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Abstract
The expansion of human activity into natural habitats often results in the introduction of arti�cial light at
night, which can disrupt local ecosystems. Recent advances in LED technology have enabled spectral
tuning of arti�cial light sources, which could in theory limit their impact on vulnerable taxa. To date,
however, experimental comparisons of ecologically friendly candidate colors have mostly considered only
one type of behavioral impact, often on only single species. Resulting recommendations cannot be
broadly implemented if their consequences for other local taxa are unknown. Working at a popular �re�y
ecotourism site, we exposed the insect community to arti�cial illumination of three colors (blue, amber,
red) and measured �ight-to-light behavior as well as the courtship �ash behavior of male Photinus
carolinus �re�ies. Fire�y courtship activity was greatest under blue and red lights, while the most �ying
insects were attracted to blue and amber lights. Thus, while impacts of spectrally tuned arti�cial light
varied across taxa, our results suggest that red light, rather than amber light, is least disruptive to insects
overall, and thus more generally insect friendly.

Introduction
Anthropogenic light pollution, hereafter referred to as arti�cial light at night or ALAN, is a pervasive
perturbation to natural habitats (Falchi et al. 2019; Gaston et al. 2021) that continues to grow in intensity
and extent (Kyba et al. 2017; Koen et al. 2018; Li et al. 2020). In recent years, ALAN has become a topic of
concern in global change research due to the threat it may pose to the �tness of individuals and
functioning of ecosystems (Davies and Smyth 2017; Sanders et al. 2020). In addition to dramatically
impacting charismatic fauna such as sea turtles (Weishampel et al. 2016) and bats (Rydell et al. 2020),
ALAN has the potential to upset the foundations of global food webs through its increasingly well-
documented impacts on plants (Bennie et al. 2018), insects (Owens and Lewis 2018; Owens et al. 2020),
and plant-insect interactions (Macgregor et al. 2017; Knop et al. 2017; Giavi et al. 2020).

Numerous recent reports of precipitous declines in the abundance of terrestrial insects (van Klink et al.
2020) and insectivores (Lister and Garcia 2018; Møller 2019) across diverse habitats (Sánchez-Bayo and
Wyckhuys 2020) have alarmed researchers, policy-makers, and the public (Saunders et al. 2020; Cardoso
et al. 2020). Most experts believe that habitat loss, pesticide use, and climate change are the primary
drivers of insect declines (Wagner 2019a; Sánchez-Bayo and Wyckhuys 2019). However, a growing
number of commentaries (Grubisic et al. 2018; Wagner 2019b; Owens et al. 2020; Eggleton 2020; Kalinkat
et al. 2021) and comparative analyses (van Langevelde et al. 2018; Wilson et al. 2018; Macgregor et al.
2019; van Klink et al. 2020; Wagner et al. 2021) now identify ALAN as a potentially substantial
contributor, one which may have been overlooked due to “diurnal bias” on the part of researchers (Rich
and Longcore 2006; Gaston 2019). Experimental studies con�rm that arti�cial light can signi�cantly
impact the development, movement, foraging, and reproduction of diverse insect taxa (Owens et al. 2020;
Kalinkat et al. 2021).
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The impacts of ALAN on organisms and populations mainly follow from its interference with the
transmission and reception of visual cues. Most animals use natural light cues from the sun, moon, stars,
and sky to orient themselves in time and space. If local sources of arti�cial light obscure the day-night
transition, both nightly activities and seasonal development can be delayed (Gaston et al. 2017). If
skyglow obscures the moon or stars, animals that use these cues to navigate become disoriented (Dacke
et al. 2020; Foster et al. 2021). Navigational disruption sometimes, but not always, culminates in
detrimental “�ight-to-light” behavior, in which moths, seabirds, and other �ying animals circle light
sources or perch beneath them, apparently stunned (Verheijen 1960). Finally, arti�cial light can interfere
with detection of the light- or color-based cues of predators, prey, potential mates, or other resources in
the environment (Davies et al. 2013; Owens and Lewis 2018; Briolat et al. 2021).

While the long-term impact of ALAN on insect populations remains to be fully quanti�ed (Boyes et al.
2020; Kalinkat et al. 2021), many researchers in the �eld have nonetheless begun to advocate for
immediate conservation action (Owens et al. 2020; Jägerbrand and Bouroussis 2021; Kawahara et al.
2021). Unlike other human disturbances, ALAN is relatively cheap and easy to mitigate, and doing so
could quickly alleviate a signi�cant anthropogenic stressor. This realization has inspired trials of various
“ecologically friendly” lighting technologies and practices (Azam et al. 2015; Davies et al. 2017; Barroso
et al. 2017; Rowse et al. 2018; Fritz et al. 2020; Mészáros et al. 2021) by researchers in search of a win-
win conservation strategy that allows the general public to continue using arti�cial lights for safety and
enjoyment without impacting wildlife. One strategy that has attracted much interest is spectral tuning
(Longcore et al. 2018): adjustment of the spectral composition of light sources to be minimally disruptive
to populations or communities of interest (Zeale et al. 2018; Ayalon et al. 2019; Boom et al. 2020).

Entomological studies generally agree that short wavelengths, particularly UV and blue, are
disproportionately attractive to �ying insects (Donners et al. 2018; Deichmann et al. 2021), while long
wavelengths such as amber and red are less visible to most (but not all) insect species (van der Kooi et
al. 2020). However, as described above, �ight-to-light behavior is just one of many ways in which ALAN
can impact insects and other animals. Despite this fact, few studies to date have assessed the
consequences of arti�cial light for different members of an insect community, which likely vary in their
spectral sensitivity and reliance on visual cues (Haynes and Robertson 2021). In particular, little is known
about how the wavelengths of light that minimize insect �ight-to-light behavior will impact the ability of
insects to discriminate visual signals used in mate recognition. These and other possible secondary
effects should be investigated before ecologically friendly candidate colors are recommended for broad
use.

