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Abstract

Many key advancesin our understandingof Þreßybiology and sig-
nalinghavebeenmadeoverthepasttwo decades.Here wereviewthis
recent research,which includesnew phylogenetic resultsthat shed
light on the evolution of courtship signaldiversity within the family
Lampyridae, new insights into Þreßyßashcontrol, and the discov-
ery of Þreßy nuptial gifts. We present a comprehensiveoverview
of sexualselection in lampyrids, including evidencefrom Photinus
Þreßiesthat femaleschoosetheir mateson the basisof male ßash
signals,anddiscussthe importanceof examiningboth precopulatory
andpostcopulatorysexualselectionin this group. Finally, we review
recentÞndingson Þreßychemicaldefenses,anddiscusstheir impli-
cationsfor ßashsignalevolution in responseto generalistpredators
as well as specialistpredatory Þreßies.This review provides new
insight into how Þreßy ßashsignalshavebeenshapedby the dual
evolutionary processesof sexualselection(mate choice) and natu-
ral selection(predation),andproposesseveralexcitingdirectionsfor
future research.
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Nuptial gift:
material (other than
gametes)provided by
malesto females
during courtship or
mating

Signal: anybehavior
or structure that
altersthe behaviorof
another organism,
and that hasevolved
becauseof this effect

TheÞreßies,twinkling amongleaves,

makethestarswonder.

RabindranathTagore(1861Ð1941)

INTRODUCTION

Fireßies(Coleoptera:Lampyridae)areamong
the most charismatic of all insects, and
their spectacularcourtship displayshave in-
spired poets and scientistsalike. With more
than 2000 speciesin 100 genera,worldwide
lampyrid biodiversity is impressive and in-
cludes diurnally active as well as nocturnal
species(81, 88, 102,126).

Over the past 50 years,we have gained
considerable insight into lampyrid signal-
ing systems,their mating ecology, and their
predator-prey interactions.Severalearlier re-
viewshaveprovided comprehensivecoverage
of manykey aspectsof Þreßybiology (13, 14,
18, 23, 30, 68, 73, 74, 81, 83, 84), yet most
of thesereviewsare now more than 20 years
old. Severalsubstantivenew contributions to
our understandingof Þreßybiology havebeen
madewithin the pastdecade.Theseadvances
includenewinsightsinto lampyrid phylogeny
(10, 11, 71, 114, 115), the discoveryof Þre-
ßy nuptial gifts (59, 69, 108, 124), and new
evidencethat femaleschoosetheir mateson
the basisof male ßashbehavior (6, 8, 9, 31,
94).Other recentadvancesinclude better un-
derstanding of the biochemical mechanisms
behind Þreßybioluminescenceandßashcon-
trol (96, 119, 120, 127), and new Þndings
about the relationship betweenÞreßychem-
ical defensesand predation (37, 43, 52). Fi-
nally, many contributions havebeenmadeto
our understandingof the biodiversity andsig-
naling behaviorof lampyridsin Japan,China,
Europe, and Brazil (38, 47, 48, 71, 101, 102,
126,135).

In addition to presentingthesenewresults,
our goal in this review is to provide insight
into how Þreßy bioluminescent ßashsignals
mayhaveevolvedin responseto the dualevo-
lutionary processesof sexualselection(mate
choice)andnatural selection(predation).We

brießyreviewcourtshipsignaldiversitywithin
the Lampyridae and subsequentlylimit our
scope to bioluminescent signaling systems.
We review mechanismsof ßash production
and energetics and describe lampyrid nup-
tial gifts andtheir implications for both sexes.
We provide anoverviewof sexualselectionin
lampyrids and describeevidencefrom Phot-
inusÞreßiesthat femaleschoosetheir mates
on the basisof maleßashsignalvariation. We
explorewhether ßashsignalsmight act asin-
dicators of male quality, allowing femalesto
choosemaleswith largernuptial gifts. Finally,
we review studieson the chemical defenses
usedby Þreßiesto avoidgeneralistpredators,
and discusspotential coevolutionary interac-
tions betweenpredatory and prey Þreßies.A
synthesisof these results provides evidence
supporting the idea that Þreßy ßashsignals
have been shapedby the dual evolutionary
processesof sexualselection (through mate
choice) and natural selection (through pre-
dation). In addition to highlighting thesead-
vancesin Þreßy biology, we proposeseveral
excitingdirectionsfor future researchon these
fascinatingbeetles.

DIVERSITY OF COUR TSHIP
SIGNALS

Pheromones

In most diurnally active lampyrids, adults
are incapableof bioluminescence,and these
species are generally assumedto rely on
pheromones (volatile chemical signals) for
their long-range mate attraction. Direct ev-
idence supporting pheromonal signalsexists
for severaldiurnal species,including Lucidota
atra,Pyropyganigricans,andPhotinusindictusin
North America(75),Phosphaenushemipterusin
Europe (38), and Lucidinabiplagiatain Japan
(102).In addition, femalesof severallampyrid
taxa attract males using a combination of
pheromonalandbioluminescentsignals;these
speciesincludePyrocoeliarufa(101),Pleotomus
pallens, andPhausisspp.(11).
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Bioluminescent Signals

Among those lampyrids that rely mainly
on bioluminescentcourtship signals,perhaps
the simplest signaling system involves ßy-
ing malesattractedto a continuousor slowly
modulatedglow emitted by ßightlessfemales
[thesegenerallyhaveenlargedabdomens,but
maybe larviform, brachypterous,or apterous
(11)]. In North American Microphotusaswell
asin the Europeanglow-worm Lampyrisnoc-
tiluca, malesßyandareattractedto glowspro-
ducedby sedentaryfemales.In Phausisretic-
ulata and Pleotomodesknulli, glowing males
are attracted to sedentary glowing females
(74, 82).

Many nocturnally active Þreßiesuse dis-
crete pulses of bioluminescence to locate
their mates.In manygroups,including North
American Photinusand Pyractomena(74, 82)
andJapaneseHotariaparvula(101),both sexes
produceßashsignalsthat arepreciselytimed
to encode information concerning species
identity and sex. In these taxa, the primary
signalersaremales,which emit advertisement
ßasheswhile in ßight. Onceafemaleresponds
by ßashing, a reciprocal courtship dialogue
ensuesin which malesand femalesexchange
ßash signals.Femalesin these speciesßash
mainly in responseto male signalsand often
remain stationary, although they are capable
of ßying. Courtship dialoguescontinue until

Courtship
dialogue: courtship
pattern shownby
someÞreßiesin
which malesand
femalesengagein
reciprocalexchange
of courtship signals

malescontact femalesand copulation occurs.
Thus, ßashsignalingbehaviorin thesetaxain-
volvesmalesandfemalesexchangingßashsig-
nalsthat containcritical timing elements.Sig-
naling behavior in many Luciolaspeciesalso
consistsof short bioluminescentßashesbut is
considerablymore complex and highly vari-
able(76, 78, 79, 101,102,104).For example,
in L. cruciata (life stagesand sexualdimor-
phism in lantern sizeillustrated in Figure 1),
malesßashsynchronouslywhile in ßight (99,
102). Femalesßashspontaneously, as well as
in responseto male signals.Flying malesare
attractedto ßashingfemales,land nearby, and
displaydiverseßashbehaviorsbeforecontact
and copulation occur. In Photurisand other
LuciolaÞreßiesboth sexesalso ßashsponta-
neously, and individuals exhibit a wide range
of ßashbehaviors(82,101);in thesetaxa,ßash
timing maybealesscritical componentof the
ßashsignal.

Perhapsthe most spectacularof all ani-
mal courtship displaysis the massßashsyn-
chrony exhibited by severalPteroptyxspecies
in SoutheastAsia. Males of P. malaccaecon-
gregatein leks and in unison emit rhythmic
courtship ßashesthat attract females(14, 16,
82, 102). The related yet more ephemeral
phenomena of wave and intermittent syn-
chrony among ßying maleshavebeendocu-
mentedin severalNorth andSouthAmerican

Male adult

Ventral
abdomen

Ventral
abdomen

Lantern
Lantern

Larva Pupa Female adult

Figure 1

Lampyrid life stagesillustrated for the JapaneseGenji Þreßy, Luciolacruciata, showingaquaticlarva,pupa,
anddorsalandventral viewsof adult malesand females(usedwith permissionfrom Reference102;
photosby N. Ohba).

www.annualreviews.org¥ SexualandNatural SelectiononFireßySignals 295

A
nn

u.
 R

ev
. E

nt
om

ol
. 2

00
8.

53
:2

93
-3

21
. D

ow
nl

oa
de

d 
fr

om
 a

rjo
ur

na
ls

.a
nn

ua
lre

vi
ew

s.
or

g
by

 T
U

F
T

S
 U

N
IV

E
R

S
IT

Y
 o

n 
12

/1
0/

07
. F

or
 p

er
so

na
l u

se
 o

nl
y.



