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Synopsis The evol u tio n o f flight in an early win g ed in sect an cestral lin eage is re cog nize d as a key ada pta tion explaining the 
unp ara l lele d s ucces s and diversification of ins ects. Subs equent transi tio ns an d m odifications to flight machin ery, in cluding 
se condary re duct ions and loss es, als o play a central role in shaping the impacts of insects on bro adsca le ge og raphic and e co- 
log ica l processes and patterns in the present and future. G iv en the importance of insect flight, there h a s been a centuries-long 
histo ry o f r esear c h and debat e o n the evol u tio nary o rigins and b iolog ica l me ch ani sm s of flight. Here, w e revi sit thi s hi story 
fr om an inter di sciplin ary p ersp e ct ive, di scu ssing recent di scoveries r egar ding th e deve lopm ent al or igins, p hysio logy, b io me- 
cha nics, a n d n eurobiology an d s ens o ry co ntrol o f flight in a divers e s et of ins ect m ode l s. We al so identify m ajo r ou tstanding 
question s y et to be addr essed and pr ovide r ecomm en datio ns fo r overco ming cur rent met hodolog ica l cha l len g es faced when 

studyin g in sec t flig ht, w hich wi l l a l low th e fie ld to con tin ue to move f orwa rd in new a nd ex citin g dire ct ion s. B y in tegra ting 
mech ani stic work into ecological and evol u tio nary co n texts, we hope tha t this syn thesis p ro motes and st imu lates new in- 
terdi sciplin a ry resea rch efforts necessa ry t o c lose the m any exi stin g gaps a bout th e causes an d consequen ces of insec t flig ht 
evol u tio n. 
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Introduction 

∗Thi s m anu script wa s deve loped an d w ritten coll abo-
rati vel y as a co mpo nent o f the symposi um “Evol u tio n,
Physiology, an d Biom echanics of Insect Flight" h e ld at
th e annual m eeting of the Society of In tegra tive and
Com para tiv e B iology in Se att le Washingto n (USA) o n
Jan 2–6,2024. 

Approximately 400 mi l lion years ago, an evol u tio n-
ary innovation arose that fun dam enta l ly a ltere d the his-
to ry o f life. A simple set o f p rotowin gs ev o l ved in a
b asa l member of the Pterygota (win g ed in sect) lineag e
( Misof et al. 2014 ). The exact o rigin, mo rp ho logy, and
use of protowings are st i l l a matter of debate ( Hamil to n
1971 ; Ku ka lova-Pe ck 1978 ; Rasnitsyn 1981 ; Marden et
a l. 2000 ; D ud ley et al. 2007 ; P rok op et a l. 2017 ; Ti h e lka
et al. 2021 ; Ross 2022 ). Non eth e less, win g ev olution
un dou bte d ly set the s ta ge for s ubsequen t ada pta tions
t hat f urt h er augm ented th eir fun ct ion, eventua l ly g iving
rise to activ e-pow ered flight within insec ts. Ac tive flig ht
prov ides ad aptive benefits o f dispersal wi th a low cost
o f transpo rt ( Tuc ker 1975 ), inc luding en hance d access
to r esour ces, mating o p po rtuni ties, an d n ew hab i tats,
making the evol u tio n o f flight ar gua b l y t he cr it ica l adap-
ta tion cen tral to the a stoni shing s ucces s and diversifica-
tio n o f in sects ( En g el et al . 2013 ; Nic holson et al . 2014 ).
Un surprisin gly, then, the study of insect flight h a s at-
t racte d the interest of biologists for ov er tw o centuries.
How ev er, flight is a complex trait that r equir es coor di-
na ted innova tio ns fro m m any a spects o f o rgani sm al bi-
ology, in cluding m orph ology, b io m echanics, n eurobi-
ology, s ke let al muscle for m and f unction, met abolism,
an d deve lopm ent to evo l ve. This comp lexit y, along w ith
lar g e gaps in the fossil r ecor d, h a s posed a m ajor ch al-
len g e, leavin g many open questions about how and why
insec t flig ht evo l ved. 

Recent cross-di sciplin ary work in tegra ting com par-
ativ e, dev e lopm ental, p hysio logical, and b io mechani-
cal p ersp ectives and novel exper iment a l appro aches h a s
yie lded n ew insights on th e m ech ani sms sh ap ing evol u-
t ionary p attern s of in sec t flig ht. First, advances in evo-
l u tio na ry genetics a n d deve lopm ental biology have al-
lowed us to test lon g-standin g and conflicting hypothe-
ses on the ho mologous o rigins o f in sect win gs (e.g.,
Bruce an d Pate l 2020 ; Clar k-Hac ht e l an d Tom oyasu
2020 ; O h de et a l. 2022 ). Se cond, we are beginning to
explor e the r oles of deve lopm ental, p hysio logical, and
behav ioral pl asticit y in driv in g the ev ol u tio nary diver-
sificatio n o f flight amo ng a b road ran g e of taxa (e.g.,
Niitepõld 2019 ; Du et al. 2022 ; G la ss et al. 2024 ). This
wo rk p ro mises to h e lp explain th e influen ce of envi-
ronment al var iatio n o n determining variation in flight
per for man ce am ong in div idu als and species, providing
a currency u po n which evol u tio n can act. Third, wo rk
invest igat ing how the s ens ory and neuromuscular sys-
tems are funct iona l ly integ rate d to cont rol th e m echan-
ics of the thorax, win g hin g e, and win g interna l st ruc-
tures, is leading to ne w dis cov eries explainin g how di-
verse and ro bus t flight st rateg ies and maneuvers arise
(e.g., L inds ay et al. 2017 ; Ts ai et al. 2020 ; Melis et al.
2024 ). 

In com plemen t to the pa pers tha t follo w in this S ym-
posium is s ue, the go a l of this manuscript is to hig hlig ht
recent deve lopm ents an d ex citin g dire ct io ns fo r th e fie ld
of insect flight that benefit from an interdi sciplin ary ap-
proach. We do not provide a compre h en siv e re vie w of
the lit erature . Inst ead , we focus on linking together the
fields, r esear c h int erests, and expertise of t he aut hors
by hig hlig hting and disc ussing unreso l ve d deb ates and
outs tanding cros s-cut ting q uestio ns o n the evol u tio n,
p hysio logy, b io mecha nics, a n d n eurob iology o f insect
flight. In addi tio n, many questio ns rem ain un an sw ered
due to cha l len g es and te chnica l limitat ions associate d
w ith study ing com plex fligh t behaviors, p art icu larly in
n ature and insects, m any of which are n on-m ode l or-
gani sms. Thu s, we al so st rive to ident ify, pr ovide r ec-
omm en dations, an d hig hlig h t exam ples o f wo r k m oving
th e fie ld f orwa r d in new dir e ct ion s by usin g nov el and
in tegra tive a pproac hes t o overcom e th ese cha l len g es. 

Evolutionary origins and dynamics of the 

flight apparatus 

The debate r egar ding the evol u tio nary o rigin o f the in-
sect wing h a s an emb ro i le d his tory s pa nning more tha n
200 years ( Lat rei l le 1819 ; Crampton 1916 ). Historica l ly,
inferences a bout ev olutionary ev ents w ere made so lel y
v i a m orph olog ica l comp arisons of fossi lize d and living
m embers of lin e ages t hat arose befo re o r after wings
orig inate d ( Crampton 1916 ). Th e ear liest definitive fos-
sils of win g ed in sects dat e t o t he e a rly Ca rbonif erous
( ∼325 Myr ago) ( P rok op et al. 2005 ; P rok op et al. 2017 ;
P rok op et al. 2022 ), but given that these species al-
re ady had wings, t h e m orph ologies of t he e arliest in-
sect wings and wing p recurso r structures remain un-
clear. Mole cu lar c loc k estimat es suggest an Early Devo-
nian (419–393 Myr ago) origin of insec t flig ht ( Misof
et a l. 2014 ), ma king the ident ificat io n o f Devo nia n a nd
L ower C arb oniferou s fossil s a p rio ri ty fo r p a le oento-
m ology ( Jarzembows ki 2021 ). 

Two p ro min ent hypoth eses on th e anato mical o rigin
o f wings do mina ted m uch of the p a le ontolog ica l liter-
a ture, positing tha t win gs either ev o l ved from exten-
sio ns o f the lat eral t erga (pa ra not al t heo ry; Crampto n
1916 ; Hamil to n 1971 ) o r fro m side lobes (exi t es, suc h
as plates and g i l ls) on the base of the ancest ra l leg that
now for ms t he lateral b o dy wa l l (pleura) of insects (exite
the ory; Ku ka lova-Pe ck 1978 ). Be cause bot h t he pa ra no-
tal lobe and the leg exi te theo ries had much evidence in
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Fig. 1 Proposed exites on the precoxa (leg segment 8) in 
r epr esentativ es of pancrustacean lineages near the base of the 
hexapod phylogenetic tree. These precoxal exites (labeled as T2 
tergal plate (A,B,D,E) or Mx2 carapace (C)) appear to be 
non-respiratory tergal plates (A,B,D,E) and similar to rigid 
ectodermal plates, like the Daphnia carapace (C). Given that the 
insect wing is also a non-respiratory exite on the precoxa (F), this 
phylogenetic sequence suggests that insect wings ev olv ed from a 
tergal plate rather than a respiratory gill. Phylogeny based on 
Lozano-Fernandez et al. (2019) . Oncopeltus image credit: Aaron 
Pomerantz. 
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heir favor, a third theory was proposed: the dua l orig in
ypothesi s ( Ra snitsyn 1981 ) argued that wings evo l ved
i th co ntribu tio ns fro m both lat eral t erga l and pleura l

is s ues. 
Advan ces in m ole cu lar te chniques in evol u tio nary

n d deve lopm ental biology aim ed a t iden tify ing w ing
erial h om ologs in insects an d h om ologs in crust ace ans
ave led to new cl arit y on these a lternat iv e win g ori-
 in the o ries ( Avero f an d Coh en 1997 ; Niwa et al. 2010 ;
lark Hac ht el et al . 2013 ; Ohde et al . 2013 ; Medved

t al . 2015 ; Lo za no-Ferna nde z et a l. 2019 ; Ohde et a l.
022 ). Patterns of gene exp ressio n and morp ho log ica l
esponses to gene manipu lat ions, support the view that
he pleura and lateral terga of insects co rrespo nd to the
ase of the leg in crust ace an s ( B ruce an d Pate l 2020 ;
lark-Hac ht el and Tomoyasu 2020 ) ( Fig. 1 ). This sug-
ests that the ancest ra l crust ace an leg base broadened
o become the insect lateral b o dy wall, and that this
roadening car r ied t he p recoxal exi te do rsa l ly, where it
or med first t he pa ra notal lobe a nd then later the wing
 Kobayashi et al. 2022 ) ( Fig. 2 ). In this m ode l, bot h t he
xite a nd pa ra not al t heor ies are cor re ct—not be cause
leura and terga mer g ed as in the dual origin theory—
ut rather because the exite and pa ra not al t heor ies per-
a in to different phylogenet ic t imepoints, as fol lows: the
n sect win g u lt imatel y evo l ved from the pre coxa l exite
t ergal plat e) on th e an cest ra l leg b a se—consi stent with
he leg exite th eory; th en th e leg base becam e th e lateral
 o dy wa l l, an d th e pre coxa l exite evo l ved into the pa ra n-
tal lobe; and finally, the pa ra notal lobe evo l ved into the
in g—con sistent wit h t he pa ra not al t he ory. This p ara-
ot al t he ory was subse quently bro adene d into a “pre-
oxa l the ory” by Kob ayashi et a l . (2022) t o reflect that
he lateral terga on which wings and p aranota l lobes
tand is itself derived from the ancest ra l pre coxa. 

