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Synopsis Males of many insect and anuran species send courtship ca l l s to fem ales fro m wi thin crowded cho rusing aggre- 
gatio ns. Desp i te large phylogenetic distances between insects a nd frogs, ma n y con vergences in comm unica tion behavior are 
evident due to simi lar sele ct io n p res s ures arising when compet ing acoust ica l ly wi thin cho ruses. Co nse quently, me ch ani st ic ca l l- 
timing m ode ls an d th e oret ica l fram ewor ks orig ina l l y deri v ed from w ork on synchronizin g in sects hav e be en applie d f r uit fu l ly 
t o alt ernatin g frogs. How ev er, desp i t e suc h simi larit ies, there exist exten siv e differen ces in th e det ails of t he comm unica tion 

e colog ies an d n erv ous system s of t hese t axa, sug g estin g interestin g differences may have been o vershado wed b y these broad 

simi larit ies. Here, we synthesize recent findings r egar ding the ca l l-t iming me ch ani sms of túngara frogs, a species s h owing flexi- 
ble ca l ling interact ion p atter ns across var ied cho rusing enviro nments. Based o n th ese fin dings, an d hin ts presen t in other frogs, 
w e sugg est that the unique dem and s ari sing wit hin t h e dense ch or uses f rogs form have sele cte d for ca l l-t iming me ch ani sms 
whose pa ra met er s are highly flexible, and ma l leable mo ment-to-mo ment in response to complex st imu lat ion p atter ns ar ising 
in varie d acoust ic environm ents. Such fin e-sca le ma l leabi lity and respon siv eness t o ext erna l st imu lat ion are negle cte d in t ra- 
di tio nal theo retical m ode ls of call-timing mech ani sms, possib l y because the resultin g varia b ili ty would be detr iment al to t he 
high ly st ructure d interact ion p atter ns of t h e syn chronizin g in sec ts from w hic h muc h o f this wo r k derives. Th ough f urt her 
experiments are ne e de d to fu l ly vet our bro ader claim s, w e hope to in spir e r esear c her s t o co nsider p revious ly n eg lec ted fac- 
t or s influencing ca l l-t iming responses and choru sing dyn a mics, a nd to com plemen t the im pressiv e w o rk o n similari ties across 
chorusing taxa with addit iona l detai ls on finer differences. 
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n introduction to chorusing 

n many insects and anurans, males aggregate in space
n d tim e to p rod uce acoust ic sig na ls to att ract fema les
 s m ates ( Gerh a rdt a n d Hu ber 2002 ). Females th en
isit these choruses to select a mate from among the
any hopeful c allers, t ypic ally s h owing pr efer ences for

h e m ost vigo rous o r co nsp icuous ca l lers ( Rya n a nd
e ddy-He ct or 1992 ). Suc h sig na ling agg regat ions are
ot unique to the acoustic mod alit y; f or insta nce, v isu al
ig na ling agg regat ions occur in fiddler crabs ( Backwell
019 ) and fireflies ( Buck and Buck 1966 ). How ev er, fea-
ures of the acoustic mod alit y c au se sign al interference
o be a uniquely potent cha l len g e within acoustic cho-
u ses. Acou st ic sig na ls are t ypic a l l y high-amp litude and
 dvance A ccess publication May 15, 2025 
C Th e Auth or(s) 2025. Pu blis h ed by Oxford University Press on behalf of the
o r permissio ns, plea se e-m ai l: j ourna ls.permissio ns@ou p.co m 
ar-r eaching, r e lative ly omnidire ct iona l, a nd ca n pass
hr ough or ar ound o bs t acles, me aning t hat t he active
pace of the calls of s e veral nearby callers often overlap
xten siv ely, ev en in more diffu se choru ses ( Greenfield
015 ). Addi tio nally, in co n trast to sim ultaneou s vi sual
ig na ls which, if sig na lers do not directly occlude one
n oth er, wi l l both activate different recept or s on a fe-
a le’s ret ina and so be readily reso l vab le, a l l acoust ic

nergy within ears h ot of a female impin g es upon her
ar as o ne co mplex co mb ined wavefo rm. Thi s m akes
arsing the different sig na ls co mp r ising t hese complex
udi to ry scenes cha l leng ing ( Dent and Bee 2018 ). Such
ha l len g es are col le ct ively r eferr ed t o as “the coc ktail
 arty problem” ( Be e an d Mich eyl 2008 ), an d high lev-
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els of b ackg round chorus noi se h ave been s h own to
impe de fema le abi lit ies to re cog nize and loca lize con-
spe cific ma les, and to p rio ri tize p r eferr e d sig na l t raits
( Vélez et al. 2013 ; Greenfield 2015 ). 

In addi tio n to th ese gen eric is s ues arising from com-
m unica ting in com plex acoustic environmen ts, more
specific forms of inter-sig na ler interf erence ca n also in-
fluence female p r efer en ces. For instan ce, in m ost ch o-
rusing species studied, the temporal re lations hips be-
tween the ca l ls of rivals influence their relative attrac-
tiveness to fem ales. Thi s selects for call-timing mecha-
ni sms th at a l low ma les to avoid ca l ling at di scrimin ated-
a gains t tim es re lative to n e arby r iva ls ( Gre enfield
1994a ). Although species vary in which temp oral p osi-
tio ns are co nse quent ia l and their specific consequences
f or f emale c hoice , there is t ypic a l ly cong ruence within
sp ecies b etween the temp oral p osi tio n s fav ora ble to fe-
male c hoice , and the t empo ral ou tco mes o f ma le ca l l-
timin g maneuv ers. For in stance, “pre ce dence effe cts”
ar e widespr ead , in whic h f emales pref er t he le ading sig-
nal of 2 sign al s perceived closely in time ( Greenfield et
al. 1997 ). Consequent ly, t h e n ear-syn chron ous ca l ls of
some crick ets a nd katydids arise as nearby rivals jockey
on a ca l l-by-ca l l b a si s to lead one another’s ca l ls, to
cap i talize o n this effe ct ( Gre enfie ld an d Roizen 1993 ;
Greenfield et al. 1997 ). Most frogs alt ernat e their ca l ls
rat her t han sy nchronizing , and t his alter nation has also
be en att ribute d to avoidance of the negative reper-
cussio ns o f a p re ce dence effe ct ( Gre enfield 1994a , b),
though it may also arise from a general tendency to
av oid ov er lap wh en fem ales di scrimin ate a gains t over-
lapp ing vs. al t ernating c horuses ( Sc hwartz 1987 ; Legett
et al. 2019 ). Converse ly, in species wh ose ca l ls exhib i t
att ract ive se con dary n otes at th e en ds of ca l ls, certain
fo rms o f ca l l o verlap b y follo wers can obs cure the s ec-
on dary n otes of leading ca l l s, there by cau sin g leadin g
ca l ls to be discriminated a gains t, and males of these
spe cies t im e th eir ca l ls to overlap riva l’s ca l l s in thi s way
( We lls an d Schwartz 1984 ). 

Thus, we see a general pattern in which female sen-
sory systems are the sele ct iv e ag ents honin g sig na l-
t iming me ch ani sms th at a l low ma les to avoid sig na ling
at disfavore d t im es re lati ve to ri va ls. We a ls o s ee hints
th at wh at co nsti tu tes a successfu l sig na l-t iming st rat-
egy depends on t he det ails of a species’ comm unica tion
ecology. Mos t work s tudyin g the ev ol u tio n an d fun c-
tio ning o f call-timing mech ani sms h a s b een p er for med
o n synchro nizin g in sects, and this creative and rigorous
work h a s info rmed much o f t he t he oret ica l fram ewor k
r egar ding the functio ning o f call-timing mech ani sms
( G reenfield 1994a ). Con sequent ly, t h e m ech ani sms un-
derly ing c a l ling interact ions in chorusing fr ogs ar e often
described as being fun dam enta l ly simi lar to the models
derived from wo rk o n synchro nizin g in sects, bu t wi th a
f ew importa nt pa ra met er s twea ke d ( Gre enfield 1994b ;
Greenfield et al. 2021 ). There are inde e d st ri king sim-
i larit ies, an d th e frog ch o rusing li terature h a s gained
much from the impressive exper iment al and the oret i-
cal wo rk do ne o n synchro nizin g in sects. How ev er, frogs
differ drast ica l ly fr om synchr onizin g in sects in their
nerv ous system s, comm unica t ion e colog ies, an d th e so-
ci al env iro nments in which co mm unica t ion ta kes place,
with in teresting im plica tio ns fo r the interactio n strate-
gies these disparate taxa use to deal with conspecific
interf erence a nd sig na l compet it ion. In this piece, we
hig hlig ht pec uliari ties o f frog ca l l-t iming me ch ani sms
a nd compa re t hese to t he t radit iona l ca l l-t iming mod-
els derived from studies of synchronizing insec ts, w hich
have been pivotal in shaping theory across chorusing
taxa. To provide context for our di scu s sion, we firs t de-
scri be gen era lit ies of the interact ion st rateg ies of syn-
chronizin g in se cts and a lternat in g frogs. Then, w e dis-
cuss findings that s ugges t that cl assic al m ode ls of ca l l-
t iming me ch ani sms are incomplet e , at least when ap-
plied to frogs. 

