PHILOSOPHICAL
TRANSACTIONS B

royalsocietypublishing.org/journal/rsth

)

ReView Check for

updates

Cite this article: Carlson NV, Kelly EMK,
Couzin . 2020 Individual vocal recognition
across taxa: a review of the literature and a
look into the future. Phil. Trans. R. Soc. B 375:
20190479.
http://dx.doi.org/10.1098/rsth.2019.0479

Accepted: 12 February 2020

One contribution of 22 to a theme issue ‘Signal
detection theory in recognition systems: from
evolving models to experimental tests’.

Subject Areas:
behaviour, cognition, evolution, ecology

Keywords:
individual vocal recognition, recognition,
bioacoustics, vocal behaviour

Authors for correspondence:
Nora V. Carlson

e-mail: nora.v.carlson@gmail.com
E. McKenna Kelly

e-mail: emkelly2@gmail.com

TCo-first authors.

THE ROYAL SOCIETY

PUBLISHING

Individual vocal recognition across taxa:
a review of the literature and a look
into the future

Nora V. Carlson’%3, E. McKenna Kelly">3* and lain Couzin'?3

1Department of Collective Behaviour, Max Planck Institute of Animal Behavior, D-78457 Konstanz, Germany
2(entre for the Advanced Study of Collective Behaviour, University of Konstanz, UniversititsstraBe 10, D-78457
Konstanz, Germany

3Department of Biology, University of Konstanz, UniversititsstraBe 10, D-78457 Konstanz, Germany

NVC, 0000-0002-7785-1247; EMK, 0000-0001-8152-4110; IC, 0000-0001-8556-4558

Individual vocal recognition (IVR) has been well studied in mammals and
birds. These studies have primarily delved into understanding IVR in specific
limited contexts (e.g. parent-offspring and mate recognition) where individ-
uals discriminate one individual from all others. However, little research has
examined IVR in more socially demanding circumstances, such as when an
individual discriminates all individuals in their social or familial group
apart. In this review, we describe what IVR is and suggest splitting studies
of IVR into two general types based on what questions they answer (IVR-
singular, and IVR-multiple). We explain how we currently test for IVR, and
many of the benefits and drawbacks of different methods. We address why
IVR is so prevalent in the animal kingdom, and the circumstances in which
it is often found. Finally, we explain current weaknesses in IVR research
including temporality, specificity, and taxonomic bias, and testing paradigms,
and provide some solutions to address these weaknesses.

This article is part of the theme issue ‘Signal detection theory in
recognition systems: from evolving models to experimental tests’.

1. Introduction

(a) Hello and you are...?

Why do animals evolve vocal calls to distinguish individuals from one another?
Many species do not exhibit individual recognition let alone individual vocal
signatures, and this lack of vocal identifier does not stop them from finding
mates, avoiding predators and competitors and raising offspring. In fact, vocalizing
(i.e. producing sound through vibrations using the respiratory system—or swim
bladders in fish—used in communication) may increase the predation risk for
the producers [1]. Certain types of vocalizations (such as song) can also be
cognitively demanding [2,3], requiring nutrients and time [4]. Yet, individual
vocal recognition (IVR), which is the ability to recognize an individual from
others owing to distinctive acoustic features, has evolved multiple times across
the animal kingdom and is frequently found in mammals [5,6] and birds [7,8]
and often in amphibians [9]. Producing individually distinct vocalizations is
likely present in almost all vocalizing species as each individual will have slightly
different vocal production apparatus owing to their unique morphology. Many
studies have shown individual differences in vocalizations of mammals [5], birds
[7,8], amphibians [10], fish [11,12] and reptiles [13]. However, although individuals
of a species may produce distinct vocalizations, receivers may not recognize the
vocalizing individual as unique [14,15]. Therefore, in this review, we focus specifi-
cally on those systems where experiments have shown some form of individual
discrimination/recognition by receivers. We discuss the current state of the
study of IVR, the theories behind how and why IVR evolves and areas where we
need further research to understand the evolution and the use of IVR in nature.
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Figure 1. Levels of recognition from coarse to fine that are found among the animal kingdom. Moving along the scale from coarse to fine involves being able to
recognize finer and finer categories of groups or individuals. lllustrated as networks of relationships. (Online version in colour.)

Box 1. Glossary of Terms.

IR: Individual recognition occurs when an individual can recognize another individual based on unique characteristics.
IVR: Individual vocal recognition occurs when an individual can recognize another individual’s vocalization (or stridulation
in the case of many fish and insects) based on unique characteristics of their vocalization.

IR/IVR-singular: IVR in which an individual recognizes one other individual from all others.

IR/IVR-multiple: IVR in which an individual recognizes multiple individuals, often within a social group.

2. What is individual vocal recognition?

To answer the question ‘what is individual vocal recognition
and who performs it’, we need to first make the distinction
between recognition and discrimination. Recognition is a
mental process whereby individuals can tell apart other individ-
uals based on some distinctive cue [8]. As this is a mental
process, it cannot be measured (though measuring brain activity
may provide some insights). However, we can measure an indi-
vidual responding differently (behaviourally or physiologically)
to different individuals, i.e. discrimination [8].

We also need to define what we mean by individual
recognition. Recognition systems in general exist along a spec-
trum where an individual may be able to recognize coarse or
fine scale groups (coarse: juvenile versus adult, male versus
female; fine: member of flock versus stranger, related versus
unrelated) or specific individuals (i.e. different offspring,
mates, social partners; figure 1) [16-18]. Individual recognition
(IR), a type of the recognition system, involves one individual
responding to another as a unique entity owing to its distinctive
characteristics [17,19,20]. In general, there are two groups of
thought regarding what constitutes IR. The first is IR-singular
(box 1). In this context, as long as the recognizer can tell
one individual apart from others, this constitutes indivi-
dual recognition [15,17]. IR-singular is very common in
neighbour-stranger contexts, where an individual neighbour
is recognized over strangers (i.e. North American bullfrog,
Rana catesbeiana [21]), or in mate recognition situations, where
the mate is recognized over strangers (i.e. laughing gulls,
Larus atricilla [7]). The second is IR-multiple (box 1). In this con-
text, receivers must be able to recognize multiple individuals
(i.e. each individual in a group) apart from one another in
order to be considered to have performed IR [20]. IR-multiple
may be more common in highly social species with a strong
dominance hierarchy or where repeated interactions with
individuals are common, resulting in a benefit for receivers
who are able to discriminate between multiple individuals.
We see this type of recognition tested in social mammals
(e.g. Japanese monkeys, Macaca fuscata [22] and giant otters,
Pteronura brasiliensis [23]) and social birds (e.g. European
starlings, Sturnus vulgaris [24] and noisy miners, Manorina

melanocephala  [25]), often with some types of acoustic
discrimination tasks, rather than natural behaviour.

3. How do we test for individual vocal
recognition?

When testing for IVR using behavioural responses from indi-
viduals (i.e. not only examining differences in vocalizations),
the majority of experiments use some form of playback
design. Playbacks ensure that individuals are responding to
the vocalizations (i.e. acoustic cues) rather than other cues
(i.e. visual, chemical, etc.) as many species use multiple cues
for individual recognition [17,26]. In addition, although indi-
vidual recognition can involve multiple cues [18], vocal cues
alone should allow for individual recognition owing to their
ability to travel distances and through barriers that may
impede the use of other cues (i.e. low-light conditions, physical
separation, visual separation; e.g. howler monkeys, Alouatta
pigra, in a forest [27] and African elephants, Loxodonta africana,
across many kilometres [28]).

There are three major approaches for testing of IVR using
playbacks (box 2), each with their strengths and weaknesses.
One is the natural playback approach, trying to elicit natural
response behaviour to the vocalizations of different individuals
[34]. Another is based more on a behavioural psychology
approach (box 2), using training or discrimination paradigms
to directly ask an individual if a stimulus is different [22,24].
The third, habituation/dishabituation (box 2), is a combination
of the previous two and uses an animal’s tendency to habituate
to a similar signal to then ask if the signal that we classify as
different is also perceived as different by the subject [31,35].

The natural playback approach is often straightforward to
implement and is regularly used to test specific categorical
relationships (i.e. neighbour—stranger, parent—offspring, fam-
iliarnonfamiliar and mate recognition—IR-singular; table 1).
This approach is particularly useful in behavioural ecology
as it focuses on naturally occurring behavioural responses
to individuals, making the results ecologically relevant in
the circumstances in which they were tested. For example,
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Box 2. Testing individual vocal recognition.

Natural playbacks: playing a series of different sounds/calls to an individual or group to test their response to the acoustic
stimulus and/or induce specific behaviour.

Behavioural Psycology: Using trained behavioural responses to stimuli known to be perceived as different (e.g. signaller sex)
in order to determine whether an individual differentiates between other stimuli that share this same difference. This is often
achieved through either a Go no-go experiment or Discrimination task (see below).

Go no-go experiment. These experiments test whether an individual can discriminate between two categories of stimuli based
on whether they respond (go) to a correct stimulus or don’t respond (no-go) to an incorrect stimulus. First subjects go
through a training phase with training stimuli that the experimenter knows are perceived as different. During the training
phase, the subject is exposed to one of two stimuli categories to train them to respond to the difference the experimenter
is looking for. If they respond correctly (i.e. tap the screen, go to a specific perch, etc.), they are rewarded (usually food).
If they respond incorrectly then they are usually punished (e.g. lights go out, loud noise plays briefly, etc.). To start a new
trial, the birds must respond correctly (i.e. go to a correct stimulus or no-go to an incorrect stimulus) and then wait a specific
time (usually a few seconds) for a new trial to start. After the subjects reach a certain proficiency with the training stimuli
(i.e. 90% correct), then they are tested using the same paradigm with new test stimuli [22,29].