Fire�ies (Coleoptera: Lampyridae) are soft-bodied beetles that employ bioluminescence both as
aposematic warning signals and sexual advertisements (Lloyd 1971). Fire�ies share several traits with
other nocturnal insects, including a discrete activity time de�ned by ambient light levels (Dreisig 1975,
1980) and a visual system capable of high overall sensitivity at the cost of limited spectral sensitivity
(only UV and green photoreceptors; Sander and Hall 2015; Tierney et al. 2017). Their relatively unique
ability to bioluminesce, however, sparks intense public interest (Lau and Oakley 2020; Lewis et al. 2020,
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2021). Fire�y tourism often subjects courtship aggregations to greater levels of arti�cial light. Previous
work has shown that ALAN interferes with the ability of �re�ies to both detect (Elgert et al. 2021) and
produce (Firebaugh and Haynes 2016) courtship advertisements. In addition, laboratory studies have
demonstrated that the degree of interference differs across wavelengths (Owens et al. 2018; Owens and
Lewis 2021a). To minimize the impact of ALAN on insect communities writ large, it is essential to
determine whether or not the colors of arti�cial light that minimally disrupt the light-based
communication of bioluminescent �re�ies are concordant with those that minimize �ight-to-light
behavior among co-occurring insects.

In this �eld study, we investigated how spectrally tuned arti�cial lights in�uenced two distinct behaviors
within the insect community at a synchronous �re�y (Photinus carolinus) ecotourism site. We
experimentally illuminated areas of the site with equally bright red, amber, or blue downwelling arti�cial
light and measured the courtship �ash activity of P. carolinus males. We simultaneously assessed the
attraction of �ying insects to the same three light sources using sticky traps. By comparing the relative
impact of each color across taxa, we aimed to identify one or more “insect friendly” colors of arti�cial
light that minimally disrupt �re�y courtship behavior while also minimizing insect �ight-to-light behavior.

Methods

Study site and organism
This study was conducted on the grounds of the Kellettville Fire�y Farm, a popular site for synchronous
�re�y ecotourism located in rural northwestern Pennsylvania (41.5521, -79.2526; 0.16–0.32× above
natural night sky brightness levels, from Falchi et al. 2016). The Pennsylvania Fire�y Festival (PAFF) has
been held annually at this site since 2013; approximately 1000 visitors each year come to view �re�ies on
a weekend in late June (Lewis et al. 2021). On festival evenings, small groups of visitors are led along the
northeast border of the back �eld and into the surrounding forest, where dedicated �re�y viewing areas
abut the boundaries of the Allegheny National Forest.

Their synchronous courtship displays make P. carolinus Green (1956) the main focus of �re�y ecotourism
in the United States (Lewis et al. 2021). This species is found in humid forests along the Appalachian
mountain range from northern Georgia to western New York (Faust 2010; Walker and Faust 2021).
Winged adults are active for a period of around three weeks between May and June, during which time
they engage in nightly courtship displays beginning thirty minutes or more after sunset. Dense
aggregations of patrolling males emit variable �ash trains in loose synchrony: individual �ash patterns
consist of 4-11 �ashes and are followed by 6-9 seconds of darkness, against which inconspicuous
females perched below can choose to answer with characteristic doublet response �ashes (Faust 2010;
Moiseff and Copeland 2020).

Study design
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During peak mating season in summer 2019, we worked along the southwest edge of the back �eld
where dense aggregations of displaying males spilled out from surrounding forest. Four long rectangular
plots (2.5×10 m2) were established at 30 m intervals along the forest edge; each ran perpendicularly from
the forest edge into the �eld, and was divided into four subplots (2.5×2.5 m2) exhibiting a natural gradient
in �re�y abundance (Figure 1). A shepherd hook pole (height: 2 m above ground) was installed between
the two center subplots of each plot, and used to suspend one of four light treatments (Explux PAR38
LED �oodlights): blue (peak wavelength ± half width at half maximum: 459.89 ± 12.15 nm), amber
(610.72 ± 47.88 nm), red (633.82 ± 10.68 nm), or an unlit control. Emission spectra were selected in
consideration of �re�y spectral sensitivity as well as the spectral composition of phosphor-coated white
LEDs, which emit both narrow-bandwidth blue and wide-bandwidth amber light; the ratio of these two
components determines color temperature. The shepherd hook pole was angled such that illumination
from experimental treatments was centered in the middle subplot closer to the �eld (~5.3 m from the
forest edge; Figure 1B).

This light was �ltered to a standard intensity (1.37×1020 photons cm−2 s−1 measured with an
OceanOptics Jaz spectrometer probe at 60.8 cm distance) and shape by means of a variable neutral
density �lter (Singh-Ray Vari-NDTM, diameter: 7.7 cm) suspended at the open end of an otherwise opaque
light cage. Each plot was powered by daisy-chained extension cords connected to an outdoor breaker box
on the northern end of the �eld. Two hours before observations began each evening, the light sources
were hung in a predetermined random order and each covered with an opaque drawstring bag, after
which the three experimental treatments were switched on. This approach allowed each light source time
to attenuate to a constant intensity, which took up to 30 minutes in laboratory calibration trials but varied
across colors. The drawstring bags were removed immediately prior to the beginning of each trial.

To measure how different colors of arti�cial light affect P. carolinus courtship activity, we counted the
number of male �ash patterns produced within illuminated and unilluminated plots. Surveys were run
between June 16 and July 5, 2019, on clear evenings with temperatures above 10°C (16 nights total).
During each trial, two groups of one or two observers each surveyed all plots twice, �rst between 22:00
and 23:00 and again between 23:00 and midnight. At each plot, observers surveyed all four subplots
twice within a 10-minute period. Each subplot survey lasted 60 seconds: observers recorded the total
number of male P. carolinus �ash patterns that they saw produced within the subplot during that period,
and were not asked to interpret whether multiple �ash patterns came from the same male or multiple
males. When moving within plots between survey periods, observers used dim red headlamps to orient
themselves to subplot boundaries, which were demarcated by �uorescent string and wooden dowels
wrapped in re�ective tape. The order of plot surveys was randomized each night such that both groups of
observers were never in the same plot at the same time.

