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Abstract

Black-capped chickadeePd@ecile atricapillu3 are a common North American songbird
that produce numerous types of vocalizatiorth warious functions. The vocal repertoire of
blackcapped chickadees have been the focus of numerous vocal production and perception
studies. Blacicapped chickadees make an excellent model for studying acoustic communication
because their vocal reperiinas been so wedtudied. In addition to producing aleed song,
parts of theichicka-deecallar e al so | earned. I n many species
l ong, complex vocalization, whil e etlhamntraspbeci es
to this, thefeebeesong of blackcapped chickadees is a short and relatively simplenivte
tonal vocalization, while thehick-a-deecall is a long and relatively complex vocalization.
Although the acoustic structure felebeesongs s relatively simple, the function of male songs
is similar to the function of other songbird songs: mate attraction and territory defense. In
addition, male songs contain information regarding the individual producing the signal, including
cues abouttheml e 6 s domi nanc elcancducidd a bidacousiie laralysts errmal2
songs recorded in different geographic locations. | found that the acoustic features that indicate a
mal edbs dominance rank vary wit hhegsabtlegfeatmrpshi ¢ | o
within the song that vary with geographic location. Nextsédd two operant conditioning
techniques (i.e., choice preference task and a gggrdiscrimination task) to examine the
perception of dominance cues in miebeesongs (Chpter 3). The results suggest that
preference and discrimination performance varies depending on the leziatiogin of the
singer, the sex of the sign@ceiver andthe category of songs that is rewarded during the task.
also examined the percepiiof geograpmpased acoustic cues in méebeesongs using a

go/nago operant discrimination tagkhapter 4. Results from this study provide evidence that



male songs contain geograpitglated cues that are perceived by chickadeesdditionto

examning acoustic cues in male songalsoexamined the production of songs by male and

female chickadees. In many temperate songbirds, including-bégoped chickadees, research

has focused on maj@oduced song. However, in many temperate songbirdadawsrecognized

that both males and females produce song. To examine the production of songs by female black
capped chickadees, both males and females were recorded and a bioacoustiorasalysis

conducted on their songStudy 4), revealing that while neahnd female songs have overall

structural similarity (i.e., two notes), at least one acoustic federglissando) varies between

the sexes. An operant conditioning task revealed that male and female songs belong to separate
perceptual categories, hilie biological salience of the songs affects the discrimination
performance of the birds. In addition, this s
firstnotefeenot e) | i kely contain information regardi
together, these studies reveal that a relatively simple vocalizatidegtheesong, contains

multiple types of information and birds can use this information when discriminating among

songs; however, the biological relevance of the acoustic sighagmees the discrimination

performance of the birds.
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window = 65,536 points; 88 Hz smoothing); measurements includedh@&hote
amplitude and FAfeenote amplitudeé ¢ ¢ é é é ééeéeéeééééééeée. .. 187
Figure 5-2. Comparisorof male and female blaekapped chickaddeebeesongs, showing the
overall structural similarity of the songs produced by each sex. (a) Oscillograaief
and female song. (b) Hanning sound spectro
dB relative tosong peak amplitude) of male and female song. (c) Power spgétRim

//////

window = 65,536 points; 88 Hz smoothing) of male and female goégé ¢ ¢ ¢ . 1 8 8

Figure53. Sound spectrograms (FFT window = 1024 po
amplitude) of reresentative febee songs showing frequency (kHzxis) by time
(seconds, »axis). Songs produced by males (a and b) and songs produced by females (c
andd)é ééééééeééeééeécécécéceeceeeeeéeéeée. 189

Figure 6-1. Sample sound spectrograms of male (top paral)female (bottom panel) fbee
songs with manipulated fee glissando. (a) Decreased by 2 SDs, (b) dddygdsSD(c)
unmanipulated, (d) increased by 1 SD and (e) iseeéy 2 SDs (transform length =
1024 points:35 to 0 dB relative to peakrglitude; frequency resolution43.1 Hz).

Figure 6-2. Flowchart depicting the order of the exipsental procedure. Theame ofeach stage

is given in bold, followed by a short description (see text for detailg)é é ¢ . . é 2 4 2
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Figure 6-3. Mean * SE proportion of response during transfer in (a) experiment 1, (b)

O

experiment 2 and (c) experiment ! : male songs; — : femak songs. *ldicates a
significantdifference in responding to male and female soryght discrimination
groupPO0.05).é 6 ¢ é¢ecéecéecéecéecécéeéeeeeéeéeé. 243

[ |

Figure 6-4. [ Mean * SE proportion of responsesgliced songs in experiments3]:
male subjed; : female subjects; : ANNs:[F female feeote and female bee note: M
M: male fee note and male bee notdylFfemale fee note and male beme; M-F: male
fee note and female bee note. *Indicates a significafgrdiice in responding when data
from male and female subjects were combidénicates a significant difference in
response f or Indicaes h fgnificanbdjfferendasesponsd for male
subjectgall Ps 00.05). Responses by ANNs indicated a significant discrimination group)
stimulus type interaction and significant discrimination group main efiRsc&(0.001).
Eééeééeéecécécécéceéeéeeeeéeéeéeceéecéecéeeceéee. . 244

Figure 6-5. Mean + SE proportion of response to fgissando manipulated songs in experiment
1. N : female songs; u : male songs. Stimuli were presed in five ways: decreased
by 2 SDs (d2), decreased by 1 SD (d1), unmanipulated (unman), increased by 1 SD (inl)
and increased by 2 SDs (in2). *Indicates aiigant differencPO 0. 05) i n resp
comparedo the unmanipulated control songs (i.e. unmanipulated male songs for birds in
the male song discrimination group; unmanipulated female songs for birds in the female

rrrrrrrrrrrrrrrrrrrrrr

songdiscriminationgroup)é é é é é é e e e ééééééé. .. eeéeééé. 245

Figure 6-6. Mean + SE proportion of response to singtee songs in experiment 2290.05.

///////////////////////////////// 7
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Figure 6-7. Mean * SE proportion of response to fee glissando manipulated songs in experiment
O
2.

decreasetly 3 SDs (d3), decreased by 2 SDs (d2), decreased by 1 SD (d1),
unmanipulated (unman), increased by 1 SD (inl), increased by 2 SDs (in2), ancethcreas

: female songs;. : malesongs. Stimuli were presented in sevelysva

by 3 SDs (in3). *Indicates significant differeme @ O0.05) in response compared to the

unmanipulated control songs (i.e. unmanipulated male songs for birds in the male song
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disaimination group; unmanipulatddmale songs for birds in the female song

s
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Chapter 1 General Introduction




Animal communication

Il n ani mal communication, an individual, te
information, and the ani mal receiving the sig
when deciding how toespond (Bradbury & Vehrencamp, 1998). The information conveyed by a
signal can vary. For example, signals can include information regarding the external environment
(e.g., food source, a potential predator, or nest site). When these signals are ptbdyced,
often contexdspecific, for example the type of alarm call produced (e.g., vervet monkeys,
Chlorocebus pygerythru§eyfarth, Cheney, & Marler, 1980) or the acoustic features within the
alarm (e.qg., blackapped chickadeeBpecile atricapillus,Templeton, Green, & Davis, 2005)
vary depending on the type of predator present. When the signal is conveying information
regarding an external context (e.g., predator presence), the information is relevant to a broader
audience. For example, HdeastedhuthatchesSitta canadens)glisplay stronger mobbing
behaviour in response to a signal produced by a fdapked chickadee indicating the presence
of a highthreat predator (Templeton & Greene, 2007), suggesting that predator information is
relevant angberceived by multiple species.

In addition to containing information regarding external events, a signal can convey
information regarding the signaller. This includes information regarding species, sex, quality, or
individual identity. When a signal comia information regarding the individual, the information
that is relevant and assessed will vary depending on the signal receiver. In some cases,
information regarding the individual signaller is relevant to heterospecific species. For example,
signals cataining species information are used to form migealips (Suzuki, 2012), or to
identify heterospecifics that are not resource competitors (Li et al., 2014). Avian brood parasites

may choose which nest to parasitize based on signals indicating theundividd s qual i ty (



& Avilés, 2007). These examples demonstrate that interspecific information transfer occurs with
signals containing information regarding the individual signaller. However, information
regarding the individual signaller is extremelypontant for conspecifics. For example, signals
indicating sex can ensure that an individual is responding to a possible mate, while information
regarding individual quality can ensure an individual is choosing adughty mate or avoiding

a confrontatia with a conspecific that is a better fighter.

Production and perception of song

For communication in which information is being transferred among individuals, not only
must there be a signaller who is producing the signal, but there also must be a vaoeive
recognizes the signal and responds appropriately. While signals can be produced in many
domains (e.g., chemical, olfactory, visual, auditory), acoustic communication is one mode of
communication commonly used by songbirds. Most acoustic signalsaeahlong distances,
can be heard in multiple directions, and can allow an animal to communicate without visual
contact. Many songbird species produce numerous vocalizations (often these vocalizations are
divided into two c atthatganrsarve a multithde aflffuncsiobs. Fonntbst 6 s 0 n
songbirds, male song is considered a sexually selected signal that follows the dual functionality
described in Darwinbs theory of sexual select
elaborate traits fointrasexual competition and intersexual attraction. Songs produced by male
songbirds are an example of these elaborate signals, because male song indicates territory to rival
males and indicates a potential mate to females (for review see Catchpoter&2t1a8).

These dual functions have driven the evolution of song through selection pressures of
intrasexual competition and intersexual mate choice. Because songs serve these dual roles, the

relevant song traits will vary depending on the sex of theabigceiver. For example, females



should assess a male based on his potential as-gunedjty reproductive partner (i.e., a mate

that will provide direct or indirect benefits), while males should assess a rival maleohdised
likelihood of attack or is fighting ability. As these example show, the relevant information

varies depending on who is receiving the signal. Some song characteristics (e.g., repertoires or
song rate, reviewed in Collins, 2004) can both attract mates and repel rivals, whiteein so

species males may produce different songs for mate attraction and territory defense (e.g., great
reed warblerAcrocephalus arundinaceu€atchpole, 1983; dusky warbl&hylloscopus
fuscatusforstmeier & Balsby, 2002). In other species, the sameisgrgduced for both intra

and intersexual communication, but the relevant features of the song vary depending on the sex
of the receiver (e.g., chaffincRringilla coelebs Leitdo & Riebel, 2003; Riebel & Slater, 1998).
However, for both territory defee and mate attraction, in order for songs to function as
communication signals, the signal receiver needs to recognize and respond appropriately to the
song (e.g. recognition of territory neighbours, Brooks & Falls, 1975; recognition of mates, Lind,
Dabebteen, & McGregor, 1996). Producing spedieg pi cal songs can al so
fitness by conveying information about the individual. For example, songs can act as an honest
indicator of the stress a male encountered during development, whiaidazate his phenotypic

or genotypic quality (Nowicki, Peters, & Podos, 1998).

Male song has been widely studied; however, not only males produce songs. In many
tropical species, females produce songs or males and females sing duets (Slater & Mann, 2004)
however, more recent evidence reveals that in many temperate species, females also sing
(Garamszegi, Pavlova, Eens, & Mgller, 2007; Odom, Hall, Riebel, Omland, & Langmore, 2014).
In species where both males and females produce songs, songs shouldrdontaétion

regarding the sex of the signaller. For example, being able to quickly determine the sex of a

a



singing individual is beneficial for birds in order to quickly identify a potential mate or rival.
Discernible acoustic differences in songs is almasm that would allow birds to recognize the

sex of a singing individual. In addition, the relevance of the signal will depend on the receiver
(e.g., a male song, but not a female song, is relevant for a female looking for a mate). Differences
in the acaistic features of the songs produced by each sex have been examined in several species
to date (e.g., whiterowned sparrowgonotrichia leucophrysBaptista, Trail, DeWolfe, &

Morton, 1993; bellbirdsAnthornis melanuraBrunton & Li, 2006) and these agsiic

differences allow individuals to differentiate the sex of a singing individual without visual cues

(Hoelzel, 1986).

Study species: Blackcapped chickadedPoecile atricapillug

Black-capped chickadees are a common temperate songbird found throomist wf
North America (Smith 1991). Blaekapped chickadees produce at least ten vocalizations with
various functions (see Ficken, Ficken, & Witkin 1978) and their vocal repertoire has been the
focus of many vocal production and perception studies (foewesee Sturdy, Bloomfield,
Charrier, & Lee, 2007). Blackapped chickadees produce a learned song (Shackleton &
Ratcliffe, 1993) and parts of their calls are also learned ¢mrglecall, Ficken, Ficken, & Apel,
1985;chicka-deecall, Hughes, Nowicki& Lohr, 1998). Compared to the calls of many
songbird species, blagka p p e d ¢ bhiclcakdeeda# is aldng, complex vocalization (i.e.,
consists of multiple note types that can be repeated or omitted), whiléethlegesong is
relatively shorand acoustically simple (i.deebeesong contains two tonal notes). While the

acoustic structure of blaetapped chickadee vocalizations deviate from the traditional

characteristics of a o6call 6 that chekasldeo r t and



call is used in specific contexts, similar to the calls of other songbird species &ellibesong
is important for mate attraction and territory defense, similar to the songs of other species.

In songbird species other than blasapped hickadees, males may produce multiple
song types (Catchpole & Slater, 2008); male bleaped chickadees however, produce only
onefeebeesong type, which is conserved across most of the species range (see Kroodsma et al.
1999; Gammon & Baker, 2004 faare exceptions) and is a lodgstance signal (Dixon &
Stefanski, 1970; Ficken et al., 1978; Mennill & Otter, 2007). fEledoeesong of the black
capped chickadee contains two notes, with the first notef@g produced at a higher frequency
comparedo the second note (i.ded. During the spring, there is an increase in song production
at dawn (Avey, Quince, & Sturdy, 2008), and higinking males will begin singing earlier, sing
for longer durations, and sing at higher rates compared todoking individuals (Otter,
Chruszcz, & Ratcliffe, 1997). Male chickadees produce songs across a range of absolute pitches
(Horn, Leonard, Ratcliffe, Shackleton, & Weisman, 1992; Weisman & Ratcliffe, 1989;

Weisman, Ratcliffe, Johnsrude, & Hurly, 1990), and dyarsinging bout, an individual will

increase or decrease the absolute frequency dédees ong, a behavi our cal

shiftingdé (Hill & Lein, 1987, Ratcliffe & Wei

anot her mal e ds gmsab(lHog,et ala h992a Meomilli& Ratdlifie, 2604).

Although the overall, twanote structure of thieebeesong is relatively simple,
information including individual identity is conveyed within this acoustic signal (Christie,
Mennill, & Ratcliffe, 2004aWilson & Mennill, 2010). Blackcapped chickadees live in flocks
with stable dominance hierarchies that persist from flock establishment in winter to flock break
up in spring (Ratcliffe, Mennill, & Schubert, 2007; Smith, 1991). For many species thit live

social groups with dominance hierarchies, a



and acoustic cues can signal this stafas.example, dominant males may vocalize more

frequently than subordinates (domestic chickgal|us gallus domestig)iLeonard & Horn,

1995; blackcapped chickadee, Otter et al., 1997). Dominance hierarchies are often established
based on the outcomes of dyadic interactions over access to resources (Drews, 1993; Ratcliffe et
al., 2007). Since dominance rank is estaklistnrough dyadic encounters, dominance is not an
absolute trait of an individual (Drews, 1993). However, stable dominance hierarchies, like those
found in blackcapped chickadee flocks, reduce the need for constant confrontations to maintain
position withn the social group. In order for stable hierarchies to be maintained, there must be
cues availabl e to i de nitentifyyg caes are predante.gdweal 6 s r a
cues), individuals would not need prior experience with one anothetdéomne dominance

rank.

In blackcapped chickadees, previous studies have found potential cues witfea ltee
songs that indicate a maleds dominance status
(2004b), found that dominant males are bettéx tlhmaintain a consistent interval ratio (i.e., the
frequency ratio between tiieeandbeenotes), as they shift the absolute frequency of their song,
compared to subordinate males. In addition, Hoeschele et al., (2010) found that within a song,
the amfiitude ratio of thefeeandbeenotes is produced in a more consistent manner in songs
produced by dominant males compared to subordinate males. Importantly, playback studies
revealed that female bladapped chickadees will respond differentially to splayback based
on a mal edbs dominance rank. However, whether
identified in blackcapped chickadees is stable across geographic locations requires further

examination.



Another aspect of blaekapped chickadee vogadoduction and perception that has not
been thoroughly examined is song production by females. While female temperate songbirds
have traditionally been consideredt toproduce song (for reviews see Langmore, 1998; Riebel,
2003), there has been an incee@sreports of female song within the literature (for review see
Garamszegi et al., 2007). In blackpped chickadees, song has been considered grmdieced
vocalization; however, there have been field reports of female-bkggked chickadees
producirg song (e.g., Dwight, 1897; Hill & Lein 1987) and personal observation of our captive
females indicates that females do produce artatefeebeesong with similar amplitude as
male song. The production of female song requires further examination, mcitithere are
acoustic cues that vary between male and female songs, and if birds perceive acoustic
differences.

While the vocal repertoire of blagapped chickadees has been extensively studied (e.g.,
Ficken et al., 1978; Smith, 1991), includifegbee songs (e.g., Ratcliffe & Weisman, 1985;
Weisman et al., 1990) more work is needed to understand other types of variation that exists
within thefeebeesong and what acoustic mechanisms chickadees use for perception. My
dissertation research focuses @araining other acoustic cues that exist within the bizagped
chickadedeebeesong and examining the perceptual mechanisms that chickadees use when
discriminating among songs by using behavioural tests (i.e., operant conditioning)c&bged
chickadcees make an exceptional model species as they are a commalesoualy songbird,
whose behaviour and vocalizations have beenstetlied. By increasing our understanding of
how chickadeesd perceive cues wi mbdelspedeb ei r

for examining vocal learning and acoustic communication.

Current studies

S

o



My first objective was to investigate whetheebeesongs produced by male black
capped chickadeeasiginatingfrom different locations and different populations tzom
dominance markers that are consistent across populations or vary with geographic location.
Bioacoustic analyses are a necessary first step in examining acoustic features in order to describe
and analyze acoustic differences that vary with other whitse song producer. In Chapter 2, |
conducted extensive bioacoustic analyses on songs produced by dominant and subordinate males
originating from three geographic locations. | found that the acoustic variation that was
previously reported in one of tip@pulations (Hoeschele et al. 2010) did existin the songs
from a second population. In addition, | found that acoustic features varied based on geographic
location. The results of this study suggest that domireglaged cues may not be consistent
aaoss geographic regions. In addition, the results suggest that there is distinct geographic
variation in acoustic features (i.e., total durationfeefbeesongs. This study is significant
because it indicates previously undescribed variation in a ghpitahas been considered to
contain remarkably little variation across most of the spéege (Kroodsmateal. 1999;
Gammon & Baker, 2004

In Chapter 3, | used two operant conditioning tasks to investigate the perception of
dominancebased cues ifee-beesongs. First, birds completed a choice preference task, in which
birds selected which songs to hear by landing on different perches (Gentner & Hulse, 2000). The
second task was an instrumental learning task, in which birds were trained on-g@o/no
discrimination of dominant and subordinate male songs. The goal of the first task (i.e., the choice
preference task) was to determine if birds had a preference for hearing dominant or subordinate
songs. The second task (i.e., the instrumental conditidgagky had two main goals: (1)

determine if dominant and subordinate songs belonged to separate signal categories perceived by



chickadees, and (2) determine the acoustic mechanism used for the discrimination. In addition, |
examined the relationship betwede resposeson the two operant tasks, to determine if a

birddés acoustic preference could be predicted
accuracy during the instrumental conditioning task.

The goal of Chapter 4 was to determine if chickadmrild perceive the geographic
acoustic differences that | uncovered in my initial bioacoustic analysis (Chapter 2). For this
study, | used operant goAgm discrimination tasks (similar to the task in Chapter 3) to train
chickadees to discriminate amaosgngs recorded in two geographic locations (i.e., British
Columbia and Ontario). Results from Chapter 4 suggest that birds were using perceptual
categorization when discriminating between th
test stimuli sggest they use multiple acoustic features when discriminating.

The studies in Chapters®exclusively examined songs produced by male btagped
chickadees. Overall, research on blaepped chickadee song has focused primarily on male
song. Males antemales will produce &int feebeesong when near the nest, but the lower
amplitude of this vocalization distinguishes it from norfealbeesongs (Ficken et al., 1978).

While females singing normé&ebeesongs have been briefly mentioned in somdisti(e.qg.,

Hill & Lein, 1987) and the neural response to female song has been examined (Avey, Kanyo,
Irwin, & Sturdy, 2008), no study has quantitatively examined female song production in this
species. The focus on madeoduced song is not exclusive tadk-capped chickadees, for many
other songbird species, the focus of research has been on male song and it is often
overgeneralized that song is a signal produced by males during the breeding season. However,
more recently, there has been an increasesearch indicating that females of many songbird

species (including temperate songbirds) produce f6atp(nszegi et al., 2007; Odom et al.,

10



2014). The studies in Chapters 5 and 6 examine the production of song by femaleappek
chickadees (Chapter &nhd the perception of male and female songs (Chapter 6).

In Chapter 5, | conducted bioacoustic analyses (similar to Chapter 2) comparing male and
female songs that | recorded in the laboratory. This study is significant because it is the first
guantitatve description of female song in this species. In this study, | show that females of this
speciesio produce songs. In addition, the songs that they produce have overall structural
similarity to male songs (i.e., contain two whistled notes), but alsoinateaustic differences
that could be used by listening birds when discriminating between male and female songs. The
results from this bioacoustic analysis reveal possible acoustic mechanisms that chickadees may
use when determining the sex of a singirdjvidual, which can be examined in subsequent
studies.

Next, | examined the perceptual abilities of blagpped chickadees when discriminating
among male and female songs. In Chapter 6, | conducted an operarggalisorimination task
(similar to Chaters 3 and 4) to examine these perceptual abilities. In addition, | manipulated
song features to gain a better understanding of the underlying mechanisms for the perception of
male and female songs. | conducted two operant discrimination studies wikhdggs, in
which | trained chickadees on a categbased discrimination of male and female songs. | then
presented birds with novel male and female songs and songs that | manipulated in order to
examine the mechanism behind the discrimination. | alsoeiean artificial neural network on
an analogous task, to examine regssn the absence of biological or experiential factors,
which cannot be parsed out when training chickadees. Results from the artificial neural networks

suggest that features withinh e s o n g 6 s feknote)cdntaim sestpecifi(features;

11



however, results from the chickadee studies suggest that there are other features within the song
that also contain discriminable features between the sexes.