Discrimination task: These experiments test whether an individual can discriminate between two or more categories of stimuli
by choosing the representation of that stimuli (e.g. button, image, etc.). First subjects go through a shaping phase where they
are trained to use the apparatus usually by getting a food reward. This is done in many different ways. In many bird species,
for example, shaping will involve getting a bird to peck a button or screen using flashing lights or images of food, etc., then
ramping down the stimulus that induces the pecking behaviour until the subject will peck to get a reward with no stimulus.
Once the subjects readily perform the behaviour necessary to get rewarded, then discrimination training can begin. Like in go
no-go experiments, the individuals are trained to discriminate between specific known categories of stimuli with training
data by rewarding the individual for choosing the correct button in response to a stimulus and punishing an incorrect
response. Once the subjects reach a certain proficiency with the training stimuli, then they are tested using the same paradigm
with the new test stimuli [24,30].

Habituation/dishabituation: These experiments use the natural habituation response to tell if an individual can discriminate
between two categories of stimuli. In these experiments, individuals will be presented with a stimuli or a set of categorically
similar stimuli until they stop responding to the stimuli (i.e. habituate). Once they stop responding, then they will be pre-
sented with a new stimulus that is thought to be from a different category from the previous stimuli. If they respond to
the new stimuli, then they are not habituated (i.e. dishabituated) to that stimuli and perceive it as different from the previous
stimuli they have habituated to, and if they do not respond, then they are habituated to that stimulus and do not perceive it as

different from the other stimuli they are habituated to [25,31-33].

Petrinovich [91] used playbacks in the wild to show that
Northern elephant seal, Mirounga angustirostris, mothers could
recognize the distress calls of their pups during the peak of
breeding season in their natural environment [91]. Although
this approach works well in many circumstances, it does not
work well when there are no specific predictable behavioural
responses to the call type being used or when there are subtle
variations in discrimination of similar individuals (e.g. very
similar responses to different individuals of similar domi-
nance). For example, using playbacks of contact calls, Arnold
& Wilkinson [107] found that pallid bats, Antrozous pallidus,
responded more to familiar than unfamiliar calls. This playback
approach was very successful at examining the response of indi-
viduals to familiar and unfamiliar individuals but could not
(and did not try to) separate out whether individuals responded
differently to specific familiar individuals [107].

Although playbacks are widely used, especially in natural
habitats, there are a number of drawbacks to this methodology.
For some species, IVR cannot be tested using playbacks owing
to logistical and technical difficulties. For other species, play-
backs are too disruptive. In birds, where the use of playbacks
is common, responding to recordings takes time away from
foraging, requires energy and makes individuals more vulner-
able to extra-pair copulations and predation [113]. Playbacks
can also lead to elevations in corticosterone and testosterone
levels [114,115], which may negatively affect the current breed-
ing attempts [116]. Playbacks can alter species’ behaviours,

leading to increased vocalizations after the playback [117].
Therefore, in critically endangered species, the use of playbacks
is discouraged so as not to disrupt normal behaviours
and breeding attempts. For circumstances where playbacks
are logistically impossible or will prove too disruptive,
we recommend the two methods discussed in this study.

The behavioural psychology approach asks the receiver directly
whether they can differentiate between two individuals.
The focus with which the questions can be asked removes
most of the doubt surrounding whether a receiver can tell
specific individuals apart, and this is a very effective approach
for circumstances with no specific predictable behavioural
response, or with subtle variations in discrimination of similar
individuals (i.e. IVR-multiple). For example, by using a go
no-go experimental approach, Ceugniet & Izumi [22] found
that Japanese monkeys could differentiate between the calls
of different individuals [22]. Owing to the specificity with
which questions can be asked using this method, the behav-
ioural psychology approach may also be useful in asking the
underlying questions about how recognition works in different
species (i.e. how many individuals can a receiver recognize,
what is the distinctive feature used for recognition, can recei-
vers recognize/discriminate between unknown individuals,
etc.). Although powerful, these approaches are harder to use,
as many of them (i.e. discrimination tasks, go no-go, etc.)
require captivity and/or shaping and training for the exper-
iments to work (box 2). Therefore, these experimental



royalsocietypublishing.org/journal/rstb ~ Phil. Trans. R. Soc. B 375: 20190479

(panuuoy)

o

(511

[vh]

[ev]

[t

[L¥]

for]

loe]

(8¢

[17]

]

6]

[9¢]

uone

s|le> sinoqybrau uey) sjje> sisbuens
0} £|3nissa1bbe asow papuodsai sjenpiapul
~ sj/e2 sinogybiau uewy sie> siabuens
0} Ajnissaibbe ajow papuodsal sienpiaipul
o . - om__ uo 5.;5
SIYI0 UBY) S3IeW 0} oW papuodsai Sajewsdy

s|je> Jabuexs Jo unoqybiau Jaya ueyy
[[BY S,9)eW J13Y} 0} low papuodsai s[enpiAlpul
s|je> Jabuens Jo Inogybisu ueyy s|je> Aedsip
[enynw s jauped 13y} 03 Aow papuodsas
siied ! s1abuens o sinoqybiau ueyy sjed
11833 s Jaulied J1ay) 0 uow papuodsal sajewsy
. m__.s sabuens 1o 5.3._9% o
10U INq [[&) S,938W J13y} 0} papuodsal s|enpiapul
s||e> J3buens Jo unoqybiau JaylR ueyy
[[B2 S,9)eW J13y} 0} low papuodsai S[enpiAlpul
AL A :W__S.‘wsog%_u::
uey s|je> siabueis o} low papuodsal safew
TS \u__oéa_é.%ﬁ .m__S. hwa:..ﬂﬁ..
01 £janissa1bbe alow papuodsai sjenpiapul
wuioy bui([ed si anoqubiau 3y} aaym Jo
ssa|pJeba ‘s|jed sinoqubiau ueyy sjjed siabuens
01 Ajanissa1bbe asow papuodsai sjenpiapul
s|je> sinoqybiau ueyy sjjed
s1abuens 01 ApAissubbe aiow papuodsal sajew
R ,m_._m,u .\m,ioe_.a_% o

Jenbuis

g s|je> siabuens 03 asuodsal up pajjed sjenpiaipul

sjey sanoqybiau ueys sjje>
s19buexs 0} asuodsal uj alow paj[ed sjenpialpul

asuodsai

Jejnbuis

Jejnbuis

Jenbuis

Je[nbuis

Jenbuis

Jenbuis

Jenbuis

Jenbuis

Jejnbuis
Jejnbuis
Je|nbuis

Jenbuis

J3buens—inoqybisu

Jabuens—inoqybisu

olew

ojew

ojewl

ojew

Jabuens—inoqybisu

J13buens—inoqybiau

J13buens—inoqybiau

J13buens—inoqybreu

J1abueis—inoqybiau

J13buens—inoqybisu

al Jo adfy

[eUoIIP-Iq

[euomaIp-iq

paisajun

[euomaIp-q

[euomaIp-1q

[euoIIp-Iq

[euomaIp-1q

[euoID3IIp-Iq

[euoIaIp-Iq

[euomaIIp-Iq

[euoIUIP-iq

fyjeuorpaup

yeqfeyd

yeqfeyd

yeqgfeyd

ypeqAerd

yeqfeyd

yeqgfeyd

yeqfeyd

yeqfeyd
yeqgfeyd

(ste>
Ma3yauAs) yeqgheyd

yeqfeyd

yeqfeyd

yeqgfeyd

ad£} 1591

buos

S||ed PR

s||e)

Dejuo uoys
pue Jeaul| ‘a|qeuea

s
fejdsip pue dneis

S|1e yey
-3 pue s|je> buoj

S|[€> JuswiasiivApe

[REIIEN

s|[e)

[1:2]

()

()

adfy e

buos

1e> xemAniy

snuppIopny

snioyaofiy|

wnioupp xpuopidwg

snupassod sndio{

SipIaiw] Sdosa)so7

smjupjjabow

smsuayds

DJIPUID SIDT

oifopu; DSSIY

vinajdouapp pugpg

DUDIAGSAID) DUDY

DUDIAGSAID) DUDY

bjoulio) bupiiopQ

pupwipp DUDY

aweu sapads

2338__98
siYIedAY Japje
s1ajjoued

padwini-udaih

safasan|Is

suinbuad
Jluejabew

s|inb buiybney

sboyy anijo
wmoc.__s
uedLRWY YUoN

sbouy|ing
uedLRWY YUoN

sbouy
P11eqOIPUR

sboy uaulo
PaIE3-3ARIU0)

sbouy a|ibe

auweu
uowiwod

spiq
spiq

spaiq

spig

spaq
spaq
R
m.%_eﬁsm

sueigiydwe

sueigiydwe

sueiqiydwe

suelqiydwe

suelqiydwe

‘31 Ay} U sdosyzap sndayIdo23) uoleILISSep snotadsd Yum 01 pauajay, “(dsuodsal) s|enpiaIpul JO asuodsal [enoIARYq
3y} pue pauqiyxe YAl Jo adA ayy ‘(q) Jo adAy) YAl Yy Jo 31U “(Ayjeuoidanp) [eubis ayy Jo Aujeuomanp “(3dA) 1591) Yoeoidde [eyuswiLadXe Ssapnpul 3jge] "uoniubodal [eIoA [enpiaipul buimoys sluawuadXd Jo Alewwns °| 3jqel



