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A Tune for the Sparrow

Teaching birdsto imitate tuneswasapopular and lucrative hobby inthe 18"
century. The Bird Fancyer’sdelight wasthefirst collection of tunes, published
by therivalsJ. Meares(1717) and J. Walsh (1717).

From Godman 1954.

Themost famous house sparrow was ClareKipps Clarence.
He produced aremarkable song with two sections (seebelow): first an
introductionwith theusua sparrow chirping, thoughlessharshintone,
followed by asevera timesrepeated four notetrills. The second more
melodiouspart ,, opened with an elght-notetrill, followed by ahigh, swest,
plaintive note. Then, descending by aninterval of which | am not quitesure, it
rose againtoasecondtrill of eight notesaperfect fourth higher than thefirst.
Thisthemewasrepeated severa timesand sometimesended abruptly but

moreoften returned to thetonic.”
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From Kipps 1956b.



ABSTRACT

Theadoption of foreign song elements occursunder natural conditionsin various songbird
speciesincuding thehouse sparrow Passer domesticus, eventhoughit may golargely unnoticed
by humans. House sparrows singing canary song have been known by hobbyistsfor along

time. My study isthefirst to analysetheimitative abilitiesof house sparrowsin detail.

| used anintegrativeapproach cond dering featuresthat are particularly important for thedegree
of vocal |learning that can bedisplayed by aspecies. Theseincluded (1) agenetic predispostion,
(2) body condition of the parents, (3) food availability during early ontogeny, (4) socid factors,
(5) neurona mechanisms, (6) hormonal states, and (7) body sizeand morphology of thevocal
tract.

House sparrowsprovided for 3 generationswith food ad libitum could afford ahigh parental
investment already at egg laying; thisresulted insignificantly higher hatchling weightsof male
and femdeneonatesin thethird breeding seasonin captivity. However, | could not findindications
that hatchling weight influenced nestling growth, song learning, androgen levelsor body sizein
adulthood.

Sparrows are obligate insect eatersin thefirst two weeks after hatching, and thus suffered
from low quality food when they were reared by seed eating canary foster parents. This
resulted inasignificantly lower body massgain during theday.

Canary-raised sparrowscan learn the canary typica tour (= repetition of onetypeof syllables),
but their songs did not match completely with the model. Toursaresignificantly shorterin
sparrowsthanin canaries. Whilecanariessing severa tourswithout abresk, sparrowsseparate
toursby ashort sllentinterva. Thisgoesin linewith anincreased volume of HV ¢, which codes
besidesothersfor syllableidentity. However, thisa one doesnot explain, why sparrowsinclude

suchdlentintervals.

House sparrows di stingui sh between sequences comprising syllables only, or both toursand
snglesyllables: they producesgnificantly lessdifferent syllabletypesper timeinapuresyllable

sequencethanin asequencewith syllablesand tours.

Thenucleushyperstriatum ventrale parscauda e (HV ¢), asong control nucleusthat isthought
to coordinatetemporal patterns, proved to be significantly increased in sizein sparrow males



singing canary-like song compared to no-tour singing sparrows, independent of therearing
parent species. Sparrow-reared sparrowsdid not differ from canary-reared sparrows, whether

singing canary toursor not, in any of the other brain measures.

Thesparrow ma € ssong control system undergoes seasond changes. Nevertheless, it happened
that asparrow produced canary-liketourswith appropriate temporal patterning in autumn,
when song nuclei aresignificantly smaller than during the breeding season. Thisisasurprising
result sinceit hasbeen shown for other birdsthat song deteriorateswith reduced brain area

size. Indeed some syllablesvaried between seasons.

Singing proficiency wasnot enhanced by artificialy €l evated androgen plasmalevels, nor did
canary-like singing males possess naturally higher testosterone plasmalevels. Testosterone
implantation did not increase the dehydroepiandrosterone (DHEA) plasmalevelsand tour-
singing sparrowsdid not show naturaly higher DHEA plasmaleves. But individuaswhowere
kept in asound-proof chamber for 2.5 daysto study IEG response showed significanlty
higher DHEA plasmaleve independend of their origin (wild-caught or bredin captivity) than
individualscagedin ordinary rooms.

Canary-raised sparrowswere ableto learn the canary-typical tour, but their songsdid not
meatch completely withthemodd . Differencesbetween mode andimitation may reflect distorted
production rather than copying errors, because morphology can act asan interfering factor.
When takinginto account thebirds' body size and beak dimensions, it became probabl e that
thehouse sparrow’ svocal proficiency for singing canary-liketoursmay belimited by intrinsic

jaw mechanicsand respiratory demands.

House sparrowssinging canary-likesongsprovidearichtool for further integrative approaches.
| suggest an interpretation combining all the abovefeatures under the perspective of female
choice. Instead of searching for a,, key adaptation” or singleexplanationfor theimitative ability
(songlearning ability) in passerines, it might bemore appropriateto focusonthemultiplicity of
factorsinvolved in song production that - shaped by different selectiveforces- promotethe
highly specific song adaptations.



ZUSAMMENFASSUNG

Schon seit Jahrhunderten sind Haussperlinge bei Vogelliebhabern alsgelehrige Imitatoren
fremder L aute und Gesange bekannt. Am haufigsten wird von Sperlingen berichtet, dievon
Kanarienvogel n aufgezogen wurden und den Kanariengesang lernten. Wissenschaftlern

hingegen blieb diesesWissen bid ang weitgehend verborgen.

In dieser Arbeit wird erstmal's der wissenschaftliche Nachweis erbracht, dal3 Sperlinge
tatsachlich den Kanariengesang lernen und produzieren. Dazu habeich einenintegrativen
Forschungsansatz verwendet, der folgende A spekte umfalyt:

(2) Einflisseder Aufzucht durch Kanarienvogel oder Sperlinge;

(2) Gesange von Haussperlingen, aufgezogen von K anarienvgel n oder Sperlingen;

(3) Gehirngtrukturen (HV ¢, RA), welchedem Gesang zugrunde liegen;

(4) Einflusse von Steroidhormonen (Testosteron, DHEA) auf die Gesangsproduktion;

(5) Einflusse des Stimmapparates auf die Gesangsproduktion.

(1) Haussperlinge sind in ihren ersten beiden Lebenswochen obligate I nsektenfresser,
Kanarienvogel aber |ebend ang weitgehend K érnerfresser. Spatzenjungein Kanariennestern
erhaltenfolglich vergleichswei seweniger Proteinin der Zeit grofdten Wachstumsalsihre
Sperlingsgeschwister im elterlichen Nest. Die unterschiedliche Erndhrung wurde u.a. im
K orpergewicht deutlich: Sperlinggungein Kanariennestern zei gten einen sgnifikant geringeren
Gewichtszuwachs pro Tag dsihre Geschwister unter Flrsorgeihrer Eltern (Kapite 2).

(2) Mannliche, von K anarienvogel n aufgezogene Haussperlingekopiertendiefir inren Ziehveter
typischen Touren (= rasche Wiederholung einer Silbe), wenn auch in modifizierter Form
(Kapitel 3). Touren sind bei Sperlingen deutlich kiirzer (selten langer as1 Sekunde) alsbei
K anarienmannchen (mehrere Sekunden). Sperlingetrennen aufeinanderfolgende Touren durch
einekurze Stille, wéhrend Kanarienménnchen sieohne Pause ane nanderreihen. Dadurch muten
von Spatzen gesungene Tourenwieeinekomplizierte Einzelsilbean, dieviele(gleiche) Elemente
enthdt.

Weibchen verschiedener Vogel arten bevorzugen Mannchen, dievieleverschiedene Silbenin
madglichst kurzer Zeit Singen. Von K anarienvogel n aufgezogene Sperlinge produzieren sowohl
Sequenzen, dienur Sperlingssilben enthalten, a sauch Sequenzen, indenen sie Sperlingssilben
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und Kanarientouren kombinieren: In kombinierten Sequenzen werden signifikant mehr
verschiedene Silben pro Zeiteinheit gesungen asin reinen Sperlingssequenzen. Diesgilt
ausschliefdich fur Sperlinge, die alsNestlinge nicht nur den Kanariengesang gehtrt haben,
sondern auch von Kanarienvogel n gefittert wurden (Kapitel 3).

(3) Der Gesangskern HV cist nachweidich zustandig fir das Erkennen von Silben sowiefir
daszeitlicheMuster des Gesangs (K apitel 4). Von Kanarien aufgezogene Sperlinge, die Touren
sngen, besitzeneinensgnifikant groleren HV cd's Sperlinge, dieebenfallsvon Kanarienvogelin
aufgezogen wurden, aber keine Touren singen. DieVolumenzunahmekann zum einen auf einer
stérkeren Vernetzung der Nervenzellen basieren, wie sie auch von anderen Tierarten bekannt
ist. Inder neueren Vogelliteratur finden sich andererseits Hinwei se, dal3 auch Gliazellen bei

Volumenzunahme eine grol¥ere Bedeutung haben a sbisher gedacht.

Von verschiedenen Tierarten ist bekannt, dali3 mehrjéhrige Gefangenschaftshatung die Grofie
verschiedener Gehirnberei che negativ beeinflussen kann. Bel meinen Haussperlingen konnte
ich einen solchen Einfluf3 nicht finden (Kapitel 4). Wohl aber variierten die Voluminader
Gehirnkernein Abhangigkeit von der Jahreszeit; im Herbst und Winter waren sesignifikant
kleiner a'sim Sommer. Trotz desverkleinerten HV ¢, zustandig fur das zeitliche Muster des
Gesangs, konnteein Sperling Touren auchim Herbst singen, ohne offensichtlicheAbstrichein
der Struktur (Kapitel 3).

(4) Von verschiedenen Voge arten ist bekannt, dal3 Steroidhormone, insbesondere Testosteron,
das Gesangskontrollsystem beeinflussen und as Folge davon auch den Gesang. Bei einzeln
gehaltenen, ausdem Freiland entnommenen Haussperlingen bewirkte ein kiinstlich erhhter
Testosteronspiegel im Blut weder eine Zunahme der Gesangsaktivitét noch spontane, den
Kanarientouren vergle chbare Gesénge. Meine einzeln gehaltenen, von Kanarienvogeln
aufgezogenen Sperlinge hattenim Vergleich zu sperlingsaufgezogenen Individuen weder einen
erhéhten Testosteronspiege (Kapitel 5) noch eineerhthte Expression von Androgenrezeptoren
in den untersuchten Gesangszentren (K apitel 4). Das Singen von Touren kann a so nicht auf
hormonelle Einfllisse, z.B. d sFolge unterschiedlicher Aufzuchtsbedingungen, zurtickgef iihrt

werden, sondern mufR auf Lernen beruhen.
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EineVorstufevon Testosteronist Dehydroepiandrosteron (DHEA). Bel Saugern, einschliefdich
dem Menschen, wird esintensiv erforscht, bel VV6geln bisher noch vernachlassigt. Indieser
Arbeit kann erstmalsbei einer Vogel art gezeigt werden, dal3|anger anhaltender Stressden
DHEA-Spiegel im Blut signifikant erhéht, unabhéngig sowohl davon, ob dasIndividuumim
Freiland oder in Gefangenschaft aufgewachsen ist, alsauch davon, ob esvon den eigenen

Eltern oder von K anarienvdgel n aufgezogen wurde (K apitel 5).

(5) Sind Sperlinge morphol ogisch tUberhaupt in der Lage, den Kanariengesang exakt zu
kopieren? Die Syrinx, das L autgebungsorgan von V 6geln, erwies sich nicht alsmégliches
Nadel 6hr in der Gesangsproduktion kanari enaufgezogener Sperlinge (Kapitel 6), wohl aber

der weitere Korperbaul.

Satrdativ kurzer Zeitist bekannt, dal3V 6gd den Frequenzverlauf von Silbennicht ausschliefdich
mit der Syrinx bestimmen, sondern durch Offnen und SchlieRen des Schnabels. Der
Sperlingsschnabd istjedochinalen Dimensionen (Lange, Breite, Hohe) signifikant grof3er a's
der Schnabel vom Kanarienvogd (Kapitel 6). Sperlingewéren folglich gehandikapt bei der
Produktion von schnellen Silbenabfol gen, wiesefir Kanarientourentypisch sind (Kapitel 5).

Desweiterenist von verschiedenen Voge arten bekannt, dal3 grof3ere K orpermasse dieAtmung
zwischen Silben beeintréchtigt. Dieerwahnten Pausen zwischen den Touren (Kapitel 3) meiner
Sperlinge konnten also vor allem eine Folgeihrer grofReren K érpermasse sein. Tatséchlich
erreichen Touren singende Sperlinge das aus Literaturdaten von mir errechnetetheoretische

Maximum an Silbenwiederholung pro Zeiteinheit (Kapitel 6).

Summasummarum zeigt dieseArbet, dal3eine Verhdtensveisewie, Singen’ auf demkomplexen

Zusammenspid vieer verschiedener Faktoren beruht, von denenkeiner vernachl&ssigt werden

darf:

- Der, kanarisch’ singende Hausperling offenbart sich asideal es Subjekt flir e nenintegrativen
Forschungsansatz, der - mindestens- Neurobiol ogie, Endokrinologie, Verha tenshiol ogie,

funktionaleMorphologie, und Life History verbindet;

- Belm Vergle chen des Gesang von verschi edenen VVogel arten sollte zukiinftig nicht nur auf
phylogenetische Nahe bzw. Fernekorrigiert werden, sondern auch auf dieunterschiedliche
Korpergrolie,
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- Gesang solltefolglich nicht mehr nur a seine einheitliche A npassung betrachten werden,
sondern alshoch spezidis ertes Ergebnisvie er verschiedener, in Wechselwirkung stehender
Anpassungen, geformt unter unterschiedlichen Selektionsdriicken.
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PRELUDE

Thisthesiswasinitiated by apaper of my supervisor W. Wickler (1982) ,,Immanud Kant and
the song of the house sparrow* . Working on first lectures on educational theory heread the
book ,, Uber Padagogik” written by |. Kant (1803), the famous German philosopher, and
cameacrossthefollowing description: ,, To become convinced that birdsdo not instinctivel y*
know, but infact haveto learn, how to sing, it isworthwhileto make atest and for instance
replace hdf of aclutch of canary eggsby sparrow eggs, or elseexchangetheir very young for
gparrow nestlings. If these arethen taken into aroom wherethey cannot hear sparrowsfrom
outside, they will learn the canary song and one obtainssinging sparrows* (Wickler 1982).
Wickler collected someearly references of singing house sparrowsand concluded: ,, (1) The
fact of song traditioninbirdswasknown even before 1773. Theimportanceof traditivetraits
(inparallel to genetictraits) in animal behavior wasknown to Kantin 1803. (2) The house
sparrow canimitateforeign sounds, specifically fromindividua sthat he acceptsasparentsor
group membersearly inlife All thiswent unnoticed by most modern ornithologists.

To summarise, there exist an unprepossessing, worldwide distributed bird, knownfor his
unmel odious chattering whoin literature suddenly turnsout to be acapableimitator of various
elaborate bird songs such asthat of the canary. Thiswould not be suggested to be possible
regarding the neuro-ethol ogical background of bird song (e.g. DeVoogd et a. 1993). The
study of organismsissplit upinresearchtopics, mainly treated as separate units. Consderable
research ontheneural circuitsresponsiblefor the production and devel opment of bird song
hasfocused either on the hormonal influences during devel opment or adulthood or on the
innervationsof thesyrinx, i.e. themotor pathway leadingtoit viathehypoglossa nucleusof the
brainstem (nerve X11) asthe pathway for the control of song. Research on the functional
morphology and evolution of songin birdshastypically targeted syringea morphology, leaving
crania structure asthe province of feeding studies (Westneat et al. 1993). Feeding studies
usudly fall under thetopic of lifehistory.

Thisisthefirst sudy of thesongbrainin acrossfostered songbird and it ssemsto beimportant
to combine all these aspects for afinal interpretation of the data. To do so, the General
Introduction offersasuccinct review of the maintheoriesand findingsrel evant to thefollowing

chapters.

1, Instinctively” at that time based on Spalding’s famous definition of instinct as,, any ability to
perform an adaptive behavior without learning” (Spalding 1873).
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GENERAL INTRODUCTION

1 GENERAL INTRODUCTION

There are about 9000 known bird species, anong them 5100 species of sparrow birds
(Passeriformes), of which roughly 4000 species are song birds (oscines). They are not
only characterised by common genetical and anatomical features but also by two
peculiarities related to their song: they al® learn their songs and they own a special
neuronal circuit inthe brain that is devoted to song learning and song production.? Both
song learning and brain might be influenced by different factors during post postnatal
growth.

11 GROWTH AFTER HATCHING

Postnatal growth up to fledging isthought to be the energetically most demanding period
inabird'slife (Ricklefs 1983), due to dramatic changes in mass gain, tissue maturation

and anatomical development within ashort time period (Lepczyk & Karasov 2000).

A basic premiseof lifehistory theory is, that the range of possible phenotypesisconstrained
by certain structural and physiological limitsof the organism; theselimitsestablish conflicts
between different functionsand requirements (Ricklefset a. 1998). Inthe case of growing
birds constraint and compromise may occur at threelevels (Ricklefs 1969, 1979):

1) limitations arising from a basic antagonism at the tissue- and cellular level between
juvenile and mature function, which are thought to be mutually exclusive functions of
tissue;

2) limitations of individual capacity to utilise availableresources (e.g. the energy uptake
of growing chicksis supposed to be limited by the size of the digestive tract); and

3) limitations as aconsequence of food availability (e.g. limited by the parents’ foraging
time, food abundance, feeding strategy; sibling competition).

1.1.1 CONSTRAINTSON THE TISSUE LEVEL

Altricial birds grow as fast as possible and limitations are set by internal physiological
constraints of cell proliferation rate and tissue maturation (Ricklefs & Webb 1985; Starck

! The whitethroat (Sylvia communis) is the only known exception: when reared in isolation from the
egg, individuals produced the species-specific song as an adult (Sauer 1954).

2 Interestingly, the phenomenon of song learning and an anatomically defined song-related neuronal
circuit occurs also in two other, taxonomically unrelated bird groups, the parrots (Psittaciformes) and
the hummingbirds (Trochiliformes). This syndrome of characters may include an independent
elaboration of neuronal circuits possibly already present in a rudimentary form in the respective
ancestral birds (Schlinger & Brenowitz 2002).
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1989). Studies on house sparrows, for example, suggest that greatest daily energy
requirements may occur early in nestling development during periods of rapid growth
and even exceed the maintenance energy requirements of fully-grown young (Ricklefs
1968; Sedl 1969, 1970; Blem 1975a). A growth-rate-maturity-trade-off hasbeen suggested
for several tissues, including skeleton muscle (Moss & Leblond 1971; Ricklefs et al.
1994), bone (Kirkwood et al. 1989; Carrier & Leon 1990; Swartz et al. 1992) and brain
(Ricklefset a. 1994).

In altricial birdslike oscinesthe hatchling’s brain just meets the requirements of abasic
regulation of physiological function and maintenance, sense organs are still closed by
protective skinsand do obvioudly not function (Weber 1950). The most dramatic postnatal
volumeincreaseisdueto the production of neuronsinthe brain. For exampleinthe Java
sparrow (Padda oryzvora) afactor of 16.34 has been determined for the overall brain
volume increase from hatchling to adult; maximum growth has been determined in the
hyperstriatum ventrale (an important region for song) and the “wulst region”, which
together account for a 36-fold volume increase (Starck 1993)!

Brain development, however, does not limit postnatal growth. More probably skeletal
musculature is the most critical site of constraint on growth rate on the tissue level
(Ricklefs1979).

112 DIGESTIVE TRACT

Thegastrointestinal tract hasacentral position in studies of avian ontogenies because of
itskey functionin energy intake (Neff 1973; Lilija1983; Konarzewski et al. 1989, 1990;
Starck 1993; Ricklefs et al. 1998; Caviedes-Vidal & Karasov 2000; Konarzewski &
Starck 2000). In house sparrows, for exampl e, the intestine shows an accel erated growth
compared to other body parts. Its growth curve reaches an asymptotic size soon at about
an age of 6 days (Neff 1973), before their feeding rate and growth rate stop increasing,
which occurs by day 9 or 10 (Blem 1973, 1975b; Lepczyk et al. 1998).

113 FOOD AVAILABILITY

Food availability isgenerally considered to bethe most important aspect of the environment
affecting nestling growth and devel opment (reviewed in Martin 1987; Gebhardt-Henrich

& Richner 1998). Variousfactors have been recognized to elicit deviationsfrom amean
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developmental trajectory: rate of food delivery at the nest (Bertram et al. 1991), weather
conditions (Bryant 1975; Konarzewski et al. 1989; Keller & van Noordwijk 1994; Brzek
& Konarzewski 2001), habitat differences (Richner 1989), and sibling competition®
(Magrath 1990; Ricklefs 1993). All thesefactorsinfluencefluctuationsinfood avail ability
and/or quality (Lepczyk & Karasov 1996) for theindividual chick; and thisisultimately
the most significant factor shaping patterns of avian growth and development (Gebhardt-
Henrich & Richner 1998; Schew & Ricklefs1998).

Thetransition from neonateto fledgling isthought to be arelatively fixed, i.e. genetically
determined, process (Lack 1968). Thus, in many altricial birds, even a short-term food
shortage could cause increased nestling mortality, permanent stunting, reduced
immunocompetence or other detrimental effects (e.g. Lees 1949; Cooch et al. 1991,
Saino et a. 1997; Lepczyk et al. 1998; Schew & Ricklefs 1998; Horak et al. 1999).
Behavioural, physiological, and morphological development nevertheless can continue
at the species-typical rate (Lack 1968; Ricklefs 1968, 1983).

However, a growing body of literature indicates that young birds show the ability to
adjust growth rate or the time to reach developmental endpoint, to prevailing food
conditions. Thisability istermed |abile devel opment, adevelopmentd plasticity that differs
initsexpression between species (Lack & Lack 1951; Ricklefs 1976; Emlenet al. 1991).
In contrast to food restriction the chick’sresponse to overfeeding may depend on structural
and functional limits (Lepczyk et al. 1998), and when an upper ceiling of plasticity is
reached, no further growth response will be observed (Starck 1999).

Postnatal growth doesnot follow ahierarchy of constraints according to the three described
levels. Muscles are an intensively studied tissue. The development of the skeleton has
frequently been referred to as possible constraints well as the gut’s capacity to process
energy. The brain and other tissue level constraints have been discussed, but evidenceis

missing. In fact we don’t know anything about the ultimate constraint.

% The effects of sibling competition need not express themselves lethally during the nestling period.
They may result in weight variations at fledgling that translate into subsequent survival or recruitment
into the breeding population (Ricklefs 1993).
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12 SONG LEARNING

The described constraints are most influential during postnatal growth which lasts for
about 15-35 days. Sound production in this period isvery simple and sound recognition
israre (Schneid 1995; Godsave et al. 2002). But the situation changes with the time of

fledging, when song learning starts.
121 DEFINITION OF “SONG”

Thereisawidespread categorization of bird vocalizationsinto ‘ songs and‘calls . Songs
arethought to berdatively long, consisting of complex, well identifiable acoustic structures
that have to be learned and are used by males to attract females and to stimulate their
reproductive behaviour and physiology. Calls on the contrary are thought to be short,
simple, unlearnt and used for other purposes (Catchpole & Slater 1995). In addition
songsand calls have been attributed to different taxaof birds, suggesting that production
of (learned!) songs could be confined to songbirds, while non-songbirds only produce
(unlearned) calls (M cGregor 1991). Both distinctions cannot be maintained, however, in
view of the unlearned complex song of the whitethroat (Sauer 1954), complex learned
vocalizations of the non-oscine humming birds (Baptista& Schuchmann 1990; Gaunt et
a. 1994) and the call-like song structure of various songbirds, for example Laniarius
funebris (Seibt & Wickler 2000).

A review of over 80 definitions of bird song (Spector 1994) showslittle agreement asto
what defines bird song or differentiatesit from calls. Defining criteriahaveincluded for
examplestructural (e.g. duration), physiological (e.g. hormonal control), developmental
(e.g. learning), functional (e.g. territoriality), affective (e.g. musicality), and taxonomic
(e.g. restriction to passerines) attributes of song—and each criterion has been rejected by
some authors. The old distinction between songs and calls is therefore abandoned
nowadays by more and more authors. Between speci esthe song repertoires, the syntactical
structure, the learning style and the function of song vary widely (McGregor 1991;
Catchpole & Slater 1995; Seibt & Wickler 2000). A single definition for song, that covers
all extant song concepts, isthus not available (Spector 1994).

The characteristic canary song isarapid sequence of syllables (detailed terminology: see

chapter 3) lasting several seconds. The usual, noise-like sparrow vocalizations, however,
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aregeneraly of a, call-like" structure. Supposedly, this song contains as many definite
and variable characteristics as the mel odious songs of other birds, though they are not as
easily recognized by human ears. It ispossiblethat the brief vocalizations of house sparrows
are compressed melodies that may contain many characteristics of a melody except its

sequential arrangement (Wickler 1982).
122 PHASESOF SONG LEARNING

Following Konishi (1965) theterm “song learning” refersexplicitly to song development
by auditory feedback control of voice. Only sound patternsthat devel op without auditory
feedback might becalled ,,innate”’. Song learning passes through distinct phases (Marler
1997) fitting atwo-step model (Konishi 1965). Thefirst phase isthe sensitive period of
“song acquisition”#, during which young birds becomeimprinted on species-specific song
by an innate predisposition. Most often this happens prior to any own song production.
In the following sensorimotor phase young birds begin to convert their sensory memory
into the appropriate motor patterns of song production by subsequent reproduction of
that model (Arnold 1975; Bottjer & Johnson 1997; Schlinger 1997). Each of the two
main learning events (auditory and motor learning) could be controlled by a separate and
different “mechanism”, and the onset and termination of these two sensitive periods

could result from separate and different variables (Nottebohm 1999).

Species-specific song learning will not normally be impeded by limits on vocalizing
activities (Marler 1976; Marler 1984; Slater 1989; Podos 1996). However, Pytte and
Suthers (2000) showed that disruption of vocal motor practice during selected stages of
song development by temporarily and reversibly blocking efferenceto the vocal muscles
results in motor defectsin adult song production. Permanent vocal aberrations are only

noticeablein learned song syllablesrather thanin non-learned calls.

Whether cross-fostered individual s which might be limited in morphological featuresto
produce the song of their foster family also show motor defectsin adult song production

is not known at the moment.

4 Also called “memory acquisition” or “sensory acquisition”



CHAPTER 1

1.2.3 TIMING OF SONG LEARNING

Thetiming for vocal learning isknown for very few species. Thedatafor different species
vary tremendously, not only in respect to species-specificity, but also in conceivable
detail s of methodology. Thus cross-species comparisonsare next toimpossible (Kroodsma
1982).

The interval between auditory (listen to and memorise a song) and motor (first vocal
reproduction) learning can be aslong as several months (e.g. swamp sparrows Mel ospiza
georgiana: Marler & Peters 1982) or the two periods can overlap such that the bird
continuesto copy new sounds after the sensorimotor stage has started (e.g. zebrafinches

Taeniopygia guttata: |mmelmann 1969; Nottebohm 1999)

Typically song learning ends with the onset of adulthood in age-limited (= closed-end)
learners. Their song memorisation phaseisrestricted to abrief period early inlife, usualy
around the time of fledging, but can extend up to the time when breeding territories are
established in thefollowing spring (zebrafinches Taenopygia guttata: Immelmann 1969;
song sparrow Melospiza melodia: Marler & Peters 1988; chaffinch Fringilla coelebs:
Thorpe 1958; indigo bunting Passerina cyanea: Payne 1981). After thefirst year of life,
when a central motor program for song has been established and the stereotyped adult

song pattern is achieved, no new songs are acquired (Marler & Peters 1987).

However, song learning does not stop with the onset of adulthood in open-end learners.
Until now only five species are known, who can devel op new song patterns throughout
adult life: the European starling Surnusvulgaris (Feare 1984; Adret-Hausberger 1989),
the canary® Serinus canaria (Nottebohm & Nottebohm 1978), the mockingbird Mimus
polyglottos (Laskey 1944), the nightingal e Luscinia megarhynchos (Wistel-Wozniak &
Hultsch 1992) and the great tit Parus major (McGregor & Krebs 1989). Indeed where

the house sparrow belongs to is not known yet.
124 ORIGIN OF SPECIES-SPECIFICITY OF SONG

All songbirds depend on parental care, and it has been suggested that this is the time
when the young learn their songs (Payne & Payne 1996). Thus most species have been
shown to develop abnormal songs when deprived after hatching (Kroodsma & Miller

5 A mal€e's repertoire may increase by up to 40% each breeding season (Schlinger & Brenowitz 2002).
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1982; Catchpole & Slater 1995; Kroodsma& Miller 1996). With the exception of some
groups (e.g. sturnids, menurids, young of brood parasitic widow birds), most young
oscines do not copy allospecific vocalizationsin the wild (Dobkin 1979). Thusif naive
young are exposed to conspecific and allospecific song in thelab, they selectively learn
only conspecific song (Marler 1970; Marler & Peters 1977; Kroodsma 1978).

Models of song learning summarizing these findings suggest a kind of innate auditory
filter (innate genetic template’) that hel psayoung bird to focusits attention on conspecific
models, and —within alearning and memorisation phase—arapid installation of amemory
trace or engram (neural template) of the heard song (Konishi 1965; Slater 1983a; Marler
1997). When the bird begins to sing, it uses the memory trace to guide its vocal output.
The“innate” selectivity may be part of amultifaceted system that ensures normal song
development in nature (Konishi 1985). Some authors have suggested that thefilteringis
onthemotor level (Mulligan 1966; Marler & Mundinger 1972; Dietrich 1980), iseffected
by a“culling” process (Slater et al. 1988; Baptistaet al. 1993) and that al so social factors
may function asfilters (Slater et al. 1988).

125 SOCIAL FACTORSAND VOCAL DEVELOPMENT

Post-hatching social factors are known as important variables in avian song learning,
though theroles of auditory and other social stimulationsare not clear yet (Chaiken et al.
1997). A socia context can affect the selection of the song model to beimitated (Marler
1970; Marler & Mundinger 1972; Baptista & Morton 1981; Payne 1981; Baptista &
Petronovich 1984; DeWolfeet a. 1989; Beecher et al. 1994), thetiming of song acquisition
(Kroodsmaé& Pickert 1984; Petrinovich 1985; Petrinovich & Baptista1987), and possibly
the timing of motor development (DeWolfe & Baptista 1995).

Species differ considerably in how they cope with standardized laboratory settings and
whom their young choose astutors: some do learn from loudspeakers, but others need a
social tutor (social selectivity; overview seeAppendix 2, TableA2.1); somereadily learn
non-natal dialects or even heterospecific song patterns, but others do not (signal
selectivity). The choiceof tutor (overview see Appendix 2, TableA2.2) can be categorized

in three not necessarily exclusive modes (Cavalli-Sforza et al. 1992): some learn from

6 The concept of templatesis largely a short-hand description of observed facts. What it saysisthat a
bird memorises song and reproduces it from memory (Konishi 1985).
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(genetic) parents (vertical tradition), some from genetically unrelated adults (oblique
tradition), somefrom age peers’, but some may not follow exclusively one of thesethree

transmitting modes of song traditions.

Wickler (1982) concluded, that social partners are important early in life for house

sparrows, on which of the mentioned levelsis not known yet.
1.3 THE SONGBIRD BRAIN: THE VOCAL CONTROL SYSTEM

Thisvery special acoustic communication (including song learning) system of passerines
evolved together with its underlying neuronal circuits, the avian song control system
(SCS). A preliminary survey has shown that these circuits are large and well-defined in
35 speciesfrom eight oscinefamilies (DeVoogd 1991). Despiteinterspecific variationin
the relative sizes of song system nuclei, they clearly form a highly developed, highly
specialized neural system across oscine birds. No parallel nuclei have been observed in
the forebrains of non-oscine birds (e.g. reviewed by Ball 1990), again with the two
noteworthy exceptions: the parrots and the hummingbirds (Gahr 2000).

The SCSistraditionally defined asaset of discrete, inter-connected anatomical nuclei. It
includes nuclei intheforebrain (e.g. HVc, RA, Field L, NiF, IMAN, Area X), midbrain
(e.g. DLM, Uva) and the brainstem (Am/Ram, nXIIts); the telencephalon contains the
hierarchically highest centresfor processing sensory information and controlling motor
activity (Dubbeldam 2000). The SCSisorganized into two pathways, the anterior (rostral
or ascendant) and the posterior (caudal, motor, or descendent) pathway (Jarvis et al.
1998). Both pathways® originate in the nucleus (n.) hyperstriatum ventrale pars caudale
(HVc®) and intersect in the n. robustus archistriatalis (RA). | will describe the passerine
vocal control system (see Fig. 1.1) with an emphasise on the here analysed nuclei of the

motor pathway HVc and RA. The description is based on reviews by Brenowitz et al.

7 Although experimental studies provide considerable evidence for song learning from age peers,
evidence from the field is lacking (Baptista & Gaunt 1997).

8 Both pathways have mammalian correlates; for details see (Karten 1969; Jarvis et al. 1998).

® The acronym HVc derives from the earlier view that this nucleus is located in the hyperstriatum
ventrale. It turned out to actually reside in the neostriatum, a dorsal part of the avian pallium
neostriatum. To maintain the already introduced and cited abbreviation, Nottebohm (1987) suggested
that this nucleus be redesignated as the “high(er) vocal center” HVC. To avoid a functional
interpretation, Margolisah et al. (1994) proposed that the acronym “HVc¢” be adopted as the proper
name of this nucleus (Margoliash et al. 1997).
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(1997), Margoliash (1997), Wild (1997), Fusani (1999), and Schlinger & Brenowitz
(2002).

131 BRAIN DEVELOPMENT OF THE SONG CONTROL SYSTEM

It has been experimentally shown that light influences brain development in embryos
through the egg shell (e.g. Rogers 1982; Gunturkin 1997; Skibaet al. 2002). Until now
littleisknown about acoustic effects on songbirds embryos through the egg shell. Prior
to hatching the acoustic apparatus of oscine embryos seemsto be too poorly devel oped
to undergo any acoustical stimulation®® (DeVoogd 1991; Schneid 1995; Godsave et al.
2002; but see Konishi 1985; Johnston 1988); experimental evidence, however, islacking.

At hatching, the telencephalon in songbirdsisvery immature with large germinal zones
and relatively few neurons. In zebrafinches, none of thetelencephalic nuclei of the song

system can beidentified at hatching (DeVoogd 1991).

After hatching very high levels of neurogenesis, migration and differentiation lead to
very rapid brain growth. In zebrafinches, RA canfirst beidentified in Nisd-stained brain
sections at about day 5, HVc at day 10 after hatching (DeVoogd 1991). The apparent
sizesof theHVcand RA increase substantially in the third week after hatching (Bottjer et
al. 1985; Konishi & Akutagawa 1985; Kirn & DeVoogd 1989). By about day 25 after
hatching, axonsfrom HV ¢ have grown to the dorsal surface of the RA, but HV c and RA
become synaptically linked only after about 30 days of age, when young malesfirst start
to produce crude song-like vocalizations (Konishi & Akutagawa 1985).

132 ANATOMY AND FUNCTION OF THE SONG CONTROL SYSTEM

Withintheanterior pathway projections(Fig. 1.1) aretopographically organized (reviewed
by Bottjer & Johnson 1997). Auditory information ascendsfrom thelevel of thethalamus
(location of the inner ear) to severa sites in the telencephalon, including the major
subdivisionsof field L, ahigh auditory processing centre (Nottebohm et al. 1982), which
indirectly projectsto HV c (Vateset al. 1996; Gentner et al. 2001; Gentner & Margoliash
2001). HVc sendsaxonsvia, AreaX, DLM, IMAN (seeFig. 1.1) back to both n. robustus

10 Embryonic communication some days before hatching is only known from non altricial birds e.g.
bobwhite quail (Colinus virginianus; Vince 1964), Muscovy duck (Cairina moschata; Rumpf &
Nichelmann 1993), and little tern (Serna albifrons;, Saino & Fasola 1996).



CHAPTER 1

archistriatalis (RA) and Area X. Thiselaborate neural loop may modul ate the activity of
theHVcand RA, and thereby ultimately the output to the syrinx (Okuhata& Saito 1987;
Bottjer 1989; details see below). The anterior forebrain pathway is suggested to control
song learning and song recognition, but it does not seem to beimmediately necessary for
song production in adult birds (for reviews see Doupe 1993; Vicario 1994; Brenowitz et
al. 1997; Doupe & Solis 1997).

The motor pathway (Fig. 1.1) includes the thalamic n. uvaeformisthalami (Uva) which
projectsdirectly aswell asviatheneostriatal n. interfacialis (NIF) upwardsto HVcinthe
forebrain. HV ¢ sends axons to RA. From RA multiple output routes are suggested that

can be grouped into four anatomical and functional sets of projections:

1) tothe dorsomedial part (DM) of then. intercollicularis (1Co) inthe midbrain (Gurney
1981; Vicario 1991; Wild 1993, 1994), whichisalso involved in motor coordination and
furthermore mediatesinteractions between forebrain and midbrain systems during singing
and calling (Vicario & Simpson 1995);

2) to motor neuronsin n. hypoglossus pars trachosyringealis (nX11ts) in the brain stem,
which in turn sends axons to the ventral and dorsal muscles of the sound-producing
organ, the syrinx (Nottebohm et al. 1976). Ventral and dorsal muscles of the syrinx have
distinct functional roles during singing, either gating the expiratory flow or controlling

the frequency of vocalization (for details see chapter 1.5. song production);

3) tothalamic nuclei (DMPviamMAN, DML vialMAN) that ultimately project back to
HVcand RA (Vateset al. 1997); although sparsein adult birdsthisloop iswell suited to
provideinternal feedback during singing (Margoliash 1997);

4) to n. retroambigualis (RAmM) and n. ambiguus (AM) in the medulla of the brainstem
(Wild 1997). RAm consists of many respiratory related neurons that fire in phase with
expiration, while AM contains motor neurons which innervate the larynx; they together
might provideinformation about the configuration of the syringeal musclesfor respiratory
and laryngeal control (Vicario 1993; Wild 1993; Suthers 1997).

The caudal pathway isthought to beinvolved in song production (e.g. Nottebohm et al.
1976) as well as - with some portions of its circuits - to participate in song learning

(Bolhuiset al. 2000). Taking into account that birds produce sound only during expiration

10
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and that the larynx is thought to play arole in filtering sounds produced by the syrinx
(Suthers & Goller 1997), the pattern of descendent projections from RA may play an

important rolein the coordination of respiration, syrinx and larynx activities.

Insumthe projections 2), 3) and 4) provide an internal feedback during singing, possibly
important during sensorimotor learning (Margoliash 1997) while projections 1) again

ultimately strengthen the motor coordination.

Besides song production, HVc seems to play a crucial part for the integration of
information, which it then hands on to the two forebrain pathways as described above. In
addition to the described auditory inputs, HV ¢ also receives indirect projections from
the visual medial pre-optic nucleus (POM), which is known to regulate male courtship
and sexual behaviours expressed prior to, and in anticipation of, copul ation (Striedter &
Vu1998; Riters & Ball 1999). However aneuronal link between a‘ motivationa’ system,
controlling the motivation to vocalize on the one hand, and the song control system,
controlling the production of song on the other hand, has still to be identified (Fusani
1999). Nevertheless this route has to be kept in mind when studying androgenic effects

on brain and behaviour.
1.3.3 NEUROGENESISIN THE ADULT BRAIN

The songbird displays widespread neuronal mitogenesis and migration throughout
adulthood, most remarkably in HVc (Goldman & Nottebohm 1983; Goldman 1998).
Thisforebrain region generates new neurons within the ventricular/subventricular zone
followed by the migration of the new daughter cells into the forebrain parenchyma.
Neuronal migration occurs along asystem of guidefibresthat emanate from radial guide
cells of the ventricular epithelium (Goldman & Nottebohm 1983; Alvarez-Buyllaet al.
1988; Kirn & Nottebohm 1993). In the target region naive cells differentiate into
physiologically functional, synaptically integrated members of thelocal neuronal network
(Goldman & Nottebohm 1983; Paton & Nottebohm 1984). Many of these cellsgo onto
establish long-distance projections to distant targets (Paton et al. 1985; Alvarez-Buylla
& Kirn 1997). These neurons, born in adulthood, arefully active by auditory stimulation
like other song system neurons born in developmental stages (Paton & Nottebohm 1984,
Burd & Nottebohm 1985).

11
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Fig. 1.1: Sagittal scheme of the songbird brain showing projection pathways of major
nuclel inthe song control system. DLM: nucleus (n.) dorsolateralis anterior thalami pars
medialis; DM: n. dorsomedialis of the intercollicular complex; HVc: n. hyperstriatum
ventrale pars caudale; IMAN: n. magnocel lularisanteriorislateralis, NCM: neostriatum;
Nif: n. interfacialis; nXIIts: n. hypoglossus pars trachosyringealis, RA: n. robustus
archistriatalis, RAm: n. retroambigualis; rVRG: rostro-ventral respiratory group; Uva
n. uvaeformis; X: Area X (adapted from Brenowitz 1997).

