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Assessing the attraction of
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broad-spectrum artificial

light to nocturnal insects:
patterns and predictive models
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tSchool of Architecture, Tianjin University, Tianjin, China, 2Tianjin Key Laboratory of Architecture

Physical Environment and Ecological Technology, School of Architecture, Tianjin University,
Tianjin, China, 3School of Architecture, Tianjin Chengjian University, Tianjin, China

The significant ecological risks posed by artificial light at night (ALAN) are rapidly
increasing globally. The rapid development of narrow-spectrum light-emitting
diodes (LEDs) presents various challenges for reducing fatal attraction to ALAN
and associated ecological risks. However, the potential risks and variations in the
fatal attraction have not been precisely measured and assessed. Insects are
ecological indicator species and photosensitive animals that are often fatally
attracted to ALAN. In this paper, we conduct phototaxis experiments in Tianjin,
China. We explored insect phototactic behavior and rhythms by comparing the
effects of different time periods and spectra on the number of phototactic insects
using UV light as a baseline. The spectra include seven narrow-spectrum lights
with different peak wavelengths and two broad-spectrum lights with different
color temperatures. In general, shorter wavelength light was more attractive:
short-wave blue light (447 nm and 478 nm) was the most attractive, followed by
medium-wave green light (500 nm and 519 nm) and long-wave red light (627
nm, 660 nm, and 740 nm). Insects were more attracted to 4,500 K LEDs than
3,000 K LEDs, but the difference in attraction between 4,500 K and 3,000 K LEDs
was not significant. For eco-risk periods, that is, the peak hours of the fatal
attraction of insects to ALAN in the field, LEDs attract insects at the fastest rate
from 20:00 to 21:30 (from 1.5 hours to 3 hours after sunset). The phototactic rate
curves of insect orders differed among different spectral LEDs. We proposed a
method to predict the relative attractiveness of LEDs to insects and orders by
calculating the relative attraction coefficient (P;) of each narrow-spectrum LED
and assigning P; as a coefficient to the spectral irradiance percentage of the
corresponding band of the LEDs to be predicted. The model-calculated relative
attraction was highly significantly correlated with both the experimentally
obtained attraction and the spectral response of insect vision. The results
demonstrate that the attractiveness of broad-spectrum LEDs to insects can be
altered, evaluated, and predicted through narrow-spectrum LEDs. Our findings
will aid the development of ecological light sources, ecological conservation,
and improvements in urban light ecology.
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artificial light at night (ALAN), ecological light pollution, nocturnal insects, narrow-
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1 Introduction

Over the past two decades, light pollution has become one of the
fastest-growing forms of environmental pollution, and it has
dramatically altered the spatial and temporal extent, light
intensity, and spectral properties of the natural light environment
at night (Bennie et al., 2015; Falchi et al., 2016). Even at low levels of
light pollution, prolonged and sustained exposure to light pollution
can affect the behavior and physiology of individuals and have
population-level consequences (Hoelker et al., 2010; Davies et al.,
2013; Gaston et al.,, 2015; Bennie et al., 2016). Insects are
photosensitive animals and ecological indicator species (Lawes
et al., 2005; Ferrer-Paris et al., 2016). The abundance and biomass
of insect populations are declining significantly worldwide, and
ALAN, which is near ubiquitous in urban habitats and interferes
with insect behavior, is thought to be one of the major drivers of
declines in insect populations (Owens et al., 2020; Kalinkat et al.,
2021). ALAN can induce the fatal attraction of positively
phototactic insects (Bates et al., 2014; Plummer et al, 2016),
which causes one-third of attracted insects to die before dawn
due to exhaustion or predation (van Langevelde et al., 2018). For
example, approximately 100 billion insects die each summer in
Germany due to fatal attraction (Eisenbeis, 2006).

Nocturnal insects are generally phototactic (positively or
negatively phototactic). For positively phototropic insects, most
are trichromats, with photoreceptors’ spectral sensitivity
concentrated in the UV light (340-380 nm), blue light (440-480
nm), and green light (480-580 nm) (van der Kooi et al., 2021), and
are easily attracted to light sources rich in UV and short-wave
visible light (van der Kooi et al., 2021). The phototropism of insects
might significantly differ among orders. Some insects (such as most
Lepidoptera and Hymenoptera) with broad visual sensitivity can be
attracted to artificial light at wavelengths of 300-700 nm (Briscoe
and Chittka, 2001; van der Kooi et al., 2021), whereas some flying
insects are attracted to long-wave visible light, such as amber lights
(610.72 £47.88 nm) (Owens et al., 2022a). The insect species and
artificial light (spectral distribution and light intensity) determine
the extent to which insects are attracted to artificial light. In
particular, spectral variability can directly affect the attractiveness
of artificial light (Owens et al., 2020). Previous studies of the effect of
the spectrum on insects have mainly focused on pest control and
insect conservation. Most research on pest control has focused on
short-wave monochromatic light and used information on short-
wave spectral sensitivity to improve pest prevention and control
technologies (Shimoda and Honda, 2013; Pan et al,, 2021). Research
on insect protection has mainly focused on the attraction of insects
to urban light sources (mainly street lighting) (Degen et al., 2016;
De Medeiros et al., 2017) and photosensitive insects (Owens et al.,
2022b). However, few field studies have explored the convergence of
multiple insects on narrow-spectrum monochromatic light
sequences (with different peak wavelengths in nm) with the aim
of conserving insect diversity (Desouhant et al., 2019).

LEDs have become a widely used environmentally friendly light
source for their high energy efficiency, spectral tunability, and other
characteristics (Welbers et al., 2017; Cao et al., 2022). LEDs have
also become the focus of ecological and environmental protection
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research because they pose novel ecological threats. Researchers
believe that the peak of the spectral composition of LEDs is in the
blue range, to which many insects appear to be sensitive (Longcore
et al,, 2015; Donners et al., 2018; Grubisic et al., 2018; Macgregor
etal,, 2019). Appropriate adjustments to the spectral composition of
LEDs can reduce their ecological risks and allow them to become
eco-friendly light sources, such as by reducing or eliminating
threatening wavelengths in LEDs, which can reduce the attraction
of insects to light and their mortality caused by the use of ALAN
(Pimputkar et al., 2009; Longcore et al., 2015; Justice and Justice,
2016; Kamei et al.,, 2021; Martin et al., 2021). In view of the
differences in phototaxis between insect species, changes in the
spectral composition of nightscape lighting might induce
phototactic responses of photosensitive insects with specific
wavelengths. However, the precise responses that would be
expected remain unclear, and this increases the uncertainty of the
ecological risks of light pollution from ALAN.

In addition, the spectral composition of broad-spectrum LED
white lights with different color temperatures (in K) can result in
differences in insect attraction, such as differences between warm
2,200-2,700 K white light (peaks in the long wavelength light) and
cool 5,000-6,500 K white light (peaks in the short wavelength light)
(Longcore et al., 2015; Wakefield et al., 2016; Bolliger et al., 2020;
Kamei et al., 2021). However, many studies have been conducted to
compare insect attraction to LEDs with relatively significant color
temperature differences, and differences in insect attraction to LEDs
with typical and appropriate color temperatures (3,000-4,500 K)
remain unclear (Bolliger et al., 2020; Kamei et al., 2021).

