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Animal Choruses Emerge from Receiver Psychology

(A Tale of Two Synchronies)
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What is an animal chorus ?  (It's about time)

Temporal adjustments in broadcasting at three levels of precision :

(an evening chorus)
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Physalaemus pustulosus (Tungara frog; Anura: Leptodactylidae);
5 Male Chorus




Physalaemus pustulosus (Tungara frog; Anura: Leptodactylidae);
5 Male Chorus
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Frogs have rules
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Magicicada cassini (Cicadidae);

Periodical Cicada (17-year)
Synchronous Chorus; Brood IV; June
1998; Douglas Co., Kansas



Pteroptyx tener (Lampyridae);

Synchronous fireflies of the
Indo-Malayan Region

Kumari Nallabumar 2002
Strogatz & Stewart 1993



synchronicity - sample shots - 2015

) robin meier, andré gwerder, dop: nikolai zhaludovich




Uca annulipes

(Crustacea: Ocypodidae);
Western Indo-Pacific;

Synchronized waving

Synchronized courtship in fiddler crabs;

Backwell et al. 1998
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Female pheromonal chorusing in an arctud
moth, Utetheisa ornatrix

Hangkyo Lim” and Michael D Greenfield™”

"Department of Ecotogy an 'nlur_lonan’ Biology, University of Kansas, 1200 Sunnyside Avenue,
5, USA and bInstitut de Recherche sur la ‘Biol gie de I'Insccte, RS UMR
s Rabelais de Tours, Parc de Grandmont, 3 O'Tours, France

report an unusual case of communal al di in the arctiid n isa ornairix that we designare “female pheu}
onal chorus in most Il]lJLllb ferr . L elease a lUIlg—( isement Phr' omon
activity period. d U. ornairix tem.ﬂe n 2 types of signaling conditions: gr g Aary. V\.’hsn the
grouped with neighboring signaling femal rouped), they initiated pheromone r 2
interruption. md avera lonrfer !0(1] e , and performed the release with faster abdeminal pumping than .
muul form of sexual communication in rno[h\ female (chemical)
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Grouped females begin signaling
earlier during the night
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Specialized rhythmic chorusing : potential adaptive features

*

*

*

Retention of species-specific rhythm or call envelope
Evasion of predators ; detection of predators

Maximization of collective signal intensity of local group

Unmasking of sexually-selected signal characters ; - - --

ability to detect and evaluate rivals

(Greenfield 2005)



Alternative to the adaptationist paradigm : (the null hypothesis)

Choruses might also arise simply as an ‘emergent property’ of local
Interactions between singing neighbors. That is, the overall chorus
structure per se, even when very complex and seemingly specialized,
IS neutral in terms of preference by female receivers and the
benefits that male signalers might accrue from generating Iit.

(Greenfield & Schul 2008 ; Greenfield 2015)

How might this work ?



3-step pathway :

Collective singing patterns in choruses simply emerge from the ‘receiver

psychology’ of female perception and preference.

1) Females ignore male calls that follow a neighbor’s by a brief interval.

2) Males adjust call rnythm (phase) upon hearing a stimulus or neighbor.

3) When multiple males use equivalent adjustments an expansive chorus

of synchrony and/or alternation may arise.

Importantly, the display can be generated in the absence of any

selection expressly favoring synchrony or alternation.
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Neoconocephalus spiza (Orthoptera : Tettigoniidae) :

female preference for song length




Neoconocephalus spiza :

female preference for
leading song overrides
song length

Phase angle
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Time (msec)

Phonotaxis



Phase Angle
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Inhibitory Resetting :

T T T
: > > >
Focal Animal = - - -
Stimulus d
or Neighbor :
Time —

Phase Response Curve (PRC)

® 180°
Stimulus Phase = (d /T) e 360° <
al
Response Phase = {(T"-T)/T}*360° §
8_ 00 ________________________________
O
12

0° 180°
Stimulus Phase
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PRC intercepts adjusted by

Neoconocephalus spiza
stimulus length

(Tettigoniidae) :

Stimulus Phase

Greenfield & Roizen 1993



Response phase, |

{(T'-T)/T}+360° : PRC slope=s
’ T T T
: > > >
Focal Animal = m— -
Stimulus d
c —>
or Neighbor :
----------------------------------------------------------------- Time —
Stimulus phase,
(d /T)*360°
o
E t L | -
SO
n > 1
@ —

Basic model :
T"=(T+g)+(s*d), where € is a stochastic element

Full model :