Seasonal changes in the recruitment of new neuronsto the HVc (Kirn et a. 1994) and
lesstemporally and spectrally stereotyped song during autumn (Nottebohm et al. 1986;
Smith et al. 1997b), were thought to be necessary for learning new songs each year as
known from canaries (Nottebohm 1987) or for acquiring new perceptual memories of
songs each year as suggested in white-crowned sparrows (Nottebohm et al. 1990;

Tramontin & Brenowitz 1999).

But indeed seasonal neuron recruitment occurs in a variety of bird species, including

songbirds, that are not seasonal in song production (zebrafinches), and non-songbirds,

12
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who do not learn song at all (e.g. doves) (Nottebohm 1984; Nottebohm 1987; Nordeen
& Nordeen 1988). Furthermoreit occursthroughout the telencephalon, not just inregions
involved in vocalization (Nottebohm 1987) and in both sexes independent of singing
performances (Goldman & Nottebohm 1983). Thusthefunctional significance of seasonal

neuron recruitment to the adult HV cis not clear.
1.4 STEROID HORMONES: MEDIATORSBETWEEN SONG AND BRAIN

Hormones are secreted in response to internal and external stimuli (Ketterson & Nolan
Jr. 1992), and they act among others on the central nervous system to control complex
vertebrate behaviours (Schlinger & Brenowitz 2002). Androgensare known to beinvolved
in the production of courtship behaviour and territorial vocalizations in adult males. In

the following | focus on two androgens, testosterone and its precursor DHEA.
141 ANDROGENSAND SEASONAL CHANGESIN BRAIN MORPHOLOGY

In general, the morphology of HVc and RA (for areview see Brenowitz & Kroodsma
1996) and song production in adult birds parallel seasonal changesin plasma androgen
levels in most seasonally breeding species examined (Nottebohm 1981; Ball 2000;
Tramontin & Brenowitz 2000).

The gonads of songbirds regress outside the breeding season, like in other seasonal
reproducing species of the different vertebrate classes (e.g. Ando et al. 1992; Saidapur &
Hoque 1995; Kriegsfeld & Nelson 1998; Moyle & Cech 2004). With regressed gonads,
plasma androgen levels decrease, which causes an increase of neuronal turnover in the
HV ¢ of adult songbirds viaincorporation of naive neurons. In spring, when day length
increases, gonads of songbirdsincreasein femalesup to 175-fold, in males 360-fold up
to 1000-fold (Marshall 1961; Lofts & Murton 1973; Follett 1984). In turn both the
survival of HV ¢ neurons and the addition of new neurons increase, while the neuronal
turnover decreases; thisresultsin an increase of neuron number followed by rapid HVc
volume enlargement (Rasika et a. 1994; Hildago et al. 1995; Tramontin & Brenowitz
1999; Schlinger & Brenowitz 2002). In spotted towhees (Pipilo maculates), the most
extreme known example, HV ¢ volume nearly triples during the breeding season (Smith
1996).

13
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Thecellular basis of volumetric growth of the RA differsfrom that observedinthe HV c.
WhiletheHV c growsrapidly in responseto exposure to breeding level s of testosterone,
the RA grows more slowly (Ball 2000; Tramontin et al. 2000). Neuron numbers do not
change seasonally in the RA. Thus, volumetric changes during breeding season result
from increased neuron size, spacing, dendritic arborisation, and the size of pre- and post-
synaptic profilesin the breeding season (DeVoogd et al. 1985; Brenowitz et al. 1991;
Hill & DeVoogd 1991; Tramontin et al. 1998; Tramontin & Brenowitz 2000).

142 PATTERN OF ANDROGEN RECEPTOR (AR) DISTRIBUTION IN
THE BRAIN

Thedistribution pattern of androgen concentrating cellsin the brain hasbeen found to be
similar in al songbird species studied so far (e.g. Arnold & Saltiel 1979; Nordeen et al.
1987; Brenowitz & Arnold 1990, 1992). Songbirds possess androgen-sensitive brain
areas that are a part of their specific telencephalic network (see Table 1.1) aswell asin
limbic and nonlimbic regions of the telencephal on. In common with non-songbirdsARs
are expressed in diencaphalic and mesencephalic regions. Song control nuclel androgen-
sensitive cellswere also found in the caudomedial neostriatum (NCM), aregion thought
to beinvolved in song memories, in several preoptic-hypothalamic areas (HPOA) (Arnold
eta. 1976; Bathazart et al. 1992; Riterset al. 2000), invariousnucle inthe hypothalamus,
and in the midbrain; this corresponds to a common distribution pattern described in all
vertebrate classes (Morrell et a. 1975; Pfaff 1976; Stumpf & Sar 1978).

143 TESTOSTERONE AND SONG

Singing activity iscorrelated with circulating level s of testosterone (Rost 1990; Kriner &
Schwabl 1991; Rost 1992; Gahr 1997; Wadaet al. 1999). Testosteroneis high during the
breeding season at atime when males sing at high rates" (Hegner & Wingfield 1986).
Outside the breeding season males may sing only occasionally or not at all. However,
some speci es use songsto defend (feeding) territories year round or attract mates during
the non-breeding season (e.g. Summers-Smith 1988; Hau et al. 2000; Canoine & Gwinner
2002). Pair formation in house sparrows often begins in autumn (Schifferli 1974) and
individualsclaim asmall region around the nest asaterritory (Bent 1958). They do so at

1 Since DHT often circulates in coordination with T (Wingfield & Farner 1993), it may also contribute
to song expression (Schlinger & Brenowitz 2002).
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Table 1.1: Overview of song control regionsin the songbird brain containing AR cells

nucleus brainregion selected literature

HVc forebrain Sohrabyji et al. 1989; Gahr 1990b; Arnold et al. 1976
RA forebrain Arnold et a. 1976

IMAN, MMAN  forebrain Balthazart et al. 1992; Arnold & Saltiel 1979
AreaX forebrain Bernard et al. 1999; but see Metzdorf et al. 1999
nucleustaeniae  forebrain Balthazart et al. 1992

Nif midbrain Schlinger & Brenowitz 2002

ICo but not DM midbrain Arnold et a. 1976; Balthazart et al. 1992

nXIlts brainstem Arnold et al. 1976; Gahr & Wild 1997

RAM brainstem Gahr & Wild 1997

r'VRG brainstem Gahr & Wild 1997

times when the traditional circulating sex steroids, such as E,, T and DHT are basal
(Dittami & Gwinner 1990; Logan & Wingfield 1990; Gwinner et al. 1994; Wingfield &
Hahn 1994).

With respect to the neuronal bases several lines of evidence suggest that T (or its active
metabolites) isthe primary physiological cue that mediates the seasonal changesin the
song nuclei. Castration of males severely attenuates the seasona growth of the song
regions (Bernard et al. 1997; Gulledge & Deviche 1997; Smith et al. 1997a), and reduces
or eliminates singing (Nottebohm 1969; Prove 1974; Arnold 1975; Nottebohm 1980;
Heid et al. 1985), while T treatment of castrated or intact males in non-breeding status
(infall and winter) inducesgrowth of song nuclei by acting directly onthe HV ¢ (Nottebohm
1980; Johnson & Bottjer 1993; Rasikaet al. 1994; Bernard & Ball 1997; Wennstrom et
al. 2001), and can increase song production (Nottebohm 1969; Prove 1974; Arnold 1975;
Nottebohm 1980; Searcy & Wingfield 1980; Heid et al. 1985; Hunt et al. 1997).

However, the studies of plasma T levels and their effects by using castration and/or T-
replacement therapy (e.g. Nottebohm 1980; Marler & Moore 1988a; Marler et al. 1988;
Bottjer & Hewer 1992) are problematic. Castration induces an increase of circulating
estrogens in several songbird species (Marler et al. 1988; Adkins-Regan et al. 1990),
therefore some of the behavioural effects of castration could be duetotheincreasein E,,

and not to thelack of T. Similarly, T-replacement provides both androgen and estrogen,
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asT isaromatised to E, within the brain (Fusani 1999). It is thus unclear to what extent
the action of exogenous T isdueto T itself or to itsandrogenic or estrogenic metabolites
(e.0. Harding et al. 1988; Walters et al. 1991; Panzicaet a. 1996).

144 DHEA

DHEA is an andrenocortical hormone possessing only weak androgenic properties
(Kriegsfeld & Nelson 1998; Lu et al. 2001). Itiscalled “ mother steroid” (Regelson et al.
1994), because its major function is thought to be a precursor to many other steroid
hormones produced in the adrenal cortex (Rosenfeld et al. 1974; Kroboth et a. 1999).
DHEA showslow affinity for intracellular androgen and estrogen receptors, and thereis
little evidence for a DHEA-specific intracellular receptor (Svec & Porter 1998); but
DHEA isthought to have specific membrane receptors (reviewed by Shealy 1995). Thus
DHEA actions may depend onitsconversiontoAE, T and E, either inthe adrenal glands
and testes (Lieberman 1986; Soma & Wingfield 2001; but see Vinson et al. 1978) or by
steriodogenic enzymesin the brain (Vanson et a. 1996). Furthermorethe brainitself may
synthesise DHEA denovo from cholesterol (Robel & Baulieu 1995; Baulieu 1997; Nomura
et al. 1998; Schlinger et al. 1999).

Exogenous DHEA has numerous effects on the mammalian CNS (cited by Somaet al.
2002); e.g. DHEA enhancesmemory in rodentsand men (Karishmaé& Herbert 2001, but
see Wolf & Kirschbaum 1999). Also in birds physiological doses of DHEA can have
large-scal e effects on neuro-anatomical structures. Treatment of non-breeding male song
sparrows with physiological levels of DHEA increases the volume of a brain nucleus
(HVc) regulating song and singing behaviour (as expression of aggression) by adecrease

of the latency to sing and an increase of song rate (Somaet al. 2002).
15 SONG PRODUCTION: THE SYRINX AND THE VOCAL TRACT

A further facet in song production isthe avian sound producing organ, the syrinx, and the
connected vocal tract. The syrinx isasuniqueto the classAves as are feathers (Beddard
1898; King 1989). Itisfound in all known bird specieswith the exception of New World
vultures, who have lost it secondarily (Gaunt & Nowicki 1998). The passerine syrinx
varies little around a basic pattern (Suthers 1999), but is endowed with a complex
muscul ature of seven pairs of muscles (Warner 1972b). This basic conformity in pattern

and muscular complexity led Stein (1968) to suggest that in passerines who display
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considerable vocal versdtility, this facility may be attributed to refined neuromuscular

control rather than to anatomical complexity.

The classical theory of birdsong production holds that all variation in sound quality
(acoustic attributes of song) are determined (i.e. generated and modulated) entirely by
the action of the syrinx, and that acoustic properties of the vocal tract play little or no
part (e.g. Greenewalt 1968; Gaunt & Wells 1973; Casey & Gaunt 1985). Meanwhile
there is growing evidence that the resonance properties of the vocal tract, including
tracheaand oral cavity, may influence the sound that is produced during song (Westneat
et a. 1993). In describing syrinx anatomy, respiration during singing, and differences
between |eft and right syrinx | follow Suthers (1997).

151 SYRINX ANATOMY

Theoscine syrinx, hanging intheinterclavicular air sac, isformed from modified cartilages
of the caudal end of thetracheaand the cranial ends of the two primary bronchi (seeFig.
1.2). Thecranial end of each bronchus containsamedia tympaniform membrane (Mtm)
and apair of labiabuilt from connectivetissue. The medial labiumislocated at the cranial
edge of themedia tympaniform membrane and opposesthe more prominent lateral labium.
Endoscopic observations of syringeal configuration during phonation showed that the
sound is generated by the labia.

Besides the extreme homogeneity of the oscine syrinx morphology (Ames 1971), there
exists a considerable confusion in the literature concerning the tracheal and syringeal
muscles (George & Berger 1966). Commonly they are subdivided in extrinsic (= tracheal )
and intrinsic (= syringeal)®®* muscles. The maximum total number of paired muscles
(excluding extrinsic muscles) varies between four and nine according to the author
(Furbringer 1888; Koditz 1925; Miskimen 1951; Ames 1971; Warner 1972a; Welty &
Baptista 1988). For the house sparrow Miskimen (1951) determined 4 pairs of syringeal
muscles (Bronchiotrachealis anticus, Bronchiotrachealis posticus, Sternotrachealis,
Bronchialis anticus). The left and right members of each muscle pair are separately

innervated by theipsilatera tracheosyringeal branch of the hypoglossal nerve (King 1989).

12 Extrinsic muscles: Musculus (M) tracheolateralis and M. sternolateralis

13 Intrinsic muscles: M. bronchiotrachealis posticus (dorsal), M. bronchiotrachealis anticus (ventral),
M. bronchialis posticus, M. bronchialis anticus with two well differentiated fasculi: pars lateralis,
pars medialis
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cross sections ventrolateral view frontal section

4 Frem 1 mim

Fig.1.2: Schematic view of asyrinx depicting the main morphological structures.

T: Trachea; M: syringea muscle; LI: laterd [abium; Mtm: media tympaniform membranes;
B: bronchia ring; ICM: membrane of the interclavicular air sac; TL: musculus (m.)
tracheolateralis; ST: m. sternotrachealis;, vS: m. syringealis ventralis;, vTB : m.
tracheobranchialus ventralis, dTB : m. tracheobranchialus dorsalis; dS: m. syringealis
dorsalis (adapted from Goller & Suthers 1996 a,b).

In addition to the left and right muscle groups of the syrinx the respiratory muscles are
particularly important for sound production. They areinnervated by branches of various
cervical, thoracic, and lumbar spina nerves and generate the respiratory pressure, the
driving force necessary for vocalization. Cranial muscles control the configuration of the
vocal tract. The motor activities of syringeal and respiratory muscles must be perfectly

coordinated during song to achieve the appropriate vocalization.
15.2 RESPIRATION DURING SINGING

Miskimen (1951) demonstrated by forcing air in and out of the lung-air sacs of an
anaesthetized house sparrow (Passer domesticus), that sound was produced only when
air was withdrawn in the expiratory direction. He therefore concluded, that sound was
normally produced only during expiration (Brackenbury 1989). Respiratory pressureis
increased and controlled during vocalization to maintain the appropriate rate of airflow
across the adducted, sound-generating structures of the syrinx. Respiratory adjustments
to singing depend on the tempo of the song (Suthers & Goller 1997). Domesticated
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canaries(Serinuscanaria), for example, may sing continuously for more than 30 seconds
with asyllable repetition rate within aphrase that ranges from afew to more than 40 per
second depending on the duration of the syllable (Calder 1970; Nottebohm & Nottebohm
1976; Hartley & Suthers 1989; Brenowitz et al. 1997). Detailed measurements during
singing (Calder 1970; Hartley & Suthers 1989) revealed two different respiratory strategies
according to repetition rate. In phrases with syllable repetition rates below about 30/s, a
small aspiration, called mini-breath, occurs after each syllable. Thisinhalation is about
equal ininspired air volumeto the amount expelled to produce the previous syllable and
thus replenishes the volume of air in the respiratory system that is available for the next
vocalization (Suthers & Goller 1997; Hartley & Suthers 1989). The production of mini-
breaths involves a complex sequence of motor acts that requires accurate coordination
between the two sides of the syrinx and the respiratory muscles with an accuracy of

several milliseconds.

There is an upper limit in syllable repetition rate beyond which the interval between
syllablesistoo short to allow amini-breath. In this case mini-breath motor patterns seem
to be replaced by a syringeal motor pattern of pulsatile expiration: expiratory muscles
maintain apositive respiratory pressure and the timing of each syllableisdetermined by
micropuffs of air, which are alowed to escape through the labia. Pulsatile expiration
permitsvery high syllablerepetition rates, but the duration of such song phrasesislimited,
since neither therespiratory volume nor the pulmonary oxygenisreplenished (Suthers &
Goller 1997).

The limit forcing an individual to switch from mini-breaths to pulsatile expiration is
probably determined by the mechanical properties, like massand compliance of thethoracic
and abdominal structures that must oscillate at the frequency of ventilation. Canaries
(18g) reach thislimit at about 30 syllables/seconds, the larger cardinals (40 g) at about
16 syllables/seconds. With pulsatile expiration canaries can sing trills containing up to
about 70 and cardinal s 30 syllables/seconds, respectively (Hartley & Suthers1989; Hartley
1990; Goller & Suthers1996a). Nothing isknown about a cross-fostered speciessinging
a hetero-specific song. But the available data made me wonder about the limits of vocal

imitation in house sparrows.
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1.5.3 DIFFERENCESBETWEEN LEFT AND RIGHT SYRINX

The oscine syrinx isfunctionally atwo-voice organ, each side separately innervated by
theipsilateral side of the brain (Konishi 1985; Vu et al. 1994; Sutherset a. 1996; Yu &
Margoliash 1996). Independent activation of theleft and right ventral musclesenablesall
oscines to use the two sides of the syrinx as independent sound sources (" two-voice-
theory”; Greenewalt 1968): the bird may sing with oneside, switch back and forth between
sides™, or may generate two-voice syllables with both sides simultaneously. Those few
species, whose song production has been studied in detail, show important differencesin
the way they use thetwo sides of their syrinx (for details see Suthers 1999). Theseinter-
specific variations in syringeal use have apparently evolved to produce the different

characteristic acoustic properties of species-specific song.

L eft and right syrinx have somewhat different vocal registersand generate syllableswith
fundamental sin different though overlapping frequency bands (for an overview see Suthers
1999). However it isnot clear whether these differencesin frequency rangereflect | ateral
differencesin motor control or anatomical asymmetriesin the sound-generating structures,
i.e. that the right side is dlightly smaller in some species (Luine et al. 1980). Thus

consequencesfor vocal imitation are not available yet.
154 THE ROLE OF THE VOCAL TRACT IN SOUND PRODUCTION

The sound, generated in the syrinx in connection with the respiratory system (Hartley
1990; Suthers 1994), is modified during its passage through the vocal tract - composed
of the trachea, larynx, and the beak including the tongue (Podos 2001) - before it is
emitted as song. Frequency-dependent acoustic interactions, determined by the dimensions
or shape® of the vocal tract, may significantly change the amplitude spectrum of the
vocalization by allowing some frequencies to pass, but attenuating others. The role of
the vocal tract in avian sound production was first demonstrated by analysing songs
produced in a helium-enriched atmosphere (Nowicki 1987). Subsequent studies (e.g.
Westneat et al. 1993; Fletcher & Tarnopolsky 1999) contradict the classical idea of the

syrinx asthe only sound producing organ. Not only doesthe songbirds' vocal tract act as

14 As shown in northern cardinals, for example, the coordination between the two sides of the syrinx is
so precise that the change from one side to the other may not be evident either to the human ear or
in the spectrogram (Suthers 1999).

15 The trachea can be approximated as a tube having a resonance determined by its length (Suthers &
Goller 1997)
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an acoustic filter, but itsfilter characteristics are actively coordinated with the output of
the syrinx; thisisdone by cranial movements of singing birds, which modify the physical
configuration of the vocal tract, and by prominent beak movements, which often

accompany song (Suthers et al. 1999).

Birds possesaso-called kinetic skull. Thismeansthat not only thelower jaw, but a'so the
upper jaw rotates around its kinetic joint with the braincase (Buhler 1981; Dubbeldam
2000) during beak opening. The upper and lower jaws are anatomically and functionally
separate kinematic units (Buhler 1981). Independent control of simultaneous movements
of upper and lower jaw increases the velocity of beak movements (i.e. increases the
possibility for fine control during song in oscines;, Hoese & Westneat 1996). And with
elevated upper jaw lessforce is required to open the lower jaw (Nuijens & Bout 1998;
Bout & Zweers 2001). In fact, in most of the note types analysed from singing swamp
sparrows (Melospiza georgiana), white-throated sparrows (Zonotrichia albicollis) and
Bengal ese finches (Lonchura domestica), beak opening (or beak gape, i.e. the distance
between thetips of the upper and lower mandibles) was positively correlated with sound
frequency; this means an increase in beak gape is accompanied by an increase in sound
frequency (Westneat et a. 1993; Podos et al. 1995), but is not strongly correlated with
sound amplitude (Westneat et al. 1993). In singing northern cardinals (Cardinalis
cardinalis) each syllable type was accompanied by a stereotyped pattern of beak gape
whichinturn positively correlated with the syllable’sfundamental frequency (Sutherset
al. 1996). But beak gape does not automatically indicate a given sound frequency. In
devel oping the adult note structures, young song sparrows arrive at the adult frequency
range already up to mid-plastic song, while the gape-frequency-correlation significantly
increases only from the mid-plastic song stage onward (Podos et a. 1995). Thissuggests,
that juveniles produce most of the syllableswith modificationson syringeal level. Taking
the findings of Westneat et al. (1993) and Podos et al. (1995) together the impression
arises, that for the production of a given produced frequency the syrinx and the beak
work together, but in juveniles the emphasis lays mainly on the syrinx, in adults on the
beak.

Song production is of course constrained in an absolute sense: birds of agiven size are

physically unableto produce sounds outside of agiven frequency range, sound duration
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and repetition rate (e.g. Ryan & Brenowitz 1985; Nowicki et al. 1992b). Already
Wallschlager (1980) found acorrel ation between mean song frequency and body weight,
showing that bird vocalization is highly dependent on anatomical (length of trachea,
resonance capacity, etc.) aswell asphysiological factors (respiratory rate). He suggested
a possible evolutionary link between the ecological niche, the birds morphology and
their song performance. A growing body of literature elucidates that the vocalization in
songbirds meets physical limitations (Podos 1996), for instance in that the evolution of
trill structure can belimited by motor constraintson vocal production (e.g. in emberizidae;
Podos 1997), and that vocal performance capacities vary as a function of vocal tract
morphology, in particular of beak morphology (Nowicki et al. 1992a; Podos 1997), due
to a suggested intrinsic trade-off between force and velocity in jaw biomechanics, as
large (strong) jaws are less able to perform the rapid movements required for the

production of certain types of songs (Podos 2001).
1.6 THE BIRD OF THE STUDY: THE HOUSE SPARROW

The house sparrow Passer domesticus has the widest natural distribution of any land
bird species (Summers-Smith 1988; Bezzel 1993). It belongsto the suborder ‘ songbirds
(passeri resp. oscines) within the large order of ‘ sparrow birds' (passeriformes). Passer
together with further 6 genera constitute a separate family called passeridae (Bock &
Morony 1978; Sperl 1988; Bielfeld 1992; Glutz von Blotzheim 1997)

161 DESCRIPTION

House sparrows tend to be sexually monomorphic in morphological features like hand
limb size, crania morphology (especidly the beak), perhapsthelegs (Selander & Johnston
1967), and yearly average body weight (Folk & Novotny 1970). Slight differences are
foundi.e. inlacrimal breadth, height of mandibular (Ruprecht 1968), pectoral and wing
bone size (Johnston 1973). Several studies found significant direct correlation between
total body weight and wing length for both sexes (Grimm 1954; Loéhrl & Bohringer
1957; Folk & Novotny 1970). The secondary sexual characters of the house sparrow are
clearly dimorphic (Keck 1932; Johnston & Selander 1973).

Malesinwarmer regionsreach alength of 140 mm while membersin the north grow to
180 mm (Summers-Smith 1988). During the breeding season the mal €’ s chin, throat and
chest base - al together called male bib - turn deep black (see Fig. 1.3). The size of the
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male bib isindependent of the genetic father, but depends on hatching early in the year
(spring) and on therearing father (Griffith et al. 1999). Because of the grey edges of the
feathers (Bezzel 1996) thebibislessclearly visible during winter. Interestingly bill colour
depends on testosterone (Keck 1932; Nowikow 1935), changing from horn to black
towards the breeding season (see Fig. 1.3), while plumage colour - of both sexes - is

largely independent of steroids, but influenced by thyroxin (Witschi & Woods 1936).

Females show a more simple plumage than males. The bill becomes darker in breeding
season and afew femal eshave compl etely black bills (portrait of afemal e house sparrow:

see chapter 6.3).

lcm

1cm lcm

Fig 1.3: During the breeding season, when gonads increased 200-fold (D), the male’s
chin, throat and chest base - all together called male bib - turn deep black (B). Outside
the breeding season, when gonads are small (C) and testosterone levels low, the male
beak turns horny (A).
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162 BREEDING BIOLOGY

Pair formation often begins in autumn (Schifferli 1974). Most pairs stay together
throughout their adult life (Leugers 1997), though polygamy does occur (Clark 1903;
von Boxberger 1930; Brackbill 1969). Individuals claim asmall region around the nest
(Bent 1958) asaterritory. But thisdoesnot prevent them from communal nesting similar
to weaver bird colonies (McGillivray 1980; Summers-Smith 1963). Generally a given

pair occupies anest site for successive clutches (Summers-Smith 1963).

A clutch contains two to eight eggs, but five is most common (Bent 1958; Anderson
1975; Seybold 1983). Freshly laid eggsweigh between 2.1 and 3.3 g (Konig 1970). Egg
sex was random with respect to laying order (Cordero et a. 2000). The female house
sparrow incubates, being replaced by the male only for abrief time for her feeding and
drinking (Schifferli 1978). Stableincubation takes 11 to 13 days (Witherby 1949; Novotny
1970), starting with the third or last laid egg (Bent 1958; Novotny 1970). Both parents
take an about equal sharein brooding the hatchlings (Daanje 1941; but see Weaver 1942).

Duration of the so called “ brooding in nest” fluctuates between 12 up to 18 days (Weaver
1942; Summers-Smith 1963; Novotny 1970). After leaving the nest fledglings will still
be predominantly fed by the parents up to about day 30 when they become independent.

1.6.3 DESCRIPTION OF THE HOUSE SPARROW’S NATURAL SONG

“Every one knows that the common house sparrow, when in a wild state, never does
anything but chirp” (Barrington 1773). Given that smple descriptionitisno surprisethat
thereislittle enthusiasm about house sparrows singing abilities. Their voice was described
as amonotone, poorly structured, noisy (Witherby 1949) loose sequence of often harsh
calls(Howard 1954; Cramp & Perrin 1994), which can be uttered in different situations.
Deckert (1969) — like Daanje (1941) —identified arepertoire size of about 25 elements,
grouped according to 13 different situations (for detail ed description see Summers-Smith
1963, Cramp & Perrins 1994). The house sparrow seemsto use only alimited number of
elements to attain an “extensive range of calls used at nest and elsewhere” (Cramp &

Perrin 1994) by highly flexible element structure (with respect to frequency and duration).

In communal roosts there is often a considerable outburst of social vocalizing. Places

where house sparrows gathered for roosting were known as “chapels’ in London in the
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19" century. Chorusing in the morning isusually much less conspicuouswith little social
vocalizing; there is more monotonous chirping mixed with several elements of the
repertoire (Glutz von Blotzheim 1997). House sparrows have different alarm calls for
aerial and ground-predators (details see Hull 1998). And they produce wing burring as

instrumental soundswhen starting and landing.

House sparrows use low husky flight-notesin flocks, which are very variable and hard
twittering (Bergmann & Helb 1982). It occurs during excitement as doesaless metallic
twittering, which can developinto afairly regular song of 8-10 notes, with some upcoming
of rhythm (Witherby 1943). During individual and communal courtship display males
syllables become more variable. Males and females solicit for copulation with a low

voice, nasal sound.

Best knownisthemale' ssong or chirrup cal, alasting sequence of rhythmically repeated
mostly disyllabic syllables uttered in 1-2 sintervals mainly near the nest (“nest cal”).
Unmated malessingit daily for several hours, especialy in spring. Singing isaccompanied
by synchronous beak movements and ruffling of thethroat and chest feathers (Glutz von
Blotzheim 1987). A variable syllable structure encodesthe singer’sindividuality aswell

asits present motivational state.

The birds often pre-positioned a broad banded, overtone rich impulse that merges into
the rising element (additional overtones make the element sound harder). Indeed this
scheme is open for much more variable and complex changes. Variations can occur in

repetition rate of trill spikes (in chapter 3 called ‘vibratos') and formant composition.

Nivison (1978) in his thesis aimed among other “to investigate how [the sparrows]
accomplish complex social behaviour with only afew auditory elements’ . Using digital
spectrograms he found 1) four major groups of cheeps based on the number of peaks,
which seemsto be an important factor in house sparrow’s vocalization, and 2) basically
three groups of calls based on a) mate and colony interaction, b) irritation, agitation or
conflict and c) alarm calls. With the possi bl e exception of three callsall other callsof the
house sparrow contain at least one harmonic. It has to be assumed that house sparrows
can control the number of harmonics they emit. The birds can change the meaning of a

call by altering itsformant’s composition and by emitting it in different contexts (Smith
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1963, 1965). But there are also ‘discrete calls' (Sebeok 1962), for example the contact
call, that conveys a fixed message. Nivison (1978) summarized the sparrow song as
follows: “context, harmonics, repetition (tonic communication), figure duration, and
grading are all methods used by the house sparrow to increase the vocal repertoire and
develop amore complex communication system yielding agreater variety of messages,

including mood or motivational states aswell as discreteinformation”.
1.6.4 HOUSE SPARROWSIMITATING FOREIGN SOUNDS

Teaching birdsto sing wasapopular and lucrative sport inthe 18" century. In addition to
well-known singerslikethe nightingale and canary, Hamerdley’s collections of bird-tunes
(1714, in Godman 1954) also provided anon trivial melody for the house sparrow, and
stated that house sparrows “learn any song if short if taken very young out of the nest”
(Godman 1954).

Moreover, for along timeit had already been known that the house sparrow was ableto
imitate foreign sounds. Barrington (1773) performed an experiment to demonstrate the
learning ability of house sparrows. He took a common sparrow from the nest when
fledged and educated him with alinnet. By accident the young individual also heard a
goldfinch, thus the sparrow’s song became a mixture of linnet and goldfinch songs.
Barrington summarized “though the scholar imitated the passages of its master, yet the
tone of the sparrow had by no means the mellowness of the original”. 100 years later
Witchell (1896), following the singing of amale house sparrow for several yearsconcluded
that “if reared under birds of another speciesin acage, the sparrow has their notes, and
not sparrow notes, though he retainsthe sparrow tone of voice* (cited by Conradi 1905).
Witchell (1896) in addition mentions sparrows imitating the alarm-cry of starlings, of
blackbirds, the whistle of the chaffinch and even the song of a skylark. Coupin (1901)
claimed that his house sparrow, caged next to a box with grasshoppers, imitated the
stridul ation of the grasshoppers and produced a polyglot mixture of the insects' and of

other birds' songs.

Some sparrow male individual s are reported to producein the wild the song and calls of
the tree sparrow (Daanje 1941; Hansen 1975 cited by Glutz von Blotzheim 1997), the
song of awhitethroat (Bent 1958) and the greenfinch call, this one also perfect in tune
(Huber 1983).
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Themost famous house sparrow seemsto be* Clarence’ described by Clare Kipps (1956a).
Clarence's range and variety of notes and calls must have been remarkable. The list of
sparrows imitating foreign birds' song increases when one takes into account sparrows

housed with other birdsin aviaries (e.g. Dost 1954).
165 CANARY-LIKE SINGING HOUSE SPARROWS

Most reports of house sparrows singing foreign species songs concern their imitation of
canaries. Ernest Thompson Seton (1901, cited in Bent 1958) mentioned in his book
“Livesof the Hundreds” a sparrow who produced “aloud sweet song, much like that of
a canary”. Conradi (1905) seems to be the first who wanted to document clearly the
house sparrow’s imitation ability, when canaries hatch the sparrow eggs and rear the
young. Most of his sparrow hatchlings died or were crippled. One bird was only able to
produce a“violent, confused song which consists of rapid repetition of single notesand
which was not very musical but rather harsh”, while two others “imitated the canary
perfectly except that their voice did not have the musical finish*. Surprisingly, when the
two canary singing house sparrows were placed close to a window, where they could
hear wild sparrows, they produced only sparrow chirps; but they switched back to produce
canary songsafter being placed againinaroom with canaries. Sanborn’s sparrow (Sanborn
1932), unlike Conradi’ sgood singer, did not |earn the canary song but produced ” merely
arather continuous succession of sparrow chirpsor trills’ (Sanborn aso failed to train
other birds to sing foreign songs!). Ten years later Stoner (1942) wrote about a hand-
reared house sparrow, that had ”acquired a remarkable proficiency in singing ability
through the medium of two canarieswhich were his companions—in separate cages—for
about six years. [The sparrow’s] imitations of the ‘rolling” notes of the one and the

‘chopping” notes of the other were sometimeswell done asto deceive even hismistress’.

The remarkable proficiency of house sparrows to produce the canary trill was often
reported from captivity (Heinroth & Heinroth 1926; Stoner 1942; Radtke 1961; Wotkyns
1962; Schroder 1964; Bergmann et al. 1983), but not from wild house sparrows (Radtke
1961). Barrington (1773) argued this is because young house sparrows listen only to

their parents’ notes.
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The German Philosopher Immanuel Kant (1803) wasthefirst who realized the scientific
potential of house sparrows singing the canary song, in particular for the existence of

non-genetic traditionsin animals.
1.7 AIMSOF THE WORK

The aim of my work was to study how far house sparrows can imitate the complex
canary song; and then to analyse possible neurona differences between canary- and

sparrow-like singing sparrows. In particular | investigated the following problems:

(1) Isthe house sparrow able to sing the most characteristic feature of the canary song,

the tours? If yes, how similar are the original and the imitation? (Chapter 3);

(2) Does complex song learning result in measurabl e differencesin brain structuresal ready

known to be sensitiveto intra-specific individual song differences? (Chapter 4);

To get amore comprehensive (integral) view on possible correlations between (1) and
(2), 1 controlled for possible side effects from my raising routine (Chapter 2, 4), for
potentialy elevated androgen levels (Chapter 5) and for morphological constraints
(Chapter 6).
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INFLUENCESOF THE RAISING ROUTINE

2 INFLUENCESOF THE RAISING ROUTINE ON THE EARLY
DEVELOPMENT OF YOUNG HOUSE SPARROWS

21 INTRODUCTION

The voice of ahouse sparrow will barely encourage anaive listener to classify himasa
songbird. But thisunderrated songbird isreported to learn mel odies taught by sopranino
(treble) recorder (Mears 1717, in Godman 1954) and piano (Kipps 1956) or to sing like
greenfinches (Huber 1983) and canaries (Kant 1803).

To test Kant’s assertion, that there are canary-like singing house sparrows (chapter 3),
and to study possible neurona consequences (chapter 4), | raised sparrow young in canary
nests. Sparrow parentsfeed their young during thefirst 8 - 10 daysinsectsonly and then
change to amixture of seeds and insects (Pinowksa 1975; see Fig. 2.1), while canaries

are seed eatersthroughout life.

100+ insects, capitd city
90 gz
?8 Insects, countryside
60-
50
40-
30+

20 grains, countryside
0 FOFOFO007070, granS,Capltal city

1 3 5 7 9 11 13 15
day
Fig. 2.1: Percentage of animalsand plantsin house sparrow nestlings food intwo
different biotopes (capital city: red; countryside: green) (adapted from Encke 1965).

% nutrients in the food

Thus | had to feed young house sparrows in canary nests additional food (mealworms,
grasshoppersand bee maggots) to guarantee ahouse sparrow specific minimum of protein.
Thismanipul ated feeding regime could change the devel opmental conditionsof canary-
fostered young in relation to sparrow-raised house sparrows a) either to the better by
additional food or b) to theworse by low quality food dueto ahigher proportion of seeds
but lower proportion of protein. Anincreased growth rate, possibly indicative of better
supply, could lower constraints for cell proliferation and result in an improved

physiological, morphological or/and motivational condition at the time of song learning
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which in turn may lead to amore elaborate song production. A reduced growth rate (i.e.
lower growth rate constant (K), reaching the point of maximal growth at a later day),
possibly indicative of a shortened supply, could have the opposite effects. The house
sparrow indeed displays, to some extent, alabile growth rate! (North 1973) resultingina
prolonged nestling period under poor food conditions (Lepczyk & Karasov 2000).

To decide whether singing abilitiesin canary-rai sed house sparrows can be explained by
privileged developmental conditions, | compared hatching weight, growth rate (point
and day of maximum growth), fledgling weight and fledgling age for house sparrows
bred in captivity and raised either by their own or by canary foster parents.

22 METHODS
221 ANIMAL SUBJECTS

All house sparrows, Passer domesticus domesticus, were bred in our institute. Sparrow
clutches contained 5, seldom 4 eggs. Wild house sparrow hatchlings weigh 2.0 — 3.1g
(Novotny 1970; Schifferli 1974) and are completely naked (without natal dune). Thebill
shows bulges on both sides (Fig. 2.1A), which change from white to lemon-yellow by
thefourth day after hatching (details see Weaver 1942).Weight of young increases about
two grams per day during thefirst thirteen days (Weaver 1942; Blem 1975a; Fig. 2.4).

Asfoster parents | used domestic colour and song canaries, Serinus canaria. Male and
female canary parents feed their young with soaked seeds from their crops. Canaries
start breeding in March and, with nest boxes available, may continue to lay eggs until
August. A canary clutch contains 4-6 eggs laid one per day. While wild canaries start
incubation after the last egg is laid, domestic canaries start with the first egg. Canary
young hatch after about 13 days of incubation. Canary hatchlings have dunefeatherson
their back and head (Fig. 2.2A), and weigh about 1.4 to 1.6 g. They posses a bill with
sharp edges, typical for seed eaters, without bulges on either side. Around day 20 post
hatching young of both specieswill leavethe nest and are still fed predominantly by the
parents up to about day 30 when they become independent.

1 A flexible growth rate, i.e. aplastic developmental program (Schmal hausen 1949) istypical for aerial
insectivores, whose food supplies are unpredictable in time and space (Konarzewski & Starck 2000).
Labile growth rates are documented especially in gallinaceous birds (Schew and Ricklefs 1998) and
swallows/martins (Brzek and K onarzewski 2001).

K%
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222 AVIARIES

| kept two house sparrow groups, both with five females and five males. They all were
hatched in captivity in May 1998. Each group lived in an aviary with an inner and an
outer compartment. Theinner compartment contained wooden perchesand fresh branches,
itsfloor was covered with sand. The outside compartment contained small living treesor
thicker branches with horizontal twigs; the floor was covered with shredded bark. A
water bath was available throughout the year. For breeding we supplied wooden nest-
boxes as used for budgerigars (23 x 15 x 14.5 cm3) on the walls of the inner sparrow
compartment. Coco-fibres, dry mosses, chicken and duck feathers, horse hairs, straw
and dried grass as nest materials were scattered on the floor. The birds used mainly the

coco fibresfor the outside of the nest and preferred mossesand hairsfor theinner lining.

Outside the breeding season canary femal es and males were housed in separate aviaries,
each comprising aninner and an outside compartment, furnished like the sparrow aviaries.
During the breeding season male and femal e canarieswere united and kept infive aviaries
containing 4, 5, 6, 6 and 10 pairsrespectively. | only used those females asfoster mothers
who either did not leave the nest (Fig. 2.2B) while | was present or returned straight to
the nest after | had |eft the aviary. The aviarieswere acoustically isolated. Three canary
groups lived in two-compartment aviaries, as described, the two remaining groups
inhabited inner compartmentsonly. Asanest basiswe offered them so called * Kaisernests’
(plastic baskets: 11.2 cm, depth 5.3 cm; wired cube: 11.2 x 11.4 x 12 cm®). All birdswere

offered white cotton fibres (Scharpie weil3) and various mosses as nest material.

Fig. 2.2: two daysold house sparrow hatchlingsin canary nests. Left: the sparrow (middle)
islarger ashiscanary foster siblings of the same age; right: abegging young sparrow and
his (tame) femal e canary foster parent. In B the back side of thewired cube of the‘ Kaiser-
nest’ isvisible. For adetailed description of the young, seetext.

3
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223 FOOD

Free-living house sparrowsare both opportunistsand generalists. Their basic food includes
several kinds of grain, seeds of grass, herbs and weeds. In addition they take berries,
fruits, buds (Deckert 1969) and other green parts of plants. During the breeding season
when feeding young the proportion of insects (arthropodes) and their larvae risesto a
minimum of 50% of their food, often up to 70%. In fruit gardens the insect proportion
can reach 95.5% (Deckert 1969; Encke 1965).

In the non-breeding season wetried to cover the wide spectrum of adult wild sparrows’

food by using a commercial mixture of grains for canaries and forest birds, salad,

cucumber, grated carrots, piecesof fruits (apple, orange, banana), and berries. Mealworms
and crickets were offered every second day. During breeding time, between April and
August, we enriched the parents menu, offering a 1:2:1 mixture of fat-, honey- and

parakeet’sfood (Aleckwa Tiernahrung, Postfach 25, D-67163 Wal dsee) with somedog's
flakes added. We a so offered canary rearing-food, mealwormsand/or cricketsdaily.

Throughout the year our canarieswere daily fed a special canary grain mixture, sliced
apple and cucumber, salad, and twice per week mealworms. During the breeding season
we offered in addition daily germinated seeds, canary breeding food, mealwormsand a
special homogenated ,,insect-paste” (consisting of house crickets, mealworms, bee-

maggots mixed with hard boiled egg yolk; see below).