Glossary 

Stimulus call 
A conspe cific ca l l (natura l or art ificia l) playe d to an ex-
per iment a l subj e ct. In ca l l-t iming experiments, st imu-
lus ca l ls are often playe d to ma les at varie d de lays re l-
ative to their own ca l ls, to probe varied temporal re-
sponses. 

Sawtooth oscillator 
A m ode l for a gen eric m ech ani sm p rod ucing rhythmic
ca l ling behavior. Visua lize d and described in Fig. 1 . 

Call cycle 

A cycle of a male’s interna l ca l l osci l lato r, wi t h e ach cy-
cle cu lminat ing in a ca l l b eing pro duced, and rep eated
cy clin g p rod ucing th e re lative ly steady r hythmic ca l ling
seen in chorusing species. 

Call period 

The d uratio n el apsing bet w een the on set o f o ne ca l l and
the o nset o f th e n ext ca l l by a g iven ma le, that is, the
d uratio n o f his current ca l l cyc le . 

Intrinsic call period 

The ca l l p erio d generated by a male’s en dogen ous ly-
driven ca l l cycles when isolated from external influ-
ences (see Fig. 1 ). 

Disturbed call period 

The ca l l p erio d of a cycle th at h a s been di sturbed by a
st imu lus ca l l (se e Fig. 1 ). 
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Fig. 1 Upper: A diagram of the sa wtooth oscillator model describing rh ythmic calling beha vior in traditional call-timing models (adapted 
from: Greenfield et al. 2021 ). The oscillator begins its ascent from its basal (B) to its peak (P) level, at which point a call is triggered ( �1) 
after a brief effector delay (E). It then returns to its basal level to begin its ascent anew. The period elapsing between successive 
endogenously triggered calls ( �1, �2) is the intrinsic call period (ICP). When a stimulus call ( �) is encountered during a call cycle, the 
oscillator’s trajectory is altered; in this example, reset to its basal level at the offset of the stimulus call to ascend from scratch at a slightly 
accelerated rate, à la Neoconocephalus spiza ( Greenfield and Roizen 1993 ). This delays the next call ( �3) r elativ e to when it would have 
been endogenously triggered absent this alteration ( �3). Call periods interrupted by stimulus calls are ref er red to as disturbed periods 
(DP). Lower: Phase-response curves (PRC) illustrating how stimulus calls encountered throughout call cycles alter the duration of the DP 
r elativ e to the ICP for 4 synchronizing orthopterans (adapted from: Hartbauer et al. 2005 ; Nityananda and Balakrishnan 2007 ) and 2 
alternating frogs ( Lemon and Struger 1980 ; Larter et al. submitted ). Stimulus phase (SP) refers to the phase within the call cycle at which 
the onset of a stimulus call was encountered, and relative disturbed period (RDP) is the ratio of this DP to the ICP (DP/ICP). Dashed line 
at 1 depicts the ICP; thus, RDPs of 1 indicate the DP was equivalent to the ICP, that is, call period duration was unaffected by the stimulus. 
RDPs > 1 indicate the DP was lengthened r elativ e to ICP, and RDPs < 1 indicate it was shortened. Rectangles ( �, �) on N. spiza PRC 

correspond to similarly colored/labeled rectangles on the sawtooth oscillator diagram, to illustrate the connection between these key 
elements of traditional call-timing models. Here, �3 occurs at (SP = 0.8, RDP = 1.71), indicating that a stimulus call encountered 80% of 
the way through a call cycle delays the upcoming call (due to inhibition throughout that stimulus and slightly accelerated oscillator ascent 
f ollo wing resetting) such that the DP is 1.71 times longer than the ICP. For N. spiza and Oecanthus fultoni , calls encountered at later delays 
leave the DP unaltered but alter the subsequent call period (not shown here, but depicted in Hartbauer et al. 2005 ). 
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efractory period 

h e interval imm ediate l y fo llowing p rod uctio n o f a ca l l
uring which a male is unable to ca l l again. 

hase angle 

 r epr esen ta tion of relat ive t imepoints thro ugho ut ca l l
ycles, sca le d to cycle d uratio n. Each cycle begins at a
h a se angle of 0 

◦, reaches its mid-point at 180 

◦, and
n ds at 360 

◦, th en th e n ext cy cle begin s anew at 0 

◦.
h a se a ngles ca n als o des crib e temp ora l relat io nshi ps
et ween the c all s of rival s: A lignment of c all s at ph a se
ngles of 0 

◦ indicates perfect synchrony and 180 

◦ in-
icates perfe ct a lternat ion, though perfe ct ion is un-
ea list ic an d interm e diate va l ues are mo re co mmo n.
hro ugho ut this piece, we scale ph a se angles to be be-

ween 0 and 1 (0 

◦ = 0, 180 

◦ = 0.5, 360 

◦ = 1, etc.). 

hase response curve 

isua lizat io ns dep icting th e re lations hip between when
 male encount er s a rival’s call relative to his endoge-
ous ca l lin g rhythm s, and his temporal response to
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i t, both rep resented by ph a se angles (see examples in
Fig. 1 ). 

Entrainment response 

A s h ort-laten cy ca l l t r ig gered by t he o ffset o f a st imu lus
ca l l. 

Generalities of call-timing mechanisms 

in synchronizing insects and alternating 

frogs 

Synchronizing insects 

Synchronizin g in se cts are rhythmic ca l lers, an d th e
mech ani sm driving rhythmic ca l ling is often i l lust rate d
diag rammat ica l ly as a s awtoot h osci l lat or; here , the os-
ci l lator beg ins at its b asa l leve l th en g radua l ly rises
to its peak level over time, at which point a cycle is
complete and a ca l l is t r ig ger ed, and it is r eset to its
b asa l level to begin its as cent ane w ( Fig. 1 ; Buck 1988 ;
G reenfield 1994a ; G re enfield et a l. 2021 ). Thus, the du-
ratio n o f the osci l lato r ’s a scent determines a m ale’s in-
t rinsic ca l l p erio d (ICP). These endog enous rhythm s are
t ypic a l l y stab le ov er lon g stret c hes for ma les ca l ling in
isol ation, w ith c a l l p erio ds within males s h o wing lo w
coefficien ts of varia tion (CV): For instance , Me capoda
elo ngat a ca l l p erio ds s h ow a CV of 2.1% ( Hartbauer
et al . 2012 ); Me cap o d a “Chirper,” 3% ( Nitya na nda a nd
Ba la kri shn an 2007 ); snowy t re e cricket ( O. fult o ni ), 5%
( Wa l k er 1969 ); a nd N. n ebrasc ensis , 3% (but see N. spiza
f or a n ex ception: G reenfie ld an d Schul 2008 ). 

A s noted abo ve, rivals in synchronizin g in se ct spe cies
compet e t o slight ly le ad on e an oth er’s ca l ls to cap i talize
o n the p re ce dence effe ct exhib i te d by fema les, leading
to high deg re es of imperfe ct ca l l sync hrony in c horuses
( Greenfie ld an d Roizen 1993 ; Greenfie ld et al. 1997 ). To
facilit ate t hese interact ions, ma les a lter their ca l l peri-
ods when they perceive a rival’s call. As these strategies
hav e ev o l ve d to maximize the prob abi lity of producing
leading ca l l s, when a m ale he ars a r iva l’s ca l l p rio r to his
ow n impending c a l l he h a s already mi ssed the o p por-
tunity to lead that p art icu l ar c a l l by t hat r ival. Conse-
quently, his temporal adjustments in response to his ri-
val’s current call function to increase the p robab ili ty that
his u pco ming ca l l wi l l slightly lead this ri val’s n ext c all
(“p roep isodic” c.f. Wa l ker 1969 ). Thus, the ca l l-t iming
st rateg ies of synchronizing insects are forward-looking
o r “p re dict ive ,” by whic h we simp l y me an t ha t tem poral
adjustments in response to a rival’s current ca l l repre-
sent the best attempt by the ca l l-t iming me ch ani sm to
a pproxima te the timing of this rival’s future ca l l, so as
to increase the p robab ili ty o f a beneficial fu ture interac-
t ion. The high ly con sistent endog enous ca l l rhythms of
synchronizin g in se cts li kely ma ke this possible, as the
timing o f o ne ca l l is high ly informat ive r egar ding the
timing of the next. 

