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Summary

C

ircadian rhythms can be observed in almost all species. They occur in bacteria, fungi,
plants and animals and have evolved independently several times. The existence of an

endogenous clock, measuring time even without external cues, was at first highly debated, but
could be proven in a large variety of species. More importantly, their adaptive value was
shown as well. Individuals or populations do better when their circadian clock matches their
environment and do mostly worse when their circadian clock is disturbed or absent.
A circadian rhythm is characterised by a free-running period of roughly 24 hours, temperature
compensation and entrainability. This means that the rhythm continues under constant
conditions on its own. It also continues at the same speed independently of temperature. A
periodic change of temperature though, or any other regular external cue such as light-dark
cycles or a food source, entrains the circadian clock by resetting its period to the period of the
external cue. The phenotype of a circadian clock that is entrained is called chronotype and
describes the preferred time of activity in relation to the external cue. Species and individuals
differ in their preferences, and individuals within a population or species can be classified as
early or late chronotype in comparison to their conspecifics.
In this thesis, I investigate the effects of endogenous and environmental factors on the
circadian clock and on chronotype in songbirds. These factors include light, temperature and
migratory behaviour.
Light was the variable investigated in a collaborative study that compared urban and rural
Common Blackbirds (Turdus merula). My collaborators and I found that due to light pollution,
birds from the city experienced more light at night and in the morning than those from the
forest and were awake earlier in the morning. When brought into captivity, the free-running
period of birds from the city was shorter and more arrhythmic compared to forest birds. As the
free-running period has a heritable component in various species, this suggests microevolutionary changes rather than phenotypic plasticity in a new habitat.
Temperature effects were studied in Great Tits (Parus major). Birds were kept at two constant
temperature levels differing by 10°C. The switch to a higher temperature caused a shift
towards an earlier chronotype and a slower free-running period. The reverse was true for the
change from higher to lower temperatures. While the temperature effect on free-running
period was small, it could have larger consequences in an environment with bigger
temperature ranges. Activity under entrainment was highly repeatable, showing that
chronotype is stable and precise, providing a phenotype for selection to act on. We also found
that activity onset in the morning showed higher repeatability and was less sensitive to
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temperature effects than activity offset. Therefore the more precise activity onset might be
more suited to determine chronotype.
Both temperature and light are external factors, but circadian rhythms can also be influenced
by the internal state of an organism. One of these changes occurs twice a year in birds that
migrate from wintering grounds to breeding areas and back. To cover large distances in a short
time, many birds that are usually active during the day start flying at night. This behaviour can
be artificially induced in captivity by food deprivation. While ambient temperature can
influence circadian rhythms to a certain degree, body temperature is a part of the circadian
system itself. Body temperature is controlled by the circadian pacemaker and helps
synchronisation of the different clocks in the body. It rises in advance before activity starts in
the morning (or evening in a nocturnal animal) and is generally higher in the active phase than
at rest. Accordingly, the additional nocturnal activity might influence body temperature as
well. We recorded activity and body temperature in Eurasian Blackcaps (Sylvia atricapilla)
caught during migration and found that the temperature pattern did not change. However,
temperature levels were in general lower during food deprivation both during the day and at
night, indicating an energy saving strategy rather than a change in the circadian clock. As body
temperature did not change with activity it might be better suited to determine chronotype,
because activity seems more susceptible to short-term changes in environment.
If body temperature were to be used to determine chronotype, the data need to be reliable.
Measurement of peripheral body temperature offers a good alternative to data collected by
surgically implanted data loggers, but has so far not been examined for its performance.
Therefore we collected body temperature data of Great Tits with radio transmitters and PIT
(passive integrated transponder) tags. These were analysed for their repeatability and
precision and their ability to detect daily temperature changes. Both were found to be suitable
to measure peripheral body temperature in these respects, despite differences in detection
range, temporal resolution and sensitivity to environmental factors.
Another part of circadian rhythm analysis that can be improved is free-running period.
Constant conditions are needed for measurement, which means that animals from the wild
have to be brought into captivity for a longer time. The activity measured from these
individuals is likely to be disturbed by stress. The free-running period could also depend on
previous experience of photoperiod, general health or age. An alternative to this method is the
use of fibroblasts from the animals’ skin in cell culture to measure clock gene expression
rhythms. The use of the fibroblast protocol however was limited to mammalian species.
Therefore I adapted the existing method to an avian system and found that fibroblasts from
Zebra Finches (Taeniopygia guttata) can be grown from small skin biopsies that do not harm
the bird. Furthermore, these cells could be infected with a lentiviral construct that allows
measurement of clock gene expression by bioluminescence. This means that it is now possible
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to measure free-running period in birds without keeping them in captivity and without
confounding effects caused by the birds’ behaviour.
My results show that the circadian clock and chronotype can be shaped by different
environmental or endogenous factors, and that these results can differ depending on the
variable that is used for measurement. It has been shown in other studies that the behaviour
of animals in captivity can differ from their natural behaviour. This also pertains to activity
patterns and chronotype, therefore animals need to be studied under natural conditions. If
this is not possible, a molecular approach might be more suited to extract relevant
information. The results I present offer the chance to combine methods from the laboratory
and the field for a better understanding of circadian rhythms, their variation and their adaptive
value.
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Zusammenfassung

C

ircadiane Rhythmen findet man in den meisten Arten, in Bakterien, Pilzen, Pflanzen und
Tieren, wo sie mehrfach unabhängig voneinander entstanden sind. Das Vorhandensein

einer inneren Uhr, die Zeit ohne äußere Hinweise messen kann, war zunächst umstritten,
konnte aber in einer großen Anzahl von Arten nachgewiesen werden. Wichtiger noch, es
konnte auch gezeigt werden, dass innere Uhren evolutionär vorteilhaft sind. Individuen oder
Populationen sind erfolgreicher, wenn ihre innere Uhr zu ihrer Umgebung passt, wohingegen
eine Störung der inneren Uhr oder ihre Abwesenheit meistens zu Beeinträchtigungen führt.
Ein circadianer Rhythmus zeichnet sich durch drei Dinge aus: eine freilaufende Periodenlänge
von etwa 24 Stunden, Temperaturkompensation und die Fähigkeit zur Synchronisation mit
einem sogenannten Zeitgeber. Das bedeutet, dass der Rhythmus auch unter gleichbleibenden
Bedingungen andauert. Seine Geschwindigkeit verändert sich dabei nicht, selbst wenn die
Umgebungstemperatur dies tut. Ein regelmäßiger Wechsel der Temperatur hingegen, genauso
wie der von Tag und Nacht oder auch eine wiederkehrende Futterquelle, kann die innere Uhr
an diesen angleichen. Der Phänotyp einer inneren Uhr, der mit einem Zeitgeber synchronisiert
ist, nennt sich Chronotyp. Er beschreibt das Verhältnis zwischen der bevorzugten Aktivitätszeit
und dem Zeitgeber. Verschiedene Arten und Individuen unterscheiden sich in ihren Vorlieben
in dieser Hinsicht. Ein früher oder später Chronotyp ergibt sich dabei immer aus dem Vergleich
eines Individuums mit seinen Artgenossen.
In dieser Dissertation untersuche ich die Effekte von endogenen Faktoren und
Umwelteinflüssen auf die innere Uhr und den Chronotypen in Singvögeln. Zu diesen Faktoren
gehören Licht, Temperatur und Zugverhalten.
Licht war der untersuchte Faktor in einer gemeinsamen Studie die den Vergleich von stadt-und
waldbewohnenden Amseln (Turdus merula) zum Ziel hatte. Meine Kollaborationspartner und
ich fanden heraus, dass Amseln in der Stadt morgens und in der Nacht durch
Lichtverschmutzung mehr Licht ausgesetzt waren als ihre Artgenossen im Wald und so
morgens früher aufwachten. Als ihre freilaufende Periodenlänge in Gefangenschaft untersucht
wurde, zeigte sich dass diese in Amseln aus der Stadt nicht nur kürzer war als bei solchen aus
dem Wald, sondern auch unregelmäßiger. Da die freilaufende Periodenlänge in verschiedenen
Arten auch erblich ist, weist dies auf mikroevolutionäre Vorgänge hin und nicht nur auf eine
phänotypische Anpassung an einen neuen Lebensraum.
Temperatureffekte wurden in Kohlmeisen (Parus major) untersucht. Die untersuchten Vögel
wurden in unterschiedlichen konstanten Umgebungstemperaturen gehalten, die sich um 10°C
unterschieden. Wechselten die Vögel zur höheren Umgebungstemperatur, begann ihre
Aktivität früher und ihre freilaufende Periodenlänge verlangsamte sich. Das Gegenteil
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passierte

beim

Wechsel

zur

niedrigeren

Temperatur.

Obwohl

der

gemessene

Temperatureffekt auf die freilaufende Periodenlänge sehr klein war, könnte er größere
Auswirkungen in einer Umgebung mit stärkeren Temperaturunterschieden haben. Die
Aktivitätsmuster unter normalen Lichtbedingungen waren sehr wiederholbar und zeigen dass
ein Chronotyp stabil und genau ist, womit er einen Ansatzpunkt für die natürliche Auslese
bildet. Des Weiteren stellte sich heraus, dass der morgendliche Beginn der Aktivität besonders
wiederholbar war und zudem weniger von der Temperatur beeinflusst wurde als das
Aktivitätsende. Daher bietet sich der präzisere Aktivitätsbeginn zur Bestimmung des
Chronotyps an.
Sowohl Temperatur als auch Licht sind Umwelteinflüsse, doch circadiane Rhythmen hängen
auch vom inneren Zustand eines Organismus ab. Dieser ändert sich zweimal im Jahr in
Zugvögeln, wenn sie aus den Winterquartieren zu den Brutgebieten fliegen und zurück. Viele
Vögel, die normalerweise tagaktiv sind, beginnen nachts zu fliegen, um lange Strecken in
kurzer Zeit zurückzulegen. Dieses Verhalten kann in Gefangenschaft auch durch Futterentzug
ausgelöst werden. Temperatur hat nicht nur einen Einfluss auf circadiane Rhythmen, sie ist
auch ein Teil der inneren Uhr selbst. Der circadiane Schrittmacher steuert die
Körpertemperatur und synchronisiert dadurch auch die verschiedenen Uhren im Körper. Die
Körpertemperatur ist während der Ruhephase eines Tieres etwas niedriger, steigt aber an
bevor morgens (bei einem nachtaktiven Tier abends) die aktive Phase beginnt.
Dementsprechend könnte die zusätzliche nächtliche Aktivität auch die Körpertemperatur
beeinflussen. Wir zeichneten die Aktivität und Körpertemperatur von Mönchsgrasmücken
(Sylvia atricapilla) auf, die während ihres Zuges gefangen wurden. Das Muster der
Körpertemperatur veränderte sich nicht mit der zusätzlichen Aktivität, wohingegen die
Körpertemperatur als ganzes während des Futterentzuges niedriger war. Dies deutet eher auf
eine Energiesparmaßnahme hin, als eine Anpassung der inneren Uhr. Da sich die
Körpertemperatur nicht mit der Aktivität veränderte, könnte sie eine bessere Variable zur
Bestimmung des Chronotyps sein als die Aktivität, die von kurzfristigen Änderungen in der
Umgebung beeinflusst wird.
Wenn Körpertemperatur zur Bestimmung des Chronotyps benutzt werden soll, sind
verlässliche Daten vonnöten. Die Messung der peripheren Körpertemperatur bietet sich als
Alternative zur Datengewinnung mittels operativ eingesetzter Datenspeicher an, wurde bisher
aber

noch

nicht

auf

ihre

Leistung

hin

untersucht.

Daher

sammelten

wir

Körpertemperaturdaten von Kohlmeisen mittels Radiotransmittern und RFID Transpondern.
Die Daten wurden auf ihre Wiederholbarkeit und Präzision untersucht und ihre Eignung,
tägliche Temperaturschwankungen zu erkennen. Trotz Unterschieden in Reichweite, zeitlicher
Auflösung und Anfälligkeit gegenüber Umwelteinflüssen, zeigten sich beide Methoden zur
zuverlässigen Messung peripherer Körpertemperatur geeignet.
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Neue Methoden könnten auch die Analyse der freilaufenden Periodenlänge erleichtern. Um
diese mittels Aktivität zu messen, sind gleichbleibende Bedingungen nötig, was vor allem für
Wildfänge eine lange und anstrengende Gefangenschaft bedeutet. Ebenso kann die
freilaufende Periodenlänge durch die zuvor erlebte Tageslänge beeinflusst werden, aber auch
von der Gesundheit oder dem Alter des Tieres. Eine Alternative zur Aktivitätsmessung bietet
die Nutzung von Fibroblasten, welche aus einer kleinen Hautprobe gewonnen werden können.
Diese Methode war bisher nur für Säugerarten verfügbar. Daher passte ich das bestehende
Protokoll an und konnte zeigen, dass Fibroblasten aus kleinen Hautproben von Zebrafinken
(Taeniopygia guttata) gewonnen werden können. Des Weiteren konnten diese Zellen auch mit
einem lentiviralen Konstrukt infiziert werden, der die Messung der Expression von Uhrgenen
mittels Biolumineszenz möglich macht. Das bedeutet, dass es nun möglich ist die freilaufende
Periodenlänge zu messen ohne dass Vögel in Gefangenschaft gehalten werden müssen und die
daraus entstehenden möglichen negativen Effekte.
Meine Ergebnisse zeigen, dass die innere Uhr und der Chronotyp von endogenen Faktoren und
Umwelteinflüssen geformt werden, und dass diese Ergebnisse auch von der Art der Messung
abhängen. In früheren Untersuchungen konnte gezeigt werden, dass das Verhalten von Tieren
in Gefangenschaft sich von ihrem Verhalten in natürlicher Umgebung unterscheidet. Dies
betrifft auch Aktivitätsmuster und den Chronotypen, daher sollten Tiere in ihrer natürlichen
Umgebung untersucht werden. Falls dies nicht möglich ist, können molekulare Methoden
besser geeignet sein um entsprechende Informationen zu erhalten. Die von mir gezeigten
Ergebnisse bieten die Möglichkeit Methoden aus dem Labor mit Methoden in freier Wildbahn
zu verknüpfen, um so circadiane Rhythmen, ihre Vielfalt und ihre Bedeutung besser zu
verstehen.
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General introduction

T

his thesis is intended to contribute to the linking of circadian biology, as studied in the
laboratory, and timing of wild organisms. In this introduction I will give a general

background on circadian rhythms, their evolution and mechanisms. I will also address the
interaction of the circadian clock with the environment and possible explanations for their
adaptive significance. Finally, I will point out the relevance and challenges of studying circadian
rhythms under laboratory and natural conditions and how the different chapters of my thesis
can contribute to these challenges. My contributions include the effects of endogenous and
environmental factors on circadian rhythms and how they can be measured.

Box 1. Glossary
allele A particular variant of a gene, distinguishable from other variants of the same gene.

circadian rhythm A biological rhythm that persists under conditions of constant light,
temperature, and other environmental factors with a period length of about a day, whose
phase can be reset by a brief interruption in the constant regimen, and whose free-running
period is relatively independent of temperature within the physiological range of normal
growth.
chronotype Also called morningness-eveningness i.e. preferred time of activity related to an
entraining agent.
crepuscular Active predominantly in the early evening or twilight.

entrainment The process by which an environmental rhythm such as the day-night cycle
regulates the period and phase relationship of a circadian rhythm.

entraining agent An environmental cycle that controls the period and phase relationship of
a circadian rhythm.
free-running period The period length of a biological oscillator.

oscillation The repetitive variation of some measure over time. It is described by its period
length and amplitude.
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pacemaker A localisable, functional anatomical region capable of both sustaining its own
oscillations and of entraining other oscillators.
period The time after which a defined phase of an oscillation recurs.
phase The instantaneous state of an oscillation within a period.

phase angle The difference between an identifiable phase in one oscillation and the
corresponding phase point in another oscillation, such as the difference expressed in hours
or in degrees of arc between the peak in a driving oscillator and the peak in a driven or
entrained oscillator.
phase response curve (PRC) A map of phase-dependent resetting – that is, the phasedependent response of a circadian rhythm to an entraining agent delivered at different times
through a circadian day.

phenotype The observable characteristics of an individual as they have developed under
the combined influence of the organism’s genotype and environment.
photoperiod The time of light in a light-dark cycle.

poikilothermic The phenomenon of maintaining body temperature close to environmental
temperature; cold-blooded.
τ Tau; see free-running period.

Zeitgeber Entraining agent; see entrainment.
Adapted from Dunlap et al. (2004b)

Circadian rhythms in ecology and evolution
Species survive by adapting to their environment which is determined by biotic and abiotic
factors, ranging from food and predators to temperature, geography and other resources. The
sum and range of these factors is called an n-dimensional hypervolume or more commonly
ecological niche and can be occupied by, but is not limited to a single species (Townsend et al.
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2008). Many species might share a similar temperature range or live in the same area but use
different food sources. A factor that is overlooked sometimes in this context is time although
precise timing contributes in many ways to survival (Stich & Lampert 1981; Daan & Aschoff
1982; DeCoursey et al. 2000; Dodd et al. 2005). A simple way to classify species in temporal
terms would be to define their preferred time of activity. Following one of the most
pronounced natural time units, the solar day, an animal can be diurnal, nocturnal or in fewer
cases crepuscular like insects e.g. some mosquitos or the fruit fly Drosophila melanogaster
(Peschel & Helfrich-Förster 2011; Veronesi et al. 2012; Rund et al. 2013). Although activity is
associated mainly with species that are able to move (i.e. animals) it can be replaced by
specific metabolic processes for fungi and plants which happen at a certain time of day for
instance photosynthesis, flowering, growth or conidiation (Sargent & Briggs 1967; Hennessey
et al. 1993; Yeang 2009). Further cycles shaping a temporal niche can be annual, lunar or tidal
cycles (Koukkari & Sothern 2006c). The common aspect of all these cycles is implied in the
word itself. They recur at a fixed interval and are therefore rhythmic. The advantages for an
organism of predicting these changes instead of just following them are obvious. A bee looking
for nectar profits from the knowledge of a flower opening its bloom at a certain time of day
(Lehmann et al. 2011). Cyanobacteria replicate at night to do so without damaging ultraviolet
radiation while some prey animals forage at this time avoid predators (Pittendrigh 1993;
Thibault & McNeil 1995). For prediction of those recurring environmental rhythms though a
sense of time and a way to measure time are needed.
The solution to this problem are daily internal rhythms which are as omnipresent as the
alternation of light and darkness. A rhythm is characterised by its period or period length
which is the time for one complete oscillation. As the period of those daily rhythms is close but
not exactly 24 hours they have been termed circadian rhythms (Latin “circa”= about, “dies”=
day) (Halberg et al. 1977). These circadian rhythms have been found from cyanobacteria to the
most complex species (Menaker et al. 1997; Dvornyk et al. 2003; Paranjpe & Sharma 2005).
Although the mechanisms have evolved independently and at different time points they
usually consist of a set of core genes that is expressed in a rhythmic fashion. The classic and
most common model is the transcription-translation feedback loop (TTFL) with genes whose
expression is repressed directly or indirectly by their own expression product i.e. protein
(Brown et al. 2012). These core loops can then be further modified by additional positive or
negative feedback loops connected by common components. Recent evidence has been found
for further alteration by posttranslational feedback loops (PTFL). In cyanobacteria, PTFL on its
own is able to sustain a circadian rhythm via autophosphorylation (Dong et al. 2010). A similar
system based on oscillation of oxidative state has been found not only in algae but also
mammalian red blood cells with widely conserved proteins (O'Neill & Reddy 2011; O'Neill et al.
2011). The ubiquity of these mechanisms and their variety indicate the importance of circadian
rhythms already in early evolution.
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Properties of the circadian clock
Although the genes controlling circadian rhythms are ubiquitous, their involvement in a
process does not necessarily mean that this process is circadian. Many proteins are
multifunctional and can be involved in a variety of processes and clock genes are not the
exception (Gotter 2003; Yim & Virshup 2013; Ebert et al. 2014). On the other hand other
processes show a 24 hour rhythm but are non-circadian and are controlled e.g. by sunlight
directly (Li & Guy 2001). Many processes in a cell run in a cyclic fashion including a period of
roughly 24 hours (Necas & Znojil 1988). For a daily rhythm to be termed circadian, it has to
fulfil several prerequisites (Dunlap et al. 2004c). Especially on a cellular level temperature
compensation is essential. In general , biological processes follow the van’t Hoff equation
which means that reaction speed increases 2-3 fold with a temperature increase of 10°C (Ruoff
& Rensing 2004). This would pose a problem not only for poikilothermic animals whose body
temperature depends on ambient temperature, but also for homeothermic animals that
despite their stable body temperature are susceptible to daily or annual variation of ambient
temperature. Circadian rhythms however show remarkable temperature compensation,
sometimes even some overcompensation, although the mechanism itself is not yet fully
understood (Tosini et al. 2001; Rensing & Ruoff 2002; Merrow et al. 2005). Another
prerequisite that is apparent on an organismal level is its constancy. Traditionally, period
length has been measured by activity of the individual. To remove any external influence light
and temperature are kept on the same level and food is available continuously or dispensed in
random intervals. Contrary to other daily rhythms a circadian rhythm will persist in its
expression i.e. activity at its own free-running period. This period is then labelled with the
Greek letter τ (tau) (Aschoff 1981a). Consistency goes hand-in-hand with entrainability.
Although a circadian rhythm is able to keep its periodicity under constant conditions, it also
can be synchronised to external factors. Liver cells for instance can synchronise their metabolic
processes to artificial regular changes in glucose levels (Hirao et al. 2009). Apart from such
organ specific cases sunlight is the most important entraining factor, also called “Zeitgeber”,
on an organismal level (Aschoff & Pohl 1978; Daan & Aschoff 2001). In its absence rhythmic
temperature changes often are an adequate cue (Liu et al. 1998; Brown et al. 2002).
Information on light intensity is relayed visually via melanopsin-based photoreceptors (pRGCs)
in the retina or non-visually via extraretinal photoreceptors in deep brain regions (Peirson &
Foster 2006; Doyle & Menaker 2007). Especially in more complex organisms, a pacemaker
clock has evolved in the brain as a central organisation unit to receive entrainment information
and coordinate peripheral organ or tissue specific clocks. This can be certain cluster of neurons
in insects (Helfrich-Förster et al. 2007), the suprachiasmatic nucleus (SCN) in mammals
(Golombek & Rosenstein 2010) and the pineal gland together with the SCN in birds and
reptiles (Tosini et al. 2001; Natesan et al. 2002). The single neurons of these pacemakers are
synchronised amongst themselves and synchronise peripheral clocks via hormones such as
melatonin or with the change of body temperature (Yamaguchi et al. 2003; Brown & Piggins
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2007; Maronde & Stehle 2007; Edery 2010). Just as the genes of the core clock are not all
expressed in phase i.e. with peaks or troughs at the same time but e.g. in antiphase, peripheral
clocks might be shifted at a fixed phase angle to the central clock and with different
susceptibility to its control (Oishi et al. 1998; Singh et al. 2013; Weigl et al. 2013).