T =(T+eg)+s{(d+1/v)-(r-t)} +(y-x)
Greenfield, Tourtellot & Snedden 1997



Monte Carlo Simulation

Michael Tourtellot

VisualBASIC® Maestro




Monte Carlo Simulation

() Male Spacing

{® Female Spacing

Method: |Manual ]

Female: Manual

From the Perspective
Enter (x,y)-coordinates for: Beta = 50.0

(@ Distances [m): () Sound Lag [ms):

Spacing ; 2 males separated by 5 m ;
1 female

Hear-Whom control

Adjust settings for m C DEAF [ Can Hear while Chirping
which male: 4

() Specific Male
) (") Nearest Male(s)
Period (® Absolute Distance

Inter-Chirp interval x [Ems (") Absolute Sound Pressure Level
PN 5
Chirp Length 4 D]ms (" Relative Sound Pressure Level

Absolute Distance

Epsilon Distribution Can hear any male within meters.

¢ Uniform Minimum Maximum

Miscellaneous

Calls of the 2 males ; mostly synchronized

Mean Stdv

Oscillator Return Interval 70 D]ms Reference SPL £ E dB
Slope Reference Distance E] meters

X-axis ticks (ms)= 500.00| [x Large ticks Time

Beta
Betais an inhibition interval, measured in milliseconds. It begins at the onsetof a
Leading chirp, and subsequent chirps falling within the interval do not reset the listening Beta = \50-0 L

Leading chirp, within Beta,

Male song adjustment parameters



Synchrony
Greenfield et al. 1997

PRC Slope, s
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Monte Carlo Simulation :




Neoconocephalus spiza
(Tettigoniidae: Conocephalinae);

Central America;
(imperfect) synchrony

1.00 1.50

Time (sec)




3-step pathway :

Collective singing patterns in choruses simply emerge from the ‘receiver
psychology’ of female perception and preference.

iy

2)

3)

Females ignore male calls that follow +

a neighbor’s by a brief interval. | Ng experimental evidence for coevolution
between male and female traits

Males adjust call rhythm (phase) +
upon hearing a stimulus or neighbor.

When multiple males use equivalent adjustments an expansive chorus

of synchrony and/or alternation may arise.

Importantly, the display can be generated in the absence of any +
selection expressly favoring synchrony or alternation.



Question 1 :
Did male song adjustment (inhibitory resetting)
coevolve with female response to relative

call timing (leading vs. following calls) ? Tettigoniidae ; Bradyporinae
A
'©
s — B . .
.'g : Ephippiger diurnus
E — C : Alternation + Synchrony
. alt
***************************************************************** at™N o syn 3m
C
5S
Females ignore following calls ; Flightless ; negligible dispersal ;
Male song adjustment (inhibitory resetting) ; narrow habitat preference ;

Chorusing (alternation and synchrony) isolated, genetically differentiated populations



Flightless ; negligible dispersal ;
narrow habitat preference ;
geographically isolated,

genetically differentiated populations
Application of comparative
phylogenetic methods possible
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‘Comparative Method’ ;

17 E. diurnus populations

‘sampled’ ;

Phylogenetic analysis indicates

branching topology ;

Mitochondrial (COl) data ;

est-fitting nucleotide
sulstitution model

11 Carcaniéres a

11 Carcaniéres b

11 Carcaniéres ¢

11 Carcanidres d

10 Col de Choulia a

10 Col de Choulia b

02 10 Col de Choulia ¢

10 Col de Choulia d

[ 10a Espezel ¢

9 Merens les Vals b

.99 |- 9 Merens les Vals ¢

7a Col de Puymorens Aridge a
7a Col de Puymorens Ariége b
7a Col dc Puymorens Aridge ¢
10a Espezel a

14 Montauban de Luchon b
14 Montauban de Luchon ¢
O¢7. 14 Montauban de Luchon d
logy| | 13 Vilamés a %

13 Vilamés b %

Clade 2

Clade 1

0. 3
aSorapagux catalaunicus a
1 Sorapagus catalaunicus ¢

0.03

14 Montauban de Luchon a

15a Pouzol a
% 15a Pouzol b
15a Pouzol ¢

o7¢[ 7 Col de Puymorens PO b
7 Col dc Puymorcns PO a
7 Col de Puymorens PO ¢
5Font Romeu b %

5 Font Romeu ¢ %

5 Font Romeu a *

4 Feuilla b

01| %% 4 Feuille ¢

3 Peyriac de Mer a %

4 Feuilla a
8 Col de Mantet &

T+ 8 Col de Mantet ¢

§ Col de Mantet d
8 Col de Mantet b



Y-maze

> o Measurement of female

follower leader perceptual trait
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Focal male does
not call during

post-stimulus interval

Synthetic song
stimulusatt=0
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Measurement of male song
adjustment trait
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I 16 & 17

A
France d Predictions :

‘ P If male song adjustments have coevolved
\//\/1 with female perception, m should be = f
: sz vﬁﬁ/g? such that males do not broadcast
Al €455 g7 ineffective following calls.