The extensive use of LEDs is rapidly changing the spectral
composition of ALAN globally. The spectral energy distribution of
LEDs could result in an increase or decrease in the attraction of
insects. However, the spectral distribution of LEDs is complex, such
as broad-spectrum LEDs that are characterized by the same color but
different spectra. The complexity creates both opportunities and
challenges for research on the conservation of phototactic insect
diversity. The opportunity is to develop insect-friendly eco-light
sources using homochromatic low-risk spectra. The challenge is
that due to the complexity and diversity of the spectral
distributions, substantial experiments are required to determine the
attraction of insects to LEDs with different spectral distributions.

Phototactic rhythms are another important characteristic of
nocturnal insects (Gaston et al., 2017). Many studies have explored
the phototactic rhythms of nocturnal agricultural pests (Steinbauer
and Weir, 2007; Qi et al., 2014). Insects have specific patterns of
phototactic behavior, but the phototactic rhythms vary among
insect species (Gaston et al., 2017). Most current studies have
aimed at exploring the phototactic rhythms and peak phototaxis
periods of specific pests through light trap experiments to improve
the efficiency of light trapping and control agricultural and livestock
losses caused by pests (Tu et al., 2016; Mi et al., 2019). Identifying
the peak hours of the fatal attraction of insects to ALAN in the field,
that is the eco-risk periods, can enhance the accuracy of assessments
of the ecological risks of light pollution.

Studies of insect phototaxis have mainly focused on laboratory
experiments (Owens and Lewis, 2018; Desouhant et al.,, 2019).
Although laboratory experiments have many advantages, some
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advantages of field experiments cannot be replaced by laboratory
experiments, such as ensuring the complexity and realism of
experimental scenarios, as well as maintaining insect diversity and
the actual living conditions of insects (Owens and Lewis, 2018).

In this study, we compared the effects of narrow-spectrum
monochromatic light and broad-spectrum mixed white light in
typical landscape LEDs on the phototropism, phototaxis behavior,
and phototactic rhythms of insects in an urban-rural fringe, which
is characterized by drastic changes in ALAN and the ecological
environment. The research target is to identify the eco-friendly
spectrum, eco-risk spectrum, and eco-risk periods, when insects are
active at night, for different insect groups and orders, so as to reduce
the threat of light pollution to insects. Meanwhile, we try to predict
and assess the attraction of insects to LEDS with different spectral
distributions by utilizing the typical narrow-spectrum light
attraction patterns. We constructed a relative attraction model,
which could greatly influence the assessment of the attraction of
insects to landscape lighting, as well as the development and
application of insect-friendly eco-light sources. The relative
attraction model consists of two parts: the first is to determine
the relative attraction coefficients for representative bands of the
experimental narrow-spectrum light, and the second is to estimate
the relative attraction of the predicted light source, which is to
calculate the weight of each representative band in the spectral
energy distribution of the predicted light source and assign the
weight to the relative attractiveness coefficient. We aimed to provide
information that will aid future research and the development of
eco-friendly LEDs (with spectral optimization and temporal
intelligent control). The model we constructed could provide new
ideas and methods for rapidly predicting and assessing the
attraction of insect groups and orders to LEDs that generally have
different spectral distributions.

2 Materials and methods
2.1 Experimental sites

This study was conducted at the Beiyang Yuan Campus of
Tianjin University in the urban-rural fringe of Jinnan District,
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Tianjin, China (Figure 1). Tianjin belongs to the Jing-Jin-Ji urban
agglomeration, where urbanization and night lighting are increasing
rapidly (Jiang et al., 2017). Tianjin has wetland nature reserves such
as Tuanbowa, Beidagang, Qilihai, and Dahuangbao (Figure 1A).
The urban-rural fringe, known as the region located between the
urban and rural areas (Peng et al., 2016), has extensive ALAN (Cox
et al, 2020) and is experiencing ecological instability due to
urbanization (Cao et al., 2020). The urban-rural fringe selected
for this experiment is a new urban area under continuous
construction. The experimental area is located in the newly built
campus (39.003°N, 117.317°E) within the new urban area. The
campus has 35% green space and 11.9% water areas (Bennie et al.,
2018). The proportion of green space of the experimental area is
approximately 76% (Figure 1). Three types of green areas were
selected as experimental sites: landscape woods (Site A, the average
value of ambient light was 0.0005 W/m?), regularly mown lawns
(Site B, 0.0007 W/m?), and waterfront areas (Site C, 0.0006 W/m?)
at a linear distance of approximately 2 m from the river, which are
typical urban green space habitats. The three experimental sites are
similar in size and separated from each other by approximately
100 m or more. As these sites are located approximately 15-20 m
away from existing light sources and the light sources around the
sites were off during the experimental days due to being on holiday,
these sites are not exposed to direct artificial lighting from the
existing environment.

2.2 Experimental equipment

The experimental setup unit was mainly comprised of an
experimental shelf, a lamp, and a sticky board. The experimental
shelf was 60 cm x 30 cm x 70 cm, including the upper experimental
lamp frame and the lower sticky board frame (Supplementary
Figure 1). The experimental lamp emitted light downward and
was approximately 50 cm away from the sticky board below it. The
spacing was fine-tuned to ensure that the irradiance of the board’s
surface satisfied the irradiance required for the experiment (28.60 +
0.50 W/mz), as described in 2.3. The sticky board was white
cardboard evenly coated with sticky glue on one side; the size was
42.0 cm x 29.7 cm. The white sticky boards avoided interference

Location of the experimental area. (A) Location of Tianjin University Beiyang Yuan Campus in Jinnan District, Tianjin, China. (B) Beiyang Yuan Campus.
(C) Experimental sites: Site (A), Site (B) and Site (C). These maps are provided by Mapbox (http://Mapbox.com).
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with the spectrum and colour temperature of the experimental
treatments. Compared with poison bottles, sticky boards for capture
facilitate the identification of small insects, maintain their original
form, and reduce errors in insect classification (Pawson and
Bader, 2014).

2.3 Spectral and light intensity settings

Our experiment included ten light treatments (seven LED
narrow-spectrum monochromatic lights with different wavelength
peaks and two LED broad-spectrum mixed white lights with
different color temperatures, and a UV light, Figure 2). The seven
types of LED monochromatic lights are commonly used for
nightscape lighting. The two types of LED white lights are rarely
studied and have unclear effects on insect phototaxis. UV was
included in this study because many light sources contain UV light,
which potentially poses a threat to many animals (Longcore et al,
2018). In addition, the light sources in many previous studies
contain UV or violet light; thus, UV can be used to bridge the
results between these studies (Barghini and Souza de Medeiros,
2012). In this study, we used UV attractiveness as a baseline and
compared narrow- and broad-spectrum light with UV light to
determine the eco-friendly advantages and relative attractiveness
of different spectral distributions. We divided the 10 experimental
LEDs into four groups for comparative analysis according to the
spectral distribution of artificial light and the diversity and number
of insects: (1) UV, Royal Blue, and Blue; (2) Cyan and Green; (3)
Red Orange, Deep Red, and Far Red; and (4) 4,500 K and 3,000 K
white light.