All birds were regularly supplied vitamins and minerals, either mixed in thefood or in

water.
224 RAISING YOUNG HOUSE SPARROWS
2241 BY THEIR SPARROW PARENTS

Three sparrow broods, each with three or four young, wereraised by their own parentsas
acontrol group. During my nest inspection in the morning the parentswaited in the outer

compartment of the aviary until | had |eft and then immediately returned to their nests.
2242 BY CANARY FOSTER PARENTS

To avoid apossible acousticinfluence of theembryoswhilestill intheegg, | transferred

each sparrow egg on the sameday it waslaid to acanary nest. Whenever possible! used

A
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a nest with at least 5 days old canary eggs, to compensate for the fact that sparrow
hatchlings are bigger, grow faster and may endanger their canary nest mates. At the 5"
day of incubation | checked the sparrow eggswithasmall light for existing veins; an egg

without any sign of development was replaced by anew one.

Although young house sparrows differ from young canaries in their outer appearance
and their begging behaviour, the canary parents accepted them evenin amixed brood. A
major problem resulted from the fact that canaries, although they like to eat the innards
of mealworms, do not feed insectsto their young; they feed them boiled yolk, however. |
therefore enriched the food of canary parents with a freshly homogenised mixture of
boiled egg yolk and insects (1/2 chicken-egg yolk mixed with 30 - 40 crushed cricket
abdomina). That was sufficient for the young house sparrows if both parents cared for
the young. Young sparrows that did not get enough food very soon became weak and
stopped begging. | then fed them insects by hand, complementing canaries provisioning.
From days1to 51 used to offer either the abdomen of ahouse cricket or half of awhite
mealworm every 30—45 minutes. | dowly lengthened theintervalsup to 2 hoursaccording
to the nestlings' begging, age and developmental state. All young sparrows, even those
hand-fed from their first day onwards, turned shy towards mefor awhile when the eyes
opened. During that period it may take quite some time until they take the food offered.
About thistime (mean 10 days of age) additional feeding was terminated.

When about 12 - 14 days old the young sparrows left the canary nest. Although they
began to take food by themselves with 17 - 20 days, they till were fed by the foster
parents up to day 30. With that date | transferred them to cages (alone or with male

canary foster siblings) or to other aviaries(e.g. if thefledgling wasafemale).

For song analyses | needed canary-reared males only. In the third’ breeding season |
could sex the hatchlings on day one or two (see 2.2.6 bird sexing). | grouped females
together in oneartificial nest and rai sed them by humans, while sparrow maleswere left
inthe canary nests. Nestlingswereweighed when freshly hatched, and then daily between
7.00—7.30amand 7.00—7.30 pm (thismeansthat sparrow young wereweighedinal12
hours rhythm). The birds were housed in different buildings. To ensure that each bird

*Inthefirst two yearsit was not possiblein our facilities. To give the blood samplesto an external lab,
however, would have needed too long time.
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was weighed at a definite time, | followed a constant route (of about 30 minutes) from
oneaviary to the next. All young were weighed by myself with the balance Kern 162-41
(to measureto the nearest 0.1g) until they fledged.

225 BIRDSUSED FORLATERANALYSES

Asinthefirg year (1999) therewasnoindication that cross-fostered fema e sparrows produced
canary-likesongs, the study of song, brain, hormonesand vocal tract focusesmainly onmales.
Individualswho eventually died either during the nestling phase or |ater were excluded from
growth analyses. | obtained canary-raised house sparrowswho learned the canary song
(especially the canary-typical tours) aswell asbirdswho did not, although some had been
raised by thesamefoster parentsasthetour producing onesand thushad the same opportunities
for learning. Fromthe control group (sparrow-raised young) | selected first hatchlings, if males,
being thelargest inthe clutchto parallel thefact that house sparrowsarethelargest youngin
thebrood of canaries. (A detailed description of groupsisgivenin chapter 3).

226  BIRD SEXING

Theprocedurefollowed an universa method for molecular sexing of non-retitebirds (Fridolfsson
& Ellegren 1999). Thismethod i sbased on the detection of aconstant size difference between
twointrons, called CHD1W and CHD1Z. Blood samples (30ul) weretaken from thewing or
foot veinwitha50pl capillary and stored intherefrigerator in Queenslysisbuffer for at most
24 hours. DNA was extracted using the GFX™ blood extraction method (Extraction Kits,
GFX Genomic blood DNA purification, Nr. 27960301). All PCR reactionswere performed

mm f f m f m m f m  marker

- -

CHDIZ ——-—-——-—“ o=
——

CHDIW —

Fig. 2.3: DNA sex identification of birds using PCR amplification of the CHD1 genes
followed by 3 - 4% agarose electrophoresis. The primers 2550F and 2718R give one
fragment in males (CHD1Z) and two fragments in females (CHD1Z and CHD1W).
Femalesof some species sometimesalso show only onefragment (CHD1W) (Fridolfsson
& Ellegren 1999), but thisnever happened in my samples. The sex of each house sparrow
individual isindicated by f = females (two bands) and m = male (one band).
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in 10ul volumes, containing 5l DNA-sampleand 9.5 PCR-mix on GeneAmp PCR System
9600 and Perkin ElImer PCR System 2400. Two different primer setswere used: CHD3007
& CHD 3112 (Ellegren & Fridolfsson 1997) or 2550F & 2718R (Fridolfsson & Ellegren
1999; DNA sequencesaregiveninAppendix 1). Also thethermal profilefollowed Fridolfsson
& Ellegren (1999). 0.8ul of PCR productswere separated in 3% agarose gels, runin standard
TBE buffer and visudized by ethidium bromidestaining (Fig 2.3).

227 COMPARATIVE STUDIESOF GROWTH

The postnatal period (from hatching to adulthood) isaphase of body growth and learning.
Postnatal developmental time can be described using growth functions with postnatal

growth rate asafunction of adult body size (Starck 1993). Dataare usually presented as
the weights recorded each day throughout the youth period (Ricklefs 1979). In most

extant animals as well as for example in dinosaurs, mass changes with respect to age
show asigmoidal pattern (Erickson et al. 2001). Thus growth curves start with aslowly,
then rapid rising part followed by a period of slowing growth as the chick approaches
adult weight. Based on comparative analysis of growth functionsin birds, Ricklefs (1967,
1983) suggested a scale of growth units based on the time required to increase body mass
from 10% to 50% of asymptotic size. This growth function is described by the logistic
equation: W(t) =A/(1 + exp(-k*t)).

Thisisone of three most widely used mathematical descriptionsof postnatal avian growth
(Starck 1993). Thelogistic equation adequately describesthe growth of most avian species:

W(t) istheweight at aget;
Aistheasymptote(the'fina’ weight) of thegrowth curve;
kisthegrowth rate constant; and

t. , theinflection point, isthe age at maximum growth.

Therate constant (k), whose unitisdays?, isan overall measure of rate of weight increase,
directly comparabl e between species. A comparison of the analyses of exponential growth
among themajor groups of extant vertebratesindicatesthat growth ratesgenerally increase
with respect to body mass and that each clade has a characteristic rate (Case 1978).

Growth rate constants of fitted logistic equations vary from 0.024 days? in the Laysan
albatross (Diomedea immutabilis) and domestic turkey (Meleagris gallopavo) to 0.680
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days*for the painted redstart (Setophagar uticilla). The house sparrow isexpected toliein
between.

228  STATISTICAL ANALYSES

For statistical analyses| used Systat 9.2 (Systat Software Inc., Richmond, CA) and SSS
for Windows 2000. First, al data were tested for normal distribution (Kolgomorov-

Smirnov Lillieforstest) and equality of variances (L evinetest). If both testsdid not show
significant differences (p > 0.05), one-way-ANOVA, followed by Bonferroni post-hoc-
test, was performed to detect differences between several groups, or the pooled variances
t-test to detect differences between two groups. When the assumption of equal variances
(but not distributional shape) was violated, | conducted the separate variances t-test to

comparetwo groups.

To compare not normally distributed data sets (hatching weight) the Kruskal-Wallis-Test
for independent data sets was used. All tests were two-tailed and the significance level
wasp =0.05. Usage of statistical testsfollowed Conover (1980), Soka & Rohlfs(2000),
and Lamprecht (1999). If multiple analyses were conducted with the same data sets (e.g.
hatching weight) the significance level o was adjusted following the sequential (sequ.)
Bonferroni method (Rice 1989).

23 RESULTS
231 HATCHING WEIGHT OF HOUSE SPARROWS

In2001 thewe ght of hatchlings (ma esand femd es) wassgnificantly higher thaninthepreceding
years, whilefor 1999 and 2000 hatchling weight did not differ significantly (n= 113, Kruskal-
Wallis-Test, H=81.252, p << 0.001, Dunn’s Test, sequ. Bonferroni post hoc o = 0.013)
(Fig. 2.4). Theresult dso holdsfor both groupsof birds, sparrow- and canary-raised sparrows,
selected for further analyses (sparrow-raised: n = 28, Kruskal-Wallis-Test, H = 19.503,
p << 0.001, Dunn’'sTest, sequ. Bonferroni post hoc o, = 0.025; canary-raised: n= 38, Kruska-
Wallis-Test, H = 25.915, p<< 0.001, Dunn’s Test, sequ. Bonferroni post hoc a. = 0.016).
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Fig. 2.4: Hatching weight (g) of house sparrowsbred in captivity in subsequent years (1999-
2001). Dataare presented as box plots showing median, 18 and 3 quartiles, minimum and
maximum; in addition the absolutevauesare givenintheincluded table. Smilar | ettersabove
boxesrepresent non-significant different mediansfrom post hoc multiple comparisons.

232 GROWTH RATE OF SPARROW YOUNG

| compared the growth rates of canary-raised (n = 38) and sparrow-raised (n = 28) male
young, using morning and evening dataseparately. Growth ratesbased on morning weight did
not differ significantly between years (1999 - 2001) neither for canary- nor for sparrow-
raised young (canary-raised: one-way ANOVA, F, ..=0.246, p=0.783; sparrow-raised:

one-way ANOVA, F

2,35

,25= 0.009, p=0.992); the same was true when using evening data.

Thusyear cohortswere grouped together.
2321 GROWTH CURVESOF SPARROW NESTLINGS

Growth curvesfrom literature (Weaver 1942, Blem 1975a; Fig. 2.5) and from my birds
(Fig. 2.6) were nearly identical. Sparrow- and canary-reared house sparrows weighed
about the samein the morning of aday. Until day 10, however, both weighed less than
datafrom literature suggest (Fig. 2.6a, morning). Growth curves using evening weight
fit better with data from literature indicated by one reference (Blem 1975a). Sparrow
young raised by their parents were clearly heavier in the evening of aday than canary-

raised young (Fig. 2.6b, evening).
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Table 2.1: House sparrow datafrom Weaver (1942) , Blem (1975a) (for details about
growth curves of different body parameters see Novotny 1970)

Weaver 1942 Blem 1975a
day | weight [g] weight wild[g] weight lab[g]
1 2.8 3.0 3.0
2 4.8 5.0 53
3 6.9 75 6.6
4 10.2 10.1 10.0
5 11.7 12.1 12.9
6 13.8 14.9 14.0
7 16.4 17.1 16.6
8 18.0 18.7 18.0
9 20.3 19.4 19.3
10 20.4 21.2 21.3
1 22.7 22.1 21.6
12 22.7 23.1 22.7
13 25.6 24.1 23.8
14 25.2 25.5 24.5
15 239 26.3 254
16 26.0 24.9 24.0
17 22.5 24.0 23.8

Weaver 1942, wild
Blem 1975a, wild
Blem 19753, |aboratory

1T T T 1T 1
1 3 5 7 9 11 13 15 17

Fig. 2.5: Growth curves of house sparrow young using datafrom the literature. Dataare
giveninTable2.1.
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e canary-raised sparrow maes (n = 38)
@ sparrow-raised sparrow males (n = 28)
— Blem 19754, laboratory

a morning b) evening
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Figure 2.6: Growth curves of canary- and sparrow-raised house sparrow young based on
a) morning or b) evening weight. My data (red and green curves) are presented as mean
(weight) £ sem and datafrom Blem 1975a (blueline) serve asareference (dataval ues of
Blem 1975aareshownin Table2.1).

2322 POINT OF MAXIMUM GROWTH (K)

Inthe evening sparrow-rai sed individua swere significantly heavier than canary-raised house
sparrows (separate variancet-test, t = -3.335, df =44.7, p=0.002, sequ. Bonferroni post
hoc oo =0.016). But canary-raised and sparrow-raised malesdid not differ significantly in
morning growth rate (pooled variancet-test, t = 0.003, df =64, p=0.998) (Fig. 2.7).

41



CHAPTER 2
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Fig. 2.7: Point of maximum growth of house sparrow nestlings raised either by canary
(can) foster parentsor by their sparrow (sp) parents, cal culated from morning and evening
weight. Canary-raised: n = 38, sparrow-raised: n = 28. P-valuesof therespective statistical
tests (detail s seetext) are presented in the graphs, ns= not significant. Data are presented
as box plots showing mean + sem, minimum and maximum val ues.

2323 BODY MASSALTERATION

Body massgain during daytimewassignificantly higher in sparrow- thanin canary-raised
individual s (separate variancet- test, t =-3.048, df =55.2, p=0.004, sequ. Bonferroni
post hoc o =0.016). But thetwo groups showed no significant differencein body mass
alteration during the night (pooled variancet-test, t = 1.280, df =64, p=0.206) (Fig. 2.8).

a) day b) night
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Fig. 2.8 Body mass alteration (g) of young house sparrows in canary (can) or sparrow
(sp) nests during the day (differences between morning and evening) and during the
night (differences between evening and the following morning). Canary-raised: n = 38,
sparrow-raised: n = 28. P-values of the respective statistical tests (details see text) are
presented in the graphs, ns = not significant. Data are presented as box plots showing
median (line), mean (dot), 1% and 3 quartiles, minimum and maximum va ues. (Although data
show normal distribution, thistype of graph was chosento show thelargerange.)
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2.3.24 DAY OF MAXIMUM GROWTH

Based onnestlings weight inthe evening sparrow-rai sed young reached theday of maximum
growth sgnificantly earlier than canary-rai sed young (pooled variancet-test, t = 3.180, df = 64,
p=0.002, sequ. Bonferroni post hoc o = 0.013). However, the day of maximum growthwas
similarinboth groups, if cal culated with dataof morning weight (pooled variancet-test,

t = -0.513, df = 64, p=0.610)(Fig. 2.9).

0a) morning b) evening
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Fig. 2.9: Day of maximum growth of house sparrow nestlingsraised either by canary (can)
foster parentsor by their sparrow (sp) parents, cal culated from morning and evening weight.
Canary-raised: n= 38, sparrow-raised: n=28. P-values of the respective statistical tests
(detailsseetext) are presented in the graphs, ns= not significant. Dataare presented asbox
plotsshowing mean (line) + sem, minimum and maximum val ues.

233 AGEANDWEIGHT OF FLEDGLINGS

Canary- and sparrow-rai sed house sparrow young showed no significant differencein fledgling
age (pooled variancet-test, t =0.171, df =64, p=0.865) andin fledgling weight, although
sparrow-raised fledglingstended to be heavier (pooled variancet-test, t =-0.956, df =64, p
=0.055) (Fig. 2.10).
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Fig. 2.10: Age and weight, when house sparrow young | eft the nests of their canary foster and
sparrow parents. Canary-raised: n= 38, sparrow-raised: n=28. P-vauesof therespective
statistical tests (details seetext) are presented in the graphs, ns= not significant. Dataare
presented asmeans+ sem.

24 DISCUSSION

Indtricid passerinesparentd post hatching investmentismuch greater thantheinitid investment
ineggs (Walsherg 1983; O’ Connor 1984). Egg masscommonly variesintra-specificaly in
wildbirds(Boag & vanNoordwijk 1987; Perrins 1996). Embryonic devel opment isconstrained
indifferent ways, eg. by geneticfactorsthat influenceembryonic metabolic efficiency (Magrath
1992), aswell asby nutriment absorption, gasexchange, amount of yolk and size of theegg
(Starck 1998), in detail by theamountsof protein, lipidsor essential vitaminsand minerals

presentintheegg (Royleet d. 1999).

Our parental house sparrows provided with well-balanced food ad libitum throughout the
yearsimproved their physiological conditions such that they could afford ahigh parenta
Investment aready at egg laying; thisresulted in thesignificantly higher hatchling weightsof

maleand fema e neonatesin 2001.

Food availability ad libitum, much above aminimum threshold necessary for normal post-
hatching devel opment, does not affect nestling growth because of preset limitsto tissues
Intring c growth capacities, once some propertiesof the egg initiated aspecific developmental
track (Ricklefset d. 1998). Thisiscompatiblewiththefact that hatching weight of our neonates
did not influence growth rate, age/weight of fledging, sSinging ability (seechapter 3) nor brain

morphology (chapter 4).



INFLUENCESOF THE RAISING ROUTINE

Thegeneticaly determined Species-gpecific growth rate of theyoung ba ancesfactorsfavouring
slower growth (e.g. rate at which energy and nutrients are required by the chick) against
factorsfavouring more rapid growth (e.g. factorswhich cause mortality and competition of
young; Lack 1968). Canary-rai sed and sparrow-rai sed young did not significantly differin
morning growth rate, suggesting that thereisno factor shifting the balance to morerapid

growth. Mortality by predatorsor weather conditionswereexcludedin our aviaries.

Based onmorning weight | did not find any differencein growth rate or body massgainwithin
sparrow-rai sed house sparrow groupsof alwaysthreeto four siblingsleft inthe parental nest.
Also Sedl (1969, 1970) found maximum feeding rates of house sparrowsin broods of 3
youngandonly dight varigtioninindividuas weight withinabrood. Sparrow-raised and canary-
raised sparrowsgrew a thesamerate. Thisisnot salf-evident. Canary-raised house sparrows,
a sofaced with 2-3 (canary foster) siblings, can easily out-competethem: young sparrowsare
larger, grow faster and are heavier than their canary foster siblings. Thus canary-raised house
sparrows may not be exposed to sibling competition asare sparrowsin their parental nest.
Furthermore, canary-raised sparrow young werefed additional food by humans. Nevertheless
I could not find evidencefor abetter food supply of canary-raised young nor any support for
asibling competition situation in one of the groups. One can concludethat canary-raised

sparrowsdid not grow under better conditionsthan sparrow-raised young.

Based on the evening weight, sparrow-rai sed young were significantly heavier than sparrow
young raised in canary nests, thisisbecause body massgain during daytimewassignificantly
higher in sparrow- thanin canary-raised individuds. Therefore, when ca culating growth curves
using evening weights, thetwo groupsdiffered in that sparrow-raised sparrowshad ahigher
growth rate. Thissuggeststhat house sparrowsin canary nestssuffer fromlow quality food or
food shortagerespectively. That thetwo groups showed no differencein body massalteration
duringthenight suggestsa’ catch up growth’ during late evening (after light was switched off)
and/or early morning (beforelight started). However the differenceintheresult cal culated
from morning and from evening wel ght remainspuzzling. Young sparrowswereweighed every
12 hours+ 10 minutes. Sparrow-raised young werethelast to beweighedinmorning aswell
asintheevening. If problemshad been arising whilefeeding sparrowsin canary nests, it could
happenthat youngin sparrow nest wereweighed with alatency of up to 30 minutes. Onthe



CHAPTER 2

one hand thistime could have been used by sparrow parentsfor feeding; on the other hand as
weighing and feeding routine always starts at the sametimein the morning, thispossible
timelatency inthe eveningismissinginthe morning. Another reason might bethat sparrow
parentsfeed better during theday (by higher rate of feeding and higher portion of protein) but
stop with dawn, while humans continued to feed sparrowsin canary nestsuntil 8.30 pm.

Furthermore, canary parents may start feeding earlier while house sparrows perform socia

snging. This* nocturna catchup’ iscons stent with thefact that young house sparrowsof both
experimental groupsdid not differ sgnificantly inageandweight, in contrast towhat L epczyk
& Karasov (2000) would suppose dueto thedaily differencein body massgain.

Growth ratesof both, sparrow-raised and canary-raised youngin my study fit nicely intothe
rangeof growth ratesknown for house sparrowsunder field and laboratory conditions (Weaver
1942; Blem 1975). Andin all parameter measurements canary-rai sed sparrowswereequal to
or below those of sparrow-raised sparrows. Thus my datado not support theideathat a
potentialy better snging performance of canary-rai sed house sparrowscould result from better
developmenta conditionsrelaivetotheir sparrow-raised sblings.
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SONG IN CANARY-REARED HOUSE SPARROWS

3 SONG IN CANARY-REARED HOUSE SPARROWS
3.1 INTRODUCTION

Diversity and versatility are key features of singing in birds (Nowicki & Marler 1988;
Todt & Hultsch 1996) which might result from song learning. Song learning has been
extensively studied both in the field and the laboratory (for books see e.g. Kroodsma &
Miller 1982, 1996; Snowdon & Hausberger 1997; Hopp et al. 1998)™.

Fromthefield several passerine species, e.g. sturnids, menuridsand brood parasitic widow
birds, are known to imitate foreign sounds. With the one exception of widow birds (for
details see Nicolai 1964, 1974), nothing is known about the individual’s benefit from
imitating. Speculations deal with possible female preferences for elaborate songs, but

conclusiveevidenceislacking.

In the lab many cross-fostering studies demonstrated a preference for conspecific over
heterospecific song in achoicesituation (e.g. Konishi 1985; Eales 1987). White-crowned
sparrows, for exampl e, did not copy the song of asong sparrow whether it was presented
alone or together with awhite-crowned sparrow song (Marler 1970). This was true for
birds collected in the wild as nestlings who presumably had heard their fathers and/or
other adults singing. But if young white-crowned sparrows wereraised from theegg in
nestsof foreign species, they imitated alien songsor produced modified versionsof them
(Konishi 1985). Although five to ten days old nestlings do not copy (or produce) songs,
hearing them seems to bias the choice of songs in the memory acquisition phase.
Furthermore using live tutors, young white-crowned sparrows selected the song of a
visible tutor song sparrow over conspecific songs heard from hidden white-crowned
tutors (Baptista& Petrinovich 1986); these findings show that alive tutor can override

the white-crowned’ s innate predisposition for the conspecific song.

The house sparrow, too, has already been known for a long time to be able to imitate
foreign sounds (e.g. Hamersley 1714; Barrington 1773; Coupin 1901; Godman 1954;
Schroder 1964; Bergmann et al. 1983). M ost authorsfocussed on the sparrow’ s surprising

1 0. Koehler (1951) was the first to use the tape recorder and W. H. Thorpe introduced the sound
spectrograph (borrowed from the marine) in the study of avian song development. When he was
informed that the British navy had a sonagraph, he rang them up to ask if he could borrow it. They
were very upset that he knew about such a top secret piece of equipment, as they were using it to
identify the ,, signatures’ of submarines!
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vocal skillsin copying domestic canaries (Kant 1803; Witchell 1896; Seton 1901; Conradi
1905; Sanborn 1932; Stoner 1942; Kipps 1956; Bent 1958; Wotkyns 1962). VVocal mimicry
inwild sparrows (Bent 1958; Huber 1983) seemsto berare. The natural voice of common
house sparrows is described as a monotone, poorly structured, noisy (Witherby 1943),
loose sequence of mostly harsh calls (e.g. Howard 1954; Cramp & Perrin 1994). The
house sparrow’s acoustic communication is poorly studied (see chapter 1). The most
detailed study about the vocal behaviour and display of wild house sparrows comesfrom
Nivison's PhD thesis (1978). He concluded that under normal conditions learning does
not play animportant rolefor sparrows. The cases of canary-like singing house sparrows
point to the possibility that the acquisition of the vocalizationsfrom social partnersis of
importanceinthe normal life of asparrow (Wickler 1982). No systematic study on canary-
like vocalizations of house sparrows has been done so far. In my work | examine the
vocal skillsof canary-like singing house sparrows, analysing their vocal performances,
their canary-typical toursin particular, in comparison to @) domestic canaries, b) canary-
raised house sparrows who did not produce canary-like songs and c¢) sparrow-raised
house sparrows. My analyses of song characteristics concentrated ontotal vocal repertoire,
syllablefeatures (Iength, frequency, bandwidth) and syntax (tour composition). Thereby
| add new knowledge on the proportion of learned and innate featuresin house sparrows
song production, the necessity of social bonds (social selectivity; choice of tutors), and

inheritance of song learning skills.
3.2 METHODS
321 ANIMAL SUBJECTS

All birds (canaries and sparrows)? were bred in our aviaries. Details about rearing
conditions and song exposure are given in chapter 2. Sparrows were housed either
separately or together with a male foster sibling in cages (Joko, Bramstedt/Bassum;
122cm x 50cm x 50 cm) in ventilated rooms or sound reduced chambers. In rooms a
single caged canary male was positioned opposite to the sparrow cage. Light/dark (LD)
regime varied with season; to simulate breeding season birds were kept under LD 16h/

8h, to simulate non-breeding conditions birds were kept under LD 10h/14h. All animals

2 The species are defined in chapter 2, 2.2.1 Animal subjects
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werein reproductive state (indicated by the completely black bill; see chapter 1) during
taperecordings. Food (seeds, insects, salad and fruits) and water were available ad libitum.

From 66 male sparrows hatched in canary nests 8 died within the first 3 days and 4 had
crippled feet getting not enough minerals (due to badly feeding females). Theremaining

54 canary-raised sparrows can be divided into three main groups.

a) young raised in sound-proof chambers: 11 maleswere raised in cages in sound-proof
chambers by a female and a male canary; a tape with the song of a male canary was
played to them three times a day. After independence of the young the canaries were

removed.

These sparrows only vocalized very rarely, if at all. Thustherequired tape recordingsfor
song analyses could not be obtained. In any casetherarevocalizations of these birdsdid

not comprise tours.

b) young that had to be raised (in the very first year of this study) in normal laboratory
rooms where humans were also working: 5 male sparrows were raised in cages by a
female and amal e canary; atape with the song of amale canary was played to them three

times a day. After independence of the young the canaries were removed.

Though these young vocalized frequently, none of them produced tours. Asaconsequence
of human presencethese birds did not hear only the canary song, but other speciestrough
the open window and also some music, whistling and talking humans. The birds produced
some not identifiable sounds: neither sparrow- nor canary-like. They thus could not be

compared to the other canary-rai sed birds and have been excluded from further analyses.

c) young raised in canary aviaries (as described in detail in 2.2.4.2): 38 male sparrows
were raised in canary nests (for details see chapter 2). After independence they were
transferred - if possible with male canary foster siblings - to normal laboratory rooms
were they were separated from other sparrows but could hear and see a caged male
canary tutor. In addition atape (a45 minutes) with the song of amale canary was played

to them three times a day.

Asacontrol | raised 28 male house sparrowsin their parents' nests. In the neighbouring
aviary these sparrow-raised young could hear and see male canaries but had no direct

contact with them.
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322 TAPE RECORDINGS

For tape recordings (Uher tape recorder, Uher and Sennheiser microphones) birds were
kept isolated in cages (Joko, Bramstedt/Bassum; 122cm x 50cm x 50 cm) in ventilated,
sound reduced rooms under long day light regime LD 16h/8h. Canary malesand canary-
rai sed sparrows had amale canary, sparrow-raised sparrows another male sparrow inthe
background (separate cage; visiblefor the tape-recorded individual). On two subsequent
daysfrom each bird 45 minutes of vocalizations were taken on tape; onein the morning
(between 9 and 12.00 am), the other in the afternoon (between 15.00 and 18.00 am).
Following Nivison (1978) thesetime interval s comprise pesk periodsof cheeping activity.
If an individual made a pause longer than 8 seconds between vocalizations an Uher
acoustomat automatically switched off the tape recorder and started it again with the

first sound.

Sparrow-rai sed sparrows were not used to cages, thusvocalized only rarely. They had to
be tape recorded for several days at the given times (morning or afternoon) to obtain the

records required.
323 SONGANALYSES

3.23.1 TERMINOLOGY FOR SONGANALYSES

Thedigital spectrogramisagraphic representation of a‘ sound’ and describesthefrequency
course in time (frequency is represented on the abscissa, the time on the ordinate; for

detailssee Hopp et a. 1998). To compare song features which house sparrows may have
learned from canaries| follow in the description the terminol ogy used to describe canary

song (e.g. Voigt 1997):

¢ Element/Note

A note (or element) is a physically distinguishable unitary vocalization, the shortest,
uninterrupted structurein adigital spectrogram (Guttinger 1979; Voigt 1997; Brenowitz
et a. 1997). A note can be a pure tone (Fig. 3.1A), characterized as just one horizontal
bar in the digital spectrogram. A frequency-modul ated noteis an upward- or downward
sweep in pitch, visible as a correspondingly upward or downward trace in the digital
spectrogram (Fig. 3.1B). A very rapid rhythmic frequency modulation is called vibrato
(Voigt 1997, Fig. 3.1C, marked by ablack arrow). Several notes can occur with different
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typesof overtones, which determinethetimbre of the sound: musical notescontain overtones
that are integral multiples of the basic (lowest) frequency (Fig. 3.1D), while noisy, harsh
sounds contain many parallel frequency bands (broad-banded notes) (Fig. 3.1E).

kHz
10
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Fig 3.1: Digital spectrogramsof different note types sung by canary-rai sed house sparrow
males. For detailsseetext. A: pure-tone note; B: frequency-modul ated note; C: frequency-
modul ated note with vibrato (marked by the arrow); D: harmonic note; E: broad-banded
note.

e Syllable

A seriesof one or more notesthat co-occur in aregular pattern during songisreferred to
asasong ,,syllable® (Brenowitz et al. 1997) (Fig. 3.2).

e Tour (phrase)

A phrase (, motif*) isasequence of several - sameor different - syllablesthat arerapidly
repeated (Brenowitz 1997). Characteristic for the song of domestic canaries are phrases
containing just onetype of syllable; Gttinger (1979) called this canary-typical phrase-
type ‘tour’ (Fig. 3.2)

e Song type

A particular combination of toursthat occursrepeatedly constitutes asong type (Brenowitz
1997). A song typein domestic canarieslastsat least 1.5 seconds and contains no interval
longer than 0.4 seconds (Leitner 1999) (Fig. 3.2).

'r song type
t
two note syllable (phorl;;e) onenotesyllable
Kz | |
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| PEEEE AN reppp

02 04 05 08 10 12 14 16 18 20 22 24 26 28 308

Fig. 3.2. Songram of the begin of acanary male song type.
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3.23.2 ANALYSESOF DIGITIZED SONGS

Tapes were numbered, thus the analysing person could not know anything about a
respective tape’s content. Songs of sparrows and canaries were digitised at 22.050 kHz
(= sampling rate) using aHamming window. The acquisition and the analyseswere carried
out with the digital sound analysis system Avisoft SaslabPro (Specht 2000, Avisoft
Bioacoustic, Germany) using a Dell computer (Dell OPTILEX GX 150) and Microsoft
Windows 2000. Spectograms of songs were generated using a Fast Fourier Transform
(FFT) of 256 points, a Filter Bandwidth of 300 Hz and time resolution of 8,931 msec
(Frame). Tours and syllables were classified and catalogued (* see below: repertoire
catalogue) by visual inspection, based on discontinuitiesin their morphologies (Lynch et
al. 1989), in Powerpoint (Microsoft Office 2000). To assess syllable similaritiesin cases
of doubt | superimposed spectrogram copies using Adobe Photoshop. For quantification
spectrograms with measure options of Saslab32 (Specht 2000, Avisoft Bioacoustic,
Germany) were used; the data were automatically transferred to a prepared Excel 2000
sheet. Quantification parametersfor toursand syllableswerelength (= duration), frequency
range, and interval s between syllablesresp. tours. For atour the number of syllablesand
their repetition rate (Hz) were determined. Syllables and tours to be analysed were
randomly selected excluding immediately subsequent syllables. To correct for measurement
Inaccuracies each syllable and tour was measured twice; for statistical analyses| used the
mean value of both measurements. Separate measurements were taken for each

comparison (inter-specific; intra-specific).
* Repertoire catalogue:

Communication works because different signals mean different things, and the
communicators sharethe code (Green & Marler 1975; Smith 1977; Horn & Falls 1996).
If notes are visualy clearly distinct, they are supposed to have different meanings. My
birds had no social input from conspecific birds during tape recording, thus | cannot be
sure that all recorded syllables contain meanings, nor can | suggest any function. To be
on asafeside, | boiled the number of identified syllables down to an arguable minimum

syllable repertoire sizein two steps:
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a) Each counted syllable has to occur at least 10 times during the 2 x 45 minutes tape
recordings of one year. Rare syllables (1-3 times) might occur accidentally or by vocal

exploration and thus were excluded from further analysis;

b) If morphologically different syllables (occurring at least 10 times) show gradual
intermediates (including rare syllables), they were thought to be variants of one syllable,
thus handled as synonyms.

324 ABBREVIATIONSIDENTIFYING THE DIFFERENT GROUPS

e Ccan: domestic song canaries (n = 5); these males were used aslive tutors for
canary-raised house sparrowsfledglings;
ecasin:  canary-raised sparrow males, producing canary-like tours (n = 10);
e ca-nosin: canary-raised sparrow males; they have never been heard or tape recorded
to produce canary-like tours (n = 21);
e Sp-nosin: sparrow-raised sparrow males, who have never been heard or tape recor-

ded to produce canary-like tours (n = 9).
3.25 COMPARISONS ON DIFFERENT LEVELS

For inter-specific and intra-specific comparisons of syllablesand toursthefollowing

measures were taken (Fig. 3.3):

(1) syllable duration: timeinterval from start to the end of the syllable;

(2) syllable frequency range: interval between highest and lowest frequency within a
gyllable;

(3) interval between syllables: time interval between the end of the preceding and the
beginning of thefollowing syllable; a) within tours; b) between single syllableand the
following tour;

(4) tour duration: time interval from start of the first to the end of the last syllable;

(5) tour composition: total number of syllableswithin atour;

(6) repetition rate: number of syllables per time (Hz).

Different setsof syllables/tourswere used for measurementsindicated above. From each
data set (detail s see bel ow) the minimum, average and maximum valueswere determined

for comparison.
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Fig. 3.3: A single syllablefollowed by atour of ahouse sparrow male comprising 4 one-
note syllables. Numbers are explained in the text (see 3.2.5).
Individuals from ca-sin fledged in two successing years. Thus someindividuals | could
tape record in two, most birds only in one year. To provide comparable conditions for

analyses| used from all birdsthe tapes of their first summer.
3251 INTERSPECIFIC COMPARISON

A) Isthe canary repertoire size different from that of canary-like singing house sparrows?

How many syllables of the sparrow total repertoire have been learned?

For eachindividual of can and ca-sin asyllable catalogue was prepared from 2 tapesa45
minutes of one year (see 3.2.3.2). From thisthe individual total syllable repertoire size

was cal culated. Comparing these catal ogues reveal ed copied and not copied syllables.
B) How similar are canary- and sparrow tours?

From therepertoire catalogue (3.2.3.2) the total number of different tours per individual
was determined. Of each type of tour produced by anindividual, 5 exampleswere measured
and averaged. From each individual an average value of its different tour parameters
(duration, frequency range, minimum number of syllables, intervals between syllables,
duration of syllables within tours) was used for interspecific comparisons. From tour

duration and syllable number the repetition rate (syllables per seconds, Hz) was calcul ated.

C) Do sparrows produce tourswith asimilar frequency range - repetition rate correlation

astheir canary tutors?

Kinematic studies in different species provide evidence that vocal tract activity during

song production differs between slow trills and faster trills. In particular, vocal tract
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movements cycle during the production of slow trills (with each cycle corresponding to
the production of asyllable), but do not cycle during faster trills (Podos 1997). For this
study | included both types of tours, as slower tours might elucidate constraints by the

vocal tract and faster trills constraints of body mass (for more details see chapter 6).

As the maximum value of frequency bandwidth regularly decreases with increasing
repetition rate (Podos 1997), | first determined for each individua that tour which showed
maximum repetition rate. Then | determined that tour, which contained syllables with
maximum frequency bandwidth. For both sample sets, | measured duration of the
respectivetours, counted the number of syllablesand determined the mean of therespective
syllablefrequency bandwidth or respectiverepetition rate. To compensate for insurgencies
each parameter (frequency, duration) was measured twice; for statistical analyses| then

used the mean value of both measurements.
D) Do tour-singing sparrows produce song macro structures like the canary song type?

To analyse song structure | used the program Luseq written by my colleague Dr. H.-U.
Kleindienst. In the total repertoire catalogue | listed al produced syllables and tours of
al ca-sinindividuals, and gave anumber to each syllable. In digitized sequences (at | east
60 secondslong, containing aminimum of 30 syllables, for both types of sequences) the
syllables and tours were replaced by the corresponding numbers (a given tour as a unit
was replaced by one number!). The resulting number columns of the sequences were
analysed separately in the following way: The program uses a defined sequence length
(mask) of 2 up to 10 syllables. Starting with the 2-syllables mask, theinitial 2 syllable
numbers of acolumn constitute the first master sequence. The program then checks how
often this master sequence with this strict order of syllable-numbers reappears in the
column and prints the sum out. The same procedure is repeated with the other masks (3
-10). Inasimilar way, the program can look separately for thefollowing variations of the
master sequences. permutations of agiven master sequence(e.g. 1,2, 17),i.e. al syllables
have to occur, but their order is optional (e.g. 1, 17, 2 or 2, 1, 17; etc.). It furthermore
singlesout ,, errors* inastrict order sequence wherejust oneforeign note either replaces

amaster sequence note (e.g. 1, 5, 17) or isfilled into the sequence (e.g. 1, 4, 2, 17).
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3252 INTRA-SPECIFIC COMPARISON

Whileanalysing it turned out that canary-like singing house sparrows (ca-sin) produced
either sequences containing only syllables but no tours, or sequences containing both
syllables and tours (Fig. 3.4B and C). Thus measurements were done separately for
syllables from pure syllable sequences as well as from sequences that contained both
syllablesand tours. Individuals of the ca-nosin group were randomly assigned to one of

the two groups for comparisons B and C respectively.

A) Do ca-sin’s syllables sung separately in tour-comprising sequencesdiffer from syllables
in pure - syllable - sequences?

Each type of syllable produced by a given ca-sin individual either between tours or in

pure syllable sequences was measured 10 times and averaged.

B) Do ca-sin and ca-nosin differ in their total syllablerepertoiresize? Do singlesyllables

and pure syllable sequences differ between ca-sin and ca-nosin?

For each individual its total syllable repertoire size was determined from the syllable
catal ogue aready described. Each type of syllable produced by anindividual was measured
10 times and averaged

C) Do syllables sung by canary- and by sparrow-raised house sparrows differ?

Tape recordings of sp-nosin were problematic, because most birds, captured from an
aviary, vocalized only rarely and produced relatively short continuous sequences when
caged. Thusfrom thesetapes| got several syllable typesand sequencesfor comparisons,

but cannot say anything about the total repertoire size of sparrow-raised sparrows.

Each type of syllable produced by an individual was measured 10 times and averaged.
3253 THECUMULATIVE CURVE

For canary song analyses often acumulative curve (also called repertoire curve) isplotted
to demonstrate how fast males expose their total repertoire (see Leitner 1999). The
repertoire curveischaracterized by asteadily decreasing number of new syllables produced,
and can be adequately described by an exponential curvewithout aninflection point. The
most frequently used model nowadaysisthevery flexible Richards curve (Richards 1959),

ageneralization of the classical (growth) curves,
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(1) W, =A(1-b*eKthnm.

For adecreasing exponential curve M = 1. Thusthe formula (1) becomes
(2) W, = A(1-b* k) = A - Ap* e,

where W, = number of syllablesat timei (t);

A = asymptote; thisisthe ‘final’ number of different syllables of aparticular
repertoire curve,

b = scaling parameter smoothing the actual to the best fitting curve

K = syllable productionindex expressed asafunction of the ratio of the maximum
number of different syllable to the elapsed timeinterval.

Formula (2) isidentical with the second Brody equation (Brody 1945)3
(3 W, =A - B*eK™),
where B (Brody) = Ab (Richards)

=A-W(0);

W(O) is the starting point of the curve. The cumulative curve starts with O syllables at
time O, thus B = A. For theideal repertoire curve B = A, the second Brody equation can
thus be modified asfollows:

(4) W. = A - AxeKt) = A (1- gk t)y
|

B)ALL =UK: Wy, = A*(1- KUKy = A *(1- D) = A* (1- 1/e) = A* 0.63.

Thus K, whose unit is seconds?, stands for the time a bird needs to produce 63% of its
individual final number of different syllables(graphically shownin arepertoire curve, see
Fig. 3.13). The curve-specific feature K can be used to compare individuals' abilitiesto
recall their respective syllablerepertoirewithin acertain timeinterval; K isherereferred

to as ‘recall rate’.

Therepertoire curve was determined for can (n=5) and ca-sin (h=10). Ca-nosin (n=21)
and sp-nosin (n = 5) however produced too few different syllables, thus the repertoire
curvedid not follow anideal exponential curveand inturntheresultsfrom Richardsand

Brody equation differed too much. Thusthelatter groupswere excluded fromthisanalysis.