) ~— ] ~ Moreover, if m = f, males will maximize
T i o EIT g

A A i @ their call rate while at the same time

Réalisation: Party V. Baudouin G.

forgoing the broadcast of following calls.

Populations: 1) Mireval, 2) Vias, 3) Peyriac de Mer, 4) Feuilla, 5) Col de Mantet,
6) Font Romeu, 7) Latour de Carol, 8) Col de Puymorens, 9) Hospitalet pres
I’Andorre, 10) Mérens-les-Vals, 11) Col de Chioula, 12) Carcanieres, 13) Port
de Lers, 14) Vilamos, 15) Cigalere, 16) Le Lioran, 17) Pouzol.
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—Female precedence

0.6 effect ;
Z‘Z «—— Maximum delay (msec)
I 0 at which leading calls
0,2 eferred
0,1
1200 30 150 400 600 900 1200
1800
1600
8 | il T 1400 Male phase
T i N adjustment :
] | f l Iy 000 Minimum delay (msec)
] 800 before singing after
- - 600 a stimulus or
| i 200 neighbor.
7 - 200 el ,;Uyl,;?;/s‘
_D 0 Am ‘
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W moyenne 3 Syl



I 16 & 17 A
Toulouse

France

Garonne

Mediterranean
Sea

. ‘) 6
Spain 5 4 g
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Réalisation: Party V. Baudouin G.

S

Populations: 1) Mireval, 2) Vias, 3) Peyriac de Mer, 4) Feuilla, 5) Col de Mantet,
6) Font Romeu, 7) Latour de Carol, 8) Col de Puymorens, 9) Hospitalet pres
I’Andorre, 10) Mérens-les-Vals, 11) Col de Chioula, 12) Carcanieres, 13) Port
de Lers, 14) Vilamos, 15) Cigalere, 16) Le Lioran, 17) Pouzol.

minimum delay (ms)

m,

2500

2000

1500

1000

500

For the 17 populations sampled,

m=f.

0 500 1000 1500 2000 2500

f; maximum separation (ms)




Is the m —f correlation among the 17 populations an artifact of sampling ?

a) Remove ‘phylogenetic signal’ by application of phylogenetic independent contrasts (PIC)

‘working phylogeny’ of sampled E. diurnus populations —
unrooted neighbor-joining (NJ) tree based on

microsatellite data - m —f correlation following

PIC correction

3
-

syl
2.78
2.02

Carcaniéres

84

Col de Chioula

88 Mérens-les-Vals
4100: Hospitalet prés I'’Andorre
57 Vilamos

96 l: Cigalére

il Port de Lers

N
o
o
o

1.86
2.04
1.42

82

1500 H
1.50

1.15
1.00

89

Le Lioran

1000 H
93

_’7 Mireval
95 Vias

Pouzol 1.02

1.00

4.28
5.28

- positivized contrasts (ms)

Col de Mantet

Peyriac de Mer

97
56 Feuilla

5.85

Font Romeu 3.11 A

m ; minimum delay
o

3.28 -500 . . T
3.64 0 500 1000 1500 2000

f; maximum separation - positivized contrasts (ms)

Col de Puymorens

100
50 Latour de Carol

[0}
=3
S
3
[

0.05



Is PIC justified for intra-specific comparison ?

Normally no, because gene flow resulting from inter-population migration
will influence phenotypic vaues of a population. (Stone, Nee & Felsenstein 2011)

But, E. diurnus is a special case :
Negligible dispersal ;
Branching topology of population phylogeny ;
Mitochondrial (COI) tree and microsatellite tree are very similar :
‘working phylogeny’ is probably the correct one

Nonetheless, we took a conservative approach :
|dentify genetically differentiated clusters of populations using a
Bayesian clustering protocol (STRUCTURE) on microsatellite data

7 genetically differentiated clusters ; re-apply PIC on these 7 clusters
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Unrooted NJ tree of 7 clusters
identified with STRUCTURE