The recent discovery that wings evo l ved from b o dy
a l l , whic h originat ed as the proximal precoxa leg seg-
ent, provides a number of new insights that presage

 urt h er scientific in quiry. First, we m ore fu l ly under-
t and t he anato mical o rigin and roles of s e veral ke y
unct iona l genes underlying the development of wings.
hi s inform ation puts to rest any notion that wings
vo l ved from tis s ue that had no p rio r evol u tio nary his-
o ry o f hav ing pl a tes, m uscles, art icu lat ion s, nerv es, and
 ovem en t. Th us, desp i te this incre ased clar i ty o n the

nato mical o rigins o f wings th emse lves, th e o rigin o f
ther essent ia l co mpo nents o f the fligh t a ppara tus re-
 ains enigm atic. Insec t flig ht r equir es an in tegra ted
 io me chanica l system, including flight musculature, ar-
 icu lat ion at the wing hinge betwe en resi lin-laden tho-
ax and wings (and somet imes ha lteres), and a func-
ionin g win g wi th i ts h em o l ymp h, nerves, and tracheae
 El lington 1984 ; D ud ley 2000 ). Much w ork remain s to
e done to elucidate how a loco moto ry leg base with
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Fig. 2 Diagram of homologies of crustacean and insect leg 
segments based on the expression and function of leg gap genes 
and wing/exite genes in Bruce and Patel (2020) and Bruce and 
Patel (2022) . Colors indicate proposed homologies, checker 
pattern indicates exites. Insect leg drawing modified from 

Snodgrass (1935) . Panel modified from Bruce and Patel (2020) . 
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i ts exi te was f urt h er m odified in to a fligh t-ca pable sys-
tem. F or exam ple, are fligh t m uscles derived from only
leg muscles of the precoxa, or are there addi tio n al mu s-
cle co ntribu tio ns fro m the pleura or the dorsa l-me dia l,
non-leg-deriv ed ter ga? How did the win g hin g e—a re-
gio n o f flexible, co nvol u te d e ctoder m t hat a l lows the
w ing to fla p—origina te from an init ia l ly smooth cut icle?
How did the stiffening veins of the wings evo l ve, and
can we find their counter par t in crust ace an exites? Fur-
t her more , muc h of the historical and curren t deba te sur-
roundin g in sect win g origin s foc uses on the ec toderm,
but the evolution of powered flight must have invo l ved
com plemen tary evol u tio n in the m uscula ture an d n eu-
ra l circuit ry. How were th e an cest ra l loco moto ry leg
ba se mu scles and neura l circuit ry modifie d for flight?
G iv en that the wing appears to be derived from a leg ex-
i te o f a crust ace a n a ncesto r, fu ture experim ents s h ould
com pare the m uscles an d m otor n euron s inv o l ved in in-
sec t flig ht to t hose of t he crust ace an leg base. 

The init ia l funct ion and sele ct ive pres s ures leading
to the evol u tio n o f wings and flight al so rem a in a n
area of active rese arch, wit h t he two main alterna-
tiv es bein g “trees-down” (ter restr ial or igin s of win gs)
o r “water-u p” (aquatic o rigin o f wings). The “t re es-
down” m ode l posits that win glets w ere used to con-
t rol aeria l descent when fa l ling o r jump ing fro m plants
( D ud ley and Yanov i ak 2011 ). This model is su ppo rted
by experiments showing th at abdomin al cerci or legs
can modestly deflect the path of fa l ling br ist let a ils a nd
ants to accomplish dire cte d descent from plants or cliffs
( Yanov i ak et al. 2005 ; Yanov i ak et al. 2009 ). Addi tio n-
a l ly, re cent m orph olog ica l an d phylogen omic studies
hav e adv ocat ed for a t er restr ial a ncestor f or the Ptery-
g otes (win g ed in sects) ( Wi p fler et al. 2019 ), co nsistent
wit h t he “t re es-down” m ode l. How ev er, this phylog e-
nomic an alysi s excluded the cru st ace a n-lik e a ncest ra l
state a nd ma ny uncerta inties rema in, such t hat t he al-
ternative of an aquatic or semi-aquatic ancestor of fly-
in g in se cts pre dicte d by the “water-up” m ode l can-
not be ru le d ou t ( Avero f and Cohen 1997 ; Simon et
a l. 2018 ; Ti h e lka et al. 2021 ; P rok op et al. 2023 ). The
“water-up” m ode l posits th e evol u tio n o f wings was se-
le cte d for in a semi aqu at ic inse ct ancestor that init ia l ly
used winglets to aid resp iratio n d uring aqu atic l arval
s ta g es and w ere mo dified to supp ort aero dynamic lo-
co motio n. This model is su ppo rted by evidence from
live mayflies and stoneflies showing winglets and wings
are used for steering and pro p ulsion on water surfaces
wi thou t the ne e d fo r weight-su ppo rted flight (surface-
skimming) ( Marden and Kramer 1994 ; Marden and
Kra mer 1995 ; Ma rden et al. 2000 ; Ma rden a n d Th om a s
2003 ), an d th ere is a c lose mat c h of surface-skimming
w ith behav ioral ev iden ce from th e ear lies t trace fos sil
of a win g ed in sect ( Marden 2013a ). The a bsence of g i l ls
on the prexcoa leg segment that insect wings evo l ved
from in their most closely related crust ace an clades ( Fig.
1 ), encourages a revision of the literal “win gs-from-
g i l ls” versio n o f the “water u p” m ode l. How ev er, this
eviden ce does n ot p recl ude a scenario wher e pr otow-
in gs are mov ea ble and hav e a v ent i latory funct ion, as
in the “water-up” model. Future work in tegra ting phy-
logen omic analyses, n ew fossil eviden ce, deve lopm ent,
p hysio logy, be havior, an d e cology wi l l be necessary to
differen tia t e these alt erna tive ada ptive o rigin o f flight
hypotheses. 

Following t he or igin of insect flight, wings and as-
socia ted fligh t m achinery h av e under g o ne co n tin ued
div ersification s, includin g s e vera l maj o r macroevol u-
t ionary t ransit ions ( Fig. 3 ). Inde e d, the flight me ch-
ani sm i s a s hyper-diverse a s t he insects t h emse lves
a nd lik el y evo l ved in close association with the di-
verse e colog ica l funct io ns o f flight ( Hörnsch em eyer an d
Wi l l komm en 2007 ; Aie l lo et a l. 2021 ). Major mod-
ificatio ns incl ude the evol u tio n o f win g hin g e func-
t ion, a l lowing ne o p t eran lineages t o hav e win gs that
f old backwa rds along their b o dy ( Mart y nov 1925 ), as
well as reduced and modified wings such as halteres
in Diptera ( Deora et al. 2021 ) an d e lytra in Coleo p tera
( Linz et a l. 2016 ; Sug imoto et al. 2018 ; Goczał and
Beute l 2023 ). On e im portan t macroevol u tio na ry tra n-
si tio n that we have just begun to reso l ve is the evo-
l u tio n o f an asynchro nous neural drive of flight mus-
cles. Ancest ra l inse cts generate d wing beats through
th e syn chron ous act ivat io n o f w ing muscles w it h e ach
win g stroke. How ev er, many clades such as Diptera,
Coleo p tera, an d Hym en o p tera have evo l ved the abil-
ity t o generat e win gbeat frequencies a bov e the spe e d
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Fig. 3 Phylogeny of insect orders with major macroevolutionary transitions and modifications in the wings and flight machinery, 
responsible for the diversification of flight ability and strategies among insects. 
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imi ts fo r typ ical neuro muscular systems by using asyn-
hr onous str etch-act ivate d muscle p hysio logy that de-
ouples their wingbeat frequency from their underly-
n g neural driv e ( Joseph son et al. 2000 ). In these in-
e cts, neura l act iv it y serves mostly t o pot en tia te m uscle
o rce o n mul ti ple-w ingbeat timesc ales, an d th e stret c h
espo nse o f antago nistic fligh t m uscles p rod uces each
ing str oke. A r ecent ances tral s tate recons tructio n o f
uscle type across an insect-wide ph ylogen y revea le d a

ingle o rigin o f asynchro ny fol lowe d by many rev ersion s
r om asynchr onous flight back to syn chron ous flight,
eav ing entire cl ades such as Lepido p tera se condari ly
yn chron ous ( Gau et al. 2023 ). Mo re impo rt ant ly, t he
wo modes of m uscle actua tion can be mixed in a sin-
le species, and transi tio ns fro m synchro nou s to a syn-
hronous wingbeats map to simple t ransit ions in an un-
erl ying biop hysical m ode l ( Gau et al. 2023 ). This sug-
ests that t ransit ions may be easier and more frequent
 han t he spe cia lize d asyn chron ous m echanism s sugg est
t first glance. At a broad scale, the evol u tio n o f flight
u scle a synchrony en able d high cont ract ion rates and

n hance d ener g etic efficiency in some clades ( Cao and
in 2020 ; Mesquita et al. 2021 ; Hickey et al. 2022 ). 

Addi tio nally, most insect o rders co nt ain bot h flight
o l ymorp hic and comp letel y flightles s s pecies, which
ave se condari ly lost some or a l l of their wings and
ight machinery ( Har r iso n 1980 ; Ro ff 1986 ). The ques-
io n abou t w hy flig h t is so frequen t ly and repe at-
 d ly lost h a s garnered much attention and is of par-
 icu lar sig nificance be cause of potent ia l evol u tio nary
o nsequences o f flight loss fo r spe ciat io n ( Ro ff 1990 ;
at er s et al. 2020 ). The first evol u tio nary hypotheses for
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flightles snes s even date back to Darwin, who postu-
la ted tha t high wind s drive di splacement o f insects fro m
ocea nic isla nds leading to the loss of flight ( Darwin
1859 ). Fligh t-ca pa ble in sec ts inc ur hig h ener g etic costs
wh en deve loping an d maintaining flight machinery and
acti vel y fly ing , which result in trade-offs between flight
an d oth er lif e history tra i ts such as rep rod uctio n and so-
m atic m ainten a nce ( Ra nkin a nd Burc hst ed 1992 ). Thus,
sele ct io n fo r flightles snes s is favored in a variety of eco-
log ica l contexts where either the costs of flight become
t oo high, suc h as in fragment ed hab i tats (e.g., in al p ine
St oneflies ( Fost er et al . 2021 ), o r benefits o f flight ar e r e-
duced , suc h as in stable hab i tats (se e Lei hy and C hown
(2020) for a table of supported ecological hypotheses). 