ANRV330-EN53-16 ARI 2 N ovember2007 20:31

Þreßies (14, 23, 26Ð28, 84, 126), as well
as in Asiatic Luciola(99, 102). Considerable
progresshasbeenmadein understandingthe
physiological mechanismsthat regulate sig-
nal synchrony(55),anddetailedobservations
of ßashand mating behaviorexist for several
synchronousspecies(22, 78, 79, 102). How-
ever,althoughseveralplausiblehypothesesfor
the evolution of synchronousßashbehavior
in Þreßieshave been proposed (14, 16, 23,
55, 84), testing these hypothesesrequires a
muchmore detailedunderstandingof the fac-
tors affecting individual reproductive success
in thesecommunal displaysthan is currently
available.

Evolution of Fireßy Signaling
Systems

Recent phylogenetic studies have eluci-
datedpatternsof signal evolution within the
Lampyridae (11, 71, 114, 115). Biolumines-
cenceapparentlyarosein an early cantharoid
ancestor(10), in which it may haveservedas
an aposematic(warning) display for unpalat-
ablelarvae.Thus, the useof bioluminescence
in the courtship signalsof adult Þreßieslikely
representsan exaptationfrom larval warning
signals directed toward potential predators
(11).

Phylogenetic analysisbasedon morpho-
logical traits of lampyrid taxaworldwide (11)
indicatesthat ancestrallampyrids were most
likely diurnally active and that femalesused
pheromonalsignalsto attract mates.This sig-
naling system occurs in basal taxa such as
BrachylampisandPsilocladus. This analysisalso
noted that bioluminescent courtship signals
subsequentlyevolved independently at least
four times within the Lampyridae.Addition-
ally, the AsiaticgenusLuciola, whoseßashsig-
naling behaviorsaremostly asynchronousbut
include someinstancesof ßashsynchrony, is
basal to Pteroptyx, several speciesof which
show well-developedßashsynchrony. A re-
centmolecularphylogenyof North American
lampyrids(114)(Figure 2) basedon anuclear
gene(18Sribosomal) and two mitochondrial

genes (16S ribosomal and cytochrome ox-
idase I) conÞrmed that basal taxa rely on
pheromonalsexualsignalsandshowedat least
two independentorigins of courtship signals
involving discrete bioluminescent ßashesin
this group. In addition, an expandedmolecu-
lar phylogenyincluding worldwide lampyrids
revealedthat once bioluminescent courtship
ßasheshad evolved, they were subsequently
replaced at least once by bioluminescent
glows and reverted at least three times to
pheromonal signals (114). Molecular phy-
logenies have also been constructed using
mitochondrial 16S ribosomal sequencesfor
JapaneseÞreßies(115),aswell asfor lampyrids
from China, Korea, and Japan(71). These
analysesshow similar trends, with basaltaxa
using pheromones, many derived taxa em-
ploying bioluminescentglowsandßashes,and
severalcladesshowing secondaryreversions
to pheromonalsignals.

Understanding the ecological context
that selectsfor signaling systemsbasedon
pheromonesor bioluminescencewould con-
tribute greatly to deciphering the evolution-
arytrajectoryof Þreßysexualdisplays.Various
advantagesand disadvantagesof pheromonal
versusvisual signaling in animalshavebeen
extensivelydiscussed(1, 110). Pheromones
provideapersistent,long-range,andenerget-
ically efÞcientsignal.Owing to the speciÞcity
of chemicalreceptors,pheromonalsignalsare
generallyconsideredto havelow susceptibil-
ity to eavesdroppinggeneralistpredators (1,
but see137). However, becausepheromonal
signalscanbedifÞcult to locate,the receivers
of suchsignalsmay be subjectedto high pre-
dation risks while searching.Visual signals,
including bioluminescentglows and discrete
ßashes,areeasierfor receiversto localize,but
they have a shorter range and their prop-
agation requires open habitat without ob-
stacles.Habitats with many obstacles(e.g.,
forests)might thusselectfor signalingsystems
that use a combination of pheromones for
long-range attraction and bioluminescence
for better short-rangelocalization. While vi-
sually orienting predatorsmay selectagainst
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Photuris tremulans

Photuris quadrifulgens

Bicellonycha wickershamorum

Photinus pyralis

Photinus australis

Photinus tanytoxus

Photinus floridanus

Photinus punctulatus

Photuris lucicrescens group

Cantharidae

Lycus fernandezi (Lycidae)

Caenia amplicornis (Lycidae)

Phengodidae

Lampyridae

Pleotomus pallens

Pleotomodes needhami

Microphotus angustus

Aspisoma species

Phausis reticulata

Pollaclassis bifaria

Pterotus obscuripennis

Brachylampis sanguinicollis

0.05 substitutions/site

.91

.99

.99

.99

.93

.93

.98

.60

.85
.64

.80

.89

1.0

1.0

Nonluminescent

Glows

Discrete flashes

Light signals

1.0

1.0

1.0

1.0

1.0

1.0

1.0

.99

.91

1.0

1.0

Paraphausis eximia

Ellychnia californica

Ellychnia corrusca complex

Pyropyga nigricans

Pyropyga decipiens

Pyractomena borealis

Pyractomena angulata

Pyractomena palustris

Micronaspis floridana

Lucidota atra

Figure 2

Phylogeneticrelationshipsof North Americanlampyrids indicating useof bioluminescenceasa sexual
signal.Maximum likelihood tree with Bayesianposterior probabilities is basedon one nucleargene(18S
ribosomalsubunit) and two mitochondrial genes(16SribosomalandcytochromeoxidaseI). ModiÞed,
with permission,from Reference114.
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Nitric oxide (NO):
a ubiquitous, small
signalingmolecule

conspicuousbioluminescentsignals,suchse-
lection could be mitigated by prey chemical
defenses.In addition, predation could select
for discreteßashsignalsover continuousbio-
luminescenceif ßashingÞreßies,particularly
moving individuals, are more difÞcult to lo-
cate(84).Discrete ßashesmayalsobe advan-
tageousbecausethey allow information to be
encodedin temporal featuresof the signal.

Although bioluminescent signals are es-
sentialelementsof courtship in manyderived
lampyrid taxa,it isalsoplausiblethat multiple
signal modalities could be more widespread
in Þreßy courtship than is currently recog-
nized.For example,speciesdifferencesin cu-
ticular hydrocarbonproÞlesexistamongsev-
eral Japaneseand North American Þreßies
(111), and studieson other taxa have impli-
catedthesecontact cuesin speciesand mate
recognition (60, 95).

MECHANISMS OF FLASH
PRODUCTION

Biochemistry of Fireßy
Bioluminescence

The detailedbiochemicalbasisof biolumines-
cencehasbeenelucidatedfor manyorganisms
(128).Lampyrids capableof bioluminescence
produce their light via a two-step reaction
catalyzed by the enzyme luciferase. First,
luciferasecatalyzesthe Mg-ATP-dependent
adenylation of the substrate luciferin. This
step is followed by a sequenceof oxygen-
dependentreactionsthat result in light emis-
sion. Colors of Þreßybioluminescencerange
widely (66) from yellow-green (! 546 nm) to
orange(! 590 nm) eventhough the luciferin
substrate is identical in all known species.
Fireßy luciferasesshow 66%Ð99%DNA se-
quence similarity acrossspecies,and single
amino acid substitutions can alter the biolu-
minescenceemissionspectrum(7, 127).Such
color differencesarecausedby changesin the
luciferase active site that affect bound sub-
strateconformation (96).

Flash Control Mechanisms

In lampyrids, bioluminescent reactions
take place in light-producing organs called
lanterns. Although most bioluminescent
organisms(including Þreßylarvaeandpupae)
produceonly slowly modulatedglows,adults
in many Þreßiesspeciescontrol their biolu-
minescenceto emit light in discrete ßashes
or rapidly modulated ßickers. Such precise
temporal control of bioluminescenceappears
to rely on severalanatomicaland physiolog-
ical specializationsof the adult Þreßylantern
(13, 25, 49, 67, 98, 105, 113). Lantern light
production is initiated by signals originat-
ing in the central nervous system, yet in
these adult Þreßiesneural synapsesare not
locateddirectly on the photocytes(the light-
producing cells), but rather they innervate
nearby cells that surround branchesof the
air distribution system.Also, the photocytes
of ßashing Þreßiesshow an unusual degree
of compartmentalization; mitochondria are
denselypackedinto the peripheralcytoplasm,
and peroxisomes housing luciferase and
luciferin aresequesteredin the cell interior .

