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Abstract: Phototactic and polarotactic aquatic insects, such as mayflies, can be drawn to electric
lighting on bridges at night. Past research investigating the effect of light intensity, polarization, and
spectrum on mayflies suggests that a combination of different techniques can reduce the number of
mayflies attracted to bridges. Here, various lighting strategies are systematically tested on Veterans
Memorial Bridge in Pennsylvania to investigate the effect of lighting on mayflies and address safety
concerns caused by their mass crowding. Isolated trials on different parts of the bridge tested
the effectiveness of correlated color temperature, chromaticity, ultraviolet radiation, shielding, and
polarization. Results indicate that mayflies were more attracted to ultraviolet radiation, blue and
green light, and polarized light than other lighting conditions. Shielding was minimally effective
in reducing the number of mayflies on the bridge when supported by the change in light source
spectrum. While the correlated color temperature did not result in a statistically significant impact,
the spectral power distribution of the light sources was a major influencer for mayfly activity. Future
research should investigate the effect of radiant intensity and timing on mayfly activity. Smart
solid-state lighting systems and controls can also be used to adjust the light levels when needed to
reduce adverse effects on aquatic insects and aid traffic safety.

Keywords: outdoor nighttime lighting; disruptive nocturnal light exposure; correlated color
temperature; light pollution; ecosystem; diel periodicity; phototactic response; aquatic insects;
sustainability; polarization

1. Introduction

Outdoor lighting design requires careful consideration of the conflicting needs of
humans, animals, and plants. Unwarranted electric light at night can cause disruption for
animals and plants, and the attraction of insects to light sources can reduce visibility and
safety for humans, especially in urban areas. Recent research on the ecological impacts of
electric light has focused on contemporary lighting technologies, such as solid-state lighting
(SSL) devices. For example, a field study comparing light traps of a phosphor-converted
white LED (4000 K) and high-pressure sodium (HPS) lamp found that flying invertebrates
were more attracted to LEDs than HPS lamps [1]. When LEDs at different correlated
color temperatures (CCTs) were normalized between 400 nm and 500 nm (alleged peak
sensitivity for most insects), the CCT did not significantly affect the number in the trap
catch. The results underscore the poor performance of metrics that are based on human
visual sensitivity, such as CCT and illuminance, rather than shortcomings of a specific
lighting technology. Since the spectral output of SSL devices can be adjusted, it is possible
to replace older technologies like HPS with LEDs, which enable connectivity and adaptive
lighting solutions (e.g., automatic adjustment of light levels depending on environmental
data collected from sensors).
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The effect of constant spectral power at certain wavelengths [1] suggests that the
spectral optimization methods can help balance the needs of local fauna and human
observers, especially if the spectral sensitivity of the animals is known and the number of
light-sensitive species is limited in a given location at a specific time. Spectral optimization
studies have been widely used to solve indoor lighting problems to achieve optimal color
quality, energy efficiency, reduce damage to artwork, and synchronize human circadian
rhythms [2–5]. The SSL devices can also provide efficient, high-quality lighting solutions
for plants by fine tuning the spectral power distribution to plant action spectra (e.g.,
chlorophyll a, chlorophyll b, beta-carotene, and phytochrome) [6]. Spectral flexibility of SSL
output, intelligent sensors, and controls can enable developing adaptive lighting systems
that detect specific plant responses and adjust light output in real-time to improve yield
quality and quantity [7].

While SSL devices have been widely used to solve complex problems in indoor
environments, outdoor lighting poses different challenges. The use of electric light outdoors
at night often includes consideration of aspects beyond energy efficiency and human
visual response. One of these considerations is the potential disruption to the ecological
environment (wildlife), which typically harbors many species of plants and free-living
animals [8]. Balancing the needs of organisms as well as safety and security for humans
can be challenging due to several unknown and uncontrolled factors, such as animal
behaviors and human activities, visual and circadian responses, and other ever-changing
environmental factors. Despite the complexity of the issues, there have been proposals
to balance the trade-offs between ecological, social, and economic impacts of electric
light at night [8,9]. The recommended practice for sustainable outdoor electric light at
night includes reducing lighting intensity, duration, short-wavelength energy (including
ultraviolet (UV) radiation), uplight, and shielding luminaires [9].

Bridge lighting may affect various insects, including mayflies, especially during their
upstream compensatory flights (female mayflies’ flights to compensate for river flow to lay
eggs). A similar occurrence at the Veterans Memorial Bridge, in south-central Pennsylvania
(PA), USA, initiated this research project to study the effects of electric lighting on mayfly
activity. Here, we examine the effects of some of the recommended design measures
(shielding, ultraviolet radiation, CCT, light polarization, and careful luminaire placement
and aiming) on mayfly activity by conducting a field study. The field study aims to
determine sustainable strategies to retrofit or augment the existing bridge lighting system
to improve traffic safety and reduce ecological impacts of light at night.

2. Mayfly Response to Light
2.1. Physiology

Mayflies are aquatic insects that belong to the Ephemeroptera order, with over
3000 species worldwide [10]. Adult mayflies do not feed but rely on reserves collected
during their nymphal life [11]. The adults live between a couple of hours to a few days
(some species can live up to 14 days) and spend most of their lives in aquatic environments.
While adult mayflies have short life spans, nymphal life spans range from 3–4 weeks to
about 2.5 years [11]. An important activity for mayflies is the emergence from the water
and transitioning to the adult form. Environmental factors, such as radiant and thermal
energy, are major factors in determining the timing of swarming [11].