Tempo ral ad justm ents in syn chronizin g in sects typ-
ica l ly consist of m ales rem aining inhib i ted fro m ca l l-
ing thro ugho u t the d uratio n o f a co ns pecific s t imu lus
ca l l, an d th en ca l ling at a de lay on ce this ca l l ceases
(oft en t erme d “in hib i to ry resettin g”: G reenfield 1994a ).
The nature of these delays can vary depending on when
during a male’s call cycle h e en count er s a st imu lus ca l l,
an d th e re lations hip between when a stimulus call is
encountered within a ca l l cycle and a male’s tempo-
ra l adjust ment in respo nse to i t are tradi tio nally rep re-
sented by ph a se response curves (PRCs) ( Wa l ker 1969 ;
Sism on do 1990 ; Greenfie ld an d R oizen 1993 ; Fig . 1 ). As
not ed , in sync hronizin g in se cts tempora l adjust ments
in response to a rival’s current ca l l serve to incre ase t he
p robab ili ty o f a beneficial fu ture interactio n wi th his
next ca l l, and so delays in response to st imu lus ca l ls are
t ypic a l ly long in duration relative to ICPs. For instance,
in N. spiza and O. fult o ni ( Wa l ker 1969 ; Gre enfie ld an d
Roizen 1993 ), males delay their next ca l l when encoun-
tering st imu lus ca l ls e arly in t heir ca l l cyc le , wit h t his
delay being only slightly less than the fu l l durat ion of
a male’s ICP; in the pa rla nce of the s awtoot h osci l la-
tor m ode l, th e st imu lus ca l l res ets the os ci l lator g ov ern-
ing ca l l rhythms to its b asa l leve l, an d it th en begins its
rise to its peak from scrat c h at a slightly accelerated rate
( Fig. 1 ). If two rival s h ave similar ICPs, the slightly
s h orten e d osci l la tor ascen t fol lowing in hib i to ry reset-
ting by a rival’s c all (oscill a tor ascen t dura tion < ICP)
makes it likely that the reset male’s u pco ming call
wi l l slight ly le ad t hat of t his r ival (concur rent oscil-
la tor ascen t dura tion = ICP). Conversely, st imu lus
ca l ls encountere d later during N. s piza a nd O. ful-
t o ni ca l l cycles do not delay the u pco ming ca l l and
so do not alter the disturbed call p erio d (DP), but
the y caus e a s h o rtening o f the ca l l p erio d subsequent
to t his DP t hat var ies in mag nitude b ase d on when
dur ing t he disturbe d ca l l cycle that ca l l was perceive d
( Wa l ker 1969 ; Gre enfie ld an d Roizen 1993 ). In oth er
spe cies, delay durat ions vary thro ugho ut the ca l l cy-
c le . For instance , in Me cap o d a “C hirper,” ma les de-
lay their next ca l l when encountering st imu lus ca l ls
thro ugho ut ca l l cyc les, but t o varie d deg re es depend-
ing on when they are encountered ( Nitya na nda a nd
Ba la kri shn a n 2007 ). Simila r ly, in M. el o ngat a and M.
“Two-Part Ca l ler,” ma les de lay th eir n ext chirp wh en
encoun tering stim ulu s call s e arly wit hin t heir ca l l cy-
c le , a nd adva nce their next chirp (ca l l sooner than
t hey ot herwi se would h ave) when encountering stim-
u lus ca l ls late in their ca l l cyc le ( S ism on do 1990 ;
Hartbauer et al. 2005 ; Nitya na nda a nd Ba la kri shn an
2021 ). See Fig. 1 for i l lust rat ions of corresponding
PRCs. 
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In summary, wit h t he t radit iona l ca l l-t iming m ode ls
 io ne ere d in synchronizin g in sects the essent ia l features
f a species’ call-timing mech ani sm can be summarized
 i a a co mb inatio n o f 2 key e lem ents: (1) a s awtoot h os-
i l l ator di agram to describe endogenous ca l l rhythms,
nd (2) a PRC to describe temporal adjustments in re-
ponse to rivals’ calls. Im portan tly, these com ponen ts
re t ypic a l ly presente d as being re lative ly fixed within
ndiv idu als across contexts. 

lternating frogs 

r ogs ar e a lso rhythmic ca l lers, how ev er t he major ity
f spe cies a lt ernat e their ca l ls wit h ne arby r ivals, rat her
han synchro nizing o r overlapp ing wi t h t hem ( Klump
n d Ger hard t 1992 ). In co ntrast to the highl y stab le in-
 rinsic ca l l r hythms of syn chronizin g in se cts, the ca l l
hythms of frogs are t ypic a l ly more errat ic, and have
 ven been des cri bed as “s lo p py” (c.f. Narins 2021 ). For
nstance , isolat ed coqui frogs ( El euthero d ac tylu s coqui )
 h owe d ca l l-to-ca l l variat ion in ca l l p erio d with a co effi-
ient of variation of 16% ( Zelick and Narins 1985 ), and
imilar or higher degrees of vari abilit y are evident in
ther frog species ( Loftus-Hi l ls 1974 ; Rosen and Lemon
974 ; Awbrey 1978 ; Moore et al . 1989 ; Reic hert 2012 ;
a nner a nd Bee 2020 ). 

In frogs, a lternat ion is achieved by males remain-
ng inhib i ted thro ugho u t the d uratio n o f a riva l’s ca l l,
ith a ca l l then bein g trigg ered by this ca l l’s offset

simi lar to in hib i to ry resettin g). How ev er, in contrast
 o sync hronizin g in sec ts w here ca l ls fol low riva ls’ ca l l
ffsets after delays that are re lative ly lo ng co mp are d
o int rinsic ca l l p erio ds (IPCs), frog ca l ls fol low ri-
a l ca l l offsets after relat i vel y brief delays that are typ-
ca l ly much s h orter th an h a lf of spe cies-t ypic al ICPs
 Loftus-Hi l ls 1974 ; Klump an d Ger h ardt 1992 ). Thu s,
 hough t he ter m “alter natio n” can co njure images o f
erfe ct a lternat io n wi th ph a se angles o f 0.5, in reali ty
hese rap id respo nses tend to generate lopsided alter-
at ion p atter ns wit h ph a se angles di splaced a wa y from
.5 ( Lemon 1971 ; Rosen and Lemon 1974 ; Moore et al.
989 ). Thi s h a s som etim es been r eferr ed to as “entrain-
en t” ra t her t han alter nation in t h e ch o rusing li terature

 Narin s 1982 ; G rafe 2005 ), and we use that term here
hen we ta l k of short-latency “en trainmen t responses”

o rivals’ call o ffsets. Addi tio nally, in co ntrast to the var-
ed responses s h o wn b y som e syn chronizin g in sects to
iva ls’ ca l ls encountere d at different points thro ugho ut
heir ca l l cyc le , alt ernating frogs t ypic ally s h ow fair ly
onsistent s h ort-laten cy entrainm ent responses to the
 ffsets o f rivals’ calls encountered at all points through-
ut their ca l l cy cle bey on d th eir refractory p erio d (dur-

ng which en trainmen t responses cannot be elicited). 
Th ough th er e ar e f ewer exa mples of PRCs f or frogs
han insects in the lit erature , those available are con-
inuous and exhib i t 2 ar ms; t he init ia l arm r epr esent-
ng a lack of s h ort-laten cy entrainm ent responses to
ons pecific s timulu s call s encountered during the re-
ractory p erio d, an d th e latter arm r epr esenting s h ort-
a tency en trainmen t responses to ca l ls encountere d at
 l l l ater del ays ( Loftus-Hi l ls 1974 ; Lemon and Struger
980 ; Larter et al. sub mi t ted ). In Physalaemus p us tulo-
us an d Pseu d acr is cr ucifer , st imu lus ca l ls encountere d
ur ing t he refractory per iod cann ot e licit entrainm ent
espon ses; how ev er, they st i l l s h orten th e disturbe d ca l l
 erio d (D P), a nd do so t o great er degrees as they are
ncoun tered la ter thro ugho u t the refracto ry p erio d (de-
cending arm in Fig. 1 ; Lemon and Str uger 1980 ; Lar ter
t al. sub mi tte d ). Thus, ca l ls encountere d dur ing t he re-
ractory p erio d s eem able to arous e m ales such th at the
 nset o f th e en dogen ous ly tr ig gere d ca l l terminat ing the
P is accelerat ed . Conver sely, in P s. str eckeri , ca l ls en-

ountered dur ing t he refractory per iod have no effect
n the DP, thus their PRC resembles the frog PRCs in
ig . 1 except w it h t he init ia l refractory p erio d arm run-
in g flat alon g the expe cte d p erio d line ( L oftus-Hi l ls
974 ). 

Frogs also s h ow similar en trainmen t responses to the
 nsets o f ga ps in t er sper sed a t random, un predictable,
imes within playback of con tin uous bro ad-spe ct rum
o ise o r to n es ( Ze lick an d Narins 1983 ; Höbe l 2014 ;
a rter a nd Rya n 2024b ). Thi s indicates th at frog ca l l-

imin g respon ses to con spe cific ca l ls an d n oise both
 eem to aris e from a genera lize d “gap-dete ct ion” st rat-
gy that enables them to ca l l at times of re duce d in-
 erference . Im portan tly, this stra tegy i s reactive; m ales
eacti vel y insert ca l ls into “gaps” in on g oin g noise by
sing the onsets of gaps (i .e ., ab ru pt red uctio ns in the

ntensi ty o f acous tic s tim ula tion) to tr ig ger immediate
 h ort-laten cy ca l ls to be placed within the same gaps
 hat tr ig gered t hem (as o p pos ed to s o me fu ture gap).
his reactiv it y contrasts w it h t he “pre dict ive” st rategy
mplo yed b y males of synchronizin g in sects th at u se
he timing of a rival’s current ca l l to ant icip ate the ap-
 roximate timing o f his fu ture ca l l so as to pre-empt
nd lead it v i a a lengthy ca l l delay. This react ive gap-
ete ct ion st rategy a l lows loose ent rainment to individ-
a l riva ls’ ca l ls whi le a lso a l lowing ma les to ca l l at t imes
f minimal interference in the com plex, un predictab l y-
uctu ating , acoustic scenes present in the crowded
n d n oisy ch oru ses th at m a ny frogs f o rm ( Kl ump and
 erhardt 1992 ; G erha rdt a nd Huber 2002 ). Simila rly, in

