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Synopsis Sexua l sele ct ion dr ives t he evol u tio n o f a b road diversi ty o f trai ts, such as the enlar g ed claws of fiddler crabs, the 
high-en ergy be h avioral di splays o f hummingb irds, the b right red pl umage o f h ouse fin ch es, th e e labora ted an tennae of moths, 
the win g “snappin g” displays of manakins and the ca lcu late d ca l ls of túngara frogs. A majo ri ty o f wo rk in s exual s election h a s 
aim ed to m e asure t he magni tude o f these trai ts. Yet, we know surp risingly li ttle abou t the p hysio logy shaping such a di versi ty o f 
sexua l ly sele cte d behavior and su ppo rtive mo rp ho logy. The ener g et ic propert ies un der ly ing sexu a l sig na ls are u lt imate ly fue led 

by metabolic machinery at mu lt iple sca les, from mit oc h on dria l propert ies and enzymatic activ it y to h orm ona l regu lat ion and 

th e m odificatio n o f muscula r a n d n eura l t is s ues. How ev er, different or ganism s hav e different p hysio log ica l const ra ints a nd face 
various e colog ica l sele ct io n p res s ures; thus, sele ct ion operates and interacts at mu lt iple sca les to shape sexua l ly sele cte d t raits 
an d be h avior. In thi s p ersp e ct ive pie ce, we describe i l lust rat iv e case studies in different or ganism s to emph a size th at under- 
st anding t he p hysio log ica l and ener g et ic me ch ani sms th at sh ape sexual traits may be crit ica l t o under st anding t heir evol u tio n 

a nd ra mific ations w ith e colog ica l sele ct ion. We di scu ss (1) the way s exual s ele ct ion sha pes m u lt iple integ rate d co mpo nents 
of p hysio logy, behavior, an d m orph ology, (2) th e way that sexua l ly sele cte d caroteno id p ig ments may refle ct some aspe cts of 
cel lu lar processes, (3) the re lations hip bet ween sexu ally selected modalities and ener g etics, (4) t he hor mo ne ecdyso ne and its 
role in shaping sex-specific ph en otypes in insects, (5) the way varied in teraction pa tterns and social contexts select for signal- 
ing st rateg ies that ar e r espon siv e to s ocial s cen es, an d (6) th e role that s exual s ele ct ion m ay h ave in the explo i tatio n o f n ove l 
t her ma l niches. O ur maj or obj e ct ive is to descri be h ow sexua l ly sele cte d behavior, p hysio logy, and eco logy are shaped in di- 
v erse or ganism s so that w e may dev e lop a deeper an d m ore in tegra ted un derstan ding of sexual trai t evol u tio n and its ecological 
consequences. 
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Introduction 

Sexua l sele ct ion dr ives t he evol u tio n o f elabo rate mo r-
p ho logy and di verse behavior that often pus h es animals
to p hysio log ica l ext rem es ( An derson 1994 ; Emlen 2008 ;
Rya n 2018 ; Ha r r ison et al. 2022 ). The enlar g ed claws of
ma le fidd ler crabs use d as w eapon s and displ ays c an ac-
count fo r u p to 50% o f b o dy m a ss ( A llen and Lev inton
2007 ; Tu l lis and Straube 2017 ), and the extremely rapid
win g “snappin g” display of manakins r equir es special-
ize d integ rat io n o f neuro muscular p hysio logy ( Fuxjager
et al. 2022 ; Pease et a l. 2022 ). Sexua l ly sele cte d sig na ls
are known to impose e colog ica l fit nes s cos ts o n the o r-
gani sms th at be ar t h em, such as in cre asing t heir r isk of
pre dat ion ( Est rada and Jigg ins 2008 ; Hegyi et al. 2022 ),
reducin g their a bi lity to fe e d efficiently ( Va liela et a l.
1974 ), an d in cre asing t h e en er g etic costs o f rou tine be-
h avior ( Ba solo and A lc araz 2003 ; Goy en s et al. 2015 ,
V an W assenbergh et al. 2015 ). The lar g e and con spic-
uou s traits sh aped by s exual s e lection an d in creased en-
ergy expenditure that or ganism s a l locat e t o sexua l t raits
an d be h avior h ave often puzzled evol u tio nary b iologists
( Darwin 1871 ; Anderson 1994 ). Lar g e and co nsp icuous
sexua l ly sele cte d t ra its a r e pr e dicte d to lead to trade-offs
wi th trai ts under e colog ica l sele ct ion ( Hegyi et a l. 2022 ;
Somj e e et al. 2024 ). 

Many studies hav e rev ea le d that sexua l ly sele cte d
traits may impose high ener g etic costs ( Ryan 1988 ), yet
a growing b o dy of evidence also s ugges ts that animals
hav e ev o l ved p hysio logical mech ani sm s to tran smit sig-
n al s highly efficiently, while incur r ing surpr isingly low
ener g etic costs relative to their b o dy size ( McCu l lough
and Emlen 2013 ; Mcc ulloug h and Tobalske 2013 ;
G lazier 2014 ; G lazier et a l. 2016 ; Somj e e et al. 2018 ,
2021 ; Somj e e 2021 ; Din h 2022 ; C hen et a l. 2024 ). In
this way, sexual sele ct ion drives the evol u tio n o f exag-
gerate d t raits th at m ay differ in their relativ e meta bolic
costs within a po p u lat ion, y et ev o l ve as a sui te o f highly
in tegra ted systems associated with mit oc h on drial respi-
ratio n, mo rp ho log ica l development, and neuromuscu-
lar p hysio logy ( L inds ay et al. 2015 ; Fuxjager et al. 2022 ).

