the dark-watered harbour in 
the blue spectral range, when the polarimeter faced north 
(circle segment EN in Fig. 2). The polarization patterns of 
the other three measurements (each consisting of five imag- 
ing-polarimetric measurements) at the eastern side facing 
south (ES), western side facing north (WN) and western 
side facing south (WS) are displayed in Figs. 5, 6 and 7, 
respectively.

Boxplots in Fig. 8a show the measured degree of polari-
zation of light reflected from the harbour and lake water in 
the blue spectral range for all measurement sites. For the 
quintets of imaging-polarimetric measurements marked with 
EN, ES, WN and WS in Fig. 2, the median of the degree of 
polarization of light reflected from the dark harbour water 
was 1.88, 1.63, 1.31 and 1.23 times higher than that of the 
brighter lake-water-reflected light, respectively. Results of 
statistical comparisons between the degree of polarization 
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Fig. 4  Reflection–polarization patterns of the surface at the dark har-
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Eastern side of harbour, Southern direction (ES)
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Fig. 5  Same as Fig. 4 for the eastern side of the harbour with south-facing polarimeter (ES in Fig. 2)

Western side of harbour, Northern direction (WN)
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of water-reflected light from the harbour and lake are shown 
in Supplementary Table  S1. For all four measurement 
sites, highly significant differences were obtained. Since 

polarization sensitivity of aquatic insects operates typically 
in the UV or blue spectral region (Schwind 1995), we did 

Western side of harbour, Southern direction (WS)
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Fig. 8  Boxplots of degree d 
(a) and angle α (b) (measured 
clockwise from the vertical) of 
linear polarization values within 
the masked areas for all four 
imaging-polarimetric measure-
ment quintets EN, ES, WN and 
WS (Figs. 2, 4, 5, 6 and 7) in 
the blue spectral range. Outliers 
are not shown. Grey and white 
boxes show d and α correspond-
ing to the dark harbour water 
and the brighter lake water, 
respectively. The horizontal 
dashed line in B at α = 90° 
shows the horizontally polarized 
direction
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not plot the results for the green and red channels of the 
polarimeter, but those results were qualitatively similar.

According to Fig. 8b, the direction (angle) of polarization 
of water-reflected light was not exactly horizontal, but varied 
around the horizontal direction, which is indicated by a 
horizontal dashed line in the graph. Since the deviations 
from horizontal depended on the position of the Sun relative 
to the polarimeter, the reason for the slight differences in 
the direction of polarization from the horizontal was the 
presence of direct sunlight.

Abundance of chironomid larvae

Boxplots in Fig. 9 show the results of larval samplings. 
Figure 9a displays the numbers of chironomid larvae col-
lected at sampling areas H, B1 and B2, where the mean 
number of caught individuals (black diamonds) are 93, 18.7 
and 7.5 specimens, respectively. The Kruskal–Wallis test 
indicated significant differences between the sampling areas 
(χ2 = 28.06, df = 2, p < 0.0001). According to multiple com-
parisons, there were significantly more chironomid larvae 
in the seasonally dark harbour (H) than in the surrounding 
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lake (H vs. B1: p = 0.00014; H vs. B2: p < 0.0001). Between 
sampling areas B1 and B2, the difference was not significant 
(p = 0.119).

Biomass and average size of chironomid larvae

As shown in Fig. 9b, the biomass of chironomid larvae was 
10.34 times higher in the seasonally dark harbour water 
(H) than in the seasonally bright lake water next to the 
harbour (B1). The larval biomass was 2.97 times higher in 
the sampling area B1 than in B2. Here, the larval biomass 
values are in arbitrary units, describing the pixel coverage 
percentages in the Petri dish as described in the Methods 
section. For example, the value of 0.1 means that 10% of the 
Petri dish’s area was covered by larvae (overlaps between 
larvae were taken into account). The statistical analysis 
showed significant differences between the sampling areas 
(χ2 = 32.16, df = 2, p < 0.0001). The results of all pairwise 
comparisons were significant (H vs. B1 and H vs. B2: 
p < 0.0001; B1 vs. B2: p < 0.014).