Irradiance nicely approximates the brightness as it is perceived
by non-human animals (Longcore et al., 2018; Owens and Lewis,
2018). Therefore, we used irradiance as the light parameter. We
investigated the landscape lighting of green areas in four typical city
parks in Tianjin and measured irradiance at 50 cm directly in front
of the light source using a CL-500A spectroradiometer (Konica
Minolta Holdings Inc, Tokyo, Japan). A distance of 50 cm from the
light source was chosen for two reasons: (1) preliminary trials
suggested this was the approximate distance most insects flew
around existing light sources, and (2) this made the investigation
comparable with existing studies (Pawson and Bader, 2014). We
measured the irradiance of five types of landscape light sources

10.3389/fevo.2023.1206404

(a total of 50 light sources), ranging from 10.59 to 46.67 W/m?, with
an average of 28.60 W/m?>. Based on this, we used an irradiance of
28.60 + 0.50 W/m? as the light source in this field experiment. This
was the same level of illumination used in previous studies
(Longcore et al. (2015); Farnworth et al. (2018).

To ensure that the irradiance of each experimental light source
was consistent with the average irradiance (28.60 + 0.50 W/m?),
first, we adjusted the irradiance of the light source in an optical
darkroom. We conducted standardized measurements using a CL-
500A to ensure that the irradiance at 50 cm directly below the light
source (that is the sticky board frame) was 28.6 + 0.5 W/m? Second,
before the start of each daily experiment, we slightly moved the
height of the sticky board frame up and down in the experimental
sites and took measurements using a CL-500A spectroradiometer to
make the irradiance 28.60 + 0.50 W/m? at the center of the sticky
board frame under the light source.

2.4 Experimental process

Preliminary trials and formal experiments were completed from
August 10 to September 9, 2020. In the preliminary trials, we used
the no-light treatment as a control group. Within the control group,
the count of insects captured by the white sticky boards was nearly
zero in the original lighting environment of the site. This result of
the control group confirmed the correctness of our decision not to
establish a control group and instead use UV light as the baseline.
Furthermore, the result demonstrated that the white color and the
glue of the sticky boards were hardly attractive to insects. In
addition, the experimental group treated with artificial light
demonstrated the effectiveness of insect capture, affirming the
suitability of maintaining a 50 cm distance between the
experimental lamp and the sticky board. The formal experiment
was conducted in four rounds, each in the order of Site A, Site B,
and Site C (Supplementary Table 2). To minimize the potential
effect of prior sampling activities, each round was separated by one
day; there was thus a three-day ecological recovery period for each
site. Nights with temperatures above 15°C and wind speeds less
than 19 km/h are considered suitable for insects (van Langevelde
etal,, 2011; Pawson and Bader, 2014; Wakefield et al., 2016). During
the experiment, the temperature ranged from 22°C to 29°C and the
maximum wind speed was 13 km/h thereby ensuring that
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FIGURE 2

Spectral energy distribution of the 10 LED light sources used in this study.
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environmental factors, such as weather, did not interfere with the
behavior of the insects. Astronomical twilight is the darkest and the
last stage of dusk in the evening. At that time of the year, sunset was
between 18:30 and 18:50 and the end of astronomical twilight was
between 20:00 to 20:30. We measured the light environment of the
experimental site at 20:00 on non-experimental days with
irradiances ranging from 0.0003-0.0013 W/m® (average irradiance
0.0007 W/m?). Therefore, the irradiance change of the light
environment after 20:00 can be neglected. The weather and
meteorological information from 20:00 to 24:00 of the experiment
days are shown in Figure 3. The weather information was obtained
from the China Meteorological Data Network (2023). And the
Sunset Time, Astronomical Twilight, and Moon Phases were
obtained from Time and Date (2023).

Based on the spatial scales of the experimental sites and
previous studies (Pawson and Bader, 2014; Eccard et al., 2018),
we arranged ten experimental spots with 3-m intervals in each site.
An experimental setup unit was randomly placed at an
experimental spot. The experiments were conducted for 4 h from
20:00 to 24:00 when the natural nighttime light environment was
mostly stable, and the ALAN interference was strongest. Insect
phototaxis requires a certain amount of dark adaptation time,
which generally begins 30-60 min after sunset (Jing and Lei,

10.3389/fevo.2023.1206404

2004). Therefore, on each experimental day, we turned on the
lighting at 19:50 and measured the irradiance of the sticky boards.
From 20:00 to 24:00, with 0.5 hours as the unit time, we changed the
sticky boards every half hour to obtain the number of phototactic
insects within each time unit. The sticky boards were labeled with
information about the date, site, spectrum, and time period.

2.5 Statistical analysis

Insect samples were identified using an Olympus dissecting
microscope, and the order and number of phototactic insects were
determined for each period under various artificial lights. The K-S
normality test of the single-sample non-parametric test was
performed for the number of insects in each spectrum and each
insect order. The P-values of the significance tests obtained from the
K-S test were all less than 0.05, indicating that the data were not
normal. Therefore, we used the median to describe the number of
insects. We used multiple independent-samples Kruskal-Wallis
tests (Bonferroni correction, P<0.05) to analyze whether there
were differences in the number of insects captured by the 10
LEDs among the different spectra and eight periods. Descriptive
statistical analyses were performed.
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Basic information of the experimental days.
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We analyzed variation in the attraction of insects to artificial
light at different periods using the phototactic rate as a parameter.
The phototactic rate was calculated as follows. We analyzed spectral
and temporal variation in the attraction of insects to artificial light
by characterizing variation in the phototactic rate with time and the
decay speeds of the phototactic rates. Moreover, we analyzed the
risk spectra and time periods by extracting periods in which
phototactic rates were greater than the median and twice the
median. We excluded high-risk spectral UV and calculated the
median phototactic rate for nine spectra and eight periods for each
insect order. We assigned a value of 1 to the periods when the
phototactic rate was higher than the median and 2 to the periods
when it was two times higher than the median.

Phototactic rate = Np /Ny x 100 %

Where Np is the number of phototactic insects per period, and
N7y is the total number of phototactic insects.