Finally, Chapter 7 is a geral discussion that summarizes the findings from the
preceding chapters. In the general discussion | describe how the studies in this thesis relate to the
current knowledge of blaekapped chickadee song, and more generally songbird song. | also

suggestuture directions based on the current results.
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Introduction

In songbirds, rale songs primarily used for mate attraction and territory defense
(Catchpole and Slater 2008); however, in many species additional information is contained
within song, including individual identity (see Catchpole and Slater 2008 for rg\wgewgraphic
origin (e.g., swamp sparrowslelospiza georgianaVarler and Pickert 1984; whigrowned
sparrowsZonotrichia leucophrys nuttallBaker and Thompson 1985; song sparrdvslospiza
melodia,Searcy et al. 20Q03male quality (dusky warblerBhylloscopus fuscasuForstmeier et
al. 2003, and dominance ranbklack-capped chickadsgPoecile atricapillus Christie et al.
2004b; Hoeschele et al. 2010

For animals that I|ive in social groups wit
influence his dominanc&ank or fighting ability and acoustic cues can signal this dominance
status. For exampldpminant males may vocalize mdrequentlythan subordinates (domestic
chicken,Gallus gallus domesticugeonard& Horn, 1995;black-capped chickade®oecile
atricapillus, Otter et al.1997) In generaldominance hierarchiewe establishedased on the
outcomes of competitivdyadic interactionsveraccess to resources (DrewW893; Ratcliffe et
al., 2007).Because dominance rank is established through dyacdoueters, and is not an
absolute trait of an individualpthinance is a relativemeasurgDrews 1993); however, immany
species that live in stable social groups, dominance hieraai@also stable (Wiley et al.
1999). Established dominance hierarstd@ninish the need fdrequentconfrontations to
maintain position within the social groupdividuals do not need prior experience with one
another to deter mi ne a c o0n sigeatifyingcues @éespredeotmi nanc
(e.g., morphologial or vocal characteristics). In this wayetmaintenance of stable dominance

hierarchies does not require individual recognition (Dre\993)
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Black-capped chickadeese songbirds thditve in winter flocks with linear dominance
hierarchies. The domance hierarchies are stable, persisting from flock establishment in winter
throughflock breakup and territorial establishmenmt spring(Smith, 1991, Ratcliffe et al.,

2007). Birds of different dominance status exhibit fitness differences; dominans hzale
greater ovewinter survival, more readilyacquire a territory during the breeding season
(Desrochers et al1988), obtain larger territoriewhich contain more resources (Mennill et al.
2004),and have highetifetime reproductive success (Sdiert et al. 2007) Whereasvisual
cues correlate with dominance status in some avian specie®éelge, size ilmouse sparrows,
Passer domesticub)gller, 1987),including chickadees (plumage coloration and reflectance,
Mennill et al., 2003)acoustic aes can indicate dominance statsen visual contact is not
available as is common for many territorial animals during the breeding season

Compared to the complex songs admgoscines (Catchpol& Slater 2008), thefeebee
song of the blackapped citkadeeappears to barelatively simpldong-distance acoustic
signal(Dixon & Stefanski1970; Ficken et gl1978 Mennill & Otter, 2007), consisting of two
whistled notes, with the first note (i.e., tieenote) sung at a higher frequency than tleosd
note (i.e., thdeenote). All male chickadeeproducefeebeesongs across a rangeaifsolute
pitches (Weisma#& Ratcliffe, 1989; Weisman et al199Q Horn et al, 1992) During a singing
bout, a male can increase or decrease the absolute frggpfdns song, a behavior known as
6pitch shiftingd (Ratcliffe & Weisman, 1985;
in order to match the frequency of another ma
(Christie et al., 2004b; Hschele et al., 2010) found acoustic features witheibeesongs that
indicate a malebdés dominance rank; howev-er eac

related cue. Examining songs from eastern Ontario, Christie et al. (2004b) founahtimetrd
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males maintaim more consistent interval rafjice., thefrequencydifference between thfeeand

beenoteg over multiple renditions of songs as they shift the absolute pitch of thelsomgo

subordinate malesn contrast, subordinate malegos 6 i nt er v al rati o decre
pitch of the song is increased (Christie et2004b).Examining songs from northern British

Columbia, Hoeschele et al. (2010), found that within a stregamplitude ratio of thieeand
thebeenotesspraduced i n a more consistent manner in
songs of subordinate males and these results indicateldate amplitude is an acoustic

feature that could indicate a maleb6ge rank wit
consistency in songbirds may be related to male age, dominance status, and social context (for
review see Sakata & Vehrencamp, 2012). For btagiped chickadees, although the amplitude

of thefeenote relative to the entire song has been measured ani@sobngs (i.e., Christie et al.,

20044a; 2004b), these studies did not examine the relative amplitude betwissratitethebee

note, as was shown to be important in the British Columbia study. Therefore, relative amplitude,
which differs between dominaand subordinate songs in northern British Columbia (Hoeschele

et al., 2010), may also serve as an acoustic dominance marker in songs produced by birds from
eastern Ontaridl heresultsof these previous studies (Christie et al., 2004a; 2004b; Hoesthele

al., 2010) have indicated that certain features within songs are possible dominance markers

within a population; whether these dominance markers are consistent across populations, or
whether dominance e | at ed cues vary by stnbteeerbexamthedd geogr
In the current study, we examined acoustic featuréssiheesongs that may be used as cues for
dominance status geographiorigin. To examine possible dominancsated cues, we

measured six acoustic features in the songs frampbpulations of chickadees. We examined

each of these two populations separately using discriminant function analyses to determine

23



which acoustic feature(s) may be associated w
studies, looking at songs from tweparate populations, examined potential dominance cues.
Christie et al. (2004b) found a potential dominance cdiegbeesongs as males shifted the

absolute frequency of their songs, while Hoeschele et al. (2010) reported a cue that could

indicate dommance with information from a single song exemplar. In the current study, we try to
clarify these previous results to determine if there is a consistent acoustic feature, found within

an individual song, which could be used as a dominance cue in botlagapaibf blackcapped
chickadees. In contrast to the geographic variation found in the songs of many songbird species
(see Podos & Warren, 2007 for reviete overall structure of tHeebeesong has been

considered to be relatively invariant acrossths peci es 6 range (Hail man,
1999), with few exceptions in geographicabplated island populations and isolated mainland
chickadee populations (Kroodsma et al., 1999; Gammon & Baker, Zl0teHifferent

dominancerelated featuresoind by previous studies led us to also examine if there is overall
geographic variation within the song. Using discriminant function analyses, we examined if
acoustic features vary between songs produced by birds from different geographic orggins. W
exanmned songs produced ldpminant and subordinate birds together @ach dominance status
independently (i.e., only dominant or only subordinate) in ternggofiraphiorigin to examine

potentialgeographic differencaas feebeesongs.
Methods

Recordings
Feebeesongs were recorded in the field during the dawn chorus period at the University
of Northern British Columbia, Prince George, British Colun{B&), Canada (53A 5461

506W) between 27 Ap04,iatla fieddrstdtionlimthe NiaRynceZR@seadch

24



Forest, Fort St. JameBC, Canadd 54 A 406N, 124A 246W) between 2
20082009andatt he Queends University Biol(©N, cal St at
Canada (44A 346N, 76A 1906 W)-200leTthesergsiwerz FomApr i |
banded populations of chickadees, and the dominance rank of the birds wasRopwrance
assessments were made based on a set of standardized observed behaviours (e.g., supplants,
chases; see Smith, 1991, Ratcliffe et al., 200 details).For the purpose of this study, a male
was considered dominant if it was the highestking male within a flock. A male was
considered subordinate if it was the lowestking male within a flock (i.e., secomanking
male in flocks with twanales; thirdranking male in flocks with three males). Midabnked
male songs were nahalyzed Dominance ranks were assessed by observing multiple
interactions between male flockates at temporary feeding stations (see Mennill £2@04;
van Oortet al, 2006 for more information on dominance assessméhg.interactions used to
establish the relative dominance relationships were collected prior to recording male choruses in
the spring.

Songsobtained fronmbirdsin the University of Northern Brish ColumbiaBC
population were recorded using either a Sennheiser MKH70 or ME67 (Sennheiser Electronic
Corporation, Old Lyme, CT) or an Audibechnica ATB815a microphone (Auditechnica
U.S., Inc., Stow, OH) and a Marantz PMD430 (Marantz America, Indawh, NJ) tape
recorder. Songs were digitized at 22,050 Hzl§t6ormat) using AviSoft SASLAB Pro 4.40
software (Avisoft Bioacoustics, Berlin, Germany), highpass filtered between 2.8 kHz and 3.0
kHz (depending on song frequency) and lowpass filterecbdtHz or 4.6 kHz. Songsbtained
from birdsin the John Prince Research For&T population were recorded using a Sennheiser

MKH70 or ME67 or AudieTechnica ATB815a microphone and a Marantz PMD430
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audiocassette recorder or Marantz PMD671 digital reco8bngs were digitized at 44,100 Hz
(16-bit format) using AviSoft SASLAB Pro 4.40 software. Soongsained fronbirdsatthe
Queends Uni ver si ONpopalation werg iecraldd usthg ether acSannheiser
MKH70 or Audio-Technica AT815a micrdpne, SONY Walkman Professional WI6C

(Sony Corporation, Tokyo, Japan) or Marantz PMD222 tape recorder, and digitized at 22,050 Hz

(16-bit format) using SyrindC sound analysis software (J. Burt, Seattle, WA).

Bioacoustic analyses

Feebeesongs were alyzed using Signal 5.10.29 software (Engineering Design,
Berkeley, CA). Songr measurememnwere randomly selectddom longer recordings.
Spectrograms were generated with an intensity ranggbdb O dB relative to song peak
amplitude, so low amplitle noise would not be visualized, asahgs were only included if both
thefeeandbeenotes werealistinguishabldor measuring via sound spectrogrém., not masked
by background noise). We measured six acoustic featdeanined previously in studie$ o
dominancecues in chickadee sotrfg.g., Christie et al., 2004b; Hoeschele et al., 2010). We
examined two temporal measurements: (1) total duration of song and (2) the proportion of song
duration occupied by thieenote (eenote duration divided by thetal duration of the song),
two spectral measurement8) {eeglissando (decrease in frequency across the duration of the
feenote, calculated by dividing the start frequency offd@note by the end frequency of tfee
note) and 4) the interval rat between the notes (calculated by dividing the end frequency of the
feenote by the start frequency of theenote), and two amplitude measuremergrélative
amplitude of thdeeandbeenote (calculated by dividing the maximum amplitwdéhe beenote
by the maximum amplitudef thefeenote) and §) the root mean squared (RMS) amplitude ratio

(calculated as the RMS amplitude of feenote divided by the RMS ratio of the entire spsap

26



Figure2-1 for spectrograms showing measuremgntge accouted for the different sampling
rate of songs (i.e., 22,050 Hz or 44,100 Hz) by obtaining the duration measurements with a
spectrogram window size of either 128 points or 256 points (for 22,050 and 44,100 Hz,
respectively), both producing a time resolutairb.8 ms, and the frequency measurements with
a spectrogram window size of either 512 points or 1024 points (for 22,050 and 44,100 Hz,
respectively), both producing a frequency resolution of 43.1 Hz.

We collected the above measurements fromnadom sarmple of 180feebeesongs from
the University of Northern British Columhi8Cand 180feebees ongs fr om Queenoés
Biological Station ON (in each populatiomine songs produced by ten dominant individuals
and nine songs produced by ten subordimadividuals) Fewer songs were available from the
John Prince Research Ford3€ populationwhere we analyzed2 feebeesongs (nine songs
produced by four dominant individuals and nine songs produced by four subordinate
individuals).Songs that occued immediately before or after a pitch shift were not included in
the analysis. Some songs used in the current analysis from the University of Northern British
Col umbia, BC (Hoeschele et al., 2010) and Que
et al., 2004b) have been previously examined in terms of dominance status (95.6%; 40%,
respectively), but the current analysis examines the same six acoustic features within songs from
both of these populations using a different statistical technique cethfmathe previous
analyses (i.e., discriminant function analysis with a permutation procedure; details Mééow).
also examined song features in terms of geographic ohiggpite of comparison of gross
differences ifeebeesongs across the contindliroodsma et al., 1999; Gammon & Baker,
2004),there has not been a direct comparative geographic analysis conducted on thieeimple

beesongusing detailed spectrotemporal measurements
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Statistical analyses

We conducted discriminant function analyseRifversion 2.14.1, R Foundation for
Statistical Computing, Vienna, Austr&a) wusing
Ripley,20@®2) and f k| a R2005) Wkecondwctedediscrimihant function analyses
examine if the six acoustic features measured could be used to classify songs bas@q the
dominance statusf birds from British Columbia, (2) the dominance status of birds from Ontario,
or (3)the geographitocation of origin of the singeFor the first analyses, we included songs
from 20 individuals from the University of Northern British Columbia, BC and classified the
songs based on dominance. We measured the acoustic features of nine songs per individual, but
conducted a stepwise discriminant function analysis, using the-¢eevaut method, that
included six randomly selected songs per individn&a120) to classify songs based on the
dominance status or location of origin of the produdéth the leaveoneout method of cross
validation, one case is withheld at a time anddiseriminant function is derived based on the
remaining caseshe withheld case is then classified using the discriminant function that was
derived and the process ispeated until all cases have been classified in this manner (Betz
1987). Results fnm classification using the leaxeout method are useful as an estimate for
how well the discriminant function derived from all cases can predict group membership with a
new sample (i.e., a different set of cases than those used to derive the distfumictaon). We
did not separate our sample into two groups (one to create the discriminant function and one to
classify), because we had a small sample of individuals and we wanted to evaluate the accuracy
of the discriminant function analyses with as snaangs as possiblé/e repeated this
randomization process 100 timégcause even within an individual, song features can vary each

time the song is produced, so the specific songs included in the analysis can affect the results.
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We thencalculated the man percemtgeof correct classifications for these 100 iterations. By
performing multiple discriminant function analyses on randomly selected songs, we can
determine how well the discriminant function can classify the songs on awragehich
feature(sare used by the functions more than would be expected by chance. To determine which
acoustic features were used by significantly more of these stepwise discriminant functions than
would be expected by chance, we conducted binomial tests and using selatbestic
features, we conductgurmuted discriminant function anadgs as suggested by Mundy
Sommer (2007)We conducted the permuted discriminant function analysesuse our data set
contained more than one song per individual, which can respeudoreplication. As before,
we randomly selected six songs per individual, repeated this 100 times, and calculated an
average perceage ofcorrect classification We then conducted 1,000 permuted discriminant
function analyses, in which we randonskglected six songs per individual and randomly
assigned the songs produced by an individual to one of the classification groups€dia.fwo
dominance status @ne of thredocatiors of origin). We then calculatedmvalue by finding the
proportionof permuted discriminant function dgses that resulted in a percewoirecty-
classifiedequal to or greater than the average peaggnofcorrect classificatiosiof the original
data set. With permuted discrimmtdunction procedures, the null hype#is is that the
discriminant functions analyzing tlegiginal data setioes not classify better than the
discriminant functions classifying tipermuteddata (Mundry& Sommey 2007).

We repeated these procedures emaducted discriminant function anadgswith the
permutation procedure, classifying based on dominsimaandomlyselected songs from each
of 20 individuals r om Queends Uni v e ON{M% 120 sBrigs)Becayse wea | St a

had a small sample of individuals from John Prince Reséanast BC, we did not classify
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these songs in terms of dominance statusctvelucted additionaliscriminant function

analysedo determine how well songs could be classifbased on location of origin usisig
randomlyselectedsongsfrom 20 individwalsfrom the University ofNorthern British Columbia

BC, 20 individualsfromQu eends Uni v er s i, ON anéeiglt indivgluals fom St at i
John Prince Research Ford3€ (n = 288 songs)To further analyze whether any geographic
differences areding driven by songs produced by only dominant or subordinate birds, we

conducted discriminant function analyses classifying only dominant songs by location of origin

(n = 144) and weonducted discriminant function analyses classifying only subordinages sy

location of origin(n = 144)

Using the six features we measured, we calculated the average song features for each of
the 48 individual birds (20 individuals from both the University of Northern British Columbia
BCand Queenods UnliStaterr GNjahdy8 inBividodls drgm Joha Prince Research
Forest BC). These average songs were examined in SPSS (version 19.0.0, SPSS, Inc, Chicago,
IL) using a multivariate analysis of variance (MANOVA) to compare songs from these three

locations.

Resuls

Acoustic difference by dominance rank in British Columbia

Forsongsrecorded athe University of Northern British ColumbiBC, the average
percenageof correct classificatiambased on dominance status by stepwisediscriminant
function analyses as 64.8 + A%; range: 56.771.7% for all analyses, the percentage of correct
classifications is given as mearSD and the range of percent correct classifications for the 100
iterations is reportgdBinomial tests revealed thiweglissando £ = 6.6,p < 0.001, interval ratio

(z=4.4,p< 0.01), and relative amplitude € 9.6,p < 0.001) were used in significantly more
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discriminant function analyses than would be expected by chance (chance; asirippnly
these features, we performed a permuliedriminant analysis. Results revealed that there was
no difference in these acoustic features between dominant and subordinategeragse(
percenageof correct classificatiagifor the originaldataset= 65.3+2.6% range: 58.372.5%
138/1000 of thepermuteddata sets had a percent coreciassifiedequal to or greater than the

average percent corrégetclassifiedof the nonrandomized data= 0.14).

We also conducted permuted discriminant function analyses using only relative
amplitude, becaugais feature was used by almost all discrimirfanction analyses (98/100)
that we conducted on the original data(setmpared to 83/100 and 72/100, feeglissando and
interval ratio, respectivelyResults revealed a significant difference in thatreé amplitude of
dominant and subordinate songsdrage perceageof correct classificatiasifor theoriginal
dataset =63.2+27%; range: 57.571.7% 40/1000 of thepermuteddata sets had a percent
correcty-classifedequal to or greater than the aage percent corrdgtclassified of the

original dataset;p = 0.04)

Acoustic differences by dominance rank in Ontario

Forsongs recorded at Qu e e n ON,thdaveragepersentagg
of correct classifications based on dominartatus by thestepwisediscriminant function
analyses was 62.8+2.4%ange: 57.%7.5%. Binomial tests revealed that total duration 9.4,
p < 0.001)feeproportional durationz= 7.8,p < 0.001), interval ratioz(= 9.0,p < 0.001),
relative amplitudgz = 3.8,p < 0.001), and RMS ratie € 6.0,p < 0.001) were used in
significantly more discriminant function analyses than would be expected by chamgeonly
these featuresiesults from the permuted discriminant function analysis revealed #dratwlas

no difference in these acoustic features between dominant and subordinatevseragse(
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percentage of correct classifications for ¢iginal dataset =62.6+3.1%range: 55.072.5 %
325/1000 of thpermuteddata sets had a percentage of corckgsifications equal to or greater

than the average percentage of correct classifications ofitheal dataset p = 0.33).

We also conducted permuted discriminant function analyses using only total duration and
interval ratio, because these featumese used by almost all discrimination function analyses
(97/100 and 95/100, respectively) that we conducted on the original d&tarspared to
89/100, 69/100, and 80/100, fieeproportional duration, relative amplitude, and RMS ratio,
respectively) Results from this permuted discriminant function analysis revealed there was no
difference in these acoustic features between dominant and subordinateasenag(
percentage of correct classifications for thiginal dataset =61.2+1.9%range: 56.765.8 %

281/1000 of the randomized data sets had a percent cortkdified equal to or greater than

the average percent correetliassified of theriginal dataset;p = 0.28).

Acoustic differences by geographic origin
To examine differences in sonigased on the geographic origin of the singer, we
conducted discriminant function anadgg@nd a MANOVAoON songs recorded at the University
of Northern British ColumbiaBC, Queends Uni v e r SONtayd Jdhn Rrince gi c a l
Research ForesBC. The average percentage of correct classifications based on geographic
origin by stepwisediscriminant function analyses was 65153% range: 62.269.1 %. Binomial
tests revealed that total duratia=(10.0,p < 0.001), interval ratioz= 9.0,p < 0.001),and
RMS ratio = 9.4,p < 0.001) were used in significantly more discriminant function analyses
than would be expected by chanasing only these featurese performed a permuted
discriminant analysis. Results revealed a significant difference irctustc features between

the songs from different geographic locatiomgefage percentage of correct classifications for
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theoriginal dataset =65.5+1.6% range: 61.869.1% no permuteddata setfiad a percentage of
correctlyclassified songs equal to greater than thaveragegpercent correcthglassified of the

original dataset;p < 0.001)

Examining the average misclassifications from the 100 discriminant function analyses on
the original data set reveals that the majority of songs from the Unyvef$itorthern British
ColumbigBC( 75. 9%) and Queends UWONVS4topwere gorreBtlyol ogi c
classified, while the majority of songs from the John Prince Research, BCg$2.9%) were
misclassified as University of Northern British IGmbia BC songs (Tabl@-1). Results from
the MANOVA revealed that total duratioR(@,45)= 13.80,p< 0. 001%=0@8&rti al d
observed power = 0.997) and relative amplit@45)= 3.36,p= 0. 04 *=@18r ti al d
observed power = 0.605) were miigcantly different between the three locations. A Tukegt
hoccompari son revealed that the total duration
Station ONwere significantly different from the other two locatiop<) 0 . With Qntayio
songsheing shorter compared to the British Columbia sowhile songs from the University of
Northern British ColumbiaBC and John Prince Research For&gZ were not significantly
differentfrom one anothefp = 0.73). For relative amplitude, a Tukpgsthoc comparison
reveal ed that songs from QONveresigificdnlydifferentsi t y B
from songs from John Prince Research FoBGt(p = 0.03) with the relative amplitude ratio of
the two notes being closer to 1 in the Ontariogso The other four features did not differ
significantly between the three locatiof§Z,45)0 2 p 900,07, ?®a Ot il@l, dbser v
power O O0.-3givks)the maaslahdestan@lard deviations for the six acoustic features

for each of the tlee locations.
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Additional discriminant function analyses were conducted to clafesfyeesongs by
geographic origin, separately for each dominance status. For dominant individuals, the average
percent of correct classification based on geographiadoigstepwisediscriminant function
analyses was 61.5+1.8%ange: 56.366.7%. Binomial tests revealed that total duration (
10.0,p < 0.001) feeproportional durationz= 1.8,p = 0.0359), interval ratioz(= 2.8,p =
0.0026), relative amplitude € 9.0,p < 0.001), and RMS ratiezE 5.8,p < 0.001) were used in
significantly more discriminant function analyses than would be expected by chamgeonly
these featurewe performed a permuted discriminant function analysis. Results revealed a
significant difference in the acoustic features between the songs from different geographic
locations éverage percentage of correct classifications footiggnal dataset =60.6+1.5%
range: 57.64.6% 40/1000 of the permuted data sets had a percent dgrekssified equal to

or greater than the average percent corragdlgsified of the permuted data se¢ts; 0.04)

For subordinate individuals, the average percentage of correct classifications based on
geographic origin by thstepwisediscriminant function analyses was 7524% range: 69.4
81.3%. Binomial tests revealed that total duration £0.0,p < 0.001) feeproportional duration
(z=4.4,p<0.001), interval ratioz(= 10.0,p < 0.001), relative amplitude € 6.2,p < 0.001),
and RMS rab (z= 8.8,p < 0.001) were used in significantly more discriminant function
analyses than would be expected by chaunsmg only these featurese conducted permuted
discriminant function analyseResults revealed a significant difference in the acotesatures
between the songs from different geographic locatiansrage percentage of correct
classifications for the nonrandomized daté4.0+1.9% range: 68.478.5% no randomized data
sets had correatlassification percentages equal to or largantthe average nonrandomized

datg p < 0.001)

34



Discussion

We used bioacoustic analyses to examinesousticfeatures othefeebeesongsof
male blackcapped chickadeeand conducted discriminant function analyses to examine how
thesefeatures vary deveen songs produced by birds of different dominant status or with
different locations of origin. Results from discriminant function analyses suipge€l) there is
variation in the songsetweerdominant and subordinate birds, (2) the acoustic featiiats
convey information about dominance rank differ betwgeographic originsand (3) there is
geographic variation in thieebeesong, regardless of dominance statiis. used permuted
discriminant function analyses to examine the songs from two pgamsgdi.e., eastern Ontario
and northern British Columbia) and determine if features within the songs vary with dominance
status. Permuted discriminant function analyses allowed us to analyze which song features varied
between dominant and subordinatealbjrand by testing against the true null hypothesis
distribution (i.e., the permuted data set), we could determine how accurately the two groups
could be distinguished and the true probability of the results.

Two previous studies, that each examined drieo geographically separated
populations of blacicapped chickadeemund different acoustic featwsaithin feebeesongs
thatvaried based on dominance status (Christie et al., 2004b; Hoeschele et al.ORO1€3ults
arein agreement with previodsdings (Hoeschele et al., 201,@Jemonstrang that the
dominance status of birdiom northern British Columbiaan be predicted based on the relative
amplitude between the two notes. In a population of birds in eastern Ontario, Christie et al.
(2004b)found that dominant males maintain a consistent interval ratio across song, pitcies
subordinate birds do not; however, the relative amplitude between the two notes was not

examined. In our analysis of eastern Ontario songs, results frasfistmeninant function
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analysis failed to reach significanegth all acoustic featuresuggesting that consistency in the
amplitude between the two notes within a single song does not contain donmelated
information in songs from this population. In theremt analysis, we examined acoustic features
within a song, but we did not examine consistency of song features among songs of varying pitch
produced by individual maleBominance information is contained within the songs produced
by birds from this Ontao population when pitcishifting behavior is taken into account
(Christie et al., 2004b). Our results do not reveal a consistent domiredatszl acoustic feature
that is found across populations. However, since the current study did not examine the
cons stency of the interval rati o across a mal e
population, as Christie et al. (2004b) measured in songs produced by birds in eastern Ontario, we
cannot rule out the possibility that populations share this acousticdaged to identify rank.

The current findings suggest that, in addition to subtle but consistent differences in the
acoustic features of songs produced by dominant and subordinate birds, thersubtidso
acoustic variation depending on geographaatmn with the total duration of songs varying
among the three geographic locations (T&®). Songs recorded from the University of
Northern British Columbi a, BC are, on average
University Biological Stabn, ON. It is noteworthy that the average percentage difference in
duration between our main study populations is below the threshold for duration detection
reported for other avian species, which ranges between 10 and 20% for synthetic tonal stimuli
(Dooling & Haskell, 1978; Maier & Klump, 1990; Weisman et al., 1999). However, using
natural zebra finch calls, Lohr et al. (2006) demonstrated that zebra fificesdpygia
guttatg and budgerigardMelopsittacus undulatysould detect temporal changes asfoas 12

ms. Determining duration detection thresholds for both tonal standinatural stimuli in
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chickadees and determining whether chickadees can perceive these differences in duration
requires further direct examinatidn.isolated populationsf black-capped chickadeges
geographic variation ifeebeesongs, including novel introductory notes and multiple song
types, has been foundroodsma et al.1999 Gammon& Baker, 2004. However this type of
variationis strikingly different from the higly-stereotypic song found in the majority of black
capped chickadee populations, asmthore similar to abnormal song produced by bleagped
chickadees that are tapgored and reared in the absence of adult conspe($iecklietor&
Ratcliffe, 1993 Kroodsma et g/1995.

Environmental factors, such as habitat, can affect the evolution of visual and acoustic
signals (Wilczynski & Ryan, 1999), including sexual signals (e.g., those that correlate with male
quality or dominance). For blagtapped chickdees, whose range extends across North America
with great variety in habitat type and climate (Smith, 1991), subtle acoustic differences within
the songs of birds from different populations may arise due to differences in the local habitat
characteristicsDepending on characteristics within the habitat, sowilligoropagate differently
through the environmemindthe acoustic adaptation hypothdsidds that songs will evolve to
maximize transmission properties in their native halpitirton, 1975; Hanse, 1979 Rothstein
& Fleischer1987).The two British Columbia sites occur within the same estesy zone
(Montane CordilleraMarshall 1999), and have greater similarities in dominant tree species
each other than either location does to the Ontanulationin this stuly (Boreal Shield
ecosystem)These slight differences in dominant tree species may contribute to slight differences
in sound transmission properties, and could account for subtle differences in songs between

broad regions.
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Grava et h (2012) found that when comparing the songs produced by-bimbed
chickadee males of similar dominance rank, but from varying habitat quality, males in young
forests (lowerguality habitat) produced songs with less consistent interval ratios contpared
birds from mature forests (highquality habitat). Previous studies have found no difference in
song transmission through these adjacent habitat patches (Hansen et al., 2005), suggesting that
conditionrelated features of songs influence song struetitfen and between regions.