To measure the degree to which �ying insects were attracted to the four light treatments, we suspended
double-sided sticky traps beneath each light source (15 out of 16 survey nights). The experimental
treatments illuminated both sides of the traps equally. Traps were taken down at the end of each trial and
installed below their assigned light treatment immediately prior to the next. Traps were replaced at



Page 6/18

intervals of one to six days, with briefer intervals later in the season when temperatures were warmer and
�ying insects were more abundant. Nine nights into the experiment, yellow sticky traps were exchanged
for clear window �y traps (Catchmaster traps a�xed back-to-back; following Pawson and Bader 2014;
Wilson et al. 2021a); data from the yellow sticky traps were ultimately discarded due to concerns that the
trap color was more visible under amber light than under blue or red light. Insects caught on each trap
during the experiment were identi�ed to order, and �ies identi�ed to family, following Castner (2001).
Discrete patterns of wing scales on traps were identi�ed as escaped moths. Small numbers of trapped
spiders and phoretic mites were omitted from the �nal analyses.

Statistical analysis
The impact of light treatment color and subplot position on male �ash pattern counts was analyzed in
RStudio (version 1.4.1103, R version 4.0.3) using a generalized linear mixed model (GLMM; Bates et al.
2015). Preliminary model competition was carried out using Akaike information criteria to �nd the data
distribution and random effect terms that optimized model �t. The winning model had a Poisson
distribution and included light treatment (four levels: dark, blue, amber, and red), subplot position (as a
continuous quadratic term), and their interaction as �xed effects; plot, block of time within trial, and day
of year were also included as categorical random effects. To compare �ash pattern counts under
different light treatments within individual subplots, a separate version of this model was constructed
with subplot position as a categorical term. In both cases, likelihood ratio tests were used to test the
signi�cance of �xed effects (Fox and Weisberg 2019) and multiple comparisons used to understand the
impact of individual light treatment colors (adjustments listed in line below; Lenth 2020).

The impact of light treatment color on overall �ying insect attraction was analyzed with a negative
binomial GLMM, which best accounted for the high variance in insect counts across sticky traps (Brooks
et al. 2017). Light treatment was the only �xed effect, and the date of trap removal the only random
effect. As both the number of days traps were out and the dimensions of the brands used varied over the
course of the experiment, a “trap effort” offset was added to the model, calculated by multiplying the
number of days a trap was out by the area (in cm2) of its sticky surfaces. Differences among light
treatments in insect orders and Diptera families caught, hereafter referred to as insect assemblages, were
assessed by running permutational multivariate analysis of variance (perMANOVA) on a Bray-Curtis
dissimilarity matrix calculated from counts for each taxon, �rst adjusted for trap effort and then square-
root transformed (Oksanen et al. 2020).

Results
Light treatment signi�cantly impacted the courtship �ash activity of male P. carolinus �re�ies (Poisson
GLMM; light treatment: likelihood ratio χ2 = 94.90, df = 3, P < 0.0001; Figure 2 main). The greatest activity
occurred in dark plots (0.64 ± 0.14 �ash patterns per minute, mean ± standard error in this and following
reports; multiple pairwise comparisons, Tukey adjustment; dark vs. light: Z-ratio ≥ 7.242, P ≤ 0.0001 in all
cases), while the lowest activity occurred in plots illuminated by amber light (0.03 ± 0.01 �ash patterns
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per minute; Z-ratio ≤ -3.722, P ≤ 0.0011 in all cases). Courtship �ash activity was similar under blue and
red light (0.12 ± 0.03 and 0.17 ± 0.04 �ash patterns per minute, respectively; blue vs. red: Z-ratio = -1.394,
P = 0.5032).

Light treatment interacted signi�cantly with distance from forest edge (subplot position: χ2 = 305.11, df =
2, P < 0.0001; interaction with light treatment: χ2 = 94.90, df = 3, P < 0.0001), such that courtship �ash
activity declined at an approximately linear rate in dark plots as this distance increased, but exhibited a
parabolic trajectory under all experimental treatments (Figure 2 inset). Light treatment had no detectable
impact on courtship �ash activity in the subplot at the forest edge (three treatment vs. control
comparisons, Dunnett adjustment; Z-ratio ≤ 2.250, P ≥ 0.0659 in all cases), but signi�cantly inhibited
courtship �ash activity in the two central subplots of all experimental treatments (Z-ratio ≥ 4.799, P <
0.0001 in all cases); in the subplot farthest from the forest edge, only red light did not signi�cantly impact
courtship �ash activity (dark vs. blue: Z-ratio = 2.600, P = 0.0260; dark vs. amber: Z-ratio = 3.146, P =
0.0048; dark vs. red: Z-ratio = 1.216, P = 0.4734).

Light treatment also had a signi�cant impact on the number of �ying insects caught on nearby sticky
traps (negative binomial GLMM; light treatment: χ2 = 88.29, df = 3, P < 0.0001; Figure 3), with the fewest
insects caught on traps located in dark plots (0.05 ± 0.02 individuals/cm2/day; multiple pairwise
comparisons, Tukey adjustment; dark vs. light: t-ratio ≤ -4.067, P ≤ 0.0086 in all cases), an intermediate
number attracted to red plots (0.19 ± 0.04 individuals/cm2/day; red vs. amber: t-ratio = -6.186, P = 0.0003;
red vs. blue: -5.909, P = 0.0005), and equally large numbers attracted to blue and amber plots (0.45 ± 0.09
and 0.46 ± 0.10 individuals/cm2/day, respectively; blue vs. amber: t-ratio = -0.340, P = 0.9857). Only four
�re�ies were trapped over the course of the experiment: one under amber light, one under red light, and
two under blue light.

Light treatment signi�cantly altered the composition of the insect assemblage captured on sticky traps
(perMANOVA of Bray-Curtis dissimilarity matrix; F = 4.581, df = 3, P = 0.0002); test assumptions of
multivariate homogeneity of treatment group dispersions were met (permutation test; F = 0.431, df = 3, P
= 0.7330). In general, sticky traps placed on unilluminated poles caught proportionally higher numbers of
moths and chironomid midges; sticky traps under red or amber light caught higher proportions of
psychodid drain �ies; and sticky traps under blue light caught higher proportions of tipulid crane �ies and
caddis�ies (Figure 3 right). The principal coordinate (PC) analysis dispersion plot (Figure 3 left) shows a
distinct separation between the insect assemblages caught on sticky traps deployed in dark vs. light
plots, and further suggests a continuum of differences among experimental treatments paralleling the
visible light spectrum. Insect assemblages caught on sticky traps under red light were closest in
composition to those caught on unilluminated sticky traps, while those caught under amber light
overlapped with those caught under both blue and red light.