We used generalized linear mixed models (GLMMs) to analyze
the effects of spectral types and time period on insect orders and
numbers (Zuur et al,, 2010). First, in the Data Structures of the
GLMM analysis interface, we specified structural relationships
between records in the dataset to account for correlations among
insect captures. We set site, spectral type, and time period as
Subjects and set the experimental date as the Repeated Measures
in Effects. Second, in the Fields and Effects interface, the Target was
related to the Fixed effects via a specified link function. We set the
total number of insects and the number of Diptera, Hemipteran,
Coleoptera, and Lepidoptera as the Target variables (response
variables). We set site, spectral type, and time period as fixed
effects (predictor variables) and the date as a Random effect.
Given that the number of insects were counted and the transition
was discrete, we used the “negative binomial regression” as the link
function. We performed 1,000 iterations of the GLMM with a 95%
confidence level. We determined whether the model converged by
parameter convergence and visual inspection, with the parameter
convergence value set to 0.000001; the threshold for statistical
significance for all parameters was P<0.05, and the number of
samples was >400 (Kamei et al., 2021). In addition, the estimated
means of the spectra were analyzed, and deviation in the spectra was
determined based on the original values of the target scale.
Deviation contrasts compare the number of insects captured in
each spectrum to the mean number in all spectra. GLMMs were
analyzed for all insects and four dominant insect orders (Diptera,
Hemiptera, Coleoptera, and Lepidoptera). To ensure the robustness
of the statistical analysis, other insect orders with low numbers were
not analyzed. The experimental data were analyzed, and graphs
were made using SPSS R 26.0 and Origin 2022, respectively.

2.6 Relative attraction model construction

According to spectral attraction patterns, we quantified the
relative attraction of narrow-spectrum LEDs to insects and
proposed a method for predicting and evaluating the relative
attraction of insects to broad-spectrum LEDs in landscapes,
which is described below.
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Representative bands of narrow-spectrum light. According to
the spectral energy distribution of eight narrow-spectrum lights, we
divided the visible light from 360 to 780 nm into eight bands, using
the intersection of the spectral energy distribution curves of the
adjacent narrow-spectrum light as the boundary (Figure 2).

Relative attraction coefficient (P;). The relative attraction of
insects to different experimental light sources was calculated based
on the average number of captured insects (ANCI) per 0.5 h. We set
the ANCI per 0.5 h of UV light (369 nm) to 1.000, and the ratios of
ANCI/0.5 h of the narrow-spectrum lights to ANCI/0.5 h of the UV
light was the relative attraction coefficient of the representative
bands of each narrow-spectrum light, which was referred to as the
relative attraction coefficient (P;). P; was calculated as follows.
Where ANCI' is the ANCI per 0.5 h, the ANCII,\, is ANCI' of the
narrow-spectrum lights, and the ANCIyy is ANCI' of the UV light.

- ANCIy
"7 ANCI,

Validation of relative attraction coefficient (P;) We compared
the P; of the representative bands with the spectral response model
proposed by Donners et al. (2018).

Estimation of the relative attraction of the predicted light source
(&). According to the light source’s spectral energy distribution, each
wavelength’s spectral irradiance was calculated as the proportion of
the total irradiance (i.e., the percentage of spectral irradiance). The
P; of each representative band was then assigned a weight to the
spectral irradiance share of that band. The estimated relative
attraction of the light source ¢ was calculated as follows.

_ SIi,
A= [ o0

€

a;

n b;
<EA1‘,A, X Pi) /euy
=1

where i is the i band within the n (n < 8) representative bands,
and the wavelength range is a; - b;. A;, is the percentage of spectral
irradiance at wavelength A in the i band. SI is the spectral irradiance
(unit W/m?), and SI,, is the spectral irradiance of wavelength A in
the range a; — b; of the i-band. P; is the relative attraction coefficient
of the i-band obtained from the previous calculation. €is the relative
attraction of the predicted light source using UV light as a baseline.
eyy is the relative attraction of UV light estimated using
this method.

In addition, we compared the relative attractions € with the
experimentally obtained relative attraction coefficients P; for the
4,500 K and 3,000 K LEDs, as a cross-validation of the experimental
and predicted models. And we performed median comparisons,
paired-sample t-tests, and correlation analyses.

3 Results

During the 12-day field experiment of insect phototaxis, a total
of 45,431 insects under 14 insect orders were captured, including
27,728 (61.03%) of Diptera, 8,925 (19.65%) of Hemiptera, 5,028
(11.07%) of Coleoptera, 2,602 (5.73%) of Lepidoptera, 488 (1.07%)
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of Hymenoptera, 301 (0.66%) of Trichoptera, and 359 (0.79%) of
eight other orders. The phototactic insects captured were mainly
from the orders Diptera, Hemiptera, Coleoptera, and Lepidoptera,
which accounted for 97.47% of all insects. We used these four major
phototactic insect orders to study the phototactic behavior
of insects.

The Kruskal-Wallis test revealed significant differences in the
number of insects among different spectra (P<0.001)and among
time periods from 20:00 to 24:00 (P<0.001). The results of the
GLMMs analysis showed that “Site” (F=0.420, p=0.657) was not
statistically significant, meaning that there was no significant
difference in the number of insects between the three sites.
Therefore, we excluded the “site” factor and reanalyzed the results
to obtain the fixed effects of each factor (Table 1). There were
significant differences in the number of insects under different
spectral distributions (F=494.214, P<0.001), periods (F=61.741,
P<0.001), and insect orders (F=1518.306, P<0.001).

3.1 Spectral effect on insect phototaxis

Overall, the average daily median number of insects captured
under each experimental LED was 228, with a range of 2 — 2311.
The median, mean, and standard error of the number of insects
captured per 0.5 h during the experimental period are shown in
Figure 4. These four dominant insect orders exhibited similar
patterns of attraction to the spectral distribution, with the
strongest attraction to UV, followed by blue, which was
approximately 20% of the insects captured by UV. The attraction
was moderate in the Royal Blue, Green, Cyan, 4,500 K, and 3,000 K
treatments. Attraction was weak in the Far Red, Deep Red, and Red
Orange treatments.

The deviation estimates (Figure 5) revealed that, with the
exception of the UV treatment, captures were highest in the Blue
and Royal Blue treatments; captures in the 4,500 K, Green, and
Cyan treatments were slightly higher than the mean, but captures in
these treatments did not significantly differ from the mean (P<0.05)
(Figure 5A). The captures in the 3,000 K, Far Red, Deep Red, and
Red Orange treatments were lower than the mean value; captures in
the 3,000 K treatment did not significantly differ from the mean
value. According to the estimated mean values of the GLMM for
different spectra (Supplementary Table 1), the number of captures
in the 4,500 K LED treatment was estimated to be 1.43 times higher
than that in the 3,000 K LED treatment (1.43 times for 4,500 K/
3,000 K), 8.40 times for UV/4,500 K, 12.00 times for UV/3,000 K,
1.65 times for Blue/4,500 K, and 2.36 times for Blue/3,000 K. In

TABLE 1 Fixed effect.

10.3389/fevo.2023.1206404

narrow-spectrum light, the shorter wavelength light is more
attractive. Short-wave blue light (Royal Blue, 447 nm; Blue, 478
nm) was the most attractive, followed by medium-wave green light
(Cyan, 500 nm; Green, 519 nm) and long-wave red light (Red
Orange, 627 nm; Deep Red, 660 nm; Far Red, 740 nm).