Apparent evol u tio n ary reversal s of flight loss are
driving us to furth er deve lop evol u tio nary m ode ls for
co mplex trai t evol u tio n. Sev eral phylog enetic recon-
st ruct ion ana lyses s ugges t that wings have putati vel y
in depen dently re-em er g e d in mu lt iple lineages of wa-
t er strider s, stic k insects, and male aphids following
their complete loss ( Andersen 1993 ; W hi t ing et a l. 2003 ;
Ba nk a nd Bradler 2022 ; Forni et al. 2022 ; Saleh Ziabari
et al. 2023 ). How ev er, t hese patter ns cha l len g e Dollo’s
law of irreversi bility, wh erein a complex trait, once lost,
wi l l never return to the same state ( Dollo 1893 ), and re-
sul ts o f ancest ra l t rait re const ruct ion ana lyses are easi ly
biased by p o or taxonomic resolution an d th e as s ump-
tio n o f parsimo ny, making these co ncl usio ns co ntrover-
sial ( Trueman et al. 2004 ). Non eth e less, th e complex-
ity and pleio tro py of the gene regul atory net works un-
derly ing w ing deve lopm ent may explain these apparent
evol u tio n ary reversal s of wing loss. Wing deve lopm ent
pa thways are com posed of ma ny tra nscri ptio n facto rs
and sig na l t ransduct ion p at hways ( L inz et al. 2023 ), and
any co mb inatio n o f n odes in th e n etwor k may be en-
vironmenta l ly sensit ive and serve as targets for selec-
tio n o n win g div ersificatio n o r loss. Th us, fligh t po l y-
morphi sms m ay evo l ve as environmenta l ly cont rol le d
po l yp henism s, sin gle-loci Men de lia n tra i ts, o r as po l y-
genic traits under the co ntrol o f many genes and the
env ironment ( R off 1986 ; R off and Fairbairn 1991 ). Fur-
t her more , many member s of the win g g ene regulatory
n etwor k are highly pleio tro p ic. Fo r inst ance, t he cr it-
ic al w in g g ene apt ero us i s al so invo l ved in develop-
m ent of th e terga ( Coh en et al. 1992 ), legs ( Pueyo et
a l. 2000 ), cent ra l nervous system ( A ranh a et al. 2017 ),
fligh t m u scle ( Bern a rd et al. 2003 ), a n d juvenile h or-
m on e synth esis ( Altaratz et al. 1991 ). In wing po l ymor-
phic crickets, s h o rt o r wingless mo rphs are p rod uced
by the manipu lat ion of h orm on es invo l ved in meta-
m orph osis upstream of the wing gene regulatory net-
work. Spe cifica l ly, modu lat ion of juveni le h orm on e an d
insu lin-li ke sig na ling p athways is respo nsible fo r ind uc-
tio n o f s h ort-wing m o rphs in crickets, b row n pl anthop-
p ers, and soapb er ry bugs, while t h e h orm on e ecdyson e
is invo l ved in the pea aphid wing po l yp henism ( Xu et
al. 2015 ; Zera 2016 ; Vellic hirammal et al . 2017 ; Fawcett
et al. 2018 ; Lin an d Lavin e 2018 ). Thus, it is likely that
m ost m odification s to in sect win gs co me fro m chan g es
in gene regu lat io n d urin g dev e lopm ent, n ot th e loss of
th ese gen es. 

Gene d u plicatio n and div er g ence are a lso li kely in-
vo l ved in many of the modifications to, losses of, or
reemer g ences of the flight app aratus. Fol lowin g g ene
d u plicatio n, the red un dan cy of the resultant paralogs
giv es ev ol u tio n cart e b lanch to experiment with n ove l
exp ressio n do ma ins a n d protein fun ctio ns. Fo r exam-
p le, earl y ancest ra l gene d u plicatio n events led to mul-
ti ple cop ies an d th e diversificatio n o f the insulin re-
cept or family, whic h have be en different ia l ly co-o p ted
to control wing morph determination in plantho p pers,
lin den bugs, an d soapb erry b eetles ( Xu a nd Zha ng
2017 ; Fawcett et al . 2018 ; S mýkal et al. 2020 ). In pea
aphids, a d u plicated f o llis t atin gene present on the X-
chro moso me is responsible for genet ica l ly determin-
in g win gless ma les ( Li et a l. 2020 ). Thi s i s o ne o f three
f o llis t atin copies resu lt in g from tw o duplication events
wit hin t he last 40 mi l lion yea rs. Unf ortunat ely, due t o
their recent div er g ence, t he t hre e p ara logs have high ly
simi lar coding se quences, cau sing i s s ues wi th geno me
assemb l y an d th e design o f qPCR p rim ers an d in situ hy-
b ridizatio n p robes. These t ec hnical pr oblems ar e com-
mo n fo r recently d u plicate d genes, ma king them diffi-
cult to identify and funct iona l ly ana lyze. Thus, y oun g
p ara logs often go overlooked desp i te their evol u tio nary
import ance, making t hem an understudied and ex citin g
r esear ch fr o ntier fo r the evol u tio n and loss o f the flight
machinery ( Deem and Brisson 2024 ). 

Diversity in physiological and 

biomechanical determinants of flight 
performance 

Flight per for m ance i s po wered b y the in tegra tio n o f
mu lt ip le p hysio log ica l system s, or gan s, and tis s ues, in-
cluding the wings and wing hinge, flight and steering
mu scles, metaboli sm, neuro endo crine control with sen-
sory fe e db ack, oxygen a nd ca rbon dioxide tra nsport by
th e trach eal system, an d fue l de livery by th e cardio-
va scular system. Thu s, r esear ch on the p hysio logy and
b io me chanica l me ch ani sm s determinin g in sec t flig ht
per for m ance rem ains cent ra l to elucidat ing t he f unc-
t iona l const ra ints a n d trade-offs s hap ing widesp read
varia tion in fligh t per for man ce am ong in div idu als, pop-
u lat ions, and spe cies. Flight per for m ance i s an umbrella
term used to describe different co mpo nents o f flight,
incl uding take-o ff ab ili ty, lift p rod uctio n, speed, agility
a nd ma neuv era b ili ty, stab ili ty, an d en duran ce. Th e m ost
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elevant aspects of per for man ce to fitn ess vary wide ly
ccording to e colog ica l nich e: en duran ce an d spe e d
r e highly r elevant to highly m obile an d stron g-flyin g
ig ratory inse cts; lif t is cr it ica l for inse cts t hat car ry

oads such as nectar or po llen; maneu v era b ili ty is key to
v oidin g pre dat ion; and stabi lity is crit ica l to hov erin g
nsects such as hawkmoths. 

Me asur ing different aspects of flight per for mance
mon g in sects remain s a m ajor ch a l len g e. Curren t a p-
ro aches fa l l into t wo c atego ries: use o f tethered in-
iv idu a ls or fre e-flying indi vidua ls. Tethere d flight ex-
 eriments p erformed using flight mills and sim ula t or s
e asure var ia tion in fligh t dura t ion of high ly mobi le

nd stron g-flyin g migratory in sects, and species with
 strong t ars al r eflex pr omo ting flight ( Mo uritsen and
rost 2002 ; Nesb i t et al . 2009 ; Mint er et al . 2018 ; Na ra njo
019 ). How ev er, attachin g in sects t o t ether s r equir es
 tres sful mani pulatio n wi th potent ia l negat iv e con se-
uences for behavior and mot ivat ion, does not r equir e
he animal to generate sufficient lift to fly, and often
oes n ot e licit m axim a l cap acit ies for flight ( Heinrich
971 ; Roth e an d Nacht iga l 1989 ; Wolf et al. 1989 ;
 ud le y 1995 ; Dickins on et al. 1999 ; G la ss a nd Ha r r ison

022 ). Flight c hamber s (e .g ., w in d tunn e ls, v irtu al re-
lit y l andsc a pes, ra pid ly sha k en conta iners) a nd lab-
 rato ry free flight experiments are frequently used in
 io me chanica l studies of flight behavior ( Henningsson
nd Bomphrey 2011 ) and are also sui ted fo r as ses s-
en t of fligh t en duran ce an d m et abolic rates ( Har r ison

nd R oberts 2000 ; Su arez 2000 ; D arve au et al. 2005b ;
ii tepõld 2010 ). Broad co ncl usio n s a b out flight p erfor-
an ce s h ou ld be avoide d if tes ts meas ur e a narr ow as-

ect of flight, and there is a ne e d t o bett er establish con-
e ct ion s betw e en mu lt iple aspe c ts of flig ht per for mance

n the lab and natural field settings ( Ducatez et al. 2012 ;
ibotti et al. 2024 ). 

ody size and scaling 

he b o dy size ran g e of modern insects can sp an thre e
 rders o f magni tude, and so me extinct flying insects
eached even greater sizes, with trem en dous conse-
uen ces on th eir flight fun ction an d ab ili ty ( Lap ina et
 l. 2021 ; El lers et a l. 2024 ). Re quire d flight forces scale
 s L 

4 (where L i s t he lengt h scale), but m a ss sca les on ly
s L 

3 ( Deora et al. 2017 ). This means that to achieve
dequa te fligh t forces, sma l ler inse cts must either en-
an ce th eir wing strok e a mpli tudes o r t heir wing be at
requen cies. In creasin g win g len gth relativ e to the b o dy
ize can increase wing strok e a mpli tude bu t thi s i s of-
 en limit ed by the fact t hat t he win gs ev entua l l y co llide
nt o eac h ot her ( L ight hi l l 1973 ; WeisF ogh 1973 ). Th us, a
idely observe d p atter n is t h at sm a l ler inse ct taxa have
igher wingbeat frequencies and consequently higher
 a s s-s pecific flight metabolic rates ( Gre enewa lt 1962 ;
as e y 1981 ; Byrne et a l. 1988 ; D ud ley 2000 ; D arve au

t al. 2005b ; Tercel et al. 2018 ). How ev er, recent w ork
 h owe d that st ingless be e spe cies do n ot s hif t wingbe at
requency over an o rder o f magni tude variatio n in b o dy
ize , inst ead s h ow ing l arger w ings and re duce d m a ss-
pecific flight cost in sma l ler spe cies ( D uel l et a l. 2022 ).
lso, a t a pproxima tely 60 mg b o dy size, the scaling of
ight metabolic rat es c han g es from hyper metr ic (i .e .,
lope > 1 or a bov e isometry) for sma l ler ( < 60 mg)
nsects to hypometric (i .e ., slope < 1 or below isom-
try) for lar g er ( > 60 m g) in se cts ( D uel l et a l. 2022 ).
he causes of scaling re lations hips b etween b o dy size
n d flight m eta bolic rate g enera l ly remain p o orly un-
er st o o d ( Beja n a nd Ma rden 2006 ). How ev er, t hese dat a
 ugges t that chan g es in R ey nold’s numbers with size are
 crit ica l fact or det ermining mec ha nical a n d en er g etic
osts of flight and warrant f urt her co nsideratio n. 