rog species that int erdigitat e not es w ithin overl apping
a l ls ( Schwa rtz 1993 ; Gra f e 2003 ), it’s lik ely t hat re active
ap-dete ct ion st rateg ies are pl ay ing ou t, just o n a note-
y-note ba si s. 
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Implications of these different call-timing 

strategies 

The ca l l-t iming st rateg ies employe d by a lternat ing frogs
an d syn chronizin g in s ects s eem to have e vo l ved to con-
cei ve of ri va ls’ ca l ls s ome wha t differen tly; as specific
tar g ets with which to precisely align call-rhythms in
a co mpeti tive co ntext in synchronizin g in sects, vs. as
p erio ds of interference to be bro ad ly avoide d in frogs.
Consequent ly, t hese different st rateg ies have sele cte d
fo r qui te different means of attaining o r avo iding certain
ca l l-t iming relat io nshi ps. Synchro nizin g in sects rely on
“pre dict ion” faci litate d by rhythmic consist ency t o enact
high ly st ructure d compet it ive ca l l-t iming interact ions,
where as alter nat ing frogs’ st rategy o f mo re genera lize d
avo idance o f interference a l lows, and re quires, many
mor e degr ees of fr eedom r egar ding in teraction pa tterns,
an d th ey employ r hyt hmic var iab ili ty and reactive rather
tha n predict ive mea ns to ca l l at o p portune times. Inter-
estin gly, ev en in the few frogs that roughly synchronize
wi th o r over lap th e ca l ls of riva ls in dyadic interact ions
( Schwa rtz a n d We lls 1984 ; We lls an d Schwartz 1984 ;
Rya n 1986 ; Gra f e 1999 ), thi s i s al so accompli s h ed in a
reactive manner, v i a short-l atency c a l ls being t r ig gered
by rivals’ call onsets. 

Th ese different m eans o f facili tatin g callin g at o p por-
tun e tim es re lati ve to ri val s h ave im plica tio ns fo r the
kin ds of ch oru sing dyn amics th at can emer g e , whic h
th en like ly exert se le ct ion to f urt her r einfor ce these dif-
ferent ca l l-t iming st rateg ies. Th ere is th e oret ica l ly no
limit to the number of males that c an sy nchronize w ith
on e an oth er, wh ereas avoidan ce of over la p is im possible
a bov e certain limits ( Greenfield et al. 2021 ). These lim-
i ts are co mmo n ly exce e de d in frogs, whic h t end t o form
dens er chorus es than chorusing ins ects ( G erha rdt a nd
Huber 2002 ). Crowded frog ch oruses exhi bit high duty
cyc les and ext ensive ca l l over lap an d , due t o t he re ac-
tiv it y and rhythmic variab ili ty o f frogs, acoustic fluctu-
at ions wi l l be complex, high ly varie d, and unpre dictable
m om ent-to-m om ent. 

Similar ly, th ese dynamics an d th e responses ne e de d
to de al wit h t hem wi l l sca le differ ently acr oss varied so-
ci al env ironmen ts. F or synchronizing insects, a rival’s
ca l l is a precise tar g et to co mpeti ti vel y align one’s call
r hythms to, an d th e essent ia l c haract er of t his t ar g et is
not contin g ent on the local acoustic environment. Fur-
t her more , as sync hronous int eract ions are faci litate d by
consistent and pre cise ca l l-t iming adjust ments, exces-
sive flexib ili ty in the pa ra met er s of ca l l-t iming me ch-
anisms across social environments might cause inter-
act ion p att erns t o b reak down. Co nversely, fo r gap-
dete ct ing fr ogs, r e lative ly low-interferen ce gaps in on-
g oin g noise are not simp l y a feature of indiv idu al ri-

va ls’ ca l ls but rather a feature of the acoustic scene. This 

 

me ans t he nature and behavio r o f gaps can shift drasti-
ca l ly acr oss differ ent chorusing envir onm ents, th ereby
ne cessitat ing sig nificant a lterat ions t o gap-det e ct ion be-
hav ior. As we w i l l di scu ss below, thi s seems to h ave re-
su lte d in the pa ra met er s of frogs’ ca l l-t iming me cha-
nism s bein g high ly ma l lea ble and respon siv e to stimu-
lat ion p att erns encount er ed in differ ent chorusing con-
texts. Crucia l ly, this context-depen den ce m e ans t hat
frog ca l l-t iming me ch ani sms cannot be summarized by
a single s awtoot h osci l lato r and PRC co mb inatio n as in
t radit iona l ca l l-t iming m ode ls. 

Here, we hig hlig ht findings t hat sug gest t h at cla s-
sic m ode ls of ca l l-t iming me ch ani sms neg lec t impor-
ta nt f eatur es of fr og ca l l-t iming me ch ani sms and strate-
gies. Although we contrast findings from a lternat ing
frogs an d th e t radit iona l ca l l-t iming m ode ls derived
fro m wo rk o n synchro nizin g in se cts, and at t imes sug-
gest t hat cert ain ph en om ena evident in frogs might be
detr iment al fo r synchro nizing species, i t would be p re-
mature to definiti vel y conclude these phenomena are
absent in synchronizing insects as analogous experi-
ments are l acking . Inde e d, we hope r esear c her s of cho-
rusin g in se cts wi l l entert ain t h e possi b ili ty that sim-
ilar fact or s could be at play. Addi tio nally, though we
focus on synchronizing insects here due to their be-
ing more intensi vel y studied than alternating insects,
an d th eir ou tsized impo rta nce f o r theo ry r egar ding
ca l l-t iming me ch ani sms, altern atin g in sects r epr esent
an interesting group in which we see both precise al-
tern ation (ph a se angles of ∼0.5) faci litate d by com-
plex PRCs similar to those seen in synchronizing in-
sects (e .g., S h aw 1968 ), a s well a s less preci se alter-
nat ion a kin to that se en in frogs (e .g., Minc kley et
al. 1995 ). Thus, f urt her studies o f al ternatin g in sects
wou ld be inva l uable fo r el ucidating the facto rs select-
ing for different sig na l-t iming st rateg ies and their con-
se quences for ca l l-t iming me ch ani sm functioning. Fi-
na l ly, m ost of th e results un derpinning our ideas come
fro m our wo rk o n a single frog species, the túngara frog,
so we briefly introduce this species early in the piece.
Th ough th ey s ha re simila ri ties wi th many other cho-
r using f rogs and we see hints of similar ph en om ena in
ot her species, t hese may not play out in ident ica l ways
in a l l spe cies. Thus, here too, m ore experim ents in other
species are needed before firm general co ncl usio ns can
be drawn. How ev er, our aim here is to st imu late n ove l
lin es of th ought wit hin t h e ch o rusing li terature, so we
hope readers wi l l permit us a deg re e of spe cu lat ion and
genera lizat ion. 

Túngara frog call-timing interactions 

Túngara frog ( Ph. [ = Engys t o mops ] p us tulos us ) males
gather to ca l l to att ract fema les in sha l low pudd les and
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Fig. 2 (A) A waveform, normalized RMS amplitude profile, and fundamental frequency profile of an arbitrarily chosen túngara frog whine; 
(B) A 3D surface plot mapping male sensory tuning; that is, how strongly males are inhibited from calling by different frequency and 
amplitude combinations found throughout whines. Generated from model results in ( Larter and Ryan 2024b ; n = 23,168). The 
superimposed line r epr esents the r elativ e inhibition profile arising when the simultaneous amplitude and frequency trajectories from (A) 
are projected into this model of male sensory tuning (projection denoted by black and gray arrows). (C) The same inhibition profile visible 
in (B) , but presented in the same format as (A) . As can be seen, gradual simultaneous decreases in amplitude and frequency throughout 
whines interact within male sensory systems to produce a steep release from inhibition shortly following whine onsets. (D) Depictions of 
described interaction patterns; call alternation and stereotyped call o verla p. 
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 o ols. Túngara frog ca l ls co nsist o f a “whine,” a de-
cen ding frequen cy sweep, which can have 1 or more
ro adb and “c huc k” not es appended t o it ( Ryan 1985 ).
ppending c huc ks t o whin es in cre ases t heir att ract ive-
ess to females five-fo ld relati ve to whines alone ( Ryan
t al. 2019 ). Medi an c all p erio ds fo r cho ru sing m ales are
1.71 s while chorusing , w ith a coefficient of variation

f 16% ( Larter and Ryan 2024a ). 
Choruses vary in size , and c horus size ca n va ry within

 he s a me a re a on t he s ame night ( Ber na l et a l. 2007 ).
ddi tio n ally, m ale interaction patterns differ by cho-

us size; in choruses of 3 or fewer m ales, m ales alter-
ate their ca l ls wit h r ivals wit h no ca l l over lap. Wh ereas,
 bov e t his t hres h old, species-t ypic al c all d uratio ns and
a l l p erio d s m a ke ca l l ov erlap unav oida ble. How ev er,
he resu lt in g ov er lap is n ot unst ructure d, rather it is
igh ly stere otype d, with ma les placing their ca l l onsets
t th e en ds of th eir ch oru s-m ates’ whines, ju st before the
 huc ks ( Lart er and Ryan 2024a , 2024c ; Fig. 2 ). Hence-
orth, when we use the term “ca l l overlap” or variations
her eof r egar din g tún gara frogs, w e mean ov erlap of this
tere otype d n ature. Thi s form of overlap with leading
a l l s i s t he le ast detr iment al for m possible for t he at-
 ract i veness of fo llow ing c a l ls ( La rter a nd Rya n 2024a ).
his me ans t ha t, when con tin uous ch orus n oise makes
vo idance o f overla p im possi ble, th e tail en d s of rival s’
hines r epr esent p erio ds of re lative ly re duce d interfer-