We used the deviation estimates to distinguish between eco-risk
spectra and eco-friendly spectra of dominant insect orders
(Figure 5). The deviation estimate is the comparison between
each level of the factor and the overall mean. The spectra in
which the number of insects captured was above the mean and
significantly different from the mean were defined as High eco-risk
spectra. The Blue for Diptera and Hemiptera, the Royal Blue and
Blue for Coleoptera, and Royal Blue, Blue and White 4,500 K for
Lepidoptera were High eco-risk spectra. The spectra in which the
number of insects captured was not significantly different from the
mean were defined as Moderate eco-risk spectra. The narrow-
spectrum light (Green, Cyan, and Royal Blue) and broad-
spectrum light (4,500 K and 3,000 K) were Moderate eco-risk
spectra for Diptera and Hemiptera. The Cyan and 4,500 K for
Coleoptera and the 3,000 K for Lepidoptera were Moderate eco-risk
spectra. The spectra in which the number of insects captured was
below the mean and significantly different from the mean were
defined as Low eco-risk spectra, which can also be called eco-
friendly spectra. The Far Red, Deep Red, and Red Orange for all
insect orders, and Green and 3,000 K for Coleoptera and
Lepidoptera were Low eco-risk spectra.

3.2 Spectral-temporal effects on the
phototactic rhythm of insects

3.2.1 All insect orders

Throughout the experiment, sunset was between 18:30 and
18:50 and the end of astronomical twilight was between 20:00 to
20:30. Diptera captures were the most common across the entire
experimental period (20:00-24:00), and the proportion of Diptera
captures was significantly higher during the 20:30-21:00 period;
Diptera captures after this peak period varied (Figure 6). The
proportion of Hemiptera was the second largest; Hemiptera
captures varied significantly between 20:00 and 21:30 but were
stable in the other periods. The proportion of Coleoptera captures
decreased rapidly from 20:00 to 21:00. The proportion of
Lepidoptera captures was initially small and gradually increased
with time.

During the study period, the overall attraction of the insect
community to artificial light was highest between 20:00 and

Category All insects Diptera Hemiptera Coleoptera Lepidopter
Effect Significance Significance Significance Significance Significance
Spectrum 49421 0.000 279.464 0.000 141.287 ‘ 0.000 ‘ 107.310 ‘ 0.000 176.484 0.000
Unit time 61.741 0.000 21.904 0.000 68.707 ‘ 0.000 ‘ 27.473 ‘ 0.000 6.799 0.000
Order 1518.306 0.000 ‘ ‘ ‘
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FIGURE 4

Descriptive statistics of the number of insects captured per unit period. (A) All insects, (B) Four dominant insects, (C) Diptera, (D) Hemiptera,
(E) Coleoptera, (F) Lepidoptera, (G) Hymenoptera, (H) Trichoptera, and (l) Orthoptera. The middle of the box is the median line, the upper end of the

box is the mean line, and the standard error line indicates SE.
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FIGURE 5

Deviation estimate plotted by SPSS. Deviation between the number of attracted insects and the overall estimated mean value for all experimental
spectra. (A) Four insect orders, (B) Diptera, (C) Hemiptera, (D) Coleoptera, (E) Lepidoptera. The horizontal line is the overall estimated mean value for
the number of insects. Vertical boxes are the result of deviation comparisons. The significance level was less than 0.05

21:30 (Figure 7). The overall phototaxis of the insect community
gradually decreased over time. During 20:00-21:30, the phototactic
rate decreased the fastest; after 21:30, the decline in the phototactic
rate gradually slowed. The phototactic rate of these four orders of
insects decreased gradually, but the attraction to the artificial light
of different orders varied over time. The attraction of Diptera to
artificial light was highest between 20:00 and 21:00, decreased
significantly during 21:01-21:30, and then decreased. The
phototactic rate curves of Hemiptera, Coleoptera, and
Lepidoptera to artificial light were similar; the attraction was
highest in 20:00-20:30. The attraction of Hemiptera and
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Coleoptera decreased significantly in 20:31-22:30, and the
attraction of Lepidoptera decreased steadily from 20:31 to 22:00.

3.2.2 Four dominant insect orders

The phototactic rate with time and the decay speeds of the
phototactic rates are shown in Figures 8, 9, respectively. In Figure 9,
P1-P8 corresponds to the eight periods from 20:00-20:30 to 20:30-
24:00, respectively. Decay speed is equivalent to the change in
phototactic rates. Red indicates decay speeds<0, meaning that the
phototactic rate in the following period was lower than that in the
previous period; blue indicates decay speeds >0, meaning that the
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FIGURE 6

The proportions of different insects captured over time.

phototactic rate in the following period was higher than that in the
previous period. In Figure 9, the sum of the absolute values of the
minimum and maximum phototactic rates is 1 for each insect order
and spectrum.

Consistent variation was observed in changes in phototactic
rates with time for each insect order under experimental LEDs with
different spectral distributions, and phototactic rates generally
decreased steadily or in a fluctuating manner. The phototactic
rates of Diptera did not vary significantly at 20:00-20:30 and
20:30-21:30 and only slightly decreased or increased; however,
after 21:30, the phototactic rates rapidly decreased. The
phototactic rates of Hemiptera decreased significantly at 20:30-
21:30, especially in the UV, Royal Blue, and Blue treatments. In the
Cyan, Green, Red Orange, 4,500 K, and 3,000 K white light
treatments, the phototactic rates of Hemiptera consistently
decreased. The decrease in the phototactic rates of Coleoptera
under narrow-spectrum lights was most pronounced during
20:30-21:30. Under broad-spectrum white light, the phototactic

10.3389/fevo.2023.1206404

rates of Coleoptera decreased gradually. Under narrow-spectrum
lights, the phototactic rates of Lepidoptera were highest in the first
four periods. Under white lights, the phototactic rates decreased
significantly at 20:30-21:30. When the number of phototactic
insects was relatively small, changes in phototactic rates and the
rate of decrease over time were variable.

The risk spectra and time periods in which phototactic rates
were higher than the median and two times the median, as seen in
Table 2. The periods and spectra in the table are indicated by the
abbreviations mentioned above. The peak phototactic rate of
Diptera and Coleoptera was concentrated at 20:00-22:00, and that
of Hemiptera and Lepidoptera was concentrated at 20:00-21:30.
The risk spectra were Blue and Cyan for Diptera; Blue and Green for
Hemiptera; Royal Blue, Blue, and Cyan for Coleoptera; and Royal
Blue, and Blue for Lepidoptera. Diptera and Hemiptera were
consistently affected by the two broad-spectrum LED white lights.
The risk of 4,500 K white light was significantly higher than that of
3,000 K white light for Coleoptera and Lepidoptera. In each time
period, spectra with a value of 0 can be selected for spectral
combinations of eco-friendly lighting, which is expected to reduce
the attractiveness of ALAN to insects.

3.3 Relative attraction model
of artificial light

3.3.1 Model calculation

Based on the experimental data, the relative attraction
coefficient P; of each narrow-spectrum light representative band
for Lepidoptera, Hemiptera, Diptera, Coleoptera, and all insects was
calculated (Table 3).

