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Insect declines and their drivers have attracted considerable recent attention. Fireflies and glowworms are iconic insects whose conspicuous
bioluminescent courtship displays carry unique cultural significance, giving them economic value as ecotourist attractions. Despite evidence of
declines, a comprehensive review of the conservation status and threats facing the approximately 2000 firefly species worldwide is lacking. We
conducted a survey of experts from diverse geographic regions to identify the most prominent perceived threats to firefly population and species
persistence. Habitat loss, light pollution, and pesticide use were regarded as the most serious threats, although rankings differed substantially
across regions. Our survey results accompany a comprehensive review of current evidence concerning the impact of these stressors on firefly
populations. We also discuss risk factors likely to increase the vulnerability of certain species to particular threats. Finally, we highlight the need

to establish monitoring programs to track long-term population trends for at-risk firefly taxa.
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Since their evolutionary origin some 297 million
years ago (Zhang et al. 2018), beetles have been highly
successful; they represent 38% of known insect species (Stork
2018). Fireflies (Coleoptera: Lampyridae) rank among the
most charismatic beetles, with distinctive bioluminescent
courtship displays that make them a potential flagship group
for insect conservation. With more than 2000 species world-
wide, firefly beetles exhibit surprisingly diverse life history
traits (figure 1; Ohba 2004, Lloyd 2008, Lewis 2016), includ-
ing nonluminous adults with daytime activity periods, glow-
worm fireflies with flightless females, and lightning bugs that
exchange species-specific flash signals. Fireflies also inhabit
ecologically diverse habitats, including wetlands (e.g., man-
groves, rice paddies, marshes, desert seeps), grasslands, for-
ests, agricultural fields, and urban parks. Their predaceous
larvae, which can be aquatic, semiaquatic, or terrestrial,
spend months to years feeding on snails, earthworms, and
other soft-bodied prey. In contrast, firefly adults are typi-
cally short lived and do not feed. Some taxa are habitat and
dietary specialists, whereas others are ecological generalists
(Reed et al. 2020). Fireflies are economically important in
many countries, because they represent a growing ecotourist
attraction (Napompeth 2009, Lewis 2016). However, as is
true for many invertebrates (Cardoso et al. 2011), fireflies
have been largely neglected in global conservation efforts.
Monitoring studies that provide quantitative data on
population trends are lacking for almost all firefly species.

However, surveys have revealed significant recent declines
in the mangrove firefly Pteroptyx tener in Malaysia (Jusoh
and Hashim 2012, Khoo et al. 2014) and in the glowworm
Lampyris noctiluca in England (Gardiner 2011, Atkins
et al. 2017). Anecdotal reports and expert opinion also
suggest reductions in both the occurrence and abundance
of many firefly species over recent decades (Lewis 2016,
Faust 2017, Lloyd 2018). In 2010, an international group of
tirefly experts convened in Malaysia and wrote The Selangor
Declaration on the Conservation of Fireflies (Fireflyers
International Network 2012), recommending actions to pre-
serve these iconic insects. In 2018, the IUCN (International
Union for Conservation of Nature) Firefly Specialist Group
was established to assess the conservation status and extinc-
tion risks to fireflies worldwide. As part of this effort, in the
present article we discuss perceived threats to firefly biodi-
versity and persistence on the basis of an opinion survey of
experts from different geographic regions. We also review
the current evidence for the impact of such threats on firefly
populations. Finally, for each threat, we discuss associated
risk factors (sensu Reed et al. 2020)—that is, behaviors and
life history traits that make certain species especially vul-
nerable to particular threats.