Variation in circadian clock and chronotype
As the daily light cycle has a period of 24 hours, it might be expected that the τ of the circadian
clock would be 24 hours as well making entrainment and the necessary phase shift to do so as
easy as possible (Daan & Beersma 2002). Nevertheless, a wide range of period has been
discovered with τ longer than 24 hours mainly found in diurnal species and shorter than 24
hours in nocturnal species (Aschoff 1981a). In addition, there is also considerable variation
within species around the species-specific average (Helm & Visser 2010). Possible explanations
for such variation are the change in day length due to the gradual deceleration of earth
rotation but also the seasonal change of day length over the year (Dawson et al. 2001;
Hazlerigg & Wagner 2006; Koukkari & Sothern 2006b). While circadian clocks are able to
entrain to a range of artificial light-dark cycles several hours longer or shorter than 24 hours,
they do so only at certain time periods of the oscillation and time of day respectively. The
strongest cue for light entrainment is twilight with a rapid change of light intensity
(Roenneberg & Foster 1997). As long as this cue matches the entrainment-sensitive part of the
oscillation entrainment is possible (Johnson et al. 2003). This sensitivity to entrainment cues,
usually a light pulse in otherwise constant dark conditions, can be plotted as a phase response
curve (PRC). This curve usually contains a stable part that is insensitive to light and parts where
the phase in shifted forward or back. Entrainment happens during this sensitive parts which
means that the phase angle between the cycle of the circadian clock and the light-dark cycle
should be constant to ensure the concurrence of light cue and maximum sensitivity every day.
This concurrence is given as long as the free-running period is relatively close but not equal to
24 hours thus promoting the stability of the system and the prevalence of τ in a range around
24 hours (Johnson 1999; Daan & Beersma 2002). Further variation of τ is introduced e.g. by
alternative splicing in Drosophila (Majercak et al. 1999). Adaptation has also been found in the
distribution of different clock gene alleles along latitudinal clines facilitating entrainment at
different photoperiods and temperatures (Johnsen et al. 2007; Kyriacou et al. 2008).
Once an individual has entrained to the day-night cycle, its pattern of activity is described as
chronotype (Roenneberg et al. 2007). For many diurnal species in the wild, sunrise marks the
beginning of activity and sunset its end. In theory every individual would therefore rise and go
to sleep at the same time. In fact, some individuals might be active 10 minute earlier and
others 10 minutes later. If these patterns are consistent i.e. are similar over time they give
information about the specific chronotype. An individual consistently awake earlier and going
to sleep earlier accordingly would be termed early chronotype, whereas one active later than
sunrise but also still active after sunset would be termed late chronotype. In reference to the
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commonly known and extreme examples, early and late chronotypes are often also called larks
and owls (Roenneberg et al. 2007). The definition though always refers to the average for the
respective species and population i.e. even among a species that is active before sunrise there
might be individuals that rise earlier or later than their conspecifics. Species-specific factors
leading to a general start of activity independent of chronotype are e.g. a minimum of light
intensity or temperature (Corbet et al. 1993; Thomas et al. 2002). Apart from light or
temperature, further factors like food availability or social cues can be involved as well (Lone &
Sharma 2011; Bloch et al. 2013b; Patton & Mistlberger 2013).

Relationship of circadian clock and chronotype
Early on in the research of circadian clocks and chronotypes, it was thought that both are
related and also correlate. In many species a positive correlation was found where an
individual with a short τ would exhibit an early chronotype and a long τ would result in a later
chronotype (Aschoff & Pohl 1978; Fleury et al. 2000; Duffy et al. 2001; Allebrandt &
Roenneberg 2008; Dallmann et al. 2011). However, many studies did not find any correlation,
probably due to further factors affecting circadian clock or chronotype and weakening the
relationship (Shimizu & Masaki 1997; Fleissner & Fleissner 2002). Despite these inconsistent
results, further implications can be drawn on the importance of circadian rhythms. Although a
chronotype can vary with season or change with age it will still be with the range of the
respective species and stay early or late in comparison to its conspecifics of the same age or at
the same time (Duffy & Czeisler 2002; Roenneberg et al. 2004). This consistency makes it
susceptible to selection if the type of chronotype leads to costs or benefits. Especially in
humans, sleep disorders and social jet lag have been associated with extreme chronotypes
(von Schantz 2008; Phillips 2009). Both, innate or forced asynchrony from the natural daynight cycle have negative effects on human health e.g. shift work has been found to increase
risk of cancer (Kloog et al. 2011). Further disturbance arises from the increased amount of light
at night in general and especially blue light from electronic devices such as TV, notebooks or
tablets (Pauley 2004; Cajochen et al. 2011). Animals in the wild are less likely to be affected by
increased or shifted light regimes but especially species with a habitat near or inside human
settlements are confronted with similar problems (Kempenaers et al. 2010; Gaston et al.
2013). Chronotypes at one end of the spectrum might be more suited to deal with these
changes than others. An example for further benefits of specific chronotypes is the singing
behaviour of Blue Tits (Cyanistes caeruleus). Males sing in the morning to defend their territory
and attract a female. Those singing earliest were also found to have more extra-pair young
from neighbouring females whose males likely were not awake yet (Poesel et al. 2006). As a
chronotype is only a phenotype, it is susceptible to selection but as such not likely to pass this
characteristic to its offspring unless it is connected to genes that can be inherited. The
circadian clock and its period are, apart from post translational modification, based on the
clock genes and their alleles. A single mutation in one of these genes can change τ and lead to
a change in behaviour. In fact the period gene in Drosophila was discovered by linking
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arrhythmic or irregular behaviour to such a mutation (Konopka & Benzer 1971). If the circadian
clock and chronotype are tightly linked then a constant chronotype is likely to be inherited by
an individuals’ offspring, the more so when it also offers fitness benefits. Assortative mating
could further increase the prevalence of an advantageous chronotype (Randler & Kretz 2011;
Steinmeyer et al. 2013). Clearly there must be constraints working against such a process as
both period length and chronotype are usually quite normally distributed. The drift towards
early singing time of successfully reproducing Blue Tit males could be limited by the low
visibility and cooler temperatures very early in the morning making foraging difficult and costly
(Kacelnik 1979; Thomas et al. 2002). The same limitations are valid for the females that might
or might not respond to early song. Females mating with early singing males were early risers
compared to other females and therefore supporting the idea of assortative mating. Fledging
success though was found to be higher in breeding pairs with differing activity patterns
ensuring extensive care of the brood (Steinmeyer et al. 2013). Costs or benefits of assortative
mating are in this case dependent on the parental care system.

Laboratory versus nature
Understanding costs and benefits of chronotype and circadian clock depends on additional
information such as species-specific behaviour and environmental factors. Unfortunately,
research is often constrained by lack of space or time and technical limitations. Model
organisms are sought that have a short generation time, are easy to keep and do not require a
lot of space (Anderson & Ingham 2003). Many of those model organisms were used as well to
study chronobiology such as mice, hamsters, Drosophila, Arabidopsis thaliana or Neurospora
crassa (Panda et al. 2002). Their genome has been sequenced and well analysed and many
genetic tools allow manipulation of genes and their expression. Different strains that have
come by their mutation spontaneously or were manipulated genetically are then studied for
their growth cycles, behaviour or activity patterns. As already mentioned, activity data are
recorded under very controlled conditions. For the study of the free-running period any
possible entrainment factor is eliminated and even light-dark cycles are often 12 hours light
and 12 hours darkness with constant temperatures. In this fashion a tremendous amount of
information has been gained on the composition and organisation of the circadian clock in a
variety of species. Advances in molecular biology made it possible to study clock genes and
their function in detail. The influence of the circadian clock on behaviour however was mostly
determined by the analysis of wheel running in mice, movement of Drosophila in a plastic tube
or other very regulated ways to monitor activity (Rieger et al. 2007; Dallmann et al. 2011).
Despite all the advantages of research under controlled conditions and the insightful data
collected so far there are disadvantages as well. The animals used for research are as far
removed from their ancestors in the wild as their housing is from their natural environment
and their behaviour is likely to have changed as well. Even when wild animals are brought into
the lab, the stress and the unfamiliar environment require an extensive acclimatisation time
(Calisi & Bentley 2009). More alarming are reports that activity patterns of model organisms
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like hamsters and Drosophila in the lab differ considerably from what has been found in nature
or under semi-natural conditions. Golden hamsters and mice, the proverbial nocturnal
animals, were used accordingly to study circadian rhythms but have been found to be diurnal
as well in the wild (Gattermann et al. 2008; Daan et al. 2011). Similarly, Drosophila that were
thought to be crepuscular show additional diurnal activity under natural conditions (Vanin et
al. 2012; Menegazzi et al. 2013). These changes are only a small part of the differences
between laboratory and field data (Calisi & Bentley 2009). Similar changes in chronotype have
also been observed in nature under the influence of temperature or season reinforcing the fact
that otherwise stable chronotypes are surprisingly flexible (Majercak et al. 1999; Mukhin et al.
2009; Vivanco et al. 2010). To understand the fitness consequences of chronotypes and the
circadian clock, it is advisable to study animals in the natural environment they have been
shaped by.

How to study circadian rhythms
While data from a natural environment are desired to study chronotype, undisturbed data are
preferred to determine free-running period. Much care is taken to remove any time
information or potential stressors to ensure a clean view on the internal rhythm. The
measured activity though is the sum of all internal processes that lead from gene expression to
behaviour. The circadian clock is e.g. affected by age, body condition, immune challenges,
hormones or seasonal changes of photoperiod (Majercak et al. 1999; Fusani et al. 2009; Pagani
et al. 2011; Butler et al. 2012; Cermakian et al. 2013). The first challenge therefore is to
measure free-running period without interference from external factors and internal state. The
second challenge is measurement of chronotype in the wild. Collecting data from free-ranging
animals is certainly more challenging than in a laboratory setup the requirements being the
same i.e. a high number of observations, control groups and good data quality. Equally
important as the data collection is the recording of environmental factors that are likely to
have an effect on activity. Considering this sensitivity, additional information is needed to help
differentiate short term adaptation from effects of chronotype. Both data on circadian clock
and chronotype should come from the same animal for direct comparability.
One of the environmental factors that can have an effect on circadian clock and chronotype is
temperature. So far, many studies have taken temperature compensation as a given and
focused on light. Indeed, light is the most powerful Zeitgeber, often accompanied and
strengthened by temperature (Dunlap et al. 2004c). Temperature itself however is also a
Zeitgeber when it changes in regular cycles (Wheeler et al. 1993). For some species it might be
the more relevant information, as shown in Neurospora that entrained to temperature rather
than light-dark cycles running at opposite phase (Rensing 1989; Finlayson et al. 1998; Liu et al.
1998). This could also be true for nocturnal animals which otherwise have to rely on lightsampling at least once a day for entrainment (DeCoursey 1986). Even when animals do not
have to rely on temperature as a Zeitgeber, it is still an important aspect of their lives. For
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poikilothermic species ambient temperature determines their behaviour, such as they actively
seek out sun or shade for temperature regulation (Bennett 1980; Barton et al. 2014).
Homeothermic animals have to consider ambient temperature as well e.g. in maintaining their
body temperature in the tolerable range (Boyles et al. 2011; Flouris 2011; El Bitar et al. 2014).
Therefore in the present thesis special emphasis is placed on the effects of ambient
temperature on circadian clock and on body temperature of the study species.
Meeting the challenges mentioned above also requires a suitable model organism. Birds are
exceptionally well suited to study circadian clock and chronotype and have been used for
chronobiology research from the very beginning (Aschoff 1967). They have been associated
with timing even earlier due to their preferred singing time in the dawn chorus or their often
precise yearly return from wintering grounds and among other species gave rise to the idea of
biological clocks. Their ability of navigating by the position of the sun also suggested the
existence of an inner clock. Mostly small songbirds have been used to study free-running
period in cages but the wide range of species, habitats and behaviours also allow investigation
of chronotypes and how they are influenced by the environment.

Aims of this thesis
This dissertation tries to meet the aforementioned challenges in several ways by using the
advantages of different bird species according to each challenge. The goal of the chapter one
is the establishment of a new method to measure free-running period in birds. This is done by
way of clock gene expression in cell culture and the adaptation of this method to bird skin
fibroblasts. Zebra Finches (Taeniopygia guttata) were chosen for initial experiments as they
are a widely used lab animal and model organism and were available in large numbers. The
free-running period in cells is determined by the expression of a clock gene. This would
previously have been done by repeated sampling of skin cells at selected time points and the
consequent measurement of mRNA levels. As a bird should not be sampled often, a population
of birds would be needed to get a high-resolution expression curve. Any differences between
animals would thereby disappear. One of the advantages of using continuously measured
fibroblasts is the sampling. Only a small piece of skin is needed, the wound can be closed with
skin glue and the bird can be released soon afterwards. The other advantage is the continuity
of the data. Fibroblasts in cell culture can be kept alive for a long time and clock gene
expression is measured by coupling to a light emitting luciferase gene. The data collected in
such a way reflect the free-running period without any of the factors that could change it
between gene expression and activity. This chapter describes the protocol developed for
mammalian cells by the laboratory of Steven Brown at the University of Zürich and how it was
adapted to an avian system in collaboration with Moritz Hertel and Falk Dittrich at the Max
Planck Institute for Ornithology in Seewiesen and Steven Brown. It could be shown that
fibroblasts can be grown from bird skin, that these cells can be infected with a lentivirus
containing a luciferase gene and that this gene is expressed concomitantly with a circadian
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clock gene. A short overview of the literature on avian fibroblasts is given and further
improvements of the protocol are proposed based on the information from literature.
The relationship between circadian activity cycles, as measured under controlled laboratory
conditions, and light conditions is discussed in chapter two. This chapter has been part of the
dissertation of Dr Davide Dominoni, and is here used as a supplementary chapter reflecting my
contribution to this work. Davide Dominoni is the first author of the study (published as
Dominoni et al. 2013b). The main topic of his PhD was effects of light pollution on birds. As
mentioned earlier, the increasing light pollution has effects on circadian clocks and thus on
health issues. We were interested if the connection between circadian clock and chronotype
differs between urban and rural populations of Common Blackbirds (Turdus merula). Although
Blackbirds usually inhabit forests, they have quickly adapted to increasing human settlements
and are thriving in cities. The results of this study are described in the second chapter. To
compare the two populations, we collected data on chronotype with radio transmitters in freeranging birds that were then recaptured to record free-running activity in captivity. As
expected, urban birds showed extended activity by waking up earlier than their rural
conspecifics. Furthermore, the chronotype of city birds was positively correlated to freerunning period whereas the activity timing of forest birds rather followed twilight than being
correlated free-running period. The period length of city birds was on average faster than the
period length of rural birds. A variety of environmental or endogenous factors could also have
caused the early chronotype found in urban birds and altered period length by way of aftereffects. Nevertheless, it is possible that the new environment might have been advantageous
for early chronotypes whose characteristic then were be passed on to their offspring by way of
the inheritable faster circadian clock, emphasizing the importance of circadian clock and
chronotype for biological fitness.
As not only light can shape the circadian clock, chapter three is dedicated to the study of
temperature effects. This study has been published (Lehmann et al. 2012). The circadian clock
is at the same time mostly temperature-compensated and able to entrain to temperature
cycles. However, free-running period has been shown to change depending on ambient
temperature to a certain extent. Based on the often-reported correlation of circadian clock
and chronotype, changes in activity patterns might be expected. To investigate the effects of
temperature, we analysed activity of Great Tits (Parus major) in captivity at two different
temperatures. These birds had been hand-raised but were taken from a wild population and
should display a range of different chronotypes. In addition, good timing is of importance for
their reproductive success. Male Great Tits sing early in the day to defend their territory and to
attract females, mating taking place in the morning as well (Kacelnik & Krebs 1982; Mace
1987a). Furthermore, analysis of Great Tit free-running period and paternity indicates that
females seem to prefer males with a fast clock for extra-pair matings, all the more if their
social mate has a slower clock (Helm & Visser 2010). Therefore a range of free-running period
was expected as well that can be compared to chronotype. Although the increase or decrease
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of 10°C did have a small effect on both free-running period and chronotype we did not find a
correlation between the two. Chronotype though was defined as midpoint of activity related
to mid-day. When we looked at activity onset and offset separately, we found that activity
onset was highly repeatable and less sensitive to temperature variation than activity offset
which was also more variable in general between consecutive days. This indicates more rigidly
controlled timing in the morning likely due to the importance of early morning activities for
Great Tit reproduction. The lack of correlation between free-running period and chronotype
might be attributed to the complexity of the system. Furthermore, the controlled laboratory
conditions could show a different picture than found in the wild.
Temperature is not only an external factor that can entrain the circadian clock, it also varies
inside the body under control of the clock. Its changes can also be used to determine
chronotype in addition to activity. New tools for measurement of body temperature and the
quality of such data are examined in chapter four. It is based on a collaborative study with
several researchers in Glasgow and Lund, Sweden, where it was carried out. Again Great Tits
were chosen as model species, as they exhibit pronounced daily variation of body
temperature, potentially increased by nocturnal hypothermia in a semi-natural setup in
winter. Data from temperature-sensitive radio transmitters and PIT tags were analysed for
repeatability and precision and found to be suitable to record daily changes in body
temperature of Great Tits. The chapter is presently in manuscript form for submission in
Methods in Ecology and Evolution.
In addition to environmental factors, chronotype can be influenced by the internal state of the
animal. The chapter five focuses on a change in activity pattern that occurs naturally in
migrating birds (Zugunruhe) but can also be elicited by food restriction. Not only do these birds
show pronounced nocturnal activity, it is also sometimes accompanied by lower body
temperature as an energy saving measure (Hohtola et al. 1991; Thouzeau et al. 1999;
Wojciechowski & Pinshow 2009; Cianchetti Benedetti et al. 2014). Migrating Blackcaps (Sylvia
atricapilla) were caught and fitted with temperature-sensitive radio transmitters. Activity and
body temperature were measured either with ad libitum food or under food restriction while
exposed to natural light and temperature changes. As expected, food restriction induced
nocturnal activity. Body temperature however did not change its regular daily pattern but was
lower in general, potentially to save energy. This indicates a switch only of activity but not of
the underlying circadian rhythm which is reflected closely by body temperature. The chapter is
given as a manuscript in preparation.
The overall purpose of this thesis is to investigate how endogenous and environmental factors
shape circadian rhythms in songbirds and how such rhythms can be measured. In the general
discussion I will summarise my results and link them to findings in other species.
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Chapter 1
Developing methods to measure endogenous clocks in
fibroblasts

1.1

C

Introduction
ircadian period length (τ) is traditionally measured by recording activity while keeping the
study organism in constant conditions (Aschoff 1981a). Under these circumstances no

temporal information is available such as light-dark cycles and related temperature changes
(Rensing & Ruoff 2002). Food should be provided at all times or provided at irregular times to
avoid entrainment and individuals have to be kept isolated to remove social cues (Davidson &
Menaker 2003; Lone & Sharma 2011; Patton & Mistlberger 2013). On one hand these
conditions are highly artificial to elicit free-running activity and therefore even more disturbing
than regular captivity for wild-caught animals (Morgan & Tromborg 2007; Dickens et al. 2009;
Monje et al. 2011). On the other hand experiences previous to capture can influence τ even
under constant conditions including e.g. season, climate or social contacts (Lee et al. 1990;
Coppack et al. 2008). Those could affect τ in addition to age or state of health (Duffy & Czeisler
2002; Roenneberg et al. 2007; Cermakian et al. 2013). Unless the animal has been observed
intensively such information is not available and remains an unquantifiable part of input for
the resulting activity output. Many of these unknowns can be eliminated by screening animals
beforehand and providing standardised conditions for a certain amount of time before
measuring τ. This in turn increases the duration of captivity for wild-caught animals potentially
increasing stress levels as well.
Another option is measurement of τ on the gene-expression level. Although the master
pacemaker driving circadian rhythms is located in the brain, peripheral tissues including
fibroblasts can express the same core genes which make up the circadian clock (Yagita et al.
2001; Yoo et al. 2004; Brown et al. 2005). Circadian rhythms generated by these cells do not
only reflect the pacemaker rhythms but also correlate with the period length of the activity
rhythm in humans and different mouse strains (Brown et al. 2005). Many of these core clock
genes are expressed, although not necessarily in phase with each other, with the same period
length e.g. Bmal1 (Maywood et al. 2003). To find peaks and troughs in the cycle to determine
τ, sampling would have to occur at various single time points to determine expression e.g. by
mRNA quantification (Oishi et al. 1998; Bjarnason et al. 2001). The source for such
measurements can be a small piece of skin tissue, cells attached to plucked feathers or feather
pulp (Saski et al. 1968; Duncan et al. 1992; Kjelland & Kraemer 2012). An individual would have
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to be sampled several times to find a peak or to describe a complete oscillation. Sampling
points have to be spaced accordingly and a single individual of a small species would have to
recover sufficiently between sampling. Alternatively, data would have to be pooled from many
individuals, providing information on a population level.
A better alternative is continuous measurement of the same cells. Although there is a large
amount of variation in organisation between or even within taxa clock genes are very
conserved and their sequence is known as well as neighbouring regions in many species
(Menaker et al. 1997). Therefore it is possible to create a so-called construct or plasmid
consisting of a bioluminescence gene e.g. firefly luciferase which is flanked by the promoter
and untranslated regions next to the clock gene of interest, in this case Bmal1 (Brown et al.
2005). The construct is then packaged into a modified lentivirus which is able to infect the
target cells and to integrate the construct into the cells’ genome. Every time the clock gene is
expressed the same will happen to the luciferase gene since it is controlled by the clock gene
promoter as well. The luciferase reacts with its substrate luciferin causing light emission whose
intensity is correlated to expression level. The changes in light intensity can then be used to
determine period length. This approach has been used successfully with mammalian cells e.g.
from mouse, rat or human samples (Izumo et al. 2003; Brown et al. 2005; Akashi et al. 2010).
However, mechanisms such as the circadian clock should not only be studied in a few model
organisms but also in animals from the wild. Birds offer a wide range of behaviour and
lifestyles that can be studied in the context of circadian rhythms. The aim of this study was to
transfer this approach to an avian system and test feasibility of the standard assay. This
included establishment of fibroblast cell culture from bird skin samples, test of compatibility of
the lentiviral vector and avian cells and finally integration and expression of the construct.