Similar to the larval biomass results, the average larval 
size was also highest in the harbour: 2.05 times larger than 
in the sampling area B1, whilst it was 1.69 times larger in 
the sampling area B1 than in B2 (Fig. 9c). Arbitrary units 
of the average larval size are the same as described for 
Fig. 9b. Kruskal–Wallis test showed significant differences 
between the sampling areas (χ2 = 19.60, df = 2, p < 0.0001). 
The average larval size in the harbour was significantly 
higher than in the two outer sampling areas B1 and B2 (H 
vs. B1: p = 0.0186; H vs. B2: p = 0.00019), whilst it was 
not statistically different between B1 and B2 (B1 vs. B2: 
p = 0.054).

Organic matter content

The organic matter contents of the sampling areas are 
shown in Fig. 9d. In both sampling areas B1 and B2 of the 
lake, we found one outlier data which was not used in the 
statistical analysis. Kruskal–Wallis test showed significant 
differences between the three sampling areas (χ2 = 17.49, 
df = 2, p < 0.0005). The organic matter content of the harbour 
was about 2 times greater and significantly higher than that 
of sampling areas B1 and B2, according to the pairwise 
comparisons (H vs. B1: p < 0.001; H vs. B2: p = 0.0046). 
There was no significant difference (p = 0.605) between the 
B1 and B2 sampling areas.

Principal component analysis

The principal component analysis showed (Fig. 10) that the 
scatter (characterized by confidence ellipses) of samples B1 
and B2 highly overlap. There are only three samples from 

B1 sampling area outside of the B2 confidence ellipse. In 
contrast to the lake samples, the scatter of the harbour sam-
ples covers a much bigger area. The average size, abundance 
and biomass of larvae as well as the organic matter content 
in the bottom of the lake are more homogeneous than in 
the harbour. The average larval size is independent of the 
larval abundance. This suggests that in the harbour, not the 
food source is the limiting factor for chiromonid larvae. The 
larval biomass strongly and positively correlates with the 
organic matter content. The larval biomass and organic con-
tent positively correlate with both the larval abundance and 
average size; however, this correlation is not so strong. The 
first two principal components explained 93.1% of the total 
variance (Table 1).

Discussion

The water of Zala River and the southern canals is dark and 
rich in humic substances. Due to currents, a dark inflow-
ing water can only be seen when the river’s discharge is 
big enough (like the Zala River in Fig. 1b, Electronic Sup-
plementary Material M3), or the dispersion is blocked 
with dykes (like at the harbours of Balatonfenyves and 
Balatonmáriafürdő in Fig. 1c–f and Electronic Supplemen-
tary Material M1–2). The changes in the shade of water 
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Fig. 10  Principal component analysis plot of the first two principal 
components PC1 and PC2 of the variables larval abundance, larval 
biomass, average larval size and organic matter content. Ellipses are 
fitted to the scores with 95% confidence interval. Table 1 contains the 
total variance explained by each component
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colour go hand in hand with variations of the polarization 
characteristics of water-reflected light. In the case of bright 
waters, besides surface reflection, light is also returned by 
the suspended materials (sand or calcium carbonate) and 
the bottom if the water is shallow enough. This returned 
light becomes partially vertically polarized after refraction 
at the water–air interface. The vertically polarized compo-
nent is mixed with the horizontally polarized light reflected 
from the water surface, which results in almost unpolarized 
light, if the intensities of both components are nearly equal. 
The dissolved humic substances in dark waters absorb light; 
thus, the vertically polarized component is much weaker. 
Therefore, dark water patches, like the harbour water in our 
experimental site, reflect horizontally polarized light with 
higher degrees of polarization than the bright lake water 
(Figs. 4, 5, 6, 7 and 8). At Balatonfenyves, a small canal 
flows into the lake, which carries dark-brown water being 
rich in humic substances. Before the dykes had been built 
in 2015, dark water patches could not be seen at the mouth 
of the canal, because the lake currents dispersed the dark 
inflowing water quickly.

Counting the egg-laying females or the spawn clumps 
(which directly denote the attractiveness of water bodies of 
different shades) was not possible. It is unknown whether 
the predation rate and other factors were identical at the 
experimental sites. We counted significantly more larvae 
in the seasonally dark harbour water than in the brighter 
lake water. There was also significant difference in larval 
biomass between the two sampling areas in the lake: at site 
B1 (next to the harbour), the density of chironomid larvae 
was significantly higher than at B2. Since we have measured 
the highest organic matter contents at the harbour (H), but 
have not found significant difference between sites B1 and 
B2, the increased larval abundance of site B1 compared to 
B2 cannot be explained by the changes of organic matter 
content. Thus, our results suggest that the harbour’s dark, 
and thus highly and nearly horizontally polarizing surface 
attracted female chironomid imagoes by positive polarotaxis.