royalsocietypublishing.org/journal/rstb ~ Phil. Trans. R. Soc. B 375: 20190479

(‘panuruo)
- .8. M.:B.,_ ou %.5. w__..u.. OO OO O TSSOSO woneds
[85] siabuens 01 Apaissaibbe ajow papuodsal sajew Je[nbuis J13buens—inoqybiau [eUOIDAUIP-Iq yeqAerd buos sjjoaigyp ppIoU07 pajeosyl-auym spaq
s|le> sinoqybrau uey) sjje> sisbuens
[£8] 0} Aj3nissa1bbe asow papuodsas sjenpiapul Jejnbuis J3buens—inoqybreu [euomAUIP-1q yeqfeyd S|[ed |euloua) smoonbo snjpy s|les Jajem spaq
SR T T ,.m__,m.u ‘,m.soe_m,_u:,. S T o T T T T T T A
[95] uey sjje> siabuels 0} alow papuodsai S[enpiAlpul Jejnbuis J3buens—moqybiau [RUOIDAIIP-Iq yoegfed bunooy onyp Xuis spmo Aume) spiiq
.:::....S_ﬁ.o_._wce.\s.se.hw.__.s@.m.:._&:m._m.:.. ..... e T T T S B T
0} pue s|je) snoqybiau ueyy sjjed siabuens sipynu SuIM
[ss] 0 Ajanissaibbe alow papuodsas Jred edpund Je|nbuis J1abuens—inoqybiau [eUOINAIIP-Iq yeqfeyd s19np snpuAyoiduin) payeqg-adiis spaiq
....::::..:::::..=oum&_.t.g.§: ..... o T T T T S T
3y} woy bujwod a13m S|[ed 3y} UIYM
fjuo ‘sjje> sinoqybiau ueyy sjjed siabuens
s 0} £j3nissa1bbe ajow papuodsal sjenpiapul Jejnbuis J13buens—inoqybeu [euomUIP-1q yeqgfeyd buos pipojow vzidsojyy smouleds buos spaq
ST ,,_,o,mm.mw,ms%us,.mf,.m:,_:i. o T T T T T T T
Ajuo Ing ‘sjje> ,sinoqybiau ueyy sjjed siabuens
[€6] 0} A|3nissa1bbe asow papuodsai sjenpiapul Jenbuis J13buens—inoqybRu [eUoIAUIP-1q yeqfeyd buos sisuanp bpnojy syeyfys spaq
S T T T T O A N Ew_;a_& A
[2s] s|je> s1abuens 03 Ajbuons alow papuodsai sajeway eI Jabuens—inoqybiau [RUOINAIIP-Iq yeqfeld buos subbafa sninpyy pabuim-pai spaiq
S .mu._m.:_. %.%.55 w.w._.ws ._.__o.g.,_m._u:.__.mﬁ.w.w._me.. o T T T O .3%%5. AR A IR
[16] 13buens oy jsow papuodsal (sdjew Ajjenadss) | Je[nbus 13buens—inoqybiau [eUOIDAUIP-Iq yeqAerd s|je> buimon oufydiod oufydiog soyynd spaq
s||e> sajew noqybiau ueyy sjjed ,sajew
[0s] J13bueis 03 Ajanissaibbe asow papuodsal sajew Jejnbuis J3buens—inoqybreu [eUoIAUIP-Iq yeqfeyd buos pjjidr0inp sninjas Spaiquano spaq
Feotr ,.m__mu h%%,:m :,mﬁ, m__,m.u ‘,m.soe_m,_u:,. [ . S T T T m_rs,_,_s B
[6¥] 0} Ajnissaibbe ajow papuodsal sienpiaipul Jejnbuis 13buens—mnoqybiau [RUOIDAIIP-Iq yegfed buos pinupjaW SIuIoYIuY pue[esz M3 spiiq
....:::.:..::..w_._&.ie.ws.%ma.?._m.. ..... e T T TR T
136uens 03 (yoeordde 0} £ouaie| Jauoys ‘sjjed puupwpAN
[8¥] alow) Apanissaibbe arow papuodsal sjenpiaipul Je|nbuis Jabuens—inoqybiau [eUOINAIIP-Iq yeqfeyd s||e> fuewnud puioxojaydy skef uedaxay spaiq
....::::..::.,8.E.:g%_%..%,.:.w__a.. ..... e T T T B B T
(%] s1abuens 0} Ajpnissaibbe ajow papuodsai sajew Je[nbuis 13buens—moqybiau [RUOIDAIIP-Iq peqfed [[:2) Xan Xxap) SaNeNUI0) spiiq

uoned asuodsas al Jo adfy Anjeuondaip adfy 359} adfy e aweu sapads aweu

uowiwod

(‘panuiuo)) °L 3|qel



royalsocietypublishing.org/journal/rstb ~ Phil. Trans. R. Soc. B 375: 20190479

(‘panupuo))
pady A|jenuasayaid Jou pip A3ys
SPIY wouy s|je> 03 pasedwod pay Ajjenuasagaid (bunof <- S0INILPO
[£9] £3y3 Iy Jo sjjed 03 tow papuodsal syuased Je[nbus bundsyo—juased sjuased) pajsaaun ypeqAerd buibbaq SUMIUA0Yd SueIspal yelq spaq
(uoneyuasaid
s|1e> Sypiy sabuens ueyy (bunof <- snoaueynwis)
[99] S|[ed ,SYIYd UMO 1Y} 03 iow papuodsal syused Jenbuis bundsyo—uased Syuated) pajsaun yeqgfeyd s||e> pupdy pupdiy SMO||eMS yueq spaq
s|[e> SpIY Jabuens pue umo Jiayy (sjuased
U3IMIAC RNUBIBYIP 1,upip swaled ‘s|jed Juaied <- bunof)
[59] -uou ueyy sjjed juased 03 ajow papuodsas SPIY Je[nbuis bundsyo—juased [RUOIAUIP-1Un peqfed S| 10j031q p12UPAPD] SMO|[eMS 31} spiiq
s|1e yiyd Jabuens pue umo 1y} (sjuased (uonejuasaid
UIIMIG 3)RHUIIAMIP J,upIp sjudsed ‘sjjed jualed <- bunof) SNo3URYNWIS)
[¥9] -uou ueyy sjjed juased 03 ajow papuodsai SPIY Je[nbuis bundsyo—juased [RUOIAUIP-1Un ypeqfed S| DS OpUNIIK SMO|[eMS ULIB( spiiq
s|[ey sabuens (uoneyuasaid
10 Jnoqubrau ueyy sjjed s,bundsyo/uaied Snoaueynwis) saunw
[€9] UMO JI3y} 03 3Jow papuodsai S|enpiaipul Je[nbuis bundsyo—juased [RUOIDAIIP-Iq ypeqfed S| DIAwo| buf pa|lIg-pPIy: spiiq
s|le> SpIy Jabuens Jo
[29] SPIY 1YY 03 AUsIagp puodsal Jou pIp S3jews} Jejnbuis bundsyo—juased [euoIAUIP-Iq pio} DIy s||iqu0zel spiiq
T o T T .,m__,m,v.ww_,ms.a__.a,s. [ o TR [
[29] UBY) S|[eY SJayle} JIRy3 03 djow papuodsal SPIY Je[nbuis bundsyo—juased [RUOIDAIIP-Iq Dpio} Doy s||iqu0zes spiiq
.....::::.:.:.::w__.s.‘.c_.u_ﬁ.h.&:ew: ..................................... e T T T ST IR
[29] uey} s|jed Iy umo 03 asow papuodsal sajew Je[nbuis bundsyo—juased [eUOIDAUIP-Iq yeqAerd s|je> pue buibbaq pio} mfY s||Iql0zes spaq
s||e> sajew noqybiau ueyy sjjed ,sajew
[19] J13bueis 03 Ajanissaibbe atow papuodsal sajew Jenbuis J3buens—inoqybsu [euoIUIP-1q yeqfeyd buos oy sidjyr0a9 s1e0Jy} mojak spaq
S T :o,msm.,ms_u&_n,%:m % T A R e T B
fjuo Inq ‘sjje> siabuexs ueyy sjjed sinoqybisu safpojbosy
[09] 0} Aj3nissa1bbe asow papuodsas sjenpiapul Jejnbuis J3buens—inoqybrau yeqfeyd buos sayfpojbosy SUIM J3JUIM spaq
R o , ,,ézac_ 3&&55 , , o , T , R
ue woy s|ied sinoqybiau o3 Aanissaibbe
3low papuodsas pue ‘uoijedo| papadxa
ue woy sjjed sinoqybrsu ueyy sjjed siabuens smoileds
[65] 0} Ajanissaibbe ajow papuodsal senpiaipul Jejnbus J3buens—moqybiau [RUOIDAIIP-Iq yoeqfed buos S1j1021q[p DIYIIOUO7 pajeoIyl-a)ym spiiq

uoneId asuodsas al jo adfy Anjeuorpaip adfy 159 adfy e aweu

uowwod

(‘panupuo)) *1 3jqer



royalsocietypublishing.org/journal/rstb ~ Phil. Trans. R. Soc. B 375: 20190479

(‘panunuo))
....................................................... E%E_%ﬁs RO
[L€] S[ENPIAIPUI JUIAHIP UIIMIIQ PIIRUIWILISIP S3|RWa} [ePos [eUOIAIIP-Iq Juonenyqey s||e) wiepe SnIDISLD 0ADd simojead spiq
SpiIq Jeljiwejun
JO S|[B> UIIMIIQ SB ||9M Se SpIIq Jeljiue} uonenyiqeysip S|l pjpydaroupjau
[s7] J0 S|[e) U33MI3Q AJRUILLLDSIP PINOD S[ENPIAIPUI [ePos [eUOIAIIP-Iq Juonenygey waWNN3I Y putioupyy siujw fsiou spiq
S|enplaIpul souufyionow
[og] JUIIYIP UIIMIG PAJRUIWILDSIP S[enpiAlpul 3(dnynw [ePos [eUOIAUIP-Iq 5B} UoReUIWLDSIP ey ey SAI0) smon 3jbun( spaiq
R o , A .m_m%_ ,__E_, , T i , : - , T mmc__,hsm R
Zd JUIRYIP UIAMIDG PAJRUIWILDSIP S[enplAlpul 3(dnynuw [ePos [RUOIDAIIP-Iq SB} UOeUIWLDSIP buos supbA snuinjs ueadoin3 spiiq
S T ...m.__s.h_.%.m.amcsw.. ..... OO TR 2@&.& .............................. B m.a.s%mas:. bl IR
[ev] uey sjje> sjuased 0} 10w papuodsal SPIY Je[nbuis bundsyo—juased bunof) paisajun yeqAerd s|je> Aeydsip smsiuayds dluejjpbew spiiq
s|le> synpe J3buens (Syuased <- snydojosfip suinbuad