Nymphs show more diversity in habit and appearance compared to adult mayflies.
Their respiration rates are affected by temperature, light intensity, and growth stage.
Mayfly movements can be random, directional, daily, or seasonal. During the final stages
of nymphal life, they concentrate in the shallower areas of lakes and rivers and emerge to
the water surface (usually at dusk or dawn) during the transition from nymph stage to
terrestrial subimago, the final molt of the nymph stage before the full adult form, and they
can elevate up to 5 m [11].

Mayflies’ diel activity patterns vary according to the species and location, but the
main driver of emergence is known to be temperature [12]. However, emergence can
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also be affected by photoperiod [13], wind, humidity, precipitation, turbidity, and irradi-
ance [11]. Mayflies’ en-masse emergence from water may cause a nuisance to humans.
For example, tree limbs drop under their weight, they can create odors, they fly into
people’s faces, and in extreme cases, they may cause highway bridges to close due to
safety concerns [14]. The mayfly cuticle can also cause allergic reactions in certain human
populations [14]. Conversely, a benefit of mayflies is that they are pollution-sensitive (they
cannot fly long distances from toxicity); therefore, the presence of mayflies indicates high
water quality [14,15].

2.2. Light Sensitivity
2.2.1. Spectrum

The effect of light source spectral power distribution (SPD) on mayflies has been
investigated at different stages of their maturity, especially in the adult stage [16]. Research
suggests that male mayflies have dorsal and lateral eyes while females have only lateral
eyes [17]. Male mayfly dorsal eye sensitivity peaks at around 340 nm (gaussian single
peak sensitivity curve), and lateral eye sensitivity peaks at around 535 nm (dual spectral
sensitivity with a smaller peak at 350 nm) [17]. Although only one photoreceptor has been
encountered in mayflies, the dual peak in lateral eye sensitivity indicates that they might
have more than one photoreceptor. It has also been suggested that dorsal eyes help males
to discriminate females as females fly through a swarm of dancing males, where males can
capitalize on a dark night as the background to detect females.

Nymphs have mostly dorsal light response, and light reflected from white painted
substrate might disequilibrate them [18]. Light sources also provide orientation for nymphs
in water, and it is an essential cue for their emergence. A research study suggests that
mayfly nymphs react strongly to green (550 nm) and red (650 nm) light (0.95 mW tungsten
filtered ~= 11 µmol m−2 s−1), but not to infrared (IR) radiation at 950 nm [19]. However,
researchers conducted this study in a controlled lab environment, which did not include
shelter or flow of the stream, which may affect mayfly behavior. In a different study, lotic
mayflies (nousia sp.) did not respond to green (568 nm), red (635), or IR (950 nm) at a flux
density of 18–19 µmol m−2 s−1 [20], and only half of the mayflies responded to light in still
flow. In a moving flow, most mayflies did not respond to any of the lighting conditions.
Results of this study indicate that mayflies may require moving water to orient themselves.
However, it should be noted that the lighting conditions were not randomized, which
might cause residual effects.

The ultraviolet (UV) radiation was also shown to affect mayfly grazers and algae
interaction. In a study conducted in New Zealand where ground-level UV levels are high
due to ozone depletion, Deleatidium larvae detected and avoided natural levels of UV and
grazing on exposed surfaces more than other conditions when the UV radiation was atten-
uated [21]. In short, research suggests that mayfly spectral sensitivity peaks around 535 nm
and with possible UV detection abilities, with no concrete proof of infrared response.

2.2.2. Intensity

Nymphs are known to be positively thigmotactic (seeking contact) and negatively
phototactic (avoiding light) [22]. A research study found that red light did not affect nymphs
in dim lighting conditions (3 lx), and the high nocturnal activity started at illuminance
levels between 5 lx and 20 lx and finished at light intensities between 2 lx and 60 lx [22].
High nocturnal activity started at a higher light intensity in July (around 20 lx) than in
January and March (around 5 lx) and finished at different light intensities in July (around
60 lx), January (around 2 lx), and March (around 40 lx). During the high nocturnal activity,
nymphs moved onto the upper surface of a stone and did not react to low light levels (1 lx or
less) or to a red light. Only a small number of nymphs reacted at 3 lx, while most nymphs
moved away from the light during night. Although other researchers have specified
a definite threshold of 40 lx for nymphs of Baetis rhodani [23], the negative phototactic
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threshold might not apply to all mayfly species due to the differences between species and
the presence of fish, which affect the invertebrate drift periodicity [24].

Another study found that nymphs were more affected by light and shade than light
reflected from a substrate in the stream [25]. When the illuminance was around 80,000 lx
(~ 8000 fc) under bright sunlight, nymphs preferred to stay under the shade of 1500 lx
(~ 150 fc) [25]. However, when there was a black object between nymphs and a light source,
they moved toward the light source and even made physical contact. On the other hand,
continuous high light levels (500 lx) or low light levels (below 0.5 lx) did not impact a
change in their activity pattern compared to the activities seen under natural illumination,
but very few nymphs moved onto the upper surface of the stone in high light levels,
and some nymphs were always found on the upper surface of the stone under low light
levels [22].