In the current study, geographic differences were evident when discriminant function
analyses were used to classify songs produced by individuals of one dominance status, with the
discriminant function analysis classifyingss produced bgominantbirds having dower
percentage of correct classifications compared to the discriminant function classifying only
subordinatsongsDo mi nant bi r ds 6 stypica aoustiafgaturegawhiehvarp e ci e ¢
less between geographopcations. In this way, differences in song output could act as an honest
indicator of male quality (Zahavi, 1975). Dominant males may produce songs that contain
features that are costly to produce, while subordinate birds are unable to consistentg prod
vocally-challenging songand consistency in vocal performance may be an honest signal of male
quality (for review see Sakata & Vehrencamp, 20kRylusky warblers, males that produce
physiologicallychallenging (i.e., maintaining high amplitude) semgere more likely to have
extrapair offspring (Forstmeier et al., 2002) and in other songbird species, females give more
copulation solicitation displays in response to male songs that are vocally difficult (i.e., high trill
rate and broad frequency bavidth) to produce (canargerinus canaria Dr gt noi u et a
2002; swamp sparrovBallentine et al., 2004)-or songbirds with a repertoire of songs,

Lambrechts & Dhondt (1988) propose an anaustion hypothesis to explain why birds switch

between song types. The notion is that repeatingaime song type requires the syringeal and
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respiratory muscles to be moved in a repetitive way possibly leading to fatigue. However, more
work is needed to determine if producing consistent songs across renditions may be more
physiologicallydemanding for idividuals with one song type, such as the bleajped
chickadee.

In a behavioural assay, captinfale blackcapped chickadees from Albepeoduced
more vocalizations and were more active when presented with songs produced by dominant
malesfrom British Columbia (Hoeschele et @010). This further supports the idea that the
feature(s) withirfeebeesongs that identify dominant birds are stable and can be discriminated
by birds froma differentgeographic locatianTo test this hypothesiblack-capged chickadees
from Alberta should be tested in the same paradigm as in Hoeschele et al. (2010) but with songs
from the Ontario populatiotJsinganoperant discriminatioparadigm we canexamineif
black-capped chickadees can discriminate songs prodycetates of different dominance
status or geographic |l ocation; similar exper:i
perception of specidsased differences in their calls (e.g., Bloomfield et al., 2008; Bloomfield &
Sturdy, 2008; Guillette et aR010). Additionally, with an operant discriminatitask we can
manipulaé the acoustideaturedo make the songs meoe-less dominant based on acoustic
features identified in this studgndby examining how birds respond, we can gaafuable
insightinto what acoustic features birds use to differentiate between songs produced by males of
different dominance statws geographic origin

The current results, along with previous beharabtests (Hoeschele et,&010)and
bioacoustic comparisons (€tie et al. 2004biHoeschele et gl2010, suggest thadeebee
songs contain acoustic features that differ between songs produdethimant and subordinate

males. In addition, our results indicate that there are acoustic featuresfeatb@esongsthat
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vary with geographic location. These results demonstrate that within a relatively simple signal,
significant acoustic variation exists, and future research should focus on how chickadees

perceive these acoustic differences.
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Table 21. Average predited group membership of 100 discriminant function analyses

classifying songs from the original data set by geographic origin. An asterisklicates a

correct classification (in percentages). Misclassifications (in percentages) are in corresponding
rows and columns. Overall, 65.5% of cases are correctly classified. Songs from both dominant
and subordinate birds are included. UNBC, Unitengsi of Br i ti sh Col umbi a,
University Biological Station, ON; JPRF, John Prince Research Forest, BC.

Predicted Group Membership
Actual Group UNBC QUBS JPRF
UNBC 75.85 22.98 117
QUBS 2227 75.38 2.35
JPRF 62.94 22.40 1467

41



Table 22. Mean and standard deviation (SD) of the six acousticresitmeasured in the
bioacoustianalysis for fedbee songs originating from each of the three locati®asgs from
both dominant and subordinateds are included. Sigficant differences (indicatelly

MANOVA) are indicated by an asterisk)( UNBC, University of British ColumbiaBC; QUBS,

ON:;

Queends Univer sity BiJdohln®romee ResearctoRosBE.i o n ,
UNBC QUBS JPRF
Mean+SD Mean+SD Mean+SD

Total Duration (ms)*

1049.22+47.03

958.51+56.69

FeeProportional Duration 0.42+0.01 0.41+0.02 0.42+0.01
FeeGlissando 1.09+0.01 1.08+0.01 1.09+0.02
Interval Ratio 1.13+0.01 1.14+0.02 1.15+0.02

Relative Anplitude* 1.04+0.07 1.02+0.05 1.08+0.05
RMS Ratio 1.59+0.36 1.42+0.28 1.69+0.35

1031.27+74.85
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Figure 2-1. Sound spectrogram and power spectrum depicting acoustic measurements performed
in feebeesongs. (a) Sound spectrogram (time resmtu5.8 ms) of deebeesong.

Measurements shown: total duration of song (TD)faedote duration (FD). (b) Sound

spectrogram (frequency resolution 43.1 Hz) &debeesong. Measurements showeestart

frequency (FSFXeeend frequency (FEF), armbestart frequencyBSF). (c) Powespectrum

(FFT window 32768; 88 Hz smoothing). Measuents shownbeenote amplitud¢BA) andfee

note amplitude (FA).
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Introduction

Dominance ranks were first described by Schjeldétinpe (1922/1975) studying the
hierarchical social structure of groliping domestic chickensGallus gdlus). However,
dominance ranks and social group interactions have since been studied in numerous species
(Allee, 1942/1975; Dewsbury, 1982). Dominance ranks are often established through dyadic
interactions, and these interactions usually occur duriqmtiis about access to resources.
Although dominance is a relative trait (i.e., an individual may be dominant over another
individual, while also being subordinate to a third individual, Drews, 1993), in stable social
groups, the dominance hierarchy is nftgable (Wiley, Steadman, Chadwick, & Wollerman,
1999). When the social hierarchy is stable, individuals do not need to engage in constant
confrontations to assert their dominance over other individuals. In the case of chickens, for
example, the dominairidividual does not need to continue to act aggressively toward-lower
ranking individuals once the dominance hierarchy is established (Schjeklebep 1922/1975).
Instead, once the dominance rank is established, few confrontations need to occur, and time
energy can be spent on other activities that are necessary for survival (e.g., foraging or mating).

Although familiarity with opponents can lead to this stability (Archawaranon, Dove, &
Wiley, 1991; Wiley et al., 1999), the formation and maintenafd®minance hierarchies does
not imply individual recognition alone. Instead, individuals may possess a status signal that
all ows opponents to characterize an individua
recognition. These status signals apossible mechanism allowing animals that live in large
social groups to recognize the dominance status of another individual without needing to
recognize and remember each individual and their social status, which would increase cognitive
load as the nun@r of individuals within the social group increases. Status signals are also a
mechanism that would allow large social groups with dominance hierarchies to remain stable
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without individuals needing to engage in constant confrontations among individusdei@lr
rank positions.

A status signal may be a visual trait that indicates dominance status (e.g., antler size in
woodland caribouRangifer tarandus caribquBarrette & Vandal, 1986; badge size in house
sparrowsPasser domesticuMgller, 1987), acoui features in an auditory signal (e.g., spotted
hyena,Crocuta crocutaMathevon, Koralek, Weldele, Glickman, & Theunissen, 2010; rock
hyrax,Procavia capensijKoren & Geffen, 2009; fallow deebama damaVannoni &

McElligott, 2008), or a behaviouratdit, such as dominant individuals vocalizing more
frequently compared to subordinates (domestic chicken, Leonard & Horn, 1995¢afgud
chickadeePoecile atricapillus Otter, Chruszcz, & Ratcliffe, 1997).

I f a signal I ndi c atestatusamhat that gighat medns will d@Eendd o mi
on who is receiving the signal. Traits that i
central to the theory of sexual selection (Darwin 1859). Birdsong is an example of a signal that
serves this ddaole. In general, male birdsong, when directed at other males, acts as a signal of
territoriality, while male birdsong, when directed at females, acts as a signal to attract a mate.
However, male birdsong often contains information regarding the indivillat is signaling
and, for species that live in social groups with dominance hierarchies, songs can contain
i nformation regarding a maleds dominance stat
establishment of dominance relationships (e.g., brbeaded cowbirddviolothrus ater Duffy,

1986). Although subordinate males are capable of singing the song preferred by females, only
the dominant male sings these preferred songs (West, King, & Eastzer, 1981). If information

regar di ng a mek needns sochaihing diffarentfer a listening female compared
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to a listening male, how the sexes respond to the signal should also vary. In addition, what the
signaler produces may also vary depending on who is present (Dalziell, & Cockburn, 2008).

Black-capped chickadees are a common North American songbird that live in winter
flocks with linear dominance hierarchies. Within a flock, males will usually dominate females,
and when the flocks brealp in spring, the highesainking male will form a mating pawith
the highestanking female (Smith, 1991). Higlanking birds have preferential access to
resources, including food sources and local territories (Smith, 1991), and females seek extrapair
copulations with highranking males (Mennill, Ramsay, Boag Ratcliffe, 2004). Males
(Mennill & Ratcliffe, 2004) and females (Mennill, Ratcliffe, & Boag, 2002) eavesdrop on male
song contests and male dominance cues are contained within the songs (Christie, Mennill, &
Ratcliffe, 2004; Hahn et al., 2013, Hoeschelalgt2010).

Since male chickadee songs contain dominance cues, one mechanism that birds could use
to discriminate between the songs of dominant and subordinate males is throughdgedn
categorization (Herrnstein, 1990). If there is an acoustic ca@dhias among dominant and
subordinate songs, by using that acoustic cue, birds could quickly identify a singing male as
dominant or subordinate and respond. If songs do not belong to perceptual categores, open
ended categorization is not possible; hogrebirds can still discriminate among vocalizations
using rote memorization. In contrast to ofarded categorization, rote memorization requires an
individual to have prior experience with and memorize each sigreal @ bird would need to
havepriore peri ence with the vocalizing individual,
recognize his song characteristidagividual recognition may aid in rank identification;
however, birds may also use raidlentifying visual (Mennill, Doucet, Montgomeri&,

Ratcliffe, 2003) or acoustic (Christie et al., 2004; Hahn et al., 2013, Hoeschele et al., 2010) cues
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to determine a malebs dominance rank.to Categor
assess dominance rank without previous experience witlnifag individual.

In addition to the ability to categorize songs based on acoustic dominance cues, birds
may also have a preference for listening to dominant or subordinate songs. Preference tests using
conspecific song as the reinforcer, have demonsditthtg in other songbird species, females
prefer certain characteristics in male song (sa@ng complexity, chaffinctiringilla coelebs
Leitdo, ten Cate, & Riebel, 2006; song bout lenBtivopean starlingsturnus vulgarisGentner
& Hulse, 2000).

In the current study, we use a series of operant conditioning tasks to examine (1)
chickadeesd preference for dominant or subord
di scriminate songs based on the sirmmgerelates do mi
to performance on the instrumental learning task. First, we use a choice preference task (similar
to Gentner & Hulse, 2000) to examine chickade
songs. Next, we use a gofgo instrumental learning tgsee Sturdy & Weisman, 2006) using a
true category/pseudmtegory paradigm. The objective for the instrumental learning task was to
examine if birds could use a category perceplikenmechanism to discriminate songs based on
t he si nger 0l Followingithe aitiat descrimination, we presented birds with novel
songs recorded in other geographic regions to examine how birds would categorize songs
produced by dominant and subordinate males from other locations and we presented birds with
songsn which we artificially manipulated an acoustic feature (i.e., relative amplitude) that
varies between dominant and subordinate songs (Hahn et al., 2013; Hoeschele et al., 2010). Last,
we were interested i n examini measurediwtheacholre r d 6 s

preference task) related to its performance in the instrumental learning task, by examining
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learning speed (defined as the number of trials to criterion) and performance accuracy (defined
as the discrimination ratio on the final dafydiscrimination training and the first day of
pretesting).

Experiment 1: Choice preference task

Methods

Subjects
Nineteen blacicapped chickagks (ten males and nine femalegye tested between
March and May 2012Sex was determined by DNA analy§@riffit hs, Double, Orr & Dawson,
1998); visual examination of tigonadgpost mortem have revealed that this method of DNA
analysis is accurate (e.g., Hahn, Guillette, Lee, McMillan, Hoang, & Sturdy, Zitdg.were
captured in Edmonton (North SaskatchewaRi ver Val l ey, 53.53eN, 113
Ravine, 53.52¢eN, 113.47eW), or Stony Plain (5
January and March 2012 and were at least one year of age at capture (verified by examining

color and shape of the outeil t&trices; Pyle, 1997).

When not in the experimental apparatus, birds were housed singly in cages (30 cm x 40
cm x 40 cm, Rolf C. Hagen, Inc., Montreal, QB) in colony rooms within the visual and auditory
range of conspecific8irds hadad libitumaccesdo food (Mazuri Small Bird Maintenance Diet;
Mazuri, St Louis, MO), water (vitamin supplemented on alternating days; Prime vitamin
supplement; Hagen, Inc.), grit, and cuttlebone. Birds received daily nutritional supplements,

i ncluding: t hr eedsdailp ong superwordddphobas mariptigee times a
week, and a mixture of eggs and greens (spinach or parsley) twice a week. The colony rooms
were kept on a light:dark cycle that mimicked the natural light cycle for Edmonton, Alberta,
Canada. Birds ere naive to all experimental procedures.
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Apparatus

Birds were individually tested in a souattenuating chamber (117 cm x 120 cm x 200
cm; Industrial Acoustics Company, Bronx, NY). The testing space measured 67 cm x 116 cm X
116 cm. In the chamber, thesere three perches (1.75 cm in diameter and 10 cm in length) each
infrontofaF o st e x F E-fafg8 $pealer (FastexICorp., Japan; frequency response range
80-18,000 Hz). The back wall and each side wall had one spewrkarted to it. Each perch was
located 100 cm from the floor of the testing area. Each perch contained an infrared beam used to
monitor when a bird landed on the perch. A sidgbard computerRalya & Walter, 200and
personal computer controlled which stimuli played and recordgdmess. Stimuli were played
from a CD through &ambridge Azur 640A Integrated Amplifier (Cambridge Audio, London,
England)to the speakers within the chamber. During the testing session, birdd hiatium

access to Mazuri and water located on the ftddhe testing space.

Acoustic stimuli

A total of 160 blackcapped chickadeeebeesongs were used as stimuli in the choice
preference task. Songs were recorded from banded populations etagd chickadees at the
University of Northern BritishCol mb i a, Br i ti sh Col umbia and Que:¢
Station, Ontario (80 songs from each location; see Hahn et al., 2012 for details about the
recordings). The dominance rank of male flockmates were assessed in the field (prior to audio
recordings) i observing numerous interactions at winder feeding stations (see Mennill et al.,
2004; van Oort, Otter, Fort, & Holschuh, 2006 for more information on dominance assessment).
Within a flock, the highestanking male was considered a dominant male, anlbwest
ranking male was considered a subordinate male (i.e., seapkithg male in flocks with two

males; thirdranking male in flocks with three males).
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The field recordings were resampled from 22,050 Hz to 44,100 Hz (SIGNAL 5.10.29
software; Engineerm Design, Berkeley, CA) and bandpass filtered (26@@0 Hz) to remove
background noise (GoldWave v5.58; Gol dWave,
5 ms prior to the song was tapered and amplitude was normalized using SIGNAL. Each stimulus
track on the CD contained two songs produced by the same individual and 1 s of silence
separated the two songs. In total, there were 40 songs (20 stimulus tracks) from each of the
following groups: dominant songs from British Columbia, subordinate sooigsBritish
Columbia, dominant songs from Ontario, and subordinate songs from Ontario. Four songs

produced by a given male were used (i.e., two stimulus tracks each containing two songs).

Procedure

The 160 stimuli songs were divided into two stimulus detsrmined by the geographic
origin of the songs (i.e., British Columbia or Ontario songs). Both stimulus sets contained songs
produced by dominant and subordinate males. During the experiment, dominant songs were
assigned to one perch, subordinate sorgrgassigned to a second perch, while the last perch
had no acoustic stimuli associated with it. During a test session, birds only heard songs from one
of the two geographic locations (for example, dominant and subordinate songs from British
Columbia). Theorder that birds heard songs from each location was counterbalanced. Birds were
tested until they met criteria on one stimulus set (i.e., songs from one geographic location) before
being tested with the other stimulus set (i.e., songs from the secondg@odocation; see
below for criteria). With three perches there are six possible configurations for stimuli
(dominant, subordinate, or silent) to be associated with the perches. We randomly assigned the
perch configuration for the first stimulus setg@eted. During the second test session (i.e., when

a bird was tested with a new geographic location), we changed which perch was associated with
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dominant songs, subordinate songs and silence, so that no perch was associated with the same
category of songofr both geographic stimulus sets (i.e., the dominant, subordinate, and silent

perches varied for the British Columbia and Ontario stimulus sets).

Each chickadee was tested in 2 h sessions (a bird never had more than one session per
day) between 0900 and @® hours. For testing, a bird was transported from the colony room to
the testing room, removed from its home cage, and released into the testing chamber. After the 2
hr testing session ended, the bird was placed back in its home cage and returnealdoythe c

room.

During the experimental session, when a bird landed on an acoustic (i-silembn
perch, breaking the infrared beam, one stimulus track (i.e., two songs) played until completion.
The stimulus track that played was sampled at random witbplacement from the group of
stimuli that were associated with that perch. If a bird remained on the perch after the songs had
finished playing, songs would not play continuously (a bird had to leave the perchland o
it, breaking the infrared bearhefore another stimulus would play). The number of times a bird
landed on each of the three perches and the duration of time spent on perch was recorded by the
computer. A bird was tested in daily sessions until it had spent a total of at least hdar on t
acoustic perches and heard all stimuli at least 5 times, or had completed a maximum of 5
experimental sessions. Once a bird had met these criteria with one stimulus set, it began sessions
with the second stimulus set with a minimum of one day of rdsttimeen testing (mean + SD
number of days between testing with two stimulus set = 3.4 = 0.92). The order that birds heard

the two stimulus sets (British Columbia and Ontario) was randomized across birds.
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Response measures

We recorded the absolute amouhtime spent perched and the absolute number of visits
that each bird made to the three perches. Because the number of sessions required for a bird to
reachcriterion varied, we took the absolute amount of time that each bird spent on each of the
three peches and divided it by the number of tlvour sessions that it completed in order to get
a per session rate for each individual. We calculated a similaegsion rate for the number of
visits made by each individual. We calculated these response nwesspagately for British
Columbia songs and Ontario songs. One bird (a male) was found dead in the colony room (see
Ethical note below) before finishing the experiment, so we could only include data from the
British Columbia song set for this bird. Theesit perch was not working during one of the
sessions for two females on the British Columbia song sets, one female on the Ontario song set,
and one male on the Ontario song set, so these birds could not be included on the analyses

examining all three perels.

In order to quantify acoustic preference we used two dependent measures: (1) proportion
of time on the acoustic perches, and (2) proportion of visits to the acoustic perches. We
calculated a preference score by taking the amount of time spent anthedt song perch and
dividing it by the amount of time spent on the two acoustic perches. We calculated a similar
preference score by dividing the number of visits to the dominant song perch and dividing it by
the number of visits to both acoustic pech® preference score close to 1 indicates a preference
for the dominant song perch, a score near 0.5 indicates no preference, and a score near 0
indicates a preference for the subordinate song perch. We calculated each of these response

measures separtdor British Columbia songs and Ontario songs.
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Statistical analyses

For each stimulus set (i.e., British Columbia songs or Ontario songs), we conducted a
repeated measures ANOVA to examine the amount of time spent on each of the three perches.
We conduatd a similar repeated measures ANOVA to examine the number of visits to each of
the three perches. To examine acoustic preference, we determined if the preference scores for
each sex differed from chance level (i.e., 0.5) with asamaplet test. To corret for non
normality, we also conducted analyses of the acoustic preferences using the arcsine square root
transformed proportions with the formula arcsin(sg)twherex equals the untransformed
proportion. The analysis of the transformed data resukissimilar level of significance in most

instances; we report any differences in the analysis of the untransformed and transformed data.

Ethical note

Studies were conducted with approval from the Animal Care and Use Committee for
Biosciences for the Univsity of Alberta (AUP 108) and all procedures were in accordance with
the Canadian Council on Animal Care (CCAC) Guidelines and Policies and the ABS Guidelines
for the Use of Animals in Research. During experiment 1, birds were in the testing apparatus for
two hours a day, during which they had free access to food and water. Birds were then returned
to their home cage and the colony room. During experiment 2, birds were provided with free
access to water, grit and cuttlebone and given two superwormsRieily.were monitored at
least two times a da@ne bird was found dead in the colony room during experiment 1;a post
mortem conducted by the University of Alberta veterinarian determined that the bird had a tumor
on its lung. One bird was found dead dgrexperiment 2; a poshortem conducted by the
veterinarian suggested that the bird died from a heart defect. In both cases, these deaths were

unrelated to the experimental procedures. All other birds remained healthy during the
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experimental procedureSadlowing experiment 2, birds were returned to the colony room to be
used in future studies. Chickadees were captured under an Environment Canada Canadian
Wildlife Service Scientific permit, Alberta Fish and Wildlife Capture and Research permits, and

City of Edmonton Parks Permit.
Results

Responses to all three perches

We conducted a repeated measures ANOVA with the amount of time on each perch
(dominant, subordinate, silent) as the dependent variable and sex and presentation order (British
Columbia songs hea first or Ontario songs heard first) as between subject factors. For British
Columbia songs, there was a significant main effect of pérghh€ 4.84p= 0. 016. A Tuke
posthoc test revealed that birds spent significantly more time on the sikehtgempared to the
dominant perchg= 0.013) and subordinate pergh=0.049). For Ontario songs, there was a
significant main effect of percliF{,4=4.29p= 0. 026 ) . AwocTestkegeplédghatp o s t
birds spent significantly more time on théest perch compared to the dominant pegh (

0.011). See Figura-1.

We conducted a repeated measures ANOVA with number of visits to each perch
(dominant, subordinate, silent) as the dependent variable and sex and presentation order (British
Columbia sogs heard first or Ontario songs heard first) as between subject factors. For British
Columbia songs, there was no significant difference in the number of visits to the three perches
oranyinteractonsis O mp. £1 0. 26). For Ontario songs, the

in the number of visits to the three perches or any interacfiens (O ps. @3 0. 37) .
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Acoustic preference

Time on acoustic perchedle conducted a orsamplet test to determia if the
preference score for the proportion of time spent on the acoustic perches differed significantly
from chance (i.e., 0.5) for each sex. For the British Columbia songs, the average (+ SE)
preference score for male and female birds (respectivelypwast 0.08 and 0.46 + 0.09, and
neither of these preference scores differed significantly from chance, tgale8:85,p = 0.42,
femalests =-0.47,p = 0.65. However, analysis of the transformed data revealed that female
birds spent significantly mre time on thesubordinatesong percht§ = 2.5,p = 0.04). For the
Ontario songs, the average (+ SE) preference score for male and female birds (respectively) was
0.58 £ 0.08 and 0.42 + 0.10, and neither of these preference scores differed significamtly f
chance, maleds = 0.91,p = 0.39, femaleds = -.08,p = 0.45. However, the analysis of the
transformed data revealed that male birds spent significantly more time on the dominant song

perch {s = 3.99,p = 0.004). See Figurg2.

Visits to acoustiperchesWe conducted a orsamplet test to determine if the
preference score for the proportion of visits to the acoustic perches differed significantly from
chance (i.e., 0.5) for each sex. For the British Columbia songs, the average (+ SE) preference
score for male and female birds (respectively) was 0.40 + 0.09 and 0.48 £ 0.10, and neither of
these preference scores differed significantly from chance, nigtest.11,p = 0.29, femaleds
=-0.23,p = 0.82. For the Ontario songs, the average (xf&ference score for male and female
birds (respectively) was 0.54 + 0.08 and 0.45 + 0.09, and neither of these preference scores
differed significantly from chance, malés= 0.50,p = 0.63, femaless = -0.58,p = 0.58.
However, the analysis of theahsformed data found that male birds visited the dominant song

perch significantly more than expected by chamge 8.56,p = 0.007). See Figuré 3.

64



Experiment 2: Instrumental learning task

Methods

Subjects
The same birds(= 18) used in experiment §erved as subjects in experiment 2. All

housing conditions prior to experiment 2 remained the same.

Apparatus
During experiment 2, birds were individually housed in modified home cages (30 cm x
40 cm x 40 cm) placed inside a ventilated, seattenuatinghamber. Each chamber was
illuminated by a 9 W, full spectrum fluorescent bulb following the natural light cycle for
Edmonton, Alberta. The cage contained three perches, water (vitamin supplemented three times
a week), grit, and cuttlebone. Birds were pded two superworms daily (one in the morning
and one in the afternoon), otherwise food (i.e., Mazuri; provided by a ‘thoven feeder,
Njegovan Hilhorst, Ferguson, & Weismat994)was only available following correct
responding during the taskn opening (11 cm x 16 cmpn the side of the cage, gave the bird
access to the feeder. The position of the bird was monitored by infrared cells in the feeder and
request perch (perch closest to the feeder) and a personal computer connected tb@asahgle
cooputer scheduled trials and recorded a birdo:c
through an amplifier (Cambridge A300 or 640A Integrated Amplifier, Cambridge Audio,
London, England; or NAD310 Integrated Amplifier, NAD Electronics, London, Englarttiaan
full-range speaker located in the sowatitru at i ng chamber (Fostex FE1O0:
Fostex Corp., Japan; frequency response rang8 800 Hz). For a diagram and detailed

description of the experimental apparatus see Sturdy and Weisman (2006).
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Acoustic stimuli

A total of 74 (38 dominant; 36 saldinate)feebeesongs were used as stimuli in the
current experiment. Details regarding the song recordings used in the current experiment
remained the same as in experiment 1. Songs were recorded at the same locations (i.e.,
University of BritishColumb a and Queends University Biologic
produced by some of the same individuals as the stimuli presented during experiment 1;
however, unique song exemplars were used in both experiments (i.e., no stimuli exemplars used
in experimentl were used in experiment 2). In addition, we presented birds with songs recorded
between 28 April and 16 May 2006, 2008 and 2009 during the dawn chorus period at a field
station in the John Prince Research Forest (Fort St. James, British Columbia)v&angs
recorded with an Audidechnica ATB815a, Sennheiser MKH70 or ME67 microphone and a
Marantz PMD430 tape recorder or Marantz PMD671 digital recorder.