1.2

Methods

Acquisition of cell culture skills
This specific method to measure clock gene expression in fibroblasts had been developed in
the lab of Steven Brown at the University of Zurich for human and murine samples. Initial
experiments took place there. This included taking samples, fibroblast cell culture, virus
production, infection and measurement.
Two different sample sources were used, as protocol differs for human and murine cells.
Human cells were unfrozen from storage to get familiar with cell culture techniques. Fresh
samples were taken from the tail of a sacrificed mouse. These were treated with the different
methods respectively. In parallel the virus vector was produced via bacterial multiplication of
the plasmids and assembly in HEK293T cells either with the luciferase construct (pBluFpuro) or
the gfp-plasmid (pWPI) for the control virus.
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Human cells
For cell culture growth medium was prepared consisting of DMEM (Sigma, D5796 high glucose)
with 10% fetal bovine serum (FBS), 1% Penicillin/Streptomycin (P/S) and 1:100 Gentamycin.
Frozen cells (1 ml with DMSO) were thawed quickly in a 37°C water bath, added to 5 ml warm
growth medium in a 15 ml centrifuge tube and centrifuged for 5 min at 1200 rpm. The
supernatant was aspirated carefully and the pellet resuspended in 5 ml warm PBS. Cells were
centrifuged again for 5 min at 1200 rpm. The pellet was then resuspended in 2 ml of growth
medium and transferred to a small petri dish (∅ 35 mm). Cells were incubated at 37°C with 5%
CO2. Once fibroblasts were confluent they were split 1:3 by removing the medium, addition of
0.5 ml Trypsin (0.25%), incubation for 2-3 min, addition of 1.5 ml fresh warm medium and
equal distribution into four new dishes containing 1.5 ml fresh warm medium.
Murine cells
Before sampling growth medium for primary cell culture was prepared from DMEM (Sigma,
D5796 high glucose), 20% fetal bovine serum (FBS) and 1% Penicillin/Streptomycin. As no fresh
human samples were available, the mouse tail sample was split into two halves one being
treated as “human” sample (MH) the other as murine sample (MM). The MH sample was left
as a whole the MM one was cut into very small pieces. Both were placed into a small petri dish
each containing 2 ml of warm growth medium, 200 µl Liberase TM (Roche Diagnostics,
05401119001) and 20 µl Amphotericin B (Sigma, A2942) and put into the incubator at 37°C for
digestion. Digestion was stopped after about 4 h when cells started to detach from the edges
of the samples. Contents of the dishes were aspirated with a pipet tip whose end had been cut
to allow passage of larger fragments, transferred to 15 ml centrifuge tubes containing 10 ml
warm PBS and centrifuged 5 min at 1200 rpm. After careful removal of supernatant the MM
sample was resuspended in 2 ml of warm growth medium and transferred to a small petri dish.
The MH sample was placed on a small amount of warm growth medium in the middle of a
small petri dish and covered with a Millicell CM membrane disc (Millicell, PICMORG50). 2 ml of
warm growth medium were then added on top and around the disc. Both samples were then
incubated at 37°C with 5% CO2. After 4 days the medium of the MM sample was aspirated and
replaced with 2 ml of fresh medium. Almost the same was done for the MH sample, the
difference being the step-wise removal of medium first on the outside of the disc and then
from its inside. Accordingly fresh medium was added first on the inside, then on the outside of
the disc. Medium change was repeated after 2 days. After another 2 days cell cultures were
split for the first time (1:1). At this stage Amphotericin B was no longer added to the medium.
This included careful removal of the membrane disc from the MH sample after aspirating
almost all of the medium. For both samples medium was then removed completely and
replaced with 0.5 ml of Trypsin (0.25%). Petri dishes were placed into the incubator for 2-3 min
until cells started detaching from the dish. The process was stopped by adding 1.5 ml fresh
medium. 1 ml of cell suspension was then added to 1 ml fresh medium in a new petri dish.
Afterwards medium was replaced regularly and cells split as necessary.
Chapter 1 | 25

Virus production
The information used for the lentivirus consists of three plasmids coding for the construct
(pBluFpuro), packaging proteins (psPAX2) and envelope proteins (pMD2.G). These have to be
multiplied within suitable bacteria in this case Escherichia coli. For each plasmid type one
bacteria colony was picked with a pipet tip and transferred to a 15 ml tube containing 3 ml LB
broth (Sigma, L3022) with 50 µg Ampicillin (Sigma, A9393). The bacteria were then left to grow
at 37°C and 200 rpm for about 4 hours. The 3 ml then were split into two Erlenmeyer flasks
containing 100 ml of the same broth. All six flasks were left overnight at 37°C and 200 rpm. The
next day plasmid DNA was extracted from bacteria culture with a NucleoBond PC 500
extraction kit (Macherey-Nagel, 740574.25) following the instructions and stored at -20°C. For
assembly of the virus HEK293T cells were used. They were taken from storage (4 x 1 ml) and
treated the same as the human cells i.e. thawing and transfer to the same growth medium. As
these cells are quickly proliferating they were placed in large petri dishes containing 10 ml
medium. Cells were split on the next day 1:1, again following the protocol for human cells. One
day before transfection with plasmids cells were split 1:5 onto 48 petri dishes. For transfection,
concentration of each plasmid was determined. According to concentration the appropriate
volume for each plasmid type was pipetted into a 1.5 ml reaction tube for a final amount of 15
µg of pBluFpuro, 10 µg psPAX and 6 µg pMD2.G. 100 µl CaCl2 were added and HEPES-buffered
(pH 7.05) water to a final volume of 500 µl. As a control, an additional plasmid was taken from
storage wherein the construct does not contain the sequence for luciferase but for green
fluorescent protein (pWPI). This was done separately for each of the 48 petri dishes. In
addition, 0.5 ml HeBS (HEPES-buffered saline) each were pipetted into 15 ml plastic tubes (48
x). An automatic pipette pump attached to a 2 ml serological pipette was used to bubble the
HeBS. The 0.5 ml of plasmid DNA mix were added to the 0.5 ml HeBS by letting them drop
slowly along the serological pipette and vortexing for 10 sec afterwards. The resulting 1 ml of
mixture were then added drop wise to the respective cells in the petri dish and distributed by
rocking the dish gently. One day later the medium was replaced with fresh growth medium
which additionally contained 20 µM HEPES after washing the cells once with 5 ml PBS. On days
three and four after transfection the virus that the cells had released into the medium was
collected. The medium was aspirated and collected via a vacuum filter (Millipore AG,
SCGPT05RE). Medium from day three was stored at 4°C, added to the pooled medium of the
next day and centrifuged at 4°C and 29000 rpm for 1 h 30 min in aliquots of 30 ml. The
supernatant was replaced with 3 ml fresh medium and left to shake gently overnight. This 10x
concentrated virus supernatant then was aliquoted into 1ml portions in reaction tubes and
stored at -80°C.
Infection and measurement
The human cells that had been split 1:3 were infected one day later with a 1 ml aliquot of 10x
concentrated virus per petri dish. Virus was taken from storage (pBluFpuro, -80°C) and
warmed before infection. For better success 1 µl protamine sulphate (Sigma, P4020, 8 µl/ml
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final concentration) were added to each dish. On the next day the virus medium was replaced
with growth medium. Successfully infected cells were separated by antibiotic selection with
addition of 5 µl/ml Puromycin to the medium after 3-4 days. Dividing cells that did not
incorporate the pBluFpuro construct and its Puromycin resistance died and were removed with
the next medium change. All murine cells (MH & MM) were infected with the newly produced
virus (pBluFpuro, pWPI for control) and successful infection was shown with fluorescent
microscopy of the control cells (Figure 1).
For measurement cells were treated with fresh medium containing 100 nM dexamethasone
for 20 min. This treatment elicits and synchronises expression of circadian clock genes
(Balsalobre et al. 2000). Afterwards the medium was exchanged for counting medium with the
same composition as growth medium but with 20 mM HEPES and without phenol red (Welsh &
Noguchi 2012). Measurement took place in a LumiCycle (Actimetrics) at 37°C.

A

B

Figure 1. Murine skin fibroblasts. Success of infection was tested with gfp-control virus, cells that were
infected and incorporated the construct glow blue-green under fluorescent light. A) light field
microscopy B) same cells under fluorescent light (pictures courtesy of L. Gaspar)

Transfer of protocol to bird samples
As a first step the standard protocol was applied to bird skin samples. This was done at the
Max Planck Institute for Ornithology in Seewiesen. Zebra Finches are regularly sacrificed for
research there and provide good amounts of skin to work with. In addition the cell culture lab
is classified biosafety level 2 which is required for working with the lentiviral vector. With these
samples the aim was to test feasibility of the standard protocol, comparison to alternative
methods and also assess the option of feather samples as source for fibroblasts. Samples
should be as fresh as possible to provide optimal fibroblast yield. For mammalian cells it had
been shown that samples still provided viable cells after three days on wet ice and collection
medium (same composition as growth medium for primary cells but 50% FCS). Sampling in the
field makes it difficult to proceed immediately with the protocol. Therefore viability of samples
after several days of storage on ice was assessed as well.
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Cell culture – initial set-up
Bird samples i.e. skin and growing feathers were taken from freshly sacrificed Zebra Finches.
Some samples had previously already been treated with trypsin/EDTA for digestion and kept in
the incubator at 37°C degrees for ca. 2 weeks. Those samples were fixed in place by a cover
slip, kept at a small distance from the petri dish to allow outgrowth. Now skin and feather
samples were treated with the standard protocol used for human samples as bird cells might
be similarly sensitive. This included digestion with Liberase type TM and incubation at 37°C in
DMEM (Gibco, 31966-021) with 20% fetal calf serum (FCS), 1% P/S and 1:100 Amphotericin B
(Gibco, 15290) for about 5 h.
Cell culture - adaptation and improvement
To address difficulties like small cell number and low proliferation rate several changes in
protocol were tested. In addition to DMEM two other types of medium were available, F-10
medium (Gibco, 22390-025) and AmnioMAX™-II Complete medium (Gibco, 11269016). These
were used in combination with FCS, horse serum (HS) and chicken serum (CS). In all cases
serum concentration was 10%, Penicillin/Streptomycin and Amphotericin B were kept at 1%.
To improve cell yield during digestion all available varieties of Liberase were assessed. These
differ mainly in their aggressiveness i.e. enzyme activity (Table1). To this effect standard
digestion medium was used on skin samples of the same size and a digestion time of 5.5 h the
only difference between the samples being the Liberase type. The same was done with equal
numbers of feather pins. To determine optimal digestion time six samples of the same size
were digested under standard conditions in half hour steps from 3 h to 5.5 h. Accordingly
standard digestion conditions were set as digestion with Liberase TM for 4h at 37°C. Since
samples from human or murine sources show differences in sensitivity to digestion and
preparation, samples were also treated differently before digestion. Biopsies were either left
as a whole or cut into medium sized pieces or very small pieces.
Table 1. Liberase product comparison. + = (lowest neutral protease activity/mg protein), +++++ =
(highest neutral protease activity/mg protein). Adapted from Roche (2014)
Collagenase Activity
(Wünsch units/vial)

Neutral Protease
Amount

Liberase DL

26

Low

+

Dispase®

Liberase DH

26

High

+++

Dispase®

Liberase TL

26

Low

++

Thermolysin

Liberase TM

26

Medium

++++

Thermolysin

Liberase TH

26

High

+++++

Thermolysin
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Enzyme Mixture
Aggressiveness

Neutral Protease

Further variations of medium were a mixture of FCS and chicken serum and the addition of
chicken embryo extract (CEE) as a source of additional nutrients. This was done in several
concentrations and ratios (for details see Table 2). As an alternative to CEE, Zebra Finch
embryo extract (ZEE) was added to the medium), as fertilised Zebra Finch eggs were available
and ZEE might contain more specific nutrients. The extract was produced following the
protocol provided in Pajtler et al. (2010). Modifications were made to account for the smaller
size of Zebra Finch embryos and the progression of their embryological development (Murray
et al. 2013). As a last variation of medium with supplements, human fibroblast growth factor
(hFGF2) was tested. Cell growth often can depend on the composition and origin of the FCS.
Therefore cells from the same individual were also grown in different batches of FCS. As birds
in general have a higher body temperature than most mammals, incubation temperature was
raised to 38.5°C.
Compatibility of lentiviral vector and avian cells
The construct containing the sequence for firefly luciferase flanked by up-and downstream
sequences of Bmal1 has been optimised for mammalian cells. Accordingly a mammalianspecific VSVG lentivirus was used which might be not compatible with bird cells. As
bioluminescence is not visible to the naked eye a sensitive CCD-camera is needed to visualise
successful transfer and integration of the luciferase construct. To check general compatibility
of virus and cells the specific construct can be replaced with a gfp (green fluorescent protein)plasmid. Compatibility can then be tested with the externally identical gfp-virus and the bird
fibroblasts.
As it became clear that one-to-one application of the standard method to bird samples might
not give the best results and would require adaptation, another source for avian fibroblasts
was used to test compatibility. Chicken embryo fibroblasts (CEF) are well-established, easily
produced or commercially available. They are fast-growing and should be similar enough to
adult skin fibroblasts to test compatibility. Both chicken embryo fibroblasts and fibroblasts
from skin samples were infected with the gfp-control virus to test compatibility. This was done
according to the standard protocol. Two samples of CEF and three replicates of a sample of
Zebra Finch skin fibroblasts were also infected with the virus containing the luciferase
construct and taken to Zürich for measurement.
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Table 2. Protocol adaptations. Black lines separate treatment comparisons. Bold font indicates best
results per comparison or most simple medium composition in case of no differences. FCS = fetal calf
serum, HS = horse serum, CS = chicken serum, CEE = chicken embryo extract, ZEE = Zebra Finch embryo
extract, FGF2 = fibroblast growth factor (human), DMEM/F10 = 1:1 mixture of media, DL, DH, TL, TM, TH
= different variations of Liberase
DMEM
FCS

F10

Amniomax

DMEM/F10

10%

FCS

10%

digestion

time

temperature

source

trypsin/edta

1,5h

37°C

biopsy

trypsin/edta

1,5h

37°C

biopsy

FCS

10%

trypsin/edta

1,5h

37°C

biopsy

HS

10%

trypsin/edta

1,5h

37°C

biopsy

CS

10%

trypsin/edta

1,5h

37°C

biopsy

5,5h

37°C

biopsy/feathers

FCS

20%

DL

FCS

20%

DH

5,5h

37°C

biopsy/feathers

FCS

20%

TL

5,5h

37°C

biopsy/feathers

FCS

20%

TM

5,5h

37°C

biopsy/feathers

FCS

20%

TH

5,5h

37°C

biopsy/feathers

FCS

20%

TM

5h

37°C

biopsy/feathers

FCS/CS

20/10%

TM

5h

37°C

biopsy/feathers

FCS/CS/CEE

20/10/1%

TM

5h

37°C

biopsy/feathers

FCS/CS/CEE

20/10/1%

TM

3h

37°C

biopsy

FCS/CS/CEE

20/10/1%

TM

3,5h

37°C

biopsy

FCS/CS/CEE

20/10/1%

TM

4h

37°C

biopsy

FCS/CS/CEE

20/10/1%

TM

4,5h

37°C

biopsy

FCS/CS/CEE

20/10/1%

TM

5h

37°C

biopsy

FCS/CS/CEE

20/10/1%

TM

5,5h

37°C

biopsy

FCS

20%

TM

4h

38,5°C

biopsy

FCS

10%

TM

4h

38,5°C

biopsy

FCS/CS

20/5%

TM

4h

38,5°C

biopsy

FCS/CS

10/2,5%

TM

4h

38,5°C

biopsy

FCS

20%

TM

4h

38,5°C

biopsy

FCS

10%

TM

4h

38,5°C

biopsy

FCS

20%

TM

4h

38,5°C

biopsy/feathers

TM

4h

38,5°C

biopsy/feathers

20/1%

TM

4h

38,5°C

biopsy/feathers

TM

4h

38,5°C

biopsy/feathers

TM

4h

38,5°C

biopsy/feathers

TM

4h

38,5°C

biopsy/feathers

FCS/ZEE

20/1%

FCS/ZEE
FCS

20%

FCS
FCS/FGF2

20%
20%5ng

FCS/FGF2

20%5ng

TM

4h

38,5°C

biopsy/feathers

FCS (different batches)

20%

TM

4h

38,5°C

biopsy/feathers
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1.3

Results

Protocol modifications
Cell culture – initial set-up
Digestion by trypsin/EDTA was limited to the outer edges of the samples. EDTA and trypsin are
used to separate cells from their substrate and each other by binding Ca2+ and dissolving extraand intracellular matrix. For thorough disassociation of the cells, samples need to be cut at
least a few times beforehand. Nevertheless, there was slow outgrowth of fibroblasts loosely
connected to the edges of the samples. After removal of the cover slip and the main sample
piece some single cells were left (Figure 2a).

A

B

Figure 2. Zebra Finch skin fibroblasts. A) Remaining cells (arrows) after removal of cover slip and sample
after trypsin/EDTA digestion and ca. 2 weeks of incubation at 37°C (~ 200x magnification, light field). B)
cells after ca. 2 weeks of incubation at 37° C after extraction with Liberase TM digestion (~ 100x
magnification, light field).

In comparison to the initial set-up, samples were cut into smaller pieces before digestion.
Liberase TM was used for digestion which is a combination of collagenases I, II and thermolysin
and has a rather high enzyme activity. An additional step compared to trypsin/EDTA is the
centrifugation and seeding of the cells. Therefore in a much shorter amount of time a larger
amount of small clusters of cells or single fibroblasts could be extracted from a sample (Figure
2b). Although this was a vast improvement, cells were extracted from a large skin sample and
seeded into one well of a 24-well plate. The shown density in Figure 2b could not be exceeded.
A high density of cells is needed however for successful infection as not all cells are infected.
Of those not all have the construct integrated in the right place and are removed by puromycin
selection. Samples in the field would have to be much smaller (~ 2 mm2) and therefore cell
extraction needed to be optimised as well as the proliferation rate of the cells to meet the
requirements for infection and measurement.
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Cell culture - adaptation and improvement
Of all the additional media that were tested, i.e. F-10 medium and AmnioMAX, none provided
better results than the original DMEM medium. These media were also tested in combination
with horse and chicken serum, however none of these combinations showed an improvement
in proliferation rate, therefore standard protocol was retained. Cell yield also depends on
digestion time and the aggressiveness of the digestion enzymes. Most cells were extracted
from the samples with Liberase TM and TH in accordance with the standard protocol. The
samples showed best digestion results for a digestion time close to standard protocol i.e. 4-4.5
h. Therefore standard medium for further assessments was determined as DMEM with 20%
FCS, 1% P/S and 1:100 Amphotericin B. Accordingly standard digestion conditions were set as
digestion with Liberase TM for 4h at 37°C. When pre-digestion sample treatment was
compared, best results were achieved when samples were cut into small to medium pieces
compared to whole samples and those cut into very small pieces.
A mixture of FCS and chicken serum did not improve cell growth, nor did the addition of a
combination of chicken embryo extract, Zebra Finch embryo extract or human fibroblast
growth factor. Better results were achieved when DMEM in the standard medium was
replaced with a 1:1 mixture of DMEM and F-10 medium. This variation was included in further
tests of medium additives. Different batches of FCS were had no effect on proliferation rate.
Cells did slightly better when incubation temperature was raised to 38.5°C.

A

B

Figure 3. Fibroblasts infected with gfp-control virus. A) Zebra Finch fibroblasts from skin samples B)
Chicken embryo fibroblasts (~ 200x magnification, fluorescent light)

Compatibility of lentiviral vector and avian cells
Fluorescent cells were observed with a fluorescence microscope and proved successful
infection (Figure 3). Two samples of CEF and three replicates of Zebra Finch skin fibroblasts
were also infected with the virus containing the luciferase construct and taken to Zürich for
measurement. Both showed rhythmic expression of luciferase indicating equivalent expression
of Bmal1 (Figure 4). Free-running period length calculated with the Lomb-Scargle method was
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23.2 hours for both CEF samples and an average of 24.9 hours for the Zebra Finch fibroblasts.
Therefore it could be shown that the lentiviral vector is compatible with avian cells.

A

B

Figure 4. A) Bmal1/luciferase expression in two samples of chicken embryo fibroblasts over 6 days. B)
Bmal1/luciferase expression in three replicates of Zebra Finch skin fibroblasts over 3 days (courtesy of L.
Gaspar). Bmal1 is a core clock gene rhythmically expressed with a free-running period close to 24 h, in
this case (A) 23.2 h and (B) 24.9 h (mean; yellow: 25.1, red: 25.2, green: 24.5). It is coupled to luciferase
expression which results in a rhythmic change of photon intensity. This can be detected and recorded by
a CCD-camera.