3.3.2 Model validation

Correlations of the relative attraction coefficients of all insect
orders, Diptera, Hemiptera, Coleoptera, and Lepidoptera to the
eight narrow-spectrum light bands with the spectral responses were
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FIGURE 7

The phototactic rates of the dominant orders over time. Data are median + SE. (A) Four dominant orders, (B) Diptera, (C) Hemiptera, (D) Coleoptera,

(E) Lepidoptera.
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TABLE 2 The spectra and time periods in which phototactic rates were higher than the median and two times the median.

Orders Spectra

Royal Blue 1 2 1 1 1 0 0 0 6
Blue 2 2 2 2 2 2 2 1 15
Cyan 1 2 1 1 1 1 1 0 8
Green 1 1 1 1 1 1 1 0 7
) R
Diptera ed 0 0 0 0 0 0 0 0 0
(0.88%, Orange
1.77%) DecpRed 0 0 0 0 0 0 0 0 0
Far Red 0 0 0 0 0 0 0 0 0
3000K 2 2 1 1 0 0 0 0 6
4500K 2 2 1 1 0 0 1 0 7
Total 9 11 7 7 5 4 5 1
Royal Blue | 2 1 1 1 0 0 0 0 5
Blue 2 2 2 1 1 1 1 0 10
Cyan 2 1 1 1 0 0 0 0 5
Green 2 2 2 1 1 1 1 0 10
. Red
Hemiptera ¢ 2 1 1 0 0 0 0 0 4
(0.75%, Orange
1.50%) Deep Red 0 0 0 0 0 0 0 0 0
Far Red 0 0 0 0 0 0 0 0 0
3000K 2 2 2 1 1 0 0 0 8
4500K 2 2 2 1 1 0 0 0 8
Total 14 11 11 6 4 2 2 0
Royal Blue 2 2 2 2 2 2 2 2 16
Blue 2 2 2 2 2 2 1 1 14
Cyan 2 2 2 2 1 0 0 0 9
Green 2 2 1 1 1 0 0 0 7
Coleoptera ged 0 0 0 0 0 0 0 0 0
(0.22%, range
0.44%) Deep Red | 0 0 0 0 0 0 0 0 0
Far Red 0 0 0 0 0 0 0 0 0
3000K 1 1 1 1 0 0 0 0 4
4500K 2 2 2 2 1 0 1 0 10
Total 11 11 10 10 7 4 4 3
Royal Blue 2 2 2 2 2 1 2 1 14
Blue 2 2 2 1 1 1 2 2 13
Lepidoptera VA1 1 0 0 0 0 0 0 0 1
(0.31%, Green 1 1 1 0 0 0 0 0 3
0.61%)
Red
0 0 0 0 0 0 0 0 0
Orange
DeepRed | 0 0 0 0 0 0 0 0 0
(Continued)
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TABLE 2 Continued

Orders  Spectra g?gé- 31501- 21:.31- 22501- 22531- 23501-
: :30 22:00 22:30 23:00 23:30
Far Red 0 0 0 0 0 0 0 0 0
3000K 2 1 1 0 1 0 1 0 6
4500K 2 2 2 2 1 1 2 2 14
Total 10 8 8 5 5 3 7 5

The first column is “order (the median phototactic rate, two times the median)”.
The total value was bolded.

TABLE 3 Relative attraction to the narrow-spectrum.

Relative attraction coefficient P;

Narrow-Spectrum

All insect orders Diptera Hemiptera Coleoptera Lepidoptera
uv 1.000 1.000 1.000 1.000 1.000
Royal Blue 0276 0.011 0227 0.508 0.084
Blue 0.401 0.021 0397 0.184 0.088
Cyan 0.260 0.012 0246 0.079 0.022
Green 0.262 0.011 0350 0.073 0.028
Red Orange 0.102 0.004 0213 0.007 0.015
Deep Red 0.026 0.001 0.016 0.002 0.003
Far Red 0.013 0.000 0.008 0.002 0.002

determined as proposed by Donners et al. (2018). The Spearman
correlation coefficients between P; and the spectral response were
0.941, 0.871, 0.874, 0.972, and 0.941 for all insect orders, Diptera,
Hemiptera, Coleoptera, and Lepidoptera, respectively, and these
correlations were significant at the 0.01 level (two-tailed). There was
thus a high degree of confidence in the relative attraction coefficient
obtained using this method.

In addition, we predicted the relative attraction € for the broad-
spectrum experimental light sources 4,500 K and 3,000 K LEDs
(Figure 10A) using the equations. We compared e with the
experimentally obtained P; (Table 4). For 3,000 K LEDs, the
median values of P; and e were 0.050 and 0.053, respectively, with
P=0.174 (P>0.05) for the paired-sample ¢-test and Spearman
correlation coefficient of 0.980 (P=0.003). For the 4,500 K LEDs,
the median values of P; and e were 0.100 and 0.095, respectively,
with P=0.09 for the paired-sample -tests and Spearman correlation
coefficient of 0.964 (P=0.008). There was no significant difference in
the relative attractiveness between the predicted values using the
model and the values obtained from the experiments in the 3,000 K
and 4,500 K LED treatments.

3.3.3 Model application

We used the relative attraction model to quantify the relative
attraction of insects to typical landscape lighting sources. We
investigated three city parks in Tianjin (Olympic Sports Center,
People’s Park, and South Cui Ping Park) and collected information
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on five typical landscape LEDs. Their spectral distribution and basic
information are shown in Figure 10, including one green-light LED
(Figure 10B), two cool white-light LEDs with peak wavelengths in
the blue band (Figure 10C), and two warm white-light LEDs in the
orange band (Figure 10D). The relative attraction of the five typical
landscape LEDs is shown in Table 5. The relative attraction was
highest for green-light LEDs, followed by cool white-light LEDs and
warm white-light LEDs. The attraction risks were highest for
Hemiptera, followed by Coleoptera, Lepidoptera, and Diptera.

4 Discussion

We explored spectral and spectral-temporal variation in the
attraction of insects to narrow-spectrum monochromatic light and
broad-spectrum mixed white light, quantified the relative attraction
of insects to narrow-spectrum light, and proposed a model to
predict the relative attraction of insects to landscape light sources.
Insect orders were ranked according to the number of attracted
insects from largest to smallest (Diptera, followed by Hemiptera,
Coleoptera, and Lepidoptera), and these findings are consistent
with the results of van Grunsven et al. (2014); Wakefield et al.
(2016). Diptera was the most abundant insect order, accounting for
61.03% of the captured insects.

We found significant differences in the attraction of insects to
different wavelengths of monochromatic light. In general, shorter
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FIGURE 10

Spectral distribution and basic information of seven typical landscape LEDs. GL LED refers to green-light LED, CWL LED_1 and CWL LED_2 represent
two types of cool white-light LEDs, and WWL LED_1 and WWL LED_2 represent two types of warm white-light LEDs. (A) 4500 K CWL LED and 3000

K CWL LED, (B) GL LED, (C) CWL LED, (D) WWL LED.

TABLE 4 Relative attraction of 4,500 K and 3,000 K LEDs from the experiments and prediction models.