3 Plttner suggested this function already in 1920, but published it in German.
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Toget afirstimpression how variable K might bewithin and between speciestherepertoire
curves of male white-browed sparrowweavers Plocepasser mahali (n = 4) and wild
canaries, Serinuscanaria (n = 4) were determined; unpublished datawerekindly offered

by Conny Voigt and Dr. Stefan Leitner.
32541 USING NUMBER OF NEW SYLLABLES

Isaca-sin’srepertoire curve when singing sequences comprising tours or pure syllables

sequences respectively more similar to the canary or to the sp-nosin repertoire curve?

From aseguence of 150 seconds continuousvocalization (silence between syllableswas
not longer than 8 seconds; thus the acoustomat did not have to stop and start again the
tape) the numbers of new syllables within 10 second steps were determined. Then all
produced syllables during the 150 seconds were counted. Tours were treated as one new

syllable because they comprise only one syllabletype.

It hasto betaken into account that both sparrows and canaries were anal ysed as described
above. These data are not directly comparable to other canary studies because silences

between song types were not excluded!

3.25.3.2. USING NUMBER OF NEW SYLLABLESASPERCENTAGE OF
TOTAL REPERTOIRE

Isasinger’srepertoire curvein percentage of its calculated total repertoire, when singing
sequences containing tours or pure syllables only, more similar to their canary tutors

(can) or sparrow siblings' (ca-nosin) proportional repertoire curve?

The total repertoires of sparrow-raised house sparrows were not available, thus data
from ca-nosin were used! For asequence of 150 seconds continuousvocalization (silence
between syllables was not longer than 8 seconds; no acoustomat) the numbers of new
syllables within 10 second steps were determined. Each value was divided by the total
number of different syllables produced; the result was multiplied by 100.

32533 COMPARISON OF THE RECALL RATEK

The characteristic feature K of the repertoire curve, calculated with the Brody equation
(formula4), can be interpreted as the recall rate relative to the produced set of different
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syllablesat the end the 150s sequence of continuous song production (detailssee 3.2.5.4).
Knowing K one can determine how long an individual needsto produce 63% of itstotal
repertoire (final niveau of the repertoire curve). Inturnif K isconstant within a species,
alistener can at this point of time after the start of a song estimate the final niveau of the
repertoire curve of the respective singer. Thusthe listener need not wait until the singer
finished.

3.2.6 STATISTICAL ANALYSES

Statistical analyses were performed with Systat 9.2 (Systat Software Inc., Richmond,
CA.) following Lamprecht (1999). All data were first tested for normal distribution
(Kolgomorov-Smirnov Lillieforstest) and for equality of variances (Levinetest). If both
tests did not show significant differences (p > 0.05), one way-ANOVA, followed by
Bonferroni post-hoc-test was performed to detect differences between several groups,
or by the pooled variancest-test for two groups. If the assumption of equal variance (but
not distributional shape) wasviolated | conducted the separate variancest-test to compare

two groups.

Therecall rate K of each curve was determined using both the Richards model (2) and
the second Brody equation (4). Thisisthe first study to compare recall rates. To be on
the safe side | used for statistical analyses only recall rates where K calculated by the
Richards model and the Brody equations did not differ by more than 5% and the Brody
function fits the calcul ated curve to 98%. Statistics were done with the results from the

Brody function only.

If the same syllable or tour was used for different measurements (e.g. frequency range
and syllablelength) | adjusted the significancelevel of o = 0.05 following the sequential
Bonferroni (Rice 1989); the same was done for repertoire composition and recall rate.

All results refer to two-tailed tests.
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3.3 RESULTS
331 CONCERNING THE BIRDS

Out of my 58 canary-raised and 28 sparrow-raised house sparrows | identified 10

individualsthat produced clear canary-liketours (ca-sin).

All ca-sin had beenraised in canary nestsin aviaries. None of the sparrow-raised young
appeared to produce tours although they had had also the chance to hear canary song
from neighbouring aviaries. Only two of ca-sin (' Les and ‘' Bal0') shared the same parents,
but hatched from subsequent clutches®. Except for vocal performance ca-sin were not
conspicuousin any way (see Table 3.1): they did not hatch earlier in the year, nor from
thefirst laid egg of aclutch, and they were not heavier in hatchling or adult weight than

other house sparrows (also see chapter 2 and 4).

Table 3.1. Dataof ca-sin.

aviary: two separated house sparrow populations;

box: nestbox within acertain aviary;

clutch: inwhich clutch of a sequence of clutcheswithin ayear abird hatched,;
position:  position of an egg according to the laying order within aclutch;
weight (h): hatchingweight (g) of anindividual;

weight (a): adult weight (g) of thisindividual.

bird year aviary  box clutch  position  weight (h) weight (a)
Or 1999 A 1 2 1 21 27.98
Ro 1999 B 3 2 4 2.3 25.48
Hbli 1999 A 4 1 2 2.2 24.47
Hb 1999 A 5 2 5 21 34.50
G 1999 A 3 1 4 2.3 33.35
Rw 2000 B 1 3 2 25 25.96
Les 2000 A 2 1 1 29 25.86
Balo 2000 A 2 2 3 2.4 24.44
Bun 2000 B 5 1 4 3.0 24.02
Wh 2000 B 4 3 2 2.9 27.11

4 At the time, when | did the raising experiments, it was not yet possible to determine the paternity
of young on the molecular level in our facilities.
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Fig. 3.4: Sequences of continuous vocalizations of

A) can tutor (page 64),

B) ca-sin orange right+left (or) producing a sequence comprising tours (page 65) or
C) apure syllable sequence (page 66), and

D) asp-nosin (page 67).

(A) can maes produce song typeslasting several seconds. It ischaraterized by asuccession
of tours defined asfast repetition of one syllable (3.2.3.1).

(B) Theca-sin orangeright+left (page 65) clearly learned fromits canary tutor (page 64)
syllables and the tour-like structure (orange arrow), which does not occur naturaly in
the sparrow song. Some syllableswhich canaries used in tourswere sung by the sparrow
mal e orangeright+left asasingle syllable. The syllable marked with the blue arrow (page
64 and 65) isonetype of syllableswhich also occur inavery similar patterninthe native
sparrow vocalization (though normally with at |east one overtone); it isnot clear whether
thissyllable has been really learned or not.

(C) The ca-sin orange right+left - like al ca-sin individuals - also produced sequences
lacking canary-like tours. These pure syllable sequences sound like native sparrow
vocalization and were dominated by separated syllables. Very characteristicfor all sparrows
of all groups was the disyllabic chirping syllable with the general pattern of two-folded
frequency sweep, up-down-up-down (page 66 and 67, green arrows). This syllable was
produced by all captivity-raised as well as by wild-caught individuals with inter- and
intra-individual variations (seealso Fig. 3.9C).

(D) Inthisdigital spectrogram the sp-nosin bird gave short examplesof syllable sequences
including silent interval s shorter than 0.4 seconds (Fig 3.4D, page 67, pink bars). Though
these sequences|ook and sound far different from canary songs and canary-like singing
sparrows, the temporal structure is similar to tour-comprising sequences when seeing
tours as units. Only short examples can be presented, sequences, however, could last
severa seconds.
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C) ca-sin orangeright + left
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CHAPTER 3

3.3.2 DESCRIPTION OF THE REPERTOIRE OF CANARY-RAISED BIRDS

Thetotal vocal repertoire of all canary-raised house sparrows taken together comprised
about 200 syllables. Thegroups(ca-sin: n=10, ca-nosin: n=21) did not differ inthesize
of their respectivetotal (syllable) repertoires (pooled variancet-test, t = -0.900, df = 29,
p = 0.375) (Fig. 3.5A). A singleindividual of both groupswould own 32 to 42 syllables.
| was surprised to find that tapes of oneindividual from two different days, each with 45
minutes of vocalization without a break longer than 8 seconds, only shared a few
corresponding syllables. So | may have recognized only aportion of anindividuals' real
total repertoire (for details see Table 3.2 and Table 3.3).

3.3.2.1 Thetotal repertoire (copied and not-copied syllables)

The repertoire of both groups (Fig. 3.5B) contained syllableswhich

a) did not occur in any of the canary-tutors' repertoires and thus cannot have been copied;
b) were produced by at least one canary tutor and by some, though not all canary-raised
sparrows, but were never produced by any of the sparrow-rai sed young; thusthese syllables
clearly must have been copied,;

¢) could not be assigned to sparrow- or canary-like vocalization because they were too

similar between these groups (,, ssimilar®).

The not-copied syllables (a) can be further subdivided into

al) ,free" syllables, so called because they were particular for oneindividual, thuswere
not copied from canary tutors and also did not occur in one of the other sparrows
repertoire and

a2) ,common* syllables, 12 in number, which were produced by all canary-rai sed sparrows

(Fig. 3.4B); some of these 12 were aso produced by some sparrow-raised sparrows.

Only about 1/3 of ca-sin’s total repertoire consisted of copied syllables, significantly
more did not come from their canary tutors (paired t-test, t = -15.82, df =9, p << 0.001,
o = 0.012); thisresult iseven stronger for ca-nosin (Fig. 3.5 C). The percentage of not-
copied syllablesin an individual’s total repertoire was significantly higher for ca-nosin
than for ca-sin (pooled variance t-test, t = 5.80, df = 29, p < 0.0001, o = 0.016; Fig. 3.5
C). Thiswasbased onasignificantly higher number of , free” syllablesin ca-nosin (separate
variance t-test, t = 3.927, df = 23.3, p = 0.00066, o. = 0.025; Fig. 3.5 D).
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Fig.3.5: Canary-raised house sparrows’ (A) total syllable repertoire, (B) composition of
total syllable repertoires, (C) percentage of copied and not-copied syllables relative to
their total syllablerepertoire, D) number of ,, free” syllables. Ca-sin (red): individualssinging
tours (n = 10); ca-nosin (beige): individual s never producing acanary-liketour (n=21).
Linesindicate mean (middie) + sem (upper or lower line of the box), whisker caps give
minimum and maximum values. Statistical results are indicated by *** = p < 0.001,
ns = not significant. For details about statistics see text.
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CHAPTER 3

3.3.2.2 Canary-liketours

Both ca-sin and ca-nosin received the same treatment from the same foster parents,
nevertheless only ca-sin produced canary-like tours. Ca-sin mostly did not use tour-
syllables separately assingle syllables; if thishappened thenit occurred betweentours. A
ca-sinindividual produced between 8 to 15 different tours, which covers between 26 to
38% (mean + sem: 31.85+ 1.4) of itstota repertoire (Fig. 3.6). Tours consisted mainly
of copied and ,similar* syllables, but two individuals also used , free” syllables (Fig.

3.7A). However, the latter tours did not sound melodious like canary tours.
40

(8]
1
| J

% of total repertoire
N w
3.9 .
°
°

N
o

T T
1 23 456 7 8 910
ca-sin individuals
Fig. 3.6: Syllables produced in tours as % of aca-sin individua’stotal vocal repertoire.
Tours consisted of only one syllable type and were thus counted as one syllable in the
total syllablerepertoire.

3.3.2.3 Tour-resembling vocalization in agonistic context

Furthermore in aggressive behaviour (towards conspecifics, or e.g. when kept in the
hand) both sparrow sexes naturally produce a tour-resembling vocalization (see Fig.
3.7B-D). Interestingly, these sequenceswerelonger than canary-liketours. Most syllables

sung within tourswere shorter than syllables sung in agonistic sequences; in addition the

Fig. 3.7: Digital spectrogramsof house sparrow vocalizations: sequencesof harsh syllables.
A) Two examplesof a,, tour* which consistsof a‘free’ syllable. Thistour mainly contains
three syllables, only occasionaly two.

B1+B2) Agonistic vocalizations. the examples were taken from ca-nosin, because the
digital spectrograms are clearer, but such sequences were aso produced by sp-nosin.
(To get these rapid sequences | kept the birdsin one hand, tickling their ventral sidewith
afinger of the other hand).

C) Begin of asequence of harsh syllables sung by aca-sin from ordinary tapes; intervals
were much longer than in canary-liketoursor in agonistic sequences (see 3.7. B). Please
note the different time scale of thisdigital spectrogram example.

D) Agonistic vocalization of a sparrow female (for personal observations | kept two
pairs of sparrow-raised house sparrowsin asmall inside-aviary for one summer).
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CHAPTER 3

latter often contained vibratos and mostly overtones; thus they sound very harsh and
very unlike canary syllables or canary tours respectively. Ca-sin produced these harsh

syllablesalso, but with larger silenceintervals between the syllables (see Fig. 3.7C).
3.3.2.3 Daily and seasonal syllablerepertoires

Thefirst tape recordings of two subsequent days were taken in the morning, the second
onesinthe afternoon (for details see 3.2.2). Syllabletypesdiffered highly, but therewas
no obvious difference in either the total number of syllables produced, the amount of
tours, or the proportion of pure syllable sequences in relation to sequences comprising
tours (Table 3.2). A correlation between syllable type and time of day cannot be drawn,

this would require more tape recordings.

Table 3.2: Comparison of two tape recordings a45 minutes without a break longer than
8 seconds of aca-sin (or) and aca-nosin (hi).

—p: ,out of";
A syll.: number of different syllables;, = syll: number of concurrent syllables;
Atrs.. number of different tours, = trs. number of concurrent tours.
tape 1 tape 2 sum tapes 1+2

bird| Asyll—p Atrs| Asyll—p Atrs | = syll —p = trs{sum A syll —p sum A trs

or 23 10 20 8 11 4 32 14

Somebirds| could tape record in their second year, and again tape recordings from two
successive days were very different. The number of new syllables (mainly of no-tour-
syllables) in the second year relative to thelr first year varied from 6 to 13 (Table 3.3).
However, this is in the range of the difference between two successive days. Thus |
cannot assessthe sparrows' ability to learn new syllablesin subsequent years.

Table 3.3: Comparison of four tape recordings a45 minutes without abreak longer than
8 seconds of the sparrow Ramses (only the summer tapeswere used!). Thisbird hasbeen
chosen because he is the most extreme example for syllable diversity between two
subsequent years. More details about Ramses are given in 3.3.5.

A syll.: number of different syllables, = syll: number of concurrent syllables;
A trs.: number of different tours; = trs. number of concurrent tours.
year 2000 year 2001 sum years 2000 + 2001
tape 1| tape 2| tape 1+ 2 tape 3 |tape 4 | tape 3+4 tape 1+2+3+4
A syll 24 26 45 24 18 31 (new: 13) 58
= gyl 5 11 18
Atrs 8 9 15 8 1 8 16
=1rs 2 1 7
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3.3.2.4 Syllablessimilar in both species

Canary syllables are generally poor in overtones of any kind, while overtones are
characteristic for sparrow syllables. However some syllablesare almost identical in both
species (see also Nivison 1978). Canaries can produce the ‘similar syllables assingle
syllables (see Fig 3.7 A) or within tours (see Fig 3.7 B). A given canary-raised sparrow
produced 1-3 syllables of thistype either separately or - in the ca-sin group - as atour.
Not all canary-raised individuals, but also some sparrow-rai sed sparrows, produced these
syllables. In sum | cannot show conclusively whether they were copied from canariesor

belong to sparrows' native vocal repertoire.

A can casin Sp-nosin
kHz kHz kHz
10 kana? 11m 107 T 73l 107
8 81 81
6 —— 6" 61 ]
r~ o
4 r.--l“.“"-ﬂ- 41 - alll 17 ol -
e R %
2 . 21 21 —
0.2 0.4 s 0.2 0.4 s 0.2 s
B can casn Sp-nosin
kH=z kH=z kHz kH=z
"1 10 o 10] fpamts 19
81 81 8] [kh1 12d] 81
B ,j B B B
I B 4 / ] S o ] ]
21 21 21 21
0.2 0.4 s 0.2 s 0.1s 0.2 s

Fig. 3.8: Similar syllables, which occurred in canary and in sparrow vocalization.
A) A syllable never used for atour by can, nor by ca-sin; however this syllable was also

produced by sp-nosin.
B) A syllable which can and ca-sin used in tours, but which also occurred asasingle

syllablein ca-nosin aswell asin sp-nosin repertoires.

3.3.25 . Free’ syllables

A so-called , free* syllableisowned by asingle canary-raised sparrow individual . These
syllables were characterized by a high portion of small frequency modulations either
produced at a moderate time scale or very rapidly (vibratos) (see Figure 3.8). Only two

ca-sin used them within a tour or a tour-comprising sequence (see Fig. 3.7 A). House
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sparrows (canary- and sparrow-rai sed) varied many syllables by including different portions
of vibratosor changing their position within agiven syllable. Nevertheless,, free syllables
looked quite similar regardless whether produced within one sequence or in different

sequences (Fig. 3.9).

A ca-sin ca-sin
kHz kHz kHz kHz

101 101 “BE 101 101

] ¥

N W1 IET o] BB

b Gl @ b : b

41 w A1 ﬁh A1 ﬁ-l ‘}’\ A .fh

- LY
21 21 21 21 '
0.2 s 0.2 0.2 s 0.1s

B
kHz kHz EHz kHz

11 1 1 11

i1 12d
i 8 B i
i |hi1 120 . . i
¥
1] bt 4] Higtrees, o] Vmewbs, || e,
2 2 2 .
[l.é g I]-I? ] I].I? g [l.é g

C oneca-sinindividual
kH=z kHz kHz

10 10 101

) ] 31

M:ﬂ‘!
g ™
p
L4
rF
&
-

/ 2] /

0.2 s 0.2 0.2 s

Fig. 3.9: Syllables of canary-raised house sparrow males.

A) Examplesof , free" syllablesof different birds;

B) Examples of agiven, free" syllable vocalized by the same individual several times.
Any ,free" syllable was produced by only one of the canary-reared individuals and did
not occur in the canary repertoire (or in the vocalizations of sparrow-raised sparrows).
C) Examplesfor the sparrow-typical two-folded chirp with different portions of vibratos

within thefirst part of the syllable.
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3.3.2.6 »common* and two-voice syllables

»Common*“ syllableswere produced by all canary-raised sparrows. That only some, but
not all sparrow-rai sed sparrows produced them might be aconsequence of rarevocalizing
whiletaperecording. | think they belong to the natural sparrow callsdescribed by several
authors (see chapter 1, 1.6.3).

Each sparrow produced two-voice syllables. About 8% of the total repertoire of house
sparrows consisted of two-voice syllables that were recorded more than 10 times
(Fig. 3.10). Themagjority of two-voice syllables occurred only up to four timesand were
thus excluded from this analysis. As canaries only seldom produce two-voice syllables
and none occurred in my own tape recordings, but all sparrows produced them, it is
reasonableto assumethat thissyllable type was not |earned from canary tutors but belong

to the natural sparrow repertoire.

kH=z kH=z kHz kH=z kH=z
101 ros 230 “].@ 107 rtl 1720 10 x@a 107 rwd 14b
8 8" 8 8 8
61 ARy 6 6] 6 ,}h 61 A
41 41 ﬂg‘.’r\ 4 \\"l 1 41
21 21 21 2 21
I].i 5 I].i 5 I].i g I].1l 5 I].i 5
kHz kHz kHz
101 101 101
N © 8 i 10D
ki 104 Jert 108
5 ., 6 6
41 - 4 I T L S L S 4 o
) — ,| TR ) S
0.2 s 0.2 04 s 0.2 04 s

Fig. 3.10: Two-voice syllables of ca-sin and ca-nosin. The upper row gives examplesfor
short, the second row for relatively long syllables. In each row, the last two examples
came from the same individual at different times, showing that two-voice syllables did
not occur by accident, but were reproduced in arecognizable form. Please not the diffe-
rent time scale in the second row.
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333 COMPARING SEVERAL PARAMETERS OF TOURSAND
SYLLABLES

3331 INTER-SPECIFIC COMPARISON: TOURS PRODUCED BY
CANARIESAND BY SPARROWS

Most often atour of ca-sin wasfollowed by maximun 2 further (same or different) tours,
then at least one lone syllable occurred (see Fig. 3.4B). However two individuals
sometimes produced longer successions of severa tours (Fig. 3.11). Ca-sin separated
successive tours by intervals longer than those between syllables within a tour, while
canaries did not increase intervals between two subsequent tours relative to intervals
between syllableswithin thetour (Fig. 3.4A).

Canary males sang song types which were characterized by a stable composition and
succession of syllables. A comparable song structure could not be detected in sparrows
for mainly two reasons. First of all, sparrow vocalizations had an instable composition in
that many syllables occurred in one half of atape but not in the other one. Furthermore
If asyllable occurred in several sequencesit was sung with different basic frequencies.
For example the bird yellow sung two sequences without tours. Sequence A was 149
syllableslong, sequence B contained atotal number of 191 syllables. The syllable nr. 47
occurred 89 timesin sequenceA and was mostly combined with syllablenr. 139 (fromall
found combinations 83% contained both syllables). However in sequence B syllablenr.
47 only occurred 11 timesand syllable 139 disappeared compl etely. In sequence B there

was no comparable combination of two syllableslike 47-139 found in sequenceA.

Another obvious difference between both species was in tour composition: even the
minimum number of syllables which canaries repeated within a tour was significantly
larger than in ca-sin (pooled variance t-test, t = 8.694, df = 5.2, p << 0.001, o = 0.01;
Fig. 3.12A), whichinturnresulted in asignificantly longer total tour durationin canaries

(pooled variance t-test, t = 9.380, df = 13, p << 0.001, o = 0.012; Fig. 3.12B).

Fig. 3.11: Sequence of continuous vocalizations of the ca-sin orange right + left singing
asuccession of different tours.
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ca-sin orangeright + left
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Tour syllablesof can comprised dightly significantly larger frequency ranges, i.e. frequency
modulation withinasyllable (separate variancet = 2.946, df = 12.9, p = 0.011, o = 0.016;
Fig.3.12C) than the syllables of ca-sin.

B tour singing, canary-raised sparrows M domestic canaries

A) minimum nr of syllables B) tour duration C) frequency range
15+ * k% 1 Lk . _
15, _25] p=0011
] | ]
£ 127 220/
c 9] 215
2 ] c V]
S ] = ]
S 6 31,01
7] B o ]
E 3 §. O,5€
0 = 0,0

Fig. 3.12: Comparisons between tours sung by ca-sin (n = 10) and can (n = 5). P-values
of the respective statistical tests are presented in the graph, *** indicates p < 0.001. In
all graphs means+ sem are given; for detail sabout statistics seetext. Measurementsare
explained in 3.2.5. It has to be taken into account that sparrows and canaries were
separated from their respective conspecifics.

Syllable duration, however, was of comparable length in both species (pooled variance
t=-1.720, df =13, p = 0.109, o = 0.05) (Fig.3.13A). The same was true for silence
interval durations between syllables within atour (pooled variance t = 1.961, df = 13,
p = 0.072, o = 0.025; Fig.3.13B).

B tour singing, canary-raised sparrows M domestic canaries

A) length of syllables B) interval between syllables
- 0,07+ ns _ 0,040+ ns
2 0,06 8 0,035
S 0051 § 0,030
g 0053 $ 0,025-
g 004 5 0,020
g 0.037 £ 0,015
2 0,027 £ 0,010-
€ 0,01 £ 0,005
& 0 = 0,000-

Fig. 3.13: Comparisons between tours sung by ca-sin (n = 10) and can (n = 5).

A) Length of syllablesused within tours.

B) Length of silenceintervalsbetween syllableswithin tours (measurements are explained
in 3.2.5). P-values of the respective statistical tests are presented in the graph, ns = not
significant. In al graphs means+ sem are given,; for details about statistics see text.
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The specific number of repetitions of a syllable within a particular sparrow tour varied
only by 1 or 2 syllables. For example tour 20, sung by ca-sin orange left+right, always
contains 8to 10 syllables (see Fig. 3.14A). The canary tutor kana2, however, repeated a
syllable much more often and varied the specific number of repetitions of agiven syllable
within aparticular tour much more. In the given example, the canary male repeated the

syllablefrom 21 up to 34 times.

Furthermore tours were produced by ca-sin with a constant repetition rate (number of
syllables per time, Hz) similar to that of their canary tutors (Fig. 3.14AB). However
canaries can produce tours with arepetition rate as high as 55 syllables per seconds (see

Fig. 3.15), while sparrows ‘imitated’ such atour much slower (Fig. 3.14C).

Fig. 3.14: Tours sung by three ca-sin males compared to their can (kana2) tutor’stours.
Dataare given as mean + sem.

A) Example of atour with arelatively ‘high’ repetition rate (in Hz).
A1) canary: 22.5+ 0.07 Hz;
A2 _a-A2 c)casin orange left+right: 20.1 + 0.13 Hz.

B) Example of atour with arelatively low repetition rate:
B1) canary: 10.00 + 0.16 Hz,
B2) ca-sin orange left+right: 10.10 + 0.35, B3) ca-sin red left+right: 9.20 + 0.09 Hz.

C) Example of acanary tour with arelatively high repetition rate; the sparrow produced
atour composed with asimilar, learned syllable, but with a much lower repetition rate
(however, for a sparrow this was the second highest repetition rate | found; see Fig.
3.15):

C1) canary: 42.1 + 0.27 Hz,

C2) ca-sinred-white: 24.4 + 0.14 Hz.
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SONG IN CANARY-REARED HOUSE SPARROWS

Canariesreached larger maximum repetition rates than sparrows did (separate variance
t=3.69, df =4.2, p=0.019). It isalso obvious from Fig. 3.15, that the same repetition
ratein house sparrowsresulted in asmaller frequency bandwidth of the syllablesthanin

canaries(circled symbolsinFig. 3.15).

sparrow canary
§5§ N mrrate fre mrrate fre
= 4] R 2441 249 2557 361
£ A 2370 190 3363 3.79
2 3] 2141 396 5172 275
2 :@ A 172 4183 448
2 5] A 1873 181 5455 2.84
2 A D 1818 2.84

S 1] N 2242 0.95

e 1629 241

S 21.23 212

T ]
0O 10 20 30 40 50 60 2264 220
maximum repetition rate (Hz)

Fig. 3.15: Relationship between maximum repetition rate (mrrate) and its corresponding
frequency bandwidth (frequ) of ca-sin (n = 10) and canary tutors (n=5). Datavaluesare
shownintheintegrated table. Marked value and black arrow: highest maximum repetition
rate found. For statistical detailsand circled symbols, seetext.

Domestic canaries produced a significantly larger maximum frequency bandwidth than
sparrows did (separate variancet = 2.52, df = 10.7, p = 0.029)(Fig. 3.16). Fig. 3.16 also
reveals, that sparrowsdisplayed aslower repetition rate at the same frequency bandwidth
than canariesdid (circled symbolsin Fig. 3.16).

sparrow canary
20, mfre rrate  mfre rrate
] v 508 6.55 440 17.91

456 4.54 500 7.96

465 6.12 422 17.82

396 348 544 530
456 7.04  c4g

[N
T

repetition rate (Hz)
=
T

% v 457 6.68
57 v . v v 429 952
| v 275 17.24
o 310 418
2 3 4 5 6 378 5.19

maximum frequency bandwidth (kHz)
Fig. 3.16: Relationship between maximum frequency bandwidth (mfrequ) and its
corresponding repetition rate (rrate) of ca-sin (n = 10) and canary tutors (n = 5). Data
values are shown in the integrated table. For statistical details and circled symbols, see
text.
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3332 INTRA-SPECIFIC COMPARISON

A) CA-SIN INTRA-INDIVIDUAL COMPARISONS: SYLLABLES SUNG
BETWEEN TOURSAND IN PURE SYLLABLE SEQUENCES

Single syllables sung in tour-comprising sequences arein the following referred to ast-
syl while syllablessungin pure syllable sequencesarecalled s-syl (silenceintervaswere
measured as described in 3.2.5, Fig. 3.3).

Silent intervals were significantly longer between two t-syl, or between t-syl and the
following tour than between two s-syl (paired samplet test, t = 3.438, df =9, p=0.007).
However, average (paired sample t test, t = -0.527, df = 9, p = 0.611) and minimum
(paired sample t test, t = -0.997, df =9, p=0.345) silence intervals did not differ
significantly. Therewasno significant difference betweent-syl and s-syl neither in average
(paired sample t test, t = -0.961, df = 9, p = 0.362), minimum (paired sample t test,
t=0.135, df =9, p=0.896) or maximum (paired sample t test, t =-1.562, df =9,
p = 0.153) frequency range, nor in average (paired sample t test, t = -0.970, df = 9,
p = 0.357), minimum (paired sample t test, t = 1.174, df = 9, p = 0.270) or maximum
(paired samplet test, t = -1.060, df = 9, p = 0.317) syllable duration (Fig. 3.17).

Comparisons of Fig. 3.12 and 3.13 with Fig 3.17 reveals that s-syl and t-syl are quite
different from syllables sung within tours. Most obvious is the shorter silence interval
between tour syllables (mean 0.025 seconds) relative to silence intervals between s-syl
and t-syl respectively (mean ‘averageinterval’: 1.4 seconds), and the shorter duration
of tour syllables (mean: 0.06 seconds) relativeto other syllables (mean ‘ average duration’:
0.25 seconds). The covered frequency range of atour syllablewasdlightly smaller (mean
frequency range: 1.8 kHz) than in s-syl and t-syl (mean ‘average frequency range’: 2.3
kHZz).

Fig. 3.17: Comparisonsof theindicated syllable characteristics (headingsal so apply to y-
achses). The syllables came from ca-sin (n = 10) who could also sing canary-like tours.
P-values of the respective statistical testsare presented in the graphs, ns= not significant.
For detailsabout statistics seetext. t-syl: syllablefrom atour comprising sequence; s-syl:
syllablefrom apure syllable sequence.
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A) DURATION (seconds)
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B) CA-SIN vs CA-NOSIN: SYLLABLESOF PURE SYLLABLE SEQUENCES

Ca-sin and ca-nosin were different in whether or not they produced tours and in the
percentage of copied and ,, free” syllables (seeFig. 3.5). In al other measuresthey were

very similar (including repertoire size)(Fig. 3.18).

There was no significant difference between syllables of ca-sin and ca-nosin neither in
average (students t-test, separate variance t = 1.197, df = 15.9, p = 0.249), minimum
(studentst-test, separate variancet = -1.014, df = 14.4, p = 0.327) or maximum (students
t-test, separate variance t = -1.225, df = 14.4, p = 0.240) syllable duration. Nor did a
comparison of frequency range reveal any significant difference, neither in average
(studentst-test, separate variancet = 1.553, df = 17.4, p = 0.138), minimum (studentst-
test, pooled variancet = -0.015, df = 19, p = 0.988), or maximum (studentst-test, pooled
variancet = -0.092, df = 19, p = 0.928) measures. Theinterval between single syllables
wasawaysshorter in ca-sin than in ca-nosin, though differences did not become significant,
neither in average (students t-test, separate variance t = 1.632, df = 15.3, p = 0.123),
minimum (studentst-test, separate variancet = 0.880, df = 16.1, p = 0.392) or maximum
(students t-test, separate variancet = 1.703, df = 17.3, p = 0.106) measures.

Fig. 3.18: Comparisonsof theindicated syllable characteristics (headingsal so apply to y-
achses). The syllables were sung in pure syllables sequences by canary-reared house
sparrows, singing tours (ca-sin; n = 10) or not (ca-nosin; n = 11). In all graphs means +
sem are given, ns = not significant. For details about statistics see text.
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W tour singing, canary-raised sparrows
no tour singing, canary-raised sparrows
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C) CA-NOSIN vs SP-NOSIN: SYLLABLESFROM PURE SYLLABLE
SEQUENCES

The shortest syllables of sparrow-raised birdswere significantly shorter than syllables of
canary-raised individuals (pooled variancet = 7.728, df = 11.3, p << 0.001, o = 0.016)
and thelongest syllables of ca-nosin were significantly longer than syllables produced by
Sp-nosin (separate variance t = - 4.278, df = 8.7, p=0.002, o = 0.025). The average
duration of syllables, however, did not differ significantly between thetwo groups (separate
variance t = -0.3154182 df = 8.2, p = 0.760, a = 0.05).

Ca-nosin produced on average (separate variance t = 6.657, df = 9.0, p << 0.001,
o = 0.025) and at minimum (pooled variancet = 12.558, df = 17, p<<0.001, o = 0.016)
significantly larger frequency ranges per syllable than in sp-nosin; however maximum
frequency range was only weakly significantly larger in ca-nosin than sp-nosin (pooled
variancet = 2.152, df = 17, p = 0.046, o = 0.05).

Intervals between two syllables did not differ significantly, neither in average (pooled
variancet = 0.281, df = 17, p = 0.782), minimum (pooled variance t = -0.366, df = 17,
p =0.719) nor in maximum (pooled variance t = 1.029, df = 17, p = 0.318) measures
(Fig. 3.19).

Fig. 3.19: Comparisonsof theindicated syllable characteristics (headings al so apply to y-
achses). The syllableswere sung in pure syllable sequences by ca-nosin (n = 10) or sp-
nosin (n=9). P-values of the respective statistical tests are presented in the graphs, ***
indicatesp < 0.001, ** indicatesp < 0.01, ‘ ns’ standsfor not significant differences. Inall
graphs means + sem are given; for details about statistics see text.
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334 CUMULATIVE CURVE - PRODUCTION OF NEW SYLLABLES
WITHIN 150 SECONDS CONTINUOUSVOCALIZATION

Asalready mentioned one surprising result was, that ca-sin produced sequences comprising
toursand syllables, and sequences containing syllablesonly. Thelatter soundslike normal
house sparrow vocalization. Tour-comprising and pure syllable sequences of anindividual

were thus compared with canary tutors and sparrow siblings (sp-nosin, ca-nosin)
separately.
3341 USING COUNTED NUMBERSOF NEW SYLLABLES

Ca-sin, when producing a pure syllables sequence, did not differ significantly from sp-
nosin in absolute number of different syllables, but both produced significantly fewer
different syllables than canaries did within 150 seconds of continuous vocalization
(Kruskal-Wallis-Test with post hoc multiple comparisons, H = 11.732, p <0.001,
Bonferroni adjustment o = 0.025) (Fig. 3.20a). When the same ca-sin individuas, however,
produced a sequence comprising tours, they differed significantly from sp-nosin but not
from canaries anymore (Kruskal-Wallis-Test with post hoc multiple comparisons, H =
18.018 p < 0.001, Bonferroni adjustment o. = 0.025)(Fig. 3.20b).
A can(n=5)

@ casin, singing apure syllable sequence (n = 10)
O gp-nosin(n=9)

184
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**k* * k%

different syllable types
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Fig. 3.20a: Counted numbers of new syllable types plotted against the respective time
interval of 10 seconds. Data represent median, 1% and 3" quartiles of groups indicated.
P-values are given in the graph, *** indicates p < 0.001, ns = not significant. When
singing pure syllables sequences ca-sin did not differ fromtheir sp-nosin siblings.
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A can(n=5)
O Ccasin, singing atour comprising sequence
O Sp-nosin (n=9)

[
noP

*k* *k*

different syllable types
S

T T T T T T T T
o o o O 00 00 9 O O
©c32 RSB LB IR S8 S o9 g

150—

S

130

time (seconds)

Fig. 3.20b: Counted numbers of new syllable types plotted against the respective time
interval of 10 seconds. Data represent median, 1% and 3" quartiles of groups indicated.
P-valuesaregiveninthegraph, *** indicatesp < 0.001, ns= not significant. When ca-sin
sung a sequence comprising both toursand syllabl es, then they were more similar to their
canary foster fathersthan to their sp-nosin siblings.

The higher number of different syllables in tour-comprising sequences did not result
from ahigher total number of syllables. Indeed thetotal number of syllablesproduced in

an analysed sequence could be higher in pure syllable sequences (see Fig. 3.21), especialy
when abird used 3-4 syllable tours (for examples, see Appendix 5).

birds: light blue right + left .

) yellow tour comprising sequence
g 12 orange right + left
w12
510
I 8
= 6] pure syllable sequence
§ 4
2 2-

caRheBERESEIRES

Fig. 3.21: Different syllabletypesplotted against the respectivetimeinterval of 10 seconds.
Fromthreeca-sin (light blueright + Ieft, yellow, orangeright + | eft) both atour comprising
and apure syllable sequenceis given. Same colour indicates the sameindividual .
syl(total): total number of syllables produced in the respective sequence. syl(total) may,
but need not be higher in one of the sequence types.
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3.34.2 USINGTHE COUNTED NUMBER OF SYLLABLESASPERCENTAGE
OF AN INDIVIDUAL’'STOTAL REPERTOIRE

Ca-sin possessed a repertoire size of 32 - 45 syllables. Their canary tutors, however,
individually owned only 16 - 22 syllables. Thus when ca-sin individuals produced a
sequence comprising tours, they produced within 150 seconds continuousvocalization a
significantly higher percentage of their total repertoirethan ca-nosin, but asignificantly
lower percentage than can (Kruskal-Wallis-Test, H = 19.959, p < 0.001, Bonferroni
adjustment o = 0.025, Dunn's Test post hoc: p (can, ca-hosin) < 0.001, p (can, ca-sin
tour sequence) < 0.001), p (ca-sin, ca-nosin) < 0.001) (Fig.3.22A).

However, when ca-sin produced apure syllable sequence, they did not differ significantly
from ca-nosin in percentage number of different syllables, but both produced significantly
lessdifferent syllablesthan can did within 150 seconds continuous vocalization (K ruskal -
Wallis-Test, H =11.632, p < 0.001, Bonferroni adjustment o = 0.025, Dunn's Test post
hoc: post hoc: p (can, ca-nosin) < 0.001, p (can, ca-nosin) < 0.001), p (ca-nosin, ca-sin

syllable sequence) > 0.05) (Fig. 22B).

(For the canary data the study-specific analysis has to be taken into account: a) in this
study 150 seconds of vocalization include silence intervals up to 8 seconds and b) the
data are related to a canary’s total vocal repertoire not to its (smaller) song repertoire,

whichisusually used).
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can(n=5)

casin (n = 10) singing atour comprising sequence
ca-sin, singing a pure syllable sequence

canosin (n=11)

ce»

01 A

*9

10 N an

T T T
0O 10 20 30 40 50 60 70 80 90 100 110 120 130 140 150
Time (seconds)

**

I
0 10 20 30 40 50 60 70 80 90 100 110 120 130 140 15

1 _S
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Fig 3.22: Number of syllable types as percentage of the total vocal repertoire plotted
against the respective time interval of 10 seconds. Data represent median, 1% and 3™
quartiles of groupsindicated. P-values are given in the graph, *** indicates p < 0.001,
ns = not significant. Again, when singing pure syllable sequences ca-sin, did not differ
from their siblings, who never sung a tour (B). But when the same birds sung tour-
containing sequences they differed from their siblings, though they did not reach their
canary foster fathers' values(A).
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3343 THE RECALL RATEK

Therecall rate K stands for the time a bird needs to produce 63% of itsindividual final
niveau of different syllables(graphically showninarepertoirecurve, see 3.3.4; for detailed
explanation see 3.2.5.4).

| calculated the recall rate only for curvesto which the Brody function fitsto 98%, thus
pure syllable sequences could not be used for thisanalysis. In addition to can and ca-sin
the recall rate K for some wild canaries Serinus canaria (n = 4) and white-browed
sparrowweavers Plocepasser mahali (n = 4) were calculated; unpublished data setswere
kindly offered by Conny Voigt and Dr. Stefan Leitner.

A first statistical analysiswith these very few datareveal sthat domestic canaries (dcan)
and their sparrow pupils (ca-sin) had acomparablerecall rate. K of wild canaries (wcan)
did not differ significantly from dcan, and ca-sin did not differ significantly from white-
browed sparrowweavers (weav). Wild canaries and white-browed sparronweavers, however

differ agnificantly intheir recdl rate(Fig. 3.23).

dcan domestic canaries = canary tutors,n=5

ca-sin: canary-raised sparrows singing atour comprising sequence, n = 8
wcan: wild canaries,n=4

weav: white-browed sparrowweaver, n = 4

*

0,045 post hoc multiple comparisons
0040{ _ns f
- 0,035 dcan casin  wcan
= 0,030 .
-g 0,025 casin  ns
g 0,020 wean  ns  sig
~ 0,015
0,010- weav  Sig ns sig
0,005
0,000- T \

T
dcan casin wcan weav

Fig 3.23: Therecall rate K of four species. K was calculated using the Brody equation
(for details see 3.2.5.4). Data represent minimum, median and maximum of groups
indicated. Results of Kruskal-Wallis-Test with post hoc multiple comparisonsfollowing
Conover 1980 are given in the table as ns = not significant and sig = p < 0.05. Only the
two most important statistical results of Kruskal-Wallis-Test with post hoc multiple
comparisons are given in thefigure as ns = not significant, * = p < 0.05.
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335 A SPECIAL CASE: RAMSES

In 1999 | obtained a canary singing house sparrow male of about 4 months of age. He
was raised together with afemale sibling in the neighbourhood of a caged canary pair.
The young sparrow had social contact to its sibling and to the caregiving humans. He
could hear sparrows through the open window and the canaries in the room, but he did
not interact with any of them. Thus Ramses stands between my sparrow-raised (a) and
canary-raised (b) birds: he had (a) social contact to a conspecific sibling, only saw and
heard a canary from adistance, and (b) he wasfed by ahuman and had no social contact

to adult house sparrows.