Final protocol
Good results could be achieved with a combination of changes from the initial protocol. Skin
samples were cut into medium sized pieces and digested overnight in 2 ml digestion medium
supplemented with collagenase B. The medium was fibroblast basal medium modified with
growth factors, cytokines, and supplements (Lonza, CC-3132) and 20% FCS. Gentamycin and
Amphotericin B were added to stop bacterial and fungal growth and 1,6mg/ml collagenase B
(Roche, 11088807001) for digestion. In the meantime cell culture plates and dishes were
coated with collagen extracted from chicken feet. The extract was applied generously to cover
the surface completely and plates were left over night in the incubator at 37°C. Cells attach
better when the coating has not dried out after coating. The next day all plates were rinsed 4
times with PBS. After the last rinsing step 3 ml of growth medium were added for small petri
dishes and 1 ml for 12-well plates (BD Falcon, 391-0006) which were then returned to the
incubator. Growth medium differs from the digestion medium only in the amount of FCS i.e.
10% and the lack of collagenase B.
The next day digested samples were triturated with single-use Pasteur pipets within the
digestion medium. To remove debris the cells were filtered through a 70 µm and a 40 µm cell
strainer (BD Falcon, 734-0003/ 734-0002) and then transferred to 15 ml centrifuge tubes.
Growth medium was added to a total volume of 10 ml. Cells were centrifuged at 2000 rpm for
10 min. In case of the cells not forming a pellet the centrifugation step was repeated.
Supernatant was removed, the pellet dissolved in growth medium and transferred to the
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culture plates and dishes. Cells were incubated at 37°C with medium changes every 2-3 days.
Cells were split when necessary 1:4 by rinsing the plate with PBS, incubation with 10x
Trypsin/EDTA (Sigma, T4174) at room temperature. Trypsinization was stopped by adding 4 ml
of growth medium and cells were triturated with a Pasteur pipet. After centrifugation at 2000
rpm for 10 min the pellet was resuspended in fresh growth medium and distributed to new
coated culture plates.

1.4

Discussion

Further optimisation of protocol
A protocol was found that produces fibroblasts from small samples which also proliferate
rapidly to provide enough cells for measurement. The main differences to the original protocol
were the digestion process, medium supplementation and coating of the growth surface.
Compared to murine cells, bird fibroblasts also developed an increasing sensitivity to passaging
after the first or second passage leading to a high percentage of mortality. While the medium
in the final protocol provides good results, it is quite expensive and would be needed in large
amounts once a higher number of individuals is sampled. As all major modifications of the
protocol were applied at the same time, it is unclear which modification is the reason for the
better results. Further tests should be carried out to identify this component or if the results
are caused by the combination of modifications. It should also be mentioned that samples
from other species might have different requirements (J Harper 2012 pers. comm.; Harper et
al. 2011). In this light I conducted a review on literature found for avian fibroblasts to collect
possible modifications of the protocol:
External conditions
Avian core temperature tends to range around 40°C, therefore fibroblasts might prefer higher
temperatures than the standard incubator temperature of 37°C. Raising the temperature to
38.5°C did improve growth only slightly but fibroblasts might benefit from even higher
temperatures (see Leshin et al. (1981); Matsumine et al. (1990). Effects of higher incubation
temperatures were tested by Harper et al. (2011) who compared avian fibroblasts grown at
either 37°C or 40°C. Their focus however lay on stress resistance of cells not on general growth
rate and they could not find a significant difference in stress resistance between temperature
conditions. In addition they also compared cells incubated at normal O2 levels (21%) to those
incubated at 3% O2 levels. Again, only stress resistance was tested and no significant difference
found. O2 levels should only be relevant at very late passages.
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Digestion procedure
Alternative to Liberase digestion, collagenase B has been used in other studies to digest skin
and feather samples. Procedures varied between 0.5% concentration for 1-3h for feather
samples (Raudsepp et al. 2002; Itoh & Arnold 2011) and 1.5% concentration overnight for skin
samples (Harper et al. 2011; Jimenez et al. 2012). The Liberase products consist of collagenase
I/II (also known as A/B) and varying concentrations of either dispase or thermolysin and can be
defined by “aggressiveness” (Table 1). The main difference to plain collagenase B is higher
concentrations and therefore “higher aggressiveness” which reduces digestion times.
Extraction of fibroblasts from feather samples could be improved following the methods
described by Kjelland and Kraemer (2012) and Raudsepp et al. (2002) i.e. scraping the feather
pulp from the calamus. This method however has been described in larger birds such as
chicken, duck or condor and would require a stereo microscope to work on the much smaller
songbird feathers. Previous results showed best results with more “aggressive” Liberase i.e.
Liberase TM or TH (see Table1). Less aggressive variations seemed ineffective but digestion
time was not extended further than 5.5h. To achieve a similar level of tissue dissolution with
the less aggressive products longer digestions times or overnight digestion would be needed. It
seems that bird fibroblasts are more sensitive than mammalian cells and react better to an
extended digestion period with low enzyme concentration than to highly aggressive digestion
for a few hours.
Media composition
The medium used in the final protocol is described as basal fibroblast medium that is modified
with growth factors, cytokines, and supplements. Apart from insulin-like growth factors and
basic fibroblast growth factor the further composition of this medium is unknown, making
modifications difficult. Medium types in literature used in addition to standard DMEM were
MEMα (Raudsepp et al. 2002), DMEM/F12 (Kjelland & Kraemer 2012) and DMEM/199 (Leshin
et al. 1981; Leshin 1985). Analysis of media composition is detailed in Figure 5. Media differed
mostly in the concentration of amino acids, vitamins and inorganic salts but also non-essential
amino acids and additional vitamins, salts and other components. This coincides with better
Zebra Finch fibroblast growth after addition of non-essential amino acids (J Harper 2012,
pers.comm.). Different variations of serum concentration and composition have been used in a
range between 5-10% FCS and/or 2-7.5% CS. Different amounts of additional medium
components can be easily achieved by mixture of DMEM with F12, medium 199 or both with
the advantage of known media composition. Glucose and sodium pyruvate might have to be
added when DMEM percentage is low to keep both at high concentrations.
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500ml
Amino Acids
Glycine
L-Alanyl-L-Glutamine
L-Arginine hydrochloride
L-Cystine 2HCl
L-Histidine hydrochloride-H2O
L-Isoleucine
L-Leucine
L-Lysine hydrochloride
L-Methionine
L-Phenylalanine
L-Serine
L-Threonine
L-Tryptophan
L-Tyrosine disodium salt dihydrate
L-Valine
L-Alanine
L-Asparagine-H2O
L-Aspartic acid
L-Cysteine hydrochloride-H2O
L-Glutamic Acid
L-Hydroxyproline
L-Proline
Vitamins
Ascorbic Acid
Alpha-tocopherol Phosphate
Biotin
Choline chloride
D-Calcium pantothenate
Folic Acid
Menadione (Vitamin K3)
Niacinamide
Nicotinic acid (Niacin)
Para-Aminobenzoic Acid
Pyridoxal hydrochloride
Pyridoxine hydrochloride
Riboflavin
Thiamine hydrochloride
Vitamin A (acetate)
Vitamin D2 (Calciferol)
Vitamin B12
i-Inositol
Inorganic Salts
Calcium Chloride (CaCl2) (anhyd.)
Cupric sulfate (CuSO4-5H2O)
Ferric Nitrate (Fe(NO3)3"9H2O)
Ferric sulfate (FeSO4-7H2O)
Magnesium Chloride (anhydrous)
Magnesium Sulfate (MgSO4) (anhyd.)
Potassium Chloride (KCl)
Sodium Bicarbonate (NaHCO3)
Sodium Chloride (NaCl)
Sodium Phosphate dibasic (Na2HPO4)
Sodium Phosphate monobasic
Zinc sulfate (ZnSO4-7H2O)
Other Components
D-Glucose (Dextrose)
Sodium Pyruvate
2-deoxy-D-ribose
Adenine sulfate
Adenosine 5'-phosphate
Adenosine 5'-triphosphate
Cholesterol
Glutathione (reduced)
Guanine hydrochloride
Hypoxanthine Na
Linoleic Acid
Lipoic Acid
Phenol Red
Putrescine 2HCl
Thymidine
Ribose
Sodium acetate-3H2O
Thymine
Uracil
Xanthine

17,21 €
44,20 €
DMEM, high gluc, GlutaMAX
MEM alpha, GlutaMAX, no nuc
DMEM/F-12, GlutaMAX
mM
mM
mM
0,400
0,667
3,970
2,000
0,398
0,498
0,201
0,100
0,200
0,200
0,802
0,400
0,802
0,400
0,798
0,397
0,201
0,101
0,400
0,194
0,400
0,238
0,798
0,403
0,078
0,049
0,398
0,199
0,803
0,393
0
0,281
0
0,379
0
0,226
0
0,633
0
0,510
0
0
0
0,348

13,37 €

17,43 €
DMEM/199 4:1
mM

0,250
2,500
0,699
0,100
0,150
0,416
0,451
0,499
0,116
0,215
0,250
0,449
0,044
0,214
0,452
0,050
0,050
0,050
0,100
0,050
0
0,150

0,4534
3,313
0,3848
0,1824
0,1808
0,7026
0,7332
0,715
0,181
0,3504
0,3676
0,6888
0,07252
0,3628
0,6852
0,0562
0
0,0452
0,0001136
0,0908
0,01526
0,0696

0
0
0
0,029
0,008
0,009
0
0,033
0
0
0
0,020
0,001
0,012
0
0
0
0,040

0,284
0
0,0004
0,007
0,002
0,002
0
0,008
0
0
0
0,005
0,0003
0,003
0
0
0,001
0,011

0
0
0,00001
0,064
0,005
0,006
0
0,017
0
0
0
0,010
0,001
0,006
0
0
0,001
0,070

0,0000568
0,00000284
0,0000082
0,023594
0,0067162
0,00726054
0,00001162
0,026281
0,0000406
0,000073
0,0000246
0,0157042
0,00085332
0,00952594
0,000061
0,0000504
0
0,0320556

1,800
0
0,0002
0
0
0,813
5,330
44,050
110,340
0
0,916
0

1,80
0
0
0
0
0,813
5,330
26,190
117,240
0
1,010
0

1,05
0,00001
0,0001
0,002
0,301
0,407
4,160
29,020
120,680
0,500
0,453
0,002

1,80
0
0,0005444
0
0
0,813
5,330
40,478
111,72
0
0,935
0

25,000
1,000
0
0
0
0
0
0
0
0
0
0
0,040
0
0
0
0
0
0
0

5,560
1,000
0
0
0
0
0
0
0
0
0
0,001
0,027
0
0
0
0
0
0
0

17,510
0,500
0
0
0
0
0
0
0
0,015
0,0002
0,001
0,022
0,001
0,002
0
0
0
0
0

21,112
0,8
0,000746
0,00496
0,0001152
0,00033
0,0001034
0,0000326
0,00032
0,000442
0
0
0,04254
0
0
0,000666
0,122
0,000476
0,000536
0,000396

Figure 1. Comparison of media compositions found in literature. Length of bars show concentration of
substance (highest concentration among media= 100% for each substance). Amino acids are shown in
blue, vitamins in green, inorganic salts in light blue, glucose and sodium pyruvate in red, other
substances in pink. Fibroblast proliferation could be further improved by using alternative media or
addition of supplements lacking in standard medium.
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Coating and passaging improvement
Bird fibroblasts did well on plates and petri dishes coated with chicken collagen extracted from
chicken legs. It should be tested if it can be replaced by commercially available collagen from
chicken or rat tail with equally good results. One problem of passaging was the strong
connection of the cells to the substrate. Trypsin/EDTA had to be applied at high concentration
and for a long time until cells detached, causing damage to the cells. Addition of collagenase to
trypsin/EDTA could improve cell detachment while reducing the concentration of trypsin/EDTA
and damage to the cells (Freshney 2010). Passaging can also be improved by additional
washing before adding trypsin/EDTA. PBS should not contain Ca2+ or Mg2+. Alternatively to
EDTA, EGTA could be used which has a higher Ca2+ binding affinity. Other options could be
Accutase or TrypLE as trypsin replacements which are ready to use enzyme mixtures
(ResearchGate 2013).
Conclusions
In this chapter I could show that biopsies taken from Zebra Finches can be used as a source for
skin fibroblasts. These fibroblasts also were successfully infected with a construct-carrying
lentivirus. That this construct developed for mammalian systems also can be used to measure
expression of a circadian clock gene in an avian system was shown by infection of chicken
embryo fibroblasts. These fibroblasts did express Bmal1 and the connected luciferase gene
rhythmically. Feather samples were taken in parallel to skin samples but general success of
extracting fibroblasts was rather random. In Zebra Finches feather growth is not seasonally
restricted but varies and feather pins that were used were at different stages of growth and
came from birds of different ages. I further provided suggestions for the improvement of the
existing protocol. Although the assay has yet to be validated by comparison to free-running
period derived from activity, it offers the possibility to study circadian rhythms in birds from
the wild. On one hand this benefits the animals as they do not have to stay in captivity and are
harmed only minimally by sampling, on the other hand free-running period can be examined
without disturbance by stress, aftereffects or health.
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Chapter 2
Clocks for the city: circadian differences between forest
and city songbirds

Davide M. Dominoni, Barbara Helm, Marina Lehmann, Harold B. Dowse
and Jesko Partecke

To keep pace with progressing urbanization organisms must cope with extensive habitat
change. Anthropogenic light and noise have modified differences between day and night, and
may thereby interfere with circadian clocks. Urbanized species, such as birds, are known to
advance their activity to early morning and night hours. We hypothesized that such modified
activity patterns are reflected by properties of the endogenous circadian clock. Using
automatic radio-telemetry, we tested this idea by comparing activity patterns of free-living
forest and city European blackbirds (Turdus merula). We then recaptured the same individuals
and recorded their activity under constant conditions. City birds started their activity earlier
and had faster but less robust circadian oscillation of locomotor activity than forest
conspecifics. Circadian period length predicted start of activity in the field, and this
relationship was mainly explained by fast-paced and early-rising city birds. Although based on
only two populations, our findings point to links between city life, chronotype and circadian
phenotype in songbirds, and potentially in other organisms that colonize urban habitats, and
highlight that urban environments can significantly modify biologically important rhythms in
wild organisms.
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2.1

W

Introduction
e live in the urban millennium, when global change and rapid expansion of cities
hasten the loss of animal and plant species (Grimm et al. 2008). Yet despite dramatic

alteration of the environment by urban sprawl, many wild organisms have succeeded to
colonize man-made habitats. Their surprising ability to thrive under novel environmental
conditions has sparked increasing biological interest in urbanization (Shochat et al. 2006). The
vast majority of studies on effects of urbanization on wild species has focused on the response
to spatial habitat change, but urbanization also modifies temporal niches. For example,
artificial light at night has been suggested to alter temporal activity patterns and physiology in
different species among reptiles, birds and mammals (Rich & Longcore 2006; Kempenaers et
al. 2010; Rotics et al. 2011; Dominoni et al. 2013a). Moreover, noise in urban areas has been
suggested to promote nocturnal activity in diurnal species, at least in songbirds (Fuller et al.
2007).
Daily cycles of behaviour and body function are ubiquitous phenomena and are thought to be
evolutionary adaptations to the Earth’s 24 h rotation (Foster & Kreitzman 2004). The daily
alternation of activity and rest is not a mere response but an entrainment of the endogenous
circadian clock to cyclic environmental signals. Organisms benefit from the synchronization of
the circadian clock with environmental cycles, mainly the light – dark cycle, for maximizing
their fitness (Dunlap et al. 2004b). In humans, the shift to the 24 h society typical of urban
areas in developed countries can disrupt synchronization between circadian physiological
functions and daily activities such as sleep and food intake, with serious health implications
(Klerman 2005). Such a change in human lifestyle also affects other species through shared
urban habitats, but it is currently unclear whether endogenous circadian clocks are implicated
in responses to urbanization.
To address temporal implications of city life we compared common songbirds (European
blackbirds, Turdus merula) from a city and forest population. Blackbirds have long been
associated with humans in Europe, and are an efficient model species because they thrive in
cities, where they display nocturnal behaviour, especially during early morning hours (Nemeth
& Brumm 2009). Our main objective was to examine variation in circadian traits between the
two populations, and to relate this variation, if present, to variation in chronotype in the wild.
Chronotype is defined as the timing of an individual relative to an external synchronizing cue
(Zeitgeber), and results from interactions between the endogenous circadian clock and

environmental factors (Roenneberg et al. 2003). Assignment of a particular chronotype to an
individual requires within-individual consistency in timing. Across a population, variation in
chronotype correlates with circadian properties in many species, including humans (Kyriacou
et al. 2008). Early chronotypes typically have shorter circadian period length (tau, τ) than late
chronotypes (Brown et al. 2008). In view of the nightly and early morning activities exhibited
by European blackbirds, we hypothesized that individuals from urban areas had faster free-
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running circadian clocks than their forest conspecifics. We furthermore proposed that in urban
habitats, where Zeitgeber information is compromised by anthropogenic light and noise,
organisms may fare better with relatively labile circadian clocks.

2.2

Methods

Activity recording of free-living animals
During the breeding season of 2010, we captured 12 adult male European blackbirds (forest, n
= 6; city, n = 6) in various locations in the city of Munich (Germany, 48°07’ N, 11°34’ E; 518
m.a.s.l.) and in a rural forest near the village of Raisting (47°53’ N, 11°04’ E; 553 m.a.s.l.), 40 km
southwest of Munich (see the electronic supplementary material, figure S1). Birds were
equipped with 2.2-gram pulse radio-transmitters (Sparrow Systems, IL) and immediately
released at their capture site. Daily activity was recorded using automated recording units
(ARUs, Sparrow Systems). The ARU was placed close to the territory of a bird and connected to
an H-antenna (Sparrow Systems). The unit was programmed to scan every minute for the
corresponding frequency of each bird and to record the signal strength of the radiotransmitter pulse. We used the data from birds that spent at least a week within the range of
the antennas, and thus provided continuous and high-quality recordings (mean ± s.d. = 21 ± 8
days). We used the change in signal strength over time to infer the time of start of activity, as
previously described (Bisson et al. 2009). Briefly, the time of start and end of activity was
estimated to the minute by comparing consecutive data points and scoring the minute when a
change in signal strength was greater than 4 db. We used start of activity as a proxy for
chronotype because of evidence that the morning hours are of particular ecological and
evolutionary relevance for songbirds (Kacelnik & Krebs 1982; Amrhein & Erne 2006; Poesel et
al. 2006; Kempenaers et al. 2010), but we also examined end of activity and total duration of
daily activity, and related timing to day-length information from astronomical charts. For every
day of recording, we standardized start, end and duration of activity by subtracting each value
from the start of morning civil twilight, end of evening civil twilight, and duration of daylight
for Raisting and Munich, as available at the United States Naval Observatory database
(www.usno.navy.mil/USNO).
Recording of circadian rhythms in captivity
Tagged birds were recaptured within the same breeding season between the end of April and
end of June 2010, and were transported in cloth cages to our facilities in Andechs, Germany
(47°58’ N, 11°11’ E, 690 m.a.s.l.). In addition, we captured additional adult male birds for which
activity was not recorded in the wild (forest, n = 8; city, n = 8). In total, we captured 14 birds
from each population. Birds were placed in individual cages (width x height x length: 45 x 70 x
80 cm), each of them located in a light-proofed, sound-insulated chamber. Once trans- ported
to our facilities, birds were immediately placed under constant dim light (LLdim; 0.3 lux,
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tungsten warm bulb, Osram, Germany). Food (mealworms and mixed dry insects, Aleckwa,
Germany) was provided at random times during day and night to prevent birds from
synchronizing to feeding cycles. Drinking water was available ad libitum. Activity was recorded
in LLdim for an average of 10 days per bird (10 ± 2 days). Afterwards, birds were put under
light/dark cycles (LD; 500 lux, cool white fluorescent bulb, Osram, Germany), which followed
the natural seasonal variation of photoperiod in Andechs. Locomotor activity was recorded
over the entire duration of the experiment through a passive infrared sensor mounted on each
cage (Intellisense, CK Systems, Eindhoven, The Netherlands). Movements were counted and
stored as 2 min bins into a computer. All the experimental procedures were carried out in
accordance with the guidelines of the relevant German agencies.
Analysis of circadian traits
We employed methods of digital signal analysis to extract relevant circadian information from
the activity recorded in constant dim light conditions. These techniques are reliable and have
been used extensively (Krishnan et al. 2001; Levine et al. 2002b). To run the analysis, we used
the libraries written by Harold Dowse and described in (Dowse 2007). We removed the first
day of activity recording in all analyses to limit possible bias in the data owing to birds
habituating to the new environment.
First, we used autocorrelation analysis to assess the strength of the periodicity in LLdim as
described by Levine et al. (2002b). Briefly, we calculated the coefficient of temporal
autocorrelation at each time lag and plotted it over time. We then assessed the strength of the
rhythm as the height of the third peak in the autocorrelation plot, a measure that has been
named rhythmicity index (Levine et al. 2002b). The third peak was chosen because its
amplitude, relative to that of the first peak, is considered a reliable measure for the strength of
the rhythmicity (Levine et al. 2002b). To assess whether a bird was rhythmic at all, we
calculated the 95 per cent acceptance region for the null hypothesis of no correlation. If the
third peak in the autocorrelation plot exceeded the acceptance region, we defined this bird as
rhythmic and used its data in maximum entropy spectral analysis (MESA) to estimate the
circadian period length. MESA works by fitting an autoregressive model to the time-series in
order to compute a spectrum. We referred to (Dowse & Ringo 1991) for details and validation
tests of this technique. Graphic examples for two representative city and forest birds are
shown in the electronic supplementary material, figure S4. After release from LLdim into LD, the
birds showed an unexpected pattern of daily activity: most birds shifted their active phase into
the dark period (see the electronic supplementary material, figure S5). This behaviour is hard
to interpret and could, for example, represent nocturnal restlessness that typically occurs
during migration or following captivity (Mukhin et al. 2009). Because the biological
interpretation would have been unclear, we did not include this aspect of the data into
analyses.
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Statistical analysis
All statistical tests were computed with R v. 2.13.0 software (R Core Team 2011). We applied a
significance level of α = 0.05.
To test for differences in the start, end and duration of daily activity between forest and city
birds, we used linear mixed models (LMMs) from the R package nlme (Pinheiro & Bates 2004).
In all models, we included origin and τ as fixed factors and date as covariate. We modelled
random

intercept

dependent

on

individual

to

correct

for

repeated

measures.