2] uey) s|je> sludled 03 atow papuodsal SPIY Jejnbuis bupdsyo—uased bunof) paisalun yeqgfeyd S| saydfpn3 JuosedReW spaq

o T T ,m__s.\:,u?sw, R T ,AWEH,&A. ,,,,,, T T T
LA 0} Jou Inq s|je> syuaied 03 papuodsas SIY Jejnbuis bupdsyo—juased bunof) paisaun yeqfeyd s||e oI Snip] s|inb buybney spaq
w__s ..................................... AWE&.&.A..}....:: ............................................ S T IR
[1¥] s19buens 1ou Inq sjjed siualed 03 papuodsar SPIY Jenbuis bupdsyo—uased bunof) paisaun yeqgfeyd s|1e> 3ajdiynw Dy SnIp7 s|inb buiybney spaq

s|ed ,synpe Jabuens (syuated <-
[89] uey) s|jed sjualed 03 alow papuodsal SPIY Jejnbuis bupdsyo—juased bunof) paisaun yeqfeyd s||e pjouoyLAd opuniy SMO|[eMS JIP spaq
e A A ,w.__m,u b_%f,%:,sm; L - :.9&_8 L T T m,_,_%. B
7€l ueyy sjjed ,sjuased 03 atow papuodsal SPIYP Je|nbuis bupdsyo—juased bunof) paisaun yeqfeyd s|e> maw Hajng snipy spaq
T ..w.__.s.h_%m.h.&:..ew.. o O TR AWE&E.A... .................................................. T S
[02] uey} sjje> ,sjuased 03 tow papuodsal SPIY Jejnbuis bundsyo—uased bunof) paisaun yeqgfeyd s||ed pupdy pupdly SMO||eMS Yueq spaq
(uoneyuasaid
S|[e) SPIY Jabueis 130 S|[ed SPIY umo (bunof <- SNo3URYNWIS) SI9jea
[69] 119y} yoeoidde £jjenuassgaid siadjpy pue syuased Jenbuis bundsyo—uased siualed) paisaiun yeqgfeyd buibbaq J1s01dp sdosayy 33q ueadoing spaiq
s|ed
SPIY J3bueis 03 3R S|[B SPIY UMO Iy} (bunof <-

[89] (pooy yum ¥sin) 03 puodsai Ajenuaryaid syualed Je[nbuis bundsyo—juased sjuased) pajsapun ypeqAerd buibbaq DjouoyLAd opuniiy SMO[[BMS JIP spiq

uoned asuodsas al Jo adfy Anjeuondaip adfy 359} adfy e aweu sapads aweu

uowiwod

(‘panuiuo)) °L 3|qel



royalsocietypublishing.org/journal/rstb ~ Phil. Trans. R. Soc. B 375: 20190479

(‘panupuo))

[£7]

lisl

o8]

621

1)

w

o

G

fre)

@

(€]

uoned

uoneo| papadxe ue 0}

patedwod uopnedo| papadxaun ue woyy bujwod
s|[e> Jnoqybrau 03 a1ow papuodsal s|enpiAlpul

s||e> sajew noqybiau uey) sjjed ,sajew

J13bueins 03 Ajanissaibbe tow papuodsal sajew

=o,=sa_ Eﬁm&m%
ue woyj s|ied Inoqybiau pue sjjed siabuens
/,51noqybiau Jayuny uey) sjjed noqybiau 1sateau
-uou 0] Aanissaibbe aiow papuodsal sienpiaipul
(s13buens
0} U3y} 5001 0} U3} ‘sdjewl 0} 1sow)
sioupied [enos 0} Apualayip puodsal sjenpialpul
sbujqis

03 Uay) “Ajjenuasajerd sajew o) puodsal sienpiapul

upy 03 pasedwod
upj-uou Jo sjjed 0} anissaibbe alow usm sied
slenplaipul

UMOUYUN JO S3[BW Jel[IWwe) UeY) JIOW SI|ews)

Jeljiwey 4o sjje> buipaay 0} papuodsal sjenpiAlpul

\u_%_ ME__\ apew .

S[eNPIAIPUI WOL. S|[B> UBY} S|ENPIAIPUI 3]qel[3
oY S|[B> 0} UOKUINL diow pied S|enpiAlpul
AR A Ew__s

J0 J3qUINU 3JeWIISY 0} JAYIOUR U0 WO SI|[ED

dlenuasayip ued) Aja3eudoidde sizjed o Jaquinu
13b1e| yum sypeqfejd o) papuodsas sjenpiapul
R , AL ,.,mw,_mE,.
NP JUAIILIP UIIMI] PIIRUILULDSIP SI[RW)
T b__ .;.F_;..%B.E&. .

1yby e uom 3y y1 K101u3] S3jew Jnoqybiau
© 0JUO 3pnJIul 0} A|BKI| IOW AUIM S3[RWa}

asuodsal

Je[nbuis

Jenbuis

eI

3jdnw

J3buens—inoqybiau

J3buens—inoqybrau

J13buens—inoqybisu

(bunsoos) [enos

(ury
pue 3jew) [epos

(to1epaud
-[ue) [ePos

(101epaid
-[Jue) [epos

[enos

[enos

al Jo adfy

[euomaIp-q

[euomalip-iq

[uoIUP-iq

[euomaIp-iq

[euomaIp-q

[euoIIp-Ig

[euoIANP-1q

[euoIIP-Ig

[eUoIIP-Iq

pajsalun

paisalun

fyjeuoipaup

ypeqAerd

yeqfeyd

yeqgfeyd

yeqfeyd

yeqgfeyd

yeqfeld

yeqfeyd

ob-ou/ob

yeqfeyd

adfy 153

bumoy

(€ g [eLoya)

sdnyp

s|je> buikpano
pue 1ejuo)

5|[83 PRI

s|[ed

buos

adfy e

pibid pypnojy
sniajuop snyjisnd

snjpydaropay

snyppd
SNAUIDLLIOJ

xouryad pbunpiy

snjoypidsuod sndio4

siwsiop

bjnpauow snaio)

uIqIy SMILI)

skayuow
13]moy xyejq
s|eas
inj uejjensny

saysyjaswep
Inojodiq

SANUOD
paleOIY1-UMOIq
s1ajjoued

papenads

S|y pajie-buoy

suanel
saldbew
ueljeisny

U919

smepype(

13 1ealb

13 1ealb

auleu

uowwod

sjewwew

Slewwew

usy

spig
spuig

spaiq

spiq

spig

spaiq

spiq

spig

(‘panupuo)) *1 3jqer



royalsocietypublishing.org/journal/rstb ~ Phil. Trans. R. Soc. B 375: 20190479

(‘panupuo))

sl

9]

(s8]

8]

(8]

98]

s8]

[e€]

frs)

fes)

28]

uoned

Bunof pareji-un wouy sjje> 03 ueyy bunok

UMO J13y} oL} S|[ed 0} 210W papuodsal siayiow

w.__s,g.:,m sabuens _Em umo

113} UIIMIQ 3RNUAYIP J,UpIp SIdylow ‘sjjed

S3[ewdy Jabuens uey sjjed sJ3yiow 1Ry 0}
asuodsal ul 10w pajjed pue Jse papuodsas sdnd

awes 3y} synpe

[[e 01 puodsas sdnd “sjje> s,dnd Jabuens ueyy
s|e> s,dnd umo J1ay} 03 uow puodsal SIBYIOW

Jayow Jabuens

® JO 3504} UBY S||®) SJaylow 13y} 0} low
papuodsal (Jayiow woy pajeredas UaYM) Saed

S|[e) ,S9A[BY JAYI0 ey}

$|[23 SJ[e) UMO J13} 0} low papuodsal S1ayow

[12]

s Jabuens 1o noqybiau ueyy s|jed s,bundsyo
N ?m__spo _BE_E EmE_uu .
0} JSUI0U JUO WY SI3|[B) eNUIIYIP
ued) Apiendosdde siajjey Jerjiwejun Jo siqINU

13b1e] yum sypeqierd o} papuodsal sjenpialpul

sjje> wieje siabuens pue (noqybiau)

IBIILLIB) B UIMID( P3IRNURIAYIP S[enplApul
sjey sinoqybiau

uey) sjje> siabuels 03 alow papuodsal sjenpiApul
© suopeo] papadxaun wioy sjie>
JeljiuIR) 03 puodsal 3,upip Ing suonexo| panadxd