The ada pta tions associa ted with sexual tra its a nd be-
havior occur at mu lt iple leve ls an d may lead to ex-
tr eme differ ences in b o dy size ( Somj e e et a l. 2024 )
a nd differences in the relat ive a l locat ion to both pre-
and post-co p u latory t rai ts ( So mj e e et a l. 2015 , 2017 ).
How ev er, sexua l t ra its a re high ly integ rate d with sub-
cel lu lar mit oc h on dria l respirat ion, t is s ue-s pecific devel-
opm ent, an d wh ole organism m etabolism ( Hi l l et a l.
2019 ; Somj e e et al. 2021 ). Despit e c han g es to animal
p hysio logy and ecology shaped by sexual se lection, th e
ide a t ha t such ada pta tions p lay ro les in other eco logical
life-histo ry functio ns h a s re ceive d relat i vel y little atten-
tio n ( Co rnwallis and Uller 2010 ; Bo nd uriansky 2012 ;
Koch and Hi l l 2018 ; Koch et a l. 2021 ). F or exam ple,
e laborate m oth a ntennae ca n funct ion to en h ance m ate
searching in male mo ths, b u t elabo ra te an tennae can
al so be u se d for e colog ica l funct ions, such as locat ing
host plants in both sexes. 

Sexua l sele ct ion does not occur in isolatio n bu t in
the co ntext o f mul ti p le eco logical selectio n p res s ures. In
this p ersp e ct ive pie ce, we examine s e veral cas e studies
in different orga nisms to s h ed light on the in tegra ted
avenues by which s exual s election can shape physi-
ology, behavior, a nd lif e-history. Toget her, t hes e cas e
s tudies and pers pe ct ives high ligh t the sym posium “En-
er g et ics, sexua l sele ct ion, and e colog ica l innovat ion,”
which was part of the 2025 annual meeting of the So-
ciety of In tegra tive and Com para tiv e B iology. We ex-
plore t he ide a t hat var iation in p hysio logy generated
by sexual sele ct io n interacts wi t h t h e environm ent in
n ove l an d co mplex ways, o f ten dr iv en by chan g es in
ener g et ics. This appro ach aims to ident ify share d p at-
tern s shapin g the div ersi ty o f sexua l t rai t evol u tio n and
i ts interactio ns wi th e colog ica l sele ct io n p res s ures. To
gain a deeper un derstan ding of th e effe cts of sexua l se-
le ct io n o n e colog ica l evol u tio n, we s ugges t examining
gene-exp ressio n patterns un der l ying comp lex p hysio l-
ogy ( Pease et al. 2022 ), the ga ins a nd losses of sexu-
a l ly sele cte d t raits ov er ev ol u tio nary t ime-sca les ( Mi les
and Fuxjager 2019 ), an d th e consequen ces of s exual s e-
le ct ion across biolog ica l levels of organization ( Carroll
2005 ; Koch and Hi l l 2018 ; Dixit 2024 ). 

Se xuall y selected traits are shaped by the
concurr ent ev olution of multiple 

physiological traits 

Sexua l sele ct io n fo r elabo rate trai ts and rep rod uctive
behav ior c an facilit ate t h e con current evol u tio n o f su p-
port ive me ch ani sms in n eural, en docrin e, an d muscu-
los ke leta l systems ( Lai lvaux and Ir sc hic k 2006 ; Husak
and Swa l low 2011 ; Fuxjager et al. 2022 ). One way to
con ceptualize th e effe cts of sexua l sele ct io n o n the evo-
l u tio n o f p hysio logy is by con siderin g an or ganism’s
b roader perfo rma nce la ndsc ape. We c an t hink of t his
l andsc ape as the the oret ica l topog ra phy tha t encom-
passes how species can behave in their natural envi-
ronment. B y fav orin g a nov el t rait, sexua l sele ct ion can
pus h th e boun dar ies of t hi s land scape to expand an or-
gani sm’s beh avio ral limi ts ( Bo nd uriansky 2011 , 2012 ).
These effects ca n be extrem e, with se lec tion direc ting
th e em er g en ce of be havio ral ab ili ties that are spectac-
ula r a nd that expa n d our basic un derstan ding of ani-
mal form an d fun ct ion. An i l lust rat i ve examp le comes
from a bird ca l le d the western grebe ( Aechm oph orus oc-
ci d entalis ). In div idu als of this species weigh roughly 1–2
kg, an d th ey inhab i t lak es a nd ma r shes in west ern and
cent ra l Nort h Amer ica. As part of t h e courts hi p rou tine
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etwe en ma les a nd f ema les, p a irs run f o r mul ti ple me-
 er s in tandem across the water’s surface ( Nuec ht erlein
nd Storer 1982 ). Inde e d, sele ct io n fo r this ab ili ty, which
 s otherwi se impossible fo r b irds o f thi s size, i s sup-
orted by the emer g ence of numerous morp ho log ica l
nd p hysio log ica l modificat ions to the spe cies, which
n able an unu sua l ly swift hindlimb str ide ( Clif ton et
 l. 2015 ). Inde e d, courts hip be h avior i s a ssoci ated w ith
xcept iona l p hysio log ica l modificat io ns in many b ird
pecies ( Murphy 2007 ; Fuxjager et al . 2015 ; Sant ema et
l. 2023 ). Thus, s exual s election may appear to shape
 raits fre ely. Yet, this process a lmost certain ly occurs in
 a l ance w ith a w ide ran g e o f other facto rs that influ-
n ce ph en otypic chan g e thr ough time. For emost among
hese fact or s is t he impr int of history. 