Heteroscedasticity was present in all models since variance in the residuals was higher in city
than forest birds. We corrected for this by including weights on the residuals by origin. We
removed one outlier from the urban population in the analysis of end of activity, because its
mean exceeded two standard deviations of the mean of all other individuals pooled together.
Within-individual variation and between-individual variation in start, end and duration of daily
activity in the field were extracted from the model outputs and used to calculate repeatability
(i.e. the proportion of phenotypic variance explained by individual (Falconer & Mackay 1996)
following Lessells and Boag (1987). The difference between city and forest birds in the
between- individual variation in start of daily activity was assessed by Levene’s test from the R
package lawstat (http://cran.r-project. org/package=lawstat).
Circadian traits were tested by independent two-sample test. We used a t-test to compare the
rhythmicity index between forest and city birds. To compare τ in the two populations, we
switched to a non-parametric Mann - Whitney test because assumptions of normality were not
met. Furthermore, since the photoperiod experienced by an animal prior to recording under
constant conditions can affect its circadian period length (Pittendrigh 1960), we tested for this
potential effect with a linear model (LM) including τ as a response variable and the date of
recapture from the field (activity recording under LLdim started on the same day) as explanatory
variable.

2.3

Results

City birds started their activity on average 29 ± 17 minutes (mean ± s.d.) before civil twilight,
while forest birds differed by synchronizing activity to the onset of twilight (mean onset ± s.d.
= 0 ± 3 min, LMM, d.f. = 9, p = 0.0093; figure 1 and table 1). Between-individual variation in
start of activity was higher in city than in forest blackbirds (Levene’s test: test statistic = 7.44, p
< 0.001; electronic supplementary material, table S1). Within-individual variation was also
higher in city than in forest individuals (variance forest = 80.2, variance city = 351.04;
electronic supplementary material, table S1). Since the difference between city and forest
birds in both between- and within-individual variation was very similar, repeatability estimates
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for the two populations were very close (forest R = 0.51, city R = 0.50; electronic
supplementary material, table S1). At the end of the day, city birds extended their activity on
average 6 ± 9 min later into the evening than forest birds, although the difference was not
significant (mean ± s.d., LMM, d.f. = 9, p = 0.52; electronic supplementary material, figure S2;
table 1). Therefore, city birds were active for longer than forest birds, on a daily average by 40
± 14 min per day (mean ± s.d., LMM, d.f. = 9, p = 0.0043; electronic supplementary material,
figure S3; table 1). All investigated aspects of timing in the wild showed high repeatability (see
the electronic supplementary material, table S1), indicating that activity patterns were
consistent properties of individuals within the study.

Figure 1. Differences in daily start of activity between forest and city European blackbirds in the wild.
Daily activity was continuously recorded on free-living forest (n = 6) and city (n = 6) birds by an
automated telemetry system. Start of activity was standardized to the onset of civil twilight (dashed
horizontal line) to correct for daily changes in photoperiod. Values indicate minutes before (negative
values) or after (positive values) the morning onset of civil twilight. Box plots represent, from bottom to
top: one standard deviation (s.d.) below the mean, lower quartile, median, upper quartile and one s.d.
above the mean. Dots indicate observations further than one s.d. away from the mean.

City birds showed clearly reduced circadian rhythmicity compared with forest birds, as
measured by the rhythmicity index (t-test: t = 2.08, d.f. = 25.67, p = 0.048, figure 2a), supporting the idea of more labile circadian clocks in the city. For analyses of period length, the
birds that were found to be arrhythmic (n = 0 for forest; n = 5 for city) were excluded because
periodicity could not be determined. In the remaining city birds circadian period length was on
average shorter by 50 min than in forest birds (mean ± s.d., forest birds = 23 h 45 min ± 37
min, city birds = 22 h 55 min ± 35 min; Mann - Whitney test: U = 26, p = 0.021; figure 2b). The
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start date of recording under LLdim (as a proxy for the day length experienced by the birds prior
to constant conditions) did not affect t (LM: t = 0.66, p = 0.52; electronic supplementary
material, figure S5).
Table 1. Differences between city and forest birds in start, end and duration of daily activity in the field.
Each response variable was standardized, respectively, on start of morning twilight, end of evening
twilight and daylight hours to correct for the seasonal change in day length. Models are LMMs with
origin and τ as fixed factors and date as covariate. Subjects were used as random factor to correct for
repeated measurements.

trait

factors

start of activity

end of activity

duration of activity

estimates

s.e.m.

df

t-value

p-value

intercept
date
τ
origin

-115.06
-0.42
9.91
16.83

13.86
0.08
5.11
2.42

243
243
9
9

-8.30
5.94
4.10
3.29

< 0.001
< 0.001
0.0027
0.0093

intercept
date
τ
origin

37.99
-0.49
1.37
6.58

11.25
0.08
5.69
9.88

226
226
9
9

3.38
-6.35
0.24
0.67

< 0.001
< 0.001
0.8100
0.5200

date
τ
origin

87.84
-0.97
1.99
40.19

27.80
0.12
5.01
10.61

220
9
9

3.16
-7.80
0.40
3.79

0.0018
< 0.001
0.6900
0.0043

We found a positive linear relationship between τ and onset of activity. Indeed, fast-paced
individuals with shorter free- running periodicities were the birds waking up earlier in the wild
(LMM, d.f. = 9, p = 0.0027; figure 3 and table 1). However, this relationship was absent in birds
with slower clocks, in which start of activity was closely linked to onset of civil twilight. Thus,
because blackbirds from urban and rural sites differed in period length, the relationship
between τ and chronotype was influenced by site (LMM, d.f. = 9, p = 0.009; figure 3 and table
1). In the fast-paced city birds, early rising was related to the pace of the circadian clock,
whereas forest birds showed variation in τ but consistently synchronized their morning activity
to civil twilight (figures 1, 3, 4). In contrast, neither end nor total duration of daily activity were
related to τ (LMMs: end of activity: d.f. = 9, p = 0.81; duration of activity: d.f. = 9, p = 0.69;
table 1). In all these models, date was included as a covariate, so that we considered effects of
τ and origin to be independent of date.
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Figure 2. Differences in rhythmicity index and circadian period length between forest and city
blackbirds. Forest (n = 14) and city (n = 14) birds were held in constant dim light of 0.3 lux and their
activity was continuously recorded for at least a week (10 ± 2 days). We then estimated (a) robustness
of the rhythmicity and (b) period length τ. Since five city birds showed a statistically non-significant
rhythmicity index, they were excluded from the analysis of period length. For box plot specification see
figure 1.

2.4

Discussion

The causes and consequences of variation in circadian period length between natural
populations of the same species are crucial for the understanding of how organisms adapt to
changes in their temporal environment (Sawyer et al. 1997; Michael et al. 2003). Here, we
show that two populations of city and forest European blackbirds differ in both chronotype
and circadian traits. The shift towards shorter circadian period length in the urban population
is mirrored by behaviour in the wild, because city birds started their activity earlier than forest
birds. Furthermore, chronotype of city birds was correlated with the endogenous periodicity of
their circadian clock under constant conditions, whereas the timing of onset and end of daily
activity in forest birds was more closely related to civil twilight. Overall, we conclude that
urbanization may not only modify daily organization of activities, but may also alter
endogenous circadian rhythmicity and its interaction with the Zeitgeber in wild animals.
However, our conclusion is based on only one forest and one city population. Therefore, in
order to consolidate an effect of urbanization on circadian timing, as distinguished from other
processes, data from additional rural and urban sites will be necessary.
Given our current data, we can merely speculate about the origin of these observed
differences in chronotype and circadian traits between city and forest blackbirds. The causes
could be environmentally induced and/or intrinsic. For instance, city and forest habitats differ

Chapter 2 | 48

in several environmental characteristics that could influence temporal patterns of activity,
such as daily noise patterns and artificial light at night. In particular, recent work, including our
own studies on seasonal physiology of urban and forest blackbirds (Dominoni et al. 2013a),
suggested that the detection of day length might be altered by the artificial illumination at
night (Kempenaers et al. 2010; Dominoni et al. 2013a). In our study, city birds could have
perceived the ‘lights on’ signal earlier than forest birds, which may have advanced chronotype
(i.e. onset of activity in the field) (Dominoni et al. 2013a) and promoted after-effects on τ
(Pittendrigh 1960). The 24 h light profiles for our two study sites are shown in the electronic
supplementary material, figure S6. Our measurements suggest that patterns of light intensity
differed between the urban and rural habitat, but more detailed data on the individual
exposure to light would be necessary to directly link light - dark cycles to chronotype and
circadian rhythms. If altered day length perception seems a plausible reason to explain the
difference in chronotypes between the two populations, circadian period lengths were
surprisingly robust with respect to after-effects of prior photoperiodic condition, since τ was
independent of date (see the electronic supplementary material, figure S5). Another process
known to affect both the duration of daily activity and τ is seasonal change in reproductive
physiology (Gwinner 1967; Gwinner 1974). In order to minimize this potentially confounding
effect, we sampled blackbirds during May and June when both study populations exhibit their
peak breeding stage during the reproductive season (Partecke et al. 2005).

Figure 3. Relationship between τ and chronotype. Circadian period length predicts time of start of
morning activity in the field, relative to morning twilight (linear mixed model, df = 9, P = 0.0097, table 1).
Most of the relationship is explained by city birds (white dots, N = 6), while forest birds (black triangles,
N = 6) seem to be closely synchronized with day length. Values indicate minutes before (negative values)
or after (positive values) the onset of morning civil twilight (dashed horizontal line). Error bars represent
mean of raw data ± s.e.m. for each individual.
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A fascinating hypothesis is that these observed differences are the result of micro-evolutionary
changes to the new life in cities of this originally forest-dwelling species. Possible evolutionary
implications of a link between circadian traits and chronotypes are suggested by two recent
studies and by general evidence. For songbirds, performance during early morning hours is
particularly important and may promote selection for early start of activity. Early birds
increased reproductive success by greater extra-pair copulation opportunities in several
studies (Poesel et al. 2006; Kempenaers et al. 2010) and were more efficient at territorial
defence (e.g. by early dawn song Kacelnik and Krebs (1982); Amrhein and Erne (2006)).
Kempenaers et al. (2010) have shown that male blue tits (Cyanistes caeruleus), which occupied
territories near streetlamps, sang earlier in the morning, even before civil twilight. These males
had also the highest rate of extra-pair paternity in the population, suggesting that early
awakening as a response to artificial light at night could confer fitness benefits (Kempenaers et
al. 2010). Hence, one potential scenario may be conceivable: colonization of urban areas may
increase selection for early chronotypes, which in turn would ease the exploitation of new
temporal niches into the night. To the extent that chronotype depends on circadian properties,
selection should also affect the circadian clock. A further recent study pointed directly to
reproductive benefits of fast circadian clocks. In wild-derived great tits (Parus major), chicks
from extra-pair fathers had shorter circadian period length than the within- pair offspring. The
same study also showed that circadian period length was highly heritable (Helm & Visser
2010). High heritability of a trait is one of the prerequisites for natural selection to act on this
trait. Thus, assuming similar heritability of timing in blackbirds, selection in favour of early
chronotypes in urban environment could lead to micro-evolutionary adjustments of both
chronotype and underlying circadian traits.
Although the hypothesis of natural selection favouring faster clocks and early risers in urban
habitats seems conceivable and exciting, results from our wild-caught subjects do not allow
distinguishing between genetic difference, developmental plasticity or effects of previous
exposure to a particular environment. These three mechanisms are not mutually exclusive. All
three processes are known to have the potential to alter circadian rhythmicity. For instance,
Tauber et al. (2007) have shown that a recent mutation in the circadian clock gene timeless
has altered diapause in Drosophila melanogaster. In addition, epigenetic and specifically
maternal effects can alter endogenous rhythmicity. For example, in quails the circadian
phenotype of the mothers can predict that of their young (Formanek et al. 2009). Finally, as
already mentioned above, after-effects of previous environmental exposure may affect
circadian period length τ (Pittendrigh 1960), for example, depending on the amplitude and
length of the photoperiod an animal experiences (Eskin 1971; Pittendrigh & Daan 1976a;
Aschoff 1979; Diegmann et al. 2010). For the future, we suggest possible experiments in order
to better understand the mechanism behind the observed differences between city and forestdwelling animals. We need experiments in which we record τ not only in wild-caught, but also
in hand-reared forest and city birds. If differences in τ are not found in hand-reared animals,
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this would strongly argue against genetic difference between forest and city populations, and
either developmental plasticity or environmental effects might be considered. In order to test
for developmental effects, eggs could be cross-fostered between the two populations and
subsequently τ could be recorded in nestlings raised from either their natural mother or a
female in the opposite environment. Finally, to test for after-effects of artificial light at night,
we would suggest recording τ after exposing forest and city birds to the same photoperiod.
Effects of additional light at night could then be tested by separate treatments of both groups.

Figure 4. Chronotype distribution in (a) humans and (b) European blackbirds in relation to Zeitgeber
strength and city or forest environmental conditions. (a) Analysis of empirical data from human beings
and application of classical oscillator theory lead Roenneberg et al. (2003) to postulate that chronotype
distribution should depend on the Zeitgeber conditions a population experiences. Under strong
Zeitgebers chronotypes should be less variable and more closely synchronized than chronotypes under
weak Zeitgebers (graph adapted from original manuscript). X-axis shows time of mid sleep point, y-axis
shows relative frequency of chronotype. (b) Chronotype distributions for free-roaming city and forest
blackbirds based on recordings by an automated telemetry system resemble those theoreticized by
Roenneberg et al. (2003). City birds showed much higher variation and a lower peak in frequency of
timing of start of activity than forest birds, which in turn appeared to be highly synchronized to the
onset of morning twilight (dashed vertical line). X-axis shows time of start of activity, y-axis shows
relative frequency of chronotype.

The distribution of chronotypes in our two populations closely fits theoretical predictions by
Roenneberg et al. (2003) based on oscillatory theory. The authors used empirical data of
circadian periodicity in human beings for modelling possible chronotype distributions in
relation to Zeitgeber strength. They suggested that with increasing Zeitgeber strength of light,
chronotypes should be less variable and more closely synchronized, implying that chronotype
distribution should depend on the Zeitgeber conditions a population experiences (figure 4a).
The distributions of chronotypes in city and forest blackbirds are in line with this theory ( figure
4b). Birds living in the forest habitat showed a distribution with a sharp and high peak, and low
variance around the mean. Conversely, the chronotype of city birds showed a lower peak and
higher between-individual variation than that of forest birds, mirroring the distribution of
humans subjected to weak Zeitgebers. In addition, city birds were less consistent in their
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timing of morning activity than forest birds. Analysis of underlying rhythms suggests two
circadian features that may affect activity patterns in the city, one being a possibly closer link
of chronotype to period length in city birds than in their rural counterparts, as discussed
above. The second feature is the higher heterogeneity in timing of onset of morning activity,
which is mirrored by the weakness of the circadian rhythmicity under constant laboratory
conditions. City birds were clearly less rhythmic than forest conspecifics, as suggested by the
index of robustness. Interestingly, the five city birds that were found to be arrhythmic were all
sampled at the same down- town location in the central business district of Munich, whereas
the remaining city birds originated from other urban locations including parks, cemeteries and
botanical gardens. Although anecdotal, this observation supports the idea that loss of circadian
rhythmicity is related to inhabiting highly urbanized areas where environmental time cues may
be less precise. We propose that urban environments could be seen as habitats where the
time information is noisy and weak, thereby giving greater room for alternative temporal
activity patterns if a potential advantage is present.
The consequences of urbanization on daily and seasonal organization and wellbeing are
currently raising strong interest among both scientists and the general public (Foster &
Kreitzman 2004; Lederbogen et al. 2011), especially with respect to light at night and circadian
biology (Navara & Nelson 2007; Kantermann & Roenneberg 2009). Our study is novel in
showing that changed activity patterns are associated with altered circadian rhythmicity not
just in humans (Roenneberg et al. 2003; Vollmer et al. 2012), but also in wild animals thriving
in urban areas. We compared city and forest European blackbirds, but we suggest that our
framework and findings may be relevant for scientists looking for a link between circadian
rhythms, environmental change and daily activity in other species (Rich & Longcore 2006). One
fascinating explanation for the observed differences in circadian traits between forest and city
birds could be selection for early chronotypes in urban habitats, possibly owing to potential
reproductive advantages for early birds. The environmental pressures which could have
promoted the shift in both endogenous and overt rhythmicity remain to be elucidated, but we
suggest light pollution as a potential candidate. We believe that given the fitness and health
implications of circadian disruption (Emerson et al. 2008), there is an urgent need for scientists
to understand the costs and benefits of altered circadian rhythmicity in urban areas.
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Supplementary Material
Entrainment to LD after LLdim.
Our original experimental set-up was intended to allow us to examine how birds re-entrained
to light/dark cycles after exposure to constant dim light. At the onset of the captivity
experiment under LLdim, birds had quickly developed rhythmic activity that started around the
time predicted from the wild, and free-ran thereafter with circadian period length. This
strongly indicates that under LLdim we measured the circadian equivalent of regular, daytime
activity. In contrast, in LD the phase and pattern of activity differed greatly from daytime
activity in the field. We were surprised to see that, as evident in the examples shown in Fig. S4
below, most blackbirds failed to properly entrain to the LD cycle after release from LLdim. Most
birds lacked clear entrainment, and to the extent that they did entrain, they showed a
predominantly paradoxical pattern of higher activity levels during the night once in LD (out of
28 birds recorded in LD after constant dim light, 7 showed irregular daily rhythms with some
activity during the day and some at night (like in Fig. S4), 17 were mainly active at night, and
only 4 tended to entrain to the LD cycle with activity during the light phase.). Thus, empirically,
we could at best derive only poorly supported data on entrainment, and these would differ
from natural entrainment to such extent that they could not be interpreted. The reasons for
these patterns under LD cycles are not clear. Birds were recorded for 12 days in LD, which is
usually a sufficient period of time to allow entrainment to new photoperiodic conditions (Hau
& Gwinner 1995; Abraham et al. 2000). We therefore believe that the captive conditions under
LD affected the birds in a way that changed their activity patterns. A possible explanation of
the prevalence of nocturnal over diurnal activity in LD could be that birds shifted into
“migration/dispersal mode”, which in blackbirds, like in many other songbirds, entails
nocturnal migratory restlessness (Partecke & Gwinner 2007). Migratory restlessness is in some
species driven by a second oscillator with longer period length (Bartell & Gwinner 2005) and is
therefore not representative of daytime activity. Mukhin et al. (2009) showed that when
songbirds are removed from their breeding territory and translocated away, once they are
released again they switch their diel activity to becoming nocturnal while returning home. The
behaviour of our birds in LD resembled this “escaping” at night strategy and might explain
their entrainment to a normal light/dark cycle. Furthermore, daytime activity could be
negatively masked by light in LD (Aschoff & von Goetz 1989). In all these scenarios it is highly
questionable whether the activity in LD is the same activity as that in LLdim and in the wild.
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Table S1. Variance (σ2) between and within individuals in activity traits in the field, and associated
repeatability within individuals (calculated after Lessells & Boag 1987).

Site
forest
city
Site
forest
city
Site

Onset of activity
Between-ind. σ (SD)
Within-ind. σ2 (SD)
2

82.35 (7.55)
80.2 (8.95)
352.97 (18.78)
351.04 (18.74)
End of activity
2
Between-ind. σ (SD)
Within-ind. σ2 (SD)
268.91 (16.40)
141.78 (11.91)
114.07 (10.68)
120.63 (10.98)
Duration of diurnal activity
Between-ind. σ2 (SD)
Within-ind. σ2 (SD)

forest
city

206.22 (14.36)
163.81 (12.80)

198.44 (14.09)
541.92 (23.28)

Repeatability
0.51
0.50
Repeatability
0.65
0.49
Repeatability
0.51
0.23

Figure S1. Study sites. Panel a: Overview map. Birds were sampled in the city of Munich and in the forest
of Raisting, 40 km south-west of Munich. Panel b: Map of nocturnal light intensity in the city centre of
Munich, and locations of origin of the 9 urban birds used in the analysis of circadian rhythmicity in the
lab (1-5: cemetery; 6: botanical garden; 7-9: business district). Notice the higher light intensity in the
business district compared to the other two locations. The green star depicts the locations where the
stationary light logger (see Fig. S6) was deployed. This picture is by courtesy of Franz Kurz, DLR,
Oberpfaffenhofen, Germany.
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Figure S2. Difference in end of daily activity between forest and city birds. Values indicate minutes
before (negative values) or after (positive values) the end of evening civil twilight (dashed horizontal
line). See Fig. 1 and Methods for details on box plot specifications and statistical analysis.

Figure S3. Difference in duration of daily activity between forest and city birds. Values indicate duration
of activity relative to day length. Negative values refer to duration of activity shorter than day length
and vice versa for positive numbers. See Fig. 1 and Methods for details on box plot specifications and
statistical analysis.
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Figure S4. Spectral analysis of circadian rhythms. Two birds are taken as example, one representative of
the forest (upper graph) and one of the city (lower graph) population. a-b: Double-plotted actograms of
activity recordings in captivity. Time of the day (h) is plotted on X axis, day of experiment on Y axis. Grey
shaded areas represent dim light, white areas represent simulated daylight. Only the days under LLdim
are used for spectral analysis. c-d: Autocorrelation plots. X axis shows time-lag (h), Y axis shows
coefficient of correlation. The horizontal lines located above and below zero represent 95 % acceptance
region for the null hypothesis of no correlation. e-f: Graphical representation of the estimation of
circadian period length obtained after maximum entropy spectral analysis (MESA). X axis shows period
length (h), Y axis shows spectral density. The period length corresponding to the highest peak indicates
the main periodicity of the activity rhythm.
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Figure S5. Relationship between period length and date. X axis represents time, Y-axis represents
circadian period length τ. Rural birds are indicated by white circles and urban birds are indicated by
black triangles. Vertical line notes June 21st, the day when day length changes from increasing to
decreasing day length.