WoJ s|je> Jeijiwey 0} papuodsal sienpiapul

S3UO Jel[IWe) Ueyy S|enpiAipul
Wejun 0} low papuodsal sjenpiapul

asuodsal

/iualed UMO 13} 0} 10w papuodsal sienpiapul

Jejnbuis

Jenbuis

Jenbuis

Jenbuis

Je[nbus

Jenbuis

Jejnbuis

Je|nbuis

bupdsyo—juased

bundsyo—uased

bundsyo—uased

bundsyo—uased

bupdsyo—uased

J13buens—inoqybisu

J13buens—inoqybisu

J13buens—inoqybrau

J3buens—inoqybrau

Jabuens—inoqybiau

al Jo adfy

bupdsyo—juased

(bunof <-

<- bunof)

[euomaIP-ig

[euomaIp-q

[euomalip-iq

[euomaIp-q

fuoIUIP-iq

[eUoIIP-Iq

fyjeuoipaup

yeqfeyd

yeqgfeyd

yeqgfeyd

yeqfeyd

yeqfeyd

ypeqAerd

uonenyqeysip
Juonenyigey

yeqfeyd

yeqgfeyd

yeqfeyd

adfy 153

5|[ed 00

SapsIym gnd

‘s|1e> a1y Jaylow
S|[e> UoI1RI0|oYd
ynpe pue

s||e> uonejos dnd

s|[ey

s|[e)

S|l
dooym dueysip-buo
S||e> wueje

s|[e> apes

5|83 PR

5]1e> Deuo)

adfy e

s|[ed

Dipasny LILIVY

J0jo] uofoid

bubdixowl

SISUaI|IsDIq DpLDPD]

snpupip} Jajibuny

snpupip) Jajibupy

3D SIAQ

DInd0s DINOI)

luospippu
snjiydowsiads
smojuospny

SIINDSDILID]

pavwibAd pjjanga)

snpafbau
SmaYIdoda)

sanbesew
asaueder

suoodel

sleq pajie}
-331) UBINA|

Slogpulal

Slaapulal

daays dnsawop

seuaky panods
sjaunbs
punoib

s,uospieydly

sjaunbs pai

sjasowiew

Awbid
shayuow

ezzeiq ap

auleu

uowwod

Slewwew

sjewwew

sjewwew

Slewwew

Slewwew

Slewwew

sjewwew

sjewwew

Slewwew

Slewwew

Slewiwew

(‘panupuo)) *1 3jqer



royalsocietypublishing.org/journal/rstb ~ Phil. Trans. R. Soc. B 375: 20190479

(‘panupuo))

[86]

(6]

[96]

56}

[6]

[c6]

2l

]

[06]

uoned

S|je> Sfenpiapur Japjog

I

0} DURJIBIA Paseanu] yym papuodsai sjenpiaipul

SPIuod
[ewliou Uey) (3)eulpiogns Huraq sem [enpialpul
JueulLIOp B 43yM) SPILUOY pasianai Aured-paiyy
1o sypeqfejd 01 uonuane alow pied sjenpiapul
(S[eNPIAIPUI USAMID] d)RUIWILDSIP
PIN0Y “3'1) SHNSLINIRIRYD [RIOA INOYIM
apsiym aingeubis jo xypeqrerd o3 puodsal sjenpiapul
s13buens Jo sjed> wouy sdnoib Jeijiwey
40 S|[ed pue ‘siabuens Jo sj[e> woly siRquIW
dnoib wiouy s|[ed jeuwLdSIP PIN0d S3[ew}
s||e> sajewsy Jabuens

uey} s||e> sJayiow 0} aow papuodsas sdnd

|
ypegAeid ay Jo Jayrow dyy 1 paxoo| Juasaid
SI3Y)0 ‘S|[ed ,SA|IUAAN] JAYI0/UMOUNUN UBY}

S]1ed S,3)IUAN[ UMO I3y} 03 low puodsal sidylow

s|[e> swuejuy Jabuels 0} ueyy
S|[Y ,SJUBJUI UMO JI9U} 03 dlow papuodsal siayow
Sane|Rl
-uou ey sjey 0} puodsal 03 APyl 310w UM
sqn buijed Jo saniefal ‘sjjed sqnd Jabuens ueyy
S|[B2 ,SqND UMO J3y} 03 low papuodsal siayow

s|ed ,sdnd sabuens ueyy

s|e> s,dnd umo Jiays 03 0w puodsal S1YI0W

bunof 13buens Jo sjjed asoyy ueyy bunok
UMO 13y} JO S|[ed 0} low papuodsal siayloW

asuodsal

1Ryo

eI

lejnbuis

Je[nbuis

Je|nbuis

Je|nbuis

Je|nbuis

enos

[enos

[0S

[enos

bupdsyo—uased

bupdsyo—uased

bundsyo—juased

bupdsyo—juased

bupdsyo—juased

al Jo adfy

feuoIUIP-iq

feuoIUIp-iq

[euomaip-q
(syuased <-

(bunof <-
siualed) paisayun

(bunof <-

swualed) paisaiun

(bunof <-
sjuased) pasayun

(bunof <-

(bunof <-
sjuated) pasayun

fyjeuoipaup

yeqfeyd

yeqgfeyd

yeqfeyd

yeqgfeyd

yeqgfeyd

yeqgfeyd
buizijeron
sjueyul

pajeledas [enpe

yeqfeyd

(uoneuasaid
snoaueynwis)
yeqfeld

adfy 153

s|[e> wueje buppnyd

SUOIIRZI[LY0A 1IJU0)

sapsiym ainyeubis

s][e> Deuod

s|[e> uoipesie dnd

sweans

s|[ey

s|jey

sjjedl

adfy e

SnJbljs sbiup|

snuisin

sofippupy oidog

snwouni) sdojsing

DUDDIYD DIUOPOXOT

pasaup proydoayy

LSdoiyiap
smaydox)

SNAINDS [WIDS

Syunwdiyd
UI3se] S|ewweuw
SUOOGR( BWey) S|ewuwew
suiydjop
350U110q S|ewweuw
syueydap
ULy S|ewweuw
suol|
B35 URI[RASNY S|ewweuw
shyuow 19MIIA S|ewwew
skayuow
[ounbs S|ewweuw
seudfy panods S|ewweuw
s|eas
ueydsjp
URYUON S|ewweuw
sleq
umoiq 3| S|ewweuw

auleu

uowwod

(‘panupuo)) *1 3jqer



royalsocietypublishing.org/journal/rstb ~ Phil. Trans. R. Soc. B 375: 20190479

(‘panuruo)

(sou]

[voLl

)

s

(ot

. [zot] .

[Lotl

(oot]

2l

e

t3d]

uoneyd

dUeUILIOp eI
s,lenpiaipur buiypeoidde ay) uo paseq ainos
POOJ JI3Y} 03 SenplAlpul JUIRYIP Jo yoeoidde
pajejnwis 3y 03 ARuIYIp papuodsai senpiaipul
Juel Jaybiy Jo aam oym pue
diyspuaty Jo sja3) Jaybiy pey Asyr woym yum
s|enplaipul 03 puodsal 0} AjyI| low M S3jew
S3UO JBI[IBJUN UBY) SAISIYM
Jeljiwey 03 low papuodsai suydjop dnnded

3|qeljiun apew sig)jed 0} pasedwiod djqeljal

apew sia)(ed 0} Apuejibia atow papuodsal sajiuaAn|

ﬂw.mee
UBY] S|2UNUIS 0} 0w Papuodsai S[enpiAlpul

S3[eway
}NPE JUSIYIP USIMIA] PIJRUIWILISIP S[R3}
e e
SeM OUM [eNpIAIpUI Ue Jo S|[ed paioubi sjenpiaipul

yeq pafeyd uasq
pey I0A 3SOyMm [enpIAIpUI 3y} Je Jabuo| payoo]

S[eNPIAIPUI JUBJBYIP USAMIIQ PRIRUIILDSID S[R3}

s[enpinipul

1UI3YIP USIMIDG PaAJeUIWLSID S[enpApul

slenpinpul
JUIIYIP UIIMIDQ PIJRUILLDSIP S[eNpIAIpUI

asuodsai

Aydnw

3|diynw

JETI)

a|dinw

3jdiynw

3jdnnw

3diynw

(buibeioy) [enos

(Buibeloy) [enos

(teif1wey) [epos

(101epad
-[Jue) [epos

(to1epaud

-ljue) [enos

[enos

enos

[enos

[enos

[enos

[enos

[euomaIp-q

[euomaIp-q

[euomalip-iq

[euoIdalIp-Iq
(sajew)
Jnpe <- |jp)

[euomaIp-1q

[euomaIp-1q

[euomalip-iq

[euomaIp-1q

fyjeuondaip

yeqfeyd

yeqgfeyd

yeqfeld

yeqfeyd

yeqfeld

uolenigeysip

yeqgfeyd
uoneyuasaid
snoaueyjnuwis

pue speqfejd
uorjenyiqeysip

Juonienyigey

ob-ou/oh

 onenygeysip.

Juonenyigey

ad£} 159)

5|83 PR

sj004 Jued |eAise

s|je> wiee

S||e> wieje
s|le> uuee
pue dooi} ubiaio)

s|[ey

|[e> 00D

swny pue 1ejuod

adfy e

s|[e> wieje

pjnaind 3jpbojay

saifpojbouy uvg

pjnaipd apbojay

SUUdAINDY) bjowiopy

m&&s&
smaydox)

pHDINW DIDIDYY

Djposny LILIDW

SISUIJISDA

vinuod}d

aweu sapads

sasoobuow

pemp S|ewweuw

saazueduwiyd s|ewwew
suiydjop
350U3MNO0q S|ewwew
::m_,m:___cw::
punoib
s,uospieyply s|ewwew
Cosbion R
Jemp S|ewwew
SjouLeW
pal|[2g-moj[ok S|ewwew
shyuow 19MIIA S|ewwew
sanbesew
snsayl S|ewwew
sanbedew
snsayl s|ewwew
:.w@_nos::.
asaueder S|ewwew
S0 uelb s|ewwew

auweu

uowiwod

(panupuoy) | 2qey



royalsocietypublishing.org/journal/rstb ~ Phil. Trans. R. Soc. B 375: 20190479

(‘panuruo)

feul

2l

20}

o)

o)

i)

[zot]

[z€]

g

(901

uoned

S9)I0A Jeljiejun uey} Jefjiwe} 0] siow twtconmoh

SUO Jel[IWe) Ueyy S|enpiAipul
JRIJIWIBJUN 0} 2i0W P3puodsal s|enpiAlpul

IRIiLIR) sem Uosiad Uaym

SUOIjeUIquI0d 93ej—adI0A 1391103 0) vlow totco%@.