A global survey of firefly experts
In January 2019, we sent a short Qualtrics survey (see box 1)
by email to 350 people on the distribution list of the Fireflyers

BioScience 70: 157-167. © The Author(s) 2020. Published by Oxford University Press on behalf of the American Institute of Biological Sciences. All rights

reserved. For Permissions, please e-mail: journals.permissions@oup.com.
doi:10.1093/biosci/biz157

https://academic.oup.com/bioscience

Advance Access publication 3 February 2020

February 2020 / Vol. 70 No. 2 « BioScience 157

020z ey Gz uo Jasn ojned 0%4,?1S ap apepistaniun Aq 2051 2S//S1/2/0.10BSqe-8[01B/a0usI0s0Iq/Wwod dno olwapeoe//:sdiy Wolj papeojumoc]


http://orcid.org/0000-0002-9600-2558
http://orcid.org/0000-0001-7212-2275
http://orcid.org/0000-0002-3571-2652

Forum e

Figure 1. Firefly beetles (Coleoptera: Lampyridae) show great diversity in their ecology, behavior and extinction risk
factors. (a) Photinus pyralis adults of both sexes are capable of flight, but populations across the eastern United States
still show restricted gene flow (photograph: Terry Priest). (b) Dispersal is even more limited in the glowworm fireflies
such as Lampyris noctiluca, whose females (right) are flightless (photograph: Zdenék Chalupa). (c) All firefly larvae are
predatory, and many are dietary specialists; L. noctiluca shown attacking Helix aspersa (photograph: Heinz Albers).

(d) Massive courtship aggregations and synchronous flashing inspire ecotourism, which can lead to habitat degradation
(Pteroptyx malaccae in Thailand, photograph: Radim Schreiber).

International Network, a scientific organization composed
of individuals with interests and expertise in firefly ecology,
behavior, taxonomy, or conservation. These survey results
should be interpreted with caution, because they reflect only
expert opinion concerning perceived threats to firefly spe-
cies persistence.

We grouped the respondents into eight geographic
regions: North America (United States, Canada), Central
America and Mexico, Europe, South Asia (India, Sri Lanka),
East Asia (Taiwan, Hong Kong, China, Japan), and Southeast
Asia (Thailand, Malaysia). We had only single respondents
each from Australia and South America and none from
Africa. Using only those respondents who provided scores
for all threats (n = 49), we present survey results as global
threat scores averaged across the eight regions and the
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average threat scores by region. Comments by the respon-
dents about specific threats are summarized below (see the
supplemental material for detailed respondent comments).
We also conducted a literature search for existing evidence
concerning how these perceived threats influence fire-
fly survival, reproduction, or population persistence. This
information, in addition to comments by respondents about
specific threats, is summarized below (see the supplemental
material for detailed respondent comments).

The survey results

Habitat loss, artificial light, and pesticide use were
identified as the three most serious threats when scores
were averaged across the eight regions (table 1, figure
2). More than half of the 49 respondents assigned the
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Box 1. The four survey questions.

QL. What country (or biogeographic region) does your main firefly expertise cover?

o Habitat loss

o Light pollution

o Pesticide use

o Overcollecting

»  Water pollution

« Invasive species

o Climate change, sea level rise

o Climate change, drought

o Climate change, higher temperatures
o Climate change, storms and flooding

describe.

Q2. In your country or region, how important is each of the following as a current threat to firefly populations? (Threats were pre-
sented in randomized order, and a 0-5 scale with a scoring resolution of 0.5 allowed for each threat.)

Q3. Are there other current or future threats to firefly populations in your country or region that we have not listed here? If so, please

Q4. Thinking about the two most important current threats, can you describe how they affect a particular species or group of fireflies?

highest possible threat score (5) to habitat loss, whereas
nearly one-third did so for light pollution, and one-fifth
did so for pesticide use. However, their threat scores dif-
fered considerably across geographic regions (table 2,
figure 2), with additional threats such as water pollu-
tion and tourism ranked as important concerns in some
regions. Below, we provide details of the survey results,
review the current evidence concerning the impact of
each perceived threat, and propose risk factors that may
interact with certain threats to increase the risk of popu-
lation declines, local extirpation, or global extinction for
particular firefly species.