Figure S6. 24-h light profiles of the urban and forest study sites. Light was recorded between March 4th
and 20th, 2011, using stationary light loggers. Two loggers (Wissenschaftliche Werkstätten, University of
Konstanz, Germany) were placed at a height of ~ 2 m on tree branches at the edge of a forest patch
(rural site) and a botanical garden (urban site). They recorded and stored light intensity every two
minutes for the entire time. We calibrated the loggers against a photometer (LI-1400 and LI-2100, LICOR, USA) in order to convert frequency into lux values. X-axis represents time, Y axis represents logtransformed light intensity. Lines depict mean light intensities for the entire recording period, shaded
areas are s.e.m. (a) Complete 24-h profile. (b) Morning twilight phase (6:00-7:00). (c) Evening twilight
phase (17:00-18:00). (d) Night (20:00-4:00).
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Chapter 3
Ambient temperature effects on circadian clock and
chronotype in Great Tits

Marina Lehmann, Kamiel Spoelstra, Marcel E. Visser, and Barbara Helm
Daily schedules of many organisms, including birds, are thought to affect fitness. Timing in
birds is based on circadian clocks that have a heritable period length, but fitness consequences
for individuals in natural environments depend on the scheduling of entrained clocks. This
chronotype, i.e., timing of an individual relative to a Zeitgeber, results from interactions
between the endogenous circadian clock and environmental factors, including light conditions
and ambient temperature. To understand contributions of these factors to timing, we studied
daily activity patterns of a captive songbird, the Great Tit (Parus major), under different
temperature and light conditions. Birds were kept in a light (L)-dark (D) cycle (12.5 L:11.5 D) at
either 8 or 18°C with ad-libitum access to food and water. We assessed chronotype and
subsequently tested birds at the same temperature under constant dim light (LLdim) to
determine period length of their circadian clock. Thermal conditions were then reversed so
that period length was measured under both temperatures. We found that under constant
dim light conditions individuals lengthened their free-running period at higher temperatures
by 5.7 ± 2.1 min (p = .002). Under LD, birds kept at 18°C started activity later and terminated it
much earlier in the day than those kept under 8°C. Overall, chronotype was slightly earlier
under higher temperature, and duration of activity was shorter. Furthermore, individuals
timed their activities consistently on different days under LD and over the two test series
under LLdim (repeatability from .38 to .60). Surprisingly, period length and chronotype did not
show the correlation that had been previously found in other avian species. Our study shows
that body clocks of birds are precise and repeatable, but are, nonetheless, affected by ambient
temperature.
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3.1

A

Introduction
s environments fluctuate substantially over the 24-h day, the scheduling of daily
activities is thought to be closely linked to fitness. Being in time can give an advantage,

e.g., in foraging for food, finding a mating partner, or escaping predators (Sakai & Ishida 2001;
Kronfeld-Schor & Dayan 2003; Moore & Doherty 2009). Within a population, however, not

every individual is on the same schedule, so that there is variation in timing traits like phase
angle difference relative to Zeitgebers, such as sunrise or sunset. In humans, individual time
patterns are relatively consistent and have a heritable component (Merrow et al. 2005;
Roenneberg & Merrow 2007). Individuals can be classified as "chronotypes" (e.g., morning or
evening types), although additional factors, like age and social context, time of year, and
ontogeny also affect timing (Roenneberg et al. 2007; Brown et al. 2008). Much less is known
about consistency of chronotypes and other aspects of scheduling, e.g., onset and end of
activity, in wild-derived animals. If timing was similarly consistent, as has been suggested in
some studies (Bertin et al. 2007; Murphy et al. 2008), schedules should be under selection
depending on relative costs and benefits. Specifically, selection should act on the mechanisms
that regulate the expression of a given chronotype in a given environmental context.
One of the key factors that influences chronotype is the free-running period length (τ) of the
underlying circadian clock, which is also known to differ within populations and between
species (Daan & Beersma 2002; Helm & Visser 2010; Wyse et al. 2010). In many species,
including humans (Allebrandt & Roenneberg 2008; Brown et al. 2008), mice (Dallmann et al.
2011), birds (Aschoff & Wever 1962; Aschoff 1965; Aschoff & Wever 1966), and insects (Fleury
et al. 2000), chronotype correlates with τ (Aschoff & Pohl 1978), such that an individual with a
fast clock (τ < 24 h) would be an early chronotype. However, there are also examples for an
absence of such a relationship, possibly due to additional factors which could modify
entrainment and weaken the correlation (Shimizu & Masaki 1997; Fleissner & Fleissner 2002;
Brown et al. 2008; Helm & Visser 2010). Besides light, one aspect of the natural environment
that shapes schedules is ambient temperature (DeCoursey 1960; Sweeney & Hastings 1960;
Aschoff 1979; Redlin 2001; Rensing & Ruoff 2002). Temperature can affect timing directly, as
seen by modified activity patterns and behavior in response to changing thermal conditions
(DeCoursey 1960; Vivanco et al. 2010). In addition, temperature could affect timing by
modifying the underlying circadian period length. A rise in temperature increases the reaction
rate of most biochemical processes (Ruoff & Rensing 2004), so that the ratio of two reactions
measured at temperatures that differ by 10°C (i.e., the so-called "Q10") is usually ~2-3. In
contrast, however, the circadian clock is largely temperature-compensated (Merrow et al.
2005), i.e., its period length stays roughly the same over a range of ambient temperatures.
Correspondingly, a Q10 of ~1 is characteristic of circadian processes (Rensing & Ruoff 2002).
However, temperature-compensation is not perfect. A number of studies on endotherms and
ectotherms report change of period length dependent on ambient temperature (Sweeney &
Hastings 1960; Pohl 1968; Aschoff 1979) (Supplementary Table 1). Q10 values are within a
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range of .8 to 1.4, which implies up to 40% differences in cycle length for a difference of 10°C.
According to some studies, e.g., on chaffinches, differences in period length of that magnitude
can strongly influence activity timing under light-dark cycles (Aschoff & Wever 1966). If similar
temperature-dependent changes of the clock occurred in the wild, this could, thus, be highly
relevant for fitness. Therefore, a better understanding of temperature effects on timing under
constant and synchronizing conditions could be an important step towards clarifying the role
of circadian clocks for timing in the “real world” (Menaker 2006).
Herein, we investigate the effects of normally experienced temperatures (Gosler 1993) on τ
and chronotype in a species with a relatively well-known ecology. Great Tits (Parus major) are
widespread songbirds whose behavior has also been studied with regard to temporal patterns
(Hinde 1952; Kacelnik & Krebs 1982; Ydenberg 1984; Bednekoff & Houston 1994; Nussey et al.
2005; Charmantier et al. 2008). As in other birds, male Great Tits are more successful at
defending their territory and attracting females by singing early in the day, and thereby
produce more offspring (Daan & Aschoff 1982; Poesel et al. 2006; Dolan et al. 2007; Murphy et
al. 2008). In related Blue tits (Cyanistes caeruleus), early-singing males gained fitness via extrapair offspring (Poesel et al. 2006; Kempenaers et al. 2010). Thus, an early chronotype, and
possibly a correspondingly short τ, may be advantageous. A previous study examined a large
number of individuals of a Great Tit population and found an average τ of 23.8 h (Helm &
Visser 2010). Females seemed to prefer males with a fast clock for extra-pair matings, all the
more if their social mate had a slower clock, which would be consistent with links between fast
clocks and early chronotypes. The present follow-up study aims at examining the still poorly
understood links between circadian clock, chronotype, and ambient temperature. To
investigate these links, we subjected birds from a wild population to two temperature
treatments (8 and 18°C). We also tested whether chronotype was consistent within individuals
(i.e., repeatable), and whether it correlated with circadian period length by keeping the same
birds under a light (L)-dark (D) cycle and constant dim light (LLdim). We found an effect of
temperature on τ as well as on activity schedules, but no correlation between τ and
chronotype. High repeatability confirmed chronotype is a consistent trait in these birds, at
least under captive conditions.

3.2

Methods

Birds used for the experiments were 24 male Great Tits that were obtained from a long-term
study population at Hoge Veluwe (The Netherlands) (Helm & Visser 2010). The birds were
taken in and hand-raised during the breeding season of 2009. Family size varied from single
birds to up to four brothers. Because of earlier suggestions that paternity could be related to
clock properties, we scrutinized relatedness by molecular genetic analysis (Helm & Visser
2010). We found no indication of extra-pair offspring (i.e., there were no half-siblings in the set
of birds). During the experiment, birds were kept in 24 separate indoor aviaries (2 x 2 x 2.25
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m). For the entire duration of the experiment, each bird was thereby individually recorded in
its own aviary. It had previously been shown by spatial autocorrelation that social effects on
timing between neighbouring birds were absent (Helm & Visser 2010). Birds received fresh
water and were fed ad libitum with a constant daily amount of food, consisting of a mixture of
minced beef, proteins, and vitamins, complemented by sunflower seeds, fat balls, a mix of
dried insect, and calcium and mineral supplements.

Figure 1. Experimental set up of light and temperature conditions. Birds were kept for 10 d under a daily
12.5 L:11.5 D regimen at either 8 or 18°C. Afterwards, the light was set to constant dim light (LLdim), and
temperatures stayed the same for 14 d. For another 14 d under LLdim, temperature settings between
groups were crossed over between groups.

The studied birds had previously been used in an experiment on the effect of temperature on
the timing of reproduction from December 2009 to September 2010 (see Schaper et al. 2012)
and were then kept at 8°C except for a 5-d warmer period (18°C) for one group. Our
experiment started on the 13th of November, 2010 and ended on the 28th of December, 2010.
We divided the birds into two groups experiencing ambient temperatures in the aviaries of
either 8 or 18°C, such that each new group consisted of a similar number of birds from the
earlier experimental groups. Temperature treatments were alternated between neighbouring
aviaries (Figure 1).
At the start of the experiment, all birds were kept under a daily light:dark regime of 12.5 L:11.5
D for 17 d (Figure1). The main light sources were three high frequency fluorescent tubes. At
night, a small green lamp provided dim light of .5 lx at perch level. After 1 wk of habituation,
we recorded activity for 10 d to assess onset and offset of activity and thereby chronotype (LDexperiment). The light condition was then changed to constant dim light (LLdim), whereby, until
the end of the study, the night lamp was used as sole illumination (Figure 1). Thereby, we
measured the free-running period under the temperatures to which birds had been preexposed. Two weeks after the shift to LLdim conditions, temperatures were changed in a crossover design from 8 to 18°C, or from 18 to 8°C, respectively, for a second 2-wk series of
measurements under LLdim (Figure 1). Thus, the free-running period of each bird was measured
under both temperature conditions, but in a different sequence. Light and temperature
conditions were set and monitored for each individual aviary. Based on sensor recordings,
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temperatures fluctuated by ±1-2°C around the set point. Intensity of the constant dim light
was measured once in each aviary for each temperature condition. Although light intensity
varied from .4 to .8 lx between aviaries, it was unrelated to ambient temperature. During the
LLdim experiment, we avoided food entrainment by feeding birds at randomized times. Exact
feeding times were noted for subsequent data correction.
For activity monitoring, we used radar-detectors (Conrad Electronics). One detector per aviary
recorded movements of the single bird for subsequent computer storage (Helm & Visser 2010)
These radar-detectors use the Doppler-principle to record even small movements by sending
out a signal in the microwave range that is reflected by the bird. Superimposing the reflected
over the original signal then reveals information about the speed and proximity of the bird
relative to the sensor. Any number of bird movements within a 2-s interval was counted as
activity, and the total number of 2-s intervals containing activity was stored every 2 min (i.e., a
number between 0 and 60). In parallel to movements, temperature and light information
(on/off) was recorded as well.
All activity caused by feeding the birds or measuring light intensity was removed before data
analysis by marking it as missing values. Birds responded to changes in light condition from LD
to LLdim initially by irregular activity patterns. Therefore, the first 5 d of activity were not used
for determination of period length (τ). For the same reason, the first 2 d of data after switching
of temperatures were excluded from analysis. Two additional days of data were excluded for
one bird at the start of the first temperature treatment (LLdim1) and of another one at the end
of the second temperature treatment (LLdim2). Both birds showed an abrupt change in
behaviour, probably due to external disturbance. Because of sensor malfunction during LD,
one bird had to be removed from the chronotype analysis; for another there was no activity
information available.
To calculate τ, we used Lomb–Scargle periodogram analysis (Ruf 1999), implemented in the
software program CHRONOSHOP (Spoelstra 2010). τ was estimated from 9 d of data for the
first temperature treatment and from 13 d of data for the second temperature treatment.
These time series are long enough to allow stable estimates of τ (Helm & Visser 2010). For
estimation of timing patterns under LD, we used measurements derived from 10 d of data.
Depending on the individual bird, the activity-onset was either a sudden event or a drawn-out
increase in activity. The same was true for activity-offset with even greater variation. We used
an edge detector (Helm & Gwinner 2005) to determine the time of greatest increase in activity
in the morning (within 1 h before and after lights-on, respectively) and of greatest decrease in
activity in the evening (within 2 h before and after lights-on, respectively) for each bird. This
method allows separating the main activity interval from recurring lesser increases and
decreases in activity, yielding a relatively late calculated activity-onset and early activity-offset.
Duration of activity was the interval between activity-onset and activity-offset. Chronotype
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was calculated as a bird’s mid-activity (midpoint between activity-onset and activity-offset)
relative to mid-light time (mid-time between lights-on/lights-off). An early chronotype is
thereby characterized by a positive phase angle difference (i.e., phase-advance) between
midpoint of activity and mid-light time, whereas a negative phase angle difference indicates a
late (i.e., phase-delayed) chronotype.
The derived timing parameters were analysed by linear mixed-models using restricted
maximum-likelihood estimation methods (Genstat 1993). This approach implements a
repeated-measures design in all cases to take account of the individuals that were measured
multiple times. Effects of temperature treatment and τ were modelled as fixed factors and
covariates for chronotype as response variable. For τ as response variable, temperature
treatment and trial (first vs. second treatment) were included as fixed factors. The interaction
between these factors was included to test for carry-over effects, i.e., to investigate whether τ
was influenced by sequence of treatments. Effects of family and individual were usually
included in the model as random effects, except for analyses in which we modelled them as
fixed factors for significance testing (Genstat 1993). Significance levels were derived from Wald
statistics that asymptotically follow a χ2-distribution. As significance levels can depend on the
order of factors within the model, we tested each factor by removing as well as adding it to the
model. Usually sequence of entrance did not affect results; but, if it did, we always used the
most conservative outcome. We progressively reduced models until only factors were retained
that had significant effects on timing; in all cases, the reported statistics for each factor are
derived from the most parsimonious model. Estimates of repeatability followed the ANOVAbased procedure suggested by Lessells and Boag (1987), using the ANOVA and LM (linear
models) function from the stats package implemented in the software package R (R Core Team
2011). Data were tested for deviation from normality, and specifically for heteroscedasticity
between temperature groups using Bartlett's test. In some cases, data were not normally
distributed and had heterogeneous variances (Genstat 1993). If heteroscedasticity was
detected, we added corresponding analyses after rank transformation (Conover & Iman 1981).
Data were also characterized by descriptive methods (mean ± SD) and by non-parametric tests.
All experiments were conducted under license of the Animal Experimental Committee of the
KNAW (DEC protocol no. NIOO 10.12) and in accordance with international ethical standards
(Portaluppi et al. 2010).

3.3

Results

Birds under LD cycles (LD). On average, the chronotype, as defined by the midpoint of activity,
preceded mid-light-time by 13.5 ± 1.35 min (mean ± SEM; n = 217 observations from 22 birds)
(Figure 2 and 3). Onset of activity, as estimated by an edge-detector as the time of greatest
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increase in activity, occurred 5.9 ± 1.26 min after lights-on, and completion preceded lights-off
by 33.0 ± 2.50 min (Figure 2 and 3).
Linear mixed-model analysis revealed significant effects of temperature on chronotype (Wald1
= 5.12, p = .024; Figure 2, Table 1), with a tendency for birds to show a slightly earlier
chronotype if kept under higher temperatures. However, because there was an indication of
heteroscedasticity (Bartlett's test: χ2 = 4.31; df = 1; p = .038), we also used a more conservative
approach over ranks, for which significance levels depended on the sequence of factors in the
analysis (most conservative Wald1 = 2.98, p = .084; Table 1). In the evening, activity ended
much earlier under warmer than under colder temperatures (Wald1 = 16.30, p < .001; Table 1).
Conversely, in the morning, birds under warmer temperatures were active a bit later (Wald1 =
4.41, p = .065 [most conservative statistic]; Table 1), so that, overall, the activity period was
shortened under warm temperatures (Wald1 = 5.97, p = .015; Figure 2, Table 1). The effect of
temperature on chronotype derived from a greater advancing effect of temperature on
activity-offset compared to that on activity-onset. All activity patterns showed clear
consistency between the repeated recordings of individuals, as indicated by significant effects
of individual on all parameters of timing (p < .001; Figure 3, Table 1). Overall, differences
between individuals were associated with a much larger proportion of variance than
differences between temperature treatments (activity-onset: individual 36.3%, treatment
4.9%, residual 58.8%; activity-offset: individual 32.4%, treatment 10.3%, residual 57.3%;
activity duration: individual 27.9%, treatment 16.6%, residual 55.5%; chronotype: individual
39.7%, treatment .3%, residual 60.0%).

Figure 2. Activity timing of Great Tits under two temperature conditions. Data points show onset
(triangles), midpoint (circles), and offset (inverted triangles) of activity in relation to lights-on, mid-day,
and lights-off (dashed lines), respectively. Error bars indicate standard deviation; n is the total number
of measurements collected from the 22 birds (nonset = 217, nmidpoint = 217, noffset = 217).
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Table 1. Effect of temperature and individual on activity timing (Wald test). Temperature had an effect
on time of onset, offset, and duration of activity, as well as on chronotype (mid-point of activity) under
LD and an effect on period length τ under LL conditions. All values were highly consistent within
individuals. Parameters that were not normally distributed were also analyzed over rank-transformed
data. Degrees of freedom are indicated by subscripts; n indicates the total number of measurements
collected from the 22 birds.
Variable

n

Onset
Offset
Duration
Chronotype

217
217
217
217

Period length (τ)

48

Variable
Onset
Offset
Duration
Chronotype

217
217
217
217

Period length (τ)

48

Wald1
10.07
19.51
5.97
5.12
Wald1
6.97

p
.002
< .001
.015
.024
p
.008

Temperature
Wald1 on ranks
3.41
16.30
2.98
Wald1 on ranks
10.01

p on ranks
.065
< .001
.084
p on ranks
.002

Wald20
92.70
86.88
78.49
98.88
Wald23
60.87

p
< .001
< .001
< .001
< .001
p
< .001

Individual
Wald20 on ranks
114.05
86.75
116.67
Wald23 on ranks
76.18

p on ranks
< .001
< .001
< .001
p on ranks
< .001

Repeatability was calculated by ANOVA for a total sample size of 22 birds with 10 d of data in
each case and ranged between .38 and .45, depending on timing parameter and method of
calculation (i.e., raw data vs. ranks; Table 2).
Birds under constant dim light (LLdim): Circadian period length τ for all 24 birds was on average
23.77 ± .18 h (range: 23.33 - 24.07 h; skewness: -.66 ± .34; kurtosis: -.79 ± .67, n = 48), and
differed significantly from 24 h (Wilcoxon, W48 = 5, p < .001). Figure 4 shows the period lengths
of all birds for the two temperature treatments. Ambient temperature had a clear lengthening
effect on τ (Wald1 = 10.01, p = .002, n = 48). There was no difference between the two trials
(Wald1 = 2.07, p = .150, n = 48), and nor were there effects of sequence of treatment (8 to 18°C
or vice versa; Wald1 = 2.33, p = .127, n = 48). Period length was longer at 18°C (23.81 ± .17 h,
range: 23.47 - 24.07 h; n = 24) compared to at 8°C (23.72 ± .2 h, range: 23.33 - 23.93 h; n = 24).
Nevertheless, the Q10 value was extremely close to 1 (1.004 ± .0074 [mean ± SD], n = 24). We
found no evidence for an influence of period length on chronotype (Wald1 = .01, p = .918, n =
20). Period length was significantly different between individuals (Wald23 = 76.18, p < .001, n =
48; Figure 4) and highly repeatable within an individual over both treatments (between .53
and .60; Table 2).
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Table 2. Repeatability of activity timing, chronotype (mid-point of activity), and period length ±SEM.
Data for onset and end of activity and for period length were not normally distributed, and repeatability
was calculated over ranks as well. For period length, temperature was included in the ANOVA model as
a covariate. Asterisks denote significance levels for repeatability in the respective ANOVA models (*p <
.05, **p < .01, ***p < .001); n indicates the total number of measurements collected from the 22 birds;
dfnum = numerator degrees of freedom; dfden = denominator degrees of freedom.
Variable
Onset
Offset
Duration
Chronotype
τ ( LLdim)

3.4

n
217
217
217
217
48

Repeatability
.395 ± .09***
.397 ± .09***
.399 ± .09***
.397 ± .09***
.528 ± .15*

F, dfnum,dfden
7.50, 21,195
7.54, 21,195
7.55, 21,195
7.51, 21,195
3.23, 24,23

Repeatability ranks
.452 ± .09***
.384 ± .09***
.436 ± .09***
.604 ± .13**

F, dfnum,dfden
9.20, 21,195
7.17, 21,195
8.63, 21,195
4.05, 24,23

Discussion

We show that change in ambient temperature had an effect on both τ and on entrained
schedules of Great Tits. Birds had clocks, on average, that, were faster than 24 h, and
chronotypes that were slightly early in comparison to the mid-light-time. Repeatability of
individual patterns indicated consistent daily timing, but we did not detect a correlation
between τ and chronotype. τ was on average <24 h and was close to the previously
determined estimate from the same population (Helm & Visser 2010). In the previous study,
birds were kept at ~20°C and had a mean τ of 23.83 h. This value is almost identical to the
mean τ reported here for birds kept under 18°C (23.81 h).