It is evident that the variation in lighting conditions provides a cue to mayflies for
diel vertical migration. In a study, a halogen lamp was used to simulate natural light-
ing changes (from 7.9 × 102 to 6.9 × 10−2 µW cm−2 at a constant rate of relative light
change; −1.9 × 10−3 s−1) in controlled lab conditions, and locomotor activity and ver-
tical movements among individual mayflies were found to be highly variable under
controlled conditions [26]. Similarly, the timing of both increased locomotor activity and
changes in the vertical location on mayfly nymphs was strongly correlated with the rel-
ative reduction in light levels [27]. Locomotor activities started earlier for nymphs that
adapted for 60 min at a constant but reduced optical radiation level at the water’s surface of
8 µW cm−2 compared to those adapted for 60 min at a constant low optical radiation level of
800 µW cm−2 [27]. Individual nymph responses to light periodicity were dependent on
their initial activity during the light-adaptation periods. The results suggest that physio-
logical differences influence mayfly responses to environmental conditions, especially the
timing and intensity of the light stimuli.

2.2.3. Time of the day

The time of the day can also influence mayfly activity. Research suggests that the
nocturnal activity is more significant than the diurnal activity, and the number of mayfly
nymphs follows a random distribution close to a low mean during the day, and a high mean
at night [22]. However, another study found no adverse reaction to lighting conditions
(mayfly nymphs did not react to light), but light levels were low and consisted of green
(568 nm), red (635 nm), and infrared (950 nm) [20]. As previously mentioned, mayflies are
not sensitive to long-wavelength radiation (red and infrared), and lighting conditions in
this experiment were not randomized.

2.2.4. Polarization

Earlier research suggested that the male mayfly dorsal eye is not sensitive to polarized
light [10], but there is growing evidence for an opposite effect. For example, several studies
indicate that mayflies, similar to other aquatic insects, are sensitive to polarized light
(positive polarotaxis), which peaks at around 450 nm–480 nm, allowing them to detect
water and orient themselves [28,29]. Research also shows that mayflies can be attracted
to cars with polarized surfaces. The attractiveness of black car surfaces to polarotactic
insects may depend on the surface roughness (e.g., shiny, matte), mayfly species (e.g.,
dolichopodids, tabanids), and intensity [30]. Surprisingly, mayflies were more attracted to
the matte dark grey car finish than cars with matte black finish. The study also suggested
that the polarized light from black cars with specular surfaces cannot be mitigated using a
matte paint finish [30].

Horizontally polarized light may elicit positive photo- and polarotaxis for mayflies.
Research suggests that horizontally polarized light attracts mayflies more than unpolarized
light, and vertically polarized light is the least attractive given that the optical radiation
levels and spectral compositions are the same [31]. For example, mayfly C. robusta was
attracted to vertically polarized light if light intensity was about two and five times higher
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than unpolarized and horizontally polarized light sources, respectively. The polarotaxis
may be explained by an evolutionary advantage to mayflies that enables them to differen-
tiate water from vegetation. The open water surface reflects horizontally polarized light,
while the shadow and mirror image of vegetation at the riparian zone (the edge of the
water and land) reflect weak non-horizontal (mainly vertical) polarized light [31].

2.3. Bridge Lighting and Mayflies

Illuminated bridges may act as an optical barrier and attract mayflies to continue their
upstream compensatory flights by heading towards the lights on a bridge. In a field study,
the upstream-flying mayflies typically turned back when faced with a bridge, and 86%
of the mayflies never crossed the bridge [32]. Mayflies’ lack of physical contact with the
bridge suggests that the bridge was an optical barrier rather than a mechanical one for the
polarotactic mayflies. The authors used imaging polarimetry to examine how the bridge
disrupted the horizontally polarized light guiding the flight of mayflies above the river.
Energy loss and time constraints forced female mayflies to lay eggs only downstream [32].

In another study, 99% of adult females performed upstream compensatory flights
and were attracted to the unpolarized light source at the bridge and away from the river’s
horizontally polarized light [33]. Imaging polarimetry analysis confirmed that the bridge’s
asphalt surface was strongly and horizontally polarized, providing a supernormal ovipo-
sitional cue to mayflies (Ephoron virgo). The researchers concluded that Ephoron virgo is
attracted to both unpolarized and polarized light sources [33]. In a similar study, both male
and female adults (Rhithrogena semicolorat, Epeorus silvicola) were attracted to bridges, but
mostly to shiny black plastic sheets (high polarization, low brightness); only somewhat to
matte black cloth (low polarization, low brightness); and not at all to white matte/shiny
cloth or shiny aluminum (low polarization, high brightness) [34].

The direction of compensatory flight is known to be mostly upstream, facing the
river’s flow direction [35]. Therefore, illuminating a river from under the bridge facing
the compensatory flight (in the direction of river flow) can guide females to lay eggs to
the water and prevent them from dying in locations beyond riverside [36]. Attracting
mayflies with electric lighting may alter the feeding habits of insectivorous animals, but
this effect could be minimized by restricting the use of the lamp to mayfly non-swarming
periods [36]. The research on mayfly activity suggests that the intensity of the light sources
should be significantly higher than the average levels of the surrounding urban lighting,
independent of the moonlight. Similarly, E. virgo females gathered in front of a bridge, were
attracted to the urban lights due to the increased light intensity compared to the moonlit
environments [33].