Habitat loss and fragmentation

Habitat loss was perceived as the most serious threat to
tireflies globally (table 1), as well as within nearly all regions
(table 2). Habitat loss and fragmentation are predicted to
be particularly problematic for habitat specialists (Reed
et al. 2020). Genome-wide SNP (single nucleotide polymor-
phism) analysis of Photinus pyralis, a species widespread and
abundant across the eastern United States, demonstrated low
gene flow among populations, with Fst (fixation index) val-
ues averaging 0.38 (Lower et al. 2018). If this result is appli-
cable to other firefly species, this degree of genetic isolation
implies that extirpated populations are unlikely to be rescued
by migration. Dispersal distances are even more limited in
species with flightless females; this includes the glowworms
Lampyris noctiluca (Atkins et al. 2017) and Phosphaneus
hemipterus; in the latter, both sexes are flightless (De Cock
2009). Dispersal through larval movement may also be low:
The estimated dispersal distance for the terrestrial larvae of
Luciola parvula is only several meters during the entire larval
period (Kakehashi et al. 2014). However, dispersal distances
may be higher for species with aquatic larvae, because these

https://academic.oup.com/bioscience

might be transported along rivers and irrigation channels,
as was reported for other aquatic macroinvertebrates (e.g.,
Perry and Perry 1986). In Thailand, eggs and larvae of the
aquatic firefly Sclerotia aquatilis are often attached to duck-
weed and so may get transported along with this aquatic
vegetation. If females or terrestrial larvae get transported by
floods and survive in sufficient numbers, they may be able to
colonize new patches of suitable habitat.

In Europe, firefly habitat has been lost through urban-
ization, industrialization, and agricultural intensification
(De Cock 2009). Agricultural intensification—which entails
habitat loss and fragmentation in addition to increased use
of pesticides, herbicides, and fertilizer—has been identified
as a major driver for declining populations of many insects
(Wagner 2018, 2020). Throughout the United Kingdom,
grassland habitats frequented by the glowworm Lampyris
noctiluca have been lost to both agricultural intensifica-
tion and woodland succession following the abandonment
of pastureland (Gardiner 2011). Long-term surveys of
L. noctiluca at several sites in southern and central England
have documented significant population declines, possibly
because of changes in land use (e.g., road construction, ditch
filling, timber stockpiling), as well as drought (Gardiner
2011, Atkins et al. 2017). In Italy, one survey respondent con-
sidered agricultural intensification responsible for declining
numbers of Luciola italica, Luciola lusitanica, and Lampyris
tireflies on the Padana plain and the northern Appenines.

In contrast, another respondent in Mediterranean Spain
expressed concern about the abandonment of small orchards
and irrigated agricultural plots in which Nyctophila reichii,
Lampyris iberica, and Lamprohiza paulinoi often occur.
Once abandoned, these cultivated areas become more xeric
and less suitable for snails, which constitute the main prey
for certain fireflies.
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Table 1. Scores averaged across regions (n = 8, equally weighted), and the percentage of all respondents who assigned
each threat to fireflies either the highest (5) or the lowest (0) possible score.

Climate change

Sea Storms

Habitat Light Pesticide =~ Water Higher level and Invasive

loss pollution use pollution Drought temperatures rise flooding species Tourism Overharvest
Global 4.28 3.62 3.29 1.84 1.98 1.98 1.78 1.78 1.22 1.49 0.91
mean
Percentage 55.1 30.6 20.4 2.0 10.2 8.2 4.1 12.2 2.0 4.1 0
scored 5
Percentage 2.0 2.0 8.2 26.5 24.5 26.5 28.6 22.4 32.7 22.4 32.7
scored O

Note: The threats to fireflies were scored on a scale from O to 5 by 49 respondents surveyed in January—February 2019.

In Japan, an iconic traditional landscape known as
satoyama is disappearing in the face of development and
rural out-migration (Kobori and Primack 2003). Composed
of farming villages with streams, ponds, rice paddies, and
cultivated fields surrounded by forest, this managed habitat
once supported considerable biodiversity in the Japanese
countryside, including fireflies (Oba et al. 2011).

In Malaysia, breeding congregations of Pteroptyx tener
fireflies declined following conversion of riverbank man-
groves to agriculture, aquaculture, and urbanization (Jusoh
and Hashim 2012, Khoo et al. 2014). Throughout Southeast
Asia, large areas of riverbank mangroves have been cleared
for oil palm plantations, shrimp farms, or flood mitigation,
making these sections unsuitable for the growth and devel-
opment of Pteroptyx firefly larvae and their snail prey (Wong
2009, Nada et al. 2009, Thancharoen 2012, Wong and Yeap
2012, Jusoh and Hashim 2012, Jusoh et al. 2010, Khoo et al.
2012, 2014). In addition, Pteroptyx adults gather for nightly
courtship displays in specific, prominent trees located along
mangrove rivers, and many of these display trees have been
removed (e.g., figure 3a).