Carcaniéres, Cel de Chioula,
Merens-les-\Vals,
Heospitalet prés |'Andomre

a5
Le Licran, Pouzol
=4 Wilamas, Cigalere,

Port de Lers

Mireval, Vias

Col de Mantet

98 Feyriscde Mer, Feuilla

Fent Roemeu, Latour de Carol,
Caol de Puymaorens

0.05

m —f correlation following
PIC correction

O

positivized contrasts (ms)

m: minimum delay -

=
8

1200 A

1000 A

200 4

=
1

0 500 1000 1500 2000
f, maximum separation - positivized confrasts (ms)

m — f correlation is not a phylogenetic artifact




Is the m —f correlation among the 17 populations an artifact of other correlations ?

b) Remove populations with long calls (= 3 syllables) ; %
confounding correlations between f and syl # and between m and syl #

@ 0 = 0.69
& 1000 | %
@
o
£
=3
E 500

m — f correlation holds for the 10 £

populations having only 1-2 syllables per call ; o

no influence of syl # on correlation 0

0 500 1000

f: maximum separation (ms)

Conclusion : Male song adjustment (m) has coevolved with female perception (f)




Question 2 : Is receiver psychology (female perception of relative male call
timing) important in the context of sexual selection within a chorus ?

Method for testing female
preferences for acoustic
signal characters of males
in a chorus.

The males differin all
3 signal characters
(leading calls, call rhythm, call length)

Do females pay attention to
certain signal characters
more than others ?




Y-maze

Kramer sphere
(open loop)
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3 60 - W Col de Mantet
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§  gp----- DN BNEN 0 BN e

< >0 = Vilamos

=4

o 40 -~

E m Cigalére

9 30 -

Leading calls Faster Higher syllable
rhythm number

(Party, Brunel-Pons & Greenfield 2014)

Simple choice tests in 3 populations indicate female preferences for
1) leading calls, 2) faster rhythm, and 3) higher syllable number.
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60

50

40 -

Female preference (%)

30

20

10

& with the most leading < with the longest mean £ with the fastest
calls call rhythm

Call order Call length  Call rhythm (Party et al. 2014)

Priority of precedence : At a chorus females pay much more
attention to call order than other signal characters.



a. Merens-les-Vals

Paired t-tests ; p > 0.75
Question 3 : Natural Modified

Do synchrony and alternation per se 0y 1| [ T T T

1.0 1

have adaptive value ?

1
3 tests of synchrony, alternation, and o1 1 J \
overlapping calls, as broadcast by chorusing | I 1
males, in the context of sexual selection :

Distance toward source (m)

N1 N2 N3 M1 M2 M3
_ Chorus stimulus

Natural chorus stimulus (Merens-les-Vals)

| Male 1

FHHHEH

ale 1

HEHH R e st

Marin-Cudraz & Greenfield 2015)

MMMMM

FHAEHE A




10° hase angle
p ...... 9 Natural b) Peyriac de Mer

Repeated-measures ANOVA ; p = 0.53

Natural Natural
4 Mod. Mod. Mod.

T L 1

u% ==

0° ph se angle

Modified

%

" Modified

T T T T T
10 20 30 40 180

Chorus stimulus ~ (phase angle, °)

2. Levels of female response to

natural (alternating and synchronous

Modified  phase angles) and to modified chorus stimuli
(overlapping phase angles) ;

single stimulus tests on Kramer sphere ;

= =

180° pha e angle

Result : Differential responses to
e = natural and modified chorus stimuli
not observed (power = 0.82)

= =

§3 %3
§

=
=
=
=




Merens-les-Vals Mireval Vilamos

30°

30°

Natural ; Synchrony
10° phase angle
\éz 04 06 08 1 \ 92 04 98 08 4

Modified ; 30° Overlapping

Merens-les-Vals - 40° phase angle vs 180° phase angle Mireval - 40°phase angle vs 180° phase angle Vilamos - 40° phase angle vs 180° phase angle
180° 180°

ZaBs \
\< ‘ s X sl Result ;
Overall preference for natural
chorus stimuli not observed

Modified ; 40° « Overlapping :
oae (Rayleigh and V-tests).

Natural ; 180° Alternation

3. Female preference for natural (alternating or synchronous
phase angles) vs modified chorus stimuli (overlapping phase angles) ;
choice tests on Kramer sphere ;




Question 4

Is chorusing under central control ?

82

Microphone
« ambianoce »

4

50 cm

9ol>u'
/

Girillage plastique
(permiéalde aux ondes sonones)

N ‘

v Microphone enregistrant

le male

}.( 86 d|

YAN

F Haut-Parleur

Amplitude de cl&ukq’ut hawt-parbeur

78 dB

) Tirage aléatodre =1 Tirage aléatoine n
BT he —

1 iy « “
091 154

2 ‘ ‘ Deéla

4 e W

#

Termps (3)

14

m Peyriac (n=15)

Nombre de miles

m Vilamos (n =18)

B Chioula (n=19)

1 2

Stratégies d'écoute

At Col de Chioula, most
males pay attention to
only one neighbor (90)

At Vilamds, most males
pay attention to one or
two neighbors (90, 86)

1138

90
/8 dB
86 dB
82

82 78 74 70dB

Order emerges from chaos !