Discussion
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Few studies to date have examined how spectral tuning of arti�cial lights can impact different behaviors
within the same insect community. All three candidate colors that we tested signi�cantly inhibited the
synchronous courtship displays of male P. carolinus �re�ies and also attracted signi�cant numbers of
�ying insects. As expected, both of these behavioral impacts were more severe under some colors of light
than others. Crucially, however, we found that the relative impacts of blue, amber, and red light on �re�y
courtship �ash activity and insect �ight-to-light behavior differed, emphasizing the necessity of a
cautious approach to “insect friendly” lighting recommendations.

All colors of arti�cial light signi�cantly reduced �re�y courtship �ash activity: averaged across subplots
and colors, male �ash pattern rates in experimental plots were reduced to only 17% of those observed in
control plots. As we did not track individuals, this difference could be due to a decline in the number of
males present, the �ash rate of males present, or both. Previous �eld studies found that illumination from
a white LED �oodlight causes nocturnal Photuris versicolor �re�ies of indeterminant sex to �ash at 30%
their normal rate (Firebaugh and Haynes 2016), and crepuscular Photinus pyralis males enclosed in mesh
tents to �ash at 75% their normal rate (Firebaugh and Haynes 2019). In laboratory trials, most colors of
downwelling arti�cial light cause semi-nocturnal Photinus obscurellus males to �ash at around 50% their
normal rate (Owens and Lewis 2021a). These data suggest a possible relationship between the temporal
niche of a �re�y species and its susceptibility to courtship disruption from arti�cial light. Such a
relationship would explain the relatively high sensitivity exhibited by the P. carolinus males in this study,
which become active at the end of astronomical twilight, later than any other Photinus species assessed
to date. Future studies might seek to quantify this relationship and investigate whether it extends to other
taxa with discrete activity windows.

Distance to an arti�cial light had a greater impact on �re�y courtship �ash activity than the color thereof.
Across all three experimental treatments, male �ash rates were suppressed most strongly within the two
central subplots containing or adjacent to the light source. In subplots closest to the forest edge �ash
rates did not differ among experimental treatments, while in subplots farthest from the forest edge �ash
rates were signi�cantly suppressed by blue and amber lights only. The difference between subplots on
either end may have been due to the offset placement of the light sources (Figure 1B), or to the presence
of shade trees along the forest edge, or both. Previous research indicates that both �re�y larvae (Owens
and Lewis 2021b) and �ightless female glow-worms (Elgert et al. 2020) seek cover when exposed to
arti�cial illumination, but the phototaxes of adult �ashing �re�ies remain mysterious (see Firebaugh and
Haynes 2016). Previous studies of other �re�y species have shown that ALAN is most disruptive at close
range (Hagen et al. 2015; Van den Broeck et al. 2021), its impact abating at distances between 2.3 m
(Elgert et al. 2020) and 40 m (Stewart et al. 2020). Similar studies of �ight-to-light behavior in moths have
found radii of attraction as small as 3 m (Baker and Sadovy 1978; Truxa and Fiedler 2012) and large as
30 m or more (Beck and Linsenmair 2006; Degen et al. 2016). As our �xtures were dim, near to the
ground, and fully shielded, the approximately 2.5 m radius of �re�y courtship �ash suppression we
observed should be treated as a conservative estimate.
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The impact of arti�cial light on �re�y courtship �ash activity also varied by color, but to a lesser degree.
Blue and red light caused the smallest reduction in P. carolinus male �ash activity, and amber the largest
(blue and red: 23% the normal rate; amber: 4%). The impact of slightly higher intensities of arti�cial light
(2.08×1020 photons cm−2 s−1 vs. 1.37×1020 photons cm−2 s−1 here) on P. obscurellus male courtship
�ash activity has also been shown to be spectrum dependent (amber: 32%; blue and red: 47%; Owens and
Lewis 2021a). While the ordinal impacts of these colors are similar across these two studies, amber light
had a disproportionately strong effect on the P. carolinus males in this study. This difference could be due
to differences in the spectral sensitivity of these two congeners or, more likely, differences in the spectral
composition of the light sources. The amber light employed in this study was relatively broad-spectrum
(Figure S1), increasing its likelihood of absorption by the long-wavelength photoreceptors that in �re�ies
are attuned to conspeci�c bioluminescence (Cronin et al. 2000). It is possible that P. carolinus males in
amber plots may then have �ashed less often because they perceived that their �ashes were less visible
to females (Johnsen et al. 2004).

All colors of arti�cial light attracted signi�cant numbers of �ying insects. Sticky traps placed under red
light captured fewer insects than those placed under amber or blue light, but more than those in dark
control plots, likely due to the lack of red photoreceptors in most insects reducing but not eliminating the
visibility of long wavelengths (van der Kooi et al. 2020). Surprisingly, although Donners et al. (2018)’s
model of insect �ight-to-light behavior predicts that our blue light would be by far the most attractive
(capturing 2.71× as many insects as our red light, vs. 1.90× red for amber), it was actually slightly less
attractive than our amber light (2.32× red vs. 2.43× red, respectively). This difference likely re�ects the
particular composition of the insect community at our site: Diptera comprised over 85% of our total trap
catches but only 43% of the data used to �t Donners et al. (2018)’s model, and many �ies are
disproportionately attracted to the yellow and/or infrared wavelengths (Wake�eld et al. 2016; Wilson et al.
2021b) produced by our broad-spectrum amber light (Figure 1). Insects belonging to other orders were
more attracted to our blue light than to our amber light, again demonstrating that spectral tuning in the
amber range can bene�t some taxa while harming others.