During the experiment, stimuli were presented at approximately 75 dB as measured by a
Bruel & Kjeer Type 2239 (Bruel & Kjeer Sound & Vibration Measurement A/S, Neerum,
Denmar k) deci bel meter (A weighting, slow res
head when on the request perch. See below for specific details regarding further stimulus
preparation

Natural Stimuli.Ten dominant and ten subordinate songs recorded at the University of
Northern British Columbia (Prince George, British Columbia) were used as stimuli during
discrimination training and an additional five dominant and three subordimags secorded
from this location were used as natural (unmanipulated) stimuli during testing. There were two
additional test sessions that contained natural stimuli: one test session contained ten dominant

and ten subordinat e s oiverit BiolagicabStatiom (heanKingstoh,e Qu e
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Ontario) and one test session contained ten dominant and ten subordinate songs recorded at the
John Prince Research Forest (Fort St. James, British Columbia). Only one vocalization produced
per individual was ued as a stimulus during discrimination training and the natural song test
sessions. Vocalizations were of high quality (i.e., no audible interference and low background
noise when viewed on a spectrogram with amplitude cutof85ofo O dB relative to sm peak
amplitude). Songs were bandpass filtered (24800 Hz; outside the frequency range of songs)
using GoldWave version 5.58 (GoldWave, Inc). For each stimulus, songs were edited to include
5 ms at the leading and trailing end of the song, whichtheastapered to remove transients, and

amplitude was equalized using SIGNAL 5.10.29 software (Engineering Design).

Manipulated Songs hree dominant and three subordinate songs recorded at the
University of Northern British Columbia were used during malated song tests. For these test
stimuli, we manipulated the relative amplitude between the first and second note of the songs,
because previous bioacoustic analyses have shown that the relative amplitude between the two
song notes varies with dominamatsis in birds from this population (Hahn et al. 2013;

Hoeschele et al. 2010). The relative amplitude is a measurement calculated by dividing the
maximum amplitude of theeenote by the maximum amplitude of tfeenote. We used the

standard deviations [ for the relative amplitude of the two notes within the song for the
dominant and subordinate songs that were measured in the previous bioacoustic analysis to
determine manipulations of the relative amplitude during the test session (the SD for dominant
and subordinate songs was 0.083 and 0.123, respectively). To create the manipulated songs, we
separated the two song notes and increased or decreased the amplitubeeridtes so that the
relative amplitude would decrease (i.e., become a smalley oatiocrease (i.e., become a larger

ratio), respectively. During the test session, each song was presented in five ways: (1) the relative
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amplitude was decreased by 1.5 SD, (2) the relative amplitude was increased by 1.5 SD, (3) the
relative amplitude wasianipulated to be equal, (4) the song was presented unmanipulated, and
(5) sham manipulated: the two notes of the song were edited to separate the notes (similar to the
manipulated songs), and then simply concatenatiout altering the relative amplide, with

all manipulaions the original internote consexl. Songs that were manipulated were not

previously heard by the subjects, but the subjects were presented with other songs exemplars

produced by these same individuals during the natural tesbisessi

Procedure

Pretraining.Once the bird learned how to use the equipment to obtain food, pretraining
began. During pretraining, birds were presented with all songs that would be presented
throughout the experiment. Birds were reinforced for respondialy $timulus exemplars to
ensure a high level of responding to all songs before the start of discrimination training. In order
for a trial to begin, the bird had to land and remain on the request perch fbt@@®ns. Once
the stimulus finished playingf,the bird entered the feeder within 1 s, it was givenakcess to
food and then a 38 intertrial interval (IT1), during which the houselight remained on, but a new
trial could not be initiated. An interrupted trial occurred if the bird left the regueesh before
the stimulus finished playing, which resulted in as3imeout with the houselight turned off. If a
bird stayed on the request perch during the song presentation and the 1 s after the song finished,
a 60s ITI occurred with the houselighhphowever, this ITI ended if the bird left the request
perch. During pretraining, data was collected in blocks containing 294 trials (each stimulus
played three times); the order that the stimuli played during each block was rarsdbeched.

Birds conthued on pretraining until they completed six294 i al bl ocks with O

68



to all stimuli, at least four 298 r i a | bl ocks with O 3% difference
and unrewarded stimuli and at least four-294 i al b | o c feedingwon futbretes®© 6 0 %
stimuli. One bird (a female) was found dead during this phase of the experiment, which resulted

in ann = 17 for the remaining phases of the experiment (see Ethical note above).

Discrimination training.Following pretraining, each to moved onto discrimination
training. The procedure remained the same, but only 10 dominant and 10 subordinate songs were
presented and responding to half of these songs (i.e., unrewarded songs) now resulted in a 30
ITI with the houselight off. Respormtlj to the remaining 10 songs (i.e., rewarded songs) resulted
in 1 s access to food. Discrimination training continued until birds completed threga200
blocks with a discrimination ratio (DR) O 0.7

respamse measures, below, for information regarding the DR calculations.

Black-capped chickadees were randomly assigned to either a true categdr®)(or
pseudo category discrimination group=5). The true category discrimination group contained
two subgoups: six birds discriminated rewarded dominant songs from unrewarded subordinate
songs (dominant song group; three males and three females), and six birds discriminated
rewarded subordinate songs from unrewarded dominant songs (subordinate songmg®up; th
males and three females). The pseudo category discrimination group was also separated into two
subgroups. Each subgroup discriminated five rewarded dominant and five rewarded subordinate
songs from five unrewarded dominant and five unrewarded subtwdioags. The rewarded
songs for one subgroup were the unrewarded songs for the other subgroup, and vice versa. There
were two males and one female in one subgroup and one male and one female in the other

subgroup.
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Pretesting Pretesting was the samedascrimination training, with the exception that
rewarded songs were reinforced with a reduced probabilitygi=e0.85). On trials in which a
song in the rewarded category were not reinforced, a bird received no access to food-end a 30
ITI with the houselight on. The purpose of pretesting was to introduce trials that were neither
rewarded nor punished to prepare birds for test sessions (see below). Birds continued on

pretesting until they completed two consecufi@@trialb | oc ks with a DR O 0.7

Natural test session: University of Northern British ColumBiallowing pretesting, all
birds completed this test session. The rationale for this test session was to examine if birds would
continue to respond to new stimuli basedthe contingencies from discrimination training (i.e.,
would birds in the true category group show generalization). The stimuli and reinforcement
contingencies from pretesting were continued during test sessions; however, additional songs not
heard durig discrimination or pretesting were also presented. These new (i.e., test) stimuli
included five dominant songs and three subordisatgs recorded at the same location as the
songs used during discrimination (i.e., University of Northern British Colymibach test
stimulus was presented once duringp&trial block. Responséds these test songs s resulted in
a 30s ITI with the houselight on, but no access to food. All birds completed at least three blocks
of this test session, followed byone 206& | bl ock of pretesting with

moving onto the next test session.

Natural test sessions: Queends University
Forest.We also presented birds with other natural (i.e., unmanipulated) song shintaliese
songs were recorded at two different | ocation
John Prince Research Forest). In one test session we presented ten dominant and ten subordinate

songs recorded at Qu e e n®starit and n the atherttegt seBsion | o gi ¢
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we presented ten dominant and ten subordinate songs recorded at the John Prince Research

Forest, British Columbia. The order that these two probe sessions were presented was

randomized between subjects. During &éhesst sessions, the stimuli and contingencies from

pretesting remained and each test stimulus was presented once itrial2206ck. Birds

completed a minimum of three blocks, followed by one-200i al bl ock of pretes

0.75 before movingnto the next test session.

Manipulated song test sessidrhe remaining test stimuln& 30) were presented in the
last test session. Similar to the other test sessions, each test stimulus was presented once and the
stimuli from pretesting were presedteen times each. This resulted in a 288l block and birds
completed a minimum of three blocks before completing the experi@eatbird (a male in the
subordinate song group) only completed two bins of the manipulated song test and these were

includd in the analysis.

Response measures

We calculated a percentage response for each stimulus exemplar with the formula:
R+/(N-1) x 10Q in which we divided the number of trials where the bird went to the feeder (R+)
by the total number of trialdNj not including trials in which the bird left the perch before the
entire stimulus played). We calculated a discrimination ratio (DR) during discrimination
training and pretesting by dividing the average percent response to all rewarded stimuli by the
average peent response to all stimuli (i.e., rewarded and unrewarded). Perfect discrimination
(i.e., responses only to rewarded songs) is designated by a DR of 1.0, while a DR of 0.50

represents equal responding to rewarded and unrewarded songs.

We modified the tweailed 95% confidence interval (Cl) using the mesi &nd

standard deviation (SD) of the percentage response to all unrewarded songs on the final day of
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discrimination training with the formula: CIM £1.96 x SD. Using this measure, we determined
how many rewarded songs were well discriminated. If the percentage response to an individual
rewarded song was O 95% CIl, it suggests that

rewarded stimulus from the unrewarded stimuli.

Individual subjects varied ineir response levels to the test stimuli, so we scaled the
proportion of response for each individual subject by taking the highest proportion of response to
a test stimulus within a test session and rescaling it to 1. The proportions of responsé¢o all ot
stimuli within that test session were then rescaled as a ratio of the highest proportion of

responding. We rescaled each test session separately.

Statistical analyses

We conducted an ANOVA on the number of trials to criterion and DRs for the true
cate@ry and pseudo category groups during discrimination training. Birds required a varying
number of trials to complete discrimination training. In order to compare acquisition during
discrimination, we Vincentized the acquisition curves to 14 blocks of(thetaninimum number
of blocks for a bird to reach criterion). To calculate the Vincentized blocks, we took the number
of trial blocks it took an individual bird to reach criterion and divided it by 14. The actual
number of blocks that the bird completedswhen divided into the Vincentized blocks equal to
the wholenumber quotient, while any remaining blocks were placed into the middle two
Vincentized blocks (i.e., thé™and &' Vincentized blocks). For example, if an individual bird
took 32 blocks to r@&ch criterion, each Vincentized block would consist of 2 actual blocks (i.e.,
32/14 = 2 with a remainder of 4), and the remaining blocks (i.e., 4) would be divided between the
7" and &' Vincentized blocks. The middle Vincentized blocks would each have 2 4 actual

blocks grouped into it. The DRs for the trial blocks that were grouped into a Vincentized block
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were averaged (sétahn et al., 2015; Hoeschele, Guillette, & Sturdy, 2012; Kling & Riggs,

1971).

In order to determine if the number of songplars that were responded to during
discrimination training differed among groups, we examined the number of rewarded songs
responded to O 95% Cl. We conducted additiona
the proportion of responding to the tetstngili and conducted corresponding analyses using the
square root transformation (to correct for amrmality) on the proportion of responses. In most
instances, analysis of transformed and untransformed data produced the same pattern of results
and levet of significance, so only the untransformed data is reported. In cases where there was a
difference between the analysis of transformed and untransformed data, we indicate the

differences in the sections below. All statistics were conducted in Stati$q&tatSoft, Inc).
Results

Comparison of true and pseudo category discriminations

Trials to criterion. The average number of 2@@al blocks required for birds in each
discrimination group to complete discrimination training was: 42 and 25.67 for amales
females (respectively) in the dominant song group, 25.67 and 31 for males and females
(respectively) in the subordinate song group, and 46 and 22.5 for males and females
(respectively) in the pseudo category group. To determine whether males and fartiaewo
true category discrimination groups (dominant song group and subordinate song group) differed
in their speed of acquisition, we conducted a sex x group (dominant song, subordinate song)
ANOVA on the number of 20@rial blocks required to comgle discrimination training. There

were no significant main effects or interactiohs ( O ®. ®6 0. 16), revealing
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rewarded for responding to dominant songs learned the discrimination as quickly as birds

rewarded for responding to subordinate songs.

To determine whether males and females in the two pseudo category groenes aiiff
their speed of acquisition, we conducted a main effects ANOVA with sex and group (pseudo
group 1, pseudo group 2) as categorical predictors and the numbertob2Bmcks to
complete discrimination training as the dependent variable. Thera sigsificant main effect
of sex F12,=70.90,p = 0.014) with females requiring fewer trials to complete discrimination
training. There was no main effect of grotj £= 0.02,p = 0.89), so we combined the two

pseudo groups in the remaining analyses.

In order to compare the speed of acquisition of birds in the true and pseudo category
groups, we conducted a sex x group (dominant song, subordinate song, pseudo) ANOVA on the
number of 20@rial blocks to complete discrimination training. There was a refi@tt of sex
(F2,11=4.98,p = 0.0474), but no other main effects or interactions. Overall, females learned the
discrimination in fewer trials compared to males (average + SE for males = 37.89 + 4.57;

females = 26.88 £ 2.98). See FigGrd.

AcquisitionperformanceWe compared task acquisition across Vincentized blocks using
a repeated measures ANOVA with sex and group (dominant song, subordinate song, pseudo) as
categorical predictors and the DR calculated for each Vincentized bldek és dependent
variables. There was a significant main effect for Vincentized tHegks3= 73.52,p < 0.001.
The DRs increased across Vincentized blocks increased. There was also a significant main effect
of groupF;, 11=4.41p= 0. 039. A Tuk ethedgeouppnais dffectrevealedtas t f o
the DRs were significantly different between the dominant song group and the subordinate song

group p = 0.034), with the subordinate song group having overall higher DRs. See Fgure
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Final day performancé/Ne condicted a sex x group (dominant song, subordinate song,
pseudo) ANOVA on the DR on the final day of discrimination training. There were no
significant differencesfis O 1psl11Q 0al3l7) suggesting that by t

training all birds had reached a similar level of performance.

Number of rewarded songs respolodetednine o O 95
how many of the rewarded stimuliene weltdiscriminated, we examined how many rewarded
songs were responded to O 95% ClI during the f

conducted a sex x group (dominant song, subordinate song, pseudo) ANOVA to determine if the

true categoryandpseesd cat egory groups differed in the nu
95% CI. There were no significant main effects or interactibss, O @. ®7 0. 58. Out o
rewarded stimuli, the means N SE for the numb

dominant song group, 7.67 = 2.33and 10 + O, for male and female subjects, respectively;
subordinate song group, 8 + 1.0 and 7.3 3+ 2.67, for male and female subjects respectively; and

pseudo category group, 9.67 + 0.33and 9 = 1.0, for male and female subggstively.

Test sessions

Natural songs: University of Northern British Columbia, British Columblowing
pretesting, birds in the true category and pseudo category discrimination conditions were
presented with dominant and subordinate songs rawtlftRiring acquisition. We conducted a
sex x group (dominant song, subordinate song, pseudo) x stimulus type (dominant song,
subordinate song) ANOVA on the scaled proportion of response. There were no significant main

effects or interactionss O ®. @0 0. 11 .36.See Figur e

Natural songs: Queends UniWeeonductedaseBk ol ogi ¢

group (dominant song, subordinate song) x stimulus type (dominant song, subordinate song) on
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the scaled proportion of response to thiegs recorded in Ontario. There was a significant

stimulus type x group interactidh g= 93.73,p < 0.001. To examine the interaction, we
conducted a Tukeyods post hoc analysis. Birds
more to dominant s@s (X = 0.48) compared to subordinate songs (0.34),p = 0.0006. Birds

in the subordinate song group responded significantly more to subordinate)Xsen@$6)

compared to dominant songs £ 0.53),p = 0.001. See Figurg7.

Natural songs: John Prite Research Forest, British Columbi&le conducted a sex x
group (dominant song, subordinate song) x stimulus type (dominant song, subordinate song) on
the scaled proportion of response to the songs recorded at John Prince Research Forest, British

Columbia There were no significant main effects or interactibms O pt. 7 0. 058 .

Manipulated songde conduct ed pl annepO clo.np5a)r i csno ntsh g
average proportion of response to the rewarded discrimination songs presented during the
manipulated song tests (reinforced 85% of the time) compare@tage/proportion of response
to each of the ten manipulated song types (i.e., dominant songs and subordinate songs with:
relative amplitude increased, relative amplitude decreased, equal relative amplitude, cut songs,
natural songs) We also conducted pmmth compar i spcOn 0 . (0BUyk eoyndé ¢ ,he ave
proportion of response to the unrewarded discrimination songs presented during the manipulated
song tests compared to average proportion to each of the ten manipulated song types. Because
the training andhe test songs were presented a different number of times during each bins (i.e.,
test songs are each presented once during a bin, while training songs were each presented ten
times), we scaled the training songs separately from the test stimuli. We contgare
manipulated songs to the discrimination songs because the results from the test session with

songs from the University of Northern British Columbia suggest that the discrimination may not

76



generalize to novel songs, and we wanted to examine how tesgda unmanipulated and

manipulated song exemplars would compare to the responding to the training songs.

For birds in the dominant song group, birds responded significantly more to the rewarded
discrimination songs compared to all manipulated songstfgdtls O 4 ps50Q 0al0l02) . B
in the dominant song group responded significantly less to unrewarded discrimination songs
compared to dominant songs cut(2.84,p = 0.019), dominant songs with the relative
amplitude increased € 2.30,p = 0.047), sbordinate songs cut £ 2.66,p = 0.026), natural
subordinate songs$ £ 3.45,p = 0.007), and subordinate songs with equal relative amplitude (

2.38,p = 0.041) When the same analysis was conducted with the arcsine transformed data, the
comparison beteen unrewarded discrimination songs and dominant songs with the relative

amplitude increased was no longer significant 2.21,p = 0.054)

For birds in the subordinate song group, bird responded significantly more to the
rewarded discrimination songerapared to all manipulated song typest@ll O 2 ps55Q al |
0.029).Analysis of the arcsine transformed data revealed that digldsot respond significantly
differently between subordinate songs with the relative amplitude increased and the rewarded
discrimination songs (t = 2.22, p = 0.05B)rds in the subordinate song group responded
significantly less to unrewarded discrimination songs compared to subordinate songs with
relative amplitude decreased=(2.84,p = 0.018), subordinate song with ri?d@ amplitude
increasedt(= 3.04,p = 0.012), subordinate songs cut(3.09,p = 0.012), and subordinate songs
with equal relative amplitude € 3.03,p = 0.013). When the same analysis was conducted with
the arcsine transformed data, the comparibetseen unrewarded discrimination songs and
subordinate songs with relative amplitude decreased 81,p = 0.11) was no longer

significant. See Figurg-8.
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Relationship between acoustic preference and performance on the instrumental learning

task

Tode ermine if a birddéds underlying preferenc
measured by the choice preference task (exper
performance during the instrumental learning task (experiment 2), we conducted multiple
regression analyses. We conducted two multiple regression analyses to predict our two measures
of preference strength: (1) proportion of time on the acoustic perches, and (2) proportion of visits
to the acoustic perches. For these analyses, we used theepeefstrength for the British
Columbia stimulus set, because the songs used during discrimination training in experiment 2
were from this location. For the dependent variables, we used the proportion of time or the
proportion of visits to the acousticrngl associated with the rewarded song category during the
instrumental learning task; therefore, we only included birds in the true category groups in this
analysis. By examining the data in the way, we could determine if the preference strength for a
paricular category of songs could be predicted by learning speed or performance accuracy when
that category of songs was reinforaeith food during the instrumental learning task. We
included sex as an independent variable, along with the following leatomngs from the
instrumental learning task: one measure of learning speed (the numbefto&RBDs to
complete discrimination training) and two measures of performance accuracy (the DR during the
final bin of discrimination training and the DR duritigg first bin during pretesting). Previous
studies have used the number of trials to criterion as a measure of learning speed and DRs as a

measure of performance accuracy (e.g., Guillette et al. 2015).
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Results

A multiple regression analysis was conducte@riedict preference strength as measured
by the proportion of time spent on each acoustic perch, using the measures of learning speed and
performance accuracy as independent variables. The regression equation was sigrfiicant, R
0.80, adjusted &= 0.69 F4 7= 7.20,p = 0.013. TheDR during the first bin of pretesting was the
only variable that signifi-0&)pt0.002).Birdetdatlad ed t h
stronger preference ratit@wards the song category that was rewarded during acquigiggn

closer to 1had lower DRs during the first bin of pretesting. See Figt9e

We also conducted a multiple regression analysis to predict preference strength as
measured by the proportion of visits to each acoustic perch. We used the same measures of
learning speed ahperformance accuracy as our independent variables as the analyses described
above. The overall regression equation was not significant,0354, adjusted = 0.27,F, 7=

2.04,p=0.19.
Discussion

In the current study, we report the results from tiffierent operant conditioning tasks
examining chickadeesd responses to conspecifi
first task was a choice preference task that allowed us to examine activesesbydirds (i.e.,
selection of songs) imé absence of food reinforcement. The second task was an instrumental
learning task, during which birds were differentially reinforced with food for responding to
certain songs. We also examined the relationship between individual variation in performance
during the instrumental learning task and individual variation in acoustic preference. Overall, our
results suggest sex differences in acoustic preference and learning speed, with females learning

to discriminate among songs faster than males. We alsd thahperformance accuracy varied
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depending on which category of songs was rewarded (i.e., when subordinate songs were
rewarded birds achieved higher DRs) and we fo

correlates with its performance accuracyiagithe instrumental learning task.

Experiment 1: Choice preference task

In the current study, we tested chickadees with songs that were recorded from other
geographic locations (i.e., chickadees originating in Alberta were tested with songs recorded in
British Columbia and Ontario). There are discriminable geographic differences in the songs
(Hahn et al ., submitted), and there are al so
rank that vary with geographic location (Hahn et al., 20W8)ng a pasive playback
experimental design (i.e., birds are presented with different playback stimuli but do not actively
choose what they hear) Hoeschele et al. (2010) found that female chickadees (originating from
the same locations as the birds tested in thetustudy and tested with songs from one of the
two locations used in the current study, i.e, the University of Northern British Columbia)
vocalized more when presented with dominant male songs compared to subordinate male songs.
The rationale for using choice preference task in the current study is that the birds actively
select which songs to listen to as opposed to measuring responses to song ptdsatiele et
al. (2010)found that femalesesponded differentially to songs produced by dominadt a
subordinate males; in the current study, we found that ferpedésrentially listened to
subordinatenale songs from British Columbia greater than would be expected by chance.
However, when tested with songs from Ontario, the responses by femaldssdigjett differ
from chance. For male subjects, we found differing results, with male birds demonstrating no
preference for dominant or subordinate British Columbia songs, but demonstrating a preference

for dominant songs produced by birds from Ontario.

80



These results suggest that acoustic preference for dominant or subordinate songs varies
with geographic location of the singer and the sex of the receiver. Dominance hierarchies form
within a population of birds and acoustic variation exists in the guogliced by males from
different geographic regions (Hahn et al., 2013), different habitat types (Grava, Grava, & Otter,
2012), and different habitat elevations (Branch & Pravosudov, 2015). Acoustic differences in
songs are also evident when comparing mafesimilar socially dominant status; for example,
Grava, Grava, & Otter (2013) found that songs produced by socially dominant males are

perceived differently depending on the habdgorigin of the singer and the song receiver.

Further investigation iszquired to understand how acoustic variation in songs relates to
dominance rank in the population of chickadees from which our subjects came (i.e., central
Alberta) and this may provide an explanation as to why we see different acoustic preferences
depedl i Nng on the singero6s |l ocation. For exampl e,
preference fosubordinatesongs from British Columbia becaub®se songs weracoustically
similar to local Alberta songé mountain chickadee®¢ecile gambe)j some females show a
preference for males from their same habitat elevation, supporting the idea that females have a

preference for locally adapted males (Branch, Kozlovsky, & Pravosudov, 2015).

Experiment 2: Instrumental learning task

While choice preferare tasks can examine what birds actively choose to listen to and
may be an indicator of female mate choice (Holveck & Riebel, 2007), categorization tasks can be
used to examine acoustic mechanisms that birds may employ when discriminating between
signals €.9., Bloomfield, Farrell, & Sturdy 2008a; Hahn et al., 2015). In experiment 2, we used a
true category/pseudo category discrimination task to examine if birds treated dominant and

subordinate songs as opended categories.

81



Group differencegOne indicaibn that animals are using opended categorization is to
compare the number of trials required to complete discrimination training for birds in a true
category group compared to birds in a pseudo category group, with birds in the former group
completingthe discrimination faster if in fact they are perceiving stimuli as -@neled
categories. However, this predicted difference in learning speed assumes that there is a benefit
(in terms of how long it takes to learn the task) for a bings® operended ategorization. In the
current study, we found no difference in the number of trials to complete discrimination training
for birds in the true category group compared to birds in a pseudo category group. It is possible
that the acoustically simple structufthe songs restin all birds (regardless of group
assignment) to perform similarly. In other words, regardless of whether birds are using
categorization or rote memorization, both mechanisms are equally efficient in terms of how long
it takes to learhe task (e.g., Hahn et al., 2015). Similar to this, it is possible that all birds were
using rote memorization which would also result in no difference in how many trials to reach

criterion between the groups.

While it is possible that using more songmplars during discrimination training would
allow us to tease apart the use of categorization versus rote memorization during discrimination
training, previous studies using more song exemplars (i.e., 30 rewarded and 30 unrewarded
songs in Hahn et al.025), found no difference in trials to criterion for chickadees
discriminatingfeebeesongs. However, a similar task using fewkick-a-deecall stimuli during
discrimination (i.e., 20 rewarded and 20 unrewarded calls in Bloomfield, Farrell, & Sturdy,
2008b) found a significant difference in the number of trials to reach criterion between true
category and pseudo category groups. Considering this previous work with chickadees, it seems

likely that the salience of the stimuli (i.e., a sexuakyected sigal with simple acoustic
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structure) is influencing the responding during the task, rather than the number of exemplars

used.