A s pecies’ ances tral s tates can play a major role in de-
 ermining whic h tra its a r e mor e or less likely to evo l ve.
et, at t he s ame time share d sele ct ion p atterns may re-
ult in conv er g en ce of th e m ole cu lar p a thways sha ping
e havior an d m orph ology in different ways ( Li pshu tz
t al . 2025 ). Thus, t o begin t o under st and t he evolu-
io n o f such co mplex sexu al behav io r, i t is impo rtant to
n derstan d th e historical sequence of contin g ent pro-
esses t hat le ad to t h ese be haviors ( Miles an d Fuxjager
019 ; Ma ngia m e le et al. 2024 ). Recent work in man-
kin b irds, fo r instance, explo res th e phylogen etic his-
o ry o f gene exp ressio n evol u tio n in a specific wing

u scle th at i s spe cia lize d to act ivate ext rem e ly rapid
ourts hip gestures. Th e ab ili ty o f thi s mu sc le t o per for m
uch maneuv erin g co mes fro m the tis s ue’s c apacit y to
epeate d ly cont ract and relax a t ra tes tha t ar e r oughly
x faster than the wingbeat frequency associated with
ight ( Fuxjager et a l. 2016 ; Mi les et al. 2018 ). A num-
er of genes (likely hundreds) are potent ia l l y invo l ved in
 his process, and t hus behavioral per for m ance i s likely
ependent on an ap pro priate expr ession pr ofile of these
enes ( Pease et al. 2022 ). Yet, this exp ressio n p ro file does
 ot em er g e at the sam e tim e as th e be havior appears in

h e bird’s lin eag e. In st ead , c han g es in the exp ressio n o f
enes lin ke d to thi s bird’s di splay ari se a t differen t poin ts
cross the species’ evol u tio n in a layered manner ( Pease
t al. 2022 ). Th e n ove l per for mance c apacit y to su ppo rt
apid wing m ovem en ts was con tingen t u po n th e s low
ccum ula tio n o f these chan g es durin g ev ol u tio n. 

e xuall y selected signals may be related 

o vital cellular energetic processes 

exua l sele ct io n is a fo rm o f s ocial s elec tion, w here
nt ra-spe cific compet it ion can lead to more constant
nd stron g er sele ct io n co mp are d to ma ny f o rms o f eco-
og ica l sele ct ion ( West-E ber h ard 1983 , 2014 ; We bster et
 l. 2018 ). In addit ion, Fis h erian se le ct ion for a rbitra ry
raits, which may drive extreme elabo ratio n o f sig na l-
ng structures, is also an im portan t fea ture of sexual se-
e ct ion ( Lande 1981 ; Kirkp at rick 1982 ). How ev er, sex-
a l sig na ls are also often dependent on various met-
ics o f co ndi tio n ( Cotto n et al. 2006 ; Dougherty 2021 ),
 ugges ting that s uch sig na ls may serve as indicat or s of
ndiv idu a l hea l th, vigo r, o r other p hysio log ica l features
 Zahav i 1975 ; Pomi a nk o wski 1987 ; Ro we and Houle
996 ). 

Som e eviden ce s ugges ts that sexua l sig na ls refle ct
ome aspects of su b-ce l lu lar p hysio log ica l processes.
 or exam ple, th e am ount o f b right red p igmen ta tion in
he wings of th e damse lfly, He ta erin a am eric an a , reflects
n indiv idu al’s detoxific atio n ab ili ty ( G-Santoyo et al.
021 ). R ed c aroteno id p ig ments as sig na ls use d in mate
hoice in birds have been a focus of many studies ( Hi l l
011 ; Koc h et al . 2017 ; Hi l l et a l. 2019 ). There is accu-
 ula ting evidence that mit oc hondr ial f unction may be

efle cte d in sexua l ly sele cte d caroteno id p ig ment t raits
ound in so me b ird species ( Hill et al. 2002 ; Hill 2011 ;
oc h et al . 2017 ). Th ese fin din gs sugg est t hat t he br ight-
ess of the red plumage in a male bird may provide fe-
ales wi th info rmatio n abou t that individ ua l’s hea lth

nd vi tali ty. How ev er, it is unclear how a simple trait
ik e f e at her hue can link to f un dam enta l aspe cts of indi-
 idu al qu alit y. In most bird species, the red carotenoid
ig ments use d in colorat ion ar e pr oduced fr om yellow
ieta ry ca rotenoids v i a metabolic enzy mes ( Toomey et
l. 2022 ); studies have s h own that this metabolic trans-
o rmatio n appears sensi tive to mi tocho ndrial c haract er-
st ics ( Hi l l et a l. 2019 ). This s ugges ts t hat t h e redn ess
 f caroteno id-colo red o rn aments m ay dir ectly r eflect
o me aspects o f mi t oc h on dr ial f unction ( H ill 2011 ; H ill
t al. 2019 ). How ev er, thi s explan ation does no t acco unt
 or different enzy me systems, w i th different species o f
 ed bir d s h aving different cel lu l ar loc atio ns o f p igment
 rod uctio n. In this is s ue , Koc h et al . (2025) examin e th e
ifferent enzyme systems that relate to red carotenoid
igments in birds. Their findings s ugges t that under-
t anding t he mole cu lar me ch ani sm s underlyin g such
ig na l evol u tio n may be crucial to un derstan ding th e
vol u tio n o f r ed car oteno id p igmen ta tion in birds. 