By curiosity first tape recordings were taken in autumn of the same year when Ramses
arrived in our institute. Thistape was not analysed in detail, because brains of all ca-sin
wereonly available from summer, and for analyses| used only tapesfrom the equivalent
season. Furthermorethistape did not meet the rulesfor the other tape recordings because
no sound-proof room was available and in the beginning hissister sibling wasin theroom
(though separately caged) to habituate him. Ramses was my first canary-like singing
sparrow male, thus | neverthelesslooked through thetape. He sung canary-like tours not
only during the breeding season, but also in autumn (I also heard other sparrow males
doing this but could not tape record them). The temporal and spectral patterns of some
toursseemed to be very similar in both seasons (Fig. 3.24, red arrow). Also some syllables
looked stablein both seasons (Fig. 3.24, C), while others had becomevariable (Fig. 3.24
B, bluearrow) in autumn. Also in summer Ramsesvaried agiven syllableby singing it at
different frequencies or/and by adding a second (or even athird) note (Fig. 3.24, green
arrow). Thegiven variationsdid not occur just occasionally, but were repeated consistently
at different frequencies and in the one-note or two-note version respectively (Fig. 3.24,

green arrow lower row).

Thisonetape taken in autumn does not provide enough datato conclude whether syllables
might occur throughout the year while others are seasonal, nor which tours are produced

identical in both seasons and which not.

Beginning with hisfirst spring, Ramseswas kept and tape-recorded likeall birds| raised

myself, and also all measurements of his song were taken as described above (sound
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reduced rooms, separated from conspecifics of both sexes, a caged domestic canary

male in the room, tape recordings on two successive days).
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Fig. 3.24: Digital spectrograms of a canary-like singing house sparrow (Ramses) from
breeding (summer) and non-breeding season (autumn). Details (arrows, ,, \Where from?*)
are explained in the text. Please note the slightly different time scales of some of the

digital spectrograms.
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Ramseshad atotal repertoire of 45 different syllables. Repertoire composition wassimilar
to my canary-raised sparrows: heowned 10 of the 12 ,,common* syllablesaswell astwo
voice syllables, and varied syllables by changing the position and portion of vibratos
within agiven syllable. Syllablesused in tours mostly lacked overtones, asistypical for
canaries. Sometourslooked similar to those of the domestic canary who wasin hisroom
the first 6 months after he arrived in the institute (one example is given in Fig. 3.24
marked with , Wherefrom?*). Inthefollowing year | used this canary male asatutor for
my ca-sin orange right+left - and he also copied thistour (see Fig. 3.4B). It may be that
Ramses|earned thistour after hisarrival intheinstitute (with aminimum age of 6 months),

but | cannot show this conclusively.

Ramses al so produced both types of sequences. Hisvocalizations of tour comprising and
pure syllable sequencesdid not differ from my ca-sinin most of the parameters measured
(results 3.3.2 and 3.3.3). The only detectable difference was found when plotting the
repertoire curve (vgl. Fig. 3.20ab). The repertoire curves of ca-sin revealed that they
produced more different syllables in a defined time window when singing a sequence
including toursthan when singing apure syllable sequence (seeresults 3.3.4.1 und 3.3.4.2).
In Ramses, however, this difference was lacking: the cumulative curve was always the

same whether singing sequences with or without canary-like tours (Fig. 3.25).

A can(n=5) O sp-nosin (n=9)
O casin, singing atour comprising sequence ( n = 10)
% Ramses, singing a tour comprising sequence

Time (seconds)

Fig. 3.25: Repertoire curve visualizing the production of new syllableswithin 150 seconds
continuous vocalization. Datarepresent median, 18 and 3" quartiles of groupsindicated.
For comparison data of can, ca-sin and sp-nosin were taken from Fig. 3.20. Ramses
clearly did not increase the recall of new syllables when singing a tour-comprising
sequences as ca-sin did (for comparison see Fig. 3.20b).
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3.4. DISCUSSION

Therange of acoustic stimuli that may beimitated by young songbirdsincludes not only
widely divergent variants of conspecific song (e.g. Marler 1970; Podos et a. 1999) but
under certain rearing conditions even heterospecific songs (e.g. Baptista & Petrinovich
1984; Marler & Peters 1989). Canary-reared house sparrows who copied canary tours
reveal an unexpectedly wide learning system, in that they can be induced to memorize

also ahetero-specific model.
Syllables

My canary-raised sparrows total repertoire seemed to be limited to about 32 to 41
different syllables; this number is much larger than expected from wild sparrows. The
repertoire of canary-raised sparrows consisted of three syllable types: a) not learned but
developed by all sparrows, independent of their tutors; b) clearly copied fromtheir canary
tutor; and ¢) individual-specific ,free” syllables which were never sung by one of the
other birds and were characterized by a very high portion of vibratos (rapid frequency
modulations). Both ca-sin and ca-nosin learned syllables from their canary tutors, but
while ca-sin used them nearly exclusively for their tours or at least in tour-comprising
sequences, ca-nosin sung the learned syllables ,, separately* but not astours. In parallel,
ca-sin had atendency to pausefor shorter interval s between syllablesthan ca-nosin. Thus
ca-sin seemed to learn more syllables (tours) and a dlightly , better (shorter interval)
sequential arrangement. One could be tempted to interpret the , free” syllables with the
very (unusually) high portion of vibratos as an attempt to produce tours. But we judge
theeffort as,, not-successful” because the rapid frequency modulationswere not separated
and thus not identified as separate syllables by human analysers. However Wickler (1982)
argued that the brief, noise-like vocalizations might be ,, compressed melodies‘. Maybe
at least some of these ‘free’ syllables' represent ,,compressed tours‘. Both groups (ca-
sin, ca-nosin) learned canary syllableslacking harmonics. Harmonics, however, aretypical
for house sparrow calls and important in their social life (Nivison 1978). All clearly not

learned ,,common* syllables contained at |east one overtone.

While both canary-reared groups produced syllables similar with respect to duration and

frequency range, they were significantly different from their sparrow-reared siblings.
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Canary-raised individualslearned syllableswith alarger frequency range than normally
used by sparrows. However maximum frequency range did not differ between canaries,
canary-raised and sparrow-raised sparrows. Thequestion arising is: why do house sparrow
males on average not produce more often syllables with large frequency ranges? The
differencein the average usage of large frequency ranges might be explained by canary
and sparrow females preferences. In canaries, song is most important for female choice
(e.g. Haleet al. 2003). Thusthe excellence of asinger is (besides others) identified by
his production of arapid succession of syllableswith large frequency ranges. Although
sparrows were able to sing the same syllables (though not asfast as canaries), the key to
pair formation in sparrows is thought to be the males' ownership of a suitable nest site
(Summers-Smith 1988). Furthermore both intra- and extra-pair mate choiceisinfluenced
by the size of the mal€’ sblack bib which may beindicative of malequality (Corderoet a.
1999). Thus my results indicate what sparrows can learn under certain circumstances,
but not what isimportant for their ‘ natural’ vocal communication. Neverthelessit offers
an instrument to test the hypothesisthat song playsaminor rolein female choicethough

ishighly important for sparrows’ social life.
Tours and temporal organisation of song

Sparrows' singing is known to be monotonous in that they repeat one syllable many
times (Nivison 1978); however the silence intervals between these syllables are much
longer than intervals within tours. Nevertheless in an agonistic context house sparrows
naturally produce a tour-resembling vocalization (called scolding sequence) based on
the definition ,fast repetition of one syllable type*. These scolding sequences never
occurred when my birds were tape recorded as described, but e.g. when being handled
by humansto take blood, though a given syllable might occur separately. It seems asif
the decrease of silence intervals between the syllables results from excitation but not
fromastructural concept. For ascol ding sequence sparrows used syllableswhich contained
many harmonics. Thus these syllables and in turn the scolding sequences sound very

harsh and very different from canary tours.

On the other hand house sparrowsdid learn to produce canary-liketours. afast repetition

of syllables poor in overtones or lacking them altogether. Taking a tour as a unit,
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comparisons revealed differencesin the two species. The sparrows produced each tour-
type with a constant repetition rate, similar to that of their canary tutors, but only up to
25 Hz; sparrows never went beyond this point, while canaries may go much faster (up to
70 Hz; Suthers 1997). Besidesaseemingly limited repetition rate sparrow were obviousy
limited in singing rapid successions of large frequency ranged syllables: Either they sang
thesamerepetition rateliketheir canary tutors, but then syllables covered smaller frequency
ranges, or they sang syllables with an equally large frequency range, but slower. This
pointsto morphological constraints (discussed in more detailsin chapter 6). While canaries
varied the number of syllableswithin agiven tour, sparrowsvaried the number of syllables
only very little, if at al. And they separate tours by an interval larger than the interval
between syllables within the tours. Taken together these facts - constant repetition rate,
constant number of syllables, separating toursby alarger pause- may lead to the conclusion
that sparrowstreat toursas,, multi-note" syllables, each of whichisabout the samelength

asalong sparrow syllable.

The sparrow’ stemporal organi zation of song sequences (length of song units, i.e. syllables
or tours, combined with duration of pauses between the respective units) turned out to
be species-specifically determined: pure syllable sequences and tour-containing sequences
(seeing toursequivaent to syllables) did not differ in their temporal structure. Constraints
for learning thetemporal song structure seemto exist in many bird species. Examplesare
the chaffinch (Fringilla coelebs) which will learn agreenfinch (Chlorischloris) or canary
(Serinus canaria) song, but will utter them in chaffinch phrases (Conrads 1977; Slater
1983a); the marsh warbler (Acrocephalus palustris) copies songs from as many as 76
different species, but the species-specific qualities of marsh warbler song areretainedin
the temporal and sequential patterning of these syllables (Lemaire 1978); zebrafinches
(Taeniopygia guttata) and Bengal ese finches (Lonchura striata) also show the tendency
to organizeforeign song syllablesinto their own speci es-specific phrases (Clayton 1989).
Guttinger (1979) suggested that thelearning of single syllables(or notes) and the species-
specific tempora song program are two relatively independently operating principles

which become bound together at a certain time.
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Further peculiarities have to be taken into account. Birds who sing continuously at a
rapid tempo for long periodswithout pausing for anormal inspiration use - depending on
the syllable repetition rate - two different respiratory patterns (Suthers 1999; for details
seechapter 1: 1.5.2 respiration during singing). Thelimit, forcing an individual to switch
from onerespiratory pattern to the other, is probably determined by mechanical properties,
like mass and compliance of the thoracic and abdominal structuresthat must oscillate at
thefrequency of ventilation. Thusthe syllable-liketemporal organisation of tour comprising
song in the house sparrow could result from morphological constraintsrather than from
a pre-determined song program (the question of morphological constraints on vocal

performance is addressed in chapter 6).
Ecological (social and environmental) constraints

In house sparrows perceptual constraints might be coming from the social partner: the
closer their interaction with the tutor the more young sparrows imitate. Sparrow-raised
young, who could see and hear neighbouring canaries, learned only the vocalization of
conspecificswho fed them. The hand-rai sed sparrow Ramses, fostered by humans, learned
the song of acanary malewithout any socia interaction; the young bird may have combined

the ,silent” human foster parent with the nearest available adult avian vocalization.

Canariesasfoster parents can override sparrows‘innate’ predisposition of therecall rate
of different syllabletypes, i.e. canary-raised sparrows produced more different syllables
inshorter timeintervalswhen singing canary-like sequences. This pointsto the possibility
that the acquisition of the vocalizations of social partnersisimportant in the normal life
of asparrow (Wickler 1982); it goesin line with other social learners like swamp and
white-crowned sparrows (e.g. Marler & Peters 1977; Baptista& Petrinovich 1984, 1986).
Neverthelessit remainsunclear, how and why canary-like singing house sparrows make
adifferenceintherecall of new syllables between sequences consisting of syllablesonly
and sequences that contain tours. It may be that the complete sequences are stored as
separate units, or that tours are linked to a special function and thus alter the sequence’'s

syntax.

It seemsthat the physical environment is aso important during ontogeny (indeed it has

already been shown that thisistrue for adult birds; Nivison 1978). Sparrows raised and
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kept in sound proof chambers - even together with canaries- vocalized only rarely. When
transferred to laboratory rooms they were sized with panic (pers. observation). They
remained panicky though they eventually got used to the* echoes’ intheroom; nevertheless
vocalization frequency did not increase. The picture arising from that is that the social
environment might be important for ,, singing concepts* whilethe physical environment

could beimportant for ,, singing activity*.
Recall rate K - a new research tool ?

Males of a given species produced 63% of their total repertoire within a definite time
range irrespective of the size of their repertoire. This turned out to be true not only for
the house sparrows and domestic canaries of the present study, but also for males of the
white-browed sparrowweaver Plocepasser mahali (unpubl. data Conny Voigt) and wild
canary Serinuscanaria (unpubl. dataDr. S. Leitner). Evolutionarily thismay bedueto a
sender-receiver compromise: environmental factorsand receiver-characteristicsmay define
a specific attention time that can be used for communication, whereas sender-specific
properties (e.g. neurona or morphological limitations/constraints?) may limit a higher
recall rate, to the effect that alistener ,,knows* that within their attention time they hear
adefinite proportion of agiven sender’s vocabulary. In research therecall rate K might
be auseful standard for comparing singersof a) the same specieswith respect to singers

quality (how fast amalereproduces hissong), and b) of different specieswith respect to

possible constraintsin song production (including receiver specificities).

My samplesizeistoo small for athorough cross-species comparison; it shows, however,
that K tended to be species-specific and that canary-like singing house sparrows
surprisingly adjusted their recall rateto that of their tutor specieswhen they sang sequences
that include copied features.

Nivison's resultsrevisited

There exist many recordsthrough hundreds of years about theimitative abilities of house
sparrows especially concerning the production of canary-like song (reviewed in chapter
1). Nivison (1978) failed to get canary-singing house sparrows by raising sparrow chicks
in canary nests. This might be mainly due to two reasons. First Nivison only reared 2

individualsin canary nests. Inmy study only about 1/5 of my canary-raised, morphological
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not conspicuous house sparrows (10 out of 54) produced canary-like tours. Second
Nivison did not add protein to thefood provisioning of canary foster parents. Thisled to
morphol ogical abnormalitiesof hiscanary-reared sparrows. |n European starlings, Surnus
vulgaris, it has been shown that quantitative and qualitative food shortage of fledglings
influenced singing behaviour of yearlings (Buchanan et a. 2003). ThusNivison’ssparrows
might not have produced - or learned? - canary-like tours due to food restriction during
development. In contrast, my canary-raised birdswere provided with food equivalent to
sparrow-raised individuals and did not suffer from being cross-fostered (using morning

weight; see chapter 2).

Nivison (1978) who studied mainly wild sparrows concluded that they have only asmall
repertoire but ahighly complex acoustic communication. Thisconclusion resulted mainly
from two aspects: house sparrows may change the meaning of a call by a) controlled
variation of harmonics and b) using agiven syllable in different contexts. The different
resultsof Nivison’sand my studies may be based especially onthe very different rearing

conditions, tape recordings and methods of analysis.
Shortcomings

Some of my results might be dueto very particular tape recording and analyses conditions
in this study. Sparrows are highly social birds year round (Summer-Smith 1988). They
may tolerate other species, i.e. whilefeeding (Katzi 1969 in Glutz von Blotzheim 1997)
if there is enough space and food. Most often, however, they act aggressively towards
other species (e.g. Butterfield 1952; Harrison 1947, 1949; further references in Glutz
von Blotzheim 1997). Indeed there are several observations of inter-specific agonistic
behaviour, though explanationsare still missing (Bell 1949; Nowak 1974; Marchant 1982).
Own observations are consistent with that: sparrow young left in aviaries beyond
independence (4 with crippled feet; excluded from this study) did not interact with the
canaries except when they chased away the smaller canariesfrom food dishes. In spring
we had to separate the sparrow males because they injured especially the canary females
suggesting that they tried to copulate with them. For this study | had to keep canary-
raised sparrows separated from conspecifics, with only a hetero-specific - a canary -

companion in the room (though in an own cage) with whom they might not directly
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communicate. Taken this together the individuals could freely play with their own

acoustics.

It may turn out that in intra-specific interactions also canary-like singing sparrows will
only make use of asmall part of their vocal repertoire or be more stereotypic in sequence
structure. Also the large differences between tapes from two successive days might
disappear, although Nivison (1978), too, showed slight changes in utterance of certain
calls depending on day time. All these details can be clarified - now asit is proven that
sparrowsindeed can learn canary-like tours - by raising young sparrowsin canary nests
(improving canaries food provisioning) and tape recording the yearlings several weeks
on severa days at different times of the day in different contextual situations (alone,
opposed to sparrow male or/and females, etc). From this a'so a more precise syllable
catalogue might be devel oped, taking into consideration that the meaning of a syllable
may depend on the context (my syllable catal ogue does not include function!). Moreover
by boiling down the vast sound productions | may have excluded meaningful syllables
becausethey were produced only rarely dueto missing situations. Thismight be especially

true for two-voice syllables.

However, besides peculiarities and unexplained differencesthis pilot study isthefirst to
present digital spectrograms of canary-like singing house sparrows and may give an

impression of house sparrow’slearning abilities.
Questions arising

Assdlection actsonindividuals, it will beto the advantage of them to behavein oneway
rather than in another (Slater 1989). Thus the important question is to identify the
consequences through which natural and/or sexual selection acts. In house sparrows
extensive studies have been done on the importance of the males’ black bib (e.g. Veiga
1993; Kimball 1996; Cordero et al. 1999; Buchanan et al. 2001; Gonzalez et al. 2001;
Schwagmeyer et al. 2002); but nothing is known about the importance of learned song
features (foreign or conspecific) for their social life. In different species females show
unlearned as well as imprinted preferences when choosing their mates. For example
female zebrafinches prefer maleswith songsfour standard deviationslonger than normal

songs (Neubauer 1999), female cowbirdsguideamaleto sing their preferred subspecies
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song (West & King 1985), and femal e parasitic widow birds choose amale who includes
in hissong certain finch-species-specific phrasesthat he haslearned from hisfoster parents,
provided that these phrases are the same that the female heard in her foster parent nest
(Nicolai 1964, 1974)°.

My cross-fostering experiments show that sparrowsto acertain extent make use of their
song learning ability. Future studies will have to reveal the social function of learned
featuresin general, which could not be analysed in this study, and for attracting females
in particular: would sparrow males use toursto attract females? And would female house
sparrows prefer tour-singing males over ‘normal’ singing ones? Further studies should
clarify what house sparrows normally learn instead of the tours, in which context males
use the learned hetero- or conspecific syllables and whether young sparrows will learn
toursfromtheir canary-like singing fathers, similar to forei gn-song traditions established
in bullfinches (Nicolai 1959).

5> Besides song, passerine females prefer morphological features; e.g. female widow birds Euplectes
progne prefer maleswith extremely extended tail s (Andersson 1982) and females of the monomorphic
long-tailed finch Poephila acuticauda strongly preferred males with an artificially applied white
crest (Burley & Symanski 1998).
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4 THE SONGBRAIN OF CANARY-LIKE SINGING HOUSE SPARROWS
4.1 INTRODUCTION

Oscinesongbirdslearntheir song by modifying their vocal output until it matchesan auditory
modd memorized during asengtive phase(Thorpe 1958; Marler 1997). Thislearned behaviour
isregulated by adiscrete, songbird specific network of forebrain nucle (for details see chapter
1, 1.3thesongbird brain). Thetwo major nucle controlling learned song patternsare HV ¢
and RA. Single HV ¢ neurons unambiguously codefor syllableidentity but not for smaller
motor unitssuch asintra-syllablefeatures as note or motif identity (Yu & Margoliash 1996;
Margoliash 1997); RA neuronesencode notesand areinvolved in motor control of the syrinx
(Yu& Margoliash 1996). Inthefollowing chapter | searched for relations between the vocal
proficiency found (i.e. Snging, or not Snging, canary-liketours) and brain structurein canary-
and sparrow-raised house sparrows. | controlled for rearing conditions, seasons, and possible

influencesof captivity onthe studied brain structures.

In several speciesit has been shown that differencesin volume of the telencephalic song
control nuclel likeHV carepredicativeof differencesfor exampleinrepertoiresizeand phrase
duration (Airey & DeVoogd 2000). The sizeof song nuclel appearedtoreflect differencesin
neuronal number, cell size, spacing and dendritic spine density within the song nuclei (e.g.
Airey et d. 2000). However, the correl ation between song complexity and size of song nucle
found for several bird speciesdoesnot seem to be primarily the outcome of differential song
learning experiencesearly inlife(Brenowitz et a. 1995). Thesize of song nuclel may rather set
anupper limit tothe number of songs (or song types, etc.) that abird can learn (see Brenowitz
& Kroodsmal1996). Thuswhether or not song learning can have an effect on the devel opment
of the song nuclei could betested if onewereto tutor birdswith extremely large repertoires

and soinducethemto function at their maximum learning capacity (Brenowitz et a. 1995).

My study will bean extension of this, transgressing speciesborders: house sparrows, thought
to be poor singerswithasmall repertoire size, can learn to some extent the song of domestic
canaries, known for their comparably large repertoire and complex songs. Furthermorein
chapter three | argued that house sparrows’ canary-liketoursare different from scolding
sequenceswhich might result from excitement, but not from learning. If thisistrue, | would

expect that tour-singing sparrowsdiffer in song nuclei sizefrom othersindependent of rearing
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parents. Thereforel analysed whether differential vocal skills(tour-singing or not) or early
rearing experiences (sparrow- or canary-raised) might haveinfluenced the brain anatomy of
my house sparrows, or whether the size of song nuclei setsan upper limit to the extent that

house sparrows can learn the canary song.

The study was only possible under |aboratory conditions. This, however, raises questions
about comparability with, and relevancefor, wild sparrows. Animasin thewild are confronted
withenvironmenta demandsthat arelackingincaptivity, for exampledimatic conditions, matility,
searching for food, avoiding or escaping predators. Numerous comparative studieshave
demondtrated areductioninbrain szeand changesinthealometric rel ationsbetween different
brain partswhen wild speciesreach the domestic! state (K ruska 1980; Réhrs 1985; Ebinger
eta. 1984). But even human commensd s? have been showntoreduceseverd brain parameters.
For example, total telencepha on volumeisreduced by 3% and the hyperstriatum ventrale (a
regionwithinthetelencephaon!) by 11%infreeliving urban pigeonscompared to thebrain of
their wild ancestor, therock dove (Ebinger & Loehmer 1984). Thusto control for effects of
breeding house sparrowsin captivity for several generations| compared wild-caught with

laboratory sparrow-raised sparrows.

The observation that Ramses produced summer-like toursduring autumn when the song nucle
should have been regressed was surprising. Taking into account that house sparrowsform
pairs aready in autmn afurther control was recommended. A photoperiodically and/or
hormondly induced shrinkage of forebrain nuclel occursin many temperate-zone speciesduring
the non-breeding season and has a so been shown for wild house sparrows (Whitfield-Rucker
& Cassone 2000); nucle sizeisrestored in spring by an addition of naive neurons(for review
seeBall & Balthazart 2002; Schlinger & Brenowitz 2002). Such seasonal changesin nuclel
sizearepardleed by changesintemporal and structural song features. Toursin canary-raised
house sparrows should not occur in autumn or at least differ from tours produced in spring.
Thereforel compared the song nuclei HVcand RA of canary-raised sparrow malesfrom

different seasons.

! Domestic animals might be described as , cultivated forms according to the interests of people*
(EncyclopaediaBritannica Premium Service 2003).

2The commensal (the species that benefits from the association) may obtain nutrients, shelter, support,
or locomotion from the host species, which is substantially unaffected.
Urban pigeons are wild, not domesticated birds!
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Finaly | add acomparison of maleand femal e house sparrowsmainly for four reasons:

A) The house sparrow is suggested to be ahighly social species (Summers-Smith 1988,
Nivison 1978) which might requirevocal activity of both sexes. The scolding sequences (see
chapter 3, Fig 3.7D) might be an indi cation thereof.

B) Marek (1979) reported that afemal e house sparrow, 10-12 day old young, whom he kept
until her first breeding season, developed a,,song* whichincluded ,, melodioustwittering®,
,trills* and,,downward scales”.

C) Ragotzi (1962) mentioned afemal e sparrow who shpuld haveimitated the canary song!
D) And Nivison (1978) described aduet-like display which occurswhen amatereturnsto the
nest.

If it turned out that femal e song isimportant for male vocalizationsit could strengthen the

necessity to analyse songsof malesparrowsin different social contexts.

Excurson: Asthesocia context seemed to be very important in house sparrow vocaization
| want to giveafirst glimpse on prospective analyses combining song production and song
recognition. Thishasbeen doneusingtheimmediateearly geneZENK. Theacronym*‘ZENK’

(Médloet a. 1992) bel ongsto homol ogous genes cloned in several species, named zif-268
(Christy et al. 1988, Christy & Nathans 1989), egr-1 (Sukhatme et al. 1988), NGFI-A
(Milbrandt 1987), and Krox-24 (Lemaireet al. 1988) aswell asc-jun gene (Nishimura&

Vogt 1988). TheZENK proteinisaDNA-binding transcriptionfactor implicatedintheregulation
of neuronal growth-related genesand induced in the adult songbird braininresponseto a
variety of stimuli (Bal & Gentner 1998) within minutes. anincrease above control levelsin
ZENK-labdled nucle wasgpparent asearly as 15 minutesafter sart of thestimulus. Expression
peaked between 1 and 2 hoursafter stimulation onset and declined thereafter (Melo & Ribeiro
1998). In quiescent adultsbasal levelsof ZENK mRNA inthebrainsprovedto bevery low
(Ball & Gentner 1998), and in deafened birds aresponse was specifically absent (Clayton
1997). Thelocationsof ZENK expression show aclear separation into two setsof areas, one
whereZENK expressonistriggered by song asamotor act (song control nuclel) and another
inwhich expressonistriggered by song asan auditory stimulus (different from song nuclei). In
males ZENK response to song depends on early experience. Zebrafinches, for example,
raisedinsocid isolation do not exhibit thisresponse (Jin & Clayton 1997). Inbirds, raised by
their parents, ZENK activation pattern was dramatically different depending onthe social
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contextinwhich singing occurred (Jarviset a. 1998; Ball et a. 1997; Mello et a. 1992): it
waslow when maessang inthe presence of femal es (fema e context), highwhenthey sangin
the presence of other males (male context), and for someanimalseven higher whenthey sang
by themsdlves(solo context) (Jarviset d. 1998). Inmaecountersnging (Smulated by playbacks)
novel conspecific song elicited the highest responsein NCM (Mello et al. 1995; Jarvis &
Nottebohm 1997; see chapter 1, Fig. 1.1). But when a particular conspecific song was
presented repeatedly, i.e. severa times per minutefor several hours, it nolonger gave any
measurabl e response when presented again sometimelater (Ball & Gentner 1998). In adult
mal e canaries and zebrafinches, unknown conspecific song induced twice the amount of
ZENK mRNA asdid heterospecific song, while neutral tone burstswithin the samerange of
frequenciesproved ineffective (Melloet a. 1992).

Becausein thisthesi sthefocuslayson song production not on song perception, | could not
analysethe ZENK-stained dlidesin detailsup to now. However, the overall distribution of

ZENK expresson might enlighten someresults.
In sum the present chapter encompasses four main complexes:

A) Aretheredifferencesin brain morphol ogy between malesthat produce toursand those

that do not? Do cross-fostered sparrowsin genera differ from sparrow-raised sparrows?
B) Hasbreeding in captivity for three generations caused adetectabl e brain reduction?

C) Do forebrain nuclei of canary-raised birds undergo seasonal changes asreported for

wild-caught house sparrows?

D) Aretheredifferencesin brain morphology between male and femal e house sparrows?
Excursion: DoesZENK expression pattern differ inrelation to sparrow- or canary- song?
4.2 METHODS

421 ABBREVIATIONSIDENTIFYING THE DIFFERENT GROUPS
Abbreviationsfor captivity-reared sparrows are the same as used in chapter 3.

ecasn.  canary-raised sparrow maes, producing canary-liketours(n=10);

e ca-nosin: canary-raised sparrow males, who have never been heard or tape recorded

to produce canary-like tours (n = 28);
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e Sp-nosin: sparrow-raised sparrow males, who have never been heard or tape recorded

to produce canary-liketours (n = 28);
ewild: sparrow malescaught inthevillagesaround theingtitute (n=7);

e sp-fem:  sparrow-rai sed sparrow females, who have never been heard to produce
canary-liketours(n=8).
422 ANIMAL SUBJECTS

For the different brain comparisonsthe 38 canary-raised and 28 sparrow-raised malesfrom
chapter 3were used. In addition we had to catch wild house sparrow malesfromthevillages
around our ingtitute. And sparrow fema esoriginated from thefirst two yearswhen | could not
sex hatchlings,; they all stayed after independencein onelargeaviary. Ca-nosnand sp-nosin

wererandomly assigned to dways 3 subgroups(l, I1, 111) for thefollowing comparisons:

A) Comparison of ca-sin (n=10), ca-nosin (n = 11) and sp-nosin (n = 9). Ca-sin-1 and sp-
nosin-1 were randomly chosen out of the total number of ca-nosin and sp-nosin (see

abbreviations). All birdswere perfused within 8 daysin May.

B) Comparison of wild (n = 7) and sp-nosin-11 (n = 9). The 9 sparrow-raised maleswere

randomly chosen out of theremaining 19 birds. All birdswere perfused within 4 daysin May.

C) Comparison of ca-nosin-I1 (= summer males, n = 10) and ca-nosin-111 (winter males,
n = 7). Thetwo groupsdiffer only intimeof perfuson: ca-nosin-111 were perfused withintwo
daysin January while ca-nosin-11 within 3 daysintheend of May.

D) Comparison of sp-nosin-I11 (n = 10) and sp-fem (n = 8). All birdswere perfused within 3
daysinthebeginning of May.

Before perfusionthebirds(ca-sin, ca-nosin-1 & 11, sp-nosin-1, wild) were housed in cages
(55cm x 29cm x 38 cm) which were placed in a sound-proof chamber (65cm x 60cm x
40cm) to reduce ZENK expression to minimum. Birds, al in reproductive conditions, were
kept under 16L : 8D conditions (L =light, D=dark). Food consisted of seeds, insects, salad
and fruits. Food and water were available ad libitum until playback . Fresh air wasprovided
by aventilation system. After 24 hoursonehdf of agroup indicated above (chosen by chance)
heard aplayback (a45 minutes) with canary song, whilethe other half heard asparrow song
playback respectively. From ca-nosin and sp-nosin dways4 individua swererandomly chosen
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ascontrolshearing,,sllence* or amixtureof guitar music and noise of running water. All birds
were video taped from 20 minutes before the tape started until 20 minutes after the tape
finished. Then the birdswereweighed, bled (see chapter 5: hormones) and sacrificed with
Diethylether (Merck) followed by animmediate transcardiac perfusion (seebelow). Thiswas
done between 6.00 and 12.00 am.

423 PERFUSION OF THE BRAINS

Thebirdswerekilled with ether within 30 secondsand then perfused immediately transcardidly
with anisotonic solution of sodium saline (to preservethetissue). The exchangeof bloodis
indicated for several reasons. First, veins still containing blood can spoil microscopic
measurements, in particular when counting cells, because some may be obscured. Second,
thein situ-hybridisation requires RNA sefree sections; blood however containsamounts of

theseenzymeswhich are active even after freezing for the microtome.
Thebrainswereremoved from the skullsand stored infixative solution (FPBS) until use.
4.2.4 CUTTING THE BRAINS

Glasswarewassterilised at 180°C for 4 hours. Brainsweretaken out of thefixative solution
and divided intwo equd partsaong the corpuscalosum. Theright half wasstored back inthe
fixativesolutioninthefridge, theleft half wascryoprotected by equilibration, first overnightin
10%, followed by 48 hoursin 30% sucrose phosphate buffered (pH 7.6) saline (prepared
with DEPC). Seria sectionsin sagittal orientation, each 30 um thick, were obtained witha
freezing microtome (LeicaCM 1325) and collected in PBS made with DEPC water. Witha
thin brush sectionswere mounted onto different slides (Superfrost plus, Roth, Germany). |

obtained five seriesfrom adjacent sectionsto be stained for Nisd, androgen receptor expression,

neuron number, and two seriesfor further studies. Before staining dideswereair dried at room

temperaturefor two daysand then stored in thefridge until use.
425 NISSL STAINING

Slides passed through 100%, 90%, 70%, 20% ethanol, stained in Thionin solution for 10-20
seconds and dehydrated after cleaning in aguabidest. by passing through 20%, 70%, 90%
and 100% ethanol and finally xylol. After air drying, dideswere coverdipped and embedded
in Roth-Histokitt.
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4.2.6 NEURON-SPECIFIC STAINING

The procedurefollowsthe protocol of Dr. UteAbraham (2002) whichisbased ontheorigina
paper of Mullen et al. (1992). All stepswere done at room temperature, just without the pre-
treatment with acid solution (solutions: seeAppendix 1), and followed by washing stepsin
0.1M PBS. Slideswere soaked for 10 minin PBS and pre-treated for 20 min with 0.01M
citricacid solutioninamicrowave (MCL 1825 DUO, Bauknecht, Germany). After cooling
down, dideswereincubated with 4% normal goat serum (1ml per dide) at room temperature
for 45 minfollowed by anincubation with the (1: 100 dil uted) primary antibody solutionagainst
neuron-specific nuclear protein (mouse anti-NeuN, Chemicon, USA); for later incubation the

plateswere stored intherefrigerator inthe dark overnight.

After having reacted with biotinylated secondary antibody (anti-mousel gG Vector Laboratories)
for 60 minutes, the dideswereincubated with afreshly prepared avidin-biotin-horseradish
peroxidase complex (ABC) reagent. Findly thedideswere devel oped by a10 minincubation
inafreshly prepared DAB- H,O, solution. After air drying the lideswent through aseries of
increasing d cohol concentrationsendinginxylol. Findly thedideswerecoverdippedin Histokitt
(Roth).

427  ZENK STAINING

Sectionswere processed free-fl oating using the avidin-bi otin—peroxidase method (Vectastain
ABCKit, Vector Labs). All stepsa) required shaking, b) weredone at room temperature, just
without theincubation of thefirst antibody whichrequired 4°C, and ¢) arefollowed by three
washing stepsbeforeABC solutionin 0.1 M PB, afterwardsin Tris-buffer. To usewash plates
in batheswas much more caring for didesthan transferring them from platesto plates, but
required more solution. Thus bathes (90ml) were used for cheap, and culture plates (2480l
per chamber ) for expensive solutions. Thedidesweretransferred with avery thin brush, if

necessary with additional help of aglasspipette with thethin end bentinto asmall hook. One

Fig. 4.1: Examplesfor Nisd- and NeuN-stained sections of song nuclei HVcand RA (marked
by black arrows) of maleand femal e house sparrows. All birdswererai sed by house sparrows
and killed in the breeding season. Details about sex, song nucleus, staining technique and
objective are given bel ow the respective picture. Thetwo staining techniquesrevealed no
different resultsconcerning song nucleussize. Satistica resultsof sex comparisonaregivenin
4.3.4. Black barsbetween the pi ctures represents 50pum. (Varying colouration withinagiven
staining techniqueis caused to some extent by the used printer).
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Fig4.1B) sex: female; song nucleus: HV ¢, technique: Nisd-staining, objective: 10fold.
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Fig4.1C) sex: mae; song nucleus: HV ¢, technique: NeuN-staining, objective: 10fold.

Fig4.1D) sex: femae, song nucleus. HV ¢, technique: NeuN-staining, objective: 10fold.
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Fig4.1G) sex: mae, song nucleus: RA, technique: Nisd-staining, objective: 6,3fold.

Fig4.1H) sex: female, song nucleus: RA, technique: Nisdl-staining, objective: 6,3fold.
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Fig4.1E) sex: male; song nucleus: RA, technique: NeuN-staining, objective: 6,3fold.

Fig4.1F) sex: femade, song nucleus: RA, technique: Nisd-staining, objective: 6,3fold.
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plate (Nunc™ Brand Products, Cat. No. 143982) was used for the slides of onebrain, thus
some chambers contained two didesof different size.

Thefreefloating staining procedure started with three blocking steps: a) 20 minutesin 1%
H,0O,in0,1M PP. b) 3x 10 minutesin Triton X-100in 0,1M PPfollowed by 60 minutesin
NGSin0.1M PPwith Triton x 100 and ¢) 15 minutesin Avidin solution. Thenthedideswere
incubated inthe primary antibody (1:15 000, 200ug/ml SantaCruz C 19, Biotechnology) for
36 h, theonly step at 4°C (fridge). After reaction with biotinylated secondary antibody (goat
anti-rabbit |G, Vector Laboratories) for 70 minutes slidesweretransferred into an avidin-
biotin-horsredish peroxidase complex (ABC) reagent to stay for 70 minutes (Vector
Laboratories). Last the dideswere devel oped by incubation in anickel sulphate enhanced
DAB- H,0, solution. Thespecificity of theimmunoreaction wastested by omitting either the
primary antibody, or the secondary antibody, or the ABC-complex or by replacing it by an
equivaent concentration of non-specificlgG Noimmunostaining wasobserved inthese sections.
Stained brain dideswere mounted with aguadest. After air drying thedidesweredehydrated
by passing through 50%, 70%, 90%,100% ethanol and finally xylol. Finally the dideswere
coverdipping using Higtokitt (Roth).

428 IN-SITUHYBRIDISATION PROCEDURE

4281 CLONING

Thecloning of apartia zebrafinchAR cDNA (759 bp) hasbeen described previoudy (Gahr
& Metzdorf 1997). The AR fragment has a 96.4% homology with the AR of the canary, a
92% homol ogy with an AR-PCR fragment of thering dove (Sreptopeliarisoria) (Cao &
Gahr, unpublished data), and an 80.1% homol ogy with the human AR. The high homology of
thezebrafinch AR-PCR product with theAR sequence of my house sparrowsalowstheuse
of thisfragment for thelocalisation of AR mRNA inthe house sparrow.

4.2.8.2 PREPARATION OF cRNA PROBES

Probeswere prepared using sequencesfor zebrafinch androgen receptor (AR) cloned by Dr.
R. Metzdorf. For transcription of the antisense or sense probes, the plasmidscontaining AR
sequencewerelinearised with Nsil or Xhol and transcribed from the T7 or SP6 promoter,
respectively. Antisense or sense RNA probeslabel ed with*S-CTP (1250 Ci / mmol, NEN)
were generated by transcription of thelinearised plasmid DNA using theriboprobe system

(Promega).

116



THESONGBRAIN

4283 IN-SITUHYBRIDISATION

Theinstu-hybridisation procedure previoudy described by Whitfidd et d. (1990) wasdightly
modified asdescribed in detailsby Gahr & Metzdorf (1997). Briefly, sectionswere hybridised
under coverdipsfor 15hat 55°C, using ®*S-label ed sense or antisense probe (8 x 10° cpm/
ml) in (50wl per dide) hybridisation buffer (50% formamide, 600 MM NaCl, 10mM Tris-Hcl
(pH 7.5),0.02 Ficoll, 0.02% BSA, 0.02% polyvinylpyrrolidone, ImM EDTA, 0.01% salmon
testicular DNA, 0.05%tota yeast RNA, 0.005% yeast transfer RNA,, 10% dextran sulphate,
0.1% sodium dodecy! sul phate, 0.1% sodium thiosul phate, and 100mM Dithiothreitol). After
hybridisation, thedideswereimmersedin2x SSCfor 20minat 25°Ctofloat off thecoverdips.
Thedideswerefirst treated with RNAseA (20 ug/ml) inRNAsebuffer (0.5M NaCl, 100mM
TrissHCL (pH 8.0), LmM EDTA) for 30 minat 37 °C and incubated in the same buffer for 30
minat 37°C. Thedideswerethenwashedin2x SSCfor 30 minat 50°C, in 0.2 x SSCfor 30
minat 55°Candin 0.2 x SSCfor 30 min at 60°C, then dehydrated sequentially in ascending
concentrations of ethanol beforebeing air dried. Sectionswere counterstained with the Nisd

ganthionin.
4284 AUTORADIOGRAPHY (Herkenham & Pert 1982)

To detect autoradiography slver grains, dide-mounted sectionsweredipped in thedarkroom
under safelight conditionsinto Kodak NTB-2 nuclear track emulsion diluted 1.1 with 0.1
Aerosol 22 (Sigma) inawater bath at 42°C and stored inlight-tight boxesat 25°C for 7-14
days. Theredfter thedidesaredevelopedin Kodak D19for 2minat 16°C, rinsedin deionised
water for 30 sec, fixed in Kodak fixer for 5min, and washed in deionised water. Sectionsare
then counterstained with 0.1% Thionin and coverdipped with Histokitt (Roth).