Figure 3. Variation in chronotype under LD (defined as difference of midpoint of activity from mid-day in
minutes). Boxplots summarize all recorded activities of each individual. Error bars above and below the
th
th
box indicate the 90 and 10 percentiles; dots indicate outliers. Positive values represent birds whose

activity preceded mid-light-time. Boxplots are sorted by temperature treatment and aviary number; n is
the total number of measurements collected from the 22 birds (n = 217).
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Higher ambient temperatures had a significant lengthening effect on τ (Figure 4). Usually,
higher temperature increases the speed of biochemical reactions, whereas circadian clocks are
largely temperature-compensated. In our study, the circadian clock was mostly temperaturecompensated, but the longer τ suggested that biochemical processes underlying the clock
were in fact slightly slowed. This slowing effect is, however, barely reflected in the Q10, as it is
the ratio of the two period lengths taken at the different temperatures. Q10 values are known
to vary between species. For example, in lizards, bats, or mice, temperature effects seemed to
be greater than in birds (Sweeney & Hastings 1960). In comparison to some other species, the
Q10 of 1.004 reported here shows almost perfect temperature-compensation (Supplementary
Table 1). The Q10 for other songbird species (finches) was also close to 1 (~.99), and thereby
almost completely temperature-compensated (Enright 1966; Pohl 1968; Pohl 1974). However,
the effects of temperature on even a very well compensated clock could be larger under
natural conditions where individuals experience a much broader range of temperatures than
the tested 10°C difference.

Figure 4. Change of period length τ in individual birds due to temperature treatments. Overall, period
length increased when temperatures rose and decreased when temperatures dropped. Lines connect
the values of a given bird (ncool to warm = 13, nwarm to cool = 11).

The advancing effect of warmer temperature on chronotype was relatively small (.3% of
variance) (Figure 2). This could be partly due to the fact that each bird under LD experienced
only one temperature treatment, which reduced sample size and allowed comparison of
chronotype only between groups but not within individuals. Another possible reason for the
overall small effect is the method of calculating chronotype. We defined chronotype as the
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midpoint between onset and termination of activity in relation to the mid-light-time, so that
changes in morning and evening behaviour partly offset each other. However, a closer look at
the activity patterns reveals that activity-offset depended more strongly on ambient
temperature than activity-onset. There is also a difference in variability of the two values,
apart from temperature effects, which is much higher for the completion than for the onset of
activity (Daan & Aschoff 1975) (Figure 3). A similar pattern has been noted in free-living Great
Tits, for which seasonal variation was low for awakening times but substantial for roosting
times (Hinde 1952). The greater sensitivity to temperature of activity-offset in comparison to
activity-onset adds to the idea of more rigidly controlled timing in the morning. For a bird like
the Great Tit, which prefers to sleep in cavities or sheltered places with low light levels, it is
particularly important to anticipate the right time for rising. Most important activities happen
in the morning when territories are defended, females are attracted, and mating takes place
(Hinde 1952; Kacelnik & Krebs 1982; Poesel et al. 2006). In contrast, in the evening the birds
can perceive light change outside their cavity, and precise scheduling may be less
consequential.
Although advantages of an early chronotype for Great Tits are thought to be numerous and
activity-onset is accurately timed, these advantages must be counterbalanced by factors that
keep their chronotype from extreme earliness. Benefits of an early rise may be limited by food
that may not yet be available (Sibly 1975; Bednekoff & Krebs 1995), by females not responding
to courtship (Mace 1986), or light conditions (Kacelnik 1979; Thomas et al. 2002).
Furthermore, cold night and morning temperatures may add an energetic cost of leaving the
roosting site too early in the day (Bednekoff et al. 1994; Krams et al. 2010). To the extent that
these factors exert selection pressures, any evolutionary responsiveness of birds requires that
timing be consistent within an individual but variable within a population (Lynch & Walsh
1998). This was the case in our study population for annual breeding schedules, and selection
on timing traits and their heritable components have been shown (Nussey et al. 2005; Husby
et al. 2010). In our study on daily timing, we found significant differences between individuals
and substantial repeatability of individual schedules, indicating birds show consistent behavior,
at least, under laboratory conditions (Figure 3). Repeatability was of comparable magnitude
across timing parameters (Table 2), partly because similarity of duration of activity and
chronotype are related by their derivation from activity-onset and activity-offset. To our
knowledge, highly repeatable time patterns of the free-running and entrained clock are a
novel finding for animals taken from the wild and all the more important because it indicates
that their timing might be similarly consistent in the real world where selection takes place.
Taken together, the observed differences between morning and evening in temperature
sensitivity and variability suggest that not chronotype as a whole is subject to selection but
rather its temporal components, e.g., onset and end of activity. These components could be
differently modified in organisms depending on the general lifestyle of a species. Our inability
to detect correlation between chronotype and τ, despite effects of temperature on both
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parameters, could be related to complex interactions of the circadian clock and chronotype.
This interaction can also be influenced by many additional factors, such as light conditions,
ambient temperature, food availability, or social context (Fleissner & Fleissner 2002; Beersma
et al. 2008; Helm & Visser 2010). A huge effort is required to examine this in captivity, and it
may yield results that are not directly applicable to the situation in the wild. Therefore, data
from birds in their natural environment are needed to shed more light on the relationship of τ
and chronotype and their impact on timing, behaviour, and survival.
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Supplementary Material

Figure S1. Actograms (double-plot) of three individuals throughout the experiment. Hatched areas
indicate days excluded from analysis. Red arrows indicate treatment changes, i.e., from LD to LLdim
(upper arrow) and from 8 to 18°C or 18 to 8°C, respectively (lower arrow).

Table S1. Response of circadian period length to a 10°C increase of ambient temperature in various
species (adapted from Sweeney & Hastings 1960; Aschoff 1979).
Species
Carduelis flammea
Carpodacus
Fringilla coelebs
Macaca nemestrina
Drosophila
Lacerta sicula
Uca pugnax
Euglena gracilis
Glis glis
Perognathus
Peromyscus leucopus
Myotis lucifucus
Thamnophis radix
Admetus pumilio
Periplaneta
Neurospora
Gonyaulax polyedra
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Active period
day
day
day
day
day
day
day
day
night
night
night
night
night
night
night
night
night

Thermoregulation
endotherm
endotherm
endotherm
endotherm
ectotherm
ectotherm
ectotherm
ectotherm
endotherm
endotherm
endotherm
endotherm
ectotherm
ectotherm
ectotherm
ectotherm
ectotherm

Q10
.99
.99
.99
1.01
1.02
1.02
1.0
1.011.03
1.01
1.1-1.4
1.4
1.04
1.02
1.06
1.03
.85

Source
Pohl (1974)
Enright (1966)
Pohl (1968)
Tokura and Aschoff (1983)
Pittendrigh (1954)
Hoffmann (1957)
Brown and Webb (1948)
Bruce and Pittendrigh (1956)
Pohl (1968)
Lindberg et al. (1971)
Rawson (1959)
Rawson (1959)
Heckrotte (1975)
Beck (1972)
Bünning (1958)
Pittendrigh et al. (1959)
Hastings and Sweeney

Chapter 4
Evaluation of two methods for minimally invasive
peripheral body temperature measurement in birds
Marina Lehmann, Barbara Helm, Ross MacLeod, Dominic J. McCafferty, Ruedi G.
Nager, Jan-Åke Nilsson and Andreas Nord

1. Body temperature measurement is a valuable tool for monitoring several aspects of the
physiological state of animals such as health, stress responses, or thermoregulation in different
environmental contexts. However, its widespread use in ecology is constrained by currently available
methods that are often invasive or require frequent recapture of animals. Alternative methods based
on remote sensing of peripheral body temperature by automated recording devices show great
promise, but little is known about their strengths and limitations.
2. We measured peripheral body temperature in great tits (Parus major L.) simultaneously with
subcutaneously implanted passive integrated transponders (PIT tags) and externally attached radio
transmitters. Our aims were to determine i) repeatability of measurements, ii) sensitivity of each
method to variation in ambient temperature and wind speed, iii) the relationship between methods,
and iv) the ability of these methods to capture the known diel change in avian body temperature.
3. Repeatability of radio transmitter data was high (> 80%) when measured within 20 min, and did
not deteriorate with battery life. Transmitter repeatability was lower during the day than at night and
decreased with increasing sampling interval. When measures were spaced 3.5 h, repeatability for
transmitters reduced to 16%. For PIT tags, comparative data for 3.5 h spacing indicated higher
repeatability (33%), and correspondingly lower variation (cv) than for transmitter data. Ambient
temperature affected body temperature measurements during days and nights, and more so for
transmitters than for PIT tags, whereas effects of wind speed were small for both methods. We found
a positive relationship between transmitter- and PIT tag temperature, which was stronger at night
than during the day. Both PIT tags and radio transmitters were able to identify diel changes in body
temperature.
4. PIT tags were less influenced by ambient temperature than transmitters, which in turn offered
increased detection distance and better temporal resolution. These relative qualities should be
considered when choosing methods for collecting body temperature data. If properly deployed, both
methods could allow body temperature measurement over a wider range of natural systems and
conditions than has so far been achieved for small, free-ranging, animals.
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4.1

B

Introduction
ody temperature is a particularly valuable physiological parameter because it relates to
many key body functions. For example, body temperature can be used to describe an

animal’s circadian cycle (Williams, Barnes & Buck 2012), thermal physiology and ecology (Nord

et al. 2009; Smit et al. 2013) and may serve as a potential proxy of health (Adelman et al. 2010;

Marais et al. 2011), metabolic rate (Reinertsen & Haftorn 1986; Ward et al. 2004), or stress
state (Carere & van Oers 2004; Bouwknecht, Olivier & Paylor 2007; Kohlhause et al. 2011).
Body temperature has typically been recorded by temporary insertion of a temperaturesensitive probe into the body cavity (via the oesophagus or colon; Haftorn 1972; Pereyra &
Morton 2001; Nord et al. 2009; Møller 2010). Because subjects must be captured and handled
during sampling, such methods provide only cross-sectional data and may be affected by
handling stress (cf. Bouwknecht et al. 2007). Studies requiring longitudinal data on body
temperature often involve surgical implantation of temperature loggers or transmitters into
the body cavity (see e.g. Lovegrove 2009). Implantation typically requires sterile operating
conditions and anaesthesia, administration of analgesics and for wild animals, temporary
captivity for post-surgical recovery (Bevan et al. 1994; but see Friebe et al. 2014). These
procedures are difficult to implement in many studies and, in addition, may influence
behaviour and physiology. Furthermore, animals must often be recaptured for data retrieval,
which can be difficult or even impossible for many species. Therefore, methods of body
temperature measurements other than from the body cavity, and use of devices that
automatically transmit data to a recording station, have become increasingly attractive to
ecologists (Langer & Fietz 2014; McCafferty, Gallon & Nord 2015). Two particularly useful
methods for ecological studies of small animals are: 1) subcutaneously injected temperaturesensitive passive integrated transponders (PIT) tags, and 2) externally attached temperaturesensitive radio transmitters.
Temperature-sensitive PIT tags have been used to record body temperature profiles in freeliving birds (Nord et al. 2013) and mammals (Wacker, Rojas & Geiser 2012; Langer & Fietz
2014). Their implantation is minimally invasive and does not cause bleeding or subsequent
inflammation (at least not in birds; cf. Nord et al. 2013). Thus, depending on veterinarian
advice, it is often not necessary to apply anaesthesia and analgesia, and recovery time can be
kept short. Because the PIT tags are contained within a glass casing they are biologically inert.
Their small size (ca. 12 x 2 mm) and mass (ca. 0.1 g) allows for implantation into small animals
(body mass ≥ 2 g), and tags remain active throughout the life of the animal. However, data are
collected only if the animal is within the electromagnetic field of a recording device. These
devices can be attached to locations animals frequent, and as long as the tagged individual is
within its range (ca. 5 to 40 cm), time-stamped data on its identification and body temperature
are recorded at regular intervals (every second if desired).
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Temperature-sensitive radio transmitters provide an alternative method for peripheral
temperature measurement. They are substantially larger than PIT tags, but because they are
typically attached peripherally onto the skin they are minimally invasive. Transmitters actively
transmit information on unit-specific frequencies, and can encode increasing skin temperature
by shorter pulse intervals (Osgood & Weigl 1972; Cresswell 1992). The range of recordable
temperatures however depends on the calibration range of the specific transmitter and needs
to be considered in advance. The availability of automatic receiving units allows collection of
data with high temporal resolution (e.g. Willis & Brigham 2003; Adelman et al. 2010).
Attachment on small animals is possible but the recording period is constrained by battery life,
which decreases with smaller transmitter size (Mitchell et al. 2012; Biotrack Ltd. 2014).
Temperature can be recorded continuously as long as an individual remains within the range
of the receiver, which is considerably greater than for PIT tags (typically several hundred m)
but depends on characteristics of transmitter, landscape (Dominoni, Malzer and Helm, unpubl.
data), and type and placement of the antenna (Breck, Lance & Bourassa 2006; Whitehouse,
Karlof & Culler 2007).
PIT tags and radio transmitters measure peripheral body temperature rather than temperature
of the body cavity. Typically, body temperature declines across a gradient from core to shell
(Aschoff & Wever 1958), but peripheral temperature correlates strongly with core
temperature in many animals (Herreid & Kessel 1967; Gorman, Brown & Bernard 1991; Audet
& Thomas 1996; Barclay et al. 1996; Adelman et al. 2010). However, measurements of
peripheral body temperature may be more susceptible than core temperature to variation in
environmental variables such as ambient temperature, wind speed, solar radiation, and
precipitation (Scholander et al. 1950; Aschoff 1981; Cabanac & Guillemette 2001; Willis &
Brigham 2003). Thus, for peripherally attached temperature-sensing devices to become useful,
we need to understand how they respond to variable environmental conditions. Specifically,
externally attached transmitters may be more sensitive to environmental variation than
subcutaneous implants, and data quality may deteriorate due to drift in calibration (e.g.
Williams, Tieleman & Shobrak 2009), loosening of the transmitter, or poor signal quality near
the end of battery life. Such differences between methods are important when considering the
choice of devices, the design of a study, and the scope of questions that can be effectively
addressed. Robust information is also necessary to avoid bias in data interpretation resulting
from erroneous assumptions on the quality of the collected data (Dausmann 2012).
The aim of this study was therefore to evaluate the effectiveness of radio transmitters and
subcutaneously implanted PIT tags for remote measurement of peripheral body temperature.
We used these methods to reassess the winter biology of great tits (Parus major, Linnaeus
1758), passerine birds that show pronounced daily body temperature variation (Haftorn 1972;
Nord et al. 2013). Birds were kept in large outdoor aviaries, which allowed data collection
under variable environmental conditions. We evaluated four qualities of the methods: 1)
repeatability of measurements over different intervals, 2) sensitivity of the methods to
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variation in external environmental conditions, 3) the relationship between measurements
from the two methods, and 4) their ability to record biologically meaningful variation,
exemplified by daily (circadian) fluctuations in body temperature. Inferences from this work
have the potential to guide future studies involving monitoring body temperature in freeranging or freely moving animals.

4.2

Methods

Experimental birds and setup
15 male and 5 female great tits were collected while roosting in nest boxes in a pine forest, 25
km east of Lund in southern Sweden on 1 November 2012. Birds were ringed and transferred
to the nearby field station Stensoffa (55°42’N, 13°27’E), where they were housed in four
identical aviaries (6.0 x 3.0 x 2.5 m (length x width x height)) in groups of five birds per aviary.
The aviaries were partially covered by clear corrugated sheeting and equipped with multiple
perches. Each aviary also contained five nest boxes (i.e. one for each bird), which were
identical to those used in the field, for night-time roosting. Food (sunflower seeds, peanuts,
and suet balls with mixed millet seeds, Granngården AB, Malmö, Sweden) and water was
available ad libitum at multiple sites within each aviary. We monitored ambient temperature
every 10 min at a central position in the roof of the aviary using a small temperature logger
(iButton DS1922-L, Maxim Integrated Products, California, USA; accuracy: ± 0.5 °C). Day length
decreased from 9.0 h in early November to 6.9 h in mid-December. Snow (1 – 30 cm cover)
was present intermittently during the study period. Data for wind speed were available from a
permanent weather station at Lund University, 17 km from the aviaries.
PIT tag injection and radio transmitter attachment
After two weeks of acclimatization we caught each bird during daytime, and measured body
mass ± 0.1 g (range 15-20 g). One researcher (AN) injected a temperature-sensitive PIT tag
(LifeChip Bio-Thermo, Destron Fearing, Minnesota, USA, 11.5 x 2.1 mm, 0.06 g; 0.34 % of mean
body mass) subcutaneously on the right flank (as opposed to lower neck in previous studies in
the same population; Nord et al. 2013) to avoid co-localization with radio-transmitters (Fig. 1).
The bio-adhesive tip of the PIT tags (BioBond Cap®, Destron Fearing) was removed prior to
injections to minimize implant size. Birds were released into the aviaries following 1 h of
recovery in a cloth bag.
Two weeks after implantation (29 November 2012), we caught each bird while roosting inside
the nest boxes at night and one researcher (BH) attached a temperature-sensitive radio
transmitter (PicoPip, Biotrack Ltd., Dorset, UK; 0.55 g, 3.1 % of mean body mass) onto the
upper back of the birds. Each transmitter had been calibrated between 22.9°C and 48.1°C by
the manufacturer. Directly prior to attachment, transmitters were activated and sewn onto an
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oval 20 x 10 mm piece of cloth to increase the area of adhesion. Down (but not contour)
feathers on the upper back of the bird (Fig. 1) were cut down to 1 - 2 mm length in a
correspondingly sized area to attach the transmitter close to the skin. This ensured that the
transmitter was fully covered by feathers after attachment. We used a thin layer of eyelash
glue (DUO Eyelash Adhesive, American International Industries, California, USA) for
attachment and small drops of superglue (Sekunden Alleskleber, UHU, Buehl, Germany) at the
margins for additional fixation. Birds were kept in the hand until the transmitter was firmly
attached (≤ 5 min), after which they were returned into their nest box. Birds that did not roost
in nest boxes (N = 3) were caught using a hand net, and were released into empty nest boxes
following transmitter attachment. Transmitters were left on the birds for 19 days, which
approximated their expected battery life of 22 days.

Figure 1. Schematic of a great tit indicating points of attachment. PIT tags were implanted
subcutaneously into the right flank (red), and radio transmitters were attached to the lower back (blue)
and were covered by feathers.

Data collection
PIT tags
Data collection commenced on the morning after transmitter attachment, when a portable PIT
tag antenna (loop diameter 17.5 cm) connected to a FS2001F-ISO data logger (both Destron
Fearing, Minnesota, USA) was installed at the feeders in the aviaries. The logger registered the
time of visit and subcutaneous body temperature together with the unique PIT tag ID each
time a bird visited the feeder. We used two separate antenna/data logger setups over three
days. These were sequentially switched between aviaries in 2 h intervals such that data were
collected for 2 h every morning (07:30 – 11:30, GMT+1) and 2 h every afternoon (12:30 –
16:30) in each aviary. We always used the same data logger and antenna in each aviary. Using
the same equipment we measured subcutaneous body temperature during the second and
third night of data collection through the nest box floor without handling birds. Measures were
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taken 2 h after sunset, repeatedly before dawn during the second and third nights, and
additionally every 1.5 h throughout the third night. This yielded 1771 PIT tag temperatures
collected over 3 days (days: 1551; nights: 221).

Figure 2. Example of three days of PIT tag (TPIT; dark grey) and radio transmitter (Ttrans.; black)
temperature data from a single bird, collected from 1 December 2012, 7:27 am, to 3 December 2012,
4:22 pm (GMT+1). Ambient temperature (Ta; blue) is shown on the right-hand axis. Nights are indicated
by a dark grey background colour, and a light grey background denotes twilight periods.