The Atlantic rainforest of Brazil hosts high firefly bio-
diversity (Viviani 2001, Viviani and Santos 2012, Silveira
and Mermudes 2013, 2014), but this is among the most
threatened and fragmented rainforests worldwide (Hoorn
etal. 2010). In Tlaxcala, Mexico, populations of Macrolampis
palaciosi (another species with flightless adult females) are
restricted to forest remnants fragmented by extensive logging
(Vance and Kuri 2017). In eastern North America, the loss of
firefly habitat occurs mainly through urbanization and com-
mercial and residential development (e.g., figure 3b).

Globally, increasing human populations along coast-
lines have caused extensive habitat loss and fragmentation
(Polidoro et al. 2010), threatening both mangrove fireflies
and other species inhabiting coastal marshes. One such
coastal habitat specialist in Delaware is Photuris bethanien-
sis, which is found in freshwater swales between oceanside
dunes (Heckscher 2010); its wetland habitat faces immi-
nent threat from extensive residential development (Kitt
Heckscher, Delaware State University, Dover, Delaware,
personal communication, 2018). In Florida, Micronaspis
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floridana inhabits intact coastal mangroves and salt marshes;
this species’ distribution is now quite restricted (Faust 2017).
In the western United States and Texas, several fireflies are
restricted to habitats adjoining permanent water sources,
including rivers, streams, lakes, ponds, springs, and irrigated
fields. Groundwater pumping to meet urban and agricul-
tural water demands has substantially reduced surface water
flow and lowered groundwater tables (Larry Buschman,
Kansas State University, Lawrence, Kansas, personal com-
munication, 2019), and increased drought due to climate
change is likely to further diminish suitable firefly habitat
in these areas.

Artificial light at night

Globally, artificial light at night (ALAN) was rated as the
second most serious threat to fireflies (table 1). ALAN
includes both direct lighting that affects a localized area
(e.g., gas flares at petrochemical plants, streetlights, sports
arenas, commercial signage, security lights, billboards) and
skyglow, a more diffuse illumination that can exceed full-
moon levels and can spread light far beyond urban centers.
By conservative estimates, more than 23% of the global land
surface now experiences some degree of artificial night sky
brightness (Falchi et al. 2016). Light pollution was perceived
as the top threat to fireflies in East Asia and South America
and the second or third most serious threat in most other
regions (table 2). ALAN is expected to be particularly prob-
lematic for nocturnally active firefly taxa, because these
adults rely on bioluminescent courtship signals to locate
mates (Lloyd 2008, Lewis 2009).

Observational and experimental studies provide evidence
that ALAN adversely affects firefly populations (for a review,
see Owens and Lewis 2018; also Mbugua et al. 2020). Several
studies have shown negative correlations between high lev-
els of ALAN and firefly abundance. For example, surveys
showed that populations of Luciola italica were absent from
the more brightly lit parts of the city of Turin, Italy (Picchi
et al. 2013). Similarly, several different firefly species in
Sao Paulo, Brazil, were restricted to areas with low levels
of ALAN (Hagen and Viviani 2009, Viviani et al. 2010).
Because ALAN is so tightly correlated with urbanization;
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Figure 2. Geographic variation in scores for the four most serious threats to fireflies (bars show mean + one standard error,
0-5 scale) as reported by 49 respondents surveyed in January-February 2019. See table 2 for geographic regions, sample sizes,

and scores for additional threats.

however, these observational studies make it difficult to
isolate the primary cause of reduced firefly populations.
In this context, local knowledge can be useful; one survey
respondent cited increased light pollution around small and
medium-size villages as responsible for declines in Spanish
glowworms.