4.2.9 DATA ANALYSES
4291 NISSL-AND NEUN-STAINING

Brain diceswerevisudized using alight microscope (L etz Aristoplan) combined with avideo
camera(spot ingght, visitron systems). Measurementswere done by using animageanaysis
system (Metamorph 4.6, Visitron, Germany). Data were automatically exported into a
prepared sheet of Excel 2000 (PC, Microsoft office). For volume measurementsthe periphery

of each brain nucleus (identified as association of intensive coloured cells) wasdrawn on
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digitizedimagesand theareawas ca culated by abuilt-infunction of the software (Metamorph).
Thevolumeof both brain nuclel wasthen cal culated following Gahr & Garcia-Segura(1996):
>'measured areas x dicethickness(30 um) x interval between section (12 um). Thissmple

formulayiedsreliableresultsfor thismeasurements.
429.2 INSITU-HYBRIDIZATION

Areasof |abelling were compared with the brain map for the zebrafinch (Stokeset al. 1974,
Nottebohm et al. 1976; Nixdorf & Bischof, unpubl. manuscript). Theanalysis consisted of
quantifying themeanre ativeamount of MRNA per cdll withinthe HV ¢. Therdativeamount of
MRNA per cell (grains/cell) wasmeasured under high power (4003) with the help of animage
analysissystem (Metamorph) onavideo screen. A cell was counted asanAR- expressing cell
If the number of grains over the cell exceeded five times the background number. The
background number was defined asthe mean number of grainsover threeto fivecell-sized
aressof neuropil acrossthefidd of andysisfor eachregion. Areasdefinedinlightfiddillumination
(Nisd-gtaining) wereanaysedin every sixth section of theHV cand RA of eachanimal.

4.2.10 STATISTICAL ANALYSES

Statistical analyseswere performed with Systat 9.2 (Systat Software Inc., Richmond, CA.)
following Lamprecht (1999). All datawerefirst tested for normal distribution (Kolgomorov-
Smirnov Lillieforstest) and equality of variances (L evinetest). Severd authorsdo not usethe
measured brain nucle data, but standardisethem in relation to body size (tarsuslength or body
weight), or to brain sizerepresented by telencephal on volume, respectively. Body weight,
however, might be an unsuitablereferencein severd respectsasit varieswithinindividuals, for
example between seasons (Harvey & Krebs 1990). Brain data have been shownto highly
correlate with morphological, life history or environmental variables (Sacher 1959), but not
withtemporary physiological conditionssuch asbody weight (Letner 1999). Thus| conducted
Generd Linear Modds(GLM) with telencephal on volume (V (telencepha on)) or tarsuslength

ascovariates.

All resultsrefer to two-tailed tests. In most casestarsus|ength and telencephal on volume as
covariategavesmilar results. | therefore present only theresultswith telencepha on volumeas

covariate, except when theresultsof thetwo covariatesdiffered.

118



THESONGBRAIN

4.3 RESULTS

43.1 DO RAISING CONDITIONSINFLUENCE BRAIN MORPHOLOGY?
ARE THERE DETECTABLE DIFFERENCESIN BRAIN NUCLEI IN
RELATIONTO SINGINGABILITY?

‘Raising conditions’ refer to ‘rearing parents’ being either domestic song canariesor house
sparrowsrespectively. ‘ Singing ability’ isrdated to anindividuasability of producing canary-
liketoursor not, irrespective of their rearing parents.

Ramses, the canary-like singing house sparrow | received, did not differ fromca-sninany of

the measurements (see Table4.1), thus| included him inthe group of ca-sinfor brain- and

datistical analyses.

Table 4.1 Comparison of ca-sin (n = 10) and Ramsesin the parameters analysed in this
chapter. Inall measurementsRamsesdatafell intherangeof ca-sin.

measur es ca-sn(min-max) Ramses
tarsus [mm] 17.89- 19.79 19.18
V(HVC-Nisd) [mm?] 0.30- 0.60 0.43
V(HVC-NeuN) [mn?] 0.32- 0.55 0.42
V(RA-Nisgl) [mm?] 012- 034 0.26
V(RA-NeuN) [mm?] 0.16- 0.32 0.26
V(TeV) [mm3] 241.70 - 290.50 248.30

4.3.1.1 HVcVOLUME CALCULATED FROM NISSL-STAINED SECTIONS

Table4.2 GLM of factorsinfluencing thevolume of HV ¢ (calculated from Nisd-stained
sections) in male house sparrows (r?=0.358, n=31).

Factor M ean-Squar e df F-ratio p
rearing parents 0.005 1 0.900 0.351
singing ability 0.056 1 9.890 0.004
V (telencephalon) 0.009 1 1.552 0.224
Error 0.006 27

Model coefficients

CONSTANT 0.163

rearing parents -0.016

singing ability -0.052

V (telencephal on) 0.001

HV ¢ volumewas not significantly affected by rearing parents (Fig.4.2A), but correl ated
significantly with ainging ability: HV cvolumeof casnwassgnificantly larger than that of ca-
nosinand sp-nosin (Fig.4.2B). Neither telencepha on volumenor tarsuslength correl ated with

HV cvolume of any group.
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4.3.1.2 HVcVOLUME CALUCATED FROM NeuN-STAINED SECTIONS

Table4.3. GLM of factorsinfluencing the volume of HV ¢ (cal culated from NeuN-stained
sections) in male house sparrows (r?=0.331, n=31).

Factor Mean-Squar e df F-ratio p
rearing parents 0.0002 1 0.019 0.891
singing ability 0.070 1 8.274 0.008
V (telencephal on) 0.006 1 0.718 0.404
Error 0.009 27

Model coefficients

CONSTANT 0171

rearing parents -0.003

singing ability -0.058

V (telencephalon) 0.001

Again, HV cvolumewasnot Sgnificantly affected by rearing parents(Fig.4.2A), but correl ated
sgnificantly with singing ability: HV cvolumeof casnwassignificantly larger than that of ca-
nosinand sp-nosin (Fig.4.2B). Neither telencephal on volume nor tarsuslength correlated with

HV cvolumeof any group.

4.3.1.3 ANDROGEN RECEPTOR EXPRESSION INHVc

Table4.4.: GLM of factorsinfluencing the androgen receptor expressioninHVcinmale
house sparrows (r>= 0.041, n = 31).

Factor Mean-Square df F-ratio p
singing ability 0.035 1 0.091 0.766
V (telencephalon) 0.248 1 0.648 0.433
Error 0.383 16

Model coefficients

CONSTANT 5.264

Singing ability -0.054

V (telencephal on) -0.008

In contrast to brain morphol ogy, the androgen receptor expressoninHV cwasnot sgnificantly
influences by singing ability (Fig.4.2B). Again there was no detectable correlation with

telencephaonvolumeor tarsuslength.
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4314. RAVOLUMECALCULATEDFROM NISSL-STAINED SECTIONS

Table4.5. GLM of factorsinfluencing thevolumeof RA (ca culated from Nisd-stained sections)
in male house sparrows (r>= 0.058, n= 31).

Factor Mean-Square df F-ratio p
rearing parents 0.009 1 1.496 0.232
singing ability 0.001 1 10.250 0.621
V (telencephalon) 0.001 1 0.171 0.683
Error 0.006 27

Model coefficients

CONSTANT 0.157

rearing parents -0.021

singing ability -0.008

V (telencephal on) 0.0003

RA volumewas not significantly affected by singing ability (Fig.4.2B) or rearing parents
(Fig.4.2A). Andit did not correlate with tel encephalon volume or tarsuslength .

4315 RAVOLUME CALCULATED FROM NeuN-STAINED SECTIONS

Table4.6. GLM of factorsinfluencing RA volume (ca culated from NeuN-stained sections) in
male house sparrows (r’=0.132, n= 31).

Factor Mean-Square df F-ratio p
rearing parents 0.006 1 1.376 0.251
singing ability 0.001 1 0.274 0.605
V (telencephal on) 0.011 1 2.559 0.121
Error 0.004 27

Model coefficients

CONSTANT -0.046

rearing parents -0.017

singing ability -0.008

V (telencephal on) 0.001

RA volumewas not significantly affected by singing ability (Fig.4.2B) or rearing parents
(Fig.4.2A). And againit did not correlate with telencepha on volume or tarsuslength.
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4.3.1.6 ANDROGEN RECEPTOR EXPRESSION IN RA

Table 4.6 GLM of factorsinfluencing androgen receptor expression in RA in male house
sparrows (r?=0.017, n = 18).

Factor Mean-Square df F-ratio p
snging 0.031 1 0.232 0.637
V (telencephalon) 0.029 1 0.214 0.650
Error 0.135 16

Model coefficients

CONSTANT 1.949

singing -0.051

V (telencephalon) -0.003

Also androgen receptor expression was not significantly influenced by singing ability (Fig.

4.2B), nor did it correlatewith tel encephal on volume or tarsuslength.

Fig. 4.2: Comparison of different measuresof HV ¢ (left side) and RA (right side) of male
house sparrows (n = 31) who were grouped together either A) according to their rearing
parents (canariesor sparrows) or B) according to their singing abilities (tour-singing or not).
Numbersof sparrow individualsin the respective groups according to studied factorsare
giveninthelegends. Dataare presented asmeans=+ sem; p-values of therespective statistica
testsaregiveninthegraph, ns=not significant. For detailsabout statisticssee Tables4.1—
4.6. A comparison between the canary-rai sed and sparrow-rai sed group for androgen receptor
(AR) expressionwasnot possible.
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432 DOESCAPTIVITY INFLUENCE BRAINMORPHOLOGY?
Inthefollowing Generd Linear Models(GLM) theterm ,, origin® referstothegroupswild and
sp-nosin-11 (for abbreviationssee4.2.1).

4321 HVcVOLUME CALCULATED FROM NISSL-STAINED SECTIONS
HV cvolumedid not differ sgnificantly betweenwild and captivity-bred sparrows (Fig.4.3A),

nor did it correlate with telencephal on volumeor tarsuslength.

Table4.7. GLM of factorsinfluencing HV ¢ volume (cal culated from Nisd-stained sections) in
male house sparrows (r’=0.124, n = 16).

Factor Mean-Square df F-ratio p
origin 0.002 1 0.171 0.686
V (telencephalon) 0.013 1 1471 0.247
Error 0.009 13

Model coefficients

CONSTANT 0.107

origin 0.010

V (telencephalon) 0.001

4322 HVcVOLUME CALCULATED FROM NeuN-STAINED SECTIONS

HV cvolumeagain did not differ significantly between wild and captivity-bred sparrows
(Fig.4.3A), nor didit correlate with telencephal on volumeor tarsuslength.

Table4.8. GLM of factorsinfluencing HV ¢ volume (cal cul ated from NeuN-stained sections)
inmale house sparrows (r’=0.022, n=16).

Factor Mean-Square df F-ratio p
origin 0.002 1 0.241 0.632
V (telencephalon) 0.0002 1 0.026 0.873
Error 0.008 13

Model coefficients

CONSTANT 0.293

origin 0.011

V (telencephalon) 0.0001
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4323 RAVOLUME CALCULATED FROM NISSL-STAINED SECTIONS

RA volumewas not significantly different between wild and captivity-bred sparrows (Fig.
4.3A), but it correlated significantly with telencepha on volume: the Pearson correlation factor
inwild birdswas0.720 (Bartlett Chi-square statistic: 3.291, df = 1, p=0.070) and in captive
birds0.780 (Bartlett Chi-square statistic: 6.100, df =1, p=0.014, o = 0.025). Tarsuslength

ascovariate, however, did not correlate with RA volume (Fig.4.3B).

Table4.9. GLM of factorsinfluencing RA volume (cd culated from Nisd-stained sections) in
mal e house sparrows (r>=0.576, n = 16).

Factor Mean-Square df F-ratio p
origin 0.0004 1 0.289 0.600
V (telencephalon) 0.024 1 16.303 0.001
Error 0.001 13

Model coefficients

CONSTANT -0.139

origin 0.005

V (telencephal on) 0.001

4.3.2.4 RAVOLUME CALcULATED FROM NeuN-STAINED SECTIONS

RA volumewas not significantly different between wild and captivity-bred sparrows (Fig.
4.3A), but it correlated significantly with telencepha on volume: the Pearson correlation factor
inwild birdswas0.626 (Bartlett Chi-square statistic: 2.236, df = 1, p=0.135) and in captive
birds0.758 (Bartlett Chi-square statistic: 5.548, df = 1, p=0.019, o. = 0.025). Againtarsus
length ascovariate did not correlatewith RA volume (Fig.4.3B).

Table4.10. GLM of factorsinfluencing RA volume (cal culated from NeuN-stained sections)
in male house sparrows (r’= 0.524, n = 16).

Factor Mean-Square df F-ratio p
origin 0.001 1 0.780 0.393
V (telencephal on) 0.020 1 12.306 0.004
Error 0.002 13

Model coefficients

CONSTANT -0.109

origin 0.009

V (telencephal on) 0.001
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Fig. 4.3A: Comparisonsof HV cand RA volume. Dataare presented asmeans+ sem; ns = not
sgnificant. For detailsabout statistics see Tables 4.7 —4.10. Both staining techniquesrevealed
thesameresults: thevolumesof brain nuclel did not differ between captivity-reared and wild
house sparrows.

Fig. 4.3B: RA volume (Nisd-stained and NeuN-stai ned sections) plottet against telencephalon
volume. For Pearson correlation factor and the respective p-values seetext. RA volume of
captivity-hatched birds correl ated significantly with telencephal on volumein both staining
techniques, but no significant correlaionwasfound inwild birds.
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433 DOMALE SPARROWS BRAIN NUCLEI UNDERGO SEASONAL
CHANGES?

4.3.3.1 OVERALL BRAINSIZE

Neither brain weight (pooled variancet = 0.579, df = 15, p=0.571) nor telencephalon size
(pooled variancet = 1.377, df = 15, p=0.189) differed significantly between seasons.
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Fig.4.4. Branweight (after perfusion) and telencephal on size (Nisd-stained and NeuN-stained
sections) of house sparrows perfused in January or May. Dataare presented as means+ sem;
ns= not significant. For detailsabout stati stics seetext. Both staining techniquesrevea ed the
sameresults. therewasno seasonal effect on either of the measurements.

4332 HVcVOLUME CALCULATED FROM NISSL-STAINED SECTIONS

Table 4.11. GLM of factorsinfluencing HV c volume (cal cul ated from Nisd -stained sections)
in male house sparrows (r’=0.450, n=17).

Factor Mean-Square df F-ratio p
Season 0.346 1 9.408 0.008
V (telencephal on) 0.032 1 0.858 0.370
Error 0.037 14

Model coefficients

CONSTANT -2.648

Season -0.147

V (telencephal on) 0.312

HV c volume cal culated from Nissl-stained sections differed between seasons. males had
significantly larger HV c volumesin summer thaninwinter (Fig. 4.5A). HV cvolumedid not

correlatewith telencephal on volumeor tarsuslength.
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4333 HVcVOLUME CALCULATED FROM NeuN-STAINED SECTIONS

Table4.12. GLM of factorsinfluencing HV ¢ volume (ca cul ated from NeuN-stai ned sections)
inmalehouse sparrows (r’=0.411, n=17).

Factor Mean-Square df F-ratio p
season 0.413 1 9.497 0.008
V (telencephalon) 0.013 1 0.292 0.598
Error 0.044 14

Model coefficients

CONSTANT -3.072

season -0.168

V (telencephalon) 0.378

HV c volume cal cul ated from NeuN-stained sections differed between seasons: males had
sgnificantly larger HV c volumesin summer thanin winter (Fig. 4.5A). HVcvolumedid not

correlatewith telencepha on volumeor tarsuslength .

4.3.3.4 RAVOLUME CALCULATED FROM NISSL-STAINED SECTIONS

Table4.13. GLM of factorsinfluencing RA volume (cal cul ated from Nisd-stained sections) in
mal e house sparrows (r>=0.630, n=17).

Factor Mean-Square df F-ratio p
Season 0.372 1 19.926 0.001
V (telencephal on) 0.210 1 11.244 0.005
Error 0.019 14

Model coefficients

CONSTANT -9.693

Season -0.159

V (telencephal on) 1.538

RA volumediffered between seasons. maleshad significantly larger RA volumesin summer
thaninwinter (Fig. 4.5B). And RA volume correl ated s gnificantly with telencephal on volume,
I.e. thelarger thetelencephal on volumethelarger the HV ¢ volume. The Pearson correlation
factor in winter was 0.621 (Bartlett Chi-square statistic: 2.194, df =1, p=0.139) and in
summer 0.708 (Bartlett Chi-square statistic: 5.210, df = 1, p = 0.022) (Fig. 4.5C). With
tarsuslength ascovariatethe seasond difference remainssignificant, but tarsuslength did not

corrdatewith RA volume,
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4.3.3.5 RAVOLUME CALCULATED FROM NeuN-STAINED SECTIONS

Table4.14. GLM of factorsinfluencing RA volume (cal culated from NeuN-stained sections)
in male house sparrows (r2=0.569, n=17).

Factor Mean-Square df F-ratio p
Season 0.260 1 12.682 0.003
V (telencephalon) 0.246 1 12.023 0.004
Error 0.020 14

Model coefficients

CONSTANT -10.429

Season -0.133

V (telencephalon) 1.666

RA volumediffered between seasons. maleshad significantly larger RA volumesin summer
thaninwinter (Fig. 4.5B). And RA volume correlated s gnificantly with telencephal on volume,
i.e. thelarger telencepha on volumethelarger the HV c volume. The Pearson correl ation factor
inwinter was 0.645 (Bartlett Chi-square statistic: 4.039, df = 1, p=0.044) and in summer
0.834 (Bartlett Chi-square statistic: 5.341, df =1, p=0.021) (Fig. 4.5C). With tarsuslength
ascovariatethe seasond differenceremainssignificant, but tarsuslength did not correlatewith
RA volume.

Fig. 4.5AB: Comparisonof ca-sins' song nuclei HVcand RA inJanuary (n = 7) or May
(n = 10). Dataare presented as means + sem; p-values of the respective statistical test are
giveninthegraph. For detailsabout statisticssee Tables4.11—4.14.

Fig 4.5C: RA volume from Nissl-stained and NeuN-stained sections plottet against
telencephal on volume. For the Pearson correl ation factors and the respective p-val ues see
text.
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434 DOFEMALESDIFFER FROM MALESINVOLUME SIZE OF SONG
NUCLEI?

Picturesof male and female song nuclel were already presented in Fig. 4.1 asexamplesfor
Nisd- and NeuN-staining techniques.
4.34.1 Overall brain sizeand tarsuslength

Neither tarsus length (pooled variancet = -0.945, df = 16, p = 0.359) nor telencephalon
volume (pooled variance t = 1.072, df = 16, p = 0.300) nor brain weight after perfusion
(pooled Variancet =-1.228, df = 16, p=0.237) differed significantly between sexes.
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Fig. 4.6. Comparison of maleand femal e house sparrows, both raised in captivity. Dataare
presented as means+ sem; ns= not significant. For detailsabout Statistics seetext. Inoverall
measurementssexesdid not differ significantly.

4342 HVcvolumecalculated from Nissl-stained sections

Table4.15: GLM of factorsinfluencing HV ¢ volume (cal cul ated from Nisd-stained sections)
inmaleand female house sparrows (r?=0.838, N =18).

Factor df Mean-Square F-ratio P
sex 1 0.349 77.352 < 0.001
V (telencephalon) 1 0.016 3.572 0.078
Error 15  0.0045

Model coefficients

CONSTANT -0.280

sex f -0.145

V (telencephalon) 0.002

Mdeshad asignificantly larger HV c volumethan females, tarsuslength ascovariate gives
thesameresults(Fig. 4.7A). Neither telencepha on volume nor tarsuslength correlated with
HV cvolume cal culated from Nisd-stained sections.
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4.3.4.3 HVcvolumecalculated from NeuN-stained sections

Table4.16.: GLM of factorsinfluencing HV cvolume(cal culated from NeuN-stained sections)
inmaleand female house sparrows (r?=0.803, N =18)

Factor df M ean-Square F-ratio P
sex 1 0.317 61.280 < 0.001
V (telencephal on) 1 0.021 4.136 0.060
Error 15 0.005

Model coefficients

CONSTANT -0.366

sex f -0.138

V (telencephalon) 0.002

Maeshad asignificantly larger HV c volumethan females, tarsuslength ascovariate gave the
sameresults(Fig. 4.7.A). Neither telencephal on volume nor tarsus|ength correlated with
HV ¢ volume cal cul ated from NeuN-stained sections.

4344 RA volumecalculated from Nisd-stained sections

Table4.17: GLM of factorsinfluencing RA volume (cal cul ated from Nisd-stained sections) in
mal e and femal e house sparrows (r>=0.837, N =18).

Factor df Mean-Square F-ratio P
Sex 1 0.172 76.633 << 0.001
V (telencephalon) 1 0.006 2.885 0.110
Error 15 0.002

Model coefficients

CONSTANT -0.160

Sex f -0.102

V (telencephalon) 0.001

RA volumesweresgnificantly smdler infemaesthaninmaes(Fg. 4.7.B). Nether tedencephaon

volume nor tarsuslength correlated with RA volumes.

4345 RA volumecalculated from NeuN-stained sections

Table4.18: GLM of factorsinfluencing RA volume (cal cul ated from NeuN-stained sections)
inmaleand femal e house sparrows (r>= 0.804, N =18).

Factor df M ean-Squar e F-ratio P
sex 1 0.147 61.192 < 0.001
V (telencephalon) 1 0.004 1.822 0.197
Error 15 0.002

Model coefficients

CONSTANT -0.107

sex f -0.094

V (telencephalon) 0.001

RA volumesweresgnificantly smdler infemaesthaninmaes(Fg. 4.7.B). Nether tdencephaon

volume nor tarsuslength correlated with RA volumes.

132



THESONGBRAIN
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Fig. 4.7A-B: Comparisonof HVcand RA of maleand female house sparrows, both raisedin
captivity by sparrows. Dataare presented asmeans=+ sem; p-va uesof therespective statistical
test aregiveninthegraph, *** = p < 0.001. For details about statistics see Tables4.15 —
4.18. Maesobviousy possessed about 4 times|larger song nuclel than females.

4.3.5EXCURSION: PROSPECTSFOR STUDYING SONG PRODUCTIONAND
SONG RECOGNITIONWITH THEIEG ZENK

Thefollowingimage sequencegivesafirstimpression of sparrows reactionsto sparrow- or
canary-playback, respectively. My focuslayson the song nuclel HVcand RA; for general
pattern of ZENK expression throughout thebrain seee.g. Wronski (1995) and Ball & Gentner
(1998).

House sparrow maesdid not (or only rarely) sing without any stimul ation. With reduced song
activity and song perception basal ZENK expression occurred only insinglecellsif at all.
Brainimagesof control birdsbeing either silence or amixture of music and noise of running
water looked very similar. Thisistruefor bothnuclei (Fig. 4.8A, B, 1, J).

If wild sparrowslistened to conspecific (sparrow) song, ZENK-labelled cellscanbefoundin
theHV c-shdf, whilecanary playback did not induce much ZENK expressoninwild sparrows
(Fig.4.8C, D). Thisisexactly inlinewith thefindingsin other species. If acanary-raised
individua listenedto acanary playback, aclear ZENK expressonwasfoundinthesurrounding
of HV ¢, whilein canary-raised sparrowslistening to sparrow playback only asmall ZENK
responsewasinduced (Fig. 4.8 E, F). Indl listening, but not singing, individua theHV citself
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wasfreefrom ZENK-labelled cells(Fig. 4.8 C-F). Thiswasdifferent when individual s sang
themselves. therewasastrong ZENK response within HV ¢ when canary-reared sparrows
sang, irrespective of whether they heard canary or sparrow playback (Fig. 4.8 G H). A direkt
comparison of picturesFig. 4.11G and Fig. 4.11H might givetheimpression that in canary-
reared sparrows singing with asparrow playback induced astronger ZENK expression than
singinginfront of acanary playback; however theintensity of ZENK-labelling aswell asthe
amount of ZENK expressionisinfluenced by theamount of singing aswell asby locomotion
(seeWronski 1995). Thereforeacomparison will haveto include an anaysisof therespective
video tapes.

TheZENK expression patternsin HV cand HV c-shelf werevery similar in RA and RA-cup
concerning both control tapes(Fig. 4.81, J) aswell assinging versuslistening (Fig. K-N).
Interestingly ZENK expressionin RA-cup seemed to be different from HV c-shelf according
to the presented stimuli: in canary-reared birds ZENK -labelled cellscould befound in birds
after listening to sparrow tapes, while only few immunoreactive cellswere seenin canary-

reared birdsafter listening to canary-tapes.

Fig. 4.8: ZENK expressioninHVc & HVc-shelf (A-H) and RA & RA-cup (I-N) of male
house sparrowskilled in May. The sparrows of the different groupswere kept in sound-proof
chambersfor 24 hoursbeforelistening to aplayback of conspecific or heterospecific song (a
45 minutes). Detailsabout theindividua (wild or canary-reared), tape, nucleusand ZENK
expression pattern are given below the respectiveimage. Picturesof HV cand HV c-shelf
wereawaystaken withal0fold objective, RA and RA-cup with a6.3fold objective of alight
microscope. However for thorough quantification much higher enlargementswill be necessary.
Black arrowsindicate the boundary of the respective song nucleus, white arrowsindicate
examplesof ZENK-immunopositive cells. Black bars between the pi cturesrepresents 50um.
(Thedightly varying colouration of the picturesare mainly theresult of colour management of
theprinter).
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Fig. 4.8A) bird: canary-raised sparrow, tape: silence, area: HV cand HV c-shelf; thebird did
not sing, only very basal ioncanbefound. ——

Fig. 4.8B) bird: canary-raised sparrow, tape: music and noise of running water, area: HV cand
HV c-shelf, theindividua sangalittlebit, but not intensivethus someimmunopositivecellscan
be seenwithin the nucleus, but only basal ZENK expressioninthe shelf.
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Fig. 4.8C) bird: wild caught sparrow,-tape: arrow, area: HVc f.Thebirdis

only listening but not singing thusaintensve ZENK response can befoundin HV c-shelf.

Fig. 4.8D) bird: wild caught sparrow, tape: canary, area: HV cand HV-sheIf. Thebirdisonly
listening but not singing. The heterospecific stimuli induced only low ZENK response.
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Fig. 4.8E) bird: canary-reared, tape: canary, aea c andHVc-shdf. Thebirdisonly listening
but not singing thusanintensive ZENK response can befoundin HV c-shelf.

Fig. 4.8F) bird: canary-reared, tape: sparrow, area: HV c and HV c-shelf. The birdisonly
listening but not singing thusaZENK expression can befoundin HV c-shelf. Listening to
sparrow song seemed to induce alower ZENK response than canary song (Fig. 4.8E)
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Fig. 4.8G) bird: canary-reared, tape: canary, area. HV cand HV c-shelf. Thebirdissinging,
thusanintensveZENK expresson canbefoundwithinHVC,  =—

Fig. 4.8H) bird: canary-reared, tape: sparrow, area: HV cand HV ¢c-shelf. Thebirdissinging,
thusanintensive ZENK expression can befound within HV c.
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Fig. 4.8I) bird: canary-reared, tape: silence, area: RA and RA-cup. Without any acoustic
stimulusZENK expressionisvery low. —_—

Fig. 4.8J) bird: canary-reared, tape: music and noise of running water, area. RA and RA-cup.
Noisedid not increase ZENK expression abovethebasal level.
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Fig. 4.8K) bird: canary-reared, tape: canary, area: RA and RA-cup. Thebird wasnot singing,
only basal ZENK expression can be seen.

Fig.4.8L) bird: cmary—reared, tape sparrow, area RA and -p. Thebirdwasnot s nging,
thustheintensve ZENK-immunopositivereaction occurredinthe RA-cup.
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Fig. 4.8M) bird: canary-reared, tape: canary, area: RA and RA-cup. The bird wassinging,
thusZENK expression canbeseenwithinthenucleus, =

Fig. 4.8N) bird: ary-rear, tape: row, area: RAand RA-cup. Thebird wassinging,
thusZENK expression can be seen within the nucleus.
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4.4 DISCUSSION
4.4.1 Differencesinnuclei sizeaccordingtovocal skillsand/or rearing conditions?

HV cvolumeof tour singing maleswas significantly larger than that of non-singers, although
both produced about same sized repertoires (sum of learned an un-learned syllables). However
RA volume (Nissl-stained or NeuN-stained) did not differ. Two main conclusions can be
drawnfromthis:

A) therepertoirelearning capacity facesan upper limit. All individua sfully utilizethislearning
capacity, but cannot surpassitslimit;

B) within adetermined range of learning abilities, HV ¢ volume seemsto show arelation to
singing complexity but not to repertoire size (number of syllables).

Inthediscussionin chapter 3, | already mentioned that the syllable catalogueisbased on
particular tape-recording and anayses conditionsin thisstudy. Although syllable usage seemed
tovary between days, al individua sof agiven group produced withinthesameandyzedtime
span acomparable number of syllables. | takethisasanindication that the sparrow repertoire
Sizeassuggested in chapter 3isrepresentative of thetota repertoire.

RA neuronsencodesingle notes(Yu & Margoliash 1996), whileHV cfunctionsasasensory
motor integration areacoding for syllables, motifsand higher-order patterns(Yu & Margoliash
1996; Margoliash 1997). Thus, ascanary-likesinging sparrow maeshaveanincreased HV c,
but smilar-sized RA volume compared to ca-nosin and sp-nosin, thismight strengthen the
Ideathat ca-sn memorized canary-liketoursasaunit (i.e. ‘ multi-note syllables assuggested

in chapter 3) rather than a series of separate notes.

Thetour-resembling scol ding sequencewas produced by individudsof dl groupsandtherefore
did not seemto belearned. Thefact that only ‘tour’ -likesinging maleshaveanincreased HV ¢
deniesthe hypothesesthat tours and scol ding sequence might be conceptionally similar and

emphasisesthat canary-liketourswereindeed learned.

Canary-liketoursaredifferent from normal sparrow syllablesfor two main reasons: natural

sparrow syllablesa) aremainly one-note® syllables; b) possess at |east one harmonic, except

3 Some authors wrote about ,, disyllabic elements’ (e.g. Glutz von Blotzheim 1987) like the two-folded
sparrow chirp (see chapter 3, Fig. 3.1C). Because sparrows combine the two frequency sweepswithout a
break, it can be called an ,,one-note syllable"; a note has been defined as the shortest, uninterupted
structure in a sonagram (see chapter 3, 3.2.3.1 terminology for song analyses).
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for threecalls(Nivison 1978). Sparrows’ canary-liketours, however, were combinations of
severd identical notesmainly lacking harmonicsand sung with aconstant (probably learned)
repetition rate. Ca-nosin aso produced syllableswhich might have been learned from canaries
and lack overtones, neverthelessca-nosin did not differ in any of the brain measuresfrom sp-
nosinwho did not learn from canaries, but owned smaler sized HV ¢ volumesthan ca-sinwho
not only sang syllableslacking overtones, but produced the canary-liketours. It seemed that
combining severa noteswith aprecisetemporal patternismoredemanding and needsmore
brainspace(i.e. larger HV cvolume) than learning only syllables- bethey con- or heterogpecific

-or‘jud’ filtering harmonics.

All canary-reared birds(ca-an, ca-nosin) had thesameopportunity tolearnfromtheir respective
canary tutorsor at least from thetapeswith canary songsplayed each day in additiontotheir
canary tutors. However only someindividuals(ca-sin) learned to produce canary-liketours
andtheseweretheindividuaswith Sgnificantly larger HV ¢ volumes. Thusonemight conclude
that casnwereprivilegedintheir (inherited?) brain capacity andinturninsonglearning. Itis
less probablethat ca-sin were a so endowed with better neurona motor control, because RA,
which issuggested to play animportant rolein the coordination of respiration, syrinx, and
larynx activities(Margoliash 1997), did not differ between ca-snand al other tested sparrows.
However, support for thisconclusion will requirefurther sudiesof other song nucle involved
in motor coordination (e.g. nXlIts, ICo, DM, RAm, Am; for explanations see chapter 1,

1.3.2 Anatomy and function of the song control system).

Thedifferencein HV ¢ volumerequiresto study the underlying mechanisms. Oneexplanation
for the volume differences between singersand non-singers could be an increased number of
gliacdls. Gliacellsareknownto interact extensively with neuronal elementsinthebrain,
influencing their activity. They participateinformation and rebuilding of synapses, aregenerdly
accepted to bethemgjor Stefor neurosteroid formation, and play aprominent rolein protection
and repair of nervoustissue (Hansson & Ronneback 2003; Tsutsui et a. 2000). Thusgliacells
or theratio of neuronto gliacellsmay beacritica determinant for the degree of behavioural
versatility (Nealen & Perkd 2000); thisquestion will beanswered after counting cellsinNisd-
stained sections (colouration of gliacellsand neurons) and NeuN-stained sections (only
colouration of neurons) followed by acomparison of both. Ancther explanationfor anincreased

volumeof HV ¢ might beanincreasein synaptical connectivity. Several experimentd learning

143



CHAPTER4

paradigmsin vertebrates demonstrate that the number of dendritic spines, amajor classof
synapses, positively correl ated with memory formation; indeed thisisa so truefor songbirds
(Airey etal. 2000). | therefore kept the second half of each brain used for thisstudy in store
for later quantification of dendritic spinedensity on Goldi-stained neurons.

4.4.2. Effectsof captivity on brain mor phology?

Though my house sparrow breeding pairswere aready hatched in captivity andlivedupto 3
yearsinour aviariesor cages, neither they nor their young differed from wild-caught malesin
any of themeasured brain features. Also the correl ation between RA volume (Nissl, NeuN)
and telencepha onvolumeisof comparable magnitudein both groups. Thusit hasto beassumed
that captivity per se doesnot cause changesin volumes of total telencephalon or forebrain
songnuclel. Thisisinfact asotruefor other telencephalic regionslikethe hippocampus (Hedy
etal. 1996).

443  Effectsof seasonson brain morphology?

In different seasons (winter, summer) males showed dramatic differencesin the size of both
nuclel studied, RA and HV c. The magnitude of these differences was comparableto that
reported for wild-caught house sparrowsinthelab (Whitfield-Rucker & Cassone 2000) and

domestic canariesduring different seasons (Nottebohm 1981).

Overall brainsizeof my house sparrows, i.e. brain weight or telencepha onsize, did not differ
seasonally. Seasonal variationsin brain wel ght seem to be species-specific. Whiletotal brain
weight of Towhees, for example, aso did not changeinrelation to photoperiod (Brenowitz et
a. 1991), individua brainweight increased for upto 15%inlaboratory-reared canariesandin
blackbirds during the breeding season (Nottebohm 1981; Kirn et al. 1989). The observed
differencesin the sizes of house sparrows’ song nuclei between seasons must result from
anatomical changesspecifically within HV cand RA, asthey cannot beattributed to differences

inoverdl bransze.

Both volume measurements (Nissl-stained and NeuN-stained) revea ed the same volume
differences between seasons. Thesevolumetric differencesprobably resulted from differences
in neuron number. However | did not distinguish between the three cytoarchitectonic regions
(Kirnet al. 1989; Fortune & Margoliash 1995), thus| cannot specul ate whether volumetric

differencesresulted from neurogenesisin the ependymal zoneaongthelatera ventricles, or
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from cell migration or from il other factors (Goldman & Nottebohm 1983; Alvarez-Buylla
& Nottebohm 1988).

Thedifferencesin brain szeinreationto snging behaviour need further gudies. Somesyllables
became morevariablein the non-breeding season while othersremained stable. Occasional
observationson one sparrow (Ramses) suggested that al so thetempord pattern could remain
preciseto someextent (see chapter 3). That alsoin autumn‘ elaborate’ singing skillsmight be
necessary and should not vary in essential featuresisprobable when taking into account the
sparrow’ssocid life, because:

a) house sparrowsform pairsalready during autumn and winter. Although theownership of a
suitable nest site might bethe key featurefor pair formation (e.g. Summers-Smith 1988),
copulationsoccur after males show asexual display including body movements combined

with singing (Summers-Smith 1988; persona oberservations);

b) furthermore sparrowsform action societies of about 50 and up to 200 birds (Fallet 1958)
with areative stableflight composition (Summers-Smith 1954); the coherenceisfairly strong
throughout theyear, with Sngleindividuasrarely moving between different flocks (Fallet 1958).
Thesocia lifeof house sparrowsisbased besides others on acomplex vocal communication
system (Nivison 1978); thismakesit reasonabl e to assumethat somevocalizationsremain

stablein all seasons.

A challengefor further research isto study the underlying mechanism how sparrowsface

socia requirementsof voca skillsinthetime of decreased song nuclel.
444 Sexdifferencesin brain size?

Femal e house sparrows owned asignificantly smaller HV c and RA than males. A literature
analysisof Gahr et. al. (1998) reved ed that sex differencesin song nuclel sizetendto belarger

inspeciesinwhich only malessing thanin specieswherefemaessingtoo (see Table4.19).
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Table4.19: Sex differencesinthesizeof songnuclel HVcand RA (givenasratio of maleto
female) grouped by singing ability of females. Modified from Gahr et a. 1998.

Species HVc RA
[. Only malessing
zebrafinch 13.6-5.0 11.9-55
orangehbishop >29 29
I1. females sing, sexes posses different repertoire size
canary 4.3-2.7 3.0-2.7
red-winged blackbird 3.2 4.7
[11. females sing, sexes possesssimilar repertoiresize
white-crowned sparrow 24 3.7
bush shrike 1.8 2.0

Gahr et al. (1998) concluded that HV ¢ and RA need to obtain an adequate sizeto allow song
production. In my house sparrowsHV cisabout 3.8 timesand RA 4.3-3.6 (Nissl-NeuN-
gtaining) timeslarger thaninfemaesand thus sex differencesweresimilar to canariesand red-
winged blackbirds. Inturn thissuggeststhat the house sparrow bel ongsto the speciesinwhich
both sexes sing. That both sexes sing is supported by behavioural observations. Sparrow
femal es produced scol ding sequencesin aggressive Situations (see chapter 3). Marek (1979)
reported about asparrow femal ewho devel oped an elaborate song without atutor, and Ragotzi
(1962) about asparrow femalewho should have copied the canary song. Nivison (1978)
described an elaborate system of callsthat are uttered with some precision and coordination
resembling duetting; it occurswhen there are chicksinthe nest and amateisvery determined
to enter. Thisdisplay seemsto parallel that of the Boubou shrike (Laniarius aethiopicus),
where duetting occursduring nest-relief (Hooker & Hooker 1969) and the duet also may be
initiated by either mate.

Besidesthefact that it seemsworthwhileto study vocalizations of sparrow femalesinmore
detail, thesefindings strengthen my concernsin chapter 3, that the malerepertoirel described
canonly giveafirstimpression about asparrow male ssinging ability. It supportsthe need to
have ma estape-recordedin socia context to get aredistic view ontheactually used repertoire.
Andthisasomay enlighten theunderstanding of theterm,, song complexity” inhousesparrows,
asthismight not be basically determined by the number of syllablesproduced but by the ability
touseand understand thefactud meaning of given syllablesindifferent Stuations. This, however,
might beimportant for both sexes, thuscomplexity could besimilar thoughthesyllablerepertoire
seemsto bedifferent (Nivison 1978).
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445 Excursion: Zenk-expression in house sparrow’ssongbrain

ZENK proteinisexpressed at high levelsas early as 15 minutes after aconspecific song
stimulusstarted (Mello et al. 1992, Mello & Ribeiro 1998). The expression wasespecialy
highin areasof theauditory telencephal on such asthe caudal and media neostriatum (NCM),
but it also occurred inthe HV ¢c-"shelf” and the RA-"cup” (Ball & Balthazart 2001). ZENK
expressionisbasal inresponseto smpletones, but it issevera timeshigher inresponseto
conspecific asopposed to heterospecific song (Meloet. a. 1992). The ZENK responseto
song isdependent on early experience, e.g. zebrafinchesraised in social isolation do not
exhibit thisresponse (Jin & Clayton 1997). However, | found no referenceinliterature studying
ZENK responsein birdscross-fostered by aforeign species.

TheZENK labelled cellsin RA-cup occurring in sparrow-, but not in canary-tapelistening
canary-reared birds suggests, that they recogni sethe different syllablesalthough they never
heard sparrow vocalization before. It will beinteresting to comparethe syllables of the sparrow
tapes (taperecordingsweretaken inthewild) with the syllable catal ogue of the canary-raised
birdsto seewhether the presented syllablesare smilar (or identical?) totheunlearned syllables

whichal canary-reared aswell as some sparrow-reared sparrows produced (see chapter 3).

IntheHV ¢- shelf lessimmunopositve cellsseemed to befound in canary-reared birdslistening
to canary playback thaninwild sparrowslistening to sparrow playback. However therewere
clearly more ZENK -labelled cellsthan in canary-reared birds|istening to sparrow playback.
Indeed canary-reared birdslistening to sparrow playback seemed to react likewild sparrows
listening to canary playback. Influenced by early learning experiences, canary-reared sparrows
seemed to be morefamiliar with the structure of canary song than with the simple sparrow
vocalization; the reaction seemed not to reach thelevel of conspecific song recognition. This

favourstheideathat the canary-like structurein ca-sinisindeed learned.