Attention (no. speakers)

Chorus Duty Cycle

Vilamos Col de Chioula Peyriac de Mer
1 ¥ X
2 4 ¥ X
1 ¥
4 X % %
0,38 0,:10 0.:12 0,:14 0,:16 0,:18 0,;50 0.;2 0,:’;4

056

Female preference for
leading male calls

\ 1
Male call rhythm adjustments;

Inhibitory resetting mechanism with
selective attention

3a

2

Attention to neighbors — Temporally structured chorus ;
Selecive Chorus duty cycle - High

Pt

Attentionto neighbors — Temporally structured chorus ;
Indiscriminate Chorus duty cycle - Low

NS




Question 5 : Will a population’s chorusing format impede or enhance gene flow
following secondary contact between populations ?

a b c MER
Caractéristiques acoustiques
» Nombre de syllabes
» Durée moyenne des phrases (ms)
» Intervalle d’émission (ms)

chorus: UNI chorus: MAX chorus: MIN

Choix femelle: Choix femelle:
Chorus MAX Chorus MIN
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Question 6 : What is true synchrony ? Does it exist ?

—C

Tettigoniidae ; Bradyporinae

Sorapagus catalaunicus

Synchrony

Ephippiger diurnus
Alternation + Synchrony

alt

D<—B

alt\ syn 3m
C




Ephippiger diurnus Sorapagus catalaunicus

Synchrony - 2 male choruses g =
ol 8 B H

Population

Ephippiger diurnus - Col de Chioula

Synchrony - 4 male choruses o i i W i

Percentage

6
Ephippiger diurnus - Peyriac de Mer

100 A
S
2 80
S 60
o
o 401
o
20 -
0 :
1 2 3 4 5 6
Ephippiger diurnus - Vilamos
100 A
S
g 80 -
G 60
o
o 40 4
o
20 -
0 :
1 2 3 4 5 6
Sorapagus catalaunicus - Font Romeu
100 A
S
g 80 -
c
g 601 o
S 40 - 2
= s
201 —
0
1 2 3 4 5 6

Chorus



Playback - precedence effect - Sorapagus catalaunicus
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Precedence effect
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Relative call timing

Freguency

Frequency

Frequency

Stimulusonset  Ephippiger diurnus - Peyriac de Mer

80

|
v

60
40
20
o L L0l 0 on nnH 1. g
o I 7 7 <%
v . % T
9; %, 7 7 "2
5 L A m,
% % %
Call onset
Stimulus onset Sorapagus catalaunicus - Font Romeu
I
30 A
25
20
15 4
10
5 | H H
0 HHHH HHH i
- o 5 7
2, B, k’cg, %, %
.~ ~ & ~
5 h7 Z
%, 009J 2% %% ",
% © &
Call onset
Stimulus ending  Sorapagus catalaunicus - Font Romeu
Onsetof next
30 M stimulus
N
25 s A
¥ |
20
15
10
v
5 H H
o LRI
o & 7 7 <
% . B B B
B, 7wy Y
« /;b %‘
® ®

Call onset

Stimulus onset Ephippiger diumus - Peyriac de Mer

1.0 05 0.0 035 1.0

Relative call onset

Stimulus onset Sorapagus catalaunicus - Font Romeu
m *
-1.0 -0.5 0.0 0.5 1.0

Relative call onset

Stimulus ending Sorapagus catalaunicus - Font Romeu
-1.0 -0.5 0.0 0.5 1.0

Relative call onset



precd~1b.wav [Standard Wave]

Amplitude - Left.

Amplitude - Right.
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Precedence effect :

Localization of the first of
2 (or more) sounds that are
separated by a brief interval.

Left channel is the leader
(by 7 ms).
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Hypothesis 1 : Inhibitory resetting mechanisms are favored by selection

where psycho-acoustic precedence effects influence female receivers

to prefer leading signals and to ignore following ones
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Hypothesis 1 : Inhibitory resetting mechanisms are favored by selection

where psycho-acoustic precedence effects influence female receivers

to prefer leading signals and to ignore following ones
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Hypothesis 2 : Synchrony and alternation may arise as emergent properties

of pairwise inhibitory-resetting interactions between neighboring signalers.

Imperfect Synchrony Alternation

Neoconocephalus spiza
(Tettigoniidae)
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