X35 AWes 3y} JO SOy}

UIAD “S|enpIApUI JeIjILBJUN U3MIIQ PRIenuaiayIp

s3uo pasied A[1aLi0) UBY) suoleUIqWIod
.J—I0A PaPIRWSIW 0} AU0W papuodsal

doon-uou ueyy asow 3suodsa

ul pajie> doosy umo ‘pajjed Jajjed pareredas Jaye

.m._m%;_vc._ h.m___E.eE_ %E n E.&.
woJ} s|jed 03 iow puodsal sjenpiaipul buifyy

-UoU Jejjiue;
UL UIY Jeljiwe) 0} iow papuodsal sajeway
S|Bd JaquIdBW Ajiwey-uou ueyy

s|jed Jaquiaw Ajiwey 0} ajow papuodsal sjenpiaipul

Aéo_z.ua,_ om) E,oc, buyjex

S|eNPIAIpUI OM3) 3Uo 3[qissod e Uy (suonedo|

0M] woly buijed [enpiAipul 3uo) uonenyis
3|qeqoidwi ue 03 Apudsagip papuodsai sjenpiaipul

asuodsal

Je|nbuis

le|nbuis

3|diynw

JETT)

3|diynw

(samads
~SS0D) [epos

(sanads
-S5012) [ePos

(sanads
-S5012) [ePoS

(sanads
-ss012) [ePos

(sanads
-ss012) [ePos

(bunsoo) [epos

(upy) epos

(uny) [epos

(buibeioy) jenos

al Jo adfy

~ (sapads
10 <- sapads

(sapads

1BY10 <- sapads
[e204) Pajsajun

(samads

1BY10 <- sanads
[e204) Pajsajun

(samads

1BY10 <- sanads

Amm_um%
1BYl0 <- sapads

[euomaIp-q

fUoIUIP-iq

[euomaIp-iq

fjeuon>anp

[30}) paisamun

[e304) pa)saUN

[e304) pajsaUN

[euopaIp-iq

[eUoIIp-Iq

yeqgheyd pue

uoneyuasaid
snoaueynwis

uonenliqeysip
Juonienygey

buizijeron
[enpiAipul
pajesedas [enye

yeqAerd
uorjenyiqeysip
Juonenyigey

pue yeqfe|d

yeqfeyd

(uoneyuasaid
snoaue)jnuwis)
yeqgfeyd

ad£} 159)

§|[e) Pl

S][B3 PR
s|[e)
Deu0d axueisip-buoy

s|[ed 3sop

adfy e

Iljaqduwin

snpiypd snozoiuy

by DIV

bupslijp bjuopoxo]

bpuns biLNg

aweu sapads

smwgn{ xAuoupy

shayuow
s |l3qdwe)

sanbeew
snsayJ

syueydajp
uedLy

Sie)loaw

auweu
uowiwod

Slewiwew

Slewiwew

Slewiwew

Slewwew

Slewwew

Slewiwew

sjewwew

sjewwew

Slewwew

Slewwew

(‘panuiuo)) °L 3|qel



Table 1. (Continued.)
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approaches are often not as closely tied to the natural behav-
iour of the animal. These approaches ask if an animal can
respond differently to individuals rather than determining if
they do respond differently (as in the playback approach).

The habituation/dishabituation approach combines parts of
both the playback and behavioural psychology approaches.
This approach is easier to conduct in the wild than the
behavioural psychology approach as the focal individual
does not need to be trained or interact with any equipment.
Habituation/dishabituation also allows researchers to ask
more targeted questions than playbacks alone by using an
individual’s habituation response to see if something the
experimenter considers to be a different category is perceived
as different by the focal individual. By using a habituation/
dishabituation approach, McDonald [25] found that noisy
miners could differentiate not only between familiar individ-
uals but also between unfamiliar ones [25]. Nichols &
Yorzinski [31] also used a habituation/dishabituation exper-
iment with alarm calls to show that peahens, Pavo cristatus,
can tell the difference between different individuals’ calls
[31]. However, as with the behavioural psychology approach,
experimenters need to be careful when designing habitu-
ation/dishabituation experiments to ensure that they are
actually testing for recognition and differentiation between
target individuals by the receiver [31,118].

4. Why is individual vocal recognition so
widespread?

(a) Let me introduce myself, ‘tweet, hoot, shriek!”
Individual recognition can, in principle, benefit both the
signaller and the receiver, although most research to date has
focused on benefits to receivers. For the vocalizer, being
correctly identified by a receiver is expected to be generally
beneficial when it leads to increased cooperation from kin
(i.e. unique chick calls allow their parents to find and feed
them; cliff swallows, Hirundo pyrrhonota [64]; tree swallows,
Tachycineta bicolor [65]; Australian sea lion, Neophoca cinerea
[67]) or reinforces a reciprocal relationship with a receiver
or cooperation within a group (i.e. performing food calls to
alert approaching members of the group; chimpanzees, Pan
troglodytes [104]). Being correctly identified by a receiver can
also reduce aggression towards the signaller during territorial
(‘dear enemy’ effect, [119]) or dominance [120] interactions.
Therefore, we would expect to find benefits to the vocalizer
in species that breed colonially, have complex social
interactions (i.e. repeated interactions where the previous be-
haviour affects the current behaviour), repeated territorial
interactions and/or dominance hierarchies [17,120].

For the receivers, individual recognition provides two main
benefits by first allowing them to identify the signaller and then
by allowing them to evaluate the information within the cue or
signal based on the signaller’s identity. Animals can then use
the information to make an informed decision about the
present environment and adjust their behaviour accordingly.

At its most basic level, identification of the signaller
allows the receiver to determine the potential risks (are they
a competitor or do they have higher dominance rank?) and
benefits (are they my parents, offspring or possible mate?)
of interacting with the vocalizer [17,18]. In species that
breed colonially, parents and/or offspring use unique
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individual calls to identify each other, reducing the likelihood
of a mismatch between parents and offspring (thick-
billed murre, Uria lomvia [63]; macaroni penguin, Eudyptes
chrysolophus [72]; Australian sea lion, Neophoca cinerea [95]).

After determining the identity of the caller, animals may
then have the ability to evaluate the information provided
within the call. By determining the identity of the caller, the
receiver can potentially determine the producer’s quality,
reliability and the relationship to the receiver. Alarm calls are
a common example where IVR allows receivers to evaluate
the current call in the context of the signaller’s past reliability.
In many species, receivers adjust their behaviour in response
to alarm calls based on the signaller’s reliability, with receivers
responding more intensely to those signallers whose calls have
been associated with genuine perceived threats (Richardson’s
ground squirrels, Spermophilus richardsonii [35]; yellow-bellied
marmots, Marmota flaviventris [102]; dwarf mongooses,
Helogale parvula [103]; Western Australian magpies, Cracticus
tibicen dorsalis [75]). In some species, alarm calls combine infor-
mation about the type of predator and the reliability of the
signaller, leading to differences in the receiver’s behaviour
when responding to alarm calls. Both meerkats, Suricata
suricatta, and vervet monkeys, Chlorocebus pygerythrus, alter
their responses to alarm calls based on the signaller reliability
and the type of predator information within the call
(i.e. hawk versus snake calls, meerkats [121], vervet monkeys
[122]). By evaluating a signaller’s reliability and adjusting
their behaviour accordingly, individuals not only reduce their
likelihood of expending energy in response to a false threat
but also decrease their risk of being eaten by performing the
predator-appropriate evasive behaviours.

IVR has the potential to allow individuals to determine the
relationship between themselves and the caller and adjust
their behaviour based on this relationship. Food-associated
calls and territorial calls provide examples where a receiver
may evaluate their relationship to the caller and adjust their be-
haviour accordingly. Ravens, Corvus corax, produce ‘Haa’ calls
to alert other group members to a particular food source [76].
As these calls contain information about the identity of the
caller [76], receivers use them to choose whether to join the
caller [76]. Territorial species can also use calls to distinguish
their neighbours from strangers. Territorial calls and acoustic
recognition of neighbours are widespread throughout the
animal kingdom (birds [46]; mammals [84]; frogs [37]; fish
[80]). In these species, receivers change their behavioural
response based on whether the call they hear is from a neigh-
bour within its own territory [81], a neighbour outside of its
territory [123] or a stranger [36]. For social species, vocal com-
munication can also contain information about relatedness [96]
and dominance position [98].