nce in which to place ca l l s, th at i s, “gaps” o f a so rt. 
Túngara frogs employ a reactive gap-detection call-

 iming st rategy, an d over lap t akes t his for m due to
he way that male s ens ory systems and gap-dete ct ion

ech ani sms interact with the stere otype d fre quency
 nd a m plitude pa tterns presen t in this spe cies’ ca l ls.
a l ls are t r ig gered when males experience a release

ro m inhib i tio n o f s ufficient ma gni tude, wi t h t he offsets
f rivals’ calls to silence being the most salient tr ig ger

n sma l ler choru ses, thu s yielding altern atio n wi thou t
 verlap. Ho we ver, male s ens ory systems are tuned such
 hat t he a mplitude a n d frequen cy t raj e ctor ies t hrough-
ut whines also combine to produce a m oderate ly steep
 elease fr o m inhib i tio n s h ortl y fo llowing whine onsets
 La rter a nd Rya n 2024b ) ( Fig. 2 ). Thi s relea se from in-
ib i tio n is presumab l y les s dras tic than th e re lease from

nhib i tio n resul ting fro m the o ffset o f a riva l’s ca l l to
 rue si len ce, h en ce its failing to tr ig ger ca l l s in sm a l ler
horus es. Howe ver, th e re lease from inhi bit ion fol low-
ng whine onsets evidently becomes a highly salient
a l l t r ig g er in lar g er ch oruses, like ly due to t rue si lence
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becoming rarer ( Larter and Ryan 2024a ), and because
of the effects of acoustic st imu lat ion p atter ns exper i-
enced in lar g er choru ses (di scu ssed later). The context-
depen dent salien ce of this init ia l potent ia l ca l l-t r ig ger
thus p ro m otes th e s hift fro m p redo minant al ternatio n
in sma l l c horuses t o st ere otype d ca l l overlap in lar g er
ones ( Larter et al. sub mi tted ). 

Pieces missing from traditional 
call-timing models (at least when applied 

to alternating frogs) 
Probabilistic responses 

A s noted abo ve , sync hronizing insect species can s h ow
varie d sig na l delay resp onses dep ending on when dur-
ing their ca l l cycle they encounter a st imu lus ca l l. Con-
ver sely, c hor using f rogs t ypic a l ly s h ow similar s h ort-
lat ency responses t o ca l l offsets encountere d at a l l points
thro ugho ut their ca l l cy cle bey on d th eir refractory pe-
riod. How ev er, a neg lec ted source of intra-cycle re-
spon se varia bilit y ev ident in frogs i s th at a m ale’s prob-
ab ili ty o f respo nding to a g iven st imu lus ca l l, that is,
the p robab ili ty t hat t his ca l l’s offset wi l l t r ig ger a s h ort-
la tency en trainmen t response , c hanges thro ugho ut his
ca l l cyc le . One obvio us so urce of thi s i s the refractory
p erio d imm ediate l y fo llow ing each c all , in whic h the
p robab ili ty th at m ales p rod uce a n entra inment response
to a st imu lus ca l l is ∼0. How ev er, af ter t his refrac-
tory p erio d ends, frogs have been s h own to exhi b i t low,
bu t no n-zero, ini t ia l respo nse p robab ili ties which then
g radua l ly increase thro ugho ut ca l l cy cles. For in stance,
Narins (1982) pr ovided r esponse pr ob abi lity curves for
2 chor using f r og species ( Dend ro pso p hus eb ra c c at us a nd
E. coqui ) by using au to mate d playb ack to play identi-
ca l conspe cific st imu lus ca l ls to ma les at various delays.
He found that the d uratio n o f refracto ry p erio ds dif-
fere d betwe en the 2 spe cies (1.1 s f or E. coqui , 0.2 s f or
D. ebra c c atus ), but that in b oth sp ecies the refractory
p erio d was then fol lowe d by a similar steady increase
in respo nse p robab ili ties u p t o a plat eau about 1 s later
( Fig. 3 ). We are aware of n o oth er research ers explic-
i tly p r esenting such r espo nse p robab ili ty c urves, thoug h
they would provide an interesting com plemen t to PRCs.
How ev er, hints of this ph en om en on may be a pparen t in
t he gre ater spre ad o f po ints e arlier in t he PRCs of some
frogs (e.g., Lemon and Struger 1980 ). 

I n our o wn r esear ch in túngara fr ogs, we found a sim-
ilar ph en om en on r egar ding the stere otype d ca l l over-
lap responses that occur in this species. We found that,
in 6-male túngara f rog chor uses, the p robab ili ty that a
ma le overlappe d t he r iva l’s ca l l imme diately pre ce ding
his in the ca l l se quen ce of th e ch orus in cre ased ste adily
as rival calls wer e encounter ed at later delays relative
to his most re cent ca l l ( Fig. 3 ; Larter and Ryan 2024c ).
As stere otype d ov erlap respon ses are driv en by male
gap-dete ct ion me ch ani sm s bein g tr ig gered by t he re-
lease fro m inhib i tio n occur r ing s h ort ly af ter t he onsets
of rivals’ whines ( Fig. 2 ; La rter a nd Rya n 2024a , 2024b ),
th ese over l ap responses c an be consider ed a r esponse
to this specific call tr ig ger. Thus, t hat ma les be came in-
creasingl y likel y t o respond t o this ca l l t r ig ger when it
was encoun tered la ter thro ugho ut their ca l l cycle sug-
gests a similar ste ady incre as e in respons e prob abi li-
ties thro ugho ut call cycles as found by Narins (1982) .
Within-cyc le c hanges in response p robab ili ties imposed
im portan t constrain ts on dyadic interact ion p atterns
and u lt imately overa l l chorusing dynamics, s ugges ting
th ey n e e d t o be account ed f or when a n alyzing choru s-
in g interaction s (di scu ssed in: Larter and Ryan 2024c ). 

The highly p robab ili stic n atur e of fr og ca l l-t iming
mech ani sms m ay be the source of the “slo p p iness” o f
ca l l p erio d s seen in i solated m ales ( Narins 2021 ). These
p robab ilis tic res po nse trajecto ries a re lik e ly ben eficial
as they a l low flexibi lit y in c a l l-t imin g respon ses, but
a biased source of flexibility; low response prob abi li-
ties early during ca l l cycles ensure th at m a les wi l l typ-
ica l ly not ca l l fa ster th an the species-t ypic al c all rat e ,
w hich mig h t im pose ex cessiv e ener g et ic costs ( Wel ls
2001 ). While the fact that respo nse p robab ili ties even
e arly dur ing ca l l cycles ar e non-zer o a l lows ma les to
flexib l y shorten their ca l l p erio ds to cap i talize o n co n-
sp icuous, unp redictable, l u l ls in noisy acoustic scenes
( Na rins 1982 , 2021 ; La rter a nd Rya n 2024c ). Further-
m ore, m or e pr ob abi list ic responses as o p posed to more
determinis tic res ponses s ugges te d by t radit iona l PRCs
also offer an addi tio nal layer of flexibility in that, if these
p robab ili ties are sen sitiv e t o ext ernal fact or s, they can
be weighted by various features of the acoustic stimu-
lat ion ma les exper ience from r ival s. Thu s, trajectories
o f respo nse p robab ili ties thro ugho ut call cycles can be
a ltere d across different social contexts (di scu ssed be-
low; Lart er et al . sub mi tted ), allow ing c all-timing prob-
ab ili ties and resul ting respo nsiveness t raj e ct ories t o be
twea ke d in ways that are beneficial on av erag e across a
ran g e of chorusing situations. 