Inset orders 4500 K Pi 4500 K ¢ 3000 K Pi 3000 K e
All insect orders 0.260 0.184 0.230 0.151
Diptera 0.010 0.008 0.010 0.007
Hemiptera 0.350 0.234 0.290 0.210
Coleoptera 0.090 0.095 0.030 0.053
Lepidoptera 0.100 0.030 0.050 0.021
Pi is the relative attraction coefficient and € is the relative attraction of the predicted light source using UV light as a baseline.
TABLE 5 Relative attraction of typical landscape LEDs.
Inset orders GL LED CWL LED_1 CWL LED_2 WWL LED_1 WWL LED_2
All insect orders 0.264 0.218 0.204 0.166 0.171
Diptera 0.014 0.010 0.010 0.007 0.008
Hemiptera 0.333 0.266 0.257 0.226 0.231
Coleoptera 0.079 0.123 0.117 0.072 0.075
Lepidoptera 0.031 0.037 0.035 0.025 0.026

The relative attraction € of each light source is based on &_UV=1. GL LED refers to green-light LED, CWL LED_1 and CWL LED_2 represent two types of cool white-light LEDs, and WWL

LED_1 and WWL LED_2 represent two types of warm white-light LEDs.

wavelengths resulted in greater attraction. Short-wave blue light, such
as Royal Blue (447 nm) and Blue (478 nm), were the most attractive,
followed by medium-wave green light, such as Cyan (500 nm) and
Green (519 nm), and long-wave red light, such as Red Orange (627
nm), Deep Red (660 nm), and Far Red (740 nm). Generally, insects
have three photosensitivity peaks, UV (=350 nm), blue (=440 nm),

Frontiers in Ecology and Evolution

13

and green (=530 nm) (Sun et al,, 2014; Park and Lee, 2017; Kamei
et al,, 2021). However, the attraction of insects to narrow-spectrum
light varied among orders; for example, the attraction of Coleoptera
and Lepidoptera to Royal Blue (447 nm) was significantly higher than
that of Diptera and Hemiptera, which is similar to the results of
previous studies. Coleoptera and Lepidoptera clearly and consistently
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attracted to violet light at 395 nm and 418 nm (Pan et al, 2021).
Given that insects are fatally attracted to UV, light sources that
contain UV, such as mercury vapor and metal halide lamps, should
be avoided (Owens and Lewis, 2018).

There may be differences in spectral sensitivity between
different species of the same insect order. Sun et al. (2014)
showed that Rapholitha molesta (Lepidoptera: Olethreutidae) is
sensitive to short-wavelength and medium-wavelength artificial
light; it is strongly attracted to green light (peak wavelength: 520;
wavelength range: 500-570 nm), followed by violet (421; 400-450
nm) and blue (470; 450-500 nm). Such variation might stem from
differences in spectral sensitivity between orders, regional variation,
or the relatively low abundance of insects (Briscoe and
Chittka, 2001).

In addition, the spectral composition of broad-spectrum LEDs
can affect the attraction of insects. Captures of four dominant insect
orders were 1.43 times higher in the 4,500 K LED treatment than in
the 3,000 K LED treatment. The number of insects captured by the
4,500 K LED was more similar to the number of insects captured in
the Cyan (500 nm) and Green (519 nm) treatments compared with
the 3,000 K LED. This can be attributed to the fact that the 4,500 K
LED contains more energy in the blue wavelength band than the
3,000 K LED. In a previous study, 3,500 K LEDs were shown to be
more attractive to arthropods than 2,700 K LEDs (Longcore et al.,
2015). However, no significant differences in the attraction of
Diptera and Hemiptera to the 4,500 K and 3,000 K LEDs were
detected according to a GLMM analysis; this is consistent with the
results of a previous study showing that the color temperature of
LEDs did not affect the attraction of insects in the orders Diptera
and Lepidoptera (Pawson and Bader, 2014; Wakefield et al., 2016).
Although differences caused by color temperature were not
significant, cool color temperature LEDs were more attractive
than warm color temperature LEDs. Therefore, a high amount of
short-wave light in the LED spectrum might have stronger
deleterious ecological effects (Kamei et al., 2021). Attraction to
nocturnal arthropods can be minimized by adjusting the spectral
composition of white-light LEDs (Longcore et al., 2015). The high
efficiency, low energy requirements, and low cost of LEDs have
contributed to the large-scale use of broad-spectrum and narrow-
spectrum LEDs in municipal and landscape lighting. In China, the
market share of LED lighting products grew from 65% in 2017 to
80% in 2021 and is expected to reach 83% in 2022 (AskCI, 2022).
Therefore, efforts to reduce ecological stress should focus on
spectral modulation and controlling the quantity and brightness
level of lighting (van Grunsven et al., 2014).

According to Owens and Lewis (2018); Owens et al. (2020),
some positive phototactic insects hover around light traps until they
are injured, exhausted, or dead. We assume that insects attracted by
artificial light cannot escape the attraction until the light source is
turned off; that is, the number of attracted insects continues to
increase. Under this assumption, insects are continuously attracted
to artificial light throughout the night when artificial light is present.
At the time when ALAN and the ecosystem were in strongest
conflict (20:00-24:00), the nocturnal attraction was strongest during
20:00-21:30, with sunset between 18:30 and 18:50. Peak phototactic
periods were identified in previous studies: from 19:45 to 21:30 for
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Heteronyx chlorotica (summer; with sunset between 18:06 and
19:32; latitude 35°09°55.7” S, longitude 149°02’49.9” E; altitude
615 m above sea level) (Steinbauer and Weir, 2007); from 20:00
to 21:30 for Hemiptera pests, such as rice planthoppers and
Cyrtorhinus lividipenni (summer; with sunset between 18:50 and
19:12; latitude 22°38’17.54" N, longitude 114°05'52.35" E) (Yang
etal, 2012; Qi et al., 2014); from 22:00 to 2:00 the following day for
some Lepidoptera insects (summer; with sunset between 21.00 and
22.00; latitude 46°30°0.00” N, longitude 10°0'0.00” E) (Knop et al.,
2018). Peak phototactic periods varied among different species of
insects, but they were primarily concentrated from 1 to 3 hours after
sunset. Some species of insects had multiple peak phototactic
periods. Heliothis nubigera had two peak periods, with the first
peak occurring around 20:00 (~3 hours after sunset) and the second
one around midnight (at temperatures ranging from 22 °C-32 °C;
sunset at 18:20; latitude 32°6'49.068” N, longitude 34°48'15.732" E)
(Kravchenko et al., 2021). For Heteronyx praecox, peak phototactic
periods were observed at 21:30 and 23:15 during summer (with
sunset between 18:06 and 19:32; latitude 35°09’55.7" S, longitude
149°02’49.9” E; altitude 615 m above sea level) (Steinbauer and
Weir, 2007). These results demonstrated the consistency and
difference of phototactic rhythms in different insect species and
the relationship between phototactic rhythms and sunset time. In
addition, the attraction of most insects gradually decreased after
21:30. (Qi et al,, 20145 Cai et al., 2016). Similar to the results of Qi
et al. (2014), the peak phototactic behavior of some insect orders
was maintained for a few minutes to a few ten minutes before the
number of phototactic insects rapidly diminished and remained at a
low level until dawn the following day. The daily appearance times
and activity rhythms of nocturnal insects are determined by an
internal clock affected by ambient light or temperature (David,
2009; Tataroglu and Emery, 2014). If ALAN is sufficiently intense
and temporally persistent and has a specific spectral composition,
long-term exposure to ALAN may alter the internal biological clock
of insects, which can alter their activity patterns synchronously with
the photoperiod (Owens and Lewis, 2018). In this study, we
observed differences in insect phototactic behavior and rhythms
under different artificial light spectra and used this information to
optimize the spectral and temporal combinations of ecological
lighting to minimize the adverse effects of ALAN. For example,
time controllers and motion sensors can be customized for specific
species and environments to modulate the spectral composition of
lighting, such as by dimming, shielding, and controlling lighting
during different periods. Insect phototactic rhythms are affected by
various factors such as temperature, humidity, light, rainfall,
moonlight, and wind (Steinbauer et al, 2012; Qi et al, 2014).
Field experiments should be optimized in the future. For example,
the effects of broad-spectrum LEDs on the phototaxis of insects
require further study, and field experiments should be conducted in
different zoogeographic regions.