Until recently, little wasknown abouthow
signalswere carried from the nerve synapses
to the light-producing photocytes.Numerous
theoriesof ßashcontrol havefocusedon var-
ious mechanismsthat might regulateoxygen
availableto the activatedluciferin intermedi-
atesstoredinsidethephotocytesÕperoxisomes
(13, 49, 50, 119).Recentstudiesdemonstrate
that nitric oxide (NO) plays a role in the
precise temporal control of Þreßy ßashing
(2, 120). Studies of whole insects, isolated
lanterns, and Þreßy mitochondria provided
evidencethat NO synthaseis localized near
synaptic terminals within the Þreßy lantern,
that exogenousNO inducesbioluminescence
while the addition of NO scavengersblocks
light production, and that NO reversibly in-
hibits respirationby photocytemitochondria.
These results suggest that NO production
within the Þreßy lantern is a key physiolog-
ical adaptationthat allowsÞreßyßashesto be
rapidly switched on and off. The proposed
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mechanisminvolves neural stimulation that
triggers the transient releaseof NO. As NO
diffuses into the periphery of the adjacent
photocytes,it inhibits mitochondrial respira-
tion andallowsoxygento reachthe photocyte
interior , where the bioluminescent reactants
arehoused.This modelsuggeststhat NO pro-
duction shouldbe lacking in larval Þreßiesas
well asthoseadult Þreßiesthat only glow, but
this prediction hasnot yet beentested.Addi-
tionally, although the NO model is consistent
with existing data,severalother mechanisms
havebeenproposed(13,50,119)andmayalso
contribute at varioustimescalesto regulating
Þreßybioluminescence.

Energetics of Flash Production

The metabolicexpenditurerequired for Phot-
inusÞreßiesto produceabioluminescentsig-
nal has recently been measuredusing dif-
ferential open-ßow respirometry to compare
carbondioxide production by individual Þre-
ßies during ßashing, walking, and resting
(134). Fireßy ßashingwassurprisingly inex-
pensive,increasingmetabolic ratesonly 37%
above resting values, compared to an in-
creaseof 57% during Þreßy walking. This
study additionally suggestedminimal costs
for maintaining bioluminescencecapability,
on the basisof similar resting metabolic rates
found in bioluminescentandnonbiolumines-
cent lampyrids (134). As other reproductive
activities (courtship ßight for malesand oo-
genesisfor females)are likely to entail con-
siderablyhigher metabolic expenditures,the
energy required for ßash signaling appears
to represent a relatively minor component
of the total energy expendedduring Þreßy
courtship.

MALE NUPTIAL GIFTS

Male Spermatophore Production

During courtship and mating, males of di-
verse speciesprovide females with nuptial
gifts, deÞnedhere asany nongametic mate-

Spermatophore: a
sperm-containing
package
manufacturedby
malereproductive
glandsand
transferredto the
femaleduring
mating

rial that femalescould subsequentlyuse for
somaticmaintenanceor reproduction. These
nuptial gifts, which canincludecapturedprey,
spermatophores,or variousmale body parts,
are intimately tied to both precopulatoryand
postcopulatory sexualselection (5, 123). Al-
though a reviewof existingevidencesuggests
that suchnuptial gifts often providenet bene-
Þtsto femalesby increasinglifetime fecundity
(58),this terminology doesnot precludesome
Þtnesscostsassociatedwith nuptial gifts.Male
spermatophores,which consistof spermpack-
agedwithin astructuremanufacturedby male
accessoryglands,may play complex roles in
reproductiveprocesses,asin someinsectsthe
secretionsof maleaccessoryglandsreducefe-
maleÞtness(112,133).

Fireßy spermatophores were Þrst de-
scribed by van der Reijden et al. (124), and
in both PhotinusandEllychniaspermatophores
are produced by four pairs of male acces-
sory glands.During copulation in theseÞre-
ßy species(Figure 3a), malestransfer a sin-
gle, spirally coiled,gelatinousspermatophore
(Figure 3b) to the female,and spermare re-
leasedinto the femaleÕsspermathecafor stor-
age.The remainderof the spermatophoreen-
ters a specializedstructure within the female

ca

Sp

Oo

SDG

b

Figure 3

Nuptial gifts in PhotinusÞreßies.(a) During copulation a Photinusmale
(lower) transfersa spermatophoreto the female(upper). (b) Coiled
spermatophorewith spermrings being released.(c) Femalereproductive
tract showingcoiled malespermatophorelocatedin the
spermatophore-digestinggland (SDG). Male spermarestoredin the
femaleÕsspermatheca(Sp).Spermatophoresbreakdown 1Ð2daysafter
mating, andspermatophore-derivedproteins areallocatedto the femaleÕs
developingoocytes(Oo).
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reproductive tract calledthe spermatophore-
digesting gland (Figure 3c), where the sper-
matophore disintegrates over the next few
days.Male nuptial gifts mayalsobeimportant
in the mating systemsof many other Þreßies
(59, 69). Spermatophoreremnantshavebeen
found in femalesof Pteroptyxvalida(132),Pho-
turis sp. (69), and Lucidinanatsumiae(59). In
an anatomicalstudy of 20 JapaneseÞreßies,
maleaccessoryglandsanatomicallysimilar to
thoseresponsiblefor Photinusspermatophore
production were found in 12 speciesfrom 7
genera,including Hotaria, Luciola,Pristolycus,
Curtos,Lucidina, Cyphonocerus, and Drilaster
(59).

Many lampyridsdo not feedasadults(87,
131),andthus thesebeetlesmust rely entirely
on larval resourcesto fuel adult reproduc-
tion. In such capital breeders,nuptial gifts
are likely to be of particular economic im-
portance for both sexes(69). Evidence from
PhotinusÞreßiesindicatesthat spermatophore
production is costly to males(33). In Photi-
nusignitus, malespermatophoresizedeclined
over successivematings. Male mating rates
also declined over time, even when males
were given accessto receptive females ev-
erynight. Thus, malespermatophoreproduc-
tion ability is likely to representa major con-
straint on malemating successin nonfeeding
Þreßies.

Fate of Male-Derived Nutrients

In specieswith nonfeedingadults,malenup-
tial gifts could provide an important supple-
ment to a femaleÕs own resourcesthat can
be usedfor somaticmaintenanceand repro-
duction. Rooney& Lewis (106)examinedthe
fateof spermatophore-derivedproteinsin two
lampyrid specieswith contrasting life histo-
ries: Photinusignitus (nocturnal, biolumines-
cent adults) and Ellychniacorrusca(diurnal,
nonbioluminescent adults). P. ignitus adults
haveamaximumlife spanof abouttwo weeks,
equivalent to the length of their mating sea-
son, and do not feed. In contrast, E. corrusca
adults live for about 10 months, including a

two-month mating period, and feedon ßow-
ersandplant sap(107).Allocation patternsfor
spermatophorenutrients were examinedus-
ing 3H-labeled amino acids,which are incor-
poratedinto malespermatophores.Markedly
different allocationpatternswererevealedfor
the two species:Photinusfemales allocated
spermatophore-derivedproteins primarily to
their maturing oocytes, whereasthe major
allocation in Ellychnia females was to so-
matic tissue(mainly fat body). These results
suggest that in lampyrids with short-lived,
nonfeeding adults, femaleshave evolved to
rapidly divert spermatophore-derivednutri-
ents to maximize their current reproductive
output. In longer-lived speciessuchasEllych-
nia, femalesmay usemale-derivednutrients
for their own somaticmaintenanceaswell as
for reproduction.

Direct effects of spermatophoreson fe-
male reproductive output have been exam-
ined for two Þreßyspecies(108).Lifetime fe-
cundity wascomparedbetweenfemalesthat
were experimentally assignedto mate either
with a single male or sequentiallywith three
different males;meanfecundity increasedby
73% and41% in multiply matedP. ignitusand
E. corruscafemales,respectively. However, no
differencesin femalefecundity weredetected
when nonvirgin femaleswerematedto males
with assumeddifferences in spermatophore
size (achievedby manipulating male mating
history). In thesetwo lampyrid species,male
spermatophoresappearto beneÞtboth sexes
by increasingfecundity. However, the possi-
bility alsoexiststhat male nuptial gifts alter-
natively or additionally serve to manipulate
female reproduction in ways that are costly
to females.Although it hasnot beendemon-
stratedin any lampyrid, maleaccessorygland
products might also serveto increasemalesÕ
paternity successrelativeto that of other mat-
ing males.

Nuptial Gifts and Mating Systems

Femalesareexpectedto bepolyandrouswhen
nuptial gifts provide materialbeneÞts,asthey
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should continue to forage for nuptial gifts
evenafter theyhaveobtainedadequatesperm.
Unfortunately, the mating systemsof very
few lampyrids have been examined in de-
tail. However, the predicted associationbe-
tween nuptial gift presenceand polyandry
holdsfor thoseNorth AmericanPhotinusÞre-
ßies studied to date (69). In severalPhotinus
species,malesproducenuptial gifts and both
sexesmatemultiple times.However, P. collus-
translacksnuptial gifts, andin this speciesfe-
malesareßightlessandmonandrous,typically
mating with only a single male before they
oviposit and die (129, 130). When females
mate with multiple males, sexual selection
may increase male reproductive allocation.
This prediction was conÞrmed in an inter-
speciÞccomparison of PhotinusÞreßies(40)
that showed that males in the monandrous
speciesP. collustranshad 5-fold-lower alloca-
tion to spermproduction and100-fold-lower
allocation to reproductive accessoryglands
comparedwith malesfrom three polyandrous
species.Male reproductive glands were also
examinedin 20 speciesof JapaneseÞreßies
(59),andtheseresultssuggestthat theabsence
of malenuptial gifts might beassociatedwith
greatersexualsizedimorphism (larger female
body size)and femaleßightlessness.