The body of knowledge indicates that light source characteristics (spectrum, intensity,
polarization) have a significant impact on mayfly physiology and behavior. Coupled with
knowledge from interventional field studies, it is likely that lighting design strategies can
be applied to mitigate the unwanted effects of light at night on mayflies.

3. Methods

A series of major mayfly emergences at a bridge in Pennsylvania (PA) initiated this
project to study the effects of light on mayfly activity. Building on previous research studies,
we conducted a field study to test various lighting conditions and observe the effects on
mayfly behavior. The study was conducted on the Veterans Memorial Bridge, which is a
2 km (1.25 mile) long concrete structure spanning the Susquehanna River in south-central
PA (40◦01′50” N, 76◦30′41” W), connecting the municipalities of Columbia, Lancaster
County on the eastern shore, and Wrightsville, York County on the western shore. Initially,
the bridge featured lantern-style light fixtures that were appropriately scaled for pedestri-
ans, carriages, and cars and had a design that integrated with the bridge’s architecture. By
the 1970s, the bridge’s original fixtures had been replaced with modern streetlights consist-
ing of “cobra head” style luminaires with refractive lenses and HPS lamps. These fixtures
were arm-mounted at the top of tall aluminum poles and occupied a fewer number of piers
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than the original fixtures. In 2014, a rehabilitation project was completed to replace the HPS
light sources with LEDs, and the modern streetlights with (back to) historic-style lanterns.

Flowing underneath the bridge from north to south, the Susquehanna River provides
a fertile breeding ground for a large population of mayflies every year, and they have
been attracted to light sources at night, as shown in Figure 1 (left image). Historically,
the mayflies in the vicinity of the Veterans Memorial Bridge have been a nuisance but
never posed a major issue. However, in late spring and early summer of 2015, the year
following the most recent light fixture replacement, a larger number of mayflies than usual
was attracted to the new lights, as shown in Figure 1. With the life span of the adult
mayfly typically being only 24 h, many spent carcasses began to pile up on the roadway
and sidewalk. These piles of slick carcasses caused traction problems for vehicles while
the swarms of live mayflies caused visibility issues, resulting in several vehicle crashes.
This study was set up to isolate some of the variables associated with the existing lighting
system on the Veterans Memorial Bridge, investigate different lighting elements that could
potentially be used as part of a supplemental lighting system, and attempt to draw a
correlation between the different characteristics of the electric lights and the behavior of
the mayflies.
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Figure 1. (left) Mayflies swarm at a light fixture along the riverbank near Veterans Memorial Bridge.
(right) Accumulation of mayfly carcasses at bridge light fixture and concrete pier.

In order to isolate some of the variables related to the existing lighting on the bridge,
different trial scenarios were temporarily installed on-site; data was collected, and obser-
vations were made during each trial. The data collection in the field took place in June,
July, and August 2020, which is the primary time for mayflies to emerge from the river.
Three locations (Spans 12, 20, and 28) separated by darkness were used to test the effect of
different lighting conditions on the bridge in each trial, as shown in Figure 2.

The light source spectral power distributions were measured using a spectrometer
(Asensetek Lighting Passport model no. ALP-01 Pro, serial no. 78620L20002AG, calibration
no. AHZA04007). The illuminance values were measured using a NIST-calibrated Konica-
Minolta T-10 illuminance meter (calibration no. 366281), and air temperature and relative
humidity were recorded using a data logger (Onset HOBO MX temperature and relative
humidity logger device). Water temperature was recorded by data loggers in the river
(data provided by the Pennsylvania Department of Environmental Protection (PA DEP));
sky conditions, precipitation, and wind were noted as general observations.
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Figure 2. Schematic of the Veterans Memorial Bridge shows the three spans (span 12, 20, and 28) used to test experimental
lighting conditions. Sections between the test spans and at each end of the bridge were left unlit to differentiate the
test locations.

To obtain the number of mayflies in the different spans at each trial, several processing
steps were followed. The images were recorded using digital cameras by positioning them
in three different test locations along each bridge. Images were extracted every ten minutes
from the recorded video footage, as shown in the second step of Figure 3. ImageJ, an
open-source image processing program for multi-dimensional image data, is built for a
variety of needs of scientific imaging [37]. Due to its key function of image processing
and analysis based on user-defined thresholds, ImageJ was used to develop an automated
counting method analysis for processing and quantifying the number of mayflies in the
images documented on-site.
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Figure 3. A step-by-step data extraction method was utilized to count the number of mayflies (white
dots in steps 2 and 3) in each trial.

The trials and the nominal characteristics of the lighting conditions in each trial are
given in Table 1. The data from seven trials (CW1, CW2, CW3, CW4, CW5, CW6, and CW7)
were collected across six non-consecutive days. Lights at the top of the bridge were the
existing, permanently installed roadway luminaires in all cases, except where tape light was
used in CW7. The conditions at Span 12 were held constant, while lighting conditions at the
other spans were iteratively changed to systematically test the effect of different lighting
characteristics, such as CCT, shielding, spectrum, and location. The spectral characteristics
of the light sources used throughout the trials at the Veterans Memorial Bridge are shown
in Figure 4.



Energies 2021, 14, 2934 9 of 17

Table 1. Lighting characteristics on top and under the bridge at each span for seven trials (from CW1 to CW7) and the
reference baseline condition.