In line with the notion that the biological salience of tigmal was influencing
responseswve found that during discriminatioratning, birds rewarded for subordinate songs
had higher DRs compared to birds rewarded for dominant songs. This indicates that birds in the
subordinate song group were preforming more accurately across trials (i.e., responding to
proportionally more of ta rewarded songs compared to the unrewarded songs) compared to
birds in the dominant song group. However, by the final day of discrimination, there was no
difference in the DRs for birds in the dominant song and subordinate song groups, indicating that
by the final day of training, all birds were preforming similarly. One aspect that requires further
examination is uncovering why one category of songs (i.e., subordinate songs) led to greater
performance accuracy compared to the other category (i.e., ddrears), when the only
difference between the two discriminations were which songs were rewarded. Previous studies
examining the categorization of calls by chickadees found a similar result, with chickadees
requiring more trials to reach criterion whendrespecific calls were the rewarded stimulus
class and conspecific calls were the unrewarded stimulus class (Bloomfield et al., 2008b) or
chickadees continuing to respond to conspecific calls even when they belong to the unrewarded
category (Bloomfield, @irdy, Phillmore, & Weisman, 2003). However, in the current study,

both categories of songs were produced by conspecific males.

One explanation for the lower performance accuracy by birds in the dominant song group
is the biological relevance of the signa this task, we required birds to fly to the feeder
following a certain category of songs to obtain food; however, in the wild, dominant males have

preferential access to a food source and will chase away or supplant lower ranking males at these
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food ources (Smith, 1991). It is possible that birds may have had more difficulty going to a food
source following a signal that typically indicatthat a bird riskbeing chased away from food,

thus leading a bird to not enter the feeder as often followingrdmt songs. In line with this, we
also found that males in the dominant song group required more trials to reach training criterion
than males in the subordinate song group. In a similar gggrdiscrimination task, Bloomfield

et al. (2003) found thathickadees had more difficulty inhibiting their response (i.e., not flying

to the feeder) following conspecifahick-a-deecalls, a signal that is used in the wild to indicate

a food source (Ficken, 1981).

Sex differenced\lthough there was no differenaethe responding between the true
category and pseudo category groups, we did find that females in the pseudo category group
reached criterion faster compared to males. We also found that overall females reached criterion
faster compared to males; howewvhis difference appears to be mostly driven by males in the
dominant song group and pseudo category group (see B@)ré&so/nego discrimination tasks
usingchicka-deecalls as stimuli have reported no difference in respewhen comparing male
andfemale subjects (e.g., Bloomfield et al., 2008a; Charrier, Lee, Bloomfield, & Sturdy, 2005;
Guillette, Redden, Hurd, & Sturdy, 2009). However, gegoaiscrimination tasks usirigebee
songs as stimuli (like in the current study) have found differencesponding by male and
female subjects (e.g., female chickadees discriminate more accurately compared to males by
responding to more rewarded songs, Hahn et al., 2015, and attaining higher DRs; Hoeschele et

al., 2012).

Songs are signals used in intexs& and intrasexual communication; in species in which
the same song types function in both types of communication, there may be differing levels of

costs or benefits associated with responding to certain songs that vary with the sex of the
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receiver. Foexample, male songs are a signal for intersexual attraction and females may choose
high-quality mates in order to gain direct (e.g., better nesting territory; more parental care) or
indirect (e.g., better genetic fitness for young) benefits. For femassgwith a male that is
lessthanrideal is a costly mistake (e.g., she may not gain direct or indirect benefits). In
comparison, male songs are also used for intrasexual competition, but if a male makes a
territorial response to another male who wasantbireat, the costs are relatively low (e.g.,

wasted time or energy responding to a-neal; Ratcliffe & Otter, 1996). If the costs associated

with mistakenly responding to a song are higher for females, females should be more expert
discriminators. Theesults from the current study support this idea; females may have
discriminated faster because they are more expert at distinguishing between male signals that

vary with male quality or dominance rank.

Acoustic mechanismanother indication that animaége using opeended
categorization is examining how birds respond to novel song exemplars; if birds continue to
respond to novel song exemplars based on the contingencies from training, it is a strong indicator

that birds were using opeanded categoritian.

Birds did not demonstrate generalization during transfer; however, the lack of
generalization may have been due to the small number of transfer stimuli (i.e., five dominant
songs and three subordinate songs). In general, chickadees responddestdonys presented
in generalization (Bloomfield et al., 2008a, Hahn et al., 2015); in the current study, even if the
birds were discriminating acoustic variation in songs this responding may not generalize without
a larger sample of novel song exempl&tewever, when presented with songs from Ontario,
birds in both true category groups continued to respond based on the contingencies during

discrimination training (see FiguB7). This result suggests that there is an acoustic cue within
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the songs thdiirds were attending to that is similar among males of the same dominance rank

across the two geographic locations. This finding supports the use of categorization, because
birds continued to respond to thestess. novel son
However, moravork is needed to determine the specific acoustic feature(s) that birds used

during the discrimination. Dominant@sed categorization was not evident when birds were

tested on songs from John Prince Research Forest, suggesting tstt aomilarity within the

songs produced by males of similar rank may only persist across some geographic locations.

Previous bioacoustic analyses and playback studies suggest that the relative amplitude
varies between dominant and subordinate male samdjsaing that this acoustic featuneay be
used when distinguishing a maleds dominance r
the current study, we tested this feature as a possible acoustic mechanism by manipulating this
song feature illominant and subordinate songs. Overall, birds responded significantly less to all
manipulated test songs compared to the rewarded training songs, suggesting that the rewarded
songs from discrimination training achieved a high degree of stimulus conéralovt he bi r ds o
responding. Two results from the manipulated test session are worth noting: (1) Birds in the
dominant song group responded significantly more to dominant songs with increased relative
amplitude (compared to the unrewarded training songsle Wiere was no difference in the
proportion of response by birds in this group for songs with a decreased relative amplitude. (2)
Birds in the subordinate song group responded significantly more to subordinate songs with
decreased relative amplitude (caangd to the unrewarded training songs); however, birds in this
group also responded significantly more to subordinate songs with increased relative amplitude,
suggesting that birds were responding to other acoustic features, either in combination with

relaive amplitude or instead of relative amplitude. Birds generalized their responding to songs
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from Ontario, but did not respond to songs with a manipulated relative amplitude in a way that
would be predicted based solely on variations in relative amplietteeen dominant and
subordinate songs. These results suggest that birds were using other acoustic features within the

songwhen discriminating.

Relationship between choice preference and instrumental learning

An individual 6s trpiésecamcenfsuemcas aaolis|
Gentner & Hulse, 2000) and early experience (e.g., Riebel, 2000; Farrell, Neuert, Cui; & Mac
DougallShackleton, 2015) and acoustic preference remains consistent across different tests (e.g.,
Holveck & Riebel, 2007Riebel, 2000). Acoustic preference can also be related to the
perceiveros quality. Hol v euakyfanalezeliRa fieches | (2010
preferred lowquality males, and when both members of a mated pair were of similar quality
(i.e., the nale and female were both lequality or both highguality) the latency until the first
egg was laid was shorter compared to mated pairs that were of differing quality. This suggests
that there are fitness benefits to finding a mate of similar qualityhwirwld lead to individual

variation in mate preference.

In blackcapped chickadees, individual variation in exploration style correlates with
learning speed and performance accuracy in an instrumental discrimination task (Guillette, Hahn,
Hoeschele, Prajupski, & Sturdy, 2015; Guillette, Reddon, Hoeschele, & Sturdy, 2011,

Guillette, et al., 2009). In the current study, we found that a measure of performance accuracy,
specifically, the DR during the first bin of pretesting, was a significant prediceorob i r d 6 s
preference strength during the choice preference task. Pretesting is the first stage in which the

reinforcement probability of the rewarded songs is reduced. The current study provides evidence

that a birdds pr ef er omgsweas iaversely relgtedho it penfformance at e g
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accuracy once this change in reinforcement probability was introduced. This suggests that for
birds that were being food reinforced for songs that they peefewhen the preferred songs
werepresented with bbwer probability of reinforcement (i.e., rewarded songs are reinforced on
85% of trials), they start responding with more variability (i.e., start responding to rewarded and
unrewarded songs at a proportionally similar level). Variability in respondiciy ®after

extinction is implemented (Neuringer, 2002) and when the probability of reward decreases
(Gharib, Gade, & Roberts, 2004). In the current design, when the probability of reinforcement is
decreased, the 15% of rewarded song trials that do ndittireseward are presented under
extinction (i.e., the response is made but no reinforcement is provided). Once these extinction
trials are experienced, birds may start responding more variably by responding to all songs;

however, this effect of variabifit i n responding depends on the

rewarded song category. This suggest that a

can impact its performance during an instrumental learning task, especially when the stimuli
used during the instrumental learning task are biological salient vocalizations, such as

conspecific songs.

In other Parids, exploration style correlates with dominance status measured in captive
individuals (mountain chickadees, Fox, Ladage, Roth, & Puadav, 2009; great titB,arus
major, Verbeek, Boon, & Drent, 1996; Verbeek, de Goede, Drent, & Wiepkema, 1999) and wild
populations (great titf)ingemanse & de Goede, 2004). Taken together, previous studies
examining individual differences in dominandatss, acoustic preference, learning speed and
performance accuracy suggest that there may be a complex relationship between all of these
measures that may affect different cognitive aspects of the individual, including how they

respond during operant taskimilar to the tasks used in the current stidg.did not know the
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relative dominance rank of each subject; howe
have influenced their acoustic preference and their performance during the instrumenia learn

task. For example, a lovanking male tested with songs produced by agtking and low

ranking males (similar to the current study) may preform differently compared to-sahighg

male tested with the same stimuli. The possible effects of indivcharacteristics should be

considered in future tasks examining the perception of biologically relevant signals.

Conclusions

In the current study, we used two operant conditioning tasks to examine acoustic
preference, ability to discriminate, and disdnation mechanisms of conspecific songs that
varied with male dominance rank. Our results from the acoustic preference task suggest that
preference for dominant or subordinate songs
and varies depending dine sex of the receiver. Results from the test sessions during the
instrumental learning task suggest that songs may belong teeopled categories based on
dominance rank; however, results from discrimination training did not demonstrate a benefit of
usng openended categorization over rote memorization, possibly due to the salience of the
signal. I n examining the relationship between
preference correlates with its performance accuracy when the reinfotqenoleability is
decreased. Given the increasing number of studies reporting individual differences in various
cognitive processes, including, acoustic preferences, learning speed, and performance accuracy,
the results of the current study suggest thatetetionship between all three of these measures

need careful consideration in future work.
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Figure 3-3. Preference ratios for (a) British Columbia serend (b) Ontario songs. Preference
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Chapter 4 Black-capped chickadees categorize songs based on geographic information
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Introduction

Manyani mal s®& vocal si gimcladinganurans (Prohd, Blag@gm,a p hi c a

Karsch, &Hobel 2007; Ryan& Wilczynski, 1991), birds (Bake& Cunningham, 1985; Wright,

1996), and mammals (Mitani, Hunley, & Murdoch, 1999; Campbell, Pasch, Pino, Crino, Phillips,
& Phelps, 2010; Kershenbaum, llany, Blaustein, & Gef#1,2).For songbirds, th@atternof
geographic variatiodiffers acrosspecies (for review see Catchp&leSlater 2008 Podos&

Warren 2007). For example, in sonmgpecies, neighboring malskare song types, but song
typesvary across different populations of ral(e.g., whiterowned sparrowZonotrichia
leuophrysMarler & Tamura 1962). Because male song in passerines is a sexual signal, used for
territory defense and mate attraction, the ability to discriminate among vocalizations on the basis
of geographic ariation would be advantageous if, for example, local adaptations exist (Kawecki

& Ebert 2004) that make it beneficial for females to preferentially mate with local males.

When variations in vocal signals exist, anintaiy benefit by the abilitio detet the
acoustic differences in vocalizations. In fact, the results of playback studies suggest that birds
can perceive geographic variation in acoustic signals. Males have stronger behavioural responses
(e.g., approach and singing) to local songs comparedngs produced by males from more
distant populations (e.g., whitsowned sparrow, Milliga& Verner, 1971; corn bunting,
Emeriza calandraMcGregor1 9 8 3 ; Dar wi n 0 GeogpizaosppiRakcliffe& Granh e s |,
1985; song sparrow, Searcy, NowickiHughes,1997).Females, too, exhibit preferences for
male songs based on geographic information (elgte-crowed sparrow, Baker, Spitirabors,
& Bradley, 1981; rufouscollared sparrowZonotrichia capensid)anner et a).2011).In order

for songbids to respond differently to different vocal signals, there must be perceptible acoustic
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variation within the vocalizations being compared. If there are perceptual differencesyehere a

several mechanissithe birds could employ to discriminate the voedions.

One mechanism that birds could use when discriminating among vocalizations is
category perception. Using thisechanismbirds would respond similarly to vocalizations that
belong to the same perceptual catggbicoustic dscrimination via a cateyy perceptual
mechanism has been demonstrated in songbirds (e.g., European s@lingss vulgaris
Braaten2000; Gentne& Hulsg 1998; zebra finche§,aeniopygia guttataSturdy, Phillmore,
Price, & Weisman1999; blackcapped chickadeeBpecile aricapillus, Bloomfield& Sturdy,
2008; Hahn et gl2019. Another mechanism that animaiguld usevhen discriminating among
vocalizations igote memorizabn. In order to discriminate sounds using rote memorization, an
animalwould need to have expeniee with, and memorize the spécifcoustic features of the
soundthat is teberemembereddowever, by ging perceptual categories, an individual could
distinguish betweea local omonlocal animalwithout memorizingall song typs produced by
local anmals Fieldbasedlayback studies provide evidence that birds recognize individual
neighborausing cues from song and locati@ng.,Falls& Brooks 1975) and perceive different

song typessproduced by the same individualg.,Searcy, Nowicki, & Hubes,1995).

Operant conditioning techniques are useful for studying category perception, because
animals in the laboratorgan be traned to discriminate among soundsd subseantly
presented with novel sounds to test for generalizatibiere the pagtrn ofresponse¢o nove
soundscan be used as evidence for category perception. Through a process-ehdgen
classification (see Herrnstein, 1990), animals can leaategarizatiofir ul ed ( based

common features of signals that belong to thiegmry) which would also allow animals to
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quickly classify new signals. In contrast, animals relying on rote memorization are not able to

learn a general categorization rule when discriminating among signals.

In contrast to the geographic variation thabisnd in the songs produced by other
songbird species (e.g., swamp sparrivlelospiza georgianadylarler & Pickert 1984 song
sparrowsM. melodia Searcy, Nowicki, & Peter2003), blackcapped chickadefeebeesongs
are consideretb show remarkably like variationacross localitied-eebeesongs are a twaote
vocalization, with the first note (i.€g€ sung at a higher frequentlyanthe second note (i.e.,
beg, and this frequency relationship between the two notes remains relatively consistesnt acr
song bouts (Har, Leonard, Ratcliffe, Shackleton, & Weisman, 1992; Weisman, Ratcliffe,
Johnsrude, & Hurly1990).Feebeesongs contain acoustic features indicating individdmtity
(Christie, Mennill, & Ratcliffe, 2004a; Hahn, Krysler, & Sturd@@13b)andfield (Wilson &
Mennill, 2010)and laboratory (Phillmore, Sturdy, Turyk, & Weismaap2) studies have
demonstrated that chickadees can discriminate among individuals based on the/lgomggh
theblackc apped chi ckad e e sniostofNorth Ameeca (Smifd€94), lilee r 0 s s
geographic variation has been described in this &ltigough, wariation has been found in
geographicallyisolated populations afhickadees, where some animals produngsual songs;
see Gammo#& Baker, 2004;Kroodsma et al. 1999).dgently,we describedubtle variation
within feebeesongs produced by bladapped chickadees from differgupulations (Hahn et
al. 2013a)hirds from northern British Columbia producgohgs that werlongerin total
durationcompared to birds from eastern Ontario. In addition, the acoustidlatesre
associated withema |l e6s domi nance r ank v a.e waritientimleeen t he

consistency of the interval ratio in songs from OnteaCiaristie, Mennill, & Récliffe, 2004b;
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variation in the consistency of the relative amplitude in songs from British ColuHddia, et al.

2013%; Hoeschele et al. 2010).

In the current study, we used an operant ggmdask tcaddress two questions: (1) Do
blackcapped chickadss perceive acoustic differences and categorize songs based on geographic
locatior?? (2) If so, what arehe acoustic mechanism(s) that chickadeegaiperform this
discrimination?To compar e ¢ hi ¢k ad-emted&ategdrization iersudgad U S i n g
memorization, we employed a true category/pseudo category pargsigihar to Bloomfield,

Farrell, & Sturdy2008; Hahnetal. 2015) Wi t hi n this task, birds wel
categoryo or fApseudo cat egor goategorygroupi mi nat i on
discriminated between songs recorded in two separate geographic locations (i.e., British

Columbia or Ontario). If songs produced by birds within each geographic region are perceptually
similar to one another, birds could learn a genettaigoay rule (e.g., respond to any song from

British Columbia) and use this category rule when making a response. Birds in the pseudo

category group discriminated between the same songs as the true category group, but the songs
were assignedotrda ersamddm fod &aitee words, response
Columbia and half of the Ontario songs were reinforced, while the other half were non

reinforced. Therefore birds in the pseudo category group could not use a category rule when
responding, antad to rely on rote memorization to remember each reinforced and non

reinforced song. Following discrimination training, we presented all birds with novel songs from

each location. If birds in the true category group continued to respond to novel seedi®iba

the initial training contingencies (i.e., based on geographic location), this would be further

evidence that birds were using opamded categorization. In contrast, we expected birds in the

pseudo category discrimination group to respondditiarentially to the novel songs because
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birds in this group will not have learned to respond based on a category rule during

discrimination.

In Experiments 2 and 3, we presented birds with songs that we experimentally
manipulated to understand the specifiowstic mechanisms that birds used when performing
these discriminations. Specifically, we wanted to examine whether birds used the overall song
duration (i.e., the acoustic feature tehbws the most variatidretween these populations; Hahn
et al. 2013) as a cue when discriminating/e also examined if birds used acoustic features
within either the first (i.e fe€ or second (i.eheg note to discriminate between British
Columbia and Ontario songs, by presenting birds in the true category grougsngththat we
edited to include one note from each of the two locations, or single feresly orbeeonly)
presented bthemselves. Blackapped chickadees occasionally produce sifegiaotes, but
rarely producédeenotes by themselves. However, tegting both singléeenotes and singlbee
notes, we could examine whether birds are attending to one of the two notes more than the other
when discriminating. For example, birds may use information withifetigote when
discriminating because this teocontains acoustic features that they hear when a song is first
initiated. In contrast, birds may use information with lteenote when discriminating because
information within this note is more recent in memdrigese manipulations of acoustic feature
and structure allowed us to examine if birds used certain features within the song to discriminate

between the geographic locations.

Experiment 1

Methods
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Subjects

Eleven blackcapped chickadees (six males and five females, identifi&@N#y analysis;
Griffiths, Double, Orr, & Dawsor998) were captured in Edmonton (North Saskatchewan
River Vall ey, 53.53eN, 113.53eW; Mi | | Creek R
(53. 46¢eN, 114. 01eW), Al berta, Canada. At ti me
year of age by plumag(Pyle 1997). Four birds (two males, tviemales) had previous operant
experience discriminatinchick-a-deecalls or synthetic tones (GuilleitReddon, Hoeschele, &
Sturdy, 2011; Hoeschele, Weisman, Guillette, Hahn, & Sti@@y3); eight birds (threemales:
one in each of three discrimination groups; five males: one in each of two true category
discrimination groups and three males in the pseudo category discrimination group; see
ADiIi scrimination trainingo bel pewendediscringnatogup des
feebeesongs; howevenone of the birds had experieneih the particular songs used as

stimuli for the current experiment.

Before the experiment, birds were housed in individual cages (30 x 40 x 40 cm, Rolf C.
Hagen, Inc., Mongal, QB, Canada) with visual and auditory contact with conspecifics. Birds
were kept under the natural light cycle for Edmonton, Alberta. Birdsiidithitumaccess to
food (Mazuri Small Bird Maintenance Diet; Mazuri, St Louis, MO, USA), water (vitamin
supplementedhree days a weelrime vitamin supplement; Hagen, Inc.), grit, andlebbne.
Birds were provided the following nutritional
one superwormZophobas moripthree times a week, and a mixture of eggs and greens (spinach

or parsley) twice a week.
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Apparatus

Birds were tested betwa October 2011 and February 2012. &detaileddescription of
the apparatus see Sturdy and Weisman (2006). Each bird was tested in a modified cage (30 x 40
x 40 cm) that was houséatdividually in a ventilated, soundttenuating chamber illuminated by
a9 W, full spectrum fluorescent bulb. Birds had access to a ruieen feedefsee Njegovan,
Hilhorst, Ferguson, & Weismat994) through an opening (tin x 16 cm) on one side of the
cage. The position of the bird was monitored via infrared beams fagter and the perch
closest to the feeder (i.e., request pesele Sturdy & Weisman, 20@ér diagram of the
apparatup A personal computer connected to a sifiglard computer (Paly& Walter, 2001)
set up trials and r e diweraptayedfeomhb CD thrdugh eitheraponses
Cambridge A300 or 640A Integrated Amplifier (Cambridge Audio, London, England) or an
NAD310 Integrated Amplifier (NAD Electronics, London, England) and a speaker to the side of
thefeeder(F@t ex FE108 E or -rBngespeaker; Fodek CBpE Jagan;f u | |
frequency response range-88,000 Hz). In each cage there were three perches, a water bottle,
cuttlebone, and grit cup. During testing, birds were kept on the natural light cycheessd
provided one superworm twice a day; however, duringgezant discrimination task, Mazuri
was only available as a reward for correct responding.
Acoustic stimuli

A total of 40feebeesongs (20 recorded at the University of Northern British Colambi
British Columbia2 0 r ecorded at QueendsOnthngwereusediasy Bi ol
stimuli in Experiment 1 (see Hahn et al. 281& details regarding song recordings). Songs
were of high quality (i.e., no audible interference and low backgt noise when viewed on a

spectrogram with amplitude cutoffs <#5 to O dB relative to song peak amplitude). Stimuli were
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resampled from 22,050 to 44,100 Hz using SIGNAL 5.10.29 software (Engineering Design,
Berkeley, CA, USA) and balpass filtered ouige the range of the songsremove background
noise using Gol dWave version 5.58 (Gol dWave,
songs were edited from longer audio files to contain 5 ms before and after each song, the stimuli
were tapered to reme transients, and amplitude was equalized. During the experiment, stimuli
were presented at ~75 dB as measured by a Radio Shack Sound Level Meter (Radio Shack, Fort
Worth, TX, USA) or Briel & Kjeer Type 2239 (Briel & Kjeer Sound & Vibration Measurement
A/S, Neerum, Denmark; A weighting, slow response) at the approximate height and position of a
birddés head when on t hgoduceddpypaegwen ingpveduoatwasusedn !l y o
as a stimulus during Experiment 1.
Procedure

Pretraining Once the bird larned to use the request perch and fe@&tetrainingoegan.
To initiate a trial, the bird had to land and remain on the request perch for betwekr080@s,
after which a randomigelected song played without replacement. A trial was considered
interrypted if the bird left the request perch before the song finished playing. This resulted in a
30-s timeout with the houselight turned off. Once a song finished playing, if the bird entered the
feeder within 1 s, it received access to food for 1 s, followyed 30s intertrial interval (ITI),
during which the houselight remained on. Remaining on the request perch during the song
presentation and 1 s after the song finished playing resulted ks &Td@vith the houselight on,
but this ITI ended once the Hiteft the request perch. This increased the probability that a bird
would make a response on a given trial. Birds contirmmeBretrainingintl they completed six
200t ri al blocks of O 60% -resabnbiogksand aw tieff

responding to future rewarded (S+) and unrewardeds{Bnuli. The aim oPretrainingwas to
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make sure birds remained on the request perahgltire entire duration of the song, responded
at a high level to all songs, and respondeddéferentially to the S+ and-Stimuli that would

be presented durin@iscrimination training.

Discrimination training During this phase the procedure fr&rgrainingwas
maintained; however, only ten British Columbia songs and ten Ostamgs were presented.
Half of the songs were now assigned to be S+ and haH &gltich songs were S+ and S
depended on the group that each chickadee was assigned tmdesgpoSsongs now resulted
in a 30s ITI with the houselight off. Responses to S+ songs resulted in 1 s access to food.
Discrimination trainingcontinued until birds completed three 2@l blocks with a
di scrimination r at it blocksheing Gonsecutivvé Sew Resgonsé he | as

measures for DR calculations.

Black-capped chickadees were randomly assigned to a true category discrimination group
(N = 6) or pseudo category discrimination grotp=5). Birds in the true category
discriminaton group were divided into two subgroups: gneup discriminated rewarded British
Columbia songs from unrewarded Ontagongs (referred to hereafter as British ColunBia
group; one maland two femalds while the othegroup discriminated rewarded @nio songs
from unrewarded British Columbg&ings (referred to hereafter as OntaBio group; two males
andone femalg Birds in the pseudo category discrimination group (three raaldisvo
females) discriminated five randoradglected S+ British Colundsongsand five randomly

selected S+ Ontario songs from fiveBBitish Columbia songs and five ®ntariosongs.

Transfer training This phase was identical Riscrimination training, excephat an
additional ten British Columbia songs and ten Qataongs were presented. Responses to these

transfer songs continued to be reinforced based on the same contingenc@se@snmnation
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training(i.e., based on geographic location or pseudorandomikeat)sfer trainingcontinued

until birds completethree 20&t r i al bl ocks with a DR O 0.75 wi f
consecutive. One bird (a male in pseudo categayyp) died during this phase; in our analysis

we examined responding during the first blo¢Kk ransfer trainingso we included thisita in

the analysis.

Response measures

To determine how well birds were discriminating S+ fronst8nuli, we calculated a
discrimination ratio (DR). First, we calculated the percent response for each stimulus exemplar
using the following formula: RH{-I) x 10Q where R+ is the number of trials that the bird
visited the feedel is the total number of trials, amds the number of trials that the bird left the
perch before the song finished playing (i.e., interrupted trials). The DR was calculated by
dividing theaveragepercent reponse to S+ stimuli by the avergggcent response to all
stimuli. If a bird responded at chance level (i.e., equally to S+ astinauli), the DR = 0.5. If a

bird only responded to S+ stimuli (i.e., perfect discriminattbe)DR = 1.0.