There i s al so a g reat ne e d to invest igate h ow m or-
 ho log ica l and p hysio log ica l systems evo l ve across in-
ects of different sizes to p rod uce and s us tain diverse
ight behaviors in a variety of e colog ica l niches. Adap-
ations in musculos ke letal systems an d wing m orph ol-
gy likely ev olv e in co rrelatio n wi th b o dy size a nd lif e
ist ory t o ensure efficien t fligh t a nd aerodyna mic per-
 orma nce. For exa m ple, ada ptive correla ted evol u tio n
f b o d y size, wing morp ho logy, a nd lif e histo ry acco m-
 anie d the div er g ence of the sister hawkmoth (Sph-

ngidae) and silkmoth (Saturniid ae) cl ades ( Aiello et al.
021 ). Hawk moth s ev o l ve d sma l ler w ings c apable of
u ppo rtin g high win g beat frequen cies an d man euver-
b ili ty at a reduced power r equir em ent, ben eficial for
e e ding efficiently by hov erin g flight. In cont rast, si l k

oth s ev o l v ed lar g er win gs and lon g er thorax es that re-
uce win g loadin g a nd enha nce their ag i lit y, benefici al

o r evading p redato rs by erratic flight maneuvers ( Aiello
t al. 2021 ). The intert w ined evol u tio n ary hi sto ries o f
nsect b o dy size, wing m orph ology, an d flight man eu-
er s also ext end bac k hundre ds of mi l lio ns o f years. Fo r
xample , c han g es in wing m orph ology an d wingbeat
requency may be re quire d to explain h ow th e lar g est
yin g in s ects e ver (the C arb oniferous and Permian grif-

enflies) genera ted sufficien t lif t for ste ady-st a te fla pping
ight ( Ellers et al. 2024 ). 

We ll-establis h ed scaling re lations hips on h ow b o dy
ize and wing shape a ffec t flig ht aerodyna mics a nd
er for mance across di verse flying anim al s ( Pennycuick
008 ; D e a kin 2010 ; D uel l et a l. 2022 ) have a l lowe d
or testing of scaling principles conne ct in g in sect form
n d fun ction. To f urt h er examin e h ow th ese mu lt i-
le traits interact and evo l ve, usage and deve lopm ent
f m athem at ica l m ode ls an d explo ratio n s in in sect
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m orph ospaces that incorporate genetic frameworks are
ne e de d. In addit ion, combining data from mole cu lar
phylog enetics, win g morp ho logy, wing beat frequency,
an d m etabolic rate can h e lp reso l ve finer scales of vari-
a tion a t th e single clade an d in div idu al level s ( Ca s e y et
al. 1985 ; D arve au et al. 2005b ; Billardon and D arve au
2019 ; D uel l et a l. 2022 ). 

Energetics, kinematics, and resonance 

Variation in flight muscle structure and function is one
of the stron g est contribut or s t o variation in flight per-
f orma nce ( Ma rden 2000 ). Flyin g in s ects achie ve the
highest m a ss-sp ecific metab olic rates in the animal
kin g dom, and in sec t flig h t m u scle h a s extrem e ly high
mit oc h on drial an d trach eolar con ten t ( Sacktor 1961 ;
Be ena kkers et a l. 1984 ; Suare z 2000 ; Iwamoto 2011 ).
How ev er, w e st i l l lac k an under standing of the fac-
t or s t hat cre ate var iation in flight metabolic rates not
accounted for by b o dy m a ss and the im plica tio ns o f
met abolic var iatio n fo r flight perfo r mance ( Har r ison
and R oberts 2000 ; Su arez 2000 ). Vari a tion in fligh t per-
f orma nce across po p u lat ions and spe cies h a s been a sso-
ci ated w ith flight muscle mi tocho ndrial co n ten t in but-
terflies ( Rau hamäki et a l . 2014 ; Niit epõld et al . 2022 )
an d hym en o p teran s ( Hedg es et al. 2019 ). How ev er, con-
di tio ns used (e.g., s ubs trates provided) when measur-
ing muscle oxidative c apacit y lead to varying estimates
( Teu lier et a l. 2016 ; Menai l et a l. 2022 ; Wi lmsen and
Dzialowski 2023 ) that are not easy to re conci le with
whole animal flight per for mance . S imilarl y, p hyloge-
net ic comp ari son u sing mu lt iple spe cies of be es and s e v-
eral indicat or s of musc le aerob ic capaci ty fai le d to s h ow
st raight forward associat ion s betw een flight metabolic
rate and tis s ue aero b ic capaci ty. Inst ead , gl yco l ytic flux
c apacit y an d m embran e composition s h owed corre lated
evol u tio n wi th species flight metabolic rate ( D arve au et
a l. 2005a ; Rodrígue z et al. 2015 ). Across species, hover-
ing flight metabolic rate and wingbeat frequency have
co nsequences fo r fligh t m uscle con t ract ion efficiency
(i .e ., the ratio of ATP turnover to me chanica l power out-
pu t o f co nt ract ion; Askew et a l. 2010 ), f urt her raising
questions r egar ding energetic and per for mance con-
sequences of cont ract ion fre quency reg im e. Togeth er,
th ese fin dings hig hlig h t the im po rtance o f studies co n-
ne ct ing the muscle st ructura l an d fun ct iona l e lem ents
wit h t h e diversity an d evol u tio n o f flight ener g etics and
per for mance across insect species. 

An oth er major contributor to variation in flight
m etabolism an d per for mance lies in a l lelic variat ion
in genes encoding proteins invo l ved in core metabolic
pathways ( Marden 2013b ). Across po p u lat ions and
species of butter flies, var iat ion in a l le les of m etabolic
enzym es an d oxygen-sig na ling systems a ffe cts t rache-
ole deve lopm en t in fligh t m uscles, expla ining a ntag-
onist ic pleiot ropic effe c ts genotype on flig ht perfor-
ma nce a nd other lif e history tra its ( Watt et al. 2003 ;
Wheat et al. 2005 ; Marden et al. 2013 ; Mattila 2015 ;
Pekny et al. 2018 ; Marden et al. 2021 ). This variation
h a s f urt her be en lin ke d to organi sm al di sper sal rat es,
metapo p u lat ion size, and stability in the Glanvi l le frit-
i l lary bu tterfly, demo nst rat ing a crit ica l role of flight
evol u tio n in the eco-evol u tio n ary dyn amics of insects
( Hanski et al . 2017 ). S imilar t o butt erflies, h on ey-
be es and Drosophi lids a lso s h ow asso ciations b etween
metabolic a l leles and flight metabolic rates ( Harrison et
al . 1996 ; Mont ooth et al. 2003 ), s ugges ting wides pread
genet ic variat ion in m etabolism re lat ed t o flight perfor-
mance , whic h could be tar g ets of sele ct ion. 

Th e en er g etic cost an d efficien cy of flight are also
stro ngly influen ced by th e structure an d b io mechanics
of the flight apparatus. The discovery of el asticit y in the
insect thorax in the mid-20th cen tury ( Weis-F ogh 1960 )
led to the conceptual model of flapping insects as me-
ch anical reson ato rs ( Sotaval ta 1952 ; Gre enewa lt 1960 ;
Wei s-Fogh 1973 )—spring-m a ss systems with aerody-
n amic di ssip at ion force d by the flight musculature
and resu lt in g in a resonance curv e (amplitude vs. fre-
quen cy). Resonan ce implies a limited ran g e of ener-
get ica l l y favorab le frequencies where flapping is most
aerody namic a l ly efficient. As a consequen ce, m odulat-
ing frequency may incur lar g e ener g etic costs. This ap-
p arent t rade off betwe en efficien cy an d ag i li ty p resents
a p roblem fo r insects tha t m ust b a lan ce th e two to en-
s ure s urviva l, but unt i l re cently, few studies have di-
rect ly me a sured reson ant properties of inse cts. Re cent
work in the hover-fe e ding hawkmoth Man duc a sexta
s h ows t hat t his insect flaps signific antly a bov e its res-
onan ce frequen cy an d is able to m od ulate i ts wingbeat
frequency by up to 30% from wing stroke to wing stroke
( Ga u et al. 2021 ; Ga u et al. 2023 ). In depen dent m ea-
sur ements of r esonance in t he t ho rax o f ho neybees sug-
gest t hat t hey may b e op erating c lose t o their resonant
pea k ( Jan kauski 2020 ). As such, it se ems tha t differen t
grou ps o f insects may negotia te resonan t per for mance
t rade offs differently. In some species, the series elas-
ticity in the win g hin g e may also be significant, espe-
cia l ly for insects on the scale of Drosophila or sma l ler
( Pons and Beatus 2022 ; Cas e y et al. 2023 ). Series elas-
ticit y c a n dra matic ally w iden th e resonan ce curve, en-
a blin g efficien t fla ppin g ov er a ran g e of frequencies. Few
studies of ins ect res on ance h ave exp licitl y inco rpo rated
asyn chron ous musc le . How ev er, a pair of recent studies
s h ow th at reson ance in tiny, a syn chron ous inse cts li ke
Dr osophila a ppear s t o be dominat ed by the c haract eris-
t ic high st iffn ess of asyn chron ou s mu scle a s o p posed to
exos ke letal e l asticit y, ena blin g n onlin ea r resona nt phe-
n om ena ( Pons 2023 ; Pons et al. 2023 ). 
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At the organi sm al leve l, th e distin ct en er g etic, kine-
 atic, and aerodyn amic r equir ements o f al ternative