Degrees of influence rather than binary 

selective attention 

A lthough c a l l-t iming me ch ani sms are often investi-
gated in the co ntext o f dyadic interaction s, in sect and
f rog chor uses t ypic a l ly consist of s e vera l ma les a l l ca l l-
ing wit hin e ars h ot o f o n e an oth er. This m e ans t hat for
a lternat ing spe cies, above a certain number of ca l lers
there wi l l be ins ufficient s tret c h es of silen ce in which a
male can insert his ca l l wi thou t overlapp ing o ne o f his
riva ls. Addit iona l ly, as a lternat io n respo nses are facili-
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Fig. 3 Left and middle: Mean probabilities that conspecific stimulus calls presented at a series of delays relative to the ends of males’ 
refractory periods elicited an entrainment response in D. ebraccatus and E. coqui . Data from ( Narins 1982 ); error bars denote 1 standard 
deviation. Right: Mean probability that túngara frog males calling in 6-male choruses o verla pped (in the stereotyped way seen in this 
species) the rival’s call directly preceding theirs in the chorus sequence, relative to the duration of the disturbed call period (DP) 
culminating in this response call (i.e., the time elapsing between the onset of his previous call and the onset of his current response call) 
( Larter and Ryan 2024c ; n = 4144). DPs w er e scaled within males ([X-mean[X]]/SD[X]) to account for inter-male variability in typical call 
periods, with 0 r epr esenting males’ mean call period. Patterns of conspecific stimulation prior to response calls likely also contributed to 
these effects (discussed below). 
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ated v i a inhib i tio n thro ugho ut riva ls’ ca l ls, in lar g e cho-
uses with nea r-consta nt b ackg roun d n oi se, a m ale who
emaine d in hib i ted thro ugho ut the d uratio n o f all rivals’
a l ls wit hin e ars h o t wo uld cease to ca l l ent irely. Thus,
ales in such si tuatio ns ca nnot a ffo rd to avo id overlap
ith a l l ca l ls th ey h ear, but n or do th ey respon d in dis-

riminat ely t o the ca l ls of a l l riva ls. Rather, responses
o certain rivals are p rio ri t ize d ( Gre enfield et a l. 2021 ).
he p redo mina nt fra m ewor k t hat rese arc her s have used

o explain the p art it ioning of influen ce am ong ch orus-
ng males sin ce th e late ‘80s ( Brush a nd Na rins 1989 ) is
hat of “sele ct ive a tten t ion.” Sele ct ive a tten tio n is typ i-
a l ly di scu ssed in terms strongly implying it is binary,
uch that males have a certain specific subset of rivals
it hin e ars h ot t hat t hey categor ica l ly attend to, that is,

heir ca l l-t iming beh avior i s influenced by t hese r ivals,
nd a subset of rivals within ears h ot that th ey categori-
a l ly ig nore, th at i s, their ca l l-t iming beh avior i s not in-
uenced by t hese r iva ls. Ma les are t ypic a l ly said to at-
 end exc lusi vel y to a certain number of their nearest,
oudes t, or mos t att ract i ve ri vals, an d studies of ch o-
usin g in sects hav e again been piv otal in shapin g this
ram ewor k ( Greenfie ld et al. 1997 ; Greenfield 2015 ). 

Alth ough se le ct ive a tten tion i s di scu ssed a s being
tr ict ly binary and h a s been modeled as such in all
horusing sim ula tion studies of which we are aware
 Greenfield et al. 1997 ; Hartbauer 2008 ; Nitya na nda a nd
a la kri shn an 2009 ; Reichert et al. 2024 ), when raw in-

eraction data from observat iona l or exper iment al se-
e ct ive a tten tion studies a re ava ilable the y s eldom bear
ut this strict dic hot o my. Fo r instance , t est e d ma les of-
en ca l l a n on-zero am ount wit hin t he t ypic a l ly-avoide d
fo rb idden intervals” of the calls of rivals who are later
nferred to be attended-to (e.g., Minckley et al. 1995 ;
ne dden et a l. 1998 ). Addit iona l l y, loo king in finer de-
ail at chorusing interactions of species for which bi-
ary sele ct ive a tten tion h a s be en claime d can revea l
attern s incon sistent wit h t hi s bin a ry view ( La rter a nd
yan 2024c ). This s ugges ts that the strict categories of

att ended-t o” and “ig nore d” riva l s m ay be a rtifacts a ris-
ng fro m arb i t rari ly dic hot o mizing a co n tin uous, and
ften time-vary ing , measure o f influence. 

This dic hot o mizatio n seems to h ave ari sen for 2 main
easo ns. First, d ue to the s tatis tical tradi tio ns used when
n alyzing choru sing d ata, w ith att ended-t o riva ls t radi-
 iona l ly being those with which overlap was avoided sig-
ificantly ( P < 0.05) more so than would be expe cte d
y c hance , and vice ver sa fo r igno red rival s (e.g., Bru sh
 nd Na rin s 1989 ; G reenfield and Snedden 2003 ). Thus,
ival s h ave been dic hot omized based on wh at i s increa s-
n gly bein g con sidered a n a rb i t rary P -va l ue cu to ff. Fur-
 her more, met hods fo r do ing so typ ica l ly comp are ob-
erved dyadic over lap prevalen ce to nu l l dist ribut ions
bt ained by per muting timest amps of rival s’ call s in
 n unconstra ined way ( Masco et al. 2016 ). Such meth-
ds neg lec t t hat r iva ls’ cyclica l respon siv eness chan g es
 Fig . 3 ) c an impose h eterogen e ous tempora l const raints
n the o p portunity for different dyads t o int eract (e .g.,
verl ap) w it hin a given per iod, and so compare ob-
 erved pre valences to often unrea list ic nu l l expe cta-
ions. These is s ues a nd a n exa mple o f al ter native met h-
ds are dis cuss ed in Larter and Ryan (2024c) . 
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Secon d, n europ hysio logy studies did in deed s h ow
t ru ly binary sele ct ive a tten t ion betwe en riva l ca l ls in
2 species of calling ortho p tera ns ( Tett i go ni a viri dis-
sima and Tele ogryllus oce anicus ). Here , hyp erp olariza-
tio n o f th e Om ega n eurons by th e louder of 2 n earby
sig na ls comp letel y s uppres sed Omega responses to the
quieter sig na l, even wh en th e quieter sig na l cou ld in-
d uce respo nses when p resente d a lone ( Pol lack 1988 ;
Römer & Krusch 2000 ). These studies are often cited
in su ppo rt o f the widesp read a pplica tio n o f b inary se-
le ct ive a tten tio n in cho rusin g species. How ev er, these
species have comm unica tio n ecologies qui te different
from those of th e syn chronizing an d a lternat in g in sects
a nd a nura ns t o whic h th e con cept of se le ct ive atten-
tion is often a pplied, com plica tin g claim s to general-
ity. To our kn owledge, Tet . viri dis s ima an d Tel. o cean-
i cus do n ot exhi b i t th e fin e-sc ale c all-timing interac-
tions that are the focus of studies of a lternat ing and
synchro nizing species. Addi tio n ally, the call s of both
Tet . viri dis s ima an d Tel. o ceani cus are composed of
len gthy (ten s o f seco nd s to m a ny minutes) tra ins of
chirps delivered in rapid s ucces sion (t ypic al int er-c hirp
intervals ∼50 ms) ( Bentley and Hoy 1972 ; Keuper et
al. 1988 ). R el ate d ly, th e n euronal hyp erp olarization re-
spo nsible fo r the sele ct iv e Omega respon s es in thes e
spe cies bui lds u p slowly, o nly reaching sufficient levels
after indiv idu al s h ave b een exp osed to s e veral s econds
o f co n tin uous co nspecific so ng ( Pollack 1988 ; Römer
and Krusch 2000 ). In cont rast, the inse cts a nd a nura ns
wh ose ch o rusing interactio ns are typ ica l ly studie d pro-
duce s h orter ca l ls (typica l ly up to a few hundre d mi l-
li second s) sep arate d by much lon g er stretches of silence,
yielding d u ty cycles much lower and more discon tin u-
ou s th an t hose dr iving t his effect in Tet . viri dis s ima and
Te l. ocea nicus . 

Due to these differences, it should not be as s umed
that similarly stark effects underpin chorusing dynam-
ics in synchronizing and a lternat in g in sects, or in anu-
rans which pos ses s very different audi to ry systems. In-
de e d, in the synchronizing katydid M. elo ngat a , anal-
ogo us neuro p hysio log ica l effe cts were much les s s tark,
and did not lead to the expe cte d behaviora l outcomes
during playback experiments ( Nitya na nda et al. 2007 ).
Furt her more, t hes e effects s eemed lar g el y dri ven by the
relat ive t iming of sig na ls, wit h le ading ca l ls dur ing ne ar-
syn chron ous playback being mor e str ongly r epr esented
tha n f ollow ing c alls (akin to a pre ce dence effe ct). In
mu lt ima le choruses of this species, leadership is not en-
tirel y stab le over t ime ( Hartb auer et a l. 2014 ), and lead-
ership is even les s s table in other synchronizing species
( Wa l ker 1969 ; Gre enfie ld an d R oizen 1993 ; Part y et al.
2014 ). Thus, e ven thes e less p ro n oun ce d effe cts wou ld
not consistently favor the same specific subset of rivals
wit hin e ars h ot over tim e. 
Desp i te these cav eats, w e ag re e t hat t h e se le ct ive
a tten tio n framewo rk is lar g ely co rrect. Fo r instance,
it is undeniable that males tend on av erag e to hav e
their ca l l-t iming behavio r influenced mo r e str ongly by
nearer (i .e ., louder) r ivals wit hin e ars h ot over th ose far-
ther a wa y, and t hat t he s alience of a gi ven ri val can
chan g e acr oss differ ent acoustic contexts ( Greenfield et
al. 2021 ). We simp l y s ugges t t hat ter minology descr ib-
ing con tin uous varia tion in degrees o f influence exerted
am ong n e arby r ivals o n o n e an oth er’s ca l l-t iming be-
havior likely better reflects the dynamics at play than
does termino logy imp l ying strict dic hot omous cat e-
g ories. Av oidin g sw eepin g categ orization s of rivals also
h a s other benefits that ca n expa nd the way we con-
cei ve of d y namics w i thin cho ruses. Fo r o ne, i t a l lows us
to emph a size th at choru ses are highl y d yna mic, mea n-
ing t hat t he deg re e o f influence exerted by o ne rival
on the ca l l-t iming behavio r o f an oth er is se ldom static
over time but rather varies from ca l l to ca l l b ase d on
fact or s suc h a s hi s en dogen ous respon siv eness cy cles
(di scu ssed a bov e; Fig. 3 ) and re cent p atter ns of arous al
(di scu sse d below). Addit iona l ly, moving a wa y from di-
c hot omous cat ego rizatio ns o f rivals encourages us to
mov e bey ond v iew ing choruses as simp l y a co l le ct ion
of dyadic interactions, and to consider how emer g ent
p roperties o f th e acoustic scen es at th e ch orus can in-
fluence males’ call-timing responses. Below, we high-
light results s h owing that such co nsideratio ns can allow
a deeper un derstan din g of call-timin g mech ani sms and
choru sing dyn amics. 