Polyandry: animal
mating systemin
which femalesmate
with multiple males

Monandrous:
describesan animal
mating systemin
which femalesmate
with a singlemale

Sexual size dimorphism (and associated
changesin femalemobility) is likely a major
factor inßuencingthepotential for malenutri-
ent contributions to increasefemalefecundity
(Figure 4). Femalereproductive investment
maybemaximizedin specieswith large, larv-
iform, ßightlessfemales,which candevoteall
their resourcestoward converting larval re-
servesinto egg production. In such species,
there shouldbe only weakselectionon males
to contribute nuptial gifts becauseof the lim-
ited scope for increasing female fecundity.
However, highly mobile femaleshavelessen-
ergyandresourcesavailablefor oogenesis,and
whenfemalesßy thereareadditionalbiophys-
ical constraints on female fecundity. Hence,
in specieswith ßying or otherwisehighly mo-
bile females,there should be stronger selec-
tion on males to produce nuptial gifts be-
causeof their potential to increase female
fecundity (Figure 4). This model suggests
that malenuptial gift evolution maybe inßu-
encedindirectly by selectionon female mo-
bility andßight. Factorsthat might inßuence
selectionon femalemobility include (a) spa-
tial separationbetweenmating and oviposi-
tion sites, (b) relative predation pressure,or
(c) accessto efÞcient signaling locations. Of
course, nuptial gifts may also be subject to

Predicted
increase
in female
fecundity

from
male gifts

Female mobilityLow High

!>>

Nuptial
gifts

predicted

No nuptial gifts

Sexual size dimorphism

High

Low

Figure 4

Graphical model
predicting the
evolution of nuptial
gifts in lampyrid
beetlesbasedon the
relationship between
sexualsize
dimorphism and the
potential for male
gifts to increase
femalefecundity.
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direct selection if they provide beneÞts to
malesin terms of increasedpaternity success.

FLASH SIGNALING AND
SPECIES RECOGNITION

Photinus Flash Codes

Within speciÞcgeographicregions, the evo-
lution of distinct ßashsignalpatternsmay be
driven by their role in speciesrecognition.
Among all Þreßy signaling systems,those of
North American PhotinusÞreßieshavebeen
decipheredin thegreatestdetail.This ispartly
dueto the relativesimplicity of their courtship
signal dialogues,as well as to the pioneer-
ing work of Buck (12, 15), McDermott (92,
93), Lloyd (73, 74, 82, 84), and others (17,
20, 21, 23, 24) in decoding the information
content of these signals. In Photinus, sexual
advertisementßashesare produced by rov-
ing maleswhile sedentaryfemalesgenerally
ßashonly in responseto male signals.Male
ßashsignalsin many North American Phot-
inusspeciesconsistof a single pulse ranging
from 100 to 750 ms in duration (pulse du-
ration) that is repeated at speciÞcintervals
(73) (Figure 5a,b). In other Photinusspecies,
malesemit multiple-pulsedßashpatternscon-
sisting of two to severalshort pulsesdeliv-
eredat variousrates(pulserate = interpulse
interval" 1), with suchßashpatternsagainre-
peated at intervals. When they respond to
male signals,Photinusfemalesgenerallyemit
a single-pulsedresponseßash,although in a
fewspeciesfemaleresponsescontainmultiple
pulses(Figure 5a). Thesefemalessignalsare
givenataÞxedresponsedelay, timed from the
beginning of the last pulsein the malesignal
(Figure 5b).

Sympatric Photinusspeciesoften differ in
their breeding habitats, mating seasons,or
time window occupiedby their nightly ßight
periods (73). In addition to thesespatialand
temporal isolating mechanisms,Photinusfe-
malesrely on malepulseduration, pulserate,
and pulse number to identify malesof their
ownspecies,andmalesidentify conspeciÞcfe-

maleson the basisof the time delaybeforethe
femaleÕsßashresponse(6,15,73).Flashcolor,
ßashkinetics,andspatialgesturearerelatively
unimportant for speciesrecognition (12, 73).
Although most Photinusfemalesare capable
of ßight [a few specieshavefemalesthat can-
not ßy (73, 131)], during courtship they re-
spond to male signalsfrom perchesin vege-
tation. When a male detectsa female reply,
he movestoward her and signalsagain.The
male generally lands near the female after a
few ßashexchanges,and this courtship dia-
logue continues as he walks toward the fe-
male. These courtship dialoguesin Photinus
appearto involve only visualcues,asfemales
in airtight containersengagein normal dia-
logues(73). However, there is anecdotalevi-
dencethat short-rangespeciesdiscrimination
in Photinusmight involve contactchemicalor
tactile signals (73). Although Photinusßash
signalsare important for speciesrecognition,
little is known about the potential for evolu-
tionary divergenceasa function of ßashsig-
naling behavior.

Geographic Dif ferences in Luciola
cruciata Flash Patterns

Population differencesin ßashsignaling pat-
terns have been examined in the Japanese
Genji Þreßy, Luciolacruciata. In this species,
both sexesshowcomplexßashbehaviordur-
ing courtship (100, 102). Geographic differ-
encesin both male and femaleßashpatterns
havebeendocumented(99,101,118):Search-
ing malesin populations from easternJapan
show interßash intervals of 4 s (termed slow
ßash),andthosein westernJapanshowinter-
ßashintervals of 2 s (termed fast ßash).Al-
though ßashtiming charactersare tempera-
ture dependent,thesepopulation differences
are apparently independent of temperature
(118) and reßect distinct populations based
on RFLP analysisof the mitochondrial cy-
tochromeoxidaseII gene(116).Malesprefer-
entially approachedsimulated femaleßashes
that were typical of their own population
(118),which suggeststhat assortativemating
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Species

a

b

Male flash pattern (s) Female response (s)

P. marginellus

P. sabulosus

P. pyralis

P. umbratus

P. collustrans

P. ignitus

P. consanguineus

P. macdermotti

P. greeni

P. consimilis

P. carolinus

1 2 3 4 5 6

Time (s)

Interpulse
interval

Response delay

Flash interval

Pulse
duration

2 4 6 81 3 5 7 9

Figure 5

Speciesdifferences
in the courtship ßash
signalsof Photinus
Þreßies.(a) Examples
of maleßashsignals
(blue) and female
responseßashes(red;
note different
timescales)for
severalNorth
Americanspecies.
Femaleßash
responsesaretimed
from initiation of the
lastpulsein the male
ßashpattern (open
barsindicate optional
responses).Because
signaltiming is
temperature
dependent,timing
shownis
approximate
(temperatures
ranging from 19! C
to 24! C). ModiÞed
from Reference73,
with additional data
from References9
and27.
(b) Terminology used
to describePhotinus
ßashsignals(based
on Reference73).

basedon courtship ßashtiming may eventu-
ally lead to speciation.Similar divergenceof
courtship signalsassociatedwith limited gene
ßow in subdividedpopulations may haveled
to speciationin other lampyrid taxa, includ-
ing North American Photinus. However, fur-
ther researchis neededto explorethe relative
rolesof factorssuchasgeneticdrift, predation
pressure,andsexualselectionon theevolution
of species-speciÞcßashsignalingbehavior.

SEXUAL SELECTION IN
BIOLUMINESCENT FIREFLIES

When Charles Darwin (34) elaborated his
ideason sexualselection,he envisioneddif-
ferences in mating successthat arise ei-
ther through competition for accessto mates
or through mate choice. Recently, behav-
ioral ecologistshaverecognizedthat in those
specieswhere females mate with multiple
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males(this includes the vast majority of in-
sects),sexualselectioncanalsoarisethrough
postcopulatoryprocesses(42, 112). Postcop-
ulatory sexualselectionincludescompetition
among male gametesfor accessto fertiliza-
tions, called sperm competition, as well as
preferential sperm useby females,known as
cryptic femalechoice.Any of theseprecopula-
tory andpostcopulatoryprocessescaninteract
to drive evolutionarychangesin reproductive
behavior, morphology, andphysiology. Thus,
an integrated view of sexualselection needs
to consider differencesin reproductive suc-
cessthat arisethrough both precopulatoryand
postcopulatorychoiceandcompetition.

Within manylampyrid genera,speciesare
often differentiated by anatomicaldifferences
in male genitalia (54) or by behavioral dif-
ferencesin courtship signals(73), suggesting
the importance of sexualselectionin driving
evolutionarydiversiÞcationwithin this group.
Much of the work describedbelow was in-
spired by ideasLloyd (82) presentedin his
1979reviewof sexualselectionin luminescent
beetles.In this section we review recent de-
velopmentsin this area,againwith a focuson
PhotinusÞreßiesof North America, because
most work on Þreßy sexualselectionto date
hasbeendone in this group.