Baseline
Condition CW1 CW2 CW3 CW4 CW5 CW6 CW7

Date 1 June
2020

25 June
2020

25 June
2020

26 June
2020

20 July
2020

23 July
2020

24 July
2020

5 August
2020

Span 12
Top of
bridge 4800 K 4800 K 4800 K 4800 K 4800 K 4800 K 4800 K 4800 K 1

Shielding - - - - - - - -
Underneath - - - - - - - -

Span 20
Top of
bridge 4800 K 2200 K 2200 K 2200 K 2200 K 2200 K 2200 K 2200 K 1

Shielding - - - Yes 6 - - - -
Underneath - - - - - - - -

Span 28
Top of
bridge 4800 K 2200 K 2200 K 2200 K 2200 K 2200 K 2200 K 3000 K 4

Shielding - - - Yes 6 - - - Yes 2

Underneath - - UV - Yes 5 Yes 3 - -
1 Light intensity was reduced by turning off the light sources at the north side of the bridge; 2 Provided by parapet walls; 3 Green
and blue polarized light; 4 Tape light along roadside of parapet wall; 5 Green light; 6 House sides of roadway luminaires were blocked
with cardboard.

Energies 2021, 14, x FOR PEER REVIEW 9 of 17 
 

 

ditions at the other spans were iteratively changed to systematically test the effect of dif-
ferent lighting characteristics, such as CCT, shielding, spectrum, and location. The spectral 
characteristics of the light sources used throughout the trials at the Veterans Memorial 
Bridge are shown in Figure 4. 

Table 1. Lighting characteristics on top and under the bridge at each span for seven trials (from CW1 to CW7) and the 
reference baseline condition. 

   
Baseline 

Condition CW1 CW2 CW3 CW4 CW5 CW6 CW7 

 Date 1 June 
2020 

25 June 
2020 

25 June 
2020 

26 June 
2020 

20 July 
2020 

23 July 
2020 

24 July 
2020 

5 August 
2020 

Span 
12 

Top of bridge 4800 K 4800 K 4800 K 4800 K 4800 K 4800 K 4800 K 4800 K 1 
Shielding - - - - - - - - 

Underneath - - - - - - - - 

Span 
20 

Top of bridge 4800 K 2200 K 2200 K 2200 K 2200 K 2200 K 2200 K 2200 K 1  
Shielding - - - Yes 6  - - - - 

Underneath - - - - - - - - 

Span 
28 

Top of bridge 4800 K 2200 K 2200 K 2200 K 2200 K 2200 K 2200 K 3000 K 4 
Shielding - - - Yes 6  - - - Yes 2 

Underneath - - UV - Yes 5 Yes 3 - - 
1 Light intensity was reduced by turning off the light sources at the north side of the bridge; 2 Provided by parapet walls; 
3 Green and blue polarized light; 4 Tape light along roadside of parapet wall; 5 Green light; 6 House sides of roadway 
luminaires were blocked with cardboard. 

  

(a) (b) 

Figure 4. The normalized spectral power distribution of light sources used in the study (a) on the bridge: 4800 K (blue line, 
left graph, left axis), 2200 K (red line, left graph, left axis), and 3000 K (yellow line, left graph, left axis) white light sources; 
(b) under the bridge: blue light (blue line, right graph left axis) and green light (green line, right graph, left axis) lights, 
and ultraviolet radiation (purple line, right graph, left axis) are shown against the spectral sensitivity of the mayfly lateral 
eyes (black dotted line, right axes) (after Horridge et al. 1982 [17]). 

4. Results 
Since daily changes in environmental factors may contribute to measurement uncer-

tainty (e.g., mayfly hatching), the absolute data were normalized to the mayfly appear-
ance rate per day (total number of mayflies in one day divided by the number of time 
slots). The data from the site visits were analyzed step by step. At each step, different 
hypotheses were tested using appropriate statistical significance testing tools. The tem-
poral mayfly activity as a function of time of day for each lighting solution is given in 
Figure 5. 

0

20

40

60

80

100

0

0.2

0.4

0.6

0.8

1

300 400 500 600 700 800

Se
ns

iti
vi

ty
 (%

)

R
el

at
iv

e 
po

w
er

Wavelength (nm)

4800 K

2200 K

3000 K
tape light

Mayfly
lateral eye
sensitivity

0

20

40

60

80

100

0

0.2

0.4

0.6

0.8

1

300 400 500 600

Se
ns

iti
vi

ty
 (%

)

Re
la

tiv
e 

po
w

er

Wavelength (nm)

Blue

Green

UV

Mayfly
lateral eye
sensitivity

Figure 4. The normalized spectral power distribution of light sources used in the study (a) on the bridge: 4800 K (blue line,
left graph, left axis), 2200 K (red line, left graph, left axis), and 3000 K (yellow line, left graph, left axis) white light sources;
(b) under the bridge: blue light (blue line, right graph left axis) and green light (green line, right graph, left axis) lights, and
ultraviolet radiation (purple line, right graph, left axis) are shown against the spectral sensitivity of the mayfly lateral eyes
(black dotted line, right axes) (after Horridge et al. 1982 [17]).