Owens and Lewis (2018) reviewed experimental studies
demonstrating that artificial light interferes with the produc-
tion and reception of firefly courtship signals. Females of the
glowworm Lampyris noctiluca produce long-lasting glows
to attract flying males, and several field studies show that
various types of ALAN decrease male attraction (Ineichen
and Rittimann 2012, Bird and Parker 2014, Bek 2015).
Many lightning bug fireflies engage in flash dialogs in which
females give flash responses to male courtship signals (Lloyd
2008). ALAN has been shown to reduce courtship flashing
by three lightning bug taxa: Pteroptyx maipo (Yiu 2012),
Photuris (Firebaugh and Haynes 2016), and male Photinus
(Hagen et al. 2015, Costin and Boulton 2016). Furthermore,
Photinus pyralis females exposed to ALAN responded less
often to male courtship signals (Firebaugh and Haynes
2016) and showed a nonsignificant reduction in mating suc-
cess (Firebaugh and Haynes 2018). Therefore, several lines
of evidence indicate that ALAN interferes with firefly repro-
ductive behavior and may heighten extinction risk.

Pesticide use

Globally, pesticides were rated as the third most serious
threat to fireflies (table 1), with some variation among

https://academic.oup.com/bioscience

geographic regions (table 2). Common agricultural insec-
ticides include various organochlorines, organophosphates
and, more recently, neonicotinoids (Simon-Delso et al.
2015). Although only a few studies have investigated their
direct effects on fireflies (see below), such broad-spectrum
insecticides are known to adversely affect numerous non-
target insects and other taxa (reviewed by Sanchez-Bayo
2011, Pisa et al. 2015). Mechanisms of insecticide exposure
include aerial spraying, contact with insecticide-containing
soil or water, or ingestion of contaminated prey. For fireflies,
high insecticide concentrations in water and soil may be par-
ticularly harmful, because the larval stage lives and develops
for months to years either underwater (e.g., aquatic fireflies
such as Aquatica and Sclerotia), among the roots of ripar-
ian mangroves and in vegetation behind adult display trees
(Pteroptyx fireflies), or in soil (e.g., terrestrial fireflies such
as Lampyris, Photinus, and Photuris). Other firefly life stages
may also be exposed, because eggs are laid in soil, moss, or
rotting wood, and pupae develop underground or on tree
trunks. Adults may also be exposed to insecticide residues
when resting on treated soil or foliage.

To date, the effects of direct exposure to pesticides on
fireflies has been tested in only two published labora-
tory studies. Tabaru and colleagues (1970) reported that
organophosphate insecticides (fenitrothion, fenthion, and
difenphos) had low toxicity to Japanese Luciola cruciata
larvae and their snail prey when tested as 5%-10% wettable
powders, although fenthion 5% emulsifiable concentrate
was toxic to both L. cruciata larvae and snails. In another
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Table 2. Average scores and number of respondents grouped by geographic region.
Climate change
Sea  Storms
Habitat Light Pesticide Water Higher level and Invasive
Region n loss pollution use pollution Drought temperatures rise flooding species Tourism Overharvest
North 15 4.00 3.23 3.67 1.87 2.73 2.20 1.50 2.77 1.93 1.27 1.10
America
Central 3 5.00 4.67 3.67 1.00 1.00 2.67 0.17 1.17 1.00 1.83 1.00
America
South 1 4.50 5.00 4.50 4.50 3.00 4.00 3.00 3.00 3.00 3.00 1.00
America
United 14 4.25 3.75 3.18 0.68 1.67 1.50 0.75 0.75 0.79 0.46 0.39
Kingdom
and Europe
East Asia 5 4.00 4.10 3.00 2.90 1.70 1.70 1.40 1.80 1.40 2.80 1.90
Southeast 8 4.75 3.88 2.69 2.88 1.69 0.88 1.63 1.94 1.25 2.75 0.69
Asia
South Asia 2 4.25 2.50 4.25 3.25 1.25 1.25 1.25 1.50 1.50 2.00 0.75
Australia 1 1.00 1.00 1.00 1.00 3.00 3.00 1.00 1.00 1.00 1.00 1.00
Note: The threats to fireflies were scored on a scale from O to 5 by 49 respondents surveyed in January-February 2019.

study, conducted with Korean Aquatica (formerly Luciola)
lateralis, ten insecticides were tested at their manufacturer
recommended concentrations, and mortality increased to
80%-100% for both larvae and adults exposed to nine
compounds, whereas egg hatchability dropped to 0%-33%
for eight compounds (Lee et al. 2008). Tebufenozide caused
33% and 73% mortality of larvae and adults, respectively,
but did not reduce egg hatchability; fipronil caused 83% lar-
val and 100% adult mortality and reduced egg hatchability
to 67%.