Broad-spectrum amber and warm white light are popular “ecologically friendly” lighting alternatives
because both produce relatively low amounts of disruptive blue wavelengths (IDA 2010; Longcore et al.
2018) yet possess su�cient spectral range to allow humans to discriminate colors in their environment
(Fotios et al. 2015; Boyce 2019), unlike narrow-spectrum red light. In some contexts, however, nocturnal
color discrimination may not be worth attendant ecological costs. Recent studies show that amber has a
greater impact on the movement of bats (Straka et al. 2019) and sea turtles (Robinson et al. 2016) than
does equally bright red light. Deichmann et al. (2021) have found that, compared to standard warm white
LEDs, those that have their blue wavelengths �ltered out are less attractive to most insects but more
attractive to bioluminescent click beetles and fungus gnats. The disproportionate impacts of amber light
on �re�y courtship �ash activity and �ying insect attraction that we observed in this study offer more
evidence in support of the use of red lights, when necessary, around natural ecosystems.
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Compared to our dark control, red light still signi�cantly inhibited �re�y courtship �ash activity and
attracted signi�cant numbers of �ying insects. Furthermore, red light has previously been shown to
disorient toads (Buchanan 1993), birds (Goller et al. 2018), and bats (Voigt et al. 2018; Zeale et al. 2018;
Straka et al. 2019). Even bespoke “turtle friendly” red LEDs disorient hatchlings at close distance
(Robertson et al. 2016). Thus, although red light was least disruptive of the three candidate colors we
tested, we urge conservationists to remember that spectral tuning should be the �nal step of efforts to
limit ALAN. Reducing the intensity of a light source, either by dimming it or moving it farther away (as
was simulated in edge subplots for this study), has repeatedly been shown to be more effective at
minimizing its impact on natural ecosystems (Davies et al. 2017; Owens and Lewis 2021a; Van den
Broeck et al. 2021).

Ecotourists are drawn to the Pennsylvania Fire�y Festival each summer for the explicit purpose of
encountering insects at night. They and other �re�y enthusiasts are likely to be more willing than most to
adopt insect friendly lighting practices in their own communities, which could simultaneously aid both
insect and dark sky conservation efforts (Owens et al. 2020). Until now, however, investigations into the
lighting practices that least disrupt �re�y courtship and those that least attract �ying insects have been
carried out entirely separately, with no data to indicate whether putatively “�re�y friendly” lighting
negatively impacts other insect taxa in the same community, or vice-versa.

ALAN is a novel environmental disturbance that affects animals in complex and variable ways, but one
which can be tuned to limit, if not eliminate, its impact on most vulnerable taxa. Future trials of
ecologically friendly lighting candidates should include a range of colors, intensities, spatial and temporal
distributions, etc., of arti�cial light, and observe their impact on multiple aspects of the �tness of diverse
taxa. Such research may reveal an approach that allows for relatively unrestricted illumination of
nocturnal habitats, but such an outcome seems unlikely. For now, the only effective way of reducing the
ecological impact of light pollution is, as is the case for any harmful pollutant, to limit its spread.

Declarations
Acknowledgements

We are grateful to Ken and Peggy Butler of the Pennsylvania Fire�y Festival for their generous and
enthusiastic support of this research, and for allowing us to use their land. We would also like to thank
Morgan Silvis, Belle Rallston, Ariel Wenner, Cheyenne McKinley, Bruce Parkhurst, Jeff Calta, and Don
Salvatore for their help in data collection, and Dr. Eric Scott for his help in data analysis.

Funding 

This work was supported by a 2019 Switzer Environmental Fellowship awarded to ACSO.

Con�icts of interest 



Page 11/18

The authors declare that they have no con�icts of interest.

Ethics approval 

All applicable institutional and national guidelines for the care and use of insects were followed.

Consent to participate 

N/A

Consent for publication 

N/A

Availability of data and code

Data and code from this study are available from the corresponding author on reasonable request. 

Author contributions 

ACSO, CD, and SML conceived and designed the experiments; ACSO and CD performed the experiments;
ACSO analyzed the data and drafted the manuscript; all authors provided editorial advice.

References
1. Ayalon I, de Barros Marangoni LF, Benichou JIC et al (2019) Red Sea corals under Arti�cial Light

Pollution at Night (ALAN) undergo oxidative stress and photosynthetic impairment. Glob Chang Biol.
https://doi.org/10.1111/gcb.14795

2. Azam C, Kerbiriou C, Vernet A et al (2015) Is part-night lighting an effective measure to limit the
impacts of arti�cial lighting on bats? Glob Chang Biol 21:4333–4341

3. Baker R, Sadovy Y (1978) The distance and nature of the light-trap response of moths. Nature
276:818–821

4. Barroso A, Hai�g I, Janei V et al (2017) Effects of �ickering light on the attraction of nocturnal
insects. Light Res Technol 49:100–110

5. Bates D, Mächler M, Bolker B, Walker S (2015) Fitting Linear Mixed-Effects Models Using lme4. J Stat
Softw 67:1–48

�. Beck J, Linsenmair KE (2006) Feasibility of light-trapping in community research on moths:
Attraction radius of light, completeness of samples, nightly �ight times and seasonality of
Southeast-Asian hawkmoths. J Res Lepid 39:18–37

7. Bennie J, Davies TW, Cruse D et al (2018) Arti�cial light at night alters grassland vegetation species
composition and phenology. J Appl Ecol 55:442–450



Page 12/18

�. Boom MP, Spoelstra K, Biere A et al (2020) Pollination and fruit infestation under arti�cial light at
night: Light colour matters. Sci Rep 10:18389

9. Boyce PR (2019) The bene�ts of light at night. Build Environ.
https://doi.org/10.1016/j.buildenv.2019.01.020

10. Boyes DH, Evans DM, Fox R et al (2020) Is light pollution driving moth population declines? A review
of causal mechanisms across the life cycle. https://doi.org/10.1111/icad.12447. Insect Conserv
Divers n/a.

11. Briolat ES, Gaston KJ, Bennie J et al (2021) Arti�cial nighttime lighting impacts visual ecology links
between �owers, pollinators and predators. Nat Commun 12:4163

12. Brooks ME, Kristensen K, van Benthem KJ et al (2017) glmmTMB Balances Speed and Flexibility
Among Packages for Zero-in�ated Generalized Linear Mixed Modeling. The R Journal 9:378–400

13. Buchanan BW (1993) Effects of enhanced lighting on the behaviour of nocturnal frogs. Anim Behav
45:893–899

14. Cardoso P, Barton PS, Birkhofer K et al (2020) Scientists’ warning to humanity on insect
extinctions.Biol Conserv108426

15. Castner JL (2001) Photographic Atlas of Entomology & Guide to Insect Identi�cation, First Edition.
Feline Pr

1�. Cronin TW, Järvilehto M, Weckström M, Lall AB (2000) Tuning of photoreceptor spectral sensitivity in
�re�ies. J Comp Physiol A 186:1–12

17. Dacke M, Baird E, El Jundi B et al (2020) How dung beetles steer straight. Annu Rev Entomol.
https://doi.org/10.1146/annurev-ento-042020-102149