Female Mate Choice

Precopulatory female choice in dialoguing
Þreßiesis most likely to occur through dif-
ferential femaleresponsebasedon maleßash
signals.Male PhotinusÞreßiesrequire female
responsesin order to locate and mate with
a female; therefore femalescan choosetheir
mateby preferentially respondingto the ßash
signalsof a particular male. Field studiesof
severalPhotinusspeciesdemonstratethat in
competitive courtshipsinvolving severaldia-
loguing males,thosemalesthat elicit more fe-
maleßashresponsesaremore likely to locate
andmatesuccessfullywith females(32,41,70,
125).Femaleresponsebehavioralsoprovides
a mechanismfor choice, asPhotinusfemales
aim their lanternstoward speciÞcmaleswhen

emitting their responseßashes(15, 24, 73,
125). While femalescould reject malesafter
contact by moving away, in PhotinusÞreßies
such postcontactdiscrimination appearsun-
common(32;S.Lewis,personalobservation).

Demonstrating female preferencesbased
on male signals requires (a) quantifying in-
traspeciÞc variation in male signals, and
(b) showing that female response changes
acrossthis signalrange(while controlling for
anyother potential differencesamongmales).
Early work on PhotinusÞreßiesestablishedre-
liablemethodsfor measuringmaleßashtraits,
generatingartiÞcial ßashsignals,and testing
femaleresponses(12,15,20,21,73).ArtiÞcial
maleßashsignalscanbegeneratedthat varyin
asinglecharacteristic,suchaspulseduration,
pulse rate, or pulse number. In addition, fe-
maleresponseto suchartiÞcial signalscanbe
easilymonitored becausePhotinusfemalesre-
spondwith highly visiblebioluminescentsig-
nals of their own. In most Photinusspecies,
femalesrespondto amaleßashpattern with a
singleßashpulse,but in other speciesthe fe-
maleresponsemay include two or more ßash
pulses(Figure 5). Thus, female preference
can be measuredas the proportion of male
ßashesto which a female responds,and in
somecasesthe number of pulseswithin a fe-
male response(6, 8, 9). Recentwork hasalso
incorporated random presentationsequences
of signalsto statisticallyremovepossiblepre-
sentationorder effects(6, 9, 31, 94).

IntraspeciÞc variation in male ßash sig-
nals hasbeen documentedin many Photinus
species.Male pulseduration variesin several
species,including two single-pulsespecies[P.
pyralis(29)andP. ignitus(31)], adouble-pulse
species[P. greeni(94)], and three multiple-
pulsespecies[P. consimilis(9), P. carolinus, and
P. ardens(6)]. Male pulserate alsovariesin P.
greeni(15, 94) andP. macdermotti (20),aswell
asin P. consimilis(9), P. carolinus,andP. ardens
(6). In three multiple-pulse species,variation
hasalsobeendocumentedin the number of
pulsesper ßashpattern (6, 8). Pulseduration
andpulseratearerepeatablesignalcharacter-
istics for an individual male on a given night
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Figure 6

Photinusspp.female
preferences
(measuredas%
response)for male
ßashcharacters
testedusingartiÞcial
ßashsignals.
(a) P. ignituspulse
duration. (b) P. greeni
pulseduration.
(c) P. consimilispulse
duration. (d) P. greeni
interpulse interval.
(e) P. consimilispulse
rate. The ranges
(horizontallines) and
means(triangles) are
indicated for male
ßashcharacters
measuredin
correspondingÞeld
populations.
ModiÞed from
References9, 68,
and94.

of recording (29, 31, 94), but no studies to
datehaveexaminedhow amaleÕsßashsignals
might changeover longer time periods.

Photinusfemalespreferentially respondto
different signalswhenßashcharacteristicsare
varied within the observedrange of conspe-
ciÞc males (Figure 6). In the single-pulse
species,P. ignitus (Figure 6a) and P. pyralis,
femalesshow increasedresponseto longer-
duration pulsesacrossthe range observedin

conspeciÞcmales(29, 31). In contrast, in the
multiple-pulse species,P. greeni(Figure 6b),
P. consimilis(Figure 6c), P. ardens,and P. car-
olinus, femalesshow higher ßashresponseto
pulsesthat are shorter than the mean male
pulseduration (6, 9, 94).

However, in most of the multiple-pulse
speciesstudied to date, female responsive-
ness is inßuenced more strongly by varia-
tion in pulse rate than by variation in pulse
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Operational sex
ratio: ratio of
breedingfemalesto
reproductively active
malesin a population

duration (9, 20, 21, 94). Females in many
Photinusspeciesprefer fasterpulserates(gen-
erated by decreasingthe interpulse interval
while holding pulse duration constant) than
the meanobservedamong conspeciÞcmales
(6,9,94)(Figure 6dshowsinterpulseinterval,
which is the inverseof pulserate,Figure 6e).
This preferenceappearsmost pronouncedin
specieswith more pulsesper ßashpattern. P.
consimilisand P. carolinusmale ßashpatterns
eachconsistof four to nine pulses(73), and
thesefemalesprefer faster pulse rates (6, 9)
(Figure 6e). In contrast, the ßashpattern of
P. ardensmalesconsistsof three to four pulses,
and thesefemalesprefer pulse ratesapprox-
imating the observedmean among conspe-
ciÞc males(6). In P. greeni, femalestestedin
the laboratory prefer shorter than averagein-
terpulseintervals(Figure 6d), although Þeld
testssuggestfemalepreferencefor averagein-
terpulse intervals (94). Whereasthere is also
someevidencethat femalepreferencechanges
asafunction of pulsenumber in the multiple-
pulsespeciesP. consimilisandP. carolinus, these
preferencesarenot aspronouncedasthosefor
fasterpulserates(6, 9).

Thus, in PhotinusÞreßiesthe sametem-
poral componentsof male ßashsignalsthat
function in speciesrecognition (68) alsoplay
a role in intraspeciÞcfemalechoice.Females
show directional preferencesfor these ßash
traits in some Photinusspecies,suggesting
the potential for signalevolution through fe-
malechoice.AcrossPhotinusspecies,thereap-
pearsto be a general female preferencefor
more conspicuouscourtship signals;this in-
cludesfemalepreferencefor longer pulsedu-
ration in specieswith single-pulsepatterns,
and for higher pulse rate and pulse num-
ber in specieswith multiple-pulse patterns.
The preferenceof Photinusfemalesfor higher
ßash rates is similar to female choice for
rapid rhythms in other visual and acoustic
courtshipsignals(9).Sexualselectionthrough
femalepreferencefor thesetemporal charac-
teristicsof maleßashpatternsmayplayanim-
portant role in the evolution of Þreßy ßash
signals.

Male-Male Competition

Differential mating successin male Þreßies
may reßect both mate preferencesand mate
competition (125); the latter can include
scramblecompetition, endurancerivalry, and
direct contests(1). Many authorshavenoted
that Þreßy mating aggregationsshow male-
biasedoperationalsexratios,particularly early
in the mating season(32, 62, 70, 93), which
can lead to intense indirect male-malecom-
petition for accessto females.Indirect male
competition includesscramblecompetition to
reach femalesÞrst and endurancerivalry to
remain reproductively active for longer pe-
riods. Severalmorphological and behavioral
traits of maleÞreßiesmayhaveevolvedin re-
sponseto suchindirect selection.Many noc-
turnal lampyridsexhibit markedsexualdimor-
phismin lantern size(82,102)(Figure 1), and
larger male lanternsmay reßectsexualselec-
tion to produce signalsthat are more read-
ily detectedby females.Similarly, eyesizein
PhotinusÞreßiesisalsosexuallydimorphic (23,
68), suggestingthat scramblecompetition to
quickly locate femalesmay producestronger
sexualselectionfor signaldetection by males
than by females.Severalmale behaviorsob-
served in Þreßies may also reßect indirect
matecompetition. As Þreßymalessearchfor
females,they are attracted to ongoing male-
femaleßashdialogues(82, 104, 125).Several
typesof ßashcompetition havebeendescribed
betweenmalesengagedin dialogueswith the
samefemale(19,22,82).Malesthat havebeen
unsuccessfulin Þnding femaleshavebeenob-
servedto emit pseudofemaleßashesin Luciola
lusitanica(104)andP. macdermotti (82).

Direct male-male contests may also oc-
cur in some Þreßy species.In severalPhoti-
nusÞreßies,malesattempt to physically dis-
rupt copulating pairs (70, 82), leading to the
formation of highly competitive mating clus-
ters called love knots in P. pyralisand P. car-
olinus (45, 90, 125). A morphological trait
that may have evolved in responseto such
direct competition is the hooked wing cov-
ers that characterizePteroptyxmales;during
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mating thesehooked elytral tips form a cop-
ulatory clamp around the femaleÕs genitalia
(132), which may prevent intrusions by ri-
valmales.Finally, somePhotinusÞreßiesshow
prolonged copulations lasting up to 9 h (70,
130),andsuchmate-guardingbehaviorlikely
preventsfemalesfrom remating on the same
night.