Visua l ly co nsp icuou s sign al s are just one sma l l com-
o nent o f the diverse array of mating sig na ls found in
ird s. Many m at ing sig na ls are p arts o f co m plex m u lt i-
oda l t raits associate d with behaviors that are shaped

y co mpeti tio n fo r mating o p po rtuni t ies ( End ler 1992 ;
est-E ber ha rd 2014 ; Rya n 2018 ). Mat ing sig na ls are

ot only im portan t for r epr oduction within species but
lso play a role in spe ciat ion, as sig na ls can me diate
ene flow at the species boundaries, dire ct in g the ev o-
 u tio nary trajecto ries o f distin ct lin eages ( Mayr 1982 ;

cDona ld et a l. 2001 ; Ve en et a l. 2001 ; Wang et a l.
020 ; Blom et al. 2024 ; Schield et al. 2024 ). These mat-
ng sig na ls chann e l many s ens o ry modali ties, incl ud-
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ing v isu a l ( Bennett et a l. 1997 ; Ba l lent in e an d Hi l l 2003 ;
Alonso et a l. 2010 ), acoust ic ( Searcy 1992 ; Tomaszycki
a nd Adkins-Rega n 2005 ; Nemeth et al. 2012 ), kines-
thetic ( Taylor et al. 1982 ; Alonso et al. 2010 ; Ota et
al . 2015 ), and c hemos ens ory sig na ling ( Hirai et al.
1978 ). 

Mat ing sig na ls often re quire sig nificant energy in-
put to be ma inta ine d ( Somj e e et al. 2018 ) in addition
to t he alre ad y extensi ve energetic costs of growth, sur-
vival ( Maurer 1996 ), and post-mating r epr oductive ef-
f orts ( Welck er et al. 2015 ). The ener g et ic re quirements
for div erse matin g sig na ls of a l l moda lit ies are u lt imately
fue led by aden osin e triph osphat e , th e en ergy-c arry ing
mole cu le p rod uce d main ly by mit oc h on dr ia. Yet, t he
sex-specific nature of mit oc h on dria l in h eritan ce com-
plica tes the aven ues by w hich selec tion can act on mi-
t oc h on drial c haract er s ( Naga raja n-Rad ha et a l. 2020 ).
Mit oc h on dria have like ly b een co evo l v ing w it h nucle ar
gen om es for bi l lion s of y ea rs ( Saga n 1967 ; Boore 1999 ;
Wang et al. 2021 ), an d in com pa tib ili ties between mito-
ch on drial an d nuclear gen om es of ten le ad to fitness de-
creases, espe cia l ly in hybrid o ffsp ring ( Hi l l 2017 ; Burton
2022 ). Thus, the mit oc ho ndrial geno me and i ts co-
f unctioning nucle a r genes a r e pr e dicte d to co-seg regate
at sp ecies b ound aries w ith sele ct ion that favors com pa t-
ib ili ty. G iv en the energy input r equir ed for mating dis-
plays in many s pecies, s uch dis pla ys ma y serve as sig na ls
o f high-perfo rming mi t oc h on dria, such that in dividu-
al s with “m at c hed” mit onuc lear gen om es may be able
to p rod uce sufficien tly a tt ract ive sig na ls. This concept
is r eferr ed t o as “mit onuc lear mat e c hoice” ( Hi l l 2018 ).
How ev er, it remain s unclear how such sele ct ion occurs,
a s anim al s employ m a ny different s ens o ry modali ties as
sexua l sig na ls. 

On e possi b ili ty i s th at sign al s th at explo i t different
s ens o ry modali ties are shaped to reflect ener g etic prop-
erties in different ways. Yet, it remains unclear how se-
le ct i ve indi v idu a ls eva luat e mit onuc lear com pa tib ili ty
in potent ia l mat es. One example , hig hlig hte d by E ddo
et al. (2025) in this is s ue, co mes fro m acoust ic sig na ls,
which are co mmo n in birds. In some bird species, songs
with higher t ri l l ra tes, am pli tudes, and/o r higher syl-
lab le di versity are consider ed mor e ener g et ica l l y costl y
( Ritschard et al. 2010 ; Darolová et al. 2012 ; Sierro et al.
2023 ). In accord ance w it h t he pre dict ion that songs with
high er en ergy expen ditur e ar e mor e att ract ive, fema les
of both Sma l l Tre e Fin ch es ( Ca ma rhynchus pa rvulus )
and Medium Tree Fin ch es ( C. p aup er ), prefer th e ca l ls
of male Sma l l Tre e Fin ch es, which have greater band-
widths and t ri l l ra tes com p are d to me dium t re e fin ch es
( P odos 1997 ; P et er s et al . 2017 ; Pet er s an d Klein dorfer
2018 ). In these spe cies, fema les appea r to pref er songs
th at sign al indiv idu als w it h high-per for ming cel lu lar
ener g etic processes, at the potent ia l cost of choosing a
het erospecific mat e wit h uncert ain mi to nuclear co m-
p at ibi lity. 