1�. Davies TW, Bennie J, Cruse D et al (2017) Multiple night-time light-emitting diode lighting strategies
impact grassland invertebrate assemblages. Glob Chang Biol. https://doi.org/10.1111/gcb.13615

19. Davies TW, Bennie J, Inger R et al (2013) Arti�cial light pollution: Are shifting spectral signatures
changing the balance of species interactions? Glob Chang Biol 19:1417–1423

20. Davies TW, Smyth T (2017) Why arti�cial light at night should be a focus for global change research
in the 21st century. Glob Chang Biol 24:872–882

21. Degen T, Mitesser O, Perkin EK et al (2016) Street lighting: Sex-independent impacts on moth
movement. J Anim Ecol 85:1352–1360

22. Deichmann JL, Ampudia Gatty C, Andía Navarro JM et al (2021) Reducing the blue spectrum of
arti�cial light at night minimises insect attraction in a tropical lowland forest. Insect Conserv Divers
14:247–259

23. Donners M, van Grunsven RHA, Groenendijk D et al (2018) Colors of attraction: Modeling insect �ight
to light behavior.J Exp Zool A Ecol Integr Physiol1–7

24. Dreisig H (1975) Environmental control of the daily onset of luminescent activity in glowworms and
�re�ies (Coleoptera: Lampyridae). Oecologia 18:85–99



Page 13/18

25. Dreisig H (1980) The importance of illumination level in the daily onset of �ight activity in nocturnal
moths. Physiol Entomol 5:327–342

2�. Eggleton P (2020) The state of the world’s insects. Annu Rev Environ Resour.
https://doi.org/10.1146/annurev-environ-012420-050035

27. Elgert C, Hopkins J, Kaitala A, Candolin U (2020) Reproduction under light pollution: Maladaptive
response to spatial variation in arti�cial light in a glow-worm. Proceedings of the Royal Society B:
Biological Sciences 287:20200806

2�. Elgert C, Lehtonen TK, Kaitala A, Candolin U (2021) Sexual selection for bright females prevails under
light pollution. Curr Zool 67:329–331

29. Falchi F, Cinzano P, Duriscoe D et al (2016) The new world atlas of arti�cial night sky brightness. Sci
Adv 2:e1600377

30. Falchi F, Furgoni R, Gallaway TA et al (2019) Light pollution in USA and Europe: The good, the bad
and the ugly. J Environ Manage 248:109227

31. Faust LF (2010) Natural history and �ash repertoire of the synchronous �re�y Photinus carolinus in
the Great Smoky Mountains National Park. Fla Entomol 93:208–217

32. Firebaugh A, Haynes KJ (2016) Experimental tests of light-pollution impacts on nocturnal insect
courtship and dispersal. https://doi.org/10.1007/s00442-016-3723-1. Oecologia

33. Firebaugh A, Haynes KJ (2019) Light pollution may create demographic traps for nocturnal insects.
Basic Appl Ecol 34:118–125

34. Foster JJ, Tocco C, Smolka J et al (2021) Light pollution forces a change in dung beetle orientation
behavior. Curr Biol. https://doi.org/10.1016/j.cub.2021.06.038

35. Fotios S, Unwin J, Farrall S (2015) Road lighting and pedestrian reassurance after dark: A review.
Light Res Technol 47:449–469

3�. Fox J, Weisberg S (2019) An R Companion to Applied Regression

37. Fritz B, Horváth G, Hünig R et al (2020) Bioreplicated coatings for photovoltaic solar panels nearly
eliminate light pollution that harms polarotactic insects. PLoS ONE 15:e0243296

3�. Gaston KJ (2019) Nighttime ecology: The “nocturnal problem” revisited. Am Nat 193:481–502

39. Gaston KJ, Ackermann S, Bennie J et al (2021) Pervasiveness of biological impacts of arti�cial light
at night. Integr Comp Biol. https://doi.org/10.1093/icb/icab145

40. Gaston KJ, Davies TW, Nedelec SL, Holt LA (2017) Impacts of arti�cial light at night on biological
timings. Annu Rev Ecol Evol Syst 48:49–68

41. Giavi S, Blösch S, Schuster G, Knop E (2020) Arti�cial light at night can modify ecosystem
functioning beyond the lit area. Sci Rep 10:11870

42. Goller B, Blackwell BF, DeVault TL et al (2018) Assessing bird avoidance of high-contrast lights using
a choice test approach: implications for reducing human-induced avian mortality. PeerJ 6:e5404

43. Green JW (1956) Revision of the Nearctic species of Photinus (Lampyridae: Coleoptera).
Proceedings of the California Academy of Sciences 28:561–613



Page 14/18

44. Grubisic M, van Grunsven RHA, Kyba CCM et al (2018) Insect declines and agroecosystems: Does
light pollution matter? Ann Appl Biol 8:e67798

45. Hagen O, Santos RM, Schlindwein MN, Viviani VR (2015) Arti�cial night lighting reduces �re�y
(Coleoptera: Lampyridae) occurrence in Sorocaba, Brazil. AE 03:24–32

4�. Haynes KJ, Robertson BA (2021) A transdisciplinary research agenda for understanding insect
responses to ecological light pollution informed by evolutionary trap theory. Curr Opin Insect Sci.
https://doi.org/10.1016/j.cois.2021.02.004

47. International Dark-Sky Association (2010) Visibility, Environmental, and Astronomical Issues
Associated with Blue-Rich White Outdoor Lighting. International Dark-Sky Association

4�. Jägerbrand AK, Bouroussis CA (2021) Ecological impact of arti�cial light at night: Effective
strategies and measures to deal with protected species and habitats. Sustainability 13:5991

49. Johnsen S, Widder EA, Mobley CD (2004) Propagation and perception of bioluminescence: Factors
affecting counterillumination as cryptic. Biol Bull 207:1–16

50. Kalinkat G, Grubisic M, Jechow A et al (2021) Assessing long-term effects of arti�cial light at night
on insects: What is missing and how to get there. Insect Conserv Divers 14:260–270

51. Kawahara AY, Reeves LE, Barber JR, Black SH (2021) Opinion: Eight simple actions that individuals
can take to save insects from global declines. Proc Natl Acad Sci U S A 118.
https://doi.org/10.1073/pnas.2002547117