ight behaviors and st rateg ies g ive ri se to di stinct se-
e ct ive pres s ures with direct evol u tio nary co nsequences
o r the diversificatio n o f insec t flig ht machin ery an d
 hysio logy. Fo r instance, lo ng-distance migrato ry flight
 equir es ada pta tio ns to permi t extended flig ht ac tiv it y.
he tra nsocea nic mig rat io n o f the drago nfly species,
antal a flav escens , i s a ssociated with an ener g etics-
 ase d t ime const raint, suggest ing that mig rat in g in sects
xperien ce strong en erget ic limitat ions on flight times
 Ra nja n et al. 2023 ). How can lon g er-dura tion fligh ts be
chiev ed? An emer gin g hypothesis is that long-distance
igrat or s evo l ve be havioral an d p hysio log ica l adapta-

ions t hat incre ase flight efficiency and reduce ener g etic
osts o f p rolo n g ed fligh t. F or exam ple , monarc h but-
er flies of ten en gag e in ener g et ica l l y inexpensi ve glid-
ng behavio rs d uring migrato ry flights ( Gibo and Pa l lett
979 ), and lower flight metabolic rates exhib i ted by
onar chs fr om migra tory com p are d to non-mig ratory

o p u lat ions are potent ia l l y exp lained by adaptive selec-
io n o n genes regu lat ing flight muscle deve lopm ent an d
fficiency ( Zhan et al. 2014 ). Simi larly, g regarious lo-
 usts, w hich a re long-dista nce migrat or s, fly fo r lo n g er
n d gen erate less reactive oxygen species (ROS) than
 heir solit a ry counterpa rts by flying slow er, reducin g
heir flight metabolism ( Du et al. 2022 ). At the cel-
u lar level, g regariou s locu sts h av e low er cata bolic en-
y me activ i ties than soli tary locus ts; s u ppo rting the hy-
ot hesis t hat lo ng-d uratio n flight r equir es lower oxida-
iv e meta bolic rates to reduce oxidative damage to the
igh t m uscle ( D u et a l. 2022 ). Whi le mig rat ing locusts
epen d h eavily o n li p id met abolism to f uel p rolo n g ed
igh t ( Weis-F ogh a nd Uva r ov 1952 ), tether ed locusts
top flight desp i te having a strong supp l y of b o dy li p ids
 D u et a l. 2022 ; Ta la l et a l. 2023 ). The cau se of thi s ap-
aren t exha ustion is not known, but may invo l ve declin-

ng mot ivat io n, limi ts o n the capaci ty to release diglyc-
rides from the fat b o dy, running ou t o f mo re easily me-
a boliza ble un sa tura ted fa tt y acids, or oxid ative d amage.
utur e r esear c h t est ing these a lternat ive hypotheses wi l l
rovide new insigh t in to the p hysio log ica l const raints
n d m ech ani sm s determinin g an im portan t com ponen t
 f flight perfo rman ce, en duran ce, an d maxim um fligh t
imes. 

he complexity of the wing hinge 

t the wing and thorax junction lies a complex, in-
ric ate w in g hin g e t hat var ies in size and co mposi tio n
cross inse cts ( Boett iger and Furshpa n 1952 ; P ringle
957 ; M i yan et al. 1985 ; Ennos 1987 ; Wisser 1988 ).
 xt rao rdinary bu t exper iment a l ly f r ust rat ing , the w ing
in g e is composed of one con tin uous s h eet, con sistin g
f tiny hard sc lerit es embe dde d within a more flexible
xos ke let on. S ince wings th emse lves contain no mus-
les, regu lat io n o f kinem atics mu st be accomplis h ed by
ctio ns o f sma l l cont rol mu scles th at pu l l on the scle-
 ites at t he base of t he w ing . The mechanic al operation
f the hin g e remain s enig mat ic be cause b asa l sc lerit es
re difficult to see and move so ra pidly tha t their mo-
io n d uring flight h a s n ot been accurate ly captured de-
p i t e ext en siv e efforts usin g s tro bosco pic pho tography
 Na lb ach 1989 ), high-spe e d vide og raphy ( Wa l ker et a l.
012 ), or X-ray tomography ( Walker et al. 2014 ). 

The exact mech ani sms by which the hin g e tran s-
orm s pow er a nd muscle stra in into wing motion re-

a ins unclea r . However , recen t insigh t comes from
tudies on the dire ct ste ering muscles regu lat in g hin g e
echanics v i a their actio n o n t he wing scler ites. These

on trol m uscles are roughly stra tified in to two func-
 iona l g roups: sma l l tonica l ly act ive muscles that con-
 inuously t rim wing mot io n fo r stable flight, a nd la r g e,
h a sica l ly act ive mu scles th at ar e r e cruite d d uring rap id
an euvers ( Lin dsay et al . 2017 ). Musc les insert ed on

he wing sc lerit es are capable of eliciting different
han g es in the pattern of wing motion, which collec-
i vel y f orms a n actuator system capable of generating a
iverse array of flight m aneuvers. Rem arkab l y, in flies
Dipt era), this syst em ac hieves dy namic aeri a l ag i lity
ith a sma l l number o f co n trol m usc les, eac h inner-
ated by just a sin gle ex ci tato ry moto r neuro n ( C he ong
t al. 2023b ). These f eatures a re expe cte d to be ei-
her con serv ed or in depen dentl y evo l ved in the diverse
an g e of insects that have miniaturized. 

Furt her mor e, r ecen t experimen ts demonstra te a key
ou pling co nt rol lin g win g hin g e functio n o f Di pterans.
n flies, the motio n o f wings and halteres is mechan-
ca l l y coup led by th e in direc t flig h t m uscles an d th e
ub-epider mal r idg e to en sure t hat t h e wings an d hal-
eres beat at ident ica l fre quen cies, fun ctio ning as a d ual-
ouple d osci l lat or syst em driven by thoracic linkage el-
ments ( Deora et al. 2017 ; Deora et al. 2021 ). Cou-
lin g en s ures a s trict ph a se re lations hip between the two
tructures th at i s li kely essent ia l fo r p rop er temp oral in-
eg rat io n o f a fferent mecha no recepto rs o n th e wing an d
alt ere , and proper ph a se tuning of flight motor neu-
o ns. Mo reov er, this w ork so l ves a n importa nt riddle as
o how halteres can precisely osci l late up and down with
 single power musc le . 

riving hemolymph in the wing 

n insect wing is made up of thin m embran es an d flex-
 ble, tu bular v ein s, which can a l low the wing to bend,
 w ist, a nd f old. Wit hin t h ese interconn e cte d v ein s,
 erves an d trach eae bran ch, while h em o l ymp h circu-

a tes, hydra t ing embe dde d resi lin an d oth er wing tis-
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sues ( Arnold 1964 ; Pass 2018 ; Sa lce do and Socha 2020 ;
Sa lce do et a l. 2023 ). Hemo l ymp h circu lat ion in the ad ul t
wing co ntribu t es t o fun ctioning immun e responses
(e .g., c lo tting), sup p l yin g or gan s on the win g (i .e ., tym-
pana or ph erom on e-producin g), unfoldin g win gs in
som e beetles, an d unique colo ratio n ( Sun et al. 2014 ;
Tsai et al. 2020 ; Nishida et al. 2023 ). Win g expan sion,
during ecdysi s, i s a crit ica l m om ent in an insect’s meta-
m orph osi s th at r equir es efficient and pr oductive use of
th e h em ody namic system, inflatio n o f th e trach eal n et-
wor k, an d coordina ted m uscular pum ping (amidst a l l
th e con current h orm onal an d n eurona l act ivat ion). De-
sp i te i ts impo rtan ce, h ow w ing circul ation and active
h em o l ymp h hydrau lics cont ribut e t owa rds flight a nd
unfurling of the w ing , are often neg lec ted in studies of
wing properties and flight mechanics. In the last decade,
there h a s be en g rea ter a tten tion to t he import ance of
circu lat ion and its evolution with respect to the flight
mot or syst em and wing hinge co mpo nents ( Hi l lyer and
Pass 2020 ; Rajabi et al. 2020 ). 

Hemo l ymp h within a flapping wing circulates more
quickly than a wing at rest ( Wang et a l. 2020 ; Sa lce do et
al. 2023 ) and hydrated wings do positi vel y (and some-
wh at pa ssi vel y) influence w ing d amping ( Lietz et al.
2021 ). In dragonflies and other insects, the pterost ig ma,
a thickened po rtio n o f the leading edge of the wing and
a sinus for h em o l ymp h, acts as an inert ia l regu lator, re-
movin g in sta b ili ties like flu tter ( Arnold 1963 ; Norberg
1972 ). Hemo l ymp h is likel y to move when flexion lines
in wings f old, a re bent, or t w ist ed . This m ovem ent of
h em o l ymp h m ay cau s e s om e s hift in m a ss th at i s im-
porta nt f or general flight mechanics. When w e con sider
tha t desicca tio n o f insec t c ut icle dramat ica l ly chan g es
its me chanica l propert ies ( Dir ks an d Taylor 2012a ), ac-
crued wing damag e ov er the life of a win g ed in sect is
t ie d to not only to a win g’s v enat ion p attern and resis-
t ance to bre aking ( Dir ks an d Taylo r 2012b ; Rajab i et
a l. 2017 ), but a lso to how act ive h em o l ymp h circulates
( Rajabi et al. 2020 ). 

To circulate h em o l ymp h thro ugho ut the wings, b o dy,
an d oth er high-deman d s ens o ry o r gan s (i .e ., ant en-
nae), inse cts re quire accessory pu lsat i le or gan s to
p ush or p u l l h em o l ymp h, in addi tio n to their main
pump ing o rgan, the do rsal vessel ( Pass 1998 ). These
“thoracic wing hearts“” function as suction pumps,
pul sing a syn chron ous ly wit h t he dors al vessel, of ten
at high er frequen cies ( Chin ta palli and Hillyer 2016 ;
Pass 2018 ; Sa lce do et a l. 2023 ). Between h emi- an d
h olom eta bolous in sects, w e see div er g ence in pump
t ype correl ated w ith evolution and enlar g em ent of th e
p ower-pro ducin g dorsal lon g itudina l fligh t m uscles in
t he t horax ( Krenn and Pass 1994 ). Further compara-
tiv e w o rk o n h ow th ese pumps p rod uce flow, functio n
in ac tive flig h t, and com pensa te f or da mage could re-
 

ve al import ant evol u tio nary modificatio ns o f the circu-
lat ory syst em with respect t o pa ra met er s suc h as varied
vena tion, fla pping frequencies, and b o dy size. 