The influence of emergent chorusing dynamics 
on call-timing responses 

As not ed , though túngara frogs t ypic a l ly a lt ernat e their
ca l ls, in lar g er c horuses st ere otype d over lap com es to
p redo minat e , in whic h males pl ace their c a l l onsets
at th e en ds of th eir ch oru s-m ates’ whines, ju st be-
fore the c huc ks ( Lart er and Ryan 2024a ). Due to the
high ly stere otype d nature of túngara frog ca l ling in-
teract ions (both a lternat in g and ov erlappin g respon ses
ar e highly ster eotyped: La rter a nd Rya n 2024a ), 2 or
m ore ch oru s-m ates in lar g er choruses wi l l often ca l l
n ear-syn chron ous ly (ca l l onsets within 100 ms) by
chan ce ( Greenfie ld an d Ran d 2000 ; La rter a nd Rya n
2024a ). The amplitude of ov erlappin g sounds is ad-
ditiv e, meanin g that n ear-syn chron ous ca l ls wi l l typ-
ica l ly have higher co mb ined ampli tudes than isolated
ca l ls, wit h t his effect incre a sing a s more ca l ls synchro-
nize ( Hartbauer et al. 2014 ). Thus, we hypothesized
th at m a les wou ld hav e low er proba bi lit ies of overlap-
ping n ear-syn chron ous ca l ls by rivals because their in-
creased co mb ined ampli tude wou ld de cre ase t he prob-
ab ili ty that any part of these combined whines would be
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Fig. 4 Probabilities that túngara frog males in 6-male choruses 
o verla pped the call directly preceding theirs in the chorus 
sequence, r elativ e to the number of calls comprising this call, that 
is, whether that call was given by a single rival (1), or was a 
near-synchronous call comprised of calls from 2 to 4 callers. Data 
from ( Larter and Ryan 2024c ; n = 4144). 
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ow enough in amplitude to be ident ifie d by ma le gap-
ete ct ion me ch ani sms a s an ap pro pria te ga p to ca l l in. 

Thi s wa s bo rne ou t, wi t h t he p robab ili ty th at m ales in
-m ale choru ses over lapped th e ca l l imme diately pre-
eding theirs in the ca l l se quence dro p p ing fro m ∼75%
h en th e pre ce ding ca l l was a single ca l l , t o ∼15% when

t was a n ear-syn chron ous ca l l compose d of 2 ca l ls, to
0% when it was a near-synchronous ca l l compose d

f 3 or 4 ca l ls ( Fig. 4 : Larter and Ryan 2024c ). In ad-
i tio n to absol u te ampli tude effe cts, as note d ( Fig. 2 ),
he c haract erist ic downward swe eps o f ampli tude and
r equency thr o ugho ut whines are also im portan t for
r ig ger ing overlapping ca l ls ( La rter a nd Rya n 2024b ).
hu s, a s well a s increa sing am plitude, im perfect syn-
hro nizatio n o f whines would disru pt the smooth tra-
 e cto ries o f individ ual whin es an d gen erate jagged com-
ine d fre quency and amplitude profiles. Thu s, di srup-
io n o f th e usual sm ooth an d steep re lease from inhi-
 i tio n s h ortl y fo llowing ri vals’ whine onsets may also
 e imp o rtant here. Ei t her way, t hese finding show that
mer g en t am plit ude and freq uency fluct uation s arisin g
n the acoustic scene at the choru s h ad im portan t effects
n male call-timing responses which would not be ap-
 arent when on ly ana lyzing the ca l l-t iming interact ions
f separate dyads within the chorus. 

Near-syn chron ous an d over l apping c a l ls occur in
ar g e cho ruses o f many typ ica l ly a lternat in g chorusin g
pecies. Thus, emer g ent a mplitude a n d frequen cy pat-
erns are co mmo n features o f th e acoustic scen es at
h oruses an d like ly influen ce ca l l-t imin g respon ses of
a l lers within th em. Th o ugh, to o ur knowle dge, simi lar
mer g ent effects have not been investigated in synchro-
izin g in sects, that syn chrony in creases co mb ine d ca l l
 mplitude ( Ha rtb auer et a l. 2014 ) and that responses
o ca l ls can be am plitude-dependen t ( Hartba uer et
l. 2005 ; Nitya na nda a nd Ba la kri shn an 2007 ) s ugges ts
n alogou s effe cts cou ld be at play. Emer g en t fea tures of
 ocial s cenes h ave al so been s h own to b e imp ortant in
ery differen t con t exts suc h as col le ct ive h un ting in so-
ial spiders ( Chiara et al. 2022 ), s ugges ting they influ-
nce responses across a ran g e of social behaviors. 

he influence of emergent chorusing dynamics 
n the parameters of call-timing mechanisms 

any chorusing insects and anurans alter properties of
heir sig na ls across varied social env ironments, t ypic a l ly
ncrea sing sign al elabo ratio n in mo re co mpeti tive co n-
exts ( Gerha rdt a nd Huber 2002 ; Wells 2007 ; Greenfield
015 ). This demonstrates that ma les’ ca l ling st rateg ies
re sen sitiv e to bro ader p atterns of acoust ic st imu lat ion
ncountered in different social environments. How ev er,
 co rollary o f tradi tio nal call-timing m ode ls an d th e tra-
i tio nal b ina ry fra ming of sele ct ive a tten tion i s th at re-
pon se pattern s are rigid a nd rema in essent ia l ly fixe d
cr oss differ ent soci al env ironm ents an d , inst ead , what
han g es is t hat t hese s ame responses are only applied to
 certain subset of att ended-t o rivals. How ev er, recent
 esults fr om túngara fr ogs s h ow t hat s a lient p a ra met er s
f ca l l-t iming me ch ani sms can chan g e drast ica l ly across
iffer ent chorusing envir onm ents to gen erate quantita-
i vel y and qua litat i vel y different response patterns. 

As not ed , males swit c h fro m a p rimary interactio n
ype o f al ternatio n wi t h r ival s in sm a l ler c horuses, t o
tere otype d overlap in lar g er choruses in which follow-
ng ca l lers’ ca l l onsets are placed at the end of leading
a l lers’ whines ( Larter and Ryan 2024a ). This shift in
nteract ion p atterns is beneficial because, in lar g er cho-
uses wh ere over lap i s un av oida ble, t his specific for m
f overlap imposes lower att ract ivenes s cos ts on fol-

ow ing c a l l s th a n a ny o ther po tent ia l fo rms o f over-
ap ( La rter a nd Rya n 2024a ). Thi s shift i s faci litate d by

ales in lar g er , noisier , cho ruses beco ming mo re sensi-
ive to the moderate release fro m inhib i tio n occur r ing
ust after the onsets of rivals’ whines ( Fig. 2 ). This ini-
 ia l release from in hibit ion ther efor e becomes a salient
a l l t r ig g er in lar g er ch oruses, wh ere as only t h e m ore
ra stic relea se fro m inhib i tio n occur r ing as r iva ls’ ca l l
ffsets give way to silence can tr ig ger calls in sma l ler
hor uses ( Lar ter a nd Rya n 2024a , 2024b ). Thus, males
ppear to become more permissive regarding the mag-
i tude o f a r elease fr o m inhib i tio n that is sufficient to

r ig ger a call as choruses grow lar g er. Recently, w e used
u to mate d playb ack to invest igate in det ail t he factors
 ro mpting this increased permis sivenes s in male gap-
ete ct ion me ch ani sms ( Larter et al. sub mi tted ). This
evea le d th at permi s sivenes s was a ltere d on a ca l l-by-
a l l b a si s ba sed on the patterns of conspecific acous-
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Fig. 5 Left: Visualization of the interaction between stimulus call 
pla yback dela y and acoustic motifs preceding stimulus calls in 
predicting the probability that males o verla pped the stimulus call 
( Larter et al. submitted ; n = 12,153). Right: Illustrations of the 
automated playback experiment design. Male trigger calls (“T”) 
triggered stimulus calls (“S”) to be played to them at a variety of 
delays, and these stimulus calls could be preceded by several 
differ ent motifs, pictur ed her e as arrangements of color ed calls; 
(A) silence (isolated stimulus calls), (B) stimulus calls preceded by 
o verla pping conspecific calls, (C) near-synchronous conspecific 
calls, (D) o verla pping + near-synchronous conspecific calls. Line 
colors in the left figure correspond to chorus motif colors on the 
right. 
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t ic st imu lat ion ma les experience d thro ugho ut each ca l l
cyc le . 