52. Knop E, Zoller L, Ryser R et al (2017) Arti�cial light at night as a new threat to pollination. Nature.
https://doi.org/10.1038/nature23288

53. Koen EL, Minnaar C, Roever CL, Boyles JG (2018) Emerging threat of the 21st century lightscape to
global biodiversity. Glob Chang Biol 24:2315–2324

54. Kyba C, Kuester T, Sanchez de Miguel A et al (2017) Arti�cially lit surface of Earth at night increasing
in radiance and extent. Open Research Exeter 3:e1701528

55. Lau ES, Oakley TH (2020) Multi-level convergence of complex traits and the evolution of
bioluminescence. Biol Rev Camb Philos Soc n/a. https://doi.org/10.1111/brv.12672

5�. Lenth RV (2020) emmeans: Estimated Marginal Means. aka Least-Squares Means

57. Lewis SM, Thancharoen A, Wong CH et al (2021) Fire�y tourism: Advancing a global phenomenon
toward a brighter future. Conservat Sci and Prac. https://doi.org/10.1111/csp2.391

5�. Lewis SM, Wong CH, Owens ACS et al (2020) A global perspective on �re�y extinction threats.
https://doi.org/10.1093/biosci/biz157. BioScience

59. Lister BC, Garcia A (2018) Climate-driven declines in arthropod abundance restructure a rainforest
food web. Proc Natl Acad Sci U S A 115:E10397–E10406

�0. Li X, Zhou Y, Zhao M, Zhao X (2020) A harmonized global nighttime light dataset 1992-2018. Sci
Data 7:168

�1. Lloyd JE (1971) Bioluminescent communication in insects. Annu Rev Entomol 16:97–122



Page 15/18

�2. Longcore T, Rodríguez A, Witherington B et al (2018) Rapid assessment of lamp spectrum to quantify
ecological effects of light at night. J Exp Zool A Ecol Integr Physiol. https://doi.org/10.1002/jez.2184

�3. Macgregor CJ, Evans DM, Fox R, Pocock MJO (2017) The dark side of street lighting: Impacts on
moths and evidence for the disruption of nocturnal pollen transport. Glob Chang Biol 23:697–707

�4. Macgregor CJ, Williams JH, Bell JR, Thomas CD (2019) Moth biomass increases and decreases over
50 years in Britain. Nat Ecol Evol 3:1645–1649

�5. Mészáros Á, Kriska G, Egri Á (2021) Spectral optimization of beacon lights for the protection of night-
swarming may�ies. Insect Conserv Divers 14:225–234

��. Moiseff A, Copeland J (2020) Behavioral consequences of sensory system constraints in the �re�y
Photinus carolinus.Ecol Psychol1–10

�7. Møller AP (2019) Parallel declines in abundance of insects and insectivorous birds in Denmark over
22 years. Ecol Evol 9:6581–6587

��. Oksanen J, Blanchet FG, Friendly M et al (2020) vegan: Community Ecology Package

�9. Owens ACS, Cochard P, Durrant J et al (2020) Light pollution is a driver of insect declines. Biol
Conserv 241:108259

70. Owens ACS, Lewis SM (2018) The impact of arti�cial light at night on nocturnal insects: A review
and synthesis. Ecology and Evolution. https://doi.org/10.1002/ece3.4557

71. Owens ACS, Lewis SM (2021a) Narrow-spectrum arti�cial light silences female �re�ies. Insect
Conserv Divers 14:199–210

72. Owens ACS, Lewis SM (2021b) Effects of arti�cial light on growth, development, and dispersal of
two North American �re�ies. J Insect Physiol 130:104200

73. Owens ACS, Meyer-Rochow VB, Yang E-C (2018) Short- and mid-wavelength arti�cial light in�uences
the �ash signals of Aquatica �cta �re�ies. PLoS ONE 13:e0191576

74. Pawson SM, Bader MK-F (2014) LED lighting increases the ecological impact of light pollution
irrespective of color temperature. Ecol Appl 24:1561–1568

75. Rich C, Longcore T (2006) Ecological Consequences of Arti�cial Night Lighting. Island Press, 1718
Connecticut Avenue, N.W., Suite 300, Washington, DC 20009

7�. Robertson K, Booth DT, Limpus CJ (2016) An assessment of “turtle-friendly” lights on the sea-�nding
behaviour of loggerhead turtle hatchlings (Caretta caretta). Wildl Res 43:27

77. Rowse EG, Harris S, Jones G (2018) Effects of dimming light-emitting diode street lights on light-
opportunistic and light-averse bats in suburban habitats. Royal Society Open Science 5:180205

7�. Rydell J, Elfström M, Eklöf J, Sánchez-Navarro S (2020) Dramatic decline of northern bat Eptesicus
nilssonii in Sweden over 30 years. Royal Society Open Science 7:191754

79. Sánchez-Bayo F, Wyckhuys KAG (2020) Further evidence for a global decline of the entomofauna.
Aust Entomol. https://doi.org/10.1111/aen.12509

�0. Sánchez-Bayo F, Wyckhuys KAG (2019) Worldwide decline of the entomofauna: A review of its
drivers. Biol Conserv 232:8–27



Page 16/18

�1. Sanders D, Frago E, Kehoe R et al (2020) A meta-analysis of biological impacts of arti�cial light at
night.Nature Ecology & Evolution1–8

�2. Sander SE, Hall DW (2015) Variation in opsin genes correlates with signalling ecology in North
American �re�ies. Mol Ecol 24:4679–4696

�3. Saunders ME, Janes JK, O’Hanlon JC (2020) Moving on from the insect apocalypse narrative:
Engaging with evidence-based insect conservation. https://doi.org/10.1093/biosci/biz143.
Bioscience

�4. Scott ER, Crone EE (2021) Using the right tool for the job: the difference between unsupervised and
supervised analyses of multivariate ecological data. https://doi.org/10.1007/s00442-020-04848-w.
Oecologia

�5. Stewart AJA, Perl CD, Niven JE (2020) Arti�cial lighting impairs mate attraction in a nocturnal capital
breeder. J Exp Biol 223. https://doi.org/10.1242/jeb.229146

��. Straka TM, Greif S, Schultz S et al (2019) The effect of cave illumination on bats. Global Ecology and
Conservation e00808