TheZENK expresson patternin/around HV c and RA seemsto goinlinewith thefindingsthat
HV c but not RA wasinfluenced by canary song complexity (seeresultsof thischapter) and
that canary-reared sparrowsal so produced unlearned, sparrow-typical syllables (see chapter
3). But al thishasto beread with the reservation that for concrete resultsdetailed studies of
other regions, especially NCM, are necessary, asare video tape analyses.

147



CHAPTER4

44.6 SUMMARY OF THE MOST IMPORTANT RESULTS

House sparrows can be induced to memorize arelatively wide range of model sounds.
Neverthel esstherepertoirel earning capacity facesan upper limit whichindividuasfully utilise,
but cannot go beyond. Withinadetermined range of learning abilities, HV cand RA morphol ogy
seemsto show arelation to singing complexity (production of canary-liketours) but not to
total repertoire size (number of syllables). Furthermorein malesHV c and RA morphology
showed dramatic differencesin different seasons (winter, summer), while captivity per sedid
not cause changesin overal brain size (i.e. telencepha on volume, brain weight) or any of the
measured features of forebrain song nuclel. Maesowned significantly larger song nucle than
femdes. Thesex differencesinbrain szefal into therange of specieswithsngingfemaeswho
possessarepertoiresizedifferent frommales. ZENK responsein HV c-shelf respectively
seemed to underlinetheresult that the canary-like sequencesin canary-reared house sparrow
vocalizationswereindeed learned, while several sparrow typical syllablesdid not haveto be

learned.

Theresult of increased HV ¢ volumeintour-snging sparrow maesrecommend further detailed
studiesabout learned vocal skillsand brain anatomy onthecellular level (e.g. neuron number,
neuron density, spine density, etc). However, the cross-fostering procedure and moreover the
comparison of two not closaly related speciesfirst demand further controls: cross-fostering
might influencehormona statesof anindividua (details see chapter 5) and in turn song nuclei
volumes, and vocal sKills, hererelated to brain size, could be constrained to some extent also

by morphology (details see chapter 6).
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INFLUENCE OF STEROID HORMONES

5 INLFUENCE OF STEROID HORMONESON THE VOCALISATION
OF MALE HOUSE SPARROWS
5.1 INTRODUCTION

Steroid hormones represent amajor class of regulatory influences on neural growth and
behaviour. Estrogen or testosteronetreatment promotesthe migration and/or surviva of new
HV ¢ neuronsin both devel oping and adult birds (e.g. Rasikaet al. 1994; Burek et al. 1995;
Hildago et d. 1995). Sex steroidshavea so been shown to drive significant increasesin somal
Size, spacing between cell somata, dendritic growth, and number of synapseswithin various
song regions (Bottjer & Johnson 1997). The correlation of vocal skills(singing canary-like
tours or not) and augmented song system anatomy of chapter 4, however, based on the
assumption that canary-like tours produced by canary-raised house sparrowsresulted from
song learning and memory. The present chapter control sfor possible objectionsfrom thefield

of endocrinology.

Many song control nuclei contain alarge number of cellswith receptorsfor androgenic
hormones, including HVcand RA (e.g. Arnold et al. 1976; Gahr 1990b; Balthazart et al.
1992). For exampl e, testosterone treatment stimul ates pronounced growth of HV cin adult
canariesaswdll asinjuvenilefemale zebrafinches, and leadsto stereotyped song production.
The mechanismsby which hormonesinduce neural growth and learned song behaviour are

poorly understood.

Malesinging activity iscorrelated with circulating level sof plasmatestosterone (details see
chapter 1, 1.3.3 testosteroneand song), i.e. song rateincreaseswith elevated plasmaT level
(Teble5.1).

Inthewild, house sparrows show maximum singing activity when testosteroneplasmaleve is
highest (Hegner & Wingfield 1986a). Thusan €levated plasmatestosteronelevel viaincreased
song rate may accidentally lead to tour-like structuresin the song of house sparrows. The
native song of house sparrows comprises sequences of repeeting onetypeof syllablesseparated
by silenceintervalslonger than 0.5 seconds. These sequencesdiffer fromtoursonly intheir
temporal structure asintervals between tour syllables are below 0.4 seconds (details see
chapter 3). Withincreased singing activity and morerapid singing thereisalso anincreased

probability for spontaneous occurrence of short tours. Furthermore, testosterone treatment of
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Table 5.1. Overview of experimental studies testing the effect of testosterone (T) on male
behaviour in birds. In these studies, control maleshad T levels below the breeding baseline
(as during chick feeding) (adapted from Foerster 2002).

behavioural trait effect of elevated T species Selected reference

song rate Increase piedflycatcher Silverin 1980
reed warbler Dittami et al. 1991
dark-eyedjunco Ketterson et al. 1992;

Casto et al. 2001
Laplandlongspur Hunt et al. 1997
Europeanstarling DeRidder et al. 2000
spotted sandpiper Oringetal. 1989
greattits Van Duyseet al. 2002
no effect red-winged blackbird  Beletsky et al. 1995

fema e starlings, for example, who normally do not sing complex songs, clearly stimulated
snging behaviour inisolation and revea ed their ability to Sng memorized, quite complex songs
(Hausberger et a. 1995). Thisraisesthe question whether house sparrowswith elevated

testosteronelevel sproduce syllableswith tour-like structureswithout learning experience.

Dehydroepiandrosterone (DHEA) can act asaprecursor of testosterone (Baulieu & Robel
1996; L ongcope 1996). DHEA, thoughit hasbeen studied intensively (especialy inmammals),
remains an enigmatic steroid (Lieberman 1986). It is known to have awide variety of
physiologica effectsincluding mgor regulatory effectsupon theimmunesystem (e.g. Robe &
Baulieu 1995; Shealy 1995; Loriaet a. 1996; Kroboth et a. 1999) and neuro-anatomical
effectsin adult animals (Somaet a. 2001). Thusit hasto beruled out that tour singingin
canary-raised house sparrowsisat least partially the result of testosteroneviaDHEA.

First | tested whether wild-caught house sparrowswith experimentally elevated or lowered
androgen plasma levels differ in their singing behaviour and vocal skills from control
individualswith natural plasmalevelsduring breeding season. Then | compared hormone
datafrom the experimental groupswith androgen plasmalevelsof my captivity-bred house
sparrowsto find out whether captivity in genera, and canary-rearing in particular, may induce

complex songsby raising androgen levels.
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5.2 METHODS
521 ANIMAL SUBJECTS

5211 EXPERIMENTALALTERATIONOFPLASMASTEROIDLEVELSIN
WILD-CAUGHT HOUSE SPARROWS

I caught 30 wild house sparrowsin the Fiinfseenland [ Five L akes Region], Bavaria, using
mistnetsinApril 2001. Threebirdswerekeptinan aviary inreserve. 27 birdswerehoused in
individual cages (Joko, Bramstedt/Bassum; 122cm x 50cm x 50 cm) in groups of 6-7 (2-3
individuals per experimental group) in ventilated rooms. Birdswere spaced to allow tape
recording of individuals. Birdswerekept under L/D 16h/8h light regimeto smulate breeding
conditions. All animalswerein reproductive stateindicated by the completely black bill (see
Appendix 2, Fig. A2.1). Food (seeds, insects, salad and fruits) and water were available ad
libitum during thewhol e experiment.

After two weeksof habituation individua birdswere randomly assigned to three experimental
groupsdefined by implants (see5.2.2 implantation of pellets)

52.1.2 COMPARISON OF STEROID HORMONE LEVEL SOF CANARY-
RAISED AND WILD HOUSE SPARROWS

Steroid hormone levelsof my canary-rai sed house sparrows, singing canary-liketours(ca-
sin) or not (ca-nosin), were compared to thetestosterone- and placebo-group of the experiment
of part 5.2.1.1 and an untreated group of wild-caught birds. The control group of untreated
wild house sparrowswere aready used in chapter 4 to study possibleinfluences of captivity
on song nuclei size. To study song recognition in canary-raised house sparrowsviaZENK
expression, | performed an experiment in sound-proof chambers 2.5 daysbefore birdswere
perfused. Food and light regimewereidentical for all birds (for detail sabout the procedure
during the ZENK experiment, see chapter 4).

522 IMPLANTATIONOFPELLETS

Theimplantation was done between 8.00 and 9.00 am. For hormonal treatment | used time
release pellets (Innovative Research of America, USA), which offer aregular release of drugs.
Therequired dosage was cal cul ated following Fusani (1999). Thetestosterone-group was
implanted with one pell et containing 1mg testosterone (21-day release pdllets, 35ul / day); the
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“blocker-group” wasimplanted with two pellets, one pellet containing 1mg Flutamide (21-
day release pdllets, 35ul / day) and one pellet containing Fadrazole (30-day release pellets,
35ul / day); control birdswereimplanted with an empty placebo pellet, called placebo-group.
All pelletswereimplanted subcutaneoudly on the bird’sback; theincision was closed with

Histoacryl® (Braun, Aesculap, Germany).

523 SONG BEHAVIOURANDANALYSESOFTHE IMPLANTATION
GROUP

Beforeimplantation each bird wastape recorded twice aweek (between 9.30t0 12.00 am
and 3.30t06.00 pm) for 20 minutes. From day 1 to 8 after implantation the birdsweretape
recorded each day dternatively inthemorning or afternoon. The Sennhel ser microphone (M EG6,
Version K6), connected with an Uher M517 tape recorder, was partly shielded to improve
separation of thetest bird’ svocalisation from background noise by the other birds.

Taperecordingsweredigitised at 22.050 kHz (= sampling rate) using aHamming window.
The recordings and the analyses were carried out with digital sound analysis system
Avisoft SaslabPro (Specht 2000, Avisoft Bioacoustic, Germany) using a Dell computer
(Dell OPTILEX GX 150) and Microsoft Windows 2000. Spectogramsof songsweregenerated
using a Fast Fourier Transform (FFT) of 256 points, a Filter Bandwidth of 300 Hz and
time resolution of 8,931 msec (Frame). For quantification spectrograms of Saslab32

were used (for detail s see chapter 3.2 song, methods).

To evauate whether spontaneoustrillsor toursoccurred, | checked al spectrogramsof all

20-mintaperecordings. Whenthesinging rate (number of syllables) increases, interva sdecrease
andinturn, theprobability to producetrill-likestructuresincreases. Thusto assessthe probability
of spontaneoustrillsor tours, respectively, in relation to experimental alteration of plasma

steroid levels| counted each syllablewithin each 20-min session.

For canary-rai sed sparrowstourswere cata ogued according to visual spectrogram-morphol ogy
in Powerpoint (Microsoft Office 2000). To assess syllable similaritiesin cases of doubt |

superimposed spectrogram copies using Adobe Photoshop (detail s see chapter 3).
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524 BLOOD SAMPLING

Blood wastaken once aweek beforeimplantation and at day 8 after implantation before
killing the birds. Ashormonal state changesduring theday all birdswere bled within one
hour (8.00 —9.00 am) to reduce variability of hormonal levels. With aneedle (0,5 x 16,
Terumo, Neolus) thewing vein was pricked and 150-200pl blood sampleswere collectedin
heparinized microcapillaries (Length 75 + 100 mm, Brand, Cat. No 7493 11). After
centrifugation (2500rpm, 5 min) plasma (50-100ul) was collected and subsequently treated
with 10 microliters 3-propiolactone sol ution according to USimport regulationsfor avian
blood. Samples were then stored at -80°C until transport on dry ice to Princeton under

permission of German and USauthorities.
525 PERFUSION

After thelast taperecording the birdswere bled, weighed and then killed with Diethylether
(Merck) between 8.00 and 12.00 am, followed by animmediate transcardiac perfusionfirst
with 0.9% sodium chlorid (200ml) and then with a4% formal dehyde solutionin PBS-buffer
(=FPBS). From the dead bird weight of organs (gonads) and skeletal measures (tarsus, bill)
weretaken. Total brainswere weighed and stored in 4% FPBSin the fridge until further
andyss.

526 STEROID HORMONE MEASUREMENT

P asmaconcentrationsof theandrogenstestosterone (T) and dehydroepiandrosterone (DHEA),
and the oestrogen estradiol (E,) weremeasured by anindirect radioimmunoassay (RIA) after
chromatography using amodification (Hau et d. 2000) of the method described by Wingfield
and Farner (1975).

5.2.6.1 REAGENTS

Antiserawere obtained from Wien Laboratories, Succasunna, New Jersey (T, DHEA) and
Biogenesisinc, Brentwood, NH, USA (E2) with crossreactivitiesgivenin Table5.2. Cross-
reactivities, however, only play aminor roleassteroidsdutein different fractionswith minimal
overlap. Thus, sincethesefractionsare analysed separately with the respective antisera, cross-
reactivities can be neglected (see Goymann 1999).
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Standard steroidswere purchased from Sigmaand steroids|abelled with tritium from NEN
Life Science Products, Boston, USA (now: Perkin-Elmer, Boston, USA). All chemica sused
wereof analytica grade (Appendix 1). Theassay buffer for sex seroidswasal.0 M phosphate

buffered NaCl solution with 1% gelatine and 1% sodium azide (PBSG), pH 7.0.

Table5.2: Percent cross-reactivities of androgen and estrogen antiserawith other steroid

compounds.

% crossreactivity
Compound T DHEA E,
5& Dihydrotestosterone 63.20 0.07
A-1-Testosterone 46.50
5&Androstan-3a.,17p-diol 17.70
A5-Androsten-3p,17p-diol 14.00
5&Androstan-3,17-dione 3.20
Epi-Testosterone <2.20
Aldosterone 4.50 2.5 <0.01
Hydrocortisone <0.20
Progesterone <0.20 <0.01
17-OH-Progesterone <0.01
Prognenolone <0.01
Estradiol <2.20
Epiandrosterone 7.5
Dehydroepiandrosterone (DHEA) <0.02 100 <0.01
Androstenedione <0.03
Danazol <0.08
Estradiol-178 (E)) 100
Estrone 14.00
Estriol 5.00
Cortisol 0.01
Deoxycorticosterone <0.01
Corticosterone <0.01
Cortisone <0.01
Testosterone (T) 100 0.08 <0.01

526.2 SOLVENT DESTILLATION

ACSreagent quality dichloromethane (M ethylene-chloride) and ethyl acetatewasditilled
within 24 hoursof use, using astandard distillation apparatus (distillation flask, condenser,
heater, collectionvessd). Thefirst and thelast 50mlswere discarded. For dichloromethane, a
Variac controlling the heater was set at 45°C. For ethyl acetateit was set at 70-75°C. | so-

octane (2,2,4 trimethylpentane) and chloroform can not be distilled due to extreme
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inflammability, so | used nanograde qudity only (Mallinckrodt). Distilled solventswere stored

inthedark until useto avoid peroxideformation.

5.2.6.3 PREPARATION OF PLASMA SAMPLESAND EXTRACTION OF
STEROIDS

Plasmasampleswere defrosted and transferred to glass centrifugation vias, after the exact
amount of plasmahad been measured (ranging between 50-100ul). All sampleswere brought
tothe samevolume (400ul) and refrigerated overnight at 4°C with 20l of eech tritiated steroid
(T, DHEA, E,) to alow hot steroidsto equilibrate with plasmalipids and binding proteins.
Two aiquotesof each labelled steroid were pipetted into scintillation via sdirectly, scintillation
fluidwasadded and storedinthedark until counting to determinethetota amount of radioactivity
added to the extraction tubes.

Sampleswereextracted oncewith redistilled dichloromethanein fridge overnight. Theorganic

phasewas decanted in anew via and dried under astream of nitrogen at 40°C.
5264 CHROMATOGRAPHY ON CELITECOLUMNS

For columnsonly adoublewater trap and pure propyleneglycol in glycol phase (no ethylene
glycol) were used. Extracted steriodswere separated with diatomaceous earth (celite) short
columnsfollowing Soma& Wingfield (2001) modified by Hau et a. (in press). Thecolumns
were prepared the preceding day by packing 5ml serological pipettesfirst witha0.8 ml *water
trap’ made of awater-celite-mixture (1:3, volume: weight [v:w]) and thenwitha0.6 ml pure
glycol phase consisting of apropylene glycol*-celite mixture (3:6, v:w). Before packing, a
glass bead was placed at the bottom of each columnto avoid leaking of the celitefromthe
columns. The water trap prevents glycols from leaving the columns when using high

concentrationsof polar solvents. Finally the columnswerewetted oncewith 4ml of isooctane.

Thedried extractswerere-dissolved with 0.5 ml of 10% freshly redistilled ethyl acetatein
isooctane and | oaded onto columns. Then the columnswere washed againwith 2.5 ml 10%
ethyl acetateinisooctane. Now the steroidswere separated on the basis of their polarity by
eluting columnswith 2.0 resp. 2.5 ml increasing concentrations of ethyl acetate (EA) inisooctane.
Thesequenceof steroidsin thefractionswas: DHEA (20% EA), T (40% EA) and E, (50%

*[propyleneglycol: 1,2 propanediol]
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EA).All fractionsweredried under astream of nitrogen at 40°C and re-dissolved in 550l
PBSG.

5.2.65 RADIOIMMUNOASSAY

A standard curve was established by serial dilution of a stock standard solution with a
concentration range of standard hormoneduplicate. Threetriplicate assay control viaswere
set up. (A) Thetota count comprised 200l assay buffer, 100ul tritiated steroid and 100ul of
the respective antibody. Thesetubesrepresent thetotal countsadded to the assay system (no
dextran-coated charcod waslater added to these tubes). (B) The non-specific binding control
consistsof 200pl assay buffer and 100l of the respectivetritiated steroid. It represented the
residual free counts not absorbed by charcoal. (C) Maximum binding wasthe same astotal

count, except that charcoal waslater added.

Aliquots(100ul) of the corresponding samplefraction weretransferred toglassvias. First the
respective antiserum (100 ul) was added to the standard curve, to controls (except non-
specific binding) and to diquots of samples. After 30 min 5000dpm of the respectivetritiated
hormonelabel was added and samplesincubated overnight at 4°C.

Free steroidswere separated from the bound fraction by adding 550ul dextran-coated charcoal
toall tubes, except for total count, to which 550ul assay buffer was added. After12 minutes
incubation with charcoal sampleswere spun (10 minutes, 4°C, 2000ppm). The aqueous part
wasdecanted in scintillation vials, vortexed and counted (Counter: Packard Tri-Carb 2100

TR) to an accuracy of 2% to estimateindividua extraction recoveries.
5.2.6.6 DATACALCULATION

Standard curves and sampl es concentrations were cal culated with apersonally (Prof. Dr.
Martin Wikelski) prepared Excel 2000 spreadsheet, comparable to the commonly used
Immunafit 3.0 (Beckman Inc.), using afour parameter logistic curvefit (y=[a-d]/ [1+{x/c}"] +d).
Thelower detection limit of the standard curveswas determined asthefirst value outside the
95 confidenceinterval for thezerostandard (B__ ). Lower detection limitsfor androgensand
oestrogenranged from 0.025t0 0.043 ng/ml. For al statistical anayses, non-detectableva ues
wereassumed to be equiva ent to these minimum detectableval ues, thusgiving aconservative

estimateof hormonelevels.
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Water blankswere aways bel ow thelower detection limit. Theinacurracy of the assayswas
below 5%. Intra-assay variationistypicaly below 8% for al assays. Inter-assay variationfor
all hormonal assaysranged between 2.8% and 3.5%.

5.2.7 STATISTICAL ANALYSESAND DATA PRESENTATION

For statistical analyses| used Systat 9.2 (Systat Software Inc., Richmond, CA), additional
SSS (Rubisoft Software). E, concentrations ranged bel ow the detection limit for nearly
al samples, thusE, wasexcluded from dl further analyses.

All dataweretested for normality (Kolgomorov-Smirnov Lillieforstest) and equality of
variances (Levine test). Data that passed these tests were analysed using conventional
parametric statistical tests. Datathat did not passthesetestswere anaysed using robust rank
order testsfollowing Siegel & Castellan 1988 (seed so Lozan & Kausch 1998).

Intheanalysesof plasmaandrogen level of canary-raised house sparrows, producing tours
(ca-sin) or not (ca-nosin), | included the (transformed) data of control- and testo-implanted
birdsasbasdinesand untreated wild birdsasacontrol. InthiscasetheANOVA was combined
with Bonferroni adjusted post hoc comparisons. The significancelevel wasset to o =0.05
and p-values were for two tailed tests. For multiple comparisons (Lamprecht 1999) the
significancelevel o wasadjusted following the sequential Bonferroni (sequ. Bonf.) method
(Rice1989).

5.3 RESULTS
531 EXPERIMENTAL ALTERATION OF PLASMA STEROIDS
5311 BODY MEASURES: BODY AND GONAD WEIGHT

Datashow, that nearly all birdslost weight withinthefirst week but regained weight again up
tothe start of the experiment and remained nearly stable until implantation, which caused a
dight decreaseindl birds. Birdsof different groupsdid not differ intheir body weight (one-
way ANOVA, F,_ = 0.82, p=0.45) (Fig. 5.1).

2,24
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Fig. 5.1: Body weight [g] of wild house sparrows during two weeks of habituation and
the experiment (1% week - death). Each symbol indicates mean + sem for 9 males. Details
concerning thegroupssee5.2.2 implantation of the pellets.

All birdswereinfull reproductive state, indicated by acompletely black bill and largegonads
(seechapter 1). Birdsof different groupsdid not differ in gonad weight (one-way ANOVA,
F,,,=0.61,p=0.55) (dataaregivenin Table5.3).

Table5.3: Weight (g) of left and right gonads of wild-caught house sparrowsafter oneweek of
theimplantation of placebo-, testosterone or Fadrazole+ Flutamide pell ets. Each group contains
9 maesrandomly assigned beforethe start of the experiment.

Gonad Placebo Testosterone Fadrazole+Flutamide
Left(meantsem) 0.22+0.02 0.20+ 0.02 0.23+ 0.01
right (mean+sem) 0.22 +0.02 0.21+0.02 0.23+ 0.02

5312 VOCALIZATION OFWILD-CAUGHT MALE HOUSE SPARROWS

Therewasno canary-liketour inany of thetaperecordings. Theindividuasof thedifferent
groupsdid not differ intheir Snging rateneither beforenor after implantation (repeated measures
ANOVA,F, ,,=0.06 p=0.94). Despitetreatment with different pelletsinno group asignificant
=1.02,
p = 0.32). Therewasalso nointeraction between groupsand time of implantation (before or

after) (repeated measuresANOVA, F,,,=0.12, p=0.89) (seeFig. 5.2).

changein singing behaviour could be detected (repeated measuresANOVA, F
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Fig. 5.2: Vocdization rate of wild house sparrowsbeforeand after impl antation of the placebo,
testosterone-, or Flutamide + Fadrazol e (blocking) pelletsrespectively. Each symbol stands
for 9 males. Datahad been In-transformed for the Satistical analyses (detailsseetext) and are
now presented as back-transformed means+ sem; ‘ ns' standsfor not significant differences.

5.3.1.3 STEROID HORMONE LEVEL

The concentrations of plasmatestosteronedid not differ between first and second week, thus

for further analysis| used the mean of both weeks (T12 = beforeimplantation).

Birdswith testosterone pelletshad significantly higher testosterone-level safter theimplantation
than before (robust rank test, U =-3.48, p << 0.001, sequ. Bonf. post hoc o = 0.016). There
were no significant differenceinthe placebo group between T12 and treatment (robust rank
test, U =-0.041, p>0.05, sequ. Bonf. post hoc o = 0.05) and in the blocker group between
T12 and treatment (robust rank test, U =-0.087, p > 0.05, sequ. Bonf. post hoc a. = 0.025)
(Fig.5.39)

The concentrationsof plasmaDHEA did not differ between first and second week, thusfor
further analysis| used the mean of both weeks (DHEA 12 = beforeimplantation).

Therewasno significant differencein the placebo group between DHEA 12 and treatment
(robust rank test, U = 1.90, p> 0.05 sequ. Bonf. post hoc a. = 0.05). Also, DHEA levelsdid
not differ before and after implantation in the blocking group (U =-0.098, p> 0.05, sequ.
Bonf. post hoc a = 0.016) or in thetestosterone group (robust rank test, U =0.25, p>0.05
sequ. Bonf. post hoc o = 0.025) (Fig. 5.4).
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Fig. 5.3: Testosterone (a) and DHEA (b) plasmaleve of wild-caught male house sparrows
before and after implantation of testosterone-, placebo, and Flutamide+Fadrazole pellets.
Data are presented as box plots showing median, 1% and 3 quartiles, minimum and
maximum. Dataweretested by robust rank test, p<0.001isindicated by ***, p>0.05is
indicated by ‘ ns' and representsnon-significant differences.

5.3.2 COMPARISON OF STEROID HORMONE LEVEL SOF CANARY-
REAREDAND WILD-CAUGHT HOUSE SPARROWS
Thegroupsdiffer significantly in plasmatestosteronelevels(one-way ANOVA, F, . =7.50,
p << 0.001). Bonferroni adjusted post hoc comparisons (values of post hoc probabilitiesare
givenin Table5.5) reved ed that testosterone-implanted birdshad significantly higher testosterone

levelsthan dl other groups, who did not differ significantly from each other (seeFig. 5.4).

162



INFLUENCE OF STEROID HORMONES

Table5.5: Matrix of pairwise comparison probabilities (Systat output style) for Bonferroni
adjusted comparison of testosterone plasmalevel. For one-way ANOVA analysis| used
transformed testosterone (T) data: T, =In(sgrt(T))+3.

placebo testosterone ca-nosin ca-sin wild
placebo 1.000
testosterone  0.002 1.000
ca-nosin 1.000 0.001 1.000
ca-sin 1.000 0.012 1.000 1.000
wild 1.000 0.0001 0.883 0.407  1.000
A B B B B

=
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Fig. 5.4 Testosterone plasmalevel in male house sparrows. Wild-caught birdswere testo-
and placebo-group, eachwith animplant, and thewild control without animplant. Ca-sinand
ca-nosinwere canary-raised sparrows either singing toursor not. Dataare presented as box
plots showing median, 1% and 3" quartiles, minimum and maximum for abetter comparison
with dataof theimplantation experiment.

Similar letters above boxes represent non-significant different medians from post hoc
multiple comparisons (pai rwise comparison probabilities see Table 5.5).

Groupsdiffered significantly in plasmaDHEA levels(one-way ANOVA, n=56, F, = 14.05,
p << 0.001). Bonferroni adjusted post hoc comparisons (post hoc probabilities see Table
5.6) reveded that thereisno significant differencein DHEA plasmalevel s between placebo
and testosterone-implanted birds, nor between wild and both canary-rai sed groups, i.e. ca
snand ca-nosin. Both placebo- and testosteroneimpl anted birdshad significantly lower DHEA
levelsthan wild and canary-raised birds (seeFig. 5.5).
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Table5.6: Matrix of pairwisecomparison probabilitiesfor Bonferroni adjusted comparison of
DHEA plasmalevd. For one-way ANOVA andysis| used transformed DHEA data DHEA, =
exp(sgrt(DHEA)).

placebo testosterone ca-nosin ca-sin wild
placebo 1.000
testosterone 1.000 1.000
ca-nosin 0.0000034 0.003 1.000
ca-sin 0.0002 0.035 1.000 1.000
wild 0.001 0.049 1.000 1.000 1.000
_ 2,0 A A B B B
E ]
(@]
c
:d; 1’57, T
3 | — T
g 1,0
= il
5 0,51
T 1 l
Q | — —
0,0 ‘ ‘ ‘
testo placebo wild control  ca-nosin casin

Fig. 5.5: DHEA plasmalevel in male house sparrows. Wild-caught birdsweretesto- and
placebo-group, each with animplant, and thewild control without animplant. Ca-sinand ca
nosin are canary-rai sed sparrows either singing toursor not. Dataare presented asbox plots
showing median, 1% and 3" quartiles, minimum and maximum for abetter comparison with
dataof theimplantation experiment. Similar |etters above boxes represent non-significant
different mediansfrom post hoc multi ple compari sons (pai rwise comparison probabilities see
Table5.6).

54 DISCUSSION

54.1 TESTOSTERONE

The,, blocker group” isthe only one showing at least ashort behavioural changein singing
activity withinthefirst two daysafter implantation. Thechangemight result from thefact that
these birds received two pellets (instead of onein the other groups) resulting in alonger
handling time. Indeed therewas o detectabl e differencein singing activity between birdswith
testosterone, placebo or blocking implants.

Testosterone-treated house sparrows did not produce ‘ spontaneous’ toursasfemale canaries

and starlingsdo. Evenif wild house sparrows may have memorized trillsfrom foreign species
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they did not produce them under experimentally el evated testosterone-levels. Whether the
sparrowsdid not memorizeforeign songsor whether maesdiffer inmechanismsfromfemaes
(what might be most probable) can not be decided from this experiment.

Adult male canaries, for example, respond to changing testosterone levelswith changesin
singing activity and song architecture (Heid et al. 1985). The house sparrowsdid not react
with anincreasein singing activity (amount of singing) or song rate (syllablesper time) to
experimentally elevated plasmatestosteronelevelsonly. In European starlingsactivitieslike
singing were not significantly different between testosterone-implanted and control males
(Gwinner & Gwinner 1994) when separated from femaes, but their snging activity issignificantly
higher during female presence (Eenset d. 1993). Thereason suggested for that isthat starlings
arehole-nesting songbirds (Pinxten et . 1989; Pinxten & Eens 1990) inwhich occupancy of
anest holeisthemost important initial step for mating (Eenset a. 1993; Gwinner 1997). In
house sparrows, too, holding of anest site appearsto bethekey to pair formation. Themale
announceshisownership of anest Siteby regular calling, thereby attracting femaes. If afemae
approaches, the calling rate speeds up considerably and the male displayswith hiswings
(Summers-Smith 1988). Given that singing proclaimsnest site ownership and attracts mates
prior to physical sexua contact, and that femal e presenceincreases singing activity and song
rate, it can be concluded that song produced in acontext unrelated to female courtship isnot,
but courtship singing iscontrolled by plasmatestosterone (Pinxten et a. 2002). Thismeans
that apossible’ accidental’” tour production might occur morelikely inthe presence of females.
But | kept my canary-raised males separated from other house sparrowsto avoid learning
from conspecifics. Thuswhiletape recording the canary-like singing house sparrows, and
consequently a so the birdsin the hormone experiment, were separated fromfemaes. Although
ca-sin (canary-liketour singing house sparrows) stayed in anon-courtship situation and had
low testosteronelevels, they produced canary-liketours. This, together with thefindings about
plasmatestosteronelevel, makesapurely hormonal explanation of tour singingin canary-
rai sed house sparrows unsati sfying; indeed the hypothesis of neuro-anatomical differences
between ca-sin and ca-nosin based on learning (or not) acomplex temporal patternisfavoured.
In conclusion toursare not suggested to be produced just by el evated plasmatestosterone
levels, but had to belearned.
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54.2 DHEA

Itisasurprising result that birds of the placebo- and testosterone-group had significantly
lower DHEA -levels than the house sparrows of the song study.

DHEA can act either as a precursor for testosterone or offer protective compensatory
mechanismsto counteract stress(Kroboth et d. 1999). Inhumans, for example, seriousillness
lowered plasmaDHEA-level, while acute stress of exercise (e.g. Diamond et a. 1995) and
chronic stress(Bernton et a. 1995) resulted in an acuteincreasein DHEA concentrations. No
increase of DHEA wasobserved inthe cerebral cortex of ratsaccustomed to being handled
for L minafter CO, inhalation or a5-minfoot shock (Barbacciaet al. 1994); but 2 days after
the heavy stressof adrenaectomy or acorresponding sham-operation DHEA-S! increased in
thebrain (Corpéchot et a. 1981). Thisleadsto the conclusion that the sparrows of the song
study faced severe stressfor alonger time.

Holding conditions—including temperature, food quality, food avail ability, day length—were
exactly thesamefor the experimenta groupsand for thebirdsof the song study. But sparrows
of thehormone study were caged inliving rooms, whilethe birds of the song study were kept
for 2.5 daysin asound-proof chamber (see chapter 4) to determinetheir behavioural and
neuronal (IEG?) reaction to hetero- and species-specific vocalizations.

Wild caught birdsfrom the sound-proof chamber had significantly higher DHEA-levelsthan
both placebo and T-implanted sparrows. Both canary-rai sed and wil d-caught sparrows showed
strong locomotion activitiesin responseto playbacks, but they did not differin DHEA-levels
from slence-, nor noise-controlswho mainly did not moveintheir cages. Thissuggeststhat an
elevated DHEA level isnot caused by highlocomotive activitiesor acoustic presentations, but
rel atesto keeping conditions (reduced echoes, smaller cages, lack of socia partners) in sound-
proof chambers. Neither in autumn nor in spring birds Somaet al. (2001) found increased
DHEA-levesafter capture, independent of handling time (10 and 30 minutes); they concluded
that stressdoesnot increase plasmaDHEA insong sparrows. [t may bethat their song sparrows
only sufferedfrom,,low stress* during captureand handling for arelativeshort time (30 minutes),

1 DHEA-S: DHEA with areversibly conjugated sulfate group (Lavalleeet al. 1996; Luu-Theet a. 1996)
2|EG: immediate early gene. This experiment isacontinuation of thisthesis. It was done just before the
birdswerekilled to study brain anatomy. Some details are given in chapter 4.
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while my house sparrows suffered from alonger lasting (2.5 days) more severe stress. My
study seemsto providethefirst evidencefor abird that differencesin stressresult in differences

in DHEA response.
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SONG PRODUCTION AND FUNCTIONAL MORPHOOGY

6 SONG PRODUCTION AND FUNCTIONAL MORPHOLOGY
6.1 INTRODUCTION

Any biological trait may evolveunder theinfluenceof avariety of selectiveforces, and often
these selectiveforcesact in opposition; thisisespecially important in vocal communication
systems(Ryan & Brenowitz 1985). While Greenewalt (1968), based onthetwo-voicetheory,
argued that thevocal tract playsno rolein song production, theimportance of thevocal tract
became moreand moreobvious (Nowicki & Marler 1988) during thelast decade. Nowicki’s
(1987) study with song sparrows, Md ospizame odia, snging inahdium atmosphere provided
aclear demondration that thevocd tractisinvolvedin song production. Furthermore Westnest
et a. (1993) have shown with white-throated sparrows (Zonotrichia albicollis) and swamp
sparrows (Mel ospiza georgiana) that dynamic changesin beak gape are highly correlated
with theacoustic frequency of the sound produced. Sound modification by openingand closing
thebeak suggestsalimiting constraint of body morphology, e.g. beak szeandjaw mechanics,
onvoca sKills, especialy when syllablesare produced in arapid sequenceliketrillsand/or
includerapid frequency modulations. In Darwin’sfinches, specieswith larger beaksand body
dzehaveevolved songswith comparatively low ratesof syllablerepetition and narrow frequency
bandwidthswhilethereverseistruefor smaller species(Podos2001).

Further physiological congtraintson thetemporal complexity of song arisefrom respiratory
demands. Only alimited volume of air isavailablefor expiration and thereisaneed for
respiratory gasexchange. Abbreviated ingpirationssmilar to canary mini-bresthsare prominent
song featuresinal songbird species studied sofar, suggesting that the use of mini-breathsisa
widespread motor adaptation for singing to replenish theexpelled air (Hartley & Suthers
1989; Suthers1997). Increasing body size most likely limitsthe maximum possibletrill rate,
presumably by increasing inertia forces. For example, the highest trill ratesfor mini-breath
gyllablesare 30/sin canaries, Serinuscanaria (weight: 18 g) and 16/sinthelarger northern
cardina, Cardinaliscardinalis(weight 40 g) (Suthers 1997; Suthers& Goller 1997). Above
thisrate birds use a pul satile expiration. Thus aconflict between phonetic and temporal
complexity isobvious: birdswith phonetically complex syllablestend to sing short songsat a
moderate pace. Those with temporally complex songsoften sing rapid trillsthat may | ast
many seconds, but often are phonetically lesscomplex. Itisalsolikely that these opposing

demandsinfluencethe pattern of song organi zation. Swamp sparrows, Mel ospiza georgiana,
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for example, that accurately copied the syllablesat theincreased rate of thetutor song had to
Interrupt song in aspecies-atypical fashion for aspiration (Podos 1996).

The canary song contains sequences comprising rapid repetition of onesyllable, called tour
(Guttinger 1979); joined toursform song types. House sparrowsimitated canary tours, but
they did not achieve thelength and tempora complexity of song types (detail ssee chapter 3).
Inthischapter | investigatethe possbility that differencesinbodily structuremay influencethe

extent to which canary tours and song types can be copied by asparrow.
6.2 METHODS
6.2.1 ANIMAL SUBJECTSAND TAPE RECORDINGS

All house sparrows and domestic canarieswere bred in our institute and kept in cages or
aviariesasdescribed indetail in chapter 2. Taperecordingsand resultsare described in chapter
3.All birdswerein reproductive state, indicated by acompletely black bill and large gonads
(gonad weight in captivity-bred sparrow males: n =59, mean + semleft side: 0.20g + 0.01,
mean £ semright side: 0.20g £ 0.01). Fresh air was controlled daily.

6.2.2 HISTOLOGY

Fresh syrinxeswereweighed immediately after perfusion on a Sartorius balance (Sartorius
Basic, BA 110s, Sartorius, Germany, 0.0001g). After perfusion and postfixation (1h) in FPBS,
total syrinxespassed through 70%, 80%, 90%, 100% (2x) ethanol, 100% ethanol + amylacetat
(2:1), 100% amylacetat (2x), amylacetat + paraffine (1:1) and double embedding in paraffine.
After 72 hrssectionsof 7 um were cut in widthwisedirection and fixed onthedideswitha
filtered egg white-glycerine solution. Slides passed through 100%, 90%, 80%, 70%, H,O
(2x), werestained in‘ Mayer’shaemalum’ (Kiernan 1999) solution, washed under running
water, overstained with 0.2% eosinein 50% al cohol, and passed though 70%, 80%, 90%,
100% ethanol (2x) and finally xylol (2x). Then dlideswere coverdipped by embedding in
Roth-Histokitt.

6.2.3 MEASUREMENTS

Syrinxesof three canary-raised birdswereweighed on aprecision balance. All threemales
had |arge gonads, indicative of breeding state. Syrinx sliceswere visualized using alight
microscope (L eitz Aristoplan) combined with avideo camera(spot insight, visitron systems).

M easurements were done by using an image analysis system (Metamorph 4.6, Visitron,
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Germany). Data were automatically exported into a prepared sheet of Excel 2000 (PC,
Microsoft office). For volume measurementsthe periphery of each bronchuswasdrawn on
digitisedimagesand theareawas ca culated by abuilt-in function of the software (Metamorph).
Thevolume of each bronchuswasthen calculated parallel to HV ¢ volume (see chapter 4):
>'measured areas x dicethickness (7 um) x interva between section (56 um) (Gahr & Garcia-
Segura1996).

Birdswereweighed dive (Kern 440-33, Germany, max. 1209, d=0.01 g), but body measures
weretaken after perfusion. Inthisanalysis| included the 59 captivity-bred house sparrows
(both canary- and sparrow-rai sed) whom | used for song and brain analyses, except males
killedin January.

6.24 STATISTICALANALYSES

For statistical analyses| used Systat 9.2 (Systat SoftwareInc., Richmond, CA). First, all data
weretested for normal distribution (Kolgomorov-Smirnov Lillieforstest) and equality of
variances (Levinetest). In normally distributed data setswith equal variances| used the
parametric t-test. All testsare two-tailed and the significance level wasp = 0.05. Usage of
statistical testsfollowed Conover (1980), Soka & Rohlfs(2000) and Lamprecht (1999). If

multi ple analyses were conducted with the same data sets (body measures) the significance

level o wasadjusted following the sequential Bonferroni Method (Rice 1989).
6.3 RESULTS

6.3.1 SYRINX MEASURES

6.3.1.1 SYRINXWEIGHT

Themedian of house sparrow syrinx weight was 0.025g (n = 3; min: 0.0215g , max: 0.0249q).
Comparisonswith datafrom literature (see Table 6.1) show, that syrinx weight of different

Speciesisvery smilar.
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Table 6.1: Wet weight (g) of passerine syrinxes from the literature and from my house
Sparrows.

species weight (Q) reference

house sparrow 0.025 Salwiczek

domestic canary 0.026 = 0.005 Johnston & Bottjer 1995

wild canary 0.023 £ 0.006 Leitner 1999

zebrafinch 0.026 £ 0.005 Lohmann 1997 cited by Leitner 1999

head
i tail

<«— Fig.6.2A
inxX
a4 <4— Fig.6.2B
| 4— Fig.6.2C
. 4—Fig.62D
bronchus
Imm

Fig. 6.1: Syrinx of ama e house sparrow during the breeding season, ventral view. Arrowson
theright sideindicate sectionspresented in Fig. 6.2 (seebelow). For moredetailssee chapter 1.