4. Results

Since daily changes in environmental factors may contribute to measurement uncer-
tainty (e.g., mayfly hatching), the absolute data were normalized to the mayfly appearance
rate per day (total number of mayflies in one day divided by the number of time slots).
The data from the site visits were analyzed step by step. At each step, different hypotheses
were tested using appropriate statistical significance testing tools. The temporal mayfly
activity as a function of time of day for each lighting solution is given in Figure 5.
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A comparison of the average normalized number of mayflies as a function of temporal
change indicates three trends. First, the peak mayfly activity is around 21:30–22:00 h
regardless of the tested lighting condition, which seems consistent with the findings of
another study [36]. However, other studies found a slightly earlier emergence time [29,33].
Interestingly, the data indicate a second, lesser peak activity time at about 23:00 in the
baseline condition with 4800 K lighting and in some of the 2200 K conditions. Second, most
of the tested lighting scenarios perform slightly better than the baseline lighting conditions
at reducing mayflies, especially within the peak mayfly activity hours. Among all design
trials, the greatest reduction of mayfly numbers is associated to the lighting condition with
2200 K correlated color temperature on the bridge and the green-blue polarized light under
the bridge. Last, the variations in the number of mayflies across the total time range are
relatively smaller for certain lighting conditions, such as 2200 K + green light and 2200 K +
green/blue polarized light.

4.1. Normality

The data were tested using two widely used and recommended normality tests:
Shapiro–Wilk [38] and d’Agostino–Pearson [39]. All the data were normally distributed,
except Spans 12 and 20 in CW6 (Shapiro–Wilk p = 0.002 and p = 0.001, d’Agostino–Pearson
p = 0.002 and p = 0.0001, respectively). Therefore, a series of parametric and non-parametric
tests was used when the data were normal and non-normal in distribution, respectively.

4.2. Baseline Condition and Different Days

In the second step, Span 12 trials from CW1 to CW6 were compared using a one-
way analysis of variance (ANOVA) test [40]. In this case, there were no statistically
significant differences between group means as determined by the one-way ANOVA
test (F(5,51) = 1.67, p = 0.15).



Energies 2021, 14, 2934 11 of 17

The parametric and non-parametric tests comparing the same lighting conditions
at different nights (CW1 vs. CW6) for all spans, showed that there were no significant
differences (Span 12: Mann–Whitney U = 35, z = −1.20, p = 0.11; Span 20: Mann–Whitney
U = 44.5, z = −0.53, p = 0.30; Span 28: t(17) = 1.73, p = 0.09). The rest of the calculations
were based on these findings of assumed similarity between conditions over different days.

4.3. Location on the Bridge

The potential bias that can be introduced by the position of the light sources on the
bridge was investigated by comparing Span 20–Span 28 pairs in trials CW1, CW3, and
CW6. A combination of parametric and non-parametric tests showed that there were no
significant differences between the location of light sources on the bridge (between Span
20 and Span 28). The statistical significance testing resulted in CW1: t(10) = 1.82, p = 0.21
(effect size r = 0.25, Cohen’s d = 0.48); CW3: t(16) = 1.75, p = 0.37 (effect size r = 0.08, Cohen’s
d = 0.16); and CW6: Mann–Whitney U = 83, z = −1.20, p = 0.23 (common language effect
size f = 0.37) [41]. Since the comparisons were made within the same day, the absolute
values were used in all three tests.

4.4. Correlated Color Temperature

The effect of CCT on mayfly behavior was analyzed using student’s t-test in trials CW1,
CW2, CW4, CW5, and CW6 between Span 12 and Span 20. Results showed that although
the number of mayflies at Span 12 (2200 K) was lower compared to Span 20 (4800 K), there
were no statistically significant differences between group means (t(51) = 1.46, p = 0.07).

4.5. Under-Bridge UV Radiation

Since there was no statistically significant difference between positions along the
bridge (as established in step 3), the effect of the under-bridge lighting was analyzed by
comparing Span 20 vs. Span 28 in CW2. The first under-bridge lighting condition was
the UV radiation. Student’s t-test results on the absolute data showed that there was a
significant difference between conditions t(7) = 1.88, p = 0.03 with a large effect size r = 0.61.
Results indicate that using UV radiation under the bridge reduced the number of mayflies
on top of the bridge.

4.6. Cardboard Shielding

The effect of shielding using cardboard on the roadway luminaires was tested by
comparing Span 20 in trial CW3 with Span 20 in CW6; and Span 28 in CW3 with Span 28 in
CW6. Since data collected on different days were compared, normalized values were used
in the student’s t-test. Results indicate that there were no statistically significant difference
in either condition t(21) = 0.56, p = 0.29 for CW3-CW6 Span 20, and t(21) = 1.72, p = 0.25 for
CW3-CW6 Span 28.

4.7. Under-Bridge Green Light

Similar to step 5, the effect of under-bridge green light was analyzed by comparing the
absolute number of mayflies at Span 20 with Span 28 in trial CW4. Student’s t-test results
indicate a statistically significant difference t(24) = 1.71, p = 0.04 with a small effect size
r = 0.35. The results indicate that the number of mayflies on top of the bridge decreased
when the green light was used under that specific bridge section (Span 28).

4.8. Under-Bridge Green/Blue Polarized Light

An analysis similar to step 5 was conducted to investigate the effect of polarized
under-bridge light. The absolute number of mayflies was compared at Span 20 vs. Span 28
in trial CW5 using Student’s t-test. There was a statistically significant difference between
conditions t(14) = 1.76, p = 0.01 with a large effect size r = 0.57.