Environmental influences on flight 
performance 

In sects hav e ev o l ved to fly in d y namic env ironments,
requir ing t h e s h o rt- o r lo ng-term mod u lat io n o f their
p hysio logy an d be havior. On ge olog ica l t imesca les (on
the order of tens or hundreds of mi l lions of years),
chan gin g atm osph eric oxygen an d tem pera ture condi-
tion s, as w ell as co mpeti tio n o r p redatio n by coeval ver-
t ebrat es, ma y ha ve a ffe cte d th e kin ematic lan dscape of
insec t flig ht in drastic ways ( Ka iser et al. 2007 ; Ha r r ison
et a l. 2010 ; C lapha m a nd Ka r r 2012 ; E l lers et a l. 2024 ).
Mo reover, o n p hysio logic al timesc ales during flight, in-
sects exper ience var iation in abiotic ( i.e. , tem pera ture,
humidit y, w ind, ra in, a nd sola r radiation) a nd biotic
( i.e. , nu tri tio n, mate availab ili ty, and p redato rs) facto rs
simu ltane ously. F or exam ple, m any sm a l l inse cts are
ectot her mic dur ing flight and rely on air tem pera ture
a nd sola r radiation to wa r m t h eir muscles en ough to
be able to fly ( Watt 1968 ; Advani et al. 2019 ). The re-
liance on external sources of heat limits insect activ it y
to parts of the day that are not too cold or too hot with
potent ia l conse quences for ge og raphica l range limits
( K ingso l ver and Watt 1983 ; Keena 2018 ; Sun et al. 2020 ).
In contra st, m a ny la r g e, flyin g in sects are en doth ermic
during fligh t, poten t ia l ly a l lowing for fligh t a t air tem-
pera tures tha t cou ld limit their e ctot her mic counter-
parts ( Heinrich 1993 ). High air tem pera tures can be-
come a problem for en doth ermic fliers, as the addi tio n
of m etabolic h eat to th e a lready sig nifica nt effects of a ir
tem pera ture a nd sola r load t hre atens t hese anim al s with
over h eating an d desiccatio n ( Johnso n et al. 2023a ; G la ss
et a l. 2024 ). Whi le t hese st a temen ts about the value and
cost of en doth ermy seem obvious, th ey are actua l ly hy-
pot heses t hat ne e d t o be t est ed . F or exam ple, flexib ili ty
in the thermal perf orma nce o f so me ectot her ms may al-
low them to fly at similar cool air tem pera tures as en-
dot her ms. 

It is clear that only rea son ab l y large insects ( >
20 mg) can be en doth ermic ( Due ll et al. 2022 ; Johnson
et al. 2023b ), but many other aspects of how size
a ffe cts inse ct t her m al biology rem ain p o or ly un der-
sto o d. Sma l l-b o die d inse cts have relat i vel y more sur-
face a rea compa red to b o d y vo lume tha n la r g er coun-
ter par ts, resul ting in rap id h eat an d water flux. Th ere-
fore, in cooler environments, a sma l l inse ct b asking
first thing in the morning wi l l warm up faster than
a lar g er o ne wi t h t he s ame physical sur face proper-
ties, an d th e b o dy temp erature of a lar g er in se ct wi l l
vary less in response to br ief environment al chan g es
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ue to its gre ater t her m al m a ss. How ev er, many ques-
ions rem ain. A re very sma l l inse cts less a ffe cte d by
 her mal var iatio n d ue to their red uced need to gener-
te lift within re lative ly m ore vi scou s medi a ( By rne et
l . 1988 ; B lac km er an d Byrn e 1993 ; Due ll et al. 2022 )?
 re sm a l ler inse cts genera l ly mo re water-limi ted d uring
ight? Do es b o dy size or en doth ermy a ffec t c utic ular re-
ectance or insul ation? Are l ar g e in sects more limited
y heat? 

Historica l ly, r esear c her s have independently studied
act or s a ffe ct ing flight per for man ce, m ost often in lab-
 rato ry settings, to avoid the conf ounding effects of in-
eractin g varia bles. Tem pera ture and oxygen limita tions
n flight have been two of the most heavily studied vari-
bles, while the effects of humidit y, w ind spe e d, and so-
 ar radi at ion have be en lar g e ly ign ored. How ev er, the
atural world is const ant ly fluctu ating , a nd a cha nge in
ne variable is often associated with chan g es in one or
 ore oth er environm ent al var iab les. To accuratel y pre-

ict how inse cts wi l l fare in a chan gin g w orld, w e must
hift our focus from invest igat ing single-variable effects
o the effects of mul ti p le, d y namic env ironmental fac-
 or s an d th eir potent ia l negat ive, addit ive, an d/or syn er-
 ist ic effe cts on inse c t flig ht per for mance. F or exam ple,
n sects flyin g in h ot, dry environm ents may be limited
y de hydration, an d n ot by h eat ( Johnson et al. 2023a ;
 la ss et al. 2024 ), sugg estin g that in sects could become

 urt her limited in their flig ht ac tiv it y tim e. Th e inter-
ct ive effe cts of air tem pera ture and relative humidity
ay b e context-dep endent. Many flyin g in sects can ac-

i vel y or passi vel y coo l themsel ves through eva pora tion
 Nicolson and Louw 1982 ; P ra n g e 1996 ; Roberts and
ar r is on 1999 ; Johns on et al. 2022 ; G la ss et al. 2024 ),

ut to date, no study h a s examined the interactions be-
 ween humidit y, evap orative co oling, and b o dy temp er-
tures for flyin g in se cts. We can pre dict that lar g e, fly-
n g in s ects reliant on e va pora ti ve coo ling wi l l li kely have
igher b o dy temp eratures when flying in a humid en-
iro nment co mp are d with a dry one, as high humidi-
 ies impe de eva pora t ion. But how st rong an effect this

ight be is un clear. Un derstan ding such interactions
mon g a biotic fact or s and amon g a biotic and biotic fac-
 or s wi l l be crucia l t o bett er p redict co nsequences o f cli-

at e c han g e for insect flight. 

ntegrating sensory information to 

ontrol flight behavior 

n the last cent ury, st udies of insect flight—p art icu larly
n locusts—played a critical role in the discovery of im-
ortant general phenomena in neuroscience. For ex-
mple, Do n Wilso n’s wo rk o n th e n eurona l b a si s of
h e flight r hythm in locusts p rovided unamb iguous ev-
den ce for th e existen ce of cent ra l p att ern generat or s
ithin nervous systems ( Wilson 1961 ), a cont roversia l
opic at the time ( Edwards 2006 ). Experiments in many
abo rato ries o n cent ra l an d periph eral flig ht circ uitry
dent ifie d t he cr it ica l r ole of neur o mod ulato rs such as
ctopamin e (th e invert ebrat e analog of n oradrenalin e)

n modu lat ing and coordinat ing the act iv it y of neural
ircui ts d uring behavio r, p roviding an early mech ani s-
 ic explanat io n fo r behavio ral stat e c han g es wit hin t he
ra in ( Orcha rd et al. 1993 ). Other studies demonst rate d
ow s ens o ry info rmatio n fro m different modali ties can
e fused together in descending neurons to provide
p pro priate comm and s to the local circuits that regu-
at e mot o r ou tpu t ( Reichard t an d Rowe ll 1985 ; Reich ert
989 ; Bur rows 1996 ). Dur ing t he s am e era wh en lo-
u sts served a s a n importa nt gen eral m ode l for n eu-
oscience, studies of in blowflies, dragonflies, and hov-
rflies ( O l b erg 1981 ; O’C arroll 1993 ; Borst et al. 2010 ;
o rdström 2012 ) p rovided cri tical insigh t in to v isu al
r ocessing, wher e as exper iments in moth s w ere essen-
 ia l for un derstan ding olfactio n d uring pl ume tracking
 Vic ker s et al . 1998 ). Th us, a t on e tim e, th e study of in-
ec t flig h t was a vibran t pa rt of ma instrea m neurobiol-
gy, a nd importa nt discoveries emerged from a variety
f different species. 

For a variety of re asons, t h e lan ds cape of ins ec t flig ht
eurobiology h a s ch an g e d quite drast ica l ly over the last

ew decades. With more and more research focused on
he f r uit fly, Drosophila m e la nogas t er , a rapidly expand-
ng toolki t o f genetic tools fo r reco rding fro m and ma-
ipu lat ing the act ivi ty o f spe cific cel l s m akes it possi-
le to overcome exper iment a l b ar r iers t hat faced e ar-

ier g eneration s of r esear c her s ( Ven ken et a l. 2011 ). This
mph a si s on Drosophila is both a blessing and a curse
or the community. On the one hand, new approaches
uch as o p togen etics an d conn ecto mics make i t possible
o routin e ly per for m exper iments t ha t a ppe ared ne arly
mpos sible jus t a f ew yea rs ago. On t he ot her hand, t he
ver-emph a si s o n o ne p art icu lar spe cies diminis h es th e
 eneral in sigh t tha t ca n only a r ise t hrough a compara-
 ive ana lysis or re q uires the st udy of anim al s with dif-
er ent behavioral r epertoir es than those of f r uit flies.
 ortuna te ly, th er e ar e signs t hat t he discover ies emerg-

ng from Drosophila may serve a role in fostering and
mpow erin g r esear ch in other species by providing a
e achhe ad of knowledge a nd a n exper iment al work-
ow that explo i ts th e deep h om ologies th at exi s t acros s
pecies. 

Th ere is per haps n o better example of how p rod uctive
h e syn er gy betw een Droso phila resea rch a nd studies in
ther species is than recent advances in our un derstan d-

ng of the cent ra l complex, a system of ancient mid-
ine brain regions that are essent ia l to many aspects of
ight be havior, in cluding navigation ( Strausfeld 2012 ;
onkanen et al. 2019 ). Experiments using genet ica l ly
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encode d ca lci um indicato rs in flies led to the discovery
o f a ring-attracto r netwo rk in the elli pso id b o dy that
functions as a compass system, an alogou s to head di-
re ct ion cel l s in the m amm alian hipp o campus ( Turner-
Eva ns a nd Jaya ra ma n 2016 ; Gre en et a l. 2017 ; Kim et
al. 2017 ). Very recen tly, elegan t evidence h a s emer g ed
t hat anot her unp aire d neuropi l wit hin t he cent ra l com-
plex, th e fan-s hap ed b o dy, conta ins a r rays of cells t hat
are capable of encoding bot h t h e magnitude an d direc-
tio n o f vecto rs, such as t ranslat iona l veloci ty o r a pparen t
wind dire ct ion ( Lyu et a l. 2022 ; Matheson et a l. 2022 ),
and that thi s inform ation can be used to create steer-
ing info rmatio n that o r ients t he a nimal towa rd a spe-
cific go a l ( Mussel ls et al . 2024 ; West einde et al. 2024 ).
The discovery of a region in the brain that can store
a nd ma nipu late ve ctors is quite p ro found because i t p ro-
vides a mech ani sm by which insects might co mpu te
st ate var iables t hat are crit ica l for fligh t-rela ted behav-
ior s suc h a s m a inta inin g a con st ant he ading , celesti al
navigat ion, g round spe e d regu lat ion, an em otaxis, a lt i-
tude regu lat ion, and p a th in tegra tion ( van B reug el et al.
2022 ; Stups ki an d B reug e l 2023 ). Wh ere as t he key ex-
per iment al studies on the cent ra l complex re quire d the
genet ic appro aches cur rent ly restr ict ed t o Dro sophila ,
com para tive studies indicate an a stoni s hing h om ology
of th e un der lying cir cuitry acr os s s pe cies ( Hon kanen et
a l. 2019 ; Be etz and El Jundi 2023 ). This a l lows for a pro-
d uctive synthesis o f kn owledge—in cluding th e gen era-
tio n o f neuro nally co nstrained co mpu tatio nal m ode ls of
behavio r ( Sto ne et al. 2017 ; Mi tch e l l et a l. 2023 )—using
a natomical a nd p hysio logic al d at a from ot her species
that ut i lize the circuit ry to exe cu te mo re exotic behav-
ior s suc h as pa th in tegra tion to and from a hive by bees
o r time-co m pensa ted celestial navigation by migratory
bu tterflies. W h at i s emer gin g i s a fa scin ating p icture o f
how a n a ncient bra in st ructure—li kely dat ing b ac k t o
before the emer g ence of flight—h a s been co-o p ted and
modified by evol u tio n to perfo rm differen t naviga t iona l
tasks. 