In Southeast Asia, agricultural runoff from oil palm
plantations and shrimp farms poses hazards to fireflies
that are aquatic or semiaquatic during their larval stage. A
2002-2003 study in the Selangor River in Malaysia found
levels of several pesticides that sometimes exceeded accept-
able limits for freshwater organisms (Leong et al. 2007). In
Japan, industrial pollution and pesticide contamination of
rivers has been implicated in the declining populations of
Luciola cruciata and Aquatica lateralis that occurred dur-
ing the second half of the twentieth century (Yuma 1993,
Ohba 2004).

Although the European Union banned outdoor use of
neonicotinoids in April 2018, in other regions, including
the United States, these compounds continue to be widely
used in both agricultural and residential settings (Bonmatin
et al. 2015). In the United States, nearly all corn and soy-
bean seeds are routinely coated with neonicotinoid insec-
ticides (Douglas and Tooker 2015), which are persistent
in most soils. In a field test conducted over a single grow-
ing season, corn plots planted with clothianidin-treated
seed showed a 70.4% reduction in adult firefly abundance
compared to control plots (Disque et al. 2018), most likely
because of higher mortality of larvae in soil (Galen Dively,
University of Maryland, College Park, Maryland, personal
communication, 2019). Imidacloprid is a commonly used
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neonicotinoid marketed to homeowners for killing white
grubs (larvae of Scarabaeidae beetles); in a 3-year study,
the application of this pesticide as a lawn treatment greatly
reduced the abundance of nontarget insects, including a 2.4-
fold reduction in all other beetles (Peck 2009).

Insecticides such as pyrethroids are widely used for
adult mosquito control but may also affect nontarget
insects (Davis et al. 2007). Fireflies may be particularly
at risk, because spraying is generally done at dusk, when
mosquitoes and fireflies are both active. In field bioassays
conducted with the beneficial lady beetle Harmonia conver-
gens, ultra-low-volume application of permethrin caused
high mortality for beetles contacted by the spray (Peterson
et al. 2016).

Pesticides can also affect fireflies indirectly by reducing
the availability or increasing toxicity of their larval prey,
which include snails and earthworms. Imidacloprid and
other neonicotinoids have been shown to be highly toxic to
earthworms (for a review, see Sanchez-Bayo 2011, Pisa et al.
2015), which constitute the main prey for larval Photinus
fireflies in North America (Lewis 2016). Earthworms and
other prey can also bioaccumulate neonicotinoids (Douglas
and Tooker 2015, Chevillot et al. 2017), representing an
additional route for larval firefly exposure. Finally, lethal
nontarget effects on firefly larvae have been observed
for various biological control agents, including the fungi
Metarhizium and Beauvaria bassiana and Steinernema sp.
nematodes (Faust 2017; see the supplemental material).

Additional threats

In our survey, the remaining threats received lower average
scores as they were given threat scores of 0 (meaning no
threat) by 22%-33% of the respondents (table 1). However,
the respondents in particular regions did highlight several
other perceived threats to fireflies:
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Figure 3. Among the top threats to fireflies globally are habitat loss and artificial light at night. (a) In Malaysia, clearing
of riverbank mangroves along the Selangor River for agriculture and aquaculture destroys display trees used by Pteroptyx
adults for courtship, and disturbs larval habitat (photograph: Laurence Kirton). (b) In Delaware, residential development
threatens declining populations of Photuris bethaniensis that are restricted to interdunal freshwater swales. (c) Global
map of ALAN based on 2006 satellite data, colors indicate ratio of artificial to natural sky brightness: yellow represents
1-3 times brighter, orange represents 3-9 times brighter, red represents 9-27 times brighter. Map by David Lorenz, https://
djlorenz.github.io/astronomy/Ip2006.