The difference between green (non-polarized) and green/blue polarized light was
also analyzed by comparing Span 28 in CW4 vs. Span 28 in CW5. There was a statistically
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significant difference as found by Student’s t-test t(2) = 2.58, p = 0.01 with a large effect size
r = 0.96, where CW4 (green light only) had a larger amount of mayflies on top of the bridge
compared to CW5 (green/blue polarized light). This indicates that green/blue polarized
light was more effective in reducing the number of mayflies on top of the bridge.

In addition, UV radiation and green/blue polarized light under the bridge were
compared (Span 28 in CW2 and CW5). A significant difference (t(17) = 1.74, p = 0.02 with a
medium effect size r = 0.46) between these conditions highlight that green/blue polarized
light was more effective at reducing the mayflies on top of the bridge than UV radiation.

4.9. Wall Shielding and 3000 K Tape Light

The effect of shielding and the use of 3000 K tape light at the parapet wall were
analyzed by comparing Span 28 in trial CW6 and CW7 using the student’s t-test. There
was a statistically significant difference between conditions t(23) = 1.71, p = 0.02 with a
medium effect size r = 0.43 when normalized values were used. This result suggests that
shielding provided by parapet walls and a change in light source spectrum can reduce the
number of mayflies on the bridge. In addition, results from this trial and previous shielding
analysis suggest that shielding can be an effective solution only when it is combined with
other measures.

4.10. Light Intensity

In the final trial (CW7), a tape light was installed at Span 28 on the roadway side of
the parapet wall, while the roadway lights were turned off at that span. At Spans 12 and 20,
the roadway light sources on the north side of the bridge were turned off to test the effect
of light intensity. Span 12 in trials CW6 and CW7 were compared using the Mann–Whitney
U test (Span 12 at CW6 is not normal distribution) and normalized values. No statistical
significance was found (Mann–Whitney U = 93, z = 0.77, p = 0.22). The results indicate that
light intensity did not have a significant impact on the number of mayflies.

5. Discussion

The results suggest that placing light underneath the bridge can significantly reduce
the number of mayflies on top of the bridge. Blue and green light and UV radiation all
resulted in reductions, with blue and green polarized light leading to a greater reduction
than non-polarized green light or UV radiation. While the results suggest that adding light
to the underside of the bridge could be beneficial in reducing the number of mayflies on top
of the bridge, doing so could have negative consequences, such as affecting other wildlife
or causing an accumulation of mayfly carcasses on the light fixtures. If light fixtures are
added underneath the bridge, negative effects should be taken into account by limiting
the under-bridge lighting to certain times of the year (or hours of the night), locating and
orienting the fixtures with the lens facing down to minimize build-up of dirt and insects
on the lens, and performing regular maintenance on the under-bridge fixtures.

Results regarding the effect of light source CCT on mayfly activity were inconclusive.
Although the 3000 K tape light in conjunction with the parapet wall shielding suggested a
reduction in mayfly quantity, no significant difference was found between the conditions
with the 2200 K roadway retrofit lights and original 4800 K LEDs. Based on visual observa-
tions during data collection, the intensity of mayfly swarms seemed to vary throughout a
given night, at the different roadway lights at different times, without necessarily correlat-
ing to the CCT of the light source. However, the aftermath of the mayfly swarms seemed
to indicate that overall, a greater number of mayflies were attracted to the light sources
with a higher CCT. We observed that a higher number of mayfly carcasses accumulated at
the Span 12 light fixtures (4800 K) over the study period as compared to the Span 20 and 28
fixtures (2200 K). During trial CW7, photos were taken of the roadway and sidewalk areas
adjacent to the Span 12 and 20 light fixtures, as shown in Figure 6.
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Figure 6. Photos of roadway and sidewalk near the base of the light fixtures on the piers of the Veterans Memorial Bridge:
(a) at Span 12 (4800 K); (b) at Span 20 (2200 K) taken within minutes of each other during trial CW7. Visual observations
suggested that more mayflies were attracted to the higher CCT light source (left image), despite no significant difference in
statistical analysis between the trials. It should be noted that due to the car headlamps, the image on the right appears to be
higher CCT, but the roadway luminaire in that image does indeed have the 2200 K light source.

The images shown in Figure 6 reflect the research team’s observations—there appeared
to be more mayflies on the piers, roadway, and sidewalk near the 4800 K fixtures than at
the 2200 K fixtures. During trial CW7, the video camera that was typically located at Span
20 had been located at Span 28 to provide a second vantage point of data capture for the
tape light installed at that location. With no video footage at Span 20, a comparison could
not be made between Spans 12 and 20 for trial CW7. Therefore, the analysis for CCT was
completed using data from other trials. As stated in the previous section, there was no
statistically significant difference in mayfly attraction due to different CCTs.

It should be noted that a lack of significant difference due to CCT does not con-
clusively demonstrate that the spectrum of the light source has no effect. Firstly, CCT
is a one-dimensional metric that is limited in quantifying the properties of light source
spectrum. Also, the results of this field study may be limited due to the experimental
design (e.g., selection of light sources) and environmental conditions, and it is possible
that a significant result can be discovered with different experimental set up or different
environmental conditions. For example, future studies can investigate a more narrowband
(spikier spectrum) light source, as opposed to the warm white broader spectrum LED
used in the retrofit kits in the current study. Narrow band, long-wavelength light source
spectrum can help prevent sea turtles from disorienting, to ensure that they safely reach
shore to lay eggs and the hatchlings return to the sea [42]. Future studies can utilize amber
or orange light sources to verify if they have a similar non-attractive effect on mayflies.
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Use of the lower CCT (3000 K) tape light in conjunction with shielding by the parapet
wall showed a statistically significant difference compared to the same bridge span with the
2200 K roadway lights on and no tape light. While the data analysis for the CCT change and
cardboard shielding conditions did not show a significant difference, combining the two
approaches indicate there might be a beneficial effect in reducing the number of mayflies.