When w e play e d isolate d conspe cific st imu lus ca l ls
to males at a variety of delays thro ugho ut their ca l l cy-
cles, the y ess ent ia l ly never overlapped these ca l ls (or-
an g e line in Fig. 5 ). How ev er, when st imu lus ca l ls at
t hese s ame delays were immediately pre ce de d by mo-
tifs mimicking patterns of conspecific st imu lat ion en-
counter ed in cr owded cho ruses, fo r example, co mb ina-
tio ns o f overlapp ing an d n ear-syn chron ous conspecific
ca l ls ( Fig. 5 ), prob abi lit ies th at m a les overlappe d st im-
u lus ca l ls increase d ma rk e d ly. Furt her more, t he effects
of motifs int eract ed with males’ en dogen ous respon-
siv eness cy cles, wit h t he positive effect of more arous-
ing motifs on overlap p robab ili ties beco min g exagg er-
ated when stimulu s call s were encountered a t la ter de-
lays thro ugho ut ma les’ ca l l cycles. It is im portan t to
n ote h ere that a l l mot ifs/st imu lus ca l l/delay co mb ina-
tion s w ere play ed to males in a ran dom sequen ce back-
t o-bac k wit hin t he s ame exper iment a l t ria l. This sug-
gests that the “permis sivenes s” pa ra meter of the gap-
dete ct ion me ch ani sm th at i s crucia l for regu lat in g ov er-
lapp ing o r al ternating respo nses is al tered anew each
ca l l cycle in response to cons pecific s tim ula tion pa tterns
exper ienced pr ior to e ach ca l l. Thus, the observe d posi-
t ive correlat ion betwe en ch orus size an d over lap preva-
lence in this species arises on a ca l l-by-ca l l b a si s, a s
males fin e-tun e u pco ming respo n se pattern s to their
curr ent cir cumstances b ase d on an emer g ent cue sam-
pled in the interval directly preceding each call; that,
a s choru ses grow lar g er, ma les wi l l experience increas-
in gly inten se con s pecific s tim ula tion pa ttern s betw een
ca l ls, and wi l l incre asingly exper ience t his st imu lat ion
thro ugho ut the latter reaches of their ca l l cyc les. S imilar
effects were also seen r egar ding th e laten cy of entrain-
ment responses to st imu lus ca l l offsets when ma les a l-
t ernat ed with st imu lus ca l ls, wi th mo re st imu latory mo-
tifs inducing shorter response latencies. 

That frog ca l l-t iming me cha nisms a re sen sitiv e to
inter-ca l l st imu lat ion p atterns was first demonst rate d
decades ago by findings s h ow ing that c a l ls encountere d
d uring refracto ry p erio ds, which cannot b e directly
responded to, can st i l l acce lerate th e timing of th e
n ext en dogen ous ly-tr ig gere d ca l l ( Fig. 1 ; Lem on an d
St ruger 1980 ). Simi lar shifts in interact ion p a ra met er s
are als o s een in ot her alter nating frog s pecies, s uch as
de crease d response latencies to st imu lus ca l ls when
playbac k rat es ar e incr eased (e.g., Moor e et al. 1989 ).
To our knowledge, it is unkn own wh eth er similar
s h ort-ter m arous a l effe c ts mig ht occ ur in synchroniz-
in g in sects. How ev er, the p recisio n and co nsistency
o f respo nses facili t ating t he hig hly struc tured com-
pet it ive interact ion s of synchronizin g in sects may
make such ma l leabi lit y of c a l l-t iming me ch ani sm
pa ra met er s in response to short-term st imu lat ion p at-
t erns count erp rod uctive. Co nver sely, in gap-det e ct ing
frog species, whose strategy is to ca l l in the most
interfer ence-fr ee gaps available to them in o ngo ing cho-
ru s noi se, wh at co nsti tu tes a rela tive ga p wi l l shift across
different chorusing environments, requiring such
flexib ili ty. 

Riva ls ca l l mo re vigo rous ly, an d ch o rus d u ty cycles
increa se, a s choru s es grow ( G erha rdt a nd Huber 2002 ).
Thus, experien cing loud an d con tin uous conspecific
st imu lat ion thro ugho ut a ca l l cycle is likely a go o d in-
dica tion tha t silen t ga ps are un li kely to be encount ered ,
m eaning males s h ould becom e m ore permissive wh en
iden tifying ga ps and p rod uce ca l ls at s h ort er lat encies
to most effe ct i vel y cap i talize o n them. That such ad just-
ments occur ca l l-to-ca l l in túngara frogs rather than be-
in g fix ed ov er lon g er tim e h o rizo ns a l lows high ly flexi-
b le and responsi ve ca l ling st rateg ies. Ma les can be come
more permissive when intense conspecific st imu lat ion
patter ns sug gest t ha t imminen t si lence is un li kely, but
c an immedi ately sw it c h t o p rio ri t izing ca l ling in t ru ly
silen t ga ps when sparser in ter-ca l l st imu lat ion p atterns
s ugges t they may be fo rthco ming. Inde e d, a lternat ion
do es o ccur in lar g er tún gara frog c horuses ( Lart er and
Ryan 2024c ). Thus, such m om ent-to-m om ent updating
a l lows ma les to o p timize, on av erag e, t rade offs betwe en
ca l ling at high rates and ca l ling at times of low interfer-
ence t hat ar ise in the tempora l ly-heterogene o us aco us-
tic scenes at choruses. 
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onclusions: no frog ever calls in the 

ame chorus twice 

ur di scu ssion hig hlig hts the dyn ami sm and complex-
 ty o f th e ch o rusing enviro nmen ts tha t a rise from, a nd
n turn r einfor ce sele ct io n fo r, the amazing flexib ili ty
nd ma l leabi lity of frog ca l l-t iming me ch ani sms. The
am ous aph or ism attr ibut ed t o Herac litu s goes th at “No

an ever steps in the same river t w ice. Fo r i t ’s no t the
a me river a nd he’s not the sa me ma n ’, w hich hig hlig hts
h e transien cy of a wo rld in flux. Am en ded to fit our
wn purposes, it is apt to say that “No frog ever ca l ls
n the same chorus t w ice. For it ’s n ot th e sam e ch orus
n d h e’s n ot th e sam e frog”. Our studies, and others,
eve al t hat e ach ca l l-t imin g respon se by a giv en male
rises from complex interactions between his cyclica l ly
han gin g endog enous respon se proba bi lit ies ( Fig. 3 )
nd his view of the ev er-chan gin g acoustic scene gener-
 ted a t th e ch orus ( Fig. 4 ). Furt her more, t he caus al con-
 ribut ions of these internal and external fact or s are int e-
 rate d by a ca l l-t iming me ch ani sm whose own param-
t er s are alt ered in response t o patt erns of conspecific
t imu lat ion experience d mo ment-to-mo ment through-
ut each ca l l cycle ( Fig. 5 ). Thi s m a l leabi lity and re-
pon siv en ess to imm edia te con text are absen t from the
 radit iona l ca l l-t iming m ode ls deriv ed from w o rk o n
ynchronizin g in sects and often applied to frogs, which
resent ca l l-t iming me ch ani sms an d th e ca l l-t iming re-
pon ses arisin g from them as essent ia l ly rig id across so-
ia l/acoust ic contexts. 

Once frog comm unica t ion e colog ies sele cte d for gap-
ete ct ion as the focus of their ca l l-t iming st rateg ies, cer-
a in corolla ries of this strategy may have spurred frogs
o the highly flexible ca l l-t iming end po in ts eviden t to-
ay, such as: (1) the greater deg re es of fre e dom g rante d
y gap-dete ct ion st rateg ies (as o p posed to more spe-
ific sig na l-a lig nment st rateg ies) permitt ing increase d
hyt hmic var iab ili ty, (ii) the highly con text-dependen t
atur e of r e lative ly interferen ce-free “gaps” in chorus
 oise n e cessitat ing flexibi lit y across soci a l/acoust ic con-

exts when identifying them, and (iii) n a scent variabil-
ty and reactivity in ca l l-t iming st rateg ies ma king ri-
a ls’ ca l ls and resu l tant fluctuatio ns in cho rus no ise less
redict able, t hereby reinforcing sele ct io n fo r increased
exib ili t y and reactiv it y, and g eneratin g a feedback loop
 f sp iraling mu tual unp redictab ili ty and reactiv it y. 

Converse ly, th e high ly st ructure d compet it ive inter-
ctio ns o f synchro nizing insects are achieved v i a pre-
icti vel y aligning calls in a preci se way. Thi s seems to
ave sele cte d fo r p recise and co nsistent ca l l rhythms
n d r hythmic adjustm en ts facilita ted by more rigid call-
 iming me ch ani sms, t o whic h frog-li ke volat i lity might
e detr iment al. For ms of temporal coupling of group-
 ate beh avior ar e incr easin gly bein g s h own to be im-
ort ant in ot her dispa rate f o rms o f col le ct ive behavior
uch as col le ct ive locomot ion ( A mich ay et al. 2024 ) and
ol le ct ive h un t ing ( C hiara et a l. 2022 ). Thus, hig hlig ht-
ng variation in th e fun ctio ning o f th e m ech ani sms un-
erp inning the tempo ral cou pling o f cho ru sing rival s,
nd con siderin g the fact or s sending different taxa t o
ifferen t in teractio n end po ints, h a s im portan t im plica-
ions not only for un derstan ding th e evol u tio n o f cho-
usin g interaction s but a lso col le ct ive socia l behavior
 ore gen era l ly. 
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