A s indicated abo ve, unt i l re cent ly, t he bu l k of our
kn owledge on th e fligh t con tr ol cir cuit ry in inse cts was
b ase d o n wo r k in locusts an d oth er lar g e ortho p teran
species th at u se syn chron ous fligh t m usc les t o power
th eir wing m otion. Thi s i s not a coin ciden ce. Th e fact
t hat t he wingbe at cycle of locusts is b ase d on a cent ra l
pa ttern genera to r and p rop rioceptiv e reflex es makes it
possible to aggressi vel y dissect t he t horax to provide ac-
cess to the vent ra l nerve co rd wi thou t co mp letel y dis-
rupting th e un der lying flight rhythm ( Robertson 2020 ).
Inde e d, even a comp letel y iso lated thoracic ganglion
can generate a rudimentary flight rhythm ( Stev en son
and Kutsch 1987 ), an un ambiguou s demonst rat ion that
th e n erv ous system contain s cent ra l p att ern generat or s.
How ev er, t he cr it ica l role o f tho rax and wing mechan-
ics in the resonant mech ani sm s underlyin g the flight
moto r o f asynchro nous insects (e.g., Coleo p tera, Hy-
m en o p tera, Dip tera) h a s lo ng hindered p r ogr ess on un-
derst anding t he flig ht circ ui ts o f these diverse and eco-
log ica l ly im portan t groups. Even minor manipu lat ions
r equir ed for electr op hysio logical access to the ventral
nerve cord usua l ly disrupt t he t horax mechanics so as
to render the flight system ino perable. Altho ugh it h a s
b een p ossible t o gain muc h insight by r ecor ding fr om
fligh t m u scles in a syn chron ou s fliers u sing ele ct romyo-
graphy (EMGs) ( Harcombe and Wyman 1977 ; Hürkey
et al. 2023 ), the crit ica l premotor interneurons have
remaine d a lmost ent irel y inaccessib le. Thi s i s one do-
main in which th e gen et ic tools re cently avai lable in
Droso phila a re fil ling a fun dam en tal ga p in our knowl-
edge of flight control circuitry ( Ehrhardt et al. 2023 ;
C he ong et al. 2023b ). 

Per haps th e m ost compe lling example of th e ut i lity
of the genetic tools available in Drosophila for studies of
flig ht motor circ uitry concerns the functio n o f descend-
in g neuron s, a crit ica l class of s e vera l hundre d interneu-
ro ns wi th cell b o dies an d den dr ites in t he bra in a nd ter-
min al s in the ventral nerve cord ( Hsu and Bhandawat
2016 ; Namiki et al. 2018 ). These lar g e cells co nsti tu te
a crit ica l informat ion bottlene ck lin kin g sen sory struc-
tures on th e h ead (e.g., eyes, a ntennae, a n d oce lli) to
flight m otor n eurons an d prem otor n etwor ks in th e ven-
t ra l nerve cord. Access to cel l-spe cific genet ic driver
lines for a vast number of descending neuro ns, alo ng
w ith d ata fro m co nnecto mes o n their inpu ts and ou t-
pu ts, is p ro viding no v el in sigh t in to t he f unctio n o f spe-
cific neurons in ma ny f eatures of flight be havior, in clud-
ing ta ke o ff ( vo n R ey n et al. 2014 ; von R ey n et al. 2017 ;
Ac he et al . 2019 ), st eerin g ( Suv er et a l. 2016 ; Nami ki et
a l. 2022 ), col lisio n avo idance ( Kim et al. 2023 ), sponta-
neous turns ( Ros et al. 2024 ), and landing ( Ache et al.
2019 ). Am ong th e advantages of th e gen et ic appro ach
to studying the descending neurons are exper iment al
access to very sma l l neuron s (that w ould nev er be ac-
cessible by t radit iona l s harp e le ct r ode r ecor ding) and
o p t ogenetic t ec hniques for exper iment al activation and
silencing in intact anim al s ( Simpson 2024 ). Recent suc-
cesses employing these approaches include the discov-
ery of an e legant an d remar kab l y versat i le circuit that
regu lates ta ke off in flies. It h a s long been known that
many ins ects poss ess a pair of giant descending neurons
(the so-ca l le d “g ian t fiber”) tha t media te fast, uncon-
t rol le d escap e resp onses ( Trima rchi a n d Schn eiderman
1995 ). Th e n ervou s system al so contains a p ara l lel p ath-
way that translates v isu a l informat ion into a set of leg
m ovem ents p rio r to ta ke off that can a l low the fly to
de li berate ly laun ch itse lf a wa y fro m a loo ming t hre at
( Do mb rovski et al. 2023 )—providing a neurobiolog ica l
an sw er to the question, “why are flies so hard to swat?.”



Insect flight state of the field 545 

 

p  

t  

w  

d  

t  

a  

o  

w  

s  

n  

c  

o  

p  

n  

i  

fl  

f  

z  

t  

m  

c  

c  

w  

e  

r  

t  

e  

i  

e  

p  

d  

t
 

c  

a  

i  

s  

u  

o  

t  

w  

d  

v  

s  

w  

t  

s  

L  

f  

i  

n  

f  

e  

s  

b  

b  

u  

c  

e  

(

O
m
A  

o  

d  

d  

i  

p  

c  

p  

w  

e  

S  

e  

b  

2  

r  

p  

o  

l  

p  

M  

o  

s  

t  

a  

o  

i
 

b  

a  

k  

m  

j  

w  

r  

D  

d  

k  

v  

i  

m  

a  

i  

c  

D
ow

nloaded from
 https://academ

ic.oup.com
/icb/article/64/2/533/7710115 by G

eorgia Institute of Technology user on 03 D
ecem

ber 2024
An oth er example con cerns th e n eurona l b a si s of a
 ro minent search motif exhib i ted by flies, in which
hey ex ecute v ery straig ht flig ht t raj e ct ories int er sper sed
i th rap id turns ca l le d b o dy s accades. Studies of t he
escen ding n eurons invo l ved in flight control s ugges t
 hat, alt ho ugh decep ti vel y simp le, s traight s table flight
ctua l ly re quires a lar g e number of descendin g neuron s
perating v i a a po p u lat ion code ( Nami ki et a l. 2022 ),
here as t he b o dy saccades ar e contr olled by a re lative ly

imple system or just four descending neurons orga-
ized into two couplets, each con sistin g of co-activ e ex-
i tato ry and inhib i to ry cells that function effecti vel y as
 ne single co mmand uni t ( Ros et al. 2024 ). The best ex-
la nation f or why straight flight r equir es a much lar g er
umber of descending neurons than the b o dy saccades
 s th at n on-lin earities in th e aerodynamics of flapping
ight r equir e extraor dinary pr ecision in order to per-

e ctly t rim wing motion and thus b a la nce f orces a nd
ero ou t to rques d uring straig ht flig ht. In addi tio n to
hi s preci sion dictated by the underl ying p hysics, the

ot or syst em a lso re quires a lar g e dyna mic ra n g e in
ase t he lef t and r igh t wings m ust fla p differen tly to ac-
omm odate m orph olog ica l asymmet ries due to either
 ing d amage o r develop mental ab no rmali ties ( Mui jres

t al. 2017 ). Providing this co mb inatio n o f dynamic
an g e and p recisio n is the most likely explanation for
h e re lative ly lar g e number of descen ding n eurons n ec-
ssa ry f or stra ig ht flig ht. Althoug h b o dy saccades are
mpr essive acr ob at ic man euvers, th eir variab ili ty fro m
 vent to e vent ( Muijres et al. 2015 ) s ugges ts a lack of
 recisio n that is consistent with the sma l ler number of
escen ding n eur ons that ar e r equir ed for their execu-
ion. 

Wh ereas m ost r esear c h t o dat e o n flight co ntrol cir-
uitry usin g g enetic tools has focused on descending
n d m otor n eurons, th e sam e approach es are becom-
n g availa ble to inv est igate loca l intern eurons an d sen-
o ry neuro n s—tw o cell classes that have be en p art ic-
 larly difficu lt to re cord and manipulate in flies and
ther insects with an asyn chron ous flight m otor. As was
he c ase w ith descen ding n eurons, th ese invest igat ions
i l l be faci litate d by the avai labi lity of sparse genetic
river lines, which may be scre ene d using both acti-
ation and silencing t ec hniques. In addi tio n, data fro m
 e vera l conne ctomes s ugges t much funct iona l st ructure
ithin vent ra l nerve cord circ uits, w hic h link t ogether

he act ivat io n o f specific flight moto r neuro ns that play
ynerg ist ic roles in fligh t con tr ol ( Ehrhar dt et al. 2023 ;
esser et a l. 2023 ; C he ong et a l. 2023b ). A key cha l len g e

o r fu t ure st udies of flig ht circ uit ry wi l l be in determin-
ng h ow descen ding info rmatio n fro m the eyes, anten-
ae, an d oce l li is integ rate d w ith loc a l me chanos ens ory

e e db ack from the wings (and halteres in flies) to gen-
ra te a p pro priate comm and s to flight motor neurons
uch that they fire at the correct time in each wing-
eat cyc le . In addi tio n, th e em er gin g co nnecto me h a s
rough t a tten tion to the importance of the lar g e pop-
 lat io ns o f ascen ding n eurons, which serve as a criti-
al co nd ui t fo r p rovidin g sen sory fe e db ack and effer-
nce copy from the vent ra l nerve cord to the brain
 C he ong et al. 2023a ). 