We proposed a model for predicting the relative attraction of
narrow-spectrum and broad-spectrum LEDs to four insect orders
based on the patterns of attraction observed in experiments.
Longcore et al. (2018) predicted the response of insects and
exemplar insect species to light sources with different spectral
distributions based on their behavior or visual characteristics and
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indices of the action spectrum of the spectral irradiance of artificial
light without field studies. Donners et al. (2018) constructed
attraction models based on spectral response curves of insect eyes
and field experimental data to predict the total number of attracted
flying insects rather than the number of insects from different
taxonomic levels (e.g., orders). However, differences in behavioral
responses may exist between populations of the same species
(Briscoe and Chittka, 2001; van der Kooi et al., 2021). There
might also be differences in the attraction of insects to artificial
light in different habitats and insect communities (Wakefield et al.,
2018). These differences indicate the need for more studies to
characterize the fine spectral effects of phototaxis for different
animals and insects in different geographical regions and target
populations. Our study was focused on the urban-rural fringe of
Tianjin, which is located in the Huang-Huai Plain Subregion, the
North China region, the East Asian sub-region, and the Palearctic
region of the Arctogaea Arctogacan realm. We conducted field
experiments to predict the relative attraction of all insects and four
insect orders to artificial light with different spectral distributions
and validated the model using visual response models of insects and
experimental data.

The limitation of the observed spectral attraction pattern was
manifested in its limited range of applicability, which was
constrained to common park lighting levels (ranging from 10.59
to 46.67 W/m?, with an average of 28.6 W/m?). In addition to the
spectrum, the attraction of insects to ALAN is also affected by other
factors, including light intensity (Reber et al., 2015; Liao et al,
2020), duration of light exposure (Chen et al, 2016), thermal
radiation (Wakefield et al., 2016), polarized light (Turcsanyi et al.,
2009), flicker rate (Inger et al., 2014), the distribution of
luminescent intensity (Wakefield et al., 2018), and light source
height (Silva et al.,, 2017).

From an ecological perspective, turning off the lighting, turning
on the lighting after 21:30, or utilizing red and orange lights is
favorable for insects, while being unfriendly to humans. Our study
was focused on the lighting of urban parks or green space areas
where human activities make nighttime lighting essential. However,
there is a clear conflict between nighttime artificial light and
ecological conservation in these areas. The aim of our study was
to determine whether ecological risks could be reduced by avoiding
light sources with risk spectra and reducing the amount of lighting
during risk periods while ensuring that human needs are met.
Furthermore, in areas with little or no human activity, a minimum
level of light should be maintained, or light should be avoided
altogether. The reality is that there are no easy win-wins here. The
pursuit of harmonious approaches that meet human requirements
while ensuring ecological friendliness is an area where future
research and development should be concentrated.

Decision-making authority for lighting planning and updates to
current lighting systems is often given to relevant government
construction and management departments. These institutions
focus on controlling lighting to reduce the effects on residents in
compliance with relevant laws and standards, which consider the
needs for economic development, public aesthetics, cultural
demands, functional requirements, and ecological impacts.
However, few standards exist for controlling lighting to reduce
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ecological risks to susceptible species; most standards are focused
on the direction of light and cut-oft of light. In addition, few laws
and regulations focus on spectral changes that are based on the
results of scientific research and light source technology. The
findings of this study highlight the need for collaborative research
among ecologists, electrical engineers, and lighting engineers and
the incorporation of spectral limits into lighting regulations to
facilitate the development of LED eco-light sources and eco-
friendly lighting technology (Pawson and Bader, 2014).

5 Conclusion

Our results revealed significant differences in the attraction of
insect communities and orders to light sources with different
spectral compositions. In general, the shorter wavelength light
was more attractive. Among the narrow-spectrum LEDs, insect
captures were highest in the short-wave blue light (Royal Blue, 447
nm; Blue, 478 nm) treatments; these wavelengths comprise the
high ecological risk spectrum. This was followed by mid-wave
green light (Cyan, 500 nm; Green, 519 nm), which comprises the
moderate ecological risk spectrum, and long-wave red light (Red
Orange, 627 nm; Deep Red, 660 nm; Far Red, 740 nm), which
comprises the low-ecological risk spectrum (i.e., the eco-friendly
spectrum). Diptera and Hemiptera showed higher attraction to
Blue (478 nm) than to Royal Blue (447 nm); by contrast,
Coleoptera and Lepidoptera showed higher attraction to Royal
Blue (447 nm). The broad-spectrum 4,500 K LED lights attracted
1.43 times the number of insects than the 3,000 K LED lights. The
number of insects captured by the 4,500 K LED was more similar
to the number of insects captured in the Cyan (500 nm) and
Green (519 nm) treatments compared with the 3,000 K LEDs.
However, there was no significant difference in insect attraction
between 3,000 K and 4,500 K LEDs. The overall pattern in the
phototactic rate curves of different insect orders to different
spectral LEDs was consistent, with the peak phototaxis period
being 20:00-21:30, with sunset between 18:30 and 18:50. After this
period, the phototactic rate decreased and remained low until the
end of the experiment. The spectral distribution may regulate the
phototactic rhythms of insects, alter the decay speeds of the
phototactic rates and peak phototactic periods, and lead to
differences between insect orders.

Additional studies are needed to precisely assess the ecological
risks of light pollution. The spectral and temporal properties of
ecological lighting can be optimized based on the spectral and
temporal variation in the attraction of insects to artificial light to
minimize the adverse effects of ALAN. We proposed a quantitative
model for determining the relative attraction of insects to outdoor
landscape LEDs and validated the model. Before the model can be
widely used for light source evaluations and eco-light source
development, a more refined comparative analysis of narrow-
spectrum and broad-spectrum artificial light is needed; the effects
of different light intensities and durations also merit exploration.
The results of this research will aid the development of eco-light
sources, ecological protection, and improvements to urban
light ecology.
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