Male Competition Interacting
with Female Choice

Male competition may interact with female
signal preferences to generate differential
mating success.Both P. pyralisand P. igni-
tus femalesprefer brighter male ßashes(31,
125).However, ßashintensity varieswith dis-
tancefrom the receiver, andP. ignitusfemales
cannot discriminate between more distant
ßashesproducedby larger simulatedlanterns
and closer ßashesproduced by smaller sim-
ulated lanterns (31). Therefore, mate choice
through femalepreferencefor ßashintensity
can depend in part on male scramblecom-
petition to approach femalesmore quickly,
thereby increasing their perceived ßash
intensity.

Male ßash competition may also gener-
ate differential mating successthrough the
relative timing of male ßashes.P. pyralisfe-
males prefer preceding ßasheswhen paired
ßashesfrom different directionsarepresented
in quick succession(125). However, asyn-
chronous male ßashesfrom divergent direc-
tionspreventfemaleresponsein P. pyralis(24).
This pattern of female responsemay have
playedan important role in the evolution of
male ßashsynchrony in somelampyrid taxa,
asthis maybeanadaptationto femaleprefer-
encefor precedingßashesor to reducejam-
ming from competing signals(55).

Field studiesinvestigatingwhich morpho-
logicalandbehavioraltraitsmight bestpredict
male mating successhaveyielded conßicting
results.In P. pyralis, malesthat were success-
ful at mating in noncompetitive courtships
(a single male dialoguing with each female)
had larger body and lantern sizescompared

with the population mean (125). However,
in competitive courtships (deÞned here as
three or more malessimultaneouslydialogu-
ing with each female), successfulmaleshad
smallerbody and lantern sizes(125). In con-
trast,successfulmalesin P. ignituscompetitive
courtshipshadwider lanterns(32).In compet-
itive courtshipsin P. greeni, maleßashbehav-
ior wasa better predictor of mating success
than wasanyaspectof malemorphology (41).
In particular, successfulP. greenimalesshowed
higher ßashpattern repetition rates(number
of ßashpatterns per minute) and were also
more likely to elicit femaleresponses.Thus,
female choice basedon male ßash traits is
likely to interact with maleßashandscramble
competition to determine male mating suc-
cessin natural populations.

Courtship Role Reversal

Whereas the male-biased operational sex
ratios that appear characteristic of many
lampyridscangenerateintensemalecompeti-
tion, sexratios tend to becomefemale-biased
during the late mating seasonin somePhoti-
nusspecies(32, 70, 93). In P. ignitusthis shift
in operationalsexratio wasaccompaniedby a
late-seasondecreasein both male body mass
andspermatophoremass(32).Nuptial gift do-
nation can representa substantialreproduc-
tive investment by malesand hasthe poten-
tial to selectfor malesto discriminateamong
potential mates.Such male mate choice has
beendocumentedin P. ignitus, in which males
selectivelyrejected lessfecund femalesafter
contact (32).

Under somecircumstances,courtship role
reversalmay also include femalescompeting
for accessto males.In somePhotinusspecies,
femaleresponsivenessincreasedasmateavail-
ability declined(32, 70). When sexratios be-
come female-biasedduring the late mating
season,multiple Photinusfemales often re-
spond synchronouslyto any male courtship
signal (70). This may reßect female compe-
tition for accessto malesÕnuptial gifts. Thus,
both seasonalchangesin operationalsexratios
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andchangesin nuptial gift availabilityhavethe
potential to inßuenceboth the direction and
the intensity of sexualselection.

Therefore, it appearsthat precopulatory
sexual selection in Photinus Þreßies acts
through female mate choice via preferential
responseto particular males,in concert with
male-male competition to quickly Þnd and
contactresponsivefemales.However, two key
factors that should alter the relative impor-
tanceof thesedifferent sexualselectionmech-
anismsaredifferencesamonglampyrid taxain
malenuptial gifts andseasonalchangesin op-
erationalsexratios.Future work on sexualse-
lection andmating ecologyin other lampyrid
taxashould continue to explore how eachof
theseprocessescontributes to generatingdif-
ferencesin mating success.

Postcopulatory Sexual Selection

In polyandrousmating systems,a maleÕs re-
productive successdependsnot only on his
successfulmate acquisition, but also on the
paternity share he gains with each mating.
Postcopulatoryprocessesthat determinemale
paternity share include sperm competition
among mating males for accessto fertiliza-
tions and female choice of sires (42, 112).
Postcopulatorysexualselectionis likely to be
particularly important in PhotinusÞreßies,as
femalesarepolyandrousin mostof the species
studied to date. In addition, the presenceof
malenuptial gifts is expectedto selectfor fe-
males to mate with multiple males to gain
materialbeneÞtsandto laterexercisepostcop-
ulatory choice.However, studiesof postcopu-
latory sexualselectionrequire morphological
or molecularmarkersthat canbeusedto trace
paternity of severalmating males;the absence
of convenientmarkersfor most lampyrid taxa
hasslowedprogressin this area.

Recent work examining postcopulatory
sexual selection in Þreßies has used PCR-
basedRAPD (randomly ampliÞed polymor-
phic DNA) genetic markers to assignpater-
nity to offspring of doubly mated females
(39). This study traced the paternity success

of P. greenimales that were more attractive
versuslessattractiveto femalesbasedon their
courtship ßashsignals(39).Although it is of-
ten assumedthat maleshighly successfulin
courtshipinteractionswill alsogainhigh post-
mating paternity share, this prediction has
rarely been tested. Contrary to expectation,
more attractive P. greenimalesshowedlower
paternity successcomparedwith lessattrac-
tive males.Theseresultssuggestthat Photinus
femalesmight chooseamongpotential mates
on the basisof their ßashsignals,and subse-
quently chooseamong potential sireson the
basisof someshort-range tactile or chemical
signals.Further studyisneededto distinguish
male and female roles in biasing paternity,
as well as to identify speciÞccues that fe-
malesmight useto assessthequality of mating
males.

Flash Signals asMate-Quality
Indicators

Female preferencesfor male courtship sig-
nalsareselectedwhen femalescangain a Þt-
nessbeneÞtby discriminating amongpoten-
tial mates(1). Femalescould choosemaleson
the basisof courtship signalsthat indicate ei-
ther the material resourcesa male can pro-
vide (femalesbeneÞtdirectly via increasedfe-
cundity or survival)or amaleÕsgeneticquality
or compatibility (femalesbeneÞtindirectly via
enhancedoffspring Þtness)(64).In taxawhere
malesprovide nuptial gifts that increasefe-
malesÕlifetime fecundity, choiceismost likely
basedon direct beneÞts,and femalesshould
beselectedto choosemalesthat providelarger
nuptial gifts.

In three PhotinusÞreßy species,the re-
lationship between malesÕcourtship ßash
timing and spermatophoresizehasbeenex-
amined to explore whether male courtship
signalsact as indicators of nuptial gift qual-
ity. As discussedabove,femalesin P. ignitus
prefer conspeciÞcmale signals with longer
pulse durations, and the pulse duration of a
maleÕs courtship signal wasa good predictor
of that maleÕsspermatophoremassandprotein
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Figure 7

Male ßashcharactersaspredictors of nuptial gift sizein PhotinusÞreßies.(a) P. ignituspulseduration
predictsa signiÞcantproportion of the variation in spermatophoremass(r2 = 0.191,n = 36; modiÞed
from Reference31). (b) P. greeniinterpulse interval doesnot predict spermatophoremass(r2 = 0.004,
n = 15; datafrom Reference94).

content (31) (Figure 7a). However, this
relationshiponly heldduring the earlymating
season,possiblybecausemalespermatophore
massdecreasesover successivematings (30,
33). In P. pyralisÞreßies,femalesalso prefer
longer duration signals,yet in contrast male
pulseduration did not predict spermatophore
massin this species(29).Similarly, althoughP.
greenifemalesshowapreferencefor courtship
signalswith shorter interpulseintervals,these
preferred male ßash characteristicsalso did
not predict spermatophoremassin thisspecies
(94)(Figure 7b).Onepossibleexplanationfor
theseconßicting results is that the courtship
signalingsystemsof different lampyrid species
mayvaryin their location alonganevolution-
arycontinuum from reliable to uninformative
to manipulativecourtship signals.

Theoretical modelsgenerallyassumethat
for honestsignalingsystemsto be evolution-
arily stable,thecostsof signalingmustdepend
on signalerquality suchthat only high-quality
malescanafford to produce the most attrac-
tive signals (91, 109; in such models, male
beneÞtsof signaling are assumedto be inde-
pendent of male quality). Signaling costsin-
clude the energy required for signal produc-
tion aswell aspredation costsassociatedwith
signaling, but relatively few studieshavead-
dressedthis differential costassumption(65).
Measurementsof energeticexpendituresdur-

ing ßashproduction by PhotinusÞreßies(134)
indicate that bioluminescentsignalshavelow
energyrequirementsand thus areunlikely to
generatedifferential costs.Substantialpreda-
tion costsassociatedwith Photinuscourtship
signalshave been quantiÞed (134; discussed
below),but it remainsunknown whethersuch
costsare differential, i.e., whether the costs
of attractive ßashsignalsare higher for low-
quality males.