Statistical analyses
To determine whether birds in the two true category discrimination groups differed in
their speed of acquisition, we conducted an independent sartpon the number of 2afal
blocks to reach criterion. We conded a similar independent samptdsst on the number of
trials to reach criterion to compare the true and pseudo category groups. We conducted analyses
of variance (ANOVA) on the proportion of responsetteedifferent stimulus types (i.e, Training
S+ sangs, Training Ssongs, Testing S+ songs, Testingg&ngs)uring the first 20@arial block
of Transfer training. This allowed us to determine if birds in the trugoatgroup continued to

respondo the Transfer trainingongs based on the contingescfromDiscrimination training
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We conducted parallel analyses using the arcsine square root transformed (to correct for non
normality) proportion of response using the following formula: arcsin[sqrt(x)], where x equals
the untransformed proportion of pesding. In most instances, the transformed data produced
the same pattern of results, so we only report the untransformed data below. We specify any
differences between the analyses of the transformed and untransformed datdistits were

conductedn Statistica v12 (StatSoft, Inc).

Ethical note

Throughout the experiments, birds were monitored daily, provided with free access to
water, grit and cuttlebone and each bird was given two superworms. During the experiments,
birds were housed in the tegfiapparatus, which minimized the transport and handling of the
birds. When testing was complete, birds were returned to the colony room to be used in future
studies. All studies were conducted with approval from the Animal Care and Use Committee for
Biosciences for the University of Alberta (AUP 108). All procedures were in accordance with
the Canadian Council on Animal Care (CCAC) Guidelines and Policies and the ABS Guidelines
for the Use of Animals in Research. Chickadees were captured and researchduatech
under an Environment Canada Canadian Wildlife Service Scientific permit, Alberta Fish and

Wildlife Capture and Research permits, and City of Edmonton Parks Permit.

Results

Trials to criterion

Data from hree birds (one female in the Ontai® goup and two males in the pseudo
category group) had to be removed frdradnalysis due to egument failure during
Discrimination trainingresulting indata from seven subjects € 3 for British Columbia S+
group;N = 2 for Ontario S+ groupl = 3 for pseudo group)independent samplégests on the
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number of 20@rial blocks tocompleteDiscrimination trainingevealed no significant difference
betweerthe two true category (i.e., British Columbia S+; Ont&#) groupst(= 3.00,P =

0.058), but founé significant difference between the true and pseudo category gteups36,

P = 0.0003), with the pseudo category group requiring more than twice as many trial blocks to
complete the discriminatiomyerage number of trial blocks8-0 and 19.33, farue and pseudo

category groups, respectively). See Figle

Transfer training

During Transfer trainingall birds(N = 6) in the true category discrimination groups met
criterion within the first three 26fial blocks. BirdgN = 4) in the pseudo cagery
discrimination group took an average of 26.5 blocks to reach criterion (rangd=Hl@acks).
We conducted a Discrimination groupritish Columbia S+; Ontari&+ Pseudo) x Stimulus set
(Training S+ songs, Training Songs, Testing S+ songs, Tegti® songs) ANOVA on the
proportion of response to training and test songs during the firgtiaDBlock of Transfer
training (first five presentations of each Testing song). For this analysis, the Training S+ and
Training S songs refer to the rewardadd unrewarded (respectively) songs presented during
Discrimination trainingand the Testing S+ and Testings®ngs refer to the new songs (i.e., not
heard durindiscrimination training that were rewarded and unrewarded (respectively) during
Transfer taining. There was a significant main effect of Stimulus typg(= 191.32P <
0.001). There was also a significant Stimulus Type x Discrimination Group intergegign=
19.00,P < 0.001). When we conducted the analyses on the arcsine squaransfarmed data
themain effect of Discrimination growpas also significanfF, ; = 5.49,P = 0.037). We

conducted planned comparisons to assess the significant interaction. For each group, we
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compared the Training Ssongs to the Training-Songs andhe Testing Ssongs to the Testing

S- songs.

Birds in all groups responded significantly more to the Training S+ songs compared to
the Training Ssongs British ColumbiaS+ groupP < 0.001; Ontarid&s+ groupP = 0.007;
Pseudo category group,= 0.013) Birds in the true category groups responded significantly
more to the Testing S+ songs caamgd to the Testing-Songs (British Columbi&+ groupP <
0.001; Ontarids+ group P < 0.001), while there was no significant difference in the response by

birds in the pseudo category group= 0.388). See Figuré-2.

Experiment 2

Results from Experiment 1 suggested that birds could discriminate between songs
produced by birds from different geographic locations. Because birds in the true category group
continued to respond to the novel songs presented duirangsfer trainingpased on the
contingencies fronbiscrimination trainingit suggests that birds in the true category group were
not simply memorizing individual songs in order to complete the discrimmah Experiment
2, we tested a new group of blackpped chickadees on geographicaliged song
discrimination using stimuli from the same two locations as Experiment 1. However, in
Experiment 2 we made three important changes from Experiment 1. {igweed two pseudo
category groups (S+ songs for one group were tls®18)s for the second group, and vice versa),
(2) we presented novel songs without reinforcement to the true category and pseudo category
groups, and (3) we included songs that we arptally manipulated in order to examine the

perceptual mechanisms for the discrimination (true category group only).

Methods
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Subjects

Sixteen blackcapped chickadees (eight male, eiigitale) were tested between July
2012 and January 2013. Birds wesstured in theane locations as Experiment 1 as well as
Kananaskis Country (51.02eN, 115.03eW), Al ber
using the request perch and experimental feeder; one bird had previous experience discriminating
synthetc tones (Hoeschele et,@&013); the remaining bird®(= 12) were naive to the
experimental apparatus. The conditions prior to the experiment and the apparatus remained the

same as Experiment 1.

Acoustic stimuli

Natural stimuli TenBritish Columbiasorgs and ter©Ontariosongs were used as stimuli
duringDiscrimination training An additional seven songs from each location were used as
natural stimuli duringseneralization and Transfer trainirigen songs recorded at John Prince
Research ForedBritish Columbiawere used as natural, unmanipulated stimuli during test
sessions. Only one songcorded froma given individual was used durigscrimination
training and Generalizatiolsongs wer@repared and presented in the same agin
Experiment 1. Sorggmanipulated and used during additional test sessions were further prepared

as described below.

Spliced songdNe created spliced song stimuli to test if birds were preferentially using
information in one of the two notes to discriminate songs producedds/from the two
geographic locations. Sonds £ 16) were bandpass filtered in Goldwave andd¢eandbee
notes from eighBritish Columbiaand eightOntariosongs were edited into individual WAV
files using SIGNAL. Four types of spliced songs weeatedBritish ColumbiaBritish

Columbia(feeandbeenotes from two songs from British Columbi®ntaricOntario(feeand
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beenotes from two songs from Ontari®itish ColumbiaOntario(feenote from a British
Columbia song andeenote from an Ontamni song), an@®ntarioBritish Columbia(feenote from
an Ontario song angeenote from a British Columbia song). When creating the spliced songs,
we made the internote interval constant for all stimuli at 200 ms, which is similar to the internote
intervalin natural songs (e.g%inemote= 135 ms, Ficken et al. 1978) and the internote interval
used by other studies manipulating song features ¥&@moie= 100 ms, Hahn et aR015
Hoeschele, Guillette, & Sturd2012). Because songs are sung @a/gnge of absolute
frequencies (Weisma& Ratcliffe, 1989; Weisman et al1990; Horn et a).1992 Mennill &

Otter, 2007 and we wanted to ensure we were not creating songs with spegésal internote
interval ratios which may affect responding (s®eschele et gl2012), we changed trstart
frequency of théeenote to match thstartfrequency of théeenote that was being replaced in

the song using Audacity 1.3.12.

Total duration manipulated sosgWVe created stimuli in which we manipulated toel
duration of the songs to determine if birds were using the total duration to discriminate between
songs produced by birds from the two geographic locations. To create the total duration
manipulated stimuli, we used foBritish Columbiasongs and far Ontariosongs. We
manipulated each song to increase and dectbgidengthening or shortening the note and
interval lengthsjts total duration by approximately 3 SDe(, + 38.2 ms) away from the mean
of all songs presented duribgscrimination traning, each song was also presented
unmanipulated. These manipulations were completed using Audacity 1.3.12; frequencies of the
songs were not altered. This resulted in six different types of total duration manipulated songs:

British ColumbiaandOntariosongs wth a total duration decreasdgritish Columbiaand
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OntariosongsunmanipulatedandBritish ColumbiaandOntariosongs with a total duration

increased.

Procedure

Pretraining The procedure fdPretraining remained the same as in Experiment 1. Birds
remained on Pretrainingnt i | t hey had consistently high re:
responding to al/l stimuli and four blocks O 6

O 3% difference ShandSsttmpiondi ng to future

Discrimination training The procedure and criteridar Discrimination training
remained the same as Experiment 1. As in Experiment 1, birds were randomly assigned to either
a true category discrimination groug £ 12; British Columbia S+ Group: thregales, thee
females;OntarioS+ Group: three males, thrisnales) or pseudo category discrimination group
(N = 4; twomales, twdemales). Birds in the pseudo category discrimination group were divided
into two subgroups (onmale and oné&male in each subgrou@ach subgroup discriminated
five randomlyselected SBritish Columbiasongs and five randontlselected S-©Ontariosongs
from five differentS- British Columbiasongs and fivelifferentS- Ontariosongs.The S+ songs

for one subgroup were the $ongs fo the other subgroup, and vigersa.

Pretesting This phase was identical Riscrimination trainingexcept S+ songs were
reinforced with a reduced probability (i.8.= 0.85). On 15% of trials, when an S+ stimulus
played, entering the feeder resultec 30s ITI with the houselight on, but no access to food.
Pretestingvas used to prepare birds féeneralizatiorand manipulated test trials during which
responses to test stimuli were neither reinfor@dpunished. This phase continued until birds

completed two consecutive 200r i a | blocks with a DR O 0.75.
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GeneralizationDuring Generalizationthe stimuli and reinforcement contingencies from
Pretestingwere maintained. In addition, 14 songs not heard dudiagrimination training
(sevenBritish Columbiaand sevei®ntariosongs) were introduce@eneralizatiorstimuli were
each presented once during a 244! block (songs fronPretestingvere each presented 10
times, randomMselected without replacement). Responses to generalization stimitedasia
30-s ITI with the houselight on, but no access to food. All birds completed a minimum of three

blocks ofGeneralizatiorand these were included for analysis.

Transfer training Following Generalizationall birds in the true category grougrifish
ColumbiaS+ andOntarioS+) continued ontdransfer trainingDuring this phase, the 14 songs
used duringseneralizatiorwere now included as S+ ofr &imuli (contingencies based on their
location of origin).Each stimulus was presented six timesdoanly-selected without
replacement, during a 2@4dal block. This was to increase the pool of stimuli used during the
subsequent test sessions. Afetestingall S+ stimuli were reinforced with reduced
probability P = 0.85).Transfer trainingontinued until birds completed three 204al blocks

with a DR O 0.75 with the last two bl ocks

Additional test sessionghe remaining test stimuli (i.e., J@hn Prince Research Forest
songs; 16 spliced songs; 8dngs used during the maniatedtotal durationtestd were divided
into four test sessions. During each test session, the stimuli and contingenciésainsfar
trainingwere maintainedi.e., 34songs fromTransfer trainingvereeach presenteslx times),in
addition, two or theeJohn Prince Research Foreshgs, four spliced songs, and six total
duration manipulated songgere each presented oncesultingin a 216 or 21 #trial block. For
each test session, a minimum of three trial blocks were completed and these weeel iinclbd

analysis. After each test session, birds completed one bldalasfer trainingvi t h a DR
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0.75 before moving onto the next test session. The order of the test sessions was
pseudorandomized between discrimination group and sex. An indivsh@hss manipulated

in multiple ways(i.e., duration increased, duration decreased, and unmanipulated); however,
only one of these manipulations was included in a single test session, so numerous stimuli were

presented between birds hearing different maaipns of the same song.

Response measures

We calculated DRs using the same method as in Experiment 1. We also calculated a
modified twotailed 95% confidence interval (Cl) using the medi) énd standard deviation
(SD) of the percent response for allsBmuli on the final day of Discrimination training, using
the following formula: Cl M £ 1.96 x SD. If birds significantly discriminated a particular S+
stimulus from the Sstimuli, the percent response to that S+ stimulus would be greater than the

95%Cl.

To compare the responses to generalization and manipulated stimuli, we scaled the
proportion of response for each subject by rescaling the highest proportion of response to a test
stimulus to 1.0 and rescaling the proportion of response to allsitheri as a ratio of the
highest proportion of response. With this rescaling we accounted for individual differences in
response levels among subjects. Rescaling was conducted separately for generalization stimuli,

John Prince Research Forsehgs, splied songs, and total duration manipulated songs.

Statistical analyses

We conduatd an ANOVAon the number of trials to criterion to determine if birds in the
two true category groups differed in their speed of acquisition. We also conducted similar
analysedo determine if birds in the true and pseudo category groups differed in their speed of
acquisition.In order to compare acquisition duriBgscrimination trainingacross birdsye
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Vincentized the acquisition curves to 13 blocks of data (the minimum mwhb#cks it took a

bird to reach criterion) in order to compare across birds. We calculated the Vincentized blocks by
taking the total number of trial blocks it took an individual bird to reach criterion (e.g., 30) and
dividing by 13 (e.g., 2 with a resmnder of 4). We computed the Vincentized blocks by putting

the number of actual trial blocks that a bird did into groups the size of the-ninoleer

guotient (in this example, 26 of the actual trial blocks were placed into 13 Vincentized blocks
each Vircentized block contained 2 actual trial blocks). THa&/ihcentized block would contain
additional trial blocks based on how large the remainder was (in this example, the remainder
equaled 4, so thé"Wincentized block would contain 2 + 4 = 6 actualtblocks). The DRs for

all blocks grouped into a Vincentized block were averaged (see &liRmgs 1971; Hahn et al.

2015 Hoeschele et al. 2012).

We also examined the number of S+ stimuli that were respond@@5% Cl in order to
determine if the nmber of stimulus exemplars responded to varied among gréigs
conducted additional ANOVANd Tukeyds planned comparisons o
to the test stimuli using both the untransformed and arcsine square root transformed data. In most
instances, analysis of untransformed and transformed data yielded a similar pattern of results and
levels of significance, so we only report the untransformed data. We specify any differences
between the transformed and untransformed data. All statisticcwmilacted in Statistica v12

(StatSoft, Inc).
Results

Trials to criterion
Two females in th®ritish ColumbiaS+ group were not included in the analysis of
Discrimination trainingdue to equipment failure during this phatbesresulted in data from 14
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sulects (N = 4 for British Columbia S+ groufN = 6 for Ontario S+ grougy = 4 for pseudo

group).

A Sex x Discrimination GroupBfitish ColumbiaS+, OntarioS+) ANOVA on the
number of 20@rial blocks tocompleteDiscrimination trainingor birds in the tw true category
groups found no significant main effects or interactiem ( O Bs. 22 0. 31), i ndi cat
there was no significant difference in the number of trials to reach criterion for birds rewarded

for responding td@ritish ColumbiaversusOntaio songs.

An independent samplédest on the number of 2@€ial blocks to reach criterion for the
two pseudo category groups revealed no significant difference in the speed of acquisition
between the two pseudo category groups(.11,P = 0.92), sove combined the two groups in

the remaining analyses.

We conducted a Sex x Discrimination Group (True, Pseudo) ANOVA on the number of
200+trial blocks to complet®iscrimination training There were no significant main effects or
interactionsfs O ®s 6@50. 43), indicating no significar

performance between the true and pseudo category groups. SeedFigure

Acquisition
To examine task acquisition across blocks, we conducted repeated measures ANOVA
with Sex andiscrimination GroupBritish ColumbiaS+, OntarioS+, Pseudo) as categorical
predictors and the DR for each Vincentized blocii 8) as dependent variables. There was a
significant main effect for Discrimination Groupxs= 5.5,P = 0.032). To examinéts
significant main effect, we c oBrtishCdlumbiaSea Tukey

group had significantly higher DRs compared to birds infGh&arioS+ group P = 0.032) and
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the pseudo category group £ 0.022; see Figur4-3). There wa also a significant main effect
for Vincentized blocksKi», 9s= 67.4,P < 0.001; as Vincentized blocks increased, the DRs

increased. There were no other significant main effects or interadisns©Q P4 . & , 0. 052 ) .

Number of S+ songs responded t©95% confidenceinterval (CI)
Birds couldobtain a high DR by responding to a few S+ stimuli, while responding less to
all S and the remaining S+ stimuli. We examined how many of the S+ stimuli were well
discriminated by determining how many S+ stimulieeerr e sponded to O 95% CI
block of Discrimination trainingWe conducted a Sex x Discrimination GroBpitish Columbia
S+,0ntarioS+, Pseudp ANOVA to determine if the true categoaynd pseudo categogyoups
differed in the number of exgstars responded to greater than the 95% CI. There were no
significant main effects or interactiorss{ O Ms. 495 ,0. 65) . Out of 10 S+
SEfor the number of stimuli responded to greater than the 95% CI &etish ColumbiaS+
group:8 = 2.0 and 8.6& 0.88, formale and female subjects, respectivel@ntarioS+ group: &
1.0 and & 1.15, for male anféemale subjects, respectively; goskudo category group were: 9

+ 0 and 9.5 0.5, formale and female subjects, respectively.

Generdization

We conducted a Sex x Discrimination Gro@&pifish ColumbiaS+, OntarioS+, Pseudo)
x Stimulus TypeBritish Columbiasong,Ontariosong) ANOVA on the scaled proportion of
responses to examine the response to untrériggh ColumbiaandOntariosongs. There was a
significant main effect of Stimulus TypE4(10=5.24,P = 0.045), a significant Discrimination
Group x Stimulus Type interactioR410= 33.81,P < 0.001), and a significant Sex x
Discrimination Group x Stimulus Type interactidf (o = 7.29,P = 0.011). We conducted a

planned comparison to examine the Discrimination Group x Stimulus Type interaction. Birds in
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theBritish ColumbiaS+ group responded significantly moreBotish Columbiasongs (= 3.24,
P =0.009), birds in th®©ntaio S+ group responded significantly moreQatariosongs (=
8.02,P < 0.001), while birds in the pseudo category group did not respond significantly

differently to the two song types=£ 0.41,P = 0.688; see Figuré-4a).

Additional test sessions

Jon Prince Research Foresbngs We conducted &test to examine the percentage of
response tthe two true category groupBritish ColumbiaS+, OntarioS+) to songs from John
Prince Research Fore8titish Columbia There was no significant differencettveen the two
groups = 0.57,P = 0.58), indicating that when tested with songs from a third location, birds
responded similarly to the new songs regardless of which geographic location was the S+

category durinddiscrimination trainindi.e., British Columbiaor Ontarig.

Spliced songsNe conducted a Sex x Discrimination Gro@pifish ColumbiaS+,
OntarioS+) x Stimulus TypeRritish ColumbiaBritish Columbia OntaricOntariq British
ColumbiaOntarig Ontario-British Columbid ANOVA on the scaled pportion of response to
the spliced songs. This analysis revealed a significant Discrimination Group x Stimulus Type
interaction F324= 8.51,P < 0.001). There were no other significant main effects or interactions
(Fs O MWs. 48 .,0. 51) . aNeed compadsons dn¢hd scaldd proportion of response
to the different types of spliced songs by birds inBhigsh ColumbiaS+ group. For this
analysis, we compared the spliced contBrit{sh ColumbiaBritish Columbig stimuli to the
other three type Birds responded significantly moreBdtish ColumbiaBritish Columbia
songs compared to tli@gntaricOntariosongs (= 2.73,P =0.026) and th@©ntarioBritish
Columbiasongs (= 2.76,P = 0.025). When we conducted the same analysis on the arcsine

square root transformed data, there was no significant difference in responé@ngsio
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ColumbiaBritish ColumbiaandOntaricOntariosongs (= 2.25,P = 0.055). We also conducted
planned comparisons on the scaled proportion of response to the difypemnbt spliced songs
by birds in theOntarioS+ group. For this analysis, we compared the spliced coira(ic
Ontarig stimuli to the other three types. Birds responded significantly more ©Orttagio
Ontariosongs compared to tiBritish ColumbiaBritish Columbiasongs (= 2.57,P = 0.033).

See Figurel-5a.

Total duration manipulated song#/e conducted a Sex x Discrimination Gro&piijsh
ColumbiaS+, OntarioS+) x Stimulus TypeRritish ColumbiaandOntariosongs \ith a total
duration decrease8ritish ColumbiaandOntariosongsunmanipulatedandBritish Columbia
andOntariosongs vith a total durationncreasedANOVA on the scaled proportion of response
to the songs in which the song duration was manipulated. This analysis revealedaasignifi
Stimulus Type x Discrimination Group interactidf go= 17.16,P < 0.001). There were no
other significant main effects or interactiofs( O Ps. 36 ,0. 26) . We conduct e
comparisons on the scaled proportion of response to the different total dunatiqoulated
songs by birds in thBritish ColumbiaS+ group. For this analysis, we compared the control
stimuli (British Columbiaunmaripulatedsongs) to the other manipulated song types. Birds
responded significantly more British Columbiaunmanpulatedsongs compared to &lntario
song stimuli ecreased total duratipin= 5.08,P < 0.001; unmaipulated t = 4.37,P = 0.002;
increased total duration= 3.06,P = 0.016) We conducted similar planned comparisons for the
responding by birds in th@entarioS+ group, by comparing the control stim@@ir(tario
unmanipulated sony$o the other song types. Birds responded significantye toOntario
unmanipulatedongs than t&ritish Columbia unmanipulatesbngs {= 3.31,P = 0.011) and

British Columbia songs increased in total durafion 3.71,P = 0.006) See Figurd-6.
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Experiment 3

Both Experiments 1 and 2 revealbat when pesented with novel songs, birds in the
true category groups continued to respond to the songs based on the contingencies learned during
Discrimination,while birds in the pseudo category group respondeediféerentially. This
suggests that birds in theué category group were using a categuoaged perceptual mechanism
when discriminating among sondesults from Experiment 1 suggest birds in the true category
groups learned the discrimination in fewer trials compared to birds in the pseudo categpry gro
however, this result was not replicated in Experiment 2. Some of the birds (8 of 11 subjects)
from Experiment 1 had previous operant experience discriminiggtgeesongs, while none of
the birds in Experiment 2 had experience discriming@adpeesongs. In addition, we used
different song exemplars as discrimination stimuli in Experiments 1 and 2. In Experiment 3, we
used the same stimuli that we used in Experiment 1, but the chickadees used as subjects had no
previous operant experience discriatingfeebeesongs(subjects had previous operant
discrimination experience, see below) addition, we tested birds with manipulated songs

(spliced songs and total duration manipulated songs, as in Expe#ipagiwt single note songs).
Methods

Subjects

Eighteen blacicapped chickadees (nine males, nine females) were tested between
September 2013 and June 2014. Birds were captured in the same locations as Experiment 1.
Birds had previous operant experience discriminathigk-a-deecall notes (Guillge, Hahn,
Hoeschele, Przyslupski, & Sturd3Q15)The conditions prior to the expment and the

experimental apparatus remained the same as Experiments 1 and 2.
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Acoustic stimuli

Natural stimuli.The same songs used as stimuli dubbigcrimination trainingin
Experiment 1 were used as stimuli in Experiment 3. In addition, the same songs used during
Transfer training in Experiment 1 were used during Generalization in Experiment 3; however,
during Transfer trainingh Experiment 1 the songs were reinforceds@zhon thdiscrimination
contingencies)in contrastduringGeneralizationn Experiment 3, responses to songs were

neither reinforced nor punished. Manipulated stimuli were prepared further as described below.

Spliced sngs Songs N = 18) were bandpadiltered in Goldwave and tHfeeandbee
notes from nine British Columbia and nine Ontario songs were edited into individual WAYV files
using SIGNAL. The same four types of spliced songs were created as ExperiBBetsi2 (
ColumbiaBritish Columbia Ontario-Ontariq British ColumbiaOntariq OntarioBritish
Columbig. When creating the spliced songs, we standardized the internote interval to 100 ms, as
in Experiment 2. Thaveraget SD interval ratio of the songs used during the spliced song test
(1.15% 0.03, range = 1.09.19) approximated the interval ratio of songs reported in previous
studies (1.13 0.01,British Columbiasongs; 1.14 0.02,0ntariosongs, Hahn et al. 2043and

the songs presentediring Discrimination trainingl.13+ 0.02, range= 1.101.18).

Singlenote ®ngs FourBritish Columbiaand fourOntariosongs were used during
single note tests. To create single note stimuli, the two notes from each song were separated and
each note was saved as an individual WAV file using SIGNAle fittes were further

processed the same as the other acoustic stimuli.

Total duration manipulatedosmigs We manipulated the total duration of fiBeitish
Columbiaand fiveOntariosongs. We selected songs from each location that fell within one SD
of theaverage for the stimuli used duribgscrimination training1100.61ms+ 73.6msfor
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British Columbiasongs; 1044.8ts+ 38.3msfor Ontariosongs). We then increased and
decreased the length of these songs by 1.5 and 2.5 SD of all songs presented during
Discrimination trainingusing Audacity 1.3.12 in the same manner as Experiméfe2ncluded

more manipulations of the total duration in Experiment 3 to examine how birds would respond to
smaller incremental changes to the song duralibis resulted irien types of total duration
manipulated song®&ritish ColumbiaandOntariosongs with a total duratioredreased by 2.5

SD,decreased by 158D, unmanipulatedincreased by 1.5 SD, and increased by 2.5 SD

Procedure

Pretraining The procedure fdPretraining remained the same as in Experiments 1 and 2.
Birds remained oRretraininguntil they had consistently high response rates for future
Discrimination trainingstimuli( ei t her responding to O 60% of tr
to O 30%oof ttwreil ales bl ocks) and test stimuli (e
four blocks or responding to O 30% of trials

difference in responding to futuf+ and Sstimuli.