5. Costs of individual vocal recognition

(a) Knowing you is exhausting

Recognition systems exist on a continuum, from very general
(my species versus all others, male versus female) to the specific
(my chick versus other chicks, my mate versus my neighbour),
with IVR falling on the specific end. Not all species develop
IVR nor would we expect IVR to evolve if less complex
recognition will suffice. Species are hypothesized to evolve
recognition systems that meet their minimum recognition
needs (minimum needs hypothesis) [18,124]. Indeed, we

would only expect complex mechanisms for recognition (i.e. [ 14 |

IVR systems) to evolve when simpler mechanisms do not pro-
vide enough of a recognition advantage owing to the costs of
IVR systems [18]. IVR systems can be costly for both receivers
and signallers, with both groups expending time and energy
in the learning and memory of signals and (for the signaller) pro-
duction of the signal [125,126]. Complex vocalizations also make
signallers an easier target for predators [1]. For the signaller, IVR
also provides an additional cost of making it harder to cheat.
Recognizable individuals may be less likely to be mistaken for
someone else or could be less successful when pretending to
be another individual (i.e. offspring being fed by their neigh-
bours mistaking them for their own offspring) [17]. Therefore,
we would expect IVR to evolve only when a more general recog-
nition system is not sufficient and when there are enough
advantages to being correctly identified to outweigh the costs.
Below, we discuss the contexts that favour the evolution of IVR.

6. In what contexts is individual vocal
recognition often found?

(a) Are you my mummy?

One of the most well-studied contexts in which vocal recog-
nition can occur is in parent-offspring communication, often
tested as IVR-singular. In this context, parents and/or off-
spring can identify their offspring’s/parents’ calls from those
of others and use them to find their offspring/parents [7,17].
Such studies are typically conducted using playbacks of
parent/young and stranger or neighbour calls to determine if
the response of the individual is preferential towards their
own parent/young. Supporting evidence for such discrimina-
tory ability has been found in both mammals and birds [5,7],
though not tested, to our knowledge, in other groups.

For some species, this recognition is a uni-directional
relationship, where either the parent can recognize their
young, but their young responds similarly to all adult calls
(e.g. Mexican free-tailed bats, Tadarida brasiliensis mexicana
[88]; table 1), or where the young recognize their parents’
calls, but their parents do not use their young’s vocalizations
to find them (e.g. racoons, Procyon lotor [6] and tree swallows
[65]; table 1). However, although bidirectional relationships
do occur, the majority of studies examining parent-offspring
IVR focused on either parent or young recognition and the reci-
procation is often not adequately tested (table 1). Therefore, in
many of the studies showing a uni-directional relationship
between parents and offspring, we cannot determine whether
the relationship is truly uni-directional or if only one half of the
relationship (i.e. parent recognition of offspring or offspring
recognition of parents) was tested.

Bi-directional relationships do occur in some species, with
both parents and young recognizing each other’s calls. Thick-
billed murres [63]; reindeer, Rangifer tarandus [87]; and
domestic sheep, Ovis aries [86] all have bi-directional parent—off-
spring vocal recognition, with both parents and offspring
responding preferentially to each other’s calls (table 1). Although
the mother—offspring relationship is the most commonly
reported (likely owing to the majority of mammal species per-
forming maternal-only care), parent-offspring communication
includes paternal and non-parental relationships. In razorbills,
Alca torda, chicks and fathers respond to each other’s vocaliza-
tions over strangers, but chicks do not respond preferentially

6/706L07 :SLE § 0S "y "supi[ “iyd  qisi/[eusnol/ba0°buiysiigndianos|esol



to their mother’s vocalizations and mothers do not differentiate
between calls of their own chicks and those of stranger chicks
[62]. In addition, in systems with parent-like individuals
(i.e. helpers in cooperative breeding systems), non-parental
carers can also be a part of this recognition relationship. In Euro-
pean bee eaters, Merops apiaster, a cooperative breeding species,
both parents and helpers respond preferentially to begging
calls from the chicks in their nest [69].

(b) Stranger danger

Another well-studied for IVR 1is neighbour-
stranger recognition. These studies are often testing the ‘dear
enemy’ phenomenon—where individuals respond less
aggressively to known neighbours than unknown strangers
[119], often tested as IVR-singular. Neighbour-stranger recog-
nition is one of the only contexts in which species other than
birds and mammals have been tested. Many fish and amphi-
bians are territorial and interact with their neighbours
vocally, providing a useful contrast to the results from studies
on mammals and birds. In these experiments, a specific play-
back paradigm or a variant is used to prise apart whether the
focal individual recognizes its neighbour from other neigh-
bours and/or strangers. This type of experiment typically
involves playing neighbour and stranger calls from different
sites on the territory boundary to see how the resident territory
holder(s) respond. These playback experiments have found
recognition of neighbours by territory holders in a number
of species. Bicolour damselfish, Pomacentrus partitus [80];
North America bullfrogs, Rana catesbeian [21,38]; water rails,
Rallus aquaticus [57]; ovenbirds, Seiurus aurocapilla [50] and
black howler monkeys, Alouatta pigra [27], to name just a
few, all respond more aggressively towards strangers than
neighbours on their territory boarder. Alternatively, individ-
uals can also respond more aggressively to neighbours
compared to strangers with the same experimental set-up as
seen in winter wrens, Troglodytes troglodytes [60] and New
Zealand bellbirds, Anthornis melanura [49]. Although this is a
form of individual recognition, questions remain regarding
whether the behavioural responses of individuals are more
indicative of recognizing a specific individual owing to
memory or whether this is simply a habituation response to
an individual’s vocalizations at a particular location compared
to all others [127]. One way to tease apart this issue of habitu-
ation versus memory involves altering the neighbour’s call so
that the change in magnitude either falls within the normal
within-individual call variation or so that the magnitude of
change is greater than the normal within-individual variation
[127]. Then, by measuring the focal individual’s response to
the ‘new’ calls—which contain inter-individual variation
that is much greater than the focal individual is used to, com-
pared to the calls with normal inter-individual variation—you
can try to establish if they respond to the ‘new’ calls as they do
to a familiar (habituation) or unfamiliar (memory) individual
[127]. Alternatively, researchers could also measure a focal
individual’s response to their neighbour’s call at multiple
different sites (i.e. well within the neighbour’s territory, at
different points along the territory boarder, just inside focal
individual’s territory) [123]. By incorporating multiple spatial
playbacks (as opposed to the standard one site), future studies
will be able to distinguish whether species display true IVR or
just habituation to an auditory stimulus within a certain space.

context

(c) Mate recognition

Another context similar to parent-offspring and neighbour—
stranger contexts where individuals identify an individual
from all others is mate/partner recognition (IVR-singular).
Experiments studying mate/partner recognition also employ
playback experiments of mates/partners and either familiar
group members or strangers (table 1). This type of recognition
has been tested almost exclusively on birds, as mates frequently
communicate vocally (announce arrival, negotiate in the nest
or duet [123,128,129]) and so has a straightforward testing
paradigm. Green-rumped parrotlet, Forpus passerinus, females
respond more to the contact calls of her mate than other
males [44], and kittiwake gulls, Rissa tridactyla, respond more
to their partner’s kittiwake call than either a familiar neigh-
bour’s or stranger’s call [40]. Often these experiments, like
neighbour—stranger experiments, test the mate compared to
strangers, but occasionally experiments will also test on a
finer scale by including familiar group mates or kin as well
(spectacled parrotlet, Forpus conspicillatus [78]).

(d) Social contexts and individual vocal recognition-
multiple

Up until now, we have discussed the contexts that are typically
studied with an IVR-singular outlook, seeing if individuals can
tell one other individual apart from all others. Here, we switch
focus to move into contexts that are thought to require IVR-mul-
tiple to function (i.e. social or non-categorical contexts). IVR in
social or non-categorical contexts (i.e. levels of dominance or
degrees of relatedness, etc.) is much less well tested, occurs in
multiple contexts, and has only been tested in social birds or
mammals.

Many of the circumstances where IVR-multiple is tested
involve the natural playback approach, and the results show
coarser scale recognition/categorization. For example, many
species will differentiate kin from non-kin (Rhesus macaques,
Macaca mulatta [32]; African elephants [28]; spectacled parrot-
lets [78]) or familiar individuals versus strangers (pallid bats
[107] and ravens [76]).

Fewer studies have successfully shown IVR-multiple, and
these studies have almost exclusively used a behavioural psy-
chology or habituation/dishabituation approach to directly
ask if a receiver can tell the difference between vocalizations
of different individuals. For example, in a habituation/dishabi-
tuation task, yellow-bellied marmots, Marmota flaviventris, can
differentiate between the alarm calls of adult females [130].
During a trained discrimination task, jungle crows, Corvus
macrorhynchos, could also discriminate between the ‘kaa’ calls
of different individuals [30], and in a go no-go experiment,
great tits, Parus major, discriminated between the songs of differ-
ent males [29]. IVR-multiple has also been tested using other
methods such as manipulation of the relationship between
the receiver and the signallers. In Richardson’s ground squirrel,
Spermophilus richardsonii, juveniles respond more to the alarm
calls from reliable signallers than unreliable ones [35]. Research
on animals in the wild may be able to take advantage of natu-
rally occurring changes in the relationship between
individuals (i.e. changes to the dominance hierarchy) to test
for IVR-multiple in more species in their natural environment.