Honest signaling systemscan alsobe sta-
ble if male signal beneÞtsare dependenton
male quality (61; in suchmodelssignal costs
areassumedto be independentof malequal-
ity). Under these model assumptions,low-
quality malesneednot be constrainedby the
high costsof producing amore attractivesig-
nal; instead low-quality males might gain a
smaller beneÞtfrom the samesignal relative
to high-quality males. In this context, it is
critical to consider such beneÞtsnot just in
terms of increasedmale mating success,but
alsoin termsof increasedmalepostcopulatory
success.In many insectswheremalesprovide
nuptial gifts, larger gifts lead to higher male
paternity share(112, 123). Thus, if in addi-
tion to providing agreaterbeneÞtto females,
maleswith larger nuptial gifts also gain in-
creasedpaternity share,this differential ben-
eÞt could lead to male courtship signalsthat
arereliable indicators of nuptial gift size.
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Lucibufagins
(LBG): steroidal
pyronesfound in
somelampyrids that
aredistastefulto
manygeneralist
predators,yet attract
andaresequestered
by specialistPhoturis
predators

In summary, the relationshipbetweenÞre-
ßy courtship signalsand mate quality is just
beginning to be explored. Among the key
questions that remain to be addressedfor
lampyrid taxa are (a) What aspectsof male
quality are most important to females?(b)
How do male courtship signals vary across
taxa in the coststhey incur and the beneÞts
they provide to signalers?(c) Do differential
costsand/or beneÞtsexistthat would alter the
degreeof reliability or deceptionobservedin
Þreßy signaling systems?Additional studies
are neededin other lampyrid taxawith nup-
tial gifts to determinethe costsandbeneÞtsof
thesenuptial gifts for males,andthe relation-
shipbetweencourtshipsignalsandboth direct
and indirect beneÞtsprovided by males.

PREDA TION AND CHEMICAL
DEFENSE

Although matechoicein manyanimalsfavors
the most conspicuousvisual,acoustic,or ol-
factory signals(1), such signalsmay also at-
tract attention from illegitimate eavesdrop-
ping predators (109, 137). Sexual selection
theory predictsthat runawayselectionfor in-
creasinglyconspicuouscourtship signalswill
be balancedagainstsomeÞtnesscost of sig-
naling, perhapsin the form of increasedpre-
dation risk (1). However, conspicuousanimal
displaysmay also evolve as aposematicsig-
nals that warn potential predatorsof the sig-
nalersÕunpalatability (57).Fireßy ßashsignals
arehighly conspicuousand therefore may be
subject to selectionthrough their role in at-
tracting or deterring a wide variety of poten-
tial predators.The emerging story of Þreßy
chemical defensesis Þlled with enough sub-
terfuge,poison,andintrigue to rival the most
exciting spyÞction, andthere aremanyfasci-
nating avenuesof researchstill remaining to
be explored.

Chemical Defenses and Aposematism

Many lampyrid taxaare distasteful,and even
toxic, to a variety of generalistpredators,in-

cluding arthropods, birds, amphibians, rep-
tiles, and Þsh (36, 37, 43, 44, 48, 53, 56,
63, 77, 117, 122). Such unpalatability is as-
sociatedwith secretionsthat many lampyrids
produce through reßex bleeding when they
are disturbed (4, 46, 103). Adult Photinus
Þreßies are protected against predation by
thrushes(genusHylocichla) and jumping spi-
ders (genusPhidippus)by a classof steroidal
pyrones known as lucibufagins (LBG) (44,
51),which havealsobeenisolatedfrom adults
of Lucidotaatra, a diurnally activeÞreßy(56).
Fireßy larvae possessspecialized defensive
glands(48,121).Recentwork hasshownthat
larvae of Luciolaleii gain protection against
severalaquatic and terrestrial predators by
emitting volatile terpenoid compoundsfrom
theseglands(48).

Both chemicaldefenseandlarval biolumi-
nescenceare consideredancestralin lampy-
rids (10, 11), and it has been proposed that
suchacombinationof chemicalandvisualcues
represents multimodal aposematic signals
that help reinforce aversion learning by di-
versepredators(48). In addition, the remark-
ably similar color patterns exhibited across
lampyrid genera(adults are generally black,
red, andyellow) mayalsoserveasaposematic
signalsto potential diurnal predators(93).

Although the adaptivevalueof aposematic
displays dependson a predatorÕs ability to
learn, only a few studies have explored the
potential for Þreßy predators to develop a
learnednegativeresponseto Þreßies(36, 37,
122). De Cock & Matthysen (36) demon-
strated that starlings (Sturnus vulgaris) Þnd
Lampyrisnoctilucalarvaedistastefuland learn
to avoid them on the basis of coloration.
When presented with glowing prey, wild-
caught toads(Bufobufo) showedlower attack
ratesand longer latencyto attack(35). Toads
alsobecamemorereluctantto attackafterthey
had encountered L. noctilucalarvae, which
they Þnd distasteful (37). House mice (Mus
musculus) also rejected PhoturisÞreßy larvae
asprey, and mice learnedto avoid distasteful
food that waspositioned next to a simulated
larval glow (122).
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Thus, it appearsthat generalistpredators
canlearn to associateboth color andbiolumi-
nescenceof Þreßylarvaewith their unpalata-
bility . However, the relative importance of
this responsein the evolution of biolumines-
cencewithin the Lampyridae needsto be ex-
plored further. In particular, more studiesare
neededto establishthe distribution and di-
versity of chemical defensesacrosslampyrid
speciesand to examine how these defenses
affect the palatability of Þreßies to various
predators.

Specialist Predators

Most Þreßies in the North and South
AmericangeneraPhoturisandBicellychoniaare
specialistpredatorsof other Þreßies(3,85,87)
(Figure 8). Within the Photurispennsylvanica-
versicolorcomplex,femalesuseaggressiveßash
mimicry to attract prey (72, 80, 85, 97, 136).
ThesePhoturisÞreßiesdo not appearto pro-
duceLBG on their own, but rather they rely
on the trophic acquisitionof thesecompounds
through consumption of Photinusprey (43).
LBG wereabsentin Photurisversicolorfemales
reared from larvae without accessto Photi-
nus, but LBG content of Photurisfemalesin-
creasedfollowing consumption of two Photi-
nusmales(Figure 9a). Only Photurisfemales
that had consumedPhotinusprey were pro-
tected from predation by Phidippusjumping
spiders,and the degreeof protection gained
by Þeld-collectedPhoturisfemalesdepended
on their LBG content (43) (Figure 9b).

Photurisversicoloradultsandlarvaeendoge-
nously produceanother defensivecompound
calledbetaine(53),andfemalestransmit both
their own betaine and someof the acquired
LBG to their eggs(52) (Figure 9c). When
offered to predators,eggslaid by Photurisfe-
malesthat hadeatentwo Photinusmaleswere
consumed slightly less often, although this
difference wasnot signiÞcant.When chemi-
calextractswereappliedto normally palatable
insect eggs,both LBG and betaine reduced
egg mortality in laboratory and Þeld tests
(52).

Femalesof manyPhoturisspecies(although
not those in the P. congenergroup) engage
in aggressiveßashmimicry (85, 87). Detailed
Þeldobservationshaveprovidedconsiderable
insight into the behavioral interactions be-
tweenthesePhoturispredatorsandtheir Phot-
inus prey. These Photuris ÒfemmesfatalesÓ
attract male prey by responding to malesÕ
courtship signalswith ßashesresemblingthe
responsedelaysandßashpatternsappropriate
for femalesof their preyspecies(72).Field ex-
perimentshaveshownthat individual Photuris
versicolorfemaleshavesignal repertoires,fac-
ultatively switching their responseswhen ex-
posedto simulatedmaleßashpatternsof dif-
ferentPhotinusspecies(80).In addition, Lloyd
& Wing (89) described Þeld observations
showingthat Photurisfemalesattackaerialde-
coyscontaining light-emitting diodes.Recent
controlled Þeld experimentshavequantiÞed
the predationcostsof Þreßysignalingby mea-
suring Photurisattraction to simulatedsignals

Figure 8

PredatoryPhoturis
femalein the process
of consuminga
Photinusmaleshehas
attractedthrough
aggressivemimicry
of responseßashes
typically produced
by Photinusfemales
(photo by J.E.
Lloyd).
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Figure 9

Trophic acquisitionof defensivesteroidsby Photurispredatory Þreßies.Comparisonsof Photurissp.
femalesthat wererearedwithout accessto Photinusprey (unfed)versusfemalesthat hadrecently
consumedtwo Photinusignitusmales(fed): (a) Total lucibufagin content (LBG, structure shown)of
Photurissp.females(redrawnwith permissionfrom Reference43). (b) Percentageof Photurissp.females
that wereeatenby Phidippusaudaxjumping spiders(photo by T. Eisner)dependingon either experimental
treatment (left) or hemolymph LBG content of Þeld-collectedPhoturisfemales(right) (redrawn,with
permission,from Reference43). (c) Amounts of two defensivecompounds,LBG andbetaine,in eggslaid
by Photurissp.females(redrawn,with permission,from Reference52; photo by B. Chan).

that matchedthe courtship ßashesof Photinus
greenimales(134). This study demonstrated
that bioluminescentcourtship signalssignif-
icantly increasedpredation risk on Photinus
Þreßies,and that higher ßashpattern repeti-

tion ratesincreasedthe likelihood of Photuris
predation.