In this is s ue, Eddo et al. (2025) examine other sig-
na l moda lit ies that differ from static v isu al appea ra nce,
such as kin esth et ic sig na ls, whic h inc l ude courtshi p
da nces ( Johnsga rd 1965 ), aeri al displ ays ( Ki l ham 1960 ),
an d even th e col le ct io n o f m aterial s u sed for structural
displays ( Doucet and Mo ntgo merie 2003 ). The coordi-
nat ion re quire d for these displays an d th e en ergy re-
quired to f ulfill t hem are often associ ated w ith mat-
ing pr efer en ces ( Koch an d Hi l l 2018 ). Sat in Bower-
birds ( Ptilo no rhy nchus v i ol aceus ) p rod uce elabo rate
structures that require significant energy for gather-
ing de corat ions and bui lding the bowers ( Borgia 1985 ).
How ev er, Reg ent Bow erbir ds ( Sericul us chryso ce phalus )
bui ld relat i vel y simp le bower s, whic h are less ener g eti-
ca l l y costl y to co nstruct. Hyb ridizatio n between these
two species does occur, likely due to female regent
bowerb irds p refer r ing t he a pparen tly high er-en ergy
bowers of Satin Bowerbirds ( Eddo et al . 2025 ). S imilar
to the t re e fin ch es descri b ed ab ove , mat e c ho ice p ref-
erence for sig na ls of high indiv idu al per for m ance m ay
co nflict wi th sele ct ion a gains t potent ia l ly incomp at ible
hybrids. 

Im portan tly, not a l l sig na ling moda lit ies ne e d to be
lin ke d dire ctly to ener g et ics. E ddo et a l. (2025) sug-
gest that th e en ergy expen di ture o f mat ing sig na ls can
be difficult to deciph er wh en mul ti ple mating sign al s
are invo l ve d during heterospe cific interact ions, such as
the co mb ined use o f colo r f u l pig m ents an d acoustic
sig na ls ( Love and Goller 2021 ; de Zwaan et al. 2022 ).
How ev er, linkin g complex mating displays to energetic
processes enables the form ula tio n o f p redictio ns and
test able hypot heses, contr ibuting to a more in tegra ted
un derstan din g of matin g sig na l ener g etics an d th eir m e-
diatio n o f sp ecies b oundaries ( E ddo et a l. 2025 ). 

Social costs in crowded signaling 

environments shape calling strategies in 

túngara frogs 

In thi s i s s ue , Lart er a nd Rya n (2025) consider the ef-
fects of social context in shaping the sig na ling st rate-
gies of chorusin g in sects and frogs in light of recent
findings in túngara frogs. In m any taxa, m ales p rod uce
e laborate courts hip displays to attract mat e-searc hing
fema les, with sig na l elaborat ion evo l ving a s m ales com-
pete for female a tten tion ( Rosen thal 2017 ). Courtship
sig na ls are t ypic a l ly sent within the context of commu-
nic ation net w orks con sistin g of mu lt iple sig na lers and
receivers wit hin t he comm unica tion ran g e o f o ne an-
other ( McG reg or 2006 ), which profoun dly influen ces
the evol u tio n o f courtshi p and mate choice st rateg ies.
One im portan t comm unica tion n etwor k effect is sig-
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al interference among nearby sig na lers; thi s i s an es-
e cia l ly acute cha l len g e for acoustic sign al s, which are

oud a nd fa r-reachin g ( G reenfield 2015 ). For in stance,
n the dense acou stic choru ses formed by many frogs
nd inse cts, b ackg round chorus noise impedes female
b ili ties to recognize and localize conspecific males and
o exert pr efer en ces am ong th em ( Véle z et a l. 2013 ).
n addi tio n, mo re specific fo rms o f inter-sig na ler inter-
erence during sig na ling interact ions can be im portan t.
ere, a key factor is the temporal associatio ns o f sign al s,
hic h, due t o female s ens o ry b i ases, c an gre at ly influ-

n ce th e re la tive a tt ract iveness of ca l ls ( Gre enfield et a l.
997 ). This selects for signal-timing strategies allowing
ales to place their ca l ls at o p portun e tim es re lative to

iva ls’ ca l ls, to avoid ca l ling at disfavore d tempora l posi-
ion s, and ev en t o relegat e rivals t o disfavo red posi tio ns
s a form of sig na l compet it ion ( Gre enfield 1994 ). 