6.3.1.2 ASYMMETRY

Inmy house sparrowstheleft syrinx wasdightly larger than theright one(Fig. 6.2). Thesyrinx
asymmetry, calculated asbronchusvolumeof theleft Ssdedivided by volumeof theright side,
was determined for two sparrows and revealed a median of 1.06. Also canaries (n = 5)
possessadightly larger left than right bronchus (median: 1.12, minimum: 1.08, maximum:
1.21; datawerekindly offered by Prof. Dr. Manfred Gahr). Thussyrinx asymmetry in house

sparrowstend to be smaller thanin canaries.
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Fig. 6.2: Representative cross sections of ahouse sparrow syrinx. A) larynx, about 700pum
cranial of the syrinx; B) 70 um crania, where trachea dividesinto two separate bronchi;
C) first section with completely separated bronchi; D) 70 um caudal from C. Locations
of cross sectionsare also indicated in Fig. 6.1.

6.3.2 BODY MEASURES

Fig 6.3: Measuring distancesfollowing
Leisler & Winkler (1991).

L: beak length

D: beak depth

W: beak width

(for thispicture | deliberately chose afemale,
because in males the outline of the black beak
fuses with the black bib feathers).

e
House sparrowsdid not differ significantly from canariesin tarsuslength (separate variancet =
0.80, df =107, p=0.43, Bonferroni o. = 0.05). But house sparrows are significantly heavier
than canaries (separate variancet = -1.55, df = 106.6, p << 0.001, Bonferroni o.=0.01), and
they posses|arger beaksbased onlength (separatevariancet = -28.55, df = 106.8, p << 0.001,

Bonferroni o = 0.013), depth (pooled variancet =-3.47 df = 107, p = 0.0008, Bonferroni
o = 0.016) and width (pooled variancet = -8.22 df = 107, p << 0.001, Bonferroni o = 0.025).
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Fig 6.4: Body measuresof captivity-reared house sparrows (n=59) and maecanaries(n = 38).
Thegroup of house sparrows consistsof the birdsof the brain study (n=41). Inthegraphs
p<0.001isindicated as*** and p<0.01as**; ‘ns standsfor not significant differences. Data
areprovided asmean + sem. Tarsus, beak length, beak width and beak depth aregivenin
‘mm’, body weightin‘g’. Detail sabout the statisticsare givenin thetext.

6.3.3 SONG

Chapter 3 givesadetailed description about vocal skillsof canary-reared house sparrowsin
comparison to their canary tutors. Differences between domestic canariesand ca-sin, which
might beinfluenced by body morphology are:

- sparrow tourswere significantly shorter than canary tours(seeFig. 3.12);

- sparrows separated toursby aslent interva larger than silent interval s between syllables

withinagiventour whilecanariesdid not (seeFig. 3.4);

- sparrows displayed ad ower repetition rate at the same frequency bandwidth than canaries
did (seeFig. 3.15);

- the samerepetition ratein house sparrowsresulted in asmaller frequency bandwidth of the
syllablesthanin canaries(seeFig. 3.16);

- and canariesreached alarger maximum repetition ratethan sparrowsdid (canary: 55 Hz;
casin: 24.95; seeFig 3.15).
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6.34 CALCULATINGTHESWITCHINGPOINT BETWEENTHETWO
RESPIRATORY PATTERNS

Dataof domestic canary and northern cardinal weretaken from Suthers (1999). Theline
between thetwo species’ body weight inrelation to its corresponding upper limit for mini-
breathswas used as areference to cal culate the theoretical upper limit of repetition rate,
where house sparrows (own and from literature) would haveto switch from mini-breathsto
pulsatileexpiration. | used own data(red) and literature data(green); for thelatter | calculated
amean valuefrom themean of each author (dataaregiveninTable6.1). Fig. 6.7 suggestsa
limit for house sparrowsat arepetition rate between 22.5 - 25 syllables/seconds. Theca culated
vaueisvery closeto the observed maximum repetition rate of tour Singing house sparrowsas
described in chapter 3, 3.3.3.1 (seeFig. 3.15).

357
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S 30 wcanary
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% 20 \gorthern cardina
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Figure6.7: Repetition rate, cal culated from the datafrom canariesand cardinals, at whicha
house sparrow theoretically should switch from mini-breathsto pulsatile expiration. The
integrated table givesthe datava uesfrom Suthers(1999), themean body weight house sparrows
from our aviaries(red) and from literature (green) aswell astherespective calculated values
for thesparrow’scritical repetitionrate.
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Table6.1: Body weight (mean - standard error) of house sparrow malesfrom literature.

reference unit nr weight (g)
Baziev 1976 600m 20 28.40+0.32
1600m 21 28.13+0.37
Folk Et 1970 January 72 30.56+0.28
February 4 30.48+0.35
March 67 30.24 +0.23
April 82 31.52+0.21
May 96 29.37+0.23
June 39 30.39+0.41
July 57 29.60+0.34
August 68 29.81+0.29
September 60 31.15+0.32
October 82 30.99+0.20
November 82 30.39+0.23
December 69 31.34+0.26
Grimm 1954 Hohenthurm 249 33.68+0.12
Oppin 69 33.63+0.22
Passendorf 272 31.81+0.10
Buischdorf 65 32.68 + 0.28
Niethammer 1954 Mersch 125 2951+0.11
Gereonsweiler 79 28.94+0.94
Widdendorf 109 30.14+0.10
Buchholz 95 30.24 +0.15
Schaan 79 30.25+0.17
Waat 43 29.49+0.14
Ruhne 35 30.03+0.25
Eikeloh 85 29.71+0.14

6.4 DISCUSSION

Thesyrinx weightsof house sparrowsdid not differ from syrinx weightsof wild and domestic
canaries and of zebra finches. Though syrinx weight allows only arough estimation of
homogeneity of syrinxes- asit doesnot differentiate between extrinsic and intrinsic muscles
(Leitner 1999) - it would suggest that house sparrows are not constrained in sound production

by marked muscledeficiencies.

Syrinx weight based largely on muscle mass varieswith plasmaT-concentration operating
withinuse-disusechangesof muscles(Luineet d. 1980). Cadtration of adult malezebrafinches,
for example, isfollowed by adecrease of syringeal weight to 76% of that of intact animals
(Luineetd. 1980). Thismay beinduced by both lower plasmaT-level andlesssinging activity.
In contrast to zebrafinches, syrinx weight of wild canaries does not vary with changes of
gonads- followed by concomitant plasmaT-level sduring different seasons. Infact wild canary

mal es sing throughout the year except for the short period of moult (Leitner 1999). House
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sparrows’ pair formation often beginsin autumn (Schifferli 1974) which comesalong with
aready increased gonadsand increased singing behaviour during lateautumn and winter (Hegner
& Wingfield 1986a,b). Both autumnal gonads and singing behaviour suggest that house
parrows' syrinx weight would aso not differ sgnificantly between breeding season and autumn.
Thisgoesinlinewith my finding that Ramses produced canary-liketoursduring autumn (see
chapter 3). In sum, from thesimilarity of syrinx morphology between canary tutorsand their
house sparrow pupilsit isreasonableto assumethat the observed loss of repetition rateand

frequency bandwidth isbased on other causes.

Syringeal asymmetriesare prominent in some non-passerines (King 1989; Suthers1994), but
arelessevident among passerines. In some speciestheright sideisdightly smaler (Luineet d.
1980) and frequency rangesof |eft and right syrinx differ (Suthers 1999). Alsoin house sparrows
theright bronchus seemsto besmaller in volumethan theleft one, suggesting dightly different
frequency ranges. Different dimensionsof the bronchi (relative asymmetry) may betakenas
anindicationfor thesurface areasavailablefor attachment of muscles(asshownfor the skulll;
Johnston 1976). Thustherelatively high symmetry of house sparrow bronchi may suggestsa
comparablehigh symmetry of right and left muscles, andinturn amorebilateral usage of the

syrinx instead of theunilatera functiona dominanceinthecanaries.

The song analysesreveal ed that my house sparrows’ songsend up deficient in maximum
repetition rate and in frequency bandwidth in relation to agiven repetition rate compared to
their canary song models. One might assumethat other reasons (e.g. acousticsof theroom,
recording conditions, etc) than brain deficiencies or body morphology might haveledtothis
loss. Inchapter 2 and 3 (seee.g. 3.2.1 animal subject ) | mentioned that my canary-reared
sparrowswere caged if possibletogether withamale canary foster sibling. The song of these
canary young were not analysed and described in detail becauseliterature search did not
reveal any indication that house sparrows might copy songsfrom (con- or heterospecific)
siblings(for examplesabout copied tutors see Appendix 2). However, | tape-recorded two of
the canary foster siblings and looked through the tapes. There wasno indication that they
differed fromtheir canary tutors, but seemed to copy them precisaly (oneexampleisgivenin
Fig.6.5). Thisinturnfavourstheideathat house sparrows imitation ability sufferseither from
their brain- and/or from voca tract morphol ogy.
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Fig. 6.5: Sonagramsof canary tutor, canary foster sibling and aca-sin. Presented inthedigital
spectrogram are song sections of the samelength, which contain similar tours. Toursof the
following comparisonsareindicated by numbersand respectiveletters:

1a-1c: tour sung by the tutor and both pupils. The house sparrow sang it at ahigher sound
frequency; thetime patternisimitated accurately.

2a-2b: atour with ahigh repetitionrate, sung by canary tutor and canary pupil. Thistour was
produced with avery highrepetition rate. The canary foster sibling copied it precidy whilethe
gparrow did not (for detail sabout repetition rates see chapter 3).

Theavianjaw apparatusispart of thefeeding system (McL aland 1980), thus mechanismsof
jaw function and movement patternsaswell asfunctiona anaysisof beak shapeinbirdshave
mostly been correl ated to food composition (functional morphology of feeding, Bock 1966;
Bairlein & Gwinner 1994; for further references see Hoese & Westneat 1996). Beak length
might be one of the most important variables affecting foraging (Johnston 1976). In house
sparrowsbeak length shows seasond variationsasit doesin many other birdsthat arelargely
granivorousinthewinter and insectivorousin the summer; thisisdueto variationin rate of
wear experienced by the constantly growing horny tip (Clancey 1948; Davis 1954; Selander
1958). House sparrow’ s beak length variation between seasonsrangesfrom 3.5% (Davis
1954) to 12% (Steinbacher 1952) (see Table6.2). However, the length of the canary beak
only reachesabout 70% (in mean) of the house sparrow beak (seeFig. 6.4). Thisdifference
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Table6.2: Measures of males' beak during different seasonsfromtheliterature

reference  unit nr beak length (mm) beak width (mm)
Davis1954* Winter Berkeley 12 9.29+0.10
Summer Berkeley 14 9.69+0.10
Winter Pasadena 15 9.41+0.13
Summer Pasadena 14 9.97+0.11
Lack 19402 England 122 9.28+0.37 8.69 + 0.35
Germany 35 9.44 + 0.36 8.86 £ 0.26
Eastern states 109 944+ 044 8.73+0.30
mid-western states 79 951+0.44 8.87+0.28
Berkely Calif. 91 9.37+0.40 8.74+£0.29
Southern Calif. 70 9.70+ 0.54 8.93+0.31
Honolulu 14 9.82+ 0.30 8.71+£0.32
Steinbacher  Janary 14 12.60
19523 February 8 15.80
March 36 12.60
April 32 12.60
May 33 12.60
June 51 13.60
July 42 13.80
August 33 13.70
September 24 13.20
October 11 12.60
November 15 12.40
December 14 12.30
Packard August 7 9.44
19674 October 9 9.04

1 beak length: anterior edge of the nostril to thetip, mean - standard error

2 beak length: the culmen from the nostril to thetip of the beak , mean - standard deviation

inthecited reference dataare only available asafigure; beak length: the culmen fromthe
nostril to thetip of thehill

4 anterior margin of thenostril tothetip of themandible

in beak length between canaries and house sparrowsislarger than thewithin-house sparrow
variation of beak length between seasons. Thusany seasona changesof beak lengthin house

sparrows seemed to be negligiblefor song differences between the two species.

Passerineshave aconically shaped, horny beak. With increasing dimension (inlength, width
and/or depth) beak massand correspondingly the moment of inertiawill increaseduring rapid
opening and closing movements. House sparrows beakswere significantly larger inal three
dimensions(see. Fig. 6.4.). Thissuggeststhat house sparrows did not reach repetition rate
and frequency bandwidth at the upper edge of canaries performances becausethey own

larger beaks(inall dimensions) than canaries. However, theoretically aspeciescan accel erate
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alarger massin comparably short time by using moreenergy i.e. stronger muscles. Anincrease
of selected muscleshas already been demonstrated for columbid species: among thejaw
muscles, M. pterygoideus plays aprofound rolein closing the beak. In speciesthat peck
seedsand grainsfrom theground, thismuscleisof comparatively smpler structurethanitisin
specieswho pluck off large-sized fruitsfrom the | ofty tree-branches and grasp them with
cons derableforce before swallowing. Theforce produced by themuscleduring closureof the
beak ismuch greater inthelatter than in the former species (Bhattacharyya1997). Inbirds
with prizing movements (L orenz 1949; Beecher 1951; Wickler 1961; Neweklowsky 1972)
however | would suggest that musclesfor jaw opening may be particularly strong (seeaso
Stresemann 1934). Podos (2001) who studied Darwin finches, however suggestsanintrinsic
trade-off injaw biomechani cs between maximal forceand velocity. But whether thisintrinsic
trade-off also holdstruefor comparisons between less closely related species, like canaries
and house sparrows, remains an open question. Whether house sparrows, having significantly
larger bodiesthan canaries (seeFig. 6.4), also might possesgenerally stronger jaw muscles,
which may eliminate differencesin song performance based on different beak dimensions, is
not known. This, however, asksfor acomparative analysisof sparrow and canary jaw muscles

inreationto beak dimension.

Detailed measurementsduring singing (Calder 1970; Hartley & Suthers1989; Suthers &
Goller 1997) reved ed two different respiratory strategiesaccording to repetition rate (for
detailsseechapter 1, 1.5.2). Thelimit forcing an individual to switch from mini-breathsto
pulsatileexpirationisprobably determined e.g. by body mass (Hartley & Suthers1989; Hartley
1990; Goller & Suthers 1996a). Ca-sin produced canary-like tourswith arepetition rate
reaching thetheoretical border where sparrowsmight beforced by their body massto switch
to pulsative expiration. However, | could not find evidencethat they went beyond thislimit.
Thisrasesseverd questionslike: Why did ca-sin not produce canary-liketourswith arepetition
rate suggesting pulsatileexpiration? Do they switch dready at adower repetitionrateto pulsttile
expiration? Did sparrows’ respiratory strategy forceca-sintoincreasetheslent interval after

acanary-liketour, becausethey need this pausefor alarger inhaation?

To summarize, house sparrows owned syrinxesof comparableweight like canariesand other
Species, suggesting that syrinx musclesmight benot limiting invoca communication. Sparrows

had significantly larger beaksrelativeto domestic canariesby al three dimension measures
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(length, width, depth). Literature suggest that this causes severe performance constraintson
vocal tract dynamicsin that sparrows may be unableto perform therapid beak movements
necessary for high repetition ratesand large frequency bandwidth. Furthermore, house sparrows
werelarger sized (i.e. body weight) and reached maximum repetition rate at the cal cul ated
repetition limit, forcing them to switch from mini-breath to pul satile expiration; however they
did not go (far) beyond thispoint for unknown reasons. My anaysis cannot provide evidence
that morphological contraintswerethemain reason that sparrows could not imitatethe canary
song properly. However, it made wonder about thelimitsof voca imitationinacross-fostered
speciessinging ahetero-specific song. | thussuggest to clarify firstinhow far bodily structures

causeimitation deficiencies, and only thenlook for possible neurona shortcomings.

181



CHAPTER 7

182



GENERAL DISCUSSION

7 GENERAL DISCUSSION

In song bird literature one can find many and detailed studies about song copying in
cross-fostered species (e.g. Broughton et al. 1987; Clayton 1987, 1989; Conrads 1989;
Guttinger 1979). However, up to now such studiesdid not include, or have been followed
by, aneuro-endocrinological analysisnor have possible ontogenetic and morphol ogical

constraints been taken into account.

Imitating house sparrows are a particularly interesting case because it was ,, difficult to
believethat [...] the house sparrow Passer domesticus could have been taught [ ...] the
tunethat [ has been] recommended for them® (Thorpe 1955; for an example, seepage l11)
not to speak of such acomplex song asthat of thewell studied domestic canary; therefore
| deliberately chose to study canary-like singing house sparrows. Besides peculiarities
and open questions this pilot study isthefirst to present digital spectrograms of canary-
like singing house sparrows. Now | can suggest them to be an ideal model for studying
inter-specific song learning in relation to brain morphol ogy, with controlling for possible
sideeffects, e.g. agivenraising routine, socia interactions, potentially modified androgen

levelsand morphological constraints.
7.1 PIECING TOGETHER

My cross-fostering experiments showed that Thorpe’s scepticism wasunjustified. House
sparrow males showed an unexpected imitative singing ability, learning canary syllables
together with aparticul ar temporal pattern resulting in acanary-liketour* with aconstant
syllablerepetition rate. Both the ecol ogical and social environment seemed to influence
learning. Vocalizations of young reared by canariesin sound-proof chamberswererare
and did not comprise canary tours. Sparrow-raised young did not produce canary syllables
or tours either, while canary-raised birds did. Moreover the production of new syllables
within adefinite time seemed to differ between not learned and |earned song sequences

according to the type of early interaction with the tutor.

In passerines, male song isthe acoustic equivalent of the peacock’stail for which Darwin
suggested that it was the result of sexual selection by female choice (Catchpole 1987).

Elaborate singing isthought to serve asahonest indicator of male attributesimportant to

! Tour = sequence of rapidly repeated notes/syllables of only one type.
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female fitness if the displays are costly enough (Searcy & Yasukawa 1996). Available
data suggest that learning more as well as more complex songs (or larger repertoires) is
associated with augmented brain regions (e.g. Brenowitz & Kroodsma 1996; Airey &

DeVoogd 2000; Airey et al. 2000). The cost of brain spacefor learned tasks, however, is
controversially debated (see Gil & Gahr 2002). The,, most elaborate” singers, i.e sparrows
singing canary-like tours, owned a significantly increased HV ¢ thus song in sparrows
may indeed function asa,, peacock tail“ in mate choice. However thefunction of sparrows

song has been neglected in favour of sparrow males black bib; elaborated ornaments
such as patches of coloured feathers contrasting with the basic coloration have often
been explained on the basis that exaggerated sexual traits (influenced by androgens) act
asvisual cuesto male quality. But findings about male bib’sfunctionsare contradictory:

bib size seemsto correlate positively with dominance in flocks during feeding in winter
(Mgller 1988; Evans et a. 2000) in some populations, but not in others (Kimball 1996,
1997), and small-bibbed males were not cuckolded more frequently than large-bibbed
males (Cordero et al. 1999). It seemed to become obvious that sparrow females select
mal es on the basis of multipleindicators of male condition and genetic quality. In house
sparrows these indicators of high male quality may in addition to the ownership of a
suitable nest site (Summers-Smith 1988) and ornamentation (i.e. male bib, blackened
beak) also include alearned elaborate song display.

Neither singing ability nor singing rate per se (i.e. when singing for their own, outside
any social context) seemed to be correlated to elevated plasma testosterone levelsin
males. A house sparrow might sing acomplex temporal structure like atour also outside
the breeding season, when their beak was pal e-buff or ivory-coloured (see Fig. 1.1) and
brain nuclei were decreased. Thishowever does not wonder taking into account that pair
formation in house sparrows often occurs during autumn (Summers-Smith 1963, 1988)
and important sexually attractive cues like song features and ornamentations, should

then beavailable.

Within taxonomic familiesthere exist no genera correlation between song and syringea
complexity or the capacity to learn song (Baptista & Trail 1992). Vast differencesin
vocal virtuosity occur e.g. in estrildid finches; it rangesfrom the simpl e two-note song of

the pictorella finch (Heteromunia pictorella) to the elaborate, highly complex song of
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the Gouldian finch (Chloebia gouldia) (Thorpe 1961; Hall 1962; Immelmann et al. 1965,
1977). Syrinx weight, thought to be arough indicator for syringeal muscle mass, did not
differ between house sparrows and elaborate singers like wild and domestic canaries,
suggesting that syrinx is not the eye of needlefor elaborate singing. Therelatively high
symmetry of house sparrow bronchi point to a symmetrical use of left and right syrinx
halves, as is known for other species that produce many two-voice syllables (Suthers
1999). The neuronal coding for two-voice syllablesisstill unknown. They may provide

another route towards song complexity instead of temporal structure asin canary tours.

The higher the syllable repetition rate and the longer the song, the more challengingitis
to meet both the respiratory and phonatory requirements (Suthers & Goller 1997). The
house sparrows may be converting along canary song type consisting of a sequence of
severa tours into a series of pulsatile trills interrupted periodicaly by a mini-breath,
resulting in tours, which | suggested to be,, multi-note syllables*. Motor constraintswill
normaly play littlerolein voca development, aslong asbirdsaccurately imitate conspecific
song models. Offspring should be physically able to produce the song of their parents.
House sparrows' natural song comprisesmany syllableswith vibratos, i.e. rapid frequency
changes comparableto tours, though with smaller frequency bandwidth and fused sweeps.
But sparrows a so can sing drawn-out melodieslikethat of the domestic canary. It seemed
to be worth to study first the range of morphological constraints on vocal performance
rather than reduce differences in the species-specific acoustic features between model

and imitation on possible neuronal deficiencies.
7.2 FUTURE PROSPECTS: FOREIGN-SONG ASA REASEARCH TOOL

Communicationinvolvesasignal sender (7.2.1) and asignal receiver (7.2.2), both playing

different roles.

7.2.1 Signalling is costly, so the signaller must benefit from sending a signal. And the
benefit obviously must come through a recipient’s response to that signal. We know
much about birds' vocal copying capacity but only very little about itsbiol ogical relevance.
The imitative abilities of house sparrows opens the possibility to study the function of

|learned featuresin several social situations.
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Most authors argue that elaborate song attracts females or/and rejectsrivals (Catchpole
& Slater 1995). It might be worth testing whether canary-singing sparrow males use

canary-liketoursin the presence of females and of other males.

Social tutoring has shown to beimportant in song learning of house sparrows; thiscould
alow for foreign-song traditions, which may continue for several generations without
renewed human intervention as known from bullfinches and marsh tits (Nicolai 1959;
Becker 1978; Guttinger et al. 2002). This also makes it possible to identify the tutor(s)
from whom young sparrows learned. Up to now the evol utionary consequence of vocal
copying isonly known for broodparasitic widow birds (Nicolai 1964, 1973), where an
exciting case of co-evolution of genetic and traditive characters appeared?. Canary singing

house sparrows have the potential to become the second one.

Canary singing house sparrows offer atool to test models of animal signalling, which
assumethat displays of any kind should be costly if they carry honest information about
thequality of thesignaller (Zahavi 1975; Clutton-Brock & Albon 1979; Grafen 1990a,b;
Godfray 1991):

Sound production isknown to require energy for muscle activitiesduring singing (Goller
& Larsen1997a,b; Sutherset al. 1999; Larsen & Goller 2002) and to increase metabolic
ratein singing relativeto lower or basic metabolic rate (Ward et al. 2003). However, itis
still unclear how costly singingitself is. Ashouse sparrows separate pure-syllable sequences
from tour-comprising sequences, it might be possible to quantify whether singing of a
comparable simple structure (sequence of singlesyllable) islessor equally energetically
costly assinging of atemporally demanding pattern (tours) in asequence with increased

recall rate of different syllabletypes.

Females of the temperate zone are mostly studied as receivers rather than as sender of
song. Thus it was surprising to find reports that a female sparrow also imitated the
canary song (Ragotzi 1962) or developed - alone, just by exercise - a song with

improvisationsincluding mel odioustwittering combined with trills (Marek 1979). Video-

2 Song here serves as a socially acquired marker for the individual’s genetically determined mouth
colours. As aresult, mating only takes place between adult paradise whydahs who have learned the
same waxbill song and therefore have to carry identical mouth marking genes.
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and tape-recordings of courtship intwo pairsof sparrow-raised sparrows showed females,
who uttered scol ding sequences of rapidly repeated syllables. The behavioura observations
were supported by the found male-to-femaleratio of nuclel volumes, whichiscomparable
to that reported from specieswhere both sexes sing but differ in repertoire size. Females,
who are able to sing like canaries without artificially elevated hormone levels might be

interesting subjectsto study sex specific neuronal controlling.

7.2.2 Being attentive and responding to asignal is costly, too. The receiver should not
react to asignal unlessitisalsoin hisinterest. It is thusimportant to find out aswhat a
receiver identifies the heard sounds. Using the ,,IEG response” (Sheng & Greenberg
1990) of ZENK, the expression pattern of which depends on early experience (Mello et
al. 1992; Jin & Clayton 1997; Ball & Gentner 1998; Jarviset al. 1998), | found besides
behavioural (Salwiczek, in prep.) also neuronal indications that canary-raised house
sparrow malesrecognize canary song at least partially as sparrow-specific. Theindividual
ZENK mapsare representations of particular syllables, which could be considered asthe
outputs of asyllabic code, initsturn understood asthe rules by which the brain transforms
the physical properties of a set of syllables into a set of representations (Ribeiro et al.
1998). Thestudy of ZENK expression in canary-like singing malesmay help to understand
where and how such birds store and encode learned ,, tours* as well as tour-comprising
and pure syllable sequences. Thisin turn could give an answer why sparrows treat both

sequencesdifferently.
7.3 IN CONCLUSION

The adoption of foreign song elements does occur under natural conditions in various
songbird species including the house sparrow (e.g. Gwinner 1964; Dowsett-Lemaire
1979; Huber 1983; Slater 1983b), though it may go largely unnoticed by us. ,,Now, if a
bird really gets a sound in his mind from hearing it and sets out forthwith to imitate it
[...], itisamystery and deserves closest study” (Thorndike 1911, reprint 1965). Canary
singing house sparrows provide arich tool for an integrative approach (Salwiczek &
Wickler 2003), in which neurobiological investigations will be combined with early
development, sexual selection vs. natural selection, endocrinology and morphological

constraints on song production. It emphasizes that inter-specific comparisons of bird
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song and bird brain should include not only correction for phylogeny but also for
morphology. This is, because the phenotype of song need not exactly represent the
»memetype"’ (Salwiczek 2001) as morphology can serve as an interfering factor; thus
differences between model and imitation may reflect distorted production rather than
copying errors. Furthermore counting syllables or song typesto compare different species
might not reflect ‘true’ complexity of asong asin some speciessingle syllablesmight be
compressed complex songs (song parts). And rather than search for a, key adaptation”
or single explanation for the imitative ability (song learning ability) in passerines, it is
more appropriate to focus on the multiplicity of factorsinvolved in song production that

promote their successful adaptation shaped by different selective forces.
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APPENDIX 1: LIST OF CHEMICALS, SOLUTIONSAND MATERIALS

A1l LIST OF CHEMICALSUSED FOR ANALYSES (BRAIN, STEROID
HORMONES, SYRINX)

CHEMICALS COMPANY CAT.NR/LOT
Ac-BSA, 2% Sigma B8894
Aerosolsolution Sigma

Agarose (low melting, anayt. Grade) Serva 001140803
AgaroseNuSieve GTG Bio Whittaker 50080
Santa Cruz Egr-1C 19 Rabbit Santa Cruz PAKO0049
NeuN MAB377 Cemicon 21010288
amslgG (H+L)(gt) Biotin* Alexis VC-BA-9200
Ammonium Hydroxide Sigma A6899
Antielgoseingenin (?) Roche Diagnostics 1093274
Aquabidestillata H. Kerndl 20003
Autoradiography emulson NTB-2 IntegraBiosciences 1654433
Avidin/Biotin Blocking Kit Alexis V C-SP-2001
BCIP Roche Diagnostics 1383221
Blocking solution Roche Diagnostics 1096176
Bovine Serum Albumin Sigma B8894
BSA-solution Sigma B-8894
Buffer reference standard Sigma B-4895
Citric acid Sigma 63H 0201
Cytidine 5'-(apha-Thio) Triphosphare [*S] NEN Life Sciences NEG064H250UC
D(+)Saccharose Roth 90971
d-*S-CTP (Cytidin 5’ alpha-thio)triphosphate NEN Life Science L01-026-D
Dextran Sigma D-8906
Diethylpyrocarbonate (DEPC) Sigma D5758
Dextran Sulfate sodium Sigma D8906
Dextran-Sulfate Sigma D8906
Diaminobenzidin (DAB) Sigma 106H-8917
Diethylether reinst stab. mit ETW Merck 100923
Diethyl pyrocarbonate Sigma D5758
di-Sodiumhydrogenphosphat-Dihydrat reinst Merck 1.06576
Di-Sodiumhydrogenphosphat-heptahydrat Merck S9290
Dithiolthreitol Sigma D9779

0.1 M Dithiolthreitol-solution Promega P117B
DNase- solution Promega M6I0OA
EDTA Sigma E5134
EosineG Merck 115935
Essigsaureanhydrid Merck-Schuchardt 822278
Ethanol Roth 9065.2
HefeRNA Sigma R-6750
Ficoll Sigma F2637
Filmemulsion Kodak, Typ NT B2 165 4433
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CHEMICALS COMPANY CAT.NR/LOT
Formaldehyd, ACS, acid free FlukaChemie 47629
Formamid Sigma F-7503
Gelatine Sigma G-2500
Gel-Blotting-paper Schleicher & Schuell CS0589-1
Histokitt Roth 6638.1
Hydrochloride Sigma T3253
Kodak Developer D19 IntegraBiosciences  1BO4593
Kodak Fixer IntegraBiosciences  IBO1746
Magnesiumchlorid Hexahydrat Sigma 63072
MaleicAcid Sigma MO0375
Methylen Blue Serva 002919801
Mayers Haemalaunsolution Merck 109249
NBT 2 Nuclear Track Emulsion Roche Diagnostics 1383213
Nickel Sulfate Hexahydrate Sigma N4382
Nitroblautetrazoliumchl., Solution Roche Diagnostic 85931627
Normal Serum Alexis VC-S-5000
paraffine Klinipath b.v. 5079a
Paraf ormaldehyd Sigma P6148
Peroxidase VECTASTAIN Elite ABCKit (rb) Alexis VC-PK-6101
Polaroid Black-and-white Print Film Sigma F4638-2EA
Polyoxythylensorbitan Sigma PO416
Polyvinylpyrolidone (PVP) Sigma P5288
Proteinkinase K from Tritirachium Album Sigma P2308
rCTP Promega P114B
Ribonucleic acid type X1 Sigma R675
RNAse, Pulver 90436524 Roche Diagnostics 109126
RNase Boehringer 109126
Salmon DNA Sigma D7656
Sek. AK (Rabbit IgG) Vectasin Elite ABC Kit Alexis(D) PK-6101
SilicaGel Typelll Sigma S7625
Sodium chloride Sigma 9625
Sodium Dihydrogenphosphatedihydrat Merck 6345
Sodium dodecyl sulfate solution, 10% LifeTechnologies 5553UA
Sodium Phosphate Dibasic heptahydrate Sigma S9390
Sodium Thiosulfate Sigma S1648
C,H.ONa,*2H,0 Sigma C-8532
Sp6 RNA Polymerase Promega P108B

T7 RNA Polymerase Promega P207B
Thionine acetate Serva 07930
Triethanolaminefree base Sigma T1377
TrizmaBase Sigma T6066
Trizmahydrochlorid, 1M, pH 7.4 Sigma T2663
5x TSC-solution Promega P118B
Xylol Roth 9713.3



LIST OF CHEMICALS, MATERIALSAND SOLUTIONS

CHEMICALS COMPANY CAT.NR/LOT
yeast RNA Sigma R6750
Hydrochloride acid, rauchend Merck 1.00317

PRIMER obtained from Genzentrum, Feodor-Lynen-Str. 25, 81377 Munich, Germany

CHD-2550-F: 5-GTTACT GAT TCGTCCACGAGA-3
CHD-2718-R: 5'-ATT GAAATGATCCAGTGCTTG-3

3007-F: 5'-TACATA CAG GCT CTACTCCT-3
3112-R: 5-CCC CTT CAG GTT CTT TAAAA-3

Al2 LIST OF MATERIALSAND MACHINESUSED FOR DIFFERENT
ANALYTICAL METHODS

Superfrost plus Objekttrager Roth H867.1
Deckgléser Merck 631F9419

Sterican® Einmal-1njektions-Kantlen, Dunnwand, 0. x 40mm, 20 G x 11/2” Luer
Lock, Gr.1

Sterican® Einmal-1njektions-Kanulen, Dinnwand, 0.40 x 20mm, 27 G x 4/5” Luer-
Lock, Gr.20

Blaubrand® Einmal Mikropipetten mit Ringmarke, 100ul in 20°C, Richtigkeit < +
0.25%, Pazision < 0.5%, Cat.No. 7087 44; oder

Brand® Einmal-Kapillarpipetten, 50ul, Richtigkeit < + 0.5%, Pazision <1%, NH, —
heparinisiert, Cat.No. 7086 54

Collection tubes (2ml capless microcentrifuge tubes; Amersham pharmacia biotech)

GMX™ Columns (MircoSpin™ columns pre-packed with aglass fiber matrix;
Amersham pharmacia biotech)

Terumo syringe, 50 ml

Perkin EImer GeneAmp PCR System 2400, and Perkin Elmer GeneAmp PCR System
9600

Elektrophoresis: normal horizontal agarose gel electrophoresis apparatus
Freezing Microtome: LeicaCM 1325

precision balance Sartorius Basic BA 110S (max. 110g, < = 0,0001)
analytical balance Kern 440-33 (max 120g, d=0,019)

Digital pH Meter, pH525 WTW

magnetic stirrer Heidolph MR 2002, with heat

Microtom HM 335 E

WTC binder D-100 Horo Stuttgart
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Al2 LIST OF SOLUTIONS
A.121 BLOOD SAMPLING

- Extraction Solution (Buffered solution containing achotrope and detergent; obtained
from Amersham pharmacia biotech)

- Wash Solution: thisis part of the GFX blood extraction kit which is obtained from
amerscham pharmacia biotech inc, order number 27-9603-01

- TE-buffer (10mM TrisHCL, 1 mM EDTA, ph 8.0; 70°C)
- TBE-buffer: 45mM tris-borate, 1ImM EDTA, pH 8.0

- Gel: 2.5g NuSieve + 100ml 1xTBE-buffer

- 1% Ethidiumbrom-solution thisis approximately 0.5ug/ml

- Queenslysis buffer: 0.1M tris, 0.01M NaCl, 0.01M Na-EDTA, 1% n-
lauroylsarcosine, pH 8.0

A.1.22 PERFUSION
- 0.9%ige NaCl-Lsg (mind. 100 - 150 ml)
4% FPBS (minimum 150 - 200 ml/brain)

A.1.23 NEURON SPECIFIC STAINING
- 25mM physiologicia phosphate buffer saline (PBS)
50ml 0.4 PB + 750ml dH.0 + 7.2g NaCl; adjust to pH 7.3
- 25mM PBS: 62.5ml 0.4 M PB + 1000ml dH,0 + 9.0g NaCl
- 0.01M citic acid buffer: 2.94g citric acid dissolved in 1.0 L ddH,0; adjust to pH 6
- 4% Normal Goat Serum (NGS): 2ml NGS + 48ml 25mM PBS
- gpecific antibody: Chemicon NeuN [5ul/1 slide with 1:100]
- 4 dlides: 20l antibody + 1980 ul 25mM PBS
- secondary antibody: Biotinylated anti-mouse JgG (SK):
14pl SK/ 1ml PBS buffer for 1 dide
- ABC reagens:. 9ul reagensA + B / 1ml PBSfor one dlide
- Diaminobenzidin (DAB) solution: 25ml 25mM PBS + 1 pellet (30mg) DAB
- DAB reaction: 3ul H,O, + 1ml DAB
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A.1.24 ZENK STAINING

- 0,1M phosphate buffer (PP) 2000ml:
6,24g NaH_PO, x 2 H,O + 28,469 + Na,HPO, x 2 H,0 + ad 2000ml H,0
adjusttopH 7,4

- Tris Buffer (mix thoroughly):
3.305g TrizmaHCI + 0.5 g Trizma base powder + 500 ml dH20;

dest’

adjust pH to 7.4 with Tris base solution
- Tris Base Solution (mix thoroughly): 4.84 g Trizma base powder + 10 ml dH20
- 0,1% Triton x 100 in 0,1M PP: 270pul Triton x 100 + 300ml 0,1 M PP
- NGS blocking
5% NGSin 0,1M PP + 0,5% Triton x 100
+ 150pl Triton x 100 ad 30ml 0,1 M PP
+5ml NRS ad 29,55ml solution |
- Avidin blocking: 12 dropsAvidin-blocking-Reagent ad 30ml 0,1 M PP
- primary antibody:
1:10 000 dilution Zenk-antibody (Santa Cruz C 19)
+ 9 drops NGS (Elite-Kit) ad 30ml 0,2AM PP
+ 12 drops (600ul) Biotin-Blocking-Reagent ad 30ml 0,1M PP
+ 3ul antibody ad 30ml 0.1M PP
- Secondary antibody Goat Anti Rabbit |G, biotiniliert
75ul stock solution ad 30ml 0,1M PP
- ABC-solution:
12 drops (600ul) solution A ad 30ml 0,1M PP
12 drops (600ul) solution B ad 30ml solution |
- colour reaction (0,03% DAB / 1mM NiSO, / 0,1% H.O,)
+0,03g DAB (3 Tabs) + 90ml H,O_ . (defrosted at the beginning of the day)
+2,63g NiSO,(H,0),
+ 10ml 1M Tris-Buffer
+0,3ml 30% H, O, (start of the reaction)
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APPENDIX 2: SONG LEARNING EXAMPLESFROM THE LITERATURE

TableA2.1: Examplesfor social selectivity with selected references

Tutor Species Reference
Only livetutor Short-toed Tree-creepers Thielcke 1984
Certhia brachydactyla
Eurasian Tree-creepers Certhia familiaris Thielcke 1970

Tape and live tutor

Kroodsma & Verner 1978
Waser & Marler 1977

Sedge wren Cisthothorus platensis
Domestic canary Serinus canaries

Common starling Surnus vulgaris Hausberger 1993;
Chaiken et al. 1993
Chaffinch Fringilla coelebs Thorpe 1958

White-crowned sparrow Zonotrichia leucophrys Marler 1970
Swamp sparrow Melospiza georgiana Marler & Peters 1977

Table A2.2: Choice of tutor in some avian species vocal development (song and call)

with selected publications

Tutor

Species

Reference

Own or canary foster
father; for females:
father and mate

Bullfinch Pyrrhula pyrrhula

Nicolai 1959

Own or bengalese
finch foster father

zebrafinch (lab)
Taeniopygia guttata

Immelmann 1969; Béhner 1983

father: 60% son
father: 80% contact call

zebrafinch (wild)

Zann 1990; Zann 1993

father

Bengalesefinch
Lonchurastriata

Dietrich 1980

Mostly father Domestic canary Waser & Marler 1977
Serinus canaria
Darwin’'sfinches Grant 1984; Millington & Price
1985; Gibbs 1990
Adultrivals Song sparrow Nice 1943; Beecher et al. 1994
Territorial neighbour Melospiza melodia

Territorial neighbour

Great tit Parus major
Bewick’swren
Thryomanes bewickii
Marshwren
Cistothoruspalustris
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SOCIAL LEARNING EXAMPLES

Tutor

Species Reference

Nuttals's White-crowned sparrow (wild)  Baptista 1975;

Z. 1. nutalli Petrinovich 1988
Rufous-collared sparrow

Z. capensis Nottebohm 1969
Crested Lark Galerida cristata Tretzel 1965
Saddleback Philesturnus caruncul atus Jenkins 1978

corn bunting

Emberiza calandra
Housefinches
Carpodacus mexicanus

McGregor & Thompson 1988

Mundinger 1975;
Bitterbaum & Baptista 1979

Territorial neighbour,
father

White-crowned sparrow (wild)
Zonotrichia leucophrys

DeWolfe et al. 1989;
Cunningham 1987

Neighbour at settling
site

White-crowned sparrow (wild)

Z.l. oriantha Baptista & Morton 1988

Same sex conspecific

Indian hill mynah Gracula religiosa Bertram 1970
Common starling Surnus vulgaris Hausberger 1993;

Chaiken et a. 1993
Bay wren Thryothorus nigricapillus Levin 1985

slate-coloured boubou

Laniariusfunebris Wickler & Sonnenschein 1989

Mate (Parents)

Various cardueline genera Mundinger 1970;

e.g. Carduelis, Carpodacus, Loxia Samson 1978;
Groth 1993
Africanforest weaver Seibt et al. 2002

Ploceus bicolor sclateri

Flock members

Black-capped chickadee Mammen & Nowicki 1981

Parusatricapillus

Colony members

Yellow-rumped cacique
Cacicusc. cela

Feekes 1982; Trainer 1988

Alphamale Village indigobird Vidua chalyeata Payne & Payne 1996
Siblings(father) Chaffinch (lab) Fringilla coelebs Thorpe 1958
White-crowned sparrow (lab) Marler 1970
Estrildid host species Viduinefinches Nicolai 1964, 1973;
Payne 1973
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APPENDIX 3: CANARY-LIKE TOURS SUNG BY HOUSE SPARROWS

The following catal ogue shows some canary-like tours sung by ca-sin. Each of the
selected examples was sung by several sparrow males.
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