utlook and potential solutions to 

ethodological barriers 

s di scu ssed a bov e, an en orm ous an d rapid am ount
 f p r ogr ess h a s been m ade wit hin t he last s e veral
ecades to address lon g-standin g question s a bout the
eve lopm ent al or igins of insect wings, the p hysio log-

cal and b io me chanica l determinants of insect flight
er for man ce, an d th e n eurolog ica l and s ens o ry p ro-
esses cont rol ling flight. Integ rat ive r esear ch on the
 hysio logy and b io mechanics o f insect h a s al so h ad
ide-r eaching br o ader imp acts, informing policy ma k-

r s (e .g., Ma rden a n d Allen 2002 ; Fis h er et al. 2023 ;
 ivit er et a l. 2023 ), ag ricu ltura l pract ices (e.g., Cease
t al. 2015 ), and b io-insp ired design p rinci p les app lied
y eng ine er s (e .g., Francesc hini et al . 2007 ; Sat o et al .
009 ; Ma et al. 2013 ; Phan and Park 2020 ). How ev er,
 ecent pr ogr ess h a s rai s ed ne w questions, a nd ma ny
ressing gaps rema in, pa rticula rly in our understanding
 f how co m plex in teractio ns amo ng gen etic, m orph o-

og ica l, p hysio log ica l, and e colog ica l fact or s shape both
ast and present evol u tio n ary dyn amics of insect flight.
any of these gaps in knowledge exist in part because

f bar r iers posed by t ec hnical limi tatio n s to studyin g in-
ec t flig ht. Moving f orwa rd wi l l sur ely r equir e innova-
i ve and interdiscip linary so l u tio ns to these cha l len g es,
nd we briefly di scu ss potent ia l avenues for m eth od-
log ica l deve lopm ent, which we think s h ould be p rio r-

t ize d. 
We ar e curr ently const raine d in our abi lity to study

ro adsca le cros s-s pecies or cros s-po p u lat ion p atterns
nd evol u tio n ary trend s becau se much of our current
nowle dge b as e and res ea rch is constra ined to a few
 ode l insect taxa. For example, the ov erwhelmin g ma-

o ri ty o f data o n th e gen e regulatory n etwor ks governing
in g dev e lopm en t ( Tripa thi and Irvine 2022 ) and neu-

obiolog ica l funct ion of the flight system comes from
rosophil a mel anogas t er , which exhib i ts many highly
erive d aspe cts o f develop ment and flight behavior. One
ey to addressing this s h o rtco ming is to p rio ri tize de-
 elopin g high-qu alit y gen om es an d transcri pto mes us-
n g lon g-read sequencin g t ec hn ology, for m ore n on-
 ode l insects. Th ese efforts wi l l h e lp make a sui te o f

ddi tio nal cu ttin g-edg e molecular g enetic tools (e.g.,
n si tu hyb ridizatio n/H CR, antib o dy stainin g, sin gle-
el l RNA-se q, RNA i, CRISPR-Ca s9 gen om e e dit ing,
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tran sg enics for reporter assay, over expr ession, lin-
eag e tracin g, and chro matin p ro filing m eth ods) m ore
tractab le to emp loy, an d open up n ew avenues for re-
se arch on t he evol u tio nary diversificatio n o f flight us-
ing funct iona l geno mic app roaches. Addi tio nally, the
impr oved r esolution of the insec t phy logeny ( Misof et
al. 2014 ) s h ould be better lev erag ed to focus efforts on
s tudying s p ecific memb ers o f majo r taxa in closely re-
lat ed c lades t o act as r epr esen ta tives where ma jo r evol u-
t ionary t ransit ions in flight mac hinery t oo k p l ace ( Fig .
3 ). Thi s approach wa s cent ra l to pr oviding the r ecent
insigh ts in to the evol u tio na ry tra nsi tio n in flight mus-
cle from asynchrony to synchrony in Lepido p teran dis-
cussed a bov e ( Ga u et al. 2023 ), indica tive of the great
val ue and impo rtance o f studyin g in sec t flig ht in a phy-
logenetic context. 

Addi tio nally, the lar g e amount of variatio n amo ng
insects in flight p ropensi ty an d m ode of flight poses a
m ajor ch allen g e to definin g an d m e asur ing flight per-
f orma nce bro ad ly across taxa. In p art icu lar, th e re la-
ti vel y small b o dy sizes and high spe e ds at which in-
se cts fly ma ke stud ying di ver se flight behavior s, in-
cluding maxim um fligh t spe e ds, ag i lity, maneuv era bil-
ity, an d en duran ce very cha l leng ing . Thus, l arge tax-
o no mic b iases in the p hysio log ica l and b io me chanica l
li terature o n insec t flig h t arise sim p l y fro m our co n-
st raine d abi lity to measure flight most readily among
lar g er b o died an d re lative ly s low flyin g in sects. The de-
ve lopm ent an d use of high-spe e d 3D vide o camera te ch-
n ology an d sophist icate d ana l ysis too ls, which enab le
tracking of insec t flig h t a t sma l l sp at ia l sca les with high
resol u tio n and provide accurate measures of s h ort-term
accelerat ion, was inst rumenta l in advancing our abil-
ity to study the biome chanica l b asis of flight perfor-
ma nce ( Fabia n et al. 2024 ). How ev er, a complemen-
ta ry toolkit f or p hysio logists to mo ni to r, measure, and
manipulate the p hysio logical state of insects in flight
is l acking . Organi sm al flight metabolic rates are avail-
able for a re lative ly broad ran g e taxa and have served
as a crit ica l foundat io n fo r our un derstan ding of flight
ener g etics and p hysio log ica l costs that constrain flight
per for man ce. To m ove th e fie ld f orwa r d, ther e ar e clear
ne e ds fo r imp r oved, high-thr o ughp ut m eth o ds for b et-
ter as ses sing other as pects of the insect p hysio log ica l
st ate dur in g flight, includin g pa ra met er s suc h a s mu s-
cle act ivat io n, fo rce generatio n, s ubs trate and adeny-
la te concen tra tio ns, gas co ncen tra tions, and oxida tive
damag e. Dev e lopm ent of these tools may r equir e part-
n ers hi ps wi th eng ine ers b ut wo u ld be very usefu l for
addressing open questions about how insect m axim al
flight per for m ance i s related to wing m orph ology an d
kin ematics, th e p hysio logic al c auses of s h ort- an d long-
t erm fatigue , an d environm enta l effe cts o n perfo rmance
limits. 
Fina l ly, t o bett er predict and explain the evol u tio n-
ary co nsequences o f variatio n in flight perfo rmance,
there is a crit ica l ne e d to invest iga te how fligh t per-
f orma nce of insects measured in the labo rato ry setting
transla tes in to th e fie ld. In nat ural set tings, most in-
se cts on l y fly int ermitt ently or in specific environmen-
tal co ndi tio ns o r life s ta g es, makin g com plex rela tion-
ships between lab-b ase d measures of flight per for mance
an d be havio r o f individ ual s in n at ural set tings likely. For
exa mple, whereas f emale Gla nvi l le frit i l lary butterflies
s h ow a positive re lations hip between flight metabolic
rate and the distance covered in the field ( Niitepõld et
al. 2009 ), th e re lations hip appear s t o be the o p posite
in ma les, prob ab l y due to male flight being mo re o ri-
ent ed t oward s m ate location and within-sex competi-
tio n ( Nii t epõld et al . 2011 ). New advan ces in GPS m on-
i to rin g, radio tran smitters, an d te lem et ry are excite d ly
improvin g our a bi lity to t rack fre e-flyin g in sects ov er
lar g e sp at ia l sca les ( D ud le y and Srygle y 1994 ; Osborne
et al. 1999 ; Cant et al. 2005 ; Dudley and Srygley 2008 ;
K ̋orösi et al. 2008 ; Ovas kain en et a l. 2008 ; C h apm an et
a l. 2011 ; Knight et a l. 2019 ; Menz et a l. 2022 ). Increase d
use and a pplica tio n o f these t ec hnolog ies wi l l help to
fil l maj or gaps in our un derstan ding of how far and fre-
quently insects fly in natur e. Ther e is also great potent ia l
fo r co mb inin g la b an d fie ld da tasets on fligh t to develop
e colog ica l and evol u tio nary m ode ls pre dict ing how in-
sec t flig h t pa tterns will be a ffect ed by c han gin g climatic
co ndi tio ns. 

Conclusions 

Un derstan ding th e diversity and evol u tio n ary dyn am-
ics of flight st rateg ies re quires an in tegra tive a pproach,
focuse d on lin kin g g enes up to organi sm al flight perfor-
ma nce a nd fitness in vari able env ironments. This sy m-
posium s h owcased th e diversity in flight st rateg ies that
exis ts acros s the insect ph ylogen y and h a s i l lust rate d the
ways in which th e m ech ani stic underpinnings of flight
co mb ine wi t h t he environment al co ndi tio ns t o det er-
min e th e tar g ets of sele ct ion. C lea rly, ma ny metabolic
p roperties o f the mu scles are a ssoci ated w it h t he flight
per for mance of species and indiv idu als, but the diver-
si ty in perfo rman ce (e.g., en duran ce, man euv era b ili ty,
lo ad-lift ing, a nd lif e-his tory s t rateg ies), p hysio log ica l
properties (e.g ., sy n chron ou s-a syn chron ous, en doth er-
mic c apacit y, met abolic f ue l, an d oxygen de livery), an d
the aerodynamic regime occu p ied by species can influ-
en ce th e specific p hysio log ica l tar g ets that ev ol u tio nary
mech ani sms m ay act on. 

Trade-offs are key to un derstan ding th e constraints
s haping th e evol u tio n o f flight, an d th e study of insect
flight is advancing our understanding of the mecha-
nism s and ev ol u tio nary co nsequences o f these trade-
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 ffs. In this symposi um, w e hav e con sidered that
rade-o ffs occur d ue to r esour ce a l locat io n o r acqui-
i tio n co ns traints (e.g., dis persal-r epr oduct ion t rade-
 ffs), functio nal co nflicts in the p hysio log ica l and
 io me chanica l me ch ani sms (e.g., m aneuv era b ili ty vs.
tab ili ty, burst perfo rman ce vs. en duran ce), an d due to
ariation in the e colog ica l context (e.g., t her mal and
ygric co ndi tio ns). Sophistic ated env ironmental sens-

ng mech ani sms and p hysio log ica l integ rat ion enables
igh t stra t egies t o be fin e ly tun ed to environm ental
ariation to mat c h flight per for mance to environmen-
al co ndi tio ns. Further study of th e un der lying m echa-
isms of this in tegra tio n o f enviro nmental info rmatio n
nd cou pling i t to p hysio log ica l and b io me chanica l out-
u ts p ro mises to p rov ide us w i th impo rtan t insigh ts in to
ow insects will respond to environmental chan g e. 
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