Discrimination training The procéure and criteriofior Discrimination trainingvas the
same as Experiments 1 and 2. Birds were randomly assigned to either a true category
discrimination groupN = 12; British Columbia S+ group: thresales, threéemales; Ontario S+
group: threemales, hreefemales) or pseudo category discrimination grddp 6; Subgroup 1:

one male, two femaleSubgroup 2two malespne female).

Pretesting The procedure and criterion fBretestingemained the same as Experiment
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GeneralizationDuring Generaliation the stimuli and reinforcement contingencies from
Pretestingvere maintained. In addition, 20 songs not heard dudiagrimination trainingten
British Columbiaand tenOntariosongs) were introduced. The procedure and criterion was the
same as Exgriment 2. Followindgseneralization, birds completed one bin of Pretestirtig a

DR O 0.75 before moving onto the next test

Additional test sessionshe remaining test stimuli (i.e., 18 spliced songs, 16 single note
songs, and 50 total duration manipulated songs) were divided into seven test sessions. The
stimuli and contigencies fronPretestingvere maintained, in addition, two or three spliced, two
or three single note, and seven or eight total duration manipulated songs were each presented
once, resulting in 2kf&ial blocks. For each test session, a minimum of threekslwere
completed, followed by one block Bfetestingvi t h a DR O 0. 75. As in
an individual song was manipulated in multiple ways, only one of these manipulations from a
particular song was presedtduring a single test session ahd order in which a bird

completed these probe ses®s was pseudorandomized (between discrimination group and sex).

Response measures
DRs, 95% Cls, and scaled proportion of response to test stimuli were calculated as in

Experiment 2.

Statistical analyses
We conducted the sanamalyses am Experiment 2However, 6 compardask
acquisition durinddiscrimination trainingacross groupge Vincerized the learning curves
from Discrimination training td.O blocks of data (the minimum number of blocks it took a bird

to reach criterion) following the same metls as Experimerz
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Results

Trials to criterion
We conducted a Sex x Discrimination Gro@&pi{ish ColumbiaS+, OntarioS+)
ANOVA on the number of 20@rial blocks tocompleteDiscrimination trainingor birds in the
two true category groups. There weresignificant main effects or an interactiéis( O HBs. 3 8,
O 0.28), indicating that there was no signifi

criterion for birds rewarded for respondingBotish ColumbiaversusOntariosongs.

We conducted &test on the number of 2@€ial blocks tocomgete Discrimination
trainingfor the two pseudo category groups. There was no significant difference in the speed of
acquisition between the two pseudo category graup®32,P = 0.77), so we combined the

two groups in the remaining analyses.

We conduted a Sex x Discrimination Group (True, Pseudo) ANOVA on the number of
200trial blocks to complet®iscrimination trainingThere was a significant main effect for
Discrimination GroupK = 14.77,P = 0.002), with the true category group completing the
discrimination in significantly fewer trials compared to the pseudo category gréepsq.18

and 39.83, for true and pseudo category groups, respectively). See4-igure

Acquisition

To examine task acquisition across blocks, we conducted a repeatedasnddsOVA
with Sex and Discrimination Group(itish ColumbiaS+, OntarioS+, Pseudo) as categorical
predictors and the DR for each Vincentized bloci Q) as dependent variables. There was a

significant main effect for Vincentized blocksy(99= 73.5,P < 0.001); as Vincentized blocks
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increased, the DRs increased. There were no other significant main effects or interstion® (

161,P,s O 0.072).

Number of S+ songs respondedt® 9 5 % ¢ o intérvald@)n c e

We examined how many of the S+ stimuli evelldiscriminated by determining how
many S+ stimuli were r espond eDiscrimoatiddtréinig CI| du
We conducted a Sex x Discrimination Gro@&pi{ish ColumbiaS+, OntarioS+ Pseudo)
ANOVA to determine if theérue categor and pseudo categogyoups differed in the number of
exemplars responded to greater than the 95% CI. There were no significant main effects or
interactionsfs O Bs. 95,0. 09) . Out of +3HortBetnunderofmul i , t h
stimuli respondedotgreater than the 95% CI weRritish ColumbiaS+ group: 8.6% 0.88 and
10 0, for male and fmale subjects, respectivel@ntarioS+ group9.67+ 0.33 and 9.6%
0.33, for male anéemale subjects, respectively; pseudo categhB8+ 0.67 and 6.6#% 1.45,

for male and female subjectsspectively.

Generalization
We conducted a Sex x Discrimination Gro&pifish ColumbiaS+, OntarioS+, Pseudo)
x Stimulus Type British Columbiasong,Ontariosong) ANOVA on the scaled proportion of
response to exame the response to untrainBdtish ColumbiaandOntariosongs during
Generalization This analysis revealed a significant Discrimination Group x Stimulus Type
interaction F,1,=57.44,P <0.001). There were no other significant main effects or
interactionsfs O Bs. V9,0. 10). To examine the significa
comparisons. Birds in thgritish ColumbiaS+ group responded significantly moreButish
Columbiasongs compared ©Ontariosongs {= 6.94,P < 0.001). Birds in th®©ntafo S+ group

responded significantly more @ntariosongs compared ®ritish Columbiasongs (= 8.21,P
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< 0.001). Birds in the pseudategory group did not resposanificantly differently toBritish

ColumbiaandOntariosongs {= 0.89,P = 0.39). Seéigure4-4b.

Additional test sessions

Spliced songdNe conducted a Sex x Discrimination Gro@pifish ColumbiaS+,
OntarioS+) x Stimulus TypeRritish ColumbiaBritish Columbia OntaricOntariq British
ColumbiaOntarig Ontario-British Columbid ANOVA on the scaled proportion of response to
the spliced songs. This analysis revealed a significant main effect of Stimulus=Eype 8.65,
P =0.027). There were no other significant main effects or interaciens (O P2 . @, 0. 11) .

See Figurel-5b.

Sngle note songdVe conducted a Sex x Discrimination Gro@&pifish ColumbiaS+,
OntarioS+) x Stimulus TypeRritish Columbiafeenote,British Columbiabeenote,Ontariofee
note,Ontariobeenote) ANOVA on the scaled proportion of response to theesimgie songs.
This analysis revealed a significant Discrimination Group x Stimulus Type interaesiegus(
6.36,P = 0.003). There were no other significant main effects or interactfans (O . 307 ,
0.16). We conducteplanned comparisorsy examininghe proportion of responding by birds
in theBritish ColumbiaS+ group For this analysis, we compared the responding to British
Columbiafeenotes and British Columbiaeenotes to the dier single note stimulBirds
responded significantly more British Columbiafeenotes compared tOntariobeenotes (=
2.42,P = 0.042), but when we conducted the analysis on the arcsine square root transformed
data, this was not significart£ 2.28, P = 0.052). We conducted similar planned comparisons
for birds in theOntarioS+ groupby comparing the proportion of responding to Ontésanotes

and Ontaridoeenotes to the other single note stim@lirds responded significantly more to
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Ontariobeenotes compared tOntariofeenotes { = 3.04,P = 0.016), andritish Columbiafee

notes (= 3.48,P = 0.008). See Figur& 7.

Total duration manipulated song#/e conducted a Sex x Discrimination Gro&piijsh
ColumbiaS+, OntarioS+) x Stimulus Typ British Columbia and Ontario songs with tiogal
duration eécreased by 2.5 Sdecreased by 15D, unmanipulatedincreased by 1.5 SD,
increased by 2.5 SDANOVA on the scaled proportion of response to the songs in which the
song duration was maniptéal. This analysis revealed a significant Stimulus Type X
Discrimination Group interactior§ 7,= 4.51,P = 0.001). There were no other significant main
effects or interactiond6 O Ps. 22 ,0. 05 2) .plaWded cenparisonsmomn thedscaled
proportion of response to the different total duration manipulated songs by birdsBritible
ColumbiaS+ group. For this analysis, we compared the control stifBritigh Columbia
unmanipulatedongs) to the other song types. There was significantlydspsnding t@ntario
songsdeaeased by.55D (t = 2.46,P = 0.039) andntario songs decreased bySD (t = 3.21,

P =0.012). We conducted similar planned comparisons for the responding by birds in the
OntarioS+ group, by comparing the control stim{@ntario unmanipulated sontp the other

song types. There was significantly less respondifgyitsh Columbia songscreased by

1.5SD (t = 2.64,P = 0.03) and significantly more respondingQatario songincreased

by1.5SD (t = 2.66,P = 0.029). Wherthe same analysis was conducted on the arcsine square root
transformed data, birds responded significantly more to uipmlated Ontariccongs compared

to unmatipulated British Columbia sondgs= 2.54,P = 0.034) andDntario songscreased by

2.55D(t=2.43,P=0.041). See Figur48.

Discussion

139



In the current study, we report on the ability of blaelpped chickadees to discriminate
among songs produced by conspecifics from different geographic locations. Overall, the results
from our three experimesiteveal that songs belong to perceptual categories based on the
singerd6s geographic origin. Results from the
use the total duration of the songs when discriminating, they also use other acoustictteatures

discriminate among songs based on geographic origin.

Perceptual categorization

In Experiments 1 and 3, we found that birds in the true category group learned the
discrimination in fewer trials compared to birds in the pseudo category group, sugdesting t
birds in the true category group perceived songs as belonging to separate perceptual categories
while pseudo birds did not. However, in Experiment 2, there was no significant difference in the
number of trials teompleteDiscrimination trainingor the true and pseudo category groups. It
is possible that, in Experiment 2, the pseudo category S+ songs happened to be more acoustically
similar to one anothesimply by chancéhan to the Ssongs and vice versa, thus creating
Acat egor i es 0 bindcoutdase when disbrimihatirg i.e., birds in pseudo category
group used opeanded categorization when discriminatinig)s also possible that the song
stimuli used in Experiment 2 were not ideal exemplars of geographic origin, making it tifficul
for birds in the true category group to detect a categorical difference; therefore, birdstheboth
true and pseudo category groups were using rote memorizasottjng inno difference in how

long it took the groups to learn the task

Categorizatia abilities can also be tested by presenting the individuals with novel song
exemplars. If the individuals continue to respond to the novel song exemplars based on the

perceptual categories learngwuking Discrimination trainingit suggests that birds ansing
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categorization. The results frofmansfer training(Experiment 1) an&eneralization

(Experiments 2 and 3) suggest that birds in the true category group were ushandeedn
categorization, as birds in the true category groups continued to reéspaooxkel songs based on
the contingencies froiscrimination trainingwhile birds in the pseudo category group
responded to the novel sorgimilarly regardless of geographic locatidnterestingly, in
Experiment 2, when we tested birds with novel sdrgs a third geographic location (i.d9hn
Prince Research Forgsboth true category S+ groups responded similarly to the songs,
suggesting that songs from this location (although also recorded in British Columbia) were
acoustically distinct from theongs produced by birds in the other two locations. It is possible
that birds were categorizing by microgeographic differences in songs. Microgeographic
differences exist in other vocalizations produced by btapped chickadedse., gargle calls)

in locations that are separated by distarmfesly 5.7 km (Ficken& Weise 1984). The

distances between the locations that we tested were much greater: 133 km separated the two
British Columbia sites and over 3,460 km separated the Ontario site from tsé Balumbia

sites. Similarly, whitecrowned sparrows produce one song type that varies geographically and
geographic variation is evident for locations that are relatively close (3.2 km) and locations that

are further apart (160 km; Marl& Tamura 1962).

While it is lesdikely that nonrmigratorybirds would encounter individuals from the
extremes of their geographic range (as we tested in the curreylt, &tiadkcapped chickadees
dispersed.g.,up to11 km for juvenile dispersal reported in Wei&eMeyer, 1979) and
movements of longer distances have also been repertpd302,000 km; Brewer, Diamond,
Woodsworth, Collins, & Dunr2006)so birdsmayencounter individuals originating from

different geographicegions Chickadees from different habitgpes (high and lowquality
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habitat Grava, Grava, & Otte£012)or habitats with different levels of anthropogenic noise
(Proppe et al2012)produce engs with acoustic differences addition, the habitadf-origin of
both the singer and the sorexeiver influence how the singer is paved (Grava, Grava, &
Otter,2013). In mountain chickadeeBdecile gambe)j acoustic features in song vary between
high and low habitat elevations (Bran&hPravosudoy2015) anchigh-elevation females prefer
high-elevation malessuggestinghat females prefdocdly adapted males (Branch, Kozlovsky,

& Pravosudov2015).

In humans, speech can be divided into categories asimgstic cues iaccens to
indicate differensocial group for people speaking the sartanguage. Adults will rate a speaker
with an accent similar to their owne., a native accent) as having more positive attributes
compared to someone speaking the same language witarard accent (Anisfeld, Bogo, &
Lambert,1962). Even prelinguist childrenexhibit preferencefor speakers #th a native accent
(Kinzler, Dupoux, & Spelke2007), demonstrating that accents are a mechanism by which
people camperceive others dgelongng to the same social group. Acoustic stleatenable
group cohesn also exist in the vocalizations of other species such as primates,(B3&i¢,
cetaceans (Ford989), bats (Boughmat Wilkinson, 1998), psittaciformes (Wrigh1996), and
songbirds (Brownl1985; Feekesl982) including blackcapped chickadeeBor example, the
chick-a-deecall of the blackcapped chickades a vocalization used toaintan flock cohesion
(Ficken, Ficken, & Witkin,1978).If flock membership changes, there is convergeneeaustic
parameters in the calamong flock members (Mamen & Nowicki, 1981)which chickadeg
may use as an acoustic mechanism to discataiflock members from nemembers (Nowicki

1983).Geographic differences fieebeesongs would allow chickadees to determine the
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geographic origin of conspecifics and aiguish a local bird from a bird that originated from a

more distant geographic region.

Acoustic mechanisms

In Experiments 2 and 3, followiriscrimination trainingandGeneralizationye
presented chickadees in the true category group with songsemamipulated in order to
examine the acoustic mechanism for the geogriyalsgd discriminatioof songs In both
experiments, we presented spliced songs and songs in which we altered the total duration; in

Experiment 3, we also presenfegandbeenotesindividually.

While bioacoustic analyses may reveal certain acoustic features that vary among
vocalizations, these analyses are limited to the actual features that are measured, and natural
vocalizations contain a rich variety of possible acoustic cusctiuld be used by the animals
themselves. The response of songbirds, including filapkedchickadees (Hahn et,&015
Hoeschele et gl2012), is influenced by acoustic cues other than the features measured by
bioacousticians. For example, song spag discriminate between the songs of males from local
and distant populations (&ey, Nowicki, Hughes, & PetergdD02). Althoughsong sparrow
songs contain acoustically distinct note types, by manipulating song element composition,
Searcy et al. (2003ptind that song sparrows do not use specific element composition to
discriminate local from more distant songs, suggesting that perceptual categories formed by

researchers may not be perceptually distinct categories to birds (Searc2Ga3jl.

The curent results also suggest that birds were using other acoustiwithiesthe songs
(besides only total duration) to discriminate. Chickadadoth S+ groups responded more to
S+ associated songs regardless of the manipulation (e.g., birdBBintiste ColumbiaS+ group
responded similarly to unmanipulated sorgstish Columbiasongs increased in length, and
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British Columbiasongs decreased in length). One possibility is that birds were using acoustic
informationwithin only one of the two songptes.To examine this possibility, we presented
birds with spliced songs that contained one song note from each population (Experiments 2 and

3) and we presented birds with individual notes (Experiment 3).

Results from the single note tests suggest that iirdach discrimination group €i.,
British Columbia S+ and Ontario S+) were using a different mechanism when discriminating.
For example, when presented with spliced songs in Experiment 2, birds in the British Columbia
S+ group responded significanthskewhen an Ontario note was presented first in the song,
providing evidence that birds rewarded for responding to British Columbia songs were relying
on acoustic information in tHeenote.A different pattern of responding emerged for birds in the
Ontarpb S+group. The results from the single note tests suggest that birds in this group relied on
information within thebeenote when responding; birds responded significantly more to Ontario

beenotes ompared tdeenotes from either location.

Birds demonstated some transfer of responding to single note songs, providing evidence
that they attend and respond to acoustic features within individual notes; however, responding to
the single note songs also suggest that the individual note types are acgsatidiall between
regions, becaugbere was no significant difference when comparing the respondfagriotes
from different locations and there was no significant difference when comparing the responding
to beenotes from different locationgn additian, in Experiment 3, birds responded similarly to
the dfferent spliced songs (see Figuk®), supporting the idea that there were similarities
between the notes from different locations. If the individual note types from each location are
acoustically simar, birds likely used a combination of acoustic features when multiple features

were available (i.e., when discriminating among natural songs).
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In addition to acoustic cues within each song note, there could also be relevant
information in the internotaterval of natural songs.dtn buntings Emberiza calandra
recognize dialects using componeritboth the song elements and silence portion between
notes(Pellerin 1982), demonstrating the importance of the song composition as a whole and not
a singlefeaturewithin the acoustisong elementdn feebeesongs, imprtant acoustic
informationexists in the relationship between notes. For example, acoustic cues for male
dominance exists in the frequency ratio (Christie e2804b) and the amplitude i@t
(Hoeschele et 312010) between the two song notes. The biological relevartbe divo notes in
combinatiorwith one another may be a reason that birds do not onlpnahformationin one

of the notes.

In other songbird species, birds may relyagoustic features in only one portion of the
song in order to perceive geographic differenEes.example, in one subspecieswiite-
crowned sparrowZonotrichia leuophrys pugetensimales use the terminal trill portion of the
song as an acoustic cue fpeographic variation more than the introductory components of the
song (Nelsor& Soha 2004); however in another sydesies of whitecrowned sparrowZ. I.
nuttalli) males rely on the introductory components of the song when distinguishing between
localand foreign dialects (Thomps@&nBaker, 1993). In contrast, female response is not
mediated by a single component of the song alone, but females rely on a comlwhatioustic
cues (Baker, SpitleNabors, Thompson, & Cummingha@87), demonstrating ththe
mechanisms used to perceive geograghferences in songs can also vary within a single
species. These differences in perception may be related to biological relevance. In the current
study,we presented chickadees with songs from two distant gpbigrregions, but chickadees

were not tested with local songscoustic similarities or differences between the songs produced
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in the subjectsdéd | ocation of origin (i.e., ce
from northern British Calmbia and eastern Ontario) may influence the biological salience of the
songsEuropean starlings discriminate between variation in geographic dialects and show

stronger responses (i.e., vocalize more often and with a shorter latency) to a familiaaksantg di
(Adret-Hausbergerl982), suggesting that local songs are a more salient acoustic signal. Further
work is needed to examine how chickadees would respond if tested with local songs and if it

would be easier for chickadees to distinguish local solgs §ongs originating from more

distant locations.

Conclusions

Our results provide evidence that blazdpped chickadees can discriminate among songs
produced by males at distantpast§ t he speci esd range using per
three expements, when chickadees were presented with novel song stimuli from the two
locations, only birds in the true category groups continued to respond to songs based on the
contingencies learned durimygscrimination trainingwhich suggests that these bimsre using
openended categorization. In contrast, chickadees in the pseudo category groups responded to
the novel songs nedifferentially, which suggests that birds in these groups were relying on rote
memorization to learn the task during the inibacrimination trainingTests with manipulated
song stimuli (spliced songs, single note songs, and total duration manipulated songs) revealed
that birds were likely using multiple acoustic features when discriminating, and the specific
features used by bisdo discriminate among the songs may be influenced by the particular songs
initially discriminated during acquisition (i.e., different song stimuli were used in Experiments 2
and 3), as well as which songs are reinforced during acquisition trainingvfiegherBritish

Columbiaor Ontariosongs were the S+ stimuli).
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Chapter 5 Female song in blackcapped chickadeesRoecile atricapillu3: Acoustic song
features that contain individual identify information and sex difference$

2 A version of this chapter has beerbpished througtElsevier Hahn, A.H., Krysler, A., & Sturdy, C.B. (2013).
Female song in blackapped chickadees (Poecile atricapillus): Acoustic song features that contain individual
identity information and sex differences. Behavioural Processes, 98)®8&Joi: 10.1016/j.bbr.2011.03.031
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Introduction

In the oscine songbirds, song is considered a sexselii¢ted signal (Catchpaofe
Slater, 2008; Seard Yasukawa, 1996), produced by males and serving two main functions: (1)
territoriality and (2) mate attraction (CatchpéleSlater, 2008). Most studieexamining
songbird vocalizations have concentrated on temperate species, in which males have long,
complex songs and females are thought to lack song (Langmore, 1998; Riebel, 2003). In
contrast, females of tropical species often sing solo song or @letsr& Mann, 2004) and the
contrast between how common fempleduced song is in the tropics compared to the relatively
uncommon songs produced by females in the North Temperate Zone may be one reason songs
produced by the latter are often overlookedt@@pole& Slater, 2008). However, there are an
increasing number of accounts of female song in temperate songbirds, and in many species, it is
now recognized that both males and females can produce song (for reviews see Langmore, 1998;
Riebel, 2003). Foexample, in a literature review of 233 European species, Garamszegi et al.
(2007) reported descriptions of female song in over 100 species, and only eight species in which
it was specified that females do not sing. In the remaining species, there wdaton of the

presence or absence of female song.

In many temperate species in which female song has been described, the description has
been limited to accounts of rare or atypical female song in the field (song spelemspiza
melodig Arcese etla 1988; hooded warblevilsonia citring Evans Ogden et al., 2003;
common yellowthroatGeothlypis trichasTaff et al., 2012). In generagw studiegexamining
North Temperate Zone spectegsvequantitatively examined female song atidicturally
compared male and female sor{@sg., Baptista et al., 1993; Hoelzel, 1986; Pavlova et al., 2005)

Because females sing infrequently in many temperate songbird species, it is difficult to make
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comparisons between male and female song. For exampiestanceof rare female song in a
hooded warbler was found to be structurally similar to male song, and playback response by
males to this song was similar to a typical male song (E@aden et aJ.2003); however, these
results cannot be generalized to the papoih, due to its singular occurrenéethe current

study, we recorded captif®used male and female blackpped chickadeeB¢ecile

atricapillus), a North American songbird, that were widdught as adults. We obtained multiple
songs from both malesd females and conducted a bioacoustic analysis of these songs. In this

species, song produced by males has beersivaglled, but female song has not.

Compared to the songs of most songbirds, btagped chickadeieebeesong appears
to be relatively snple. While male song has been the focus of many studies, there are only a few
accounts of females singing (Dwight, 1897; HillLein, 1978) and female song is often
described as softer than male song (Dixon, 1970; Odum, 1942). This lower amplitude song is
termedfaint feebee(Ficken et al., 1978}hereby distinguishing it from the typiciee beesong.
Both males and females can prodteiat feebees which are a closeange vocalization, usually
used near the nest. In contrast, norfeebeesong is ypically described as a mapoduced
signal used in mate attraction and territory defense (Ficken et al., 1978; Smith, 1991). There are
accounts of females singing in the field; for example, Hill and Lein (1987) reported a female

singing normafeebeesangs while away from her mate.

In temperate species, the description of female song may be limited because females sing
different or lesscomplex songs, females spend less time singing compared to males, and in many
species females and males are monomoygb singing females may be incorrectly identified as
male (Arcese et al., 1988; Langmore, 1998). The first possibility, that female song is

gualitatively different than male song, is unlikely for blaapped chickadees, as males produce
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relatively simpe song, and the few descriptions of female song have described it as similar to
male song. However, the second and third possibilities may be true ofdalpg&d chickadees:
Females may spend less time singing and btagped chickadees are monomorpbafemales
may be mistaken for males (especially if wild birds are not banded and sexed). Ccawglhd
females sing loufeebeesongs in captivity (pers. obs.) and these observations led us to record

females producing song.

In the current study, ouiira is twofold: (1)to provide a quantitative description thie
acoustic structure démale blackcapped chickadefeebeesongs and (2p make a direct
comparison to malfeebeesongs. We recorded both mabnd femals under the same
conditions and, sing bioacoustic analgs, measuredevenacoustic features within the songs.
To our knowledge, this study is the first to providguantitativedescription othe acoustic
structure ofemale blackcapped chickadee song and make a comparison betweeandale

female song.

Materials and methods

Subjects

Vocalizations from eleven female and ten male chickadees, at least one year of age
(determined by the shape and color of their outer tail retrices at capturel ¥ig were used
in the current analysi&irds were captured between 29 February 2008 and 19 March 2012 from
several areas around Edmonton, AlbeBteB(e 5 3 N. 113 e53W,; and3anyp 2 N, 11 3¢
Plain, Alberta® 3 e 4 5 N, ).ISéx4vaes@diamnined by DNA analysis (Griffiths etE098).
Birds wee housed individually in colony rooms in Jupiter Parakeet cages (0.3 x 0.4 x 0.4 m;
Rolf C. Hagen, Inc., Montreal, Canada). Birds had food (Mazuri Small Bird Maintenance Diet;
Mazuri, St. Louis, MO), water (supplemented with vitamins three times per Wagkn, Rolf
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C. Hagen, Inc., Montreal, Canada), grit, and cuttle lmahkbitum Birds were given three to

five sunflower seeds daily, one super worm three times per week, and an egg and greens (spinach
or parsley) mixture twice per week. Birds were mamed on a lightlark cycle that

approximated the natural light cycle for Edmonton, Albartd was adjustegiccording to the

time of year.