The light source spectrum can also be tuned for mayfly spectral sensitivity. Since
female mayflies, who have only lateral eyes, lead the compensatory flight, we hypothesize
that it may be adequate to use LEDs with little emission in wavelengths where mayfly
lateral eye sensitivity peaks (shown in Figure 4) to prevent mayflies from being attracted to
the bridge. The data collected in this study provide partial evidence for this hypothesis.
However, field or lab studies should be conducted to directly test the “tuning for lateral
eye spectral sensitivity” hypothesis.

Since the illuminance on the roadway was held constant by request from project
sponsor Pennsylvania Department of Transportation (PennDOT), the light intensity was
not an independent variable in this study. However, during trial CW7, when the roadway
lights were turned off at Span 28 to isolate the tape light mock-up, our research team
discovered that the roadway fixtures on the north side of the bridge at Spans 12 and 20
were connected to the same circuit as the roadway lights at Span 28, and thus turned off
at the same time. This provided an opportunity to briefly look at the effect of changing
the total amount of light emitted by the roadway lights at a given span. While the analysis
showed no significant difference, it is worthwhile to study radiation levels (e.g., radiance,
irradiance) as a variable in the future. Following studies can also utilize lower light levels
for the first few hours after sunset when mayfly activity is at its highest or using motion
sensors to maintain low light levels when the road is unoccupied and increase the light
levels when vehicles or pedestrians approach the bridge.

Another important finding was the effect of polarized light, which echoed studies
conducted in Europe [28–35]. The results obtained here also suggest that mayflies are
attracted to linearly polarized electric light sources, which mimic the horizontally polarized
surface of the river. At the Veterans Memorial Bridge during trial CW5, the polarized light
sources were lowered close to the river surface, on the south (downstream) side of the
bridge, aimed downstream, and tilted up slightly. The hypothesis was, as the mayflies are
traveling upstream (as is their natural tendency when emerging as adults) and encounter
the polarized lights, they would be attracted to those lights as if they were the surface of
the river; and as a result, would remain near the surface and not travel up to the top of
the bridge.

The analysis of the data recorded at the top of the bridge showed a significant reduction
in mayfly quantities on top of the bridge when the polarized light was used, compared to
non-polarized light, UV radiation, and no under-bridge light at all. Although this suggests
that having light fixtures with polarized lenses located as they were in the trial could reduce
the number of mayflies on the bridge, care must be taken when introducing light fixtures
near the river’s surface. The fixtures and conduit should be very durable and watertight to
resist high water levels, which would likely increase the cost of the system. Additionally, a
lighting system close to the water surface could negatively affect other wildlife such as fish,
birds, or bats. If such a system is implemented, the operation times should be limited to the
hours of peak mayfly activity and only during the time of the year of mayfly emergence.

6. Conclusions

Electric outdoor lighting at night may have unwanted consequences for the ecological
system. Here, the effect of bridge lighting on mayflies has been investigated in the field by
testing several different lighting conditions. The use of under-bridge lighting (blue and
green light, or UV radiation) significantly reduced the number of mayflies attracted to the
lights on top of the bridge. When installed under the bridge, blue/green polarized light
performed better at reducing the number of mayflies on top of the bridge compared to only
green (non-polarized) light or UV radiation.
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Although light source CCT did not have a significant impact, the effect of light
source spectral power distribution on mayflies was apparent in other sections of the
experiment. Since CCT is an incomplete metric with little relevance to mayfly vision,
radiometric quantities (e.g., irradiance) should be used in the experimental design of future
mayfly studies.

Similarly, shielding the light sources provided mixed results. When only sheets of
cardboard were used for shielding, there were no significant effects. However, shielding
the lights completely by locating the light source below the level of the parapet wall and
changing the CCT resulted in a lower number of mayflies on the bridge. Very limited
light intensity testing was conducted by turning off half of the roadway lights at two of
the spans, which did not result in a significant difference from the all-lights-on fixture
condition. It should also be noted that the effect of varying the radiance was not taken into
account in this study since illuminance had to be held constant to meet roadway lighting
requirements (maintained illuminance of minimum 2 lx at any point on roadway [43]). It is
possible that absolute optical radiation levels will make a difference in mayfly activity.

While electric lighting may negatively impact certain species, light is needed for
human activities and crucial for driving. Recommended lighting design practices can
help control the negative effects of lighting on animals by reducing electric lighting where
possible, limiting the extent, intensity, and duration of illumination, reducing blue-enriched
light and UV, reducing light pollution and sky glow, and eliminating inefficient lighting
technologies [8,44]. In addition to these recommendations, adaptive lighting systems based
on SSL devices, sensors, and smart controls can be used to reduce the negative impacts
to local fauna and energy consumption while maintaining minimum lighting for vision
and safety.
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