Th e fun ctio ning o f ca l l-t iming me ch ani sm s drivin g
ig na ling interact ions h a s prim ari ly be en studie d in
horusin g in sects t hat synchronize t heir ca l ls, but the
esu lt ing ca l l-t iming m ode l s h ave been s ugges t ed t o un-
erpin ca l l-t iming interact ion s in frogs, pendin g a few
a ra m eter adjustm ents. How ev er, f rogs differ f rom syn-
hronizin g in sects in their comm unica t ion e colog ies,
i th frogs fo rmin g den s er chorus es a nd prima ri ly a l-

er nating wit h r iva ls to avoid ca l l int erference , rather
han syn chronizing ( Ger ha rdt a n d Hu ber 2002 ). Th ese
ifferen t social con texts and stra tegies have likely led

o differences in ca l l-t iming me ch ani sms. Spe cifica l ly,
he highly structured interactions of synchronizing in-
 ects s eem to have selected for “rigid” call-timing mech-
ni sms th at are lar g ely unrespon siv e to local acous-
ic co ndi tio ns, to facili tate co nsis tent res ponses to ri-
a ls’ ca l ls. After a l l, synchrony is a pre cise interact ion
u tco m e, an d ex cessiv e respon siv eness of ca l l-t iming
ech ani sms to local co ndi tio ns might cause interaction

att erns t o break down. 
Conv ersely, recent w ork on túngara frogs and hints

 rom other f rogs point to pa ra meters of frog ca l l-t iming
ech ani sm s bein g mo re p robab ili stic and m alleable in

esp onse to lo ca l acoust ic fluctuat ion s. For in stance, ca l l
 erio ds (d uratio n s elapsin g betw een on sets of succes-
ive ca l ls) ar e mor e variable in fr ogs than synchr oniz-
n g in sects ( Narin s 2021 ), an d frogs exhi b i t mo re p rob-
bi list ic responses to rivals’ calls ( Narins 2021 ; Larter
 nd Rya n 2024a , 2024b ). Furt her mor e, túngara fr og
a l l-t iming de cisions are not influenced so lel y by the
a l ls of individual rivals but also by emer g ent fluctua-
ions in the acoustic scene at the c horus, suc h as am-
li tude sp ikes stemming fro m chan ce syn chron ous ca l ls
y mu lt ip le ri vals ( La rter a nd Rya n 2024b ). Fina l ly, tún-
ara frog ca l l-t imin g respon s es are s en sitiv e to s h ort-
 erm patt erns of arousal experienced p rio r t o eac h ca l l;
 ales increa se their p robab ili ty o f overlapp ing rivals’
a l ls and decrease response latencies when experienc-
n g more inten se con s pecific acous tic s tim ula tion im-
 ediate ly p rio r to ca l lin g (Larter, Cushin g, a nd Rya n,

ub mi tted). 
St oc h a sticity and m alleab ili ty in response to local

coust ic fluctuat ion s are con sistent with frogs’ strat-
gy of bro ad ly av oidin g ca l ling at t imes o f high co n-
pecific int erference . This bro ader st rategy a l lows more
eg re es of fre e dom regarding interaction patterns than
he highly structured interactions of synchronizing in-
ects. Furt her mo re, i t dem and s gr eater r espon siv eness
o local acoustic environments due to the nature of rel-
ti vel y interfer ence-fr ee p erio ds differing across acous-
ic environm ents gen erated at different chorus densi-
 ies. These comp ar isons sug gest t hat differ ing selec-
io n p res s ures—s uch as thos e ass oci ated w ith sig na l
 lig nm ent in syn chronizin g in sects v ersus more g eneric
vo idance o f interference in frogs—shaped by varying
oci al env ironments, like denser choruses in frogs, can
 ro foundly influence the mech ani sm s underlyin g sexu-
 l ly sele cte d interact ions. 

ormonal regulation by ecdysone shapes 

ex-specific phenotypes in insects 

he sexes share the vast majo ri ty o f genetic info rma-
io n and exp ressio n, yet they o ften face sex-specific se-
e ct io n p res s ures, leading t o pot ent ia l conflicts betwe en
he o p t ima l ph en otypes expresse d in fema les relat ive to

ales ( Penn e ll an d Morrow 2013 ; Penn e l l et a l. 2024 ).
ales a nd f emales in gon och oric or ganism s are often
 on om orphic in m orph ology, but sexual dimorphism

om etim es enables each sex to express ph en otypes that
ay more closely a lig n wit h t heir sex-specific sele ct ion

res s ures ( Ma nk 2017 , 2023 ; Va n Der Bijl a nd Ma nk
023 ). Inde e d, the differences in ener g etics and phys-
ology shaped by sex-specific r epr oduct ive, socia l, and
 colog ica l sele ct ion may impose high l y di v er g ent selec-
io n p res s ures on each sex ( Somj e e et a l. 2022 ). In sex-
a l l y dimorp hic insects, f or exa mple, th e deve lopm en-
 al hor mo ne ecdyso ne plays an im portan t p hysio log ica l
ole in the exp ressio n o f sex-spe cific t ra its ( Ya ma naka et
l. 2013 ). 

One example of an ecdys one-ass oci ated molecul ar
ech ani sm can be seen in the wing or nament atio n o f

he Squinting bush brown butterfly, Bi cy clus a nyna na .
n this s pecies, eyes pots defle ct pre da tor a ttacks ( Prudic
t al. 2015 ), but these eyespots are al so u sed in mate
hoice ( Prudic et a l. 2011 ). Sexua l dimorphism in eye-
pot size occurs in the dry s eas o n, wi th males having
ma l ler eyespo ts, b u t sexual mo no mo rphism o f these
yespo ts is fo un d in th e wet s eas on, where both males
 nd f emales develop la r g e ey espots ( B ra kefield et a l.
998 ). In the wet s eas on, exposure to higher tempera-
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tures dur ing t h e wan der ing larval st age le ads to higher
a nd simila r 20HE (20-hy droxy e cdysone) t iter in both
sexes, h en ce large eyespots in both sexes ( Koch 1996 ).
How ev er, exposure to low tem pera tures in the dry sea-
so n resul ts in sma l ler eyespots in ma les. In fema les, the
20HE tit er s are still high, from an unknown mech ani sm,
leading to the fo rmatio n o f lar g er ey espots. Here, the
sex-specific difference in 20HE titer leads to s eas onal
sexual dimorphism in wing or nament ation ( Bhardwaj
et al. 2020 ). 