Recordings

Birds were recorded between 20 March and 14 June 2012. A recording session for an
individual bird lastegpproximately 30 min and all recordings took place between the hours of
9:00 (when colony lights turned on) and 13:20. Birds were recorded individually in-sound
attenuating chambers (1.7 x 0.84 x 0.58m; Industrial Acoustics Company, Bronx, NY) using a
AKG C 1000SAKG Acoustics, Vienna, Austriapicrophone connected to aavantz PM®70
(Marantz America, Mahwah, Ndjjgital recordel(16 bit, 44,100 Hz sampling rat@irds were
transported in their home cages from the colony room to a room containing titeckaunber.
All birds remained in their home cage during the recording se€3ioing the recording
sessions we monitored and noted the sound pressure level (A weighting, slow resibiese)
feebeesongswith a Briel & Kjeer Type 2239A (Bruel & Kjeer Sod & Vibration Measurement
A/S, Neerum, Denmark) integrating sound level me&tanicrophone extension cable allowed us
to locate the body of the sound level metre outside the chamber arahitor the amplitude of
the vocalizationsThe amplitude was reodedfor nineteen of the twentgne birds (90%n= 578
song3 whosefeebeesongs were included in the analysis. The microphone of the sound level
meter was positioned 0.1m above and slightly behind the cage. A vocalizing bird could be

between 0.1 and 0.55from the microphone of the sound meter, depending on its location in the
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cage. Following a recording session, audio files were downloaded and saved onto PC and
analyzed using SISAL 5.10.29 software (Engineering Design, Berkley, CA).

The number of day$at a bird was recorded varied between individuals. For an
individual bird, songs included in the analysis were recorded e¢eatays (average = 1.43
days). In our comparison of male and female songs, we were careful to avoid pseudoreplication,
which canoccur when including more than one vocalization per individual or per recording
session, and controlled for the confounding effects of pseudoreplication by conducting permuted
di scriminant function analyses (see AStatist.i
Bioacoustic analysis

Nine females and nine males produced more than tvWeebeesongs across recording
sessions. From these individuals, twenty high quality songs (i.e., not distorted from cage noise)
were randomly selected to include in the analysis. Two fematesranadditional male
produced 1216 songs and these were also included in the analysis.

We made a total ofewenacoustic measuremerds each songrhese acoustic
measurements were chosen because they have been measured previously in studies examining
acoustic features within tHeebeesong (e.g., Christie et al., 2004a; 2004b; Hoeschele et al.,
2010) and because these measures provide a comprehensive acoustic descriptiealné¢he
song.Temporal and spectral measures were taken from soundagpaats with amplitude
cutoffs of-35 to 0 dB relative to song peak amplitude. We examined two temporal
measurements: (1) total duration of song and (2) the proportion of song occupieddantite
(feenote duration divided by the total duration of #umg), hreespectral measurements: &g
glissando (decrease in frequency across the duration fe#ahete, calculated by dividing the

start frequency of thieenote by the end frequency of tfeenote) and (2) the interval ratio
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between the notgsalculated by dividing the end frequency of thenote by the start frequency
of thebeenote),(3) absolute frequency (measured as the start frequency loée¢hete; Christie

et al., 2004a; Otte®: Ratcliffe,, 1993)and two amplitude measurements: (dlative amplitude

of thefeeandbeenote (calculated by dividing thrmaximumamplitude for théeenote by the
maximumamplitude for théeenote) and (2) the root mean squared (RMS) amplitude @tio

the relative loudness of tlieenote to the ente songcalculated as the RMS amplitude of the
feenote divided by the RMS ratio of the entire spsge Figur&-1 for measuremenjts

Temporal measurements were made with a spectrogram window size of 256 points and time
resolution of 5.8 ms, and the spat measurements were made with a spectrogram window size

of 1,024 points and frequency resolution of 43.1 Hz.

Statistical analysis

To examine if acoustic feates in songs vary by individyatie calculated the potential
for individual coding (PIC) for ezh of the acoustic features. We calculated the coefficients of
variation between individuals (GYusing the following formula: Cy= (SDimearnx100, where
SD is the standard deviation am@anis theaveragdor the total sampleandthe coefficient of
varnation within an individual (CY) using the formulaCV,,= (SD/mean¥100 where the SD
andmeamar e cal cul at ed f r o @hareaetdh,200hSbkahandfoblfa | 6 s s on
1995). For each acoustic feature, the PIC value is the ragor@en CV,, where mean Cyis
the average Cy/calculated for all individuals (Charriet al.,2004). Acoustic features with a
PIC value greater than 1 may be used for individual identification.

To further examine song in terms of individual differences, we condlticiee stepwise
discriminant function analyses using SPSS (version 19.0.0, SPSS, Inc, Chicago, IL) to classify

songs in terms of what individual produced the vocalizafescriminant function analyses are
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commonly used in behavioural and bioacoustieaesh to determine if, for example,

vocalizations differ by individual or group. In addition, discriminant function analyses are used

to determine which features within the vocalizations could be used to discriminate between the
individuals or groups (Mung & Sommer, 2007)if one or more of the acoustic features we
measured in thEeebeesong varies among individuals, discriminant function analyses should be
able to use the features to accuratefgsify the songs (Tabachni&kFidell, 2007). We report

both the original and crosalidated percentage of correct classifications, as well as the
standardized and structure coefficients for the first discriminant function derived from each of
these analyse$Ve used the leaveneout method of crossgalidation, in which one case is

withheld at a time and the discriminant function is derived from the remaining cases. Using the
discriminant function that was derived, the withheld case is then classified. These steps are
repeated until all cases have been cleskih this manner (Betz, 1987). This method of cross
validation can provide a useful estimate for how well the derived discriminant function can

predict group membership with a new sample (i.e., a set of cases not used to derive the
discriminant function)From the standardized coefficients, we can examine the relative

importance of each variable to the discriminant score; a greater contribution is associated with a
standardized coefficient with a larger magnitude. One limitation of standardized cotgffisien

t hat when two variables are strongly correlat
the discriminant score may not be accurately represented. In contrast, structure coefficients are
correlation coefficients that are not affected by otherr i abl es. As the struct
magnitude increases, it represents a closer relationship between the variable and the discriminant

function (Klecka, 1980).
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To analyze songs in terms of the sex of the producer, we conducted discriminant function
analyseausing the leav®neout method of crossalidationin R (version 2.14.1, R Foundation
for Statistical Computing, Vienna, Au&ktri a)
Ripley,20)and f#Akl aR0o ( We ki firg rareldmlyadleet, ten 2obds Hom.eachV
individual and conducted a stepwise discriminant function analysis to classify songs based on the
sex of the produceWithin an individual, song features can vary each time the song is produced,
so the specific songs used within thecriminant function will affect the classification results.
For this reason, erepeated this randomization process 100 times and calculatacethge
percenageof correct classificationdVe conducted binomial test® the results from these
stepwi® discriminant function analysé&s determine which acoustic features were used to
classify the songsignificantly morethan would be expected by chanaadusing only thee
acoustic features, we conducieetmuteddiscriminant function analyses suggsted by
Mundry and Sommer (2007), because our data set contained more than one song per individual
which can lead to issues of pseudoreplicathmbefore, we randomly selecteghsongs per
individual, repeated this 100 times, and calculated an aveeagenage ofcorrect
classificatios. Next, weconducted 1,000 permuted discriminant function analyses, in which we
randomly selected ten songs per individual and randomly assigned the songs produced by an
individual to one of two groups (i.e., male or fas).Following Mundry and Sommer (2007),
we calculated g-value by finding the proportion of permuted discriminant function analyses
that resulted in a percexgeof correct classificationsqual to or greater thahe average
percenageof correct clagfications from the original data sét/ith this procedure, there are two
levels of randomization within the permutation: (1) randomizing which group an individual

belongs to prior to the classification by the discriminant function (i.e., male or femdl&2)a

174



randomly selecting which songs produced by each individual eiithtluded in the discriminate
function analysis. Although we included more than one song per individual across recording
sessions in our discriminant function analyses, by using taesemization procedures and
testing our results against the true null hypothesis distribution (i.e., the resultant distribution from
the randomized data set), we eliminate the problem of pseudoreplication that can occur with a
traditional discriminant faction analysis. In addition, an equal number of songs from each
individual were included in each discriminant function (i.e., ten songs) and the analyses
accounted for the different number of males versus females (i.e., songs from eleven females and
tenmal es were included), by indicating that the
probabilitiesd when classifying songs.

In addition to the discriminant function analyses, we conducted a corresponding
multivariate analysis of variance (MANOVA) in SP3%sing the svenfeatures we measured,
we calculated an average song for each of the 21 &mdisompare songs produced by males
and femalesising a MANOVA. Similar to the permuted discriminant function, by using the
average song parameters for each iildial in the MANOVA, we avoid the pseudoreplication

that can occur when using multiple songs from an individual.

Results

We first wanted to determine if there were amplitude differences in the songs produced
by males and femaleBuring the recording sessis, we recorded the amplitude of songs
produced byinemales (275 songs) amnenfemales (38 songs) We used these amplitude
measurements to compare the amplitude of naadd femaleproduced songs. First, we
calculated the coefficient of variation feach sex. Coefficients of variation are useful to

compare the relative amount of variation in two groups with different means & ét@lhlf,
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1995). The coefficient of variation (CV) was found using the following formula=CV
(SD/meanx100 For the275 mde songs, CV = 17.63%rean+SD= 68.9112.15). For the 303
female songs, CV = 10.08%nean+SD= 70.117.069). These results indicate that overall the
amplitude of male songs are more variable compared to female songs. However, to determine if
the amplitdueof male and female songs varied significantly from each other we conducted a
test. Because the amplitude for more than one song per individual was recorded, we took the
average amplitude of the songs produced by each indivitliate was no significamtifference
between the sexefl7) = 0.38p = 0.71 (femalenearxSD = 67.08+6.74 dB; malmearxtSD =
68.62+10.74 dB)These results suggest that while males produce songs with more variable
amplitude compared to females, there is no difference betweabgbkite amplitude of male
produced songs compared to feraateduced songs. In other words, females were not just
producing very soft songs and males were not only producing loud songs and this suggests that
males and females were producing similar somgs.overall structural similarity of maland

femaleproduced song is illustrated in Figube2.

Acoustic differences by individual

Table5-1 shows the means, standard deviations, coefficients of variation between and
within individuals, and the potentigor individual coding value for each acoustic feature. For
each sex and for both sexes combinedsalkenacoustic features have PIC values greater than 1,
indicating that they magontain cues ohdividual identity. Fototh sexes combined and for
males only, total duration has the highest PIC value. For female birdsbeelstart frequency
has the highest PIC value.

We conducted three discriminant function analyses to classify the songs based on

individual. The first discriminant function analysiassified songs produced by birds of both
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sexes. This analysis correctgsignedt8.0% of all crossvalidated caset® the correct

individual (chance = 1/21 = 4.8%l)wo additional discriminant functioanaly®s conducted

with only maleor only femalesorgs correctly classifie89.26 and 62.0%, respectivelgf all
crossvalidated cases in terms of the individual. Teéb2 gives the eigenvaluysquared

canonical correlation coefficienstandardized and structure coefficients for the first discrimina
function for each ofhethree analyses conductdtkamining the standardized coefficients and
the correlation coefficient®vealsthat total duration shows the strongest relationship with the
discriminant functions for each analysis. Tabl2 alsolists the feature that had the second
largest standardized and structure coefficient for the first discriminant function, as well as the
feature that had the second largest PIC valbese features differed between sefesmales
only relative amplitude variesith individual, while for females onlgeestart frequency varies)
suggesting that there may be differences in what acoustic features account for individual

recognition in male compared to female songs.

Acoustic differences by sex

The percentage of catt classifications from the discriminant function analyses are
reported as mea$D and the range of percent correct classifications for the 100 iterations is
reported. Thetepwise discriminant function anaggsonducted to classify songs based on sex
revealed a meapercenage ofcorrect classificationof 65.39£2.24%; range: 6048-70.48%.
Binomial testdoundthat total durationZ= 3.0, p = 0.0013, feeproportional durationz= 2.2,p
= 0.139, feeglissando£=10.0,pO 0 .)0irMefvdl ratio£=3.8 pO 0 .)0Oafddekstart
frequency(z=5.0pO 0 .)Ov&®uked in significantly more discriminant function analyses
than would be expected by chance (chance = 0.50). Usigghese featurgs.e., total duration,

feeproportional durationfeeglissando, intervalatio, andbeestart frequencyyve conducted
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permuteddiscriminant function analyseResults revealed that there was no difference in the
acoustic features between male and female s@vgsage perceage of correct classificatios

for the original data set 64.76+2.20%; range:60.0-70.48%; 277/1000 of thgpermuteddata sets
had a perceage ofcorrect classificatiopequal to or greater than the average peaggnof
correct classificationof theoriginal dataset p = 0.277). We also conducted permuted
discriminant function analyses using ofdgglissando, because this feature was used by all
discriminant function analyses (100/100) conducted on the original data@®pared to 65/100,
61/100, 69100, 75/100, for total duratiofgeproportional duration, interval ratio, abeestart
frequency, respectivelylResults from this permuted discriminant function analysis revealed a
significant difference in thieeglissando between male and femalegsoraverage perceage

of correct classificatianfor theoriginal data= 66.09+2.02%r range: 60.480.95% 9/1000 of
thepermuteddata sets had a percage ofcorrect classification equal to or greater than the
average perceage ofcorrect classificatins of theoriginal dataset;p = 0.009).

Results from the MANOVAwere in agreement with the results of the discriminant
function analysesreveaing thatfeeglissando was significantly different between the male and
female songsR(1,19)= 7.68,p=0012  p a 7=t02% dbseryed power = 0.75). The other
five features did not differ significantlyf¥(1,19)0 24, p 038 p a7(t i6aok3erded
p o we r 840Se@ Figliré-3 for comparison of representative male and female songs with
varyingfeeglissando ratios.

Discussion

Our study provides the first detailed descriptiortted structure ofemalefeebeesong in
blackcapped chickadees. By recording both malel femalegproduced song and conducting

parallel bioacoustic analyses, we can mdikect statistical comparisons between the acoustic

178



features in male and female songs in our study populdtionany North Temperate Zone
species, females are considered to rarely produce song (Langmore, 1998; Riebel, 2003).
However, this study provide=vidence that in the blagtapped chickadee (a North Temperate
Zone species), females can produce song with overall structurkrgies to male song (see
Figure5-2). In addition, our results indicate that f&pbeesongs aréndividually distinctive for
both sexes, and (2) at least afiehe measuredcoustic featurevaries between the songs
produced by male and female birds.

For this study, we recorded birds held in captivity. These recordings are a first step in
identifying a behaviour that h&®en rarely reported in this species. Recording females in the
wild is a logical next step, and will help us to better understand the ecological context and
potential function of female song. However, there is no indication that our captive females were
only singing because they were being housed in the lab. All birds were captured from the wild as
adults, and presumably had normal vocal development prior to being brought into captivity. Our
birds are housed singly within colony rooms, but have visuabaddory contact with
conspecifics. Avey et al. (2008b) examined the effects of captive housing orchfguéd
chickadees compared to wild birds and found that the vocal behaviour efamigght chickadees
housed in captivity mimicked the vocal productadrwild birds across both time of day and
season. Specificallyeebeesong production in captive bladapped chickadees increased
during the spring at dawn, and this result did not differ ffeebeesong production in the wild.

The captive housing cdlitions examined in Ayeet al. (2008b) are identictd the conditions
that the birds in the current study were housed under. It is important to note that Avey et al. did
not identify the sex of the birds singing in the field or the laboratory, but ésrhave been

heard singing loud songs while housed under these conditions (pers. obs.).
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Previous studies have demonstrated that male {oi@gRed chickadee song contains cues
regarding individual identity (Christie et 22004 Wilson & Mennill, 2010. Examining songs
produced by birds in eastern Onta@yristie et al. (2004a) found that total duration was the
most individualy distinctiveacoustic feature in mafeebeesong. Our results are in agreement
with this finding,for both male and female sg& In numerous species, discriminating between
individuals via acoustic signals can be used to identify a territory neighbor versus stranger (e.qg.,
alder flycatcherEmpidonax alnorumLovell & Lein, 2004;song sparrow, Stoddard et,d1990)
or a mate €.g., great titsParus major Lind et al, 1996 zebra finch,Taeniogpygia guttata
Miller, 1979; dunnockPrunella modularisWiley et al, 1991). Blackcapped chickadee males
and females eavesdrop on male singing contests (Mennil) 2062 Mennill & Ratcliffe,

2004, and operant go/rgo discrimination tasks (Phillmore et,&002) and playback tests

(Wilson & Mennill, 2010) have demonstrated that male bleagped chickadees can

discriminate betweefeebeesongs produced by individual males. lRertstudies are needed to
determine if females can discriminate between individuals based on their songs, and how the sex
of the signaler affects discrimination. In other words, can males and females discriminate
between individual females based exclugiat their songs

In addition to song containing information regarding the individesiilts from our
discriminant function analysesid MANOVA suggest that at least oaeoustideature fee
glissando, varies significantly between the sexes, and mag aea cue to identify the sex of
the signal producer. Playback studies that manipulatiedgissandan male songuggest that
it is a speciesypical cue. When the frequency change withinfdenote is removed (i.efee
glissando flattened), maleespond less aggressively (Shackleton £1@92) and females give

fewer copulatiorsolicitation displays (Ratcliff& Otter, 1996) in response to playback. Tiee
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glissando has been found to remain constant at different absolute pitchesnaittfiee bee
song (Christie et gl2004b), further implicating its importance as a spetypgal acoustic
feature however, only théeeglissando within male songgas examinedThefeeglissando may
not only be important in species recognition, tut resits suggest théeeglissandanay also
be used as a sex cuw@ur discriminant function analyses were able to accurately classify birds
based on sex by using tfeeglissando, and this classification was significantly greater when
using the original dateompared to when permuted data was classified. These discriminant
function results indicate that sufficient differences exist to discriminate between male and female
songs, but further examination is needed to determine if birds can perceive the difference
between male and female songs, and whethdedglissando is important for this
discrimination. Bysystematically decreasing and increasing the frequency change withee the
note in male and female songs and presenting these manipulated songsldyioackor
operant discrimination taskeecangaina b et t er wunderstanding of thi
identifier.

This studyprovides a descriptioof femaleproducedeebeesongsthat are acoustically
similar to maleproduced songyhich provides he groundwork for future studiéisatare needed
to examine female song development, perception, and fupctiaddition to the song system in
femaleblackcapped chickadeeBirst, there have been few studies examimradesong
learning in blackcappedchickadeesinder laboratory conditior{&roodsma et al., 1995;
Shackletor& Ratcliffe, 1993).Baker et al. (2003) examined the vocal developmefaediee
songs in the field, and found that the structure of songs produced by fledglings was similar to
adut song, although songs of juveniles often contained more than the typical two notes. Baker et

al. (2003) did not identify the sex of the juvenile birds, so it is unknown whether the fledglings
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producing song were males or females. Kroodsma et al. (189%) that young female birds

tapet ut ored in the | ab produced subsong (descri
Kroodsma et al., 1995), but as adults these females did not produce songs. In the current study,

all birds were wildcaught as adwdtbefore they were brought into the lab, and presumably had

normal vocal development in the wilblost male songbirds must learn their songs from a tutor
(Catchpole& Slater 2008), but there may be differences between male and female songbirds in

terms ofhow or when song is learned. For example, male and female northern cardinals

(Cardinalis cardinali$ commonly sing, but females, which learn their songs faster compared to

males require exposure to conspecifiongs in order for song to develop, whilel@sado not
(Yamaguchj2001). Further studies are needed to determine when femalecialajo&d

chickadees learn to sing and from whom. Secondresultsuggest that there are sufficient

acoustic differenceim feebeesongs that birds could usetoperoee an igsedi vi dual 0s
Behavioural tests can provide insight into the perception of male versus female songs, and

whether behavioural response varies based on the sex of the listening chi¢tkaddker

songbird species, male and females differ inrtb@ng discrimination abilities. For example,+red

wing blackbird Agelaius phoenice)s mal es are abl e to discriminatf
and other femalesd6 songs (Beletsky, 1983b), w
female from anotire(Beletsky, 1983a). Thirdstudies examining the function of female song in

this species are needed. From our analysis, we cannot make any conclusions regarding the

function of femaldeebeesong. One possibility is that female songsed for mate regmition.

In order for a signal to be used for mate recognittomeeds to contain information regarding the
individuald Elentity andsex Our results suggest that both of the above assumptions are met

with femalefeebeesong,and as sucht may be asignal used for communication between
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mates.To best understand the function of female song, female song needs to be observed in the
field. A field study would allow researchers to access the social and/or ecological contexts under
which females produce 89, and this type of observational study is the first step in determining
the songb6s function.

With the demonstratiothat female blackapped chickadeeanproduce songdurther
studies into the female song system in this species are n&sahegghirds ee commonly used as
a model for human language development, because of the many parallels between birdsong and
human speeclincluding analogous neural pathways important for vocalization and language
learning(Doupe& Kuhl, 1999).In the songbird brainhesong system, which is important for
song learning, production, and discrimination (Do&pkuhl, 1999), is generally smaller in
females, especially in female§ specieshat do not sing (Bak MacDougaliShackleton,
2001).0Often, only male songbirdseaused as neurobiological models, because in many species,
only males learn their songs. llabk-capped chickadegmales mustearn their songs
(Shackletor& Ratcliffe, 1993) and both sexes learn aspectsedf talls (Hughes et al., 1998),
additionall, both the behaviowand vocalizationsf this species have been extensively studied,
making it a useful model species. When birds hear song, neural changes are initiated by
immediate early gene expression. In chickadees, the sex of the signal rectpreydarcer
affects the expression of an immediate early gene (i.e., ZEN&3entation of male song result
in moreimmediate early genexpressiorthan female song isome areas of the brain, while
there isno difference in gene expressiwhenfemalesare presenéd with male versus female
song (Avey et al., 2008alt may be the case that for listening females, there was no observed
difference in the levels of immediate early gene expression either because females do not

discriminate between the sexemsbd on song or because females normally only respond to male
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songs in the wild, and as such, their brain activation is high for all similar siglwal®ver,

before we can make these conclusions, more research is needed to examine the function of
femaleproduced songi.e., its context specificity) and to examine the similarities and

differences in the song system (including song learning and development) of males and females

blackcapped chickadees.

Conclusion

Ourresults demonstrate that male and ferbédekcapped chickadees produce
individually distinctivesong, and at least one acoustic feature {eeglissando) varies between
songs produced by the different sexes. Descriptions of female song in this speeiescna
limited (Dwight, 1897; Hill & Lein, 1987), and we encourage researchers to examine the
presence of female song in othemperatesongbird species:uture research should focus on the
development, perception, and function of féenblackcapped chickadee song. In addition, the
femalesong system in this species needs to be examined furtbeter togain a better

understanding of song in this species.
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Table 51. Means, standard deviations, coefficients of variation between individuals (CVb),
coefficients of variation within an indidual (CVw), and poteidl for individual coding value

(PIC) for each feature measuredeebeesongs.

D;IJ-roat?illon Propl):;(taional _Fee Interyal Rela_ltive RM.S F%ggﬁgréy
(ms) Duration Glissando Ratio  Amplitude  Ratio (H2)
Both
Sexes
mean  963.85 0.42 1.11 1.12 1.02 1.26  3279.97
SD 86.36 0.04 0.04 0.04 0.17 0.58 184.18
CVp 8.96 8.88 4.04 4.00 16.28 46.38 5.62
CVy 5.56 6.88 3.27 2.78 12.91 38.44 3.62
PIC 1.61 1.29 1.23 1.44 1.26 1.21 1.55
Females
mean  966.31 0.42 1.12 1.13 1.00 1.24  3250.94
SD 100.61 0.05 0.05 0.05 0.15 0.63 201.55
CVp 10.41 10.84 4.32 4.71 14.76 50.68 6.20
CVy 6.72 8.73 3.70 3.37 13.19 41.44 3.67
PIC 1.55 1.24 1.17 1.40 1.12 1.22 1.69
Males
mean 96125 0.42 1.10 1.11 1.04 1.28  3310.77
SD 68.24 0.03 0.04 0.03 0.18 0.53 158.52
CVp 7.10 6.20 3.31 2.92 17.41 41.73 4.79
CVy 4.30 4.84 2.80 2.12 12.59 35.14 3.56
PIC 1.65 1.28 1.18 1.37 1.38 1.19 1.34
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Table 52. The original and crosgalidated percentage of correct classifications by individual
using a stepwise discriminant function analysis, for atld(i.e., both sexes), femalasly, and

males only. For each discriminant function analysis conducted, the eigenvalue, squarezhlcanoni
correlation coefficient (R ), andthe acoustic features with theo largest (respectively)
standardized (Std coeff) and structure coefficients (Str coeff) for the first discriminant function is
listed. The two aaastic features with the larggsbtentialfor individual coding values (PIC) for

each group are also given. TD: total duration; IR: interval ratio; RA: relative amplitude; BSF:

beestart frequency.

Cross
Group Original Validated Eigenvalue R  Std coeff Strcoeff PIC

Both TD,
Sexes 55.7 48.0 1.47 059 TDO,IR TD, IR BSF
TD, BSF,
Female 70.7 62.0 150 0.59 TD,BSF BSF D
Male 65.3 59.2 1.98 0.6/ TD,RA TD,RA TD,RA
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Figure 5-1. Sound spectrogram and power spectrum depicting acoustic measurements made in
feebeesongs. (a) Sounspbectrogram (time resolution = 5.8 ms); measuremedclisded: TD:

total duration of song and Fieenote duration (measured as a proportiofeefiuration to total

song duration). (b) Sodnspectrogram (frequency resttun = 43.1 Hz); measurements

included: FGfeeglissando (ratio of frequency decrease witi@@note) and IR: interval ratio
(frequency ratio between the notes). (c) Pospactrum (FFT window = 65,536 points; 88 Hz
smoothing); measurements included: B¥enote amplitude and FAeenote amplitude.
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Figure 5-2. Comparison of male and female blacdpped chickadefeebeesongs, showing the
overall structural similarity of the songs produced by each sex. (a) Oscillograaieofind
female song. (b) Hanning sound spectrogram (FFidwvwarw = 256 poi nt s;
song peak amplitude) of male and female song. (c) Power spg&trinwindow = 65,536
points; 88 Hz smoothing) of male and female song.
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Figure53. Sound spectrograms (FFT wi ntovetovsorgpebld 24 po
amplitude) of representative fee songs showing frequency (kHzaxis) by time(seconds, x
axis). Songs produced by males (a and b) and songs produced by females (c and d).
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