(e) Cross-species individual vocal recognition
IVR can also occur between species, when members of different
species regularly interact. When dogs, Canis familiaris, were
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played recordings of their owner’s voices paired with images of
a stranger (or vice versa), they spent longer staring at the mis-
matched photo than when the voice and photo matched
[109]. The authors concluded that not only did dogs know
the voice of their owners (IVR) but also ‘actively generate an
internal representation of the owner’s face when they hear the
owner’ [109, p. 17]. Similar results were found in domesticated
horses, Equus ferus, and rhesus macaques, with both horses and
macaques correctly matching the voice of a familiar person with
their face (horses [111] and macaques [100]). Subsequent
research on dogs found that this phenomenon is not limited
to familiar individuals and that dogs can also spontaneously
discriminate between unfamiliar speakers (i.e. identifying
and distinguishing strangers’ voices) [110]. Captive cheetah,
Acinonyx jubatus, also differentiates between familiar and unfa-
miliar human voices, responding more frequently, for longer,
and more quickly to familiar voices than unfamiliar ones
[112]. Heterospecific recognition may occur in the wild as
well. For example, semi-free-living red-capped mangabeys,
Cercocebus  torquatus, Campbell’'s monkeys, Cercopithecus
campbelli and Guereza colobus monkeys, Colobus guereza,
which regularly form heterospecific groups, as well as De
Brazza monkeys, Cercopithecus neglectus, correctly discriminate
between contact calls of familiar and unfamiliar DeBrazza mon-
keys [82]. This last example may, however, not constitute true
IVR and instead may be at the level of discriminating between
group and non-group members, and all of these results demon-
strate that vocal recognition is not limited to members of an
individual’s species. Indeed, we might expect to find heterospe-
cific IVR in some of the same situations that predict conspecific
IVR, namely when individuals have complex social interactions
and/or dominance hierarchies (i.e. stable, heterospecific fora-
ging groups). Heterospecific IVR may be one of the most
exciting and understudied aspects of IVR research and we
encourage future studies to test for IVR in potential heterospe-
cific species (such as mixed foraging groups and mixed defence
groups such as cross-species mobbing calls).

7. Current gaps and potential solutions for

studying individual vocal recognition

Although the field has made huge strides in understanding
the drivers behind IVR, how it works and where it occurs,
as we have highlighted earlier, there remain some substantial
gaps in our knowledge. Here, we identify four categories
where we need more research: temporality of recognition,
specificity of recognition, taxonomic bias and IVR-multiple
testing approaches.

(a) Temporality of recognition

Very few studies address the temporal scale or specificity of
IVR, especially in contexts of IVR-singular, as these behaviours
are often seasonally influenced. One way to determine the dri-
vers and underlying mechanisms of IVR is to see whether this
behaviour only occurs in a particular season/circumstance (i.e.
pre-fledging, while holding a territory, etc.) or it occurs reliably
across time. There are a few studies that have looked at the tem-
poral response of individuals to neighbours and strangers
across the breeding season [53,60,82]. In all of these studies,
individuals only responded differently to neighbours and
strangers during the breeding season, suggesting that this

recognition may be temporary. If there are no advantages in [ 16 |

identifying your neighbours year-round, we may expect the
evolution of temporary IVR. For species that only defend terri-
tories during the breeding season, for example, IVR may
provide only costs outside that season as complex signalling
demands energy, takes time and can increase predation risk
[4,125]. Therefore, many species may evolve to use temporary
IVR only when needed, such as when evaluating members of a
lek or in species that form seasonal flocks. Although we may
expect temporary recognition to evolve in certain circum-
stances, temporary recognition could also be a reflection of
the playback test. Focal individuals may recognize a neighbour,
but there may be no advantage to responding differently until
there is a cost to not doing so (i.e. during the breeding season;
[4,53,60,125]). By looking within the same season but across
years in territorial species with both high and low site fidelity,
it may be possible to determine if individuals with high
site fidelity respond to last year’s neighbours with lower
aggression than new, unknown neighbours (i.e. long-term
IVR). Experiments could also address kin recognition during
and outside breeding seasons to determine if the recognition
of vocal signals in colonial breeding species only occurs
while young are dependent and in a colonial situation. To
test recognition outside of the time when the response to the
vocalization itself is beneficial (i.e. breeding season), more
robust measures such as habituation/dishabituation or behav-
ioural psychology methods would need to be employed to
ensure that a lack of response was a lack of recognition, not a
lack of motivation.

In addition to investigating relatively long timescales,
studies over shorter timescales may also be highly informa-
tive. For example, many social organisms live in relatively
fluid populations where groups frequently merge and split
(termed ‘fission—fusion” populations) [131]. Consequently,
one may expect that individuals in such populations may
either not recognize others at all or may exhibit a dynamical
process in which they keep in memory only a relatively small
number of individuals at any one time, and that they update
this regularly over time. This would give them an effective,
cognitively reasonable means of recognizing individuals who
are relevant to them throughout their lives.

(b) Specificity of recognition

Though IVR-singular contexts and approaches (i.e. natural play-
back) are more straightforward and ecologically relevant to test
in the wild, these tests remain inconclusive in regard to the
degree or specificity of IVR. Previous studies testing for IVR-
singular (i.e. neighbour-stranger, mate recognition, etc.)
should be reinvestigated to determine if receivers
can recognize multiple individuals, even when multiple
individuals do not elicit a unique behavioural response
(i.e. when responding to individuals of similar dominance). In
particular, all parent-offspring recognition studies should
involve testing for bi-directionality, and neighbour-stranger rec-
ognition studies should involve all neighbours and maybe even
repeated strangers (i.e. slightly more and less familiar strangers).

(c) Taxonomic bias

Currently, there exists a large taxonomic bias in the literature
regarding IVR, with the majority of research focusing on
birds and mammals. However, evidence exists in [9], reptiles
[13] and fish [11] which suggests that species in these groups
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are likely to have some form of IVR. To understand the evol-
utionary and ecological drivers for IVR, we need to sample
widely across the animal kingdom and focus not only on
species that we predict to have IVR (i.e. social or territorial
species) but also species that are not predicted to exhibit IVR
based on our hypotheses. Comparisons between related species
with and without IVR are a powerful approach in determining
the factors favouring the evolution of IVR [17,132]. More studies
should investigate IVR-single in territorial fish, reptiles and
amphibians and should focus on social fish, reptiles and amphi-
bians to investigate IVR-multiple. Within mammals and birds, a
wider variety of species should be examined, focusing on com-
parative studies of related species that range in sociality to test
the role of sociality in IVR-multiple.

While many approaches to studying IR, such as IVR, focus on
one modality (i.e. vocalizations), IR has been shown to be
multi-modal in many cases. Owing to the likely prevalence of
multi-modal IR, researchers should be aware of, and take into
consideration, other modes of individual recognition, including
chemical and visual, that may be combined with vocal signals,
especially when studying species such as fish, reptiles, insects
and mammals, which are known to use these signals. Many
fish use chemical means of communication owing to the prop-
erties of water in dispersing chemical cues [133], and these cues
can be used for conspecific recognition [133,134]. Multi-modal
communication also occurs frequently in mammals, with
ring-tailed lemurs (Lemur catta) using both olfactory and
visual cues to identify conspecifics [135]; domesticated goats
(Capra hircus) using auditory and visual cues [136] and female
Australian sea lions (Neophoca cinerea) using olfactory, auditory
and visual cues to identify their pups [137]. Therefore, future
work on IVR should also consider other forms of communi-
cation that individuals may be using.

Few studies have convincingly shown evidence of IVR-mul-
tiple despite its likely importance for species with complex
social interactions. To better test whether individuals do, in
fact, recognize multiple individuals, including over large
time scales, more robust approaches need to be taken. Below
we outline two such approaches.

The behavioural psychology paradigm is the most robust para-
digm in many circumstances for testing for IVR-multiple and
includes go no-go and discrimination tasks as well as habitu-
ation/dishabituation responses. Owing to the difficulty in
parsing apart behavioural responses of a focal individual to
differences in similar social partners (i.e. multiple individuals
treated very similarly by the focal individual across many con-
texts), directly asking the focal individual if they can tell the
difference between the calls of different individuals may be
necessary. However, this paradigm relies on the experimenter
correctly grouping stimuli and making sure that the stimuli
differ only in identity and not some other features (i.e. domi-
nance, sex, age, etc.) that could cause a response without
individual recognition. These types of tests also often involve
training and take place in the laboratory, limiting our
understanding of IVR-multiple in a species’ natural environment.

Another way to test for IVR-multiple in its natural ecological
context is to change the relationship of the focal individual
and the observed individuals. This could occur in a number of
circumstances from reliability of a signal (e.g. food or alarm
calls) to their relationship to another individual (e.g. dominance
contests). By recording an individual’s response to a specific
individual before and after their relationship is altered, it is poss-
ible to determine if the focal individual changes their response
based on the changed relationship information (i.e. they must
recognize the individual calling to know that the relationship
has changed). This paradigm has been used to determine
that: 1) individuals attend less to unreliable individuals in
anti-predator and foreign troop encounters [35,101,102,137],
and 2) females will choose whether or not to engage in extra-
pair matings with a neighbour based on outcomes of playback
contests [73]. Males can also alter subsequent singing behaviour
in contests based on whether they overheard their current com-
petitor male winning or losing his previous contest [138]. This
approach can be very effective, but it is limited to specific
types of signals—ones that either (i) encode information about
an external state pertinent to all group members (i.e. predator
presence, food quality, etc.) or (ii) include information about
the individual’s current status (i.e. dominance, third-party
conflict, etc.) that is pertinent to the focal individual.

Individual vocal recognition appears to be a much broader
phenomenon than previously believed; however, the explicit
study of IVR tends to focus on a small subset of species, comple-
tely ignoring entire classes of animals (fish and reptiles). Future
research should be spread more evenly across the animal king-
dom, including further studies on reptiles, amphibians and fish.
In addition, to understand the evolutionary drivers of different
types of IVR, more studies need to focus on IVR-multiple and
on determining the mechanisms behind IVR-singular (.e.
memory versus habituation). Most importantly, however, our
approach and the study of IVR need to be more consistent
and methodological. This review has shown the wide variation
in how research approaches IVR, and the limitations that often
arise owing to ambiguity regarding the level of that IVR indi-
viduals may be using or whether they are actively using IVR
at all. To effectively study IVR in future, researchers need to
first determine what level of IVR they are attempting to examine
(IVR-singular or IVR-multiple) and then critically examine their
experimental design to ensure that the question they are asking
is the question they are intending to answer, removing the
ambiguity of habituation and temporal limitations.
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