�7. Tierney SM, Friedrich M, Humphreys WF et al (2017) Consequences of evolutionary transitions in
changing photic environments. Austral Entomology 56:23–46

��. Truxa C, Fiedler K (2012) Attraction to light - from how far do moths (Lepidoptera) return to weak
arti�cial sources of light? Eur J Entomol 109:77–84

�9. Van den Broeck M, De Cock R, Van Dongen S, Matthysen E (2021) White LED light intensity, but not
colour temperature, interferes with mate-�nding by glow‐worm males. J Insect Conserv.
https://doi.org/10.1007/s10841-021-00304-z

90. van der Kooi CJ, Stavenga DG, Arikawa K et al (2020) Evolution of insect color vision: From spectral
sensitivity to visual ecology. Annu Rev Entomol 66:231–2338

91. van Klink R, Bowler DE, Gongalsky KB et al (2020) Meta-analysis reveals declines in terrestrial but
increases in freshwater insect abundances. Science 368:417–420

92. van Langevelde F, Braamburg-Annegarn M, Huigens ME et al (2018) Declines in moth populations
stress the need for conserving dark nights. Glob Chang Biol. https://doi.org/10.1111/gcb.14008

93. Verheijen FJ (1960) The mechanisms of the trapping effect of arti�cial light sources upon animals.
Archives Néerlandaises de Zoologie 13:1–107

94. Voigt CC, Rehnig K, Lindecke O, Pētersons G (2018) Migratory bats are attracted by red light but not
by warm-white light: Implications for the protection of nocturnal migrants. Ecol Evol 8:9353–9361

95. Wagner DL (2019a) Global insect decline: Comments on Sánchez-Bayo and Wyckhuys (2019). Biol
Conserv. https://doi.org/10.1016/j.biocon.2019.03.005

9�. Wagner DL (2019b) Insect declines in the Anthropocene. Annu Rev Entomol.
https://doi.org/10.1146/annurev-ento-011019-025151

97. Wagner DL, Fox R, Salcido DM, Dyer LA (2021) A window to the world of global insect declines: Moth
biodiversity trends are complex and heterogeneous. Proc Natl Acad Sci U S A 118.



Page 17/18

https://doi.org/10.1073/pnas.2002549117

9�. Wake�eld A, Broyles M, Stone EL et al (2016) Experimentally comparing the attractiveness of
domestic lights to insects: Do LEDs attract fewer insects than conventional light types? Ecol Evol
6:8028–8036

99. Walker A, Faust L (2021) Photinus carolinus. The IUCN Red List of Threatened Species.
https://doi.org/10.2305/IUCN.UK.2021-1.RLTS.T164076182A166771773.en

100. Weishampel ZA, Cheng W-H, Weishampel JF (2016) Sea turtle nesting patterns in Florida vis-à-vis
satellite-derived measures of arti�cial lighting. Remote Sens Ecol Conserv 2:59–72

101. Wilson AA, Seymoure BM, Jaeger S et al (2021a) Direct and ambient light pollution alters recruitment
for a diurnal plant-pollinator system. Integr Comp Biol. https://doi.org/10.1093/icb/icab010

102. Wilson JF, Baker D, Cheney J et al (2018) A role for arti�cial night-time lighting in long-term changes
in populations of 100 widespread macro-moths in UK and Ireland: A citizen-science study. J Insect
Conserv. https://doi.org/10.1007/s10841-018-0052-1

103. Wilson R, Wake�eld A, Roberts N, Jones G (2021b) Arti�cial light and biting �ies: The parallel
development of attractive light traps and unattractive domestic lights. Parasit Vectors 14:28

104. Zeale MRK, Stone EL, Zeale E et al (2018) Experimentally manipulating light spectra reveals the
importance of dark corridors for commuting bats. Glob Chang Biol 24:5909–5918

Figures

Figure 1

Map and layout (not to scale) of the summer 2019 �eld experiment, showing four rectangular plots
established at 30 m intervals along the southwestern forest edge. Light treatments (�lled circles) were
suspended 2 m above the ground from shepherd hook poles installed in the center of each plot. Light
treatments were randomly shu�ed among plots each evening. (inset A) Intensity and spectral distribution
of the ExPlux PAR38 blue, amber, and red LED �oodlights used in this study, which were �ltered to yield
identical total photon �ux densities. (inset B) Magni�ed top-down view of an individual plot, with four
square subplots spanning a natural gradient in �re�y abundance. In experimental plots, the cone of light
(dashed blue circle) was offset 0.3 m into the center subplot farther from the forest edge. House icon
indicates the location of the Kellettville Fire�y Farm and footsteps show the route to synchronous �re�y
viewing areas taken by PAFF attendees.

Figure 2
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Box plots summarizing the number of male Photinus carolinus �ash patterns observed per minute in dark
control plots (grey) and in treatment plots illuminated by one of three colors of arti�cial light (blue, amber,
or red). Male �ash activity at each plot was censused independently in each of four subplots at varying
distances from the forest edge. LED �oodlights were suspended approximately 5.3 m from the forest
edge. Asterisks denote signi�cant differences from mean dark control values at P < 0.05 (*), P < 0.005
(**), and P < 0.0005 (***) levels. (inset) Quadratic trend in average male �ash patterns per minute across
subplots, as modelled by a Poisson GLMM, in darkness (e-0.27+0.32x-0.16x²) and under blue (e1.49-

2.17x+0.30x²), amber (e3.82-5.10x+0.86x²), and red (e1.97-2.32x+0.33x²) arti�cial light.

Figure 3

Diversity and abundance of �ying insects captured on sticky traps set in control plots (black) and plots
illuminated by one of three colors of arti�cial light (blue, amber, or red). (left) Principal coordinate (PC)
analysis beta-dispersion plot visually representing the results of a supervised analysis (sensu (Scott and
Crone 2021). PC1 and PC2 were selected to best differentiate insect assemblages among the four light
treatments. Un�lled points represent insect diversity data from individual sticky traps; proximity indicates
more similar insect assemblages. Filled points represent centroids for each group, and ellipses one
standard deviation from the centroid. (right) Stacked barplot showing the total number of �ying insects
captured under each light treatment, with colors corresponding to insect order and Diptera subfamily
(Chironomidae to Drosophilidae) when appropriate.
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