Addin g ev en mo re co mplexi ty to this p aradig m is
th e sex-specific m odificatio n o f ecdyso n e in th e mal ari a
car r ier mosq uito, Anop he les ga mbiae . Males p rod uce a
ma le-spe cific oxidize d va ria nt of 20HE, known as 3-
de hydro-20E (3D20E). Wh en th ey mat e , ma les t ra nsf er
3D20E to f emales, effecti vel y preventing f urt her female
remating ( Hun et al. 2022 ; Peng et al. 2022 ). Here, the
modifie d e cdysone va ria nt acts as a power f u l mole cu lar
mech ani sm to ensure the tra nsf er of genetic mat erial ,
bias the po p u lat io n-level p revalence o f specific trai ts,
an d pave th e way for se le ct io n o f these trai ts in succes-
siv e g eneration s ( Pondevi l le et a l. 2008 , 2019 ; Ba ldini
et al. 2013 ; Peng et al. 2022 ). This provides an exam-
ple of a simple, yet effe ct ive way that ecdysone-driven
sexua l dimorphism cou ld guide e colog ica l innovat ions.
The different aspects of the ecd ysone-dri ven mo lecu-
la r mecha nisms in sexual dim orphism s h ow remar kable
biolog ica l diversity. These ho rmo na l ly me diate d varia-
t ions cou ld f urt her dr i ve p hysio log ica l an d be havioral
differen ces, th ereby expan ding po p ulation-leve l ph en o-
typ ic diversi ty ( Prudic et al. 2011 ) and potent ia l l y p lay-
ing a part in shaping evol u tio nary trajecto ries. 

The ways in which ho rmo ne-me diate d g rowth and
behav ior c an be modified by ecdyso ne p rovide numer-
ous avenues to generate variation at different scales of
biolog ica l organizat ion; such variat ion may be impor-
ta nt f or e colog ica l ada pta tion ( Carscadden et al. 2023 ).
E cdysone a lso interacts with metabolism in complex
ways, with recent studies sugg estin g a link between
ecdyson e an d mit oc h on dr ial f un ction ( Bollenbach er
et al. 1977 ; Llorens et al. 2015 ; Va f o po ulo u and Steel
2016 ; Zha ng et al. 2025 ). Further, exa mples of lik ely
ecdyson e-m ediated deve lopm ent al var iants include the
po l ymorp hisms found in dung beetles ( Moczek 1997 ,
2023 ; Moczek et al . 2011 ), cric kets ( Nespolo et al. 2008 ),
lea f-f oo ted b ugs ( Emberts et al. 2017 ), and harvest-
men ( Buzatto et al. 2011 ; Buzatto and Machado 2014 ;
Paint ing et a l. 2015 ). The pleio tro p ic effects o f ecdyso ne
sig na ls in arthrop o ds provide a trove of possibi lit ies to
un derstan d th e lin ks betwe en sexua l sele ct ion and e co-
log ica l ada pta tion. 
 

Sexual selection may lead to the 

exploitation of novel thermal niches 

Sexua l sele ct io n o f ten le ads to trait e laboration an d
ener g et ica l ly dem anding beh avioral di splays th at can
driv e or ganism s t o expand int o different t her mal envi-
ro nments. Mul ti ple lines o f evidence s ugges t that sex-
ua l sele ct ion ma y pla y an undera pprecia ted role in the
diversificatio n o f t her mal nich es. Th e enlar g ed b o dies,
orna ments, a nd w eapon s often fav ored by mate choice
and/o r co mpeti tio n co nfer gre ater “t her mal inertia,” re-
su lt in g in slow er heatin g and coolin g rat es (e .g., ele-
ph ant seal s a nd insects [ Mura matsu et al. 2020 ]). Da rk
sexua l colorat ion can addit iona l ly elevate b o dy tem-
peratures by abso rb ing excess heat from the sun (e.g.,
lions [ West and Packer 2002 ] and insects [ Punzalan
et al. 2007 ; Moore et al. 2019 ; Sv en sson et al. 2020 ;
Laakso et al. 2021 ]), and metabolic heat is a frequent
byp rod uct o f ener g et ica l ly vigoro us co urts hip an d com-
b at (e.g., inse cts [ Sanborn et a l. 2003 ; Vi l let et a l. 2003 ;
Er reg ger et al. 2017 ] an d e leph ant seal s [ Nor r is et al.
2010 ]). G iv en that mat ing act iv it y and the efficacy of
sexu al communic ation are both highly sen sitiv e to en-
vironmen tal tem pera ture ( García-R o a et a l. 2020 ; Leith
et a l. 2022 ), sexua l sele ct ion can directly favor cer-
t ain or nam ents an d be havio rs d ue to t he t her moregu-
la tory advan t ages t hey provide in maint aining t he op-
t ima l tem pera tures for ma te com pet it ion ( Punza lan et
a l. 2008 ; Laa kso et al. 2021 ). In thi s i s s ue, Giacometti et
a l. (2025) demonst rate how sexua l sele ct ion ca n cha n g e
how w eapon s a nd orna men ts in teract wit h t he t her mal
environm ent an d u lt imat ely c han g e or gani sm al ther-
mal biology. They also gathered data on weapon size
fr om differ en t invertebra tes and showed that sexually
sele cte d w eapon s ar e pr oport iona l ly lar g er a t higher la t-
itudes in a few t axa. This sug gests an interaction be-
t ween sexu al se lection an d environm en tal tem pera ture
that r equir es f urt her explo ratio n. 