Water pollution. Across Asia and in South America, the
respondents identified agricultural and industrial runoff
containing fertilizers, pesticides, and other water-borne pol-
lutants as the third or fourth most serious threat (table 2). In
contrast to the mainly terrestrial larvae of Nearctic fireflies,
numerous Asian fireflies have aquatic larvae that inhabit
freshwater ponds, rivers, and streams, where they feed and
develop through several larval instars (Lloyd 2008). This
stage typically lasts for several months, during which both
larvae and their snail prey will be exposed to water-borne
pollutants.

https://academic.oup.com/bioscience

Tourism. Firefly tourism has long been popular in Japan,
Malaysia, and Taiwan, and similar recreational activity has
recently been proliferating within other countries, includ-
ing Thailand (Thancharoen 2012), the United States (Faust
2009, 2017), and Mexico (Vance and Kuri 2017). Collectively,
firefly tourism attracts more than 200,000 visitors per year
(Lewis 2016) and carries considerable economic benefits.
However, if such tourism is not responsibly managed, it
can threaten local firefly populations by disturbing larval
and adult habitats and interfering with adult reproduc-
tion. Although many different fireflies produce attractive
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bioluminescence, most at risk are those that spontaneously
synchronize; these species, such as Photinus carolinus in
the United States, produce stunning displays in which hun-
dreds of males flash rhythmically in unison. Throughout
Southeast Asia, synchronous fireflies in the genus Pteropytx
are a major tourist attraction because they congregate in
large numbers in mangrove forests along tidal rivers (Wong
and Yeap 2012). ALAN from commercial tour operations,
flashlights, and even camera flashes (Thancharoen and
Masoh 2019) can interfere with Pteropytx courtship behav-
ior. In Thailand, Pteropytx tourism has generated high-
speed motorboat traffic along mangrove rivers, resulting
in riverbank erosion that topples display trees and destroys
larval habitat. Other tourist-attracting fireflies have flightless
females that may inadvertently get trampled by tourists as
they signal from the ground or low vegetation; these include
Phausis reticulata in North Carolina, and Macrolampis pala-
ciosi in Nanacamilpa, Mexico.

Overharvest. Although not currently considered a threat, his-
torically, the extensive harvest of fireflies from wild popula-
tions likely caused some population declines (Bauer et al.
2013). During the late nineteenth and early twentieth centu-
ries, the Genji firefly, Luciola cruciata, was commercially har-
vested in Japan (Lewis 2017). In the United States, from 1960
until about 1995, Sigma Chemical Company annually har-
vested about three million North American fireflies to extract
luciferase and luciferin (light-producing compounds; Lewis
2016). In China, between 2009 and 2017, millions of fireflies
were harvested and sold online for theme park exhibitions and
romantic gifts (Lewis and Owens 2017). Because of protests
and letter-writing campaigns mounted by firefly conserva-
tion organizations, the commercial harvest of wild fireflies in
China has been largely curtailed (Lei Ping, Firefly Ecological
Alliance, Chengdu, China, personal communication, 2019).

Invasive species. Although most of the respondents did
not rate exotic invasives as a major threat, the spread of
Solenopsis fire ants across the southern United State could
be an emerging threat, particularly for firefly species such
as Pyractomena borealis, whose larvae are active aboveg-
round (Lynn Faust, Emory River Land Company, Knoxville,
Tennessee, personal communication, 2019).

Climate change. Although the effect of anthropogenic climate
disruption on firefly populations remains unknown, the
restricted ranges and specialized habitat requirements of
certain fireflies suggest that they are likely to be threatened
by drought and sea level rise (Reed et al. 2020). Fireflies
require moist conditions throughout their life stages (Lloyd
2008, Atkins et al. 2017, Evans et al. 2018), so increased
drought duration, frequency, or intensity—possibly in asso-
ciation with decreased snow cover—may extirpate local
populations in some regions (but see supplemental table
S1; Harris et al. 2019). For example, dry tropical montane
regions (Wagner 2018, Janzen and Hallwachs 2019) may
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threaten the high diversity of fireflies in moist Neotropical
forests. Similarly, in Australia and the western United States,
where fireflies are restricted to areas with permanent water,
drought may cause mortality either directly or by reducing
larval food sources.