Field observationsof Photinuscourtshipsin
the presenceand absenceof Photurispreda-
tors provide some insight into how such
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predation may haveshapedcourtship signal-
ing in prey species.Photinusgreenifemalesre-
ducedtheir ßashresponsesto courting males
in the presenceof predatory Photuris, but
malesthat retainedhigh levelsof ßashactivity
in the presenceof thesepredatorsweremore
likely to securemates (41). This study also
found that male mating successin P. greeni
wasassociatedwith higher ßashpattern rep-
etition ratesby malesand higher female re-
sponserates(41).Becausehigher ßashpattern
repetition ratesalsoincreasethe likelihood of
Photurispredation, theseresultsindicatecon-
ßicting selectivepressureon male courtship
signals from sexualselection versusnatural
selection.

Recent work hasthus provided consider-
able evidencesupporting the idea that Pho-
turis predation representsan important force
shapingthe evolution of bioluminescentsig-
nals in North American Þreßies(83, 86, 87).
It has also been suggested(56, 87) that the
evolutionary reversionto diurnal activity and
pheromonalsignalsobservedin severalNorth
American lampyrid clades(114) may be re-
lated to Photurispredation. Further research
is neededto explore how predation pressure
from Photurisand other specialistpredators
might vary acrosslampyrid species,and how
prey signalingbehaviorhasevolvedto reduce
suchpredation risks.

Finally, the information content of Þreßy
ßashsignalsseemsto be fundamentally dif-
ferent depending on whether the receivers
aregeneralistversusspecialistpredators.Fire-
ßy bioluminescence may serve as apose-
matic signalsfor generalistpredators,yet the
samesignalsare highly attractive to special-
ist predatory Þreßies.Becauseof the com-
plex interactions betweenchemicaldefenses,
aposematicsignals, and predation, Þreßies
provideanoutstandingsystemfor future stud-
iesto explorehypothesesaboutaposematism,
Batesian mimicry, and aggressivemimicry.
For example, it is possible that Batesian
mimicry might account for some of the re-
markablesimilarities in body coloration and
repeatedevolution of bioluminescentsignals

within the Lampyridae. Researchto date on
predation and chemical defensesin Þreßies
has provided a strong foundation for this
future research.

CONCLUSIONS

This reviewprovidesacomprehensivesynthe-
sisof recent work on Þreßysignalevolution,
mate choice, and predation. The studiesre-
viewedherehaveprovidedmanynewinsights,
allowing us to developa much more detailed
understanding of how sexual selection and
natural selection may act together to shape
the evolution of courtship ßashsignals.In ad-
dition, recentwork elucidatinglampyrid phy-
logenetic relationshipshaslaid a foundation
for rigorous comparativetests that will help
answermanyoutstandingquestionsaboutthe
evolution of Þreßycourtship signals.

Sexualselectionhasbeena major force in
Þreßy evolution. Studies of sexualselection
in North American PhotinusÞreßiesdemon-
stratethat femalespreferentiallychoosemales
on the basisof their ßashsignals,although for
most lampyridswestill know little abouthow
and why femaleschoose their mates. Male
nuptial gifts (spermatophorestransferred to
femalesduring mating) havebeendiscovered
in many lampyrids, and these are likely to
play an important role in Þreßy mating sys-
tems.Additional studiesacrosslampyrid taxa
are neededto better understand the Þtness
beneÞtssuchgifts might provide to individu-
alsof both sexes.Finally, the apparentpreva-
lenceof promiscuousmating systemsin Þre-
ßies indicates that it is essentialfor future
studies to integrate both precopulatory and
postcopulatorystagesof sexualselection.For
example,it would be worthwhile to explore
the possibility that femalescould use male
ßashsignalsto choosetheir matesandsubse-
quently usecontact chemicalsor copulatory
behaviors to choosethe best sires for their
offspring.

Studiescoveredin this reviewhavealsore-
vealedthe importanceof predatorsin driving
the evolution of Þreßychemicaldefensesand
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bioluminescent signals.Generalist predators
of ancestrallampyrids likely createdselection
for chemicaldefensesalongwith biolumines-
cent glows that continue to serveaswarning
signalsfor Þreßylarvae.Thus, the familiar bi-
oluminescentcourtship signalsusedby adults
in so many Þreßyspecieshavelikely evolved
from aposematicsignalsused by Þreßy lar-
vae.Severaldistinct chemicalcompoundsthat
deter generalistpredatorshavebeenisolated
from the adults of some North American
lampyrids, but the distribution and diversity
of chemicaldefensesacrosslampyrid taxare-
main largely unexplored.Specialistpredatory
Þreßiesin the genusPhoturishavebeenshown
to rely on the trophic acquisition of defen-
sivechemicalsfrom their prey. These preda-
tory Þreßiesare geographicallyrestricted to
North and South America, and their sig-
nal exploitation may have been an impor-
tant selectiveforce driving evolutionary re-
versionsto diurnal activity and pheromonal
signals observed in some lampyrid clades.
Conversely, their absencemay haveallowed
the evolution of highly conspicuous sig-
naling systems shown by Southeast Asian
PteroptyxÞreßies, with highly synchronous
ßashesemitted by aggregationsof sedentary
males.

In conclusion, recent research provides
new evidencesupporting the idea that Þre-
ßy courtship signalsareshapedby the evolu-
tionary processesof sexualselectionthrough
femalechoiceactingin combinationwith nat-
ural selection through predation. Studieson
severalPhotinusÞreßiesindicate that females
prefermoreconspicuousmalesignals,includ-
ing ßashpatternswith longer pulsedurations
and faster pulse rates. However, predatory
PhoturisÞreßiesare also attracted to biolu-
minescent signals,and current evidencein-
dicatesthat more conspicuoussignalsresult
in higher predation risks.Thus, sexualselec-
tion on Photinuscourtship signalsin favor of
more conspicuousßashesappearsto be bal-
ancedagainstnaturalselectionactingthrough
signal-exploiting predators. Becausepreda-
tor abundancesare likely to vary both spa-
tially andtemporally, the resultinggeographic
mosaicwill creatediffering selectionregimes
among prey populations. One implication is
that this shifting balance between natural
andsexualselectioncouldpromoteevolution-
ary diversiÞcationof Þreßycourtship signals.
Much remainsto be learned,and we haveno
doubt that future studieswill greatly enhance
our understandingof the evolution of Þreßy
ßashsignals.

SUMMAR Y POINTS

1. Extant Þreßies(family Lampyridae)usediversesexualsignalingmodalities,although
ancestrallampyrids likely relied on pheromonesto attract their mates.Within this
family bioluminescent courtship signals evolved multiple times, and reversion to
pheromonalsignalsalsooccurredseveraltimes.

2. The ability to produce precisely timed bioluminescent ßashes(versusslowly mod-
ulated glows) is associatedwith severalanatomicaland physiological adaptationsof
the adult lantern in derived lampyrid taxa,and involvesthe signalingmoleculenitric
oxide.

3. In the well-studied North American genusPhotinus, femalespreferentially respond
to maleßashsignalsbasedon pulseduration or pulserate. Thesefemalepreferences
generallyfavor more conspicuouscourtship signals.

4. In numerousÞreßy taxa,malestransfer spermatophoresto femalesduring mating.
Such male reproductive investment has the potential to reversethe typical sexual
selectionpattern of femalematechoiceandmalematecompetition.
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5. Femalesare expectedto choosemalesthat offer better nuptial gifts, but it remains
to be determined whether courtship signalsact ashonest indicators of mate quality
acrossmost Þreßyspecies.

6. Fireßy bioluminescenceand coloration likely originated as aposematicdisplays.
Lucibufagins protect PhotinusÞreßiesagainstgeneralistpredators,but not against
specialistPhoturisÞreßies.These predatorsrely on the trophic acquisition of lucib-
ufaginsfrom Photinusprey for usein their own defense.

7. Directional sexualselectionfor more conspicuousßashsignalsin PhotinusÞreßiesis
balancedagainstnatural selectionvia predation by eavesdroppingpredatory Þreßies.
Differing predationpressurewithin andacrossÞreßytaxamayplayanimportant role
in ßashsignalevolution.
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