How ev er, ev en bey o nd mate co mpeti tio n, t he t her-
mo regulato ry functio ns o f sexual traits can also be
co-o p ted in ways that expan d nich e access in non-
co mpeti tive co ntexts ( Lei th et al. 2022 ). Fo r example,
a lthough waxy p at c hes of pruin escen ce in dragonflies
likel y first evo l ved as an ultraviolet sexual signal, the
p hysio log ica l advantages o f p ruin escen ce for re duce d
h eating an d enhan ced desiccation resi stance al so facili-
tat e nic he expa nsion f o r p ruinose drago nflies into hot-
ter and drier climates ( Moore et al. 2024 ). 

Beyon d th e ornam en ts, wea p ons, and b eh avioral di s-
pla ys fa vore d by sexua l sele ct io n, the microhab i t ats t hat
a re adva nt ageous dur ing ma te com pet it ion often con-
t ain t h e m ost extrem e tem pera tures tha t or ganism s en-
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ounter in their lifetimes. For example, male fiddler
rabs must remain at the surface of therma l ly st ress-
u l intert ida l zones to att ract mates and fend off rivals
 D ar n e l l et a l. 2015 ). These microhab i tats used to co m-
et e for mat es u lt im ately bia s e colog ica l niche diver-
ification by providing a strong source of sele ct ion on
co-p hysio logical traits ( Leith et al. 2022 ). More gener-
 l ly, t her mo regulato ry effo rt and p hysio log ica l perfor-
a nce play k ey roles in enha n cing mate en count er rat es
ithin m ating microh ab i tats ( Wi l lmer 1991 ; Wi lde et a l.
018 ), and recent simu lat ion s sugg est that sexual selec-
io n fo r such trai ts cou ld faci li tate colo nizatio n in n ove l
nvironm ents an d th e expansio n o f species ran g e limits
 Tschol et al. 2024 ). 

In summary, ada pta tion to n ove l th ermal environ-
 ents cann ot occur with out som e un der lying h er it able

ariation in fo rm, colo ratio n, behavio r, and p hysio logy
 D ar n e ll et al. 2015 ; Leith et al. 2022 ; Moore et al. 2024 ).
n this way, sexual sele ct ion as a generato r o f phenotyp ic
ariation may be espe cia l ly im portan t in ada pta tion to
 ove l or changing t her mal enviro nments ( Lei th et al.
022 ). 

onclusion 

exua l sele ct ion plays a fun dam ental role in shaping a
ide array of p hysio log ica l, behaviora l, an d m orph o-

og ica l t raits acros s diverse s pe cies ( Em len 2008 ; Ryan
018 ; Fuxjager et al. 2022 ). The case studies presented
 ere un derscore th e en er g etic, p hysio logical, and so-
ial dimen sion s of sexual sign al s, a s these p ersp ectives
 rovide cri t ica l insight into their evol u tio n ( Fuxjager
t al. 2022 ; Pease et al. 2022 ). We emph a size th at sex-
a l t ra its a re un derpinn ed by m etabolic, h orm onal, an d
el lu lar machinery t hat f uels t heir development and
 ainten an ce. For instan ce, th e en er gy-inten siv e sig-
 al s p rod uced by m an akins and many species of frogs
r e pr oduc ts of hig h ly spe cia lize d p hysio log ica l adapta-
ions ( Ryan 1988 ; Pease et al. 2022 ). Sexually selected
aroteno id p igment exp ressio n is underp inned by dif-
erent mole cu lar p a thways in differen t species of birds
 Koch et a l. 2025 ), sex-spe cific ph en otypes are shaped
y the interaction of both h orm onal an d environm en-
a l effe cts and varie d dyn amics ari sing across social
nvironments ( Larter and Ryan 2024a, 2024c , 2025 ).
urth er, en er g etic processes that shape sexual sign al s,
hich co mp rise different modali ties, may a ffect pat-

erns o f hyb ridizatio n between closely relate d spe cies
 E ddo et a l . 2025 ). Thus, under st anding t he mecha-
isms un der lying th e p rod uctio n and diversificatio n o f
exua l sig na ls may provide unique insigh ts in to cellu-
ar processes shaping trait evolution. As sexual traits
vo l ve, t hey of ten interact w ith env ironmenta l cha l-
en g es such as tem pera t ure ( Giacomet t i et a l. 2025 ) and
han g es in social dynamics, leading to complex interac-
ion s betw een s exual s e lection an d ecological se lection.
 y examinin g the in tegra ted rela tio nshi p between sex-
a l sele ct ion, p hysio logy, and eco logy, we may be able

o develop a mo re co mp re h en siv e un derstan ding of th e
ole that sexual sele ct ion plays in shaping organi sm al
iversity. 
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