In Maryland and Delaware, Photuris salina is a habitat
specialist that occupies the drier portion of coastal brackish
and salt marshes, a habitat vulnerable to inundation from
rising sea levels (Heckscher 2010). As was noted above, the
Delaware coastal species P. bethaniensis is similarly vulner-
able, because it occupies freshwater swales between coastal
dunes within 500 meters of the Atlantic Ocean and less than
0.5 meters above the current sea level (Heckscher and Bartlett
2004). In Southeast Asia, several species of Pteropytx fireflies
congregate in tall, visually prominent Sonneratia caseolaris
mangrove trees, a species with low salt tolerance (Nada et al.
2009) that may be threatened by saltwater intrusion.

Moving forward

This article provides a global perspective concerning threats
that may cause firefly population declines and that may
increase extirpation or extinction risk. Our survey results
elucidate what knowledgeable respondents judged to be the
most important threats to firefly species persistence, reveal-
ing differences among various geographic regions. Although
apparent that such opinions cannot be used to identify the
relative importance or extent of such threats, our results
are consistent with other assessments of the multifaceted
causes for general declines in insect abundance and biodi-
versity (e.g., Leather 2018, Wagner 2018, 2020, Homburg
et al. 2019). We believe this information will be useful for
future studies aimed at understanding local drivers of firefly
diversity and abundance. In addition, our literature review
provides a comprehensive summary of the existing evidence
about whether and how such threats affect firefly popula-
tions and describes risk factors likely to increase the vulner-
ability of certain firefly species to particular threats.

This perspective also highlights the urgent need to invest
in monitoring studies that can provide long-term data to
track trends in abundance and diversity for at-risk firefly
species and sites. With a few notable exceptions, most
evidence about firefly population trends is anecdotal, and
work is needed to develop a set of standardized monitoring
protocols. In addition, experimental studies are needed to
characterize acute and chronic toxicity of common insecti-
cides on firefly life stages.

Taking action

On the basis of this survey of perceived threats and our
review of existing evidence for those threats’ impacts on fire-
fly populations, we make the following recommendations
for actions to conserve these charismatic insects:

Preserve suitable habitat. We need to identify critically endan-

gered species and establish sanctuaries that protect key fire-
fly sites. In so doing, it is essential to consider the distinct
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habitat requirements of each life stage, thus ensuring suit-
able habitat for larvae and their prey, pupation sites, adult
courtship displays, and female oviposition. Fireflies have
the potential to serve as flagship species for establishing
key biodiversity areas. In Malaysia, rapid loss of riverbank
mangroves and adjacent land poses an ongoing threat to sev-
eral species of Pteroptyx fireflies, an economically valuable
ecotourist attraction. Therefore, identifying and preserving
buffer zones adjacent to the riverbank will help ensure sus-
tainable firefly populations and also support high wildlife
diversity, including other invertebrates, plants, reptiles,
mammals, and birds.

Control light pollution. To encourage successful mating by fire-
flies that rely on bioluminescent courtship signals, we need
to minimize ALAN in and around their habitats. Ongoing
studies are aimed at developing specific lighting recommen-
dations, involving the tuning of light color (wavelength) and
intensity, that will provide for public safety while promoting
firefly reproduction. However, the diverse visual sensitivities
of insects and other animals are likely to limit the effective-
ness of color tuning to specific taxa. Reducing artificial
light—Dboth its extent and its duration—should, in contrast,
benefit a wide range of culturally and economically impor-
tant nocturnal animals.

Reduce insecticide use. Use of insecticides for cosmetic pur-
poses such as on residential gardens, lawns, and public
parks should be minimized. Most insecticide exposure
occurs during larval stages, because firefly larvae spend
months to years living in litter, belowground, or underwater.
Although the direct impacts on fireflies have been examined
in few studies, commonly used insecticides have adverse
effects on a broad range of nontarget organisms, including
other predaceous beetles and the prey consumed by larval
fireflies.

Develop guidelines for sustainable tourism. Firefly tourism is
proliferating worldwide and would benefit from recommen-
dations about best practices for establishing and managing
tourist sites. Such guidelines would outline ways to protect
both larval habitat and adult display sites from disturbances
that include trampling, light pollution, and pesticides.

Supplemental material
Supplemental data are available at BIOSCI online.
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