Besides the increased larval density of chironomids, 
the average larval size was also significantly higher at the 
harbour. The increased inflow of nutrients from the canal 
increases the organic compound concentration in the mud 

which provides ideal circumstances for chironomid larvae 
to grow. According to Hooper et al. (2003), the higher the 
organic compound concentration in the mud, the higher is 
the growth and survival rate of chironomid larvae. This is 
also supported by our measurements of the larval biomass 
and organic matter content. We found significantly higher 
larval biomass and average larval size in the sediment of the 
seasonally dark harbour compared to sites B1 and B2 in the 
brighter lake water.

The attractiveness of a water surface ref lecting 
horizontally polarized light to aquatic insects depends on 
the illumination, water depth, water brightness determined 
by the concentration of floating materials, the observation 
angle and the polarization sensitivity threshold of a given 
aquatic insect species (Kriska et  al. 2009). Our results 
confirm that the water brightness plays an important role 
in habitat selection of chironomids. The physical, chemical 
and biological parameters like water turbidity, abundance 
of aquatic plants, predation pressure are unknown for flying 
female imagoes when searching for a sufficient place for egg 
laying. However, the degree of horizontal polarization of 
water-reflected light can be remotely sensed and is a reliable 
physical signal of a sufficient spawning area (Bernáth et al. 
2002).

In our study area (throughout the southern bank of Lake 
Balaton likewise), the bottom is composed of sand with low 
concentration of particulate organic matter. However, where 
light reaches the bottom of shallow waters, algae biofilm 
can develop resulting in higher nutrient concentration of the 
sediment. Our results suggest that the dark and thus more 
polarizing water accumulated in the studied harbour attracts 
female chironomids to a better-quality swarming area, which 
is a beneficial effect for the population. In many cases, 
manmade dark surfaces reflecting highly and horizontally 
polarized light have negative impacts on polarotactic 
aquatic insects. This phenomenon is the so-called polarized 
light pollution (Horváth et al. 2009). In our study we have 
described a situation when the presence of an artificially 
evolved highly and horizontally polarizing dark water patch 
has advantageous consequences (increased abundance and 
biomass of larvae) for chironomids. During our samplings, 
we concentrated on chironomids, because at Lake Balaton, 
this is the most abundant group of aquatic insects that was 
previously shown to be positively polarotactic (Lerner 
et al. 2008, 2011; Meltser et al. 2008; Horváth et al. 2011; 
Robertson et  al. 2018). However, imaging polarimetry 
revealed that the strongly polarizing dark water in the 
harbour is most likely more attractive for polarotactic 
aquatic insects than the surrounding weakly polarizing lake 
water. It should be examined, how other aquatic insects 
are affected by the optical signal of such a dark-watered 
harbour. Our results also support suggestions that the 
polarization characteristics of water-reflected light can be 

Table 1  Variances explained by the principal components

The principal component analysis (PCA) was applied to the following 
variables: larval abundance, larval biomass, average larval size and 
organic matter content

PC1 PC2 PC3 PC4

Standard deviation 1.757 0.800 0.480 0.212
Proportion of variance 0.771 0.160 0.058 0.011
Cumulative proportion 0.771 0.931 0.989 1.000
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an optical indicator of water quality for chironomid larval 
development (Bernáth et al. 2002; Lerner et al. 2008, 2011; 
Meltser et al. 2008). On the other hand, it is well known 
that the mass swarming of non-biting midges in urbanized 
areas often causes considerable nuisance for humans (Ali 
1980; Lin and Quek 2011); thus, such dark water patches 
near the shore of lakes may amplify mass swarmings close 
to urbanized areas. Future research has to examine whether a 
dark-watered harbour can indeed locally enhance remarkably 
the swarming intensity. If the answer is yes, it would be 
worth making efforts to artificially mix the dark harbour 
water with the surrounding bright lake water.

The measured change in the polarization patterns of 
the studied lake surface with inflowing dark water and 
the resulting increase of chironomid larval abundance and 
biomass may also occur at several similar sites. Since this 
phenomenon can also occur in other lakes, researchers 
should take into consideration reflection–polarization 
characteristics when studying and explaining the larval 
abundance of aquatic insects.
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