Radio transmitters
We used a Yagi antenna (Lintec flexible 3-element Yagi antenna, Biotrack Ltd., Dorset, UK)
attached to a SRX400A receiver (Lotek Wireless Inc., Ontario, Canada) to record transmitter
signals. The antenna was installed on the roof of a building 30 m from the aviaries. The
receiver was set to cycle continuously through all programmed frequencies (N = 20; i.e. one for
each bird), resulting in data collection in 5-min intervals. Detected signals were automatically
classified either as noise or valid signals by comparing pulse duration to a fixed value (20 ms).
Once three consecutive signals were detected the mean pulse interval was calculated and the
respective temperature was recorded as a data point. Transmitter temperature was recorded
continuously throughout the experiment, and data were downloaded from the receiver daily.
Data were missing for one bird that died at the beginning of the experiment, and for another
that lost the transmitter. Four birds were excluded from analyses because of malfunctioning
transmitters or continuous recording out of calibration range (see below). We excluded all
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data points that fell below the calibration range (23°C; 4.76% of data) or exceeded it (45°C;
0.98% of data). Such high peripheral temperatures are unlikely even during high workload or
stress (Udvardy 1955; Haftorn & Reinertsen 1982; Carere & van Oers 2004). We also removed
data points that differed by more than 3°C from the previous or subsequent value (1.54% of
data) because such rapid temperature fluctuations likely do not reflect meaningful biological
variation (Carere & van Oers 2004; Adelman et al. 2010). We then applied a weighted moving
average over five consecutive values to reduce noise (Shumway & Stoffer 2011). The final data
set consisted of 51,331 valid transmitter readings collected from 14 birds over 19 days.
Statistical analyses
All data handling and statistical analyses were performed with R 3.0.2 (R Core Team 2013). We
separated data into days and nights based on civil twilight periods calculated in R for the
location of the aviaries (crepuscule function, maptools package; Bivand & Lewin-Koh 2015).
We then used the subset of transmitter readings collected during the first three days (i.e.
when we also recorded PIT tag temperatures) to match transmitter and PIT tag data. The data
did not completely match in time because the birds were near a PIT tag receiver at random
times, while the radio transmitter data were received every 5 minutes. Mean matching times
were < 2min (SE: 1.8 ± 0.04 min; range 0.0 – 9.8 min). The final aligned data set extended
across all 1771 temperature data obtained from PIT-tag readings during three days of
simultaneous data collection (concurrent ambient temperature range: 2.6°C to -13.0°C). All
models were reduced by two-tailed backward elimination of non-significant fixed factors (P >
0.05, (Seber & Lee 2003)).
Repeatability and variation between methods
We extracted data for three successive transmitter measurements from each bird spaced 5,
10, and 20 min, starting at 12:00 for daytime and 00:00 for night-time measures over the 19
days of transmitter attachment. We then calculated mean inter-sample repeatability over this
time period following Lessells & Boag (1987), and analysed these data in a linear model with
sampling interval, time of day (day or night), and their interaction as fixed explanatory
variables. Differences between groups were evaluated using the Tukey HSD test (Tukey HSD
function, base package; R Core Team 2013). To test if transmitter repeatability deteriorated
over the attachment period (e.g. due to drift in calibration or loosening of attachment), we
calculated repeatability for each day, and subsequently regressed it against days since
transmitter attachment, time of day, and their interaction, separately for each sampling
interval.
The repeatability of PIT tag data was only calculated for the third night when successive
readings on all individuals were evenly spaced in time. We took measures 3-4 times (mean
(SE): 3.8 ± 0.2) per night, on average 3.5 (± 0.3) h apart, except for a single bird with 2 readings.
Repeatabilities calculated from these data were matched to those of transmitters at the same
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time intervals, and to test for effects of site of implantation, also with previously published
data. To this end, we used readings from wintering great gits (N = 11) collected at the same
time of night (± 1 h) in the same aviaries with identical PIT tags implanted into the lower neck
instead of the flanks (Nord et al. 2013). Comparisons of repeatabilities have been criticized for
being biased by differences in overall variability (Conklin, Battley & Potter 2013). Therefore, we
also calculated the within-bird coefficient of variation (cv; defined as the ratio of standard
deviation to the mean; (Sokal & Rohlf 1995)) between the 3-4 nightly readings from
transmitters, flank-PIT tags, and neck-PIT tags, respectively, and compared them by ANOVA
and Tukey HSD.
Effects of method and environmental factors
We used mixed effects models (lme function, nlme package) to investigate whether variation
in environmental conditions affected transmitter and PIT tag temperatures. Firstly, we ran an
overview linear mixed effect model that included data from both methods, separately for day
and night. We tested whether peripheral body temperature measures (either transmitter- or
PIT tag derived) differed between the methods, or were influenced by the environment, or by
method by environment interactions. We modelled peripheral body temperature as the
dependent variable, and method (i.e. transmitter or PIT tag) and ambient temperature and
wind speed, as well as their interactions with method, as explanatory variables. We did not
include wind speed during the night because birds were sheltered in the nest boxes at that
time. We fitted models with a random intercept for bird identity, or with a random intercept
(bird identity) and slope (ambient temperature), and used likelihood ratio tests and AIC values
for selecting the most appropriate random structure (Pinheiro & Bates 2004). Random
intercept models provided a better fit to data for both days and nights (P > 0.22 and ΔAIC < 3.5
in both cases).
We then looked at radio transmitter and PIT tag measures separately for a more in-depth
understanding of method-specific environmental effects. This was achieved by modelling
transmitter and PIT tag temperatures, respectively, as the dependent variables, and ambient
temperature and wind speed as the independent variables. We used separate models for dayand night, and did not include wind speed during the night (above). Models were fitted with a
random intercept (bird identity) and slope (ambient temperature) (P < 0.046 and ΔAIC > 2.1 for
comparisons of and random slope and intercept models and random intercept).
Relationship between methods
We used mixed effects models to relate transmitter temperature to PIT tag temperature
during days and nights, with wind speed and ambient temperature (days) or ambient
temperature only (nights) as covariates, and bird identity as a random intercept (which
explained variation in the data equally well as a random intercept and slope model; P > 0.11
and ΔAIC < 0.50 in both cases).
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Performance of methods
We assessed the methods’ performance by comparing the ability of PIT tags and transmitters
to capture diel variation in body temperature (Adelman et al. 2010). We calculated the daily
minimum, maximum and amplitude (i.e., difference between maximum and minimum) of
peripheral temperature for each method and day of the 3-day study period. These data were
compared in linear mixed models with day, method and their interaction as fixed factors, and
bird identity as a random factor.

4.3

Results

An example of temperature records from radio transmitter and PIT tag for one individual over
the first 3 days of transmitter deployment is shown in Fig. 2.
Repeatability and variation between methods
Repeatability of transmitter data over short time intervals (5 min) was high, and more so
during the night (95 ± 1.0 %) than during the day (83 ± 1.8 %)(time of day: F1,107 = 18.8, P <
0.001; Fig. 3), but it decreased with increasing sampling interval (sampling interval: F2,107 =
12.4, P < 0.001; Fig. 3). The difference in repeatability between nights and days was consistent
for the sampling intervals (time of day × sampling interval interaction: F2,106 = 1.8; P = 0.17).
Time since deployment had no effects on transmitter repeatability for any sampling interval
(F1, 34 < 0.14, P > 0.71 in all cases), neither during the day nor at night (time since deployment ×
time of day interaction: F1, 33 < 0.50, P > 0.48 for all intervals; Fig. 3 a-c).

Figure 3. Between-sample repeatability for radio transmitter temperatures collected from great tits in
outdoor aviaries in relation to days since deployment. Data were recorded continuously, but
repeatabilities were estimated from three successive samples spaced 5 (A), 10 (B), and 20 (C) min apart
at noon (days; open circles, dashed line) and midnight (nights; closed circles, solid line), respectively. The
manufacturer estimated radio transmitter battery life to 22 days. The Y- and X-axes scales are identical
in all subplots. P(sampling interval × time of day) = 0.17, and P(time since deployment × time of day) > 0.4 in all cases.

Repeatabilities calculated over the more widely spread sampling intervals of every 3.5 h across
the night were still statistically significant (P < 0.001 in all cases) but substantially lower. For
transmitters repeatability was 16%, while estimates were higher for the flank-implanted PIT

Chapter 4 | 85

tags (34%). PIT tags implanted in the neck were similarly repeatable (30%). The cv indicated
greater variability of transmitter measures (7.1 ± 0.8 %) compared to those from neck- (1.5 ±
0.2 %) and flank (3.0 ± 0.3 %) implanted PIT tags (Tukey HSD: P < 0.001 in both cases), and the
latter two did not differ from each other (Tukey HSD: P = 0.12).
Effects of method and environmental factors
When radio transmitter and PIT tag measures were compared in a single model, temperature
was significantly higher in PIT tags, both during the day and at night (PIT tags: daily mean (SE):
40.8 ± 0.5°C; nightly mean (SE): 37.6 ± 0.4°C); Transmitters: daily mean (SE): = 29.4 ± 0.8°C;
nightly mean (SE): 28.7 ± 0.7°C)(P < 0.0001; Table 1a). Ambient temperature had a significant
main effect on peripheral body temperature (P < 0.0001), but the slope of the relationship
differed for PIT tag and transmitter measures, being less steep for PIT tags during both days
and nights (interaction of method and ambient temperature: P < 0.0001; Table 1a).
Table 1. Effects of ambient temperature and wind speed on peripheral body temperature
measurements, (a) tested for both radio transmitter and PIT tag temperatures combined, and (b)
separately for the two methods; (c) shows the relationship between the temperatures measured on the
same individual birds, estimated by the slope of the regression of transmitter temperature
measurement against PIT tag temperature.

*

intercept between PIT tags and transmitters.

The ‘Methods’ term in (a) estimates the difference in
**

The estimates for interaction terms (a) denote the

difference in slope between PIT tag and transmitter temperatures regressed on ambient temperature or
wind speed, respectively. Significant (P < 0.05) effects are marked by bold font, and effects for which
0.05 < P < 0.10 are marked by italics. Data were collected from 14 birds measured over three days.
Model

Estimate (SE)

(a) Effects of environmental factors
Intercept
Method*
Ambient temperature (°C)
Wind speed (km h-1)
Method × Ambient temperature (°C)**
Method × Wind speed (km h-1)

Days
41.084 (0.47)
-10.80 (0.077)
0.082 (0.0014)
-0.013 (0.0064)
0.13 (0.020)
0.019 (0.012)

P
Nights
38.44 (0.43)
-7.88 (0.31)
0.15 (0.032)
0.17 (0.045)
-

Days
< 0.0001
< 0.0001
< 0.0001
0.037
< 0.0001
0.11

(b) Method-specific models
Days
Intercept
Ambient temperature (°C)
Wind speed (km h-1)

Transmitter

PIT tag

30.45 (0.80)
0.30 (0.078)
-0.018 (0.0049)

41.050 (0.46)
0.070 (0.023)
-0.0054 (0.0028)

< 0.0001
< 0.0001
< 0.0001

< 0.0001
0.0022
0.053

Nights
Intercept
Ambient temperature (°C)

30.24 (0.86)
0.33 (0.042)

38.32 (0.40)
0.14 (0.023)

< 0.0001
< 0.001

< 0.0001
< 0.001

(c) Relationship between methods
Intercept
PIT tag temperature (°C)
Ambient temperature (°C)
Wind speed (km h-1)

Days
16.13 (1.93)
0.34 (0.043)
0.16 (0.0088)
-0.015 (0.0048)

Nights
12.60 (4.11)
0.46 (0.10)
0.26 (0.028)
-

Days
< 0.0001
< 0.0001
< 0.0001
0.0022

Nights
0.0026
< 0.0001
< 0.0001
-
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Transmitter

Nights
< 0.0001
< 0.0001
< 0.0001
< 0.0001
PIT tag

Wind speed also had a significant main effect on peripheral body temperature (P = 0.037),
which was similar for PIT tag and transmitter measures (interaction of method and ambient
temperature: P = 0.11).
We fitted method-specific models for a more in-depth understanding of environmental effects
on radio transmitter and PIT tag measures, respectively (Table 1b). Radio transmitter
temperature increased significantly with ambient temperature during both days and nights (P
< 0.001, Table 1b; ESM Fig. 1a, b) and decreased with increasing wind speed during the day (P
< 0.0001; Table 1b). PIT tag temperature also increased with increasing ambient temperature
during both days (P = 0.022) and nights (P < 0.001), but was only marginally negatively affected
by wind speed during the day (P = 0.053; Table 1b).
Relationship between methods
When we tested in a separate model for the relationship between methods, we found that
when accounting for ambient temperature and wind speed (days), or ambient temperature
only (nights), transmitter- and PIT tag temperatures were positively related during both days
and nights (Fig. 4; Table 1c).

Figure 4. The relationship between radio transmitter (externally attached) and PIT tag (subcutaneous)
temperatures during three subsequent days (A) and nights (B) in great tits (N = 14) that wintered under
semi-natural conditions in an outdoor aviary in southern Sweden. The dotted grey lines indicate the 1:1
slope for model-specific intercepts.

Performance of methods
Both methods recorded similar between-day variation in maximum body temperature (day ×
method interaction: F2, 65 = 2.0, P = 0.14). Maxima occurred during the daytime and did not
differ between days (F2, 67 = 0.7, P = 0.39)(Fig. 5a), but maximum temperatures as measured
with PIT tags were some 10 °C higher than those measured by radio transmitters (F1, 69 = 616.1,
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P < 0.0001, Fig. 5a). Minima occurred at night and varied between days (F2,

65

= 15.5, P <

0.0001) and methods (F1, 65 = 142.2, P < 0.0001)(Fig. 5b). However, the variation between days
in minimum temperature depended on method, being on average 1.7 °C smaller when
measured with radio transmitters compared to PIT tags (day × method interaction: F2, 65 = 5.3,
P = 0.0073)(Fig. 5b). As a result of between-day variation in minimum body temperature, diel
variation in body temperature (i.e. amplitude) also differed between days (F1, 68 = 23.1, P <
0.0001)(Fig. 5c). These differences were consistent for both methods (day × method
interaction: F2, 65 = 1.7, P = 0.19), and so was the overall measured amplitude (F1, 67 = 0.7, P =
0.40)(Fig. 5c).

4.4

Discussion

The aim of our study was to evaluate the strengths and weaknesses of radio transmitters and
subcutaneous PIT tags for remote recording of peripheral body temperature. We showed that
if recorded through transmitters, peripheral temperature measurements were highly
repeatable throughout the 3-week transmitter lifespan, in particular over short sampling
intervals (Fig. 3). However, peripheral body temperature recorded by transmitters was also
more variable and more strongly affected by ambient temperature than temperature
measured by subcutaneous PIT tags (Table 1b). Nonetheless, measurements by transmitter
and PIT tag were significantly related during both days and nights (Fig. 4). To better interpret
variation in peripheral temperature data, environmental variables should therefore be
recorded in conjunction with peripheral body temperature data. Both methods performed
equally well in describing circadian variation in body temperature (Fig. 5c).
Transmitter measures were less repeatable during the day than at night, which likely reflected
variation introduced by activity and exposure to the environment. For instance, during the day
birds rapidly switch between different behaviours with potential effects on peripheral
temperature, e.g. feeding, flying, and grooming, whilst also exposing the transmitter to
external factors such as wind, sun or shade (see Adelman et al. 2010 supp. information). In
contrast, a sheltered roosting site such as a nest box provides a relatively stable external
environment.
When night-time repeatabilities from longer sampling intervals (~3.5 h) were compared
between methods, PIT tag data were twice as repeatable but half as variable as transmitter
data, although the estimated cv of 7% for transmitters is still a fairly low value. Higher variation
of transmitter data could relate to their greater exposure to the environment (particularly
ambient temperature). Close skin contact and maximal feather coverage should be ensured if
detailed information on skin temperature is required. Efforts could be made to improve
feather trimming and attachment for a tighter fit, e.g. by practicing on dummies, or by careful
feather plucking, while being mindful of welfare aspects (Fair et al. 2010).
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PIT tag implants into flanks were prone to migrate even within the relatively narrow time
interval from implantation to sampling (two weeks) (AN, pers. obs). By contrast, no signs of
implant migration was seen in previous studies on great tits (Nord et al. 2013) and captive
zebra finches, Taeniopygia guttata Vieillot (Sköld-Chiriac et al., unpubl. data), when identical
PIT tags were implanted in the neck. It is likely that this was a result of the presumably greater
physical movement of the skin close to the implant in conjunction with flight compared to
neck-implanted PIT tags. Migration could perhaps have been avoided had the antimigratory
cap been left on the implants, although this would not have reduced movement pressure on
the implant. It would also have required a larger injection wound, potentially resulting in
increased discomfort when implantation is performed without anaesthesia. Although we
found no differences in repeatability and variability between the two PIT implant sites, for
avian studies we recommend implanting temperature-sensitive PIT tags without antimigratory
caps into the neck on animal welfare grounds.

Figure 6. Mean (± SD) daily maximum (A; method × day interaction: P = 0.14) and minimum (B; method
× day interaction: P = 0.0073) peripheral body temperature, and the resulting diel body temperature
amplitude (C; method × day interaction: P = 0.19), in wintering great tits (N = 14) as measured by
externally attached radio transmitters (Ttrans.; black) or subcutaneously implanted PIT tags (TPIT; dark
grey) during three consecutive days. Maximum (maxTa; plot A) and minimum (minTa; plot B) ambient
temperature for each day, and the daily ambient temperature amplitude (ΔTa; plot C)(denoted by open
blue circles in all plots), is shown on the right-hand axis. Note that the Y-axes differ.

Conclusions
Our study shows that both radio transmitters and PIT tags are well suited for field ecologists
with the desire to measure peripheral body temperature in small birds in both the short and
the long term. The choice of method depends on the study species and experimental setup.
This includes the preferred amount of temporal resolution, i.e. continuous data from
transmitters vs. semi-cross-sectional data from subcutaneous PIT tags. Radio transmitters
allow sampling over relatively large spatial scales, which increases the likelihood of continuous
data provided coverage overlaps the home range of the study species, whereas the range of
PIT tag antennae constrains measurements to close promixity. Several PIT tag recording
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devices in highly frequented places would be required to get spatial coverage (but
discontinuous data) similar to that gained from transmitters during the day. At night recording
devices close to a regular roosting place could provide continuous data at similar or higher
resolution than transmitters as long as animals do not roost communally (because no more
than one PIT tag can be read within the same magnetic field). However, data from PIT tags
have the advantage of being less affected by ambient temperature and perhaps also behaviour
(such as preening or postural adjustments).
Subsequent work should seek to re-assess relationships reported here outside the winter
season, because thermal conductance often differs seasonally on account of annual
phenotypic adjustments (e.g. plumage thickness and fat reserves; Mortensen & Blix 1985). This
may alter temperature covariation over the year (Hengst & Wiebers 1984). Future studies will
also benefit from validating methods for other species and sites of instrument attachment,
because temperature may be differentially regulated across the body integument also in small
animals (cf. Dausmann 2012; Langer & Fietz 2014), and core-to-shell temperature covariation
differs for species with different life-histories and body sizes (McCafferty et al. 2015).
We conclude that, when proper consideration is given to the recommendations for
deployment derived from this work, both radio transmitters and PIT tags are useful tools that
could allow field researchers to record body temperature variation in small study organisms
over a wider range of natural systems and conditions than has so far been achieved.
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Supplementary Material

ESM Figure 1. The relationship between peripheral body temperature and ambient
temperature during days and nights, as measured simultaneously by subcutaneously
implanted PIT tags (plots A [days] and B [nights]) and externally attached radio transmitters
(plots C [days] and D [nights]) during 3 consecutive days in great tits (N = 14) that wintered
under semi-natural conditions in southern Sweden. The dotted grey lines indicate the 1:1 slope
for model-specific intercepts.
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Chapter 5
Changes in body temperature and activity
of migrating Blackcaps
Marina Lehmann, Christine Preyer, Wolfgang Fiedler, and Barbara Helm

Migration is a widespread phenomenon in birds. Every year they cover hundreds to thousands
of kilometres to reach their breeding and wintering sites. Species which during other seasons
are diurnal, build up fat reserves and spend their nights in flight. Once their reserves are used
up, stop-over places serve as refuelling stations. How birds manage the challenge of reversing
their daily activity patterns without disrupting temporally regulated internal processes is
unknown. We measured activity and skin temperature of Eurasian Blackcaps (Sylvia atricapilla)
caught en route at a stopover site. We found that activity levels at night (Zugunruhe)
decreased when food was available again after it had been restricted, an effect that was
observed as well during the day. These birds also exhibited lowered nightly body temperature
when food was restricted. Access to ad libitum food increased body temperature again.
Hypothermia has previously been shown to occur when food is restricted or ambient
temperature is low. In those instances hypothermia acts as a method to save energy and slows
depletion of fat reserves. Although food access did not have an effect on body temperature
during the day, we found an effect of ambient temperature. So far lower body temperature
during the day has rarely been shown in birds. During migration this might be an additional
strategy to preserve energy. Although activity occurred mainly at night, the temporal pattern
of body temperature had not shifted and peaked in the early afternoon. Further experiments
are needed to gain more insight into the mechanisms that determine daily patterns during
migration and to untangle the effects of food availability and ambient temperature.
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5.1

E

Introduction
very fall many birds leave the temperate zones to spend winter in warmer climates and
return in spring for breeding. Some migrate only short distances to the next adequate

wintering site, others cross the equator or go even further (Bairlein 1989; Biebach et al. 2000;
Berthold et al. 2004; Adamska & Rosinska 2006; Hedenstrom 2010). What many of them have
in common is that they perform their flights at night. Advantages can be more feeding time

during the day, avoidance of predators or a faster journey in general (Alerstam 2009; Alerstam
2011). During this time birds use previously built up fat reserves and lose weight until they find
a stopover place for refuelling (Biebach 1985; Fransson et al. 2008; Schaub et al. 2008;
Goymann et al. 2010). This is a drastic change in behaviour for species which are usually active
during the day and rest at night. In addition, activity patterns are not completely inversed but
birds use the day mainly for foraging to extend their energy reserves (Titov 1999; Schwilch &
Jenni 2001; Alerstam 2009). Those daily patterns of activity and rest easily are seen as the
result of the light-dark cycle of the sun and all its consequences such as temperature or food
availability. However, the basic pattern is generated by the internal circadian clock and is then
modified by external factors (Roenneberg et al. 2007; Brown et al. 2008).
Just like activity, body temperature is regulated by the circadian clock. It cycles on a daily
rhythm and is low at night and higher during the day. Changes in body temperature precede
the respective change from active to inactive or vice versa e.g. in the morning when
temperature rises and is already high when the individual wakes up (Bennett & John-Alder
1984; Zulley & Campbell 1985; Oshima et al. 1989; Hut et al. 2002). The appearance of activity
during a time when the organism is in its intended resting state would be expected to create
symptoms similar as e.g. in human shift workers (Czeisler et al. 1982; Sack et al. 1992; Arendt
et al. 1997). Similarly stressful would be constant light conditions e.g. in the polar regions
where species deal differently with non-regular external patterns (Irving 1972; Gander et al.
1991; van Oort et al. 2007; Stelzer & Chittka 2010).
To study the mechanisms which link or unlink internal rhythms and behaviour under changing
external conditions, birds are a well-suited model system. Eurasian Blackcaps (Sylvia
atricapilla) as well as other species in captivity show migratory restlessness, also called
Zugunruhe at night during migration time or any other time when access to food is artificially
restricted (Biebach 1985; Goymann et al. 2010; Fusani et al. 2011). This characteristic can be
used to study migration in captured birds. Recently it has become possible not only to record
activity but also peripheral body temperature with radio-transmitters attached to the birds’
skin (Adelman et al. 2010). With this method one can also gain insight into the internal state of
the individual reflected by body temperature in comparison to behaviour which is influenced
by many other external factors such as light, temperature, food availability or contact with
conspecifics (Aschoff 1979; Horseman & Ehret 1982; Viswanathan 1989; Hau & Gwinner 1996).
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In addition Blackcap migration has been extensively studied (Berthold et al. 1972; Helbig et al.
1989; Pulido 1998; Fusani & Gwinner 2001; Rolshausen et al. 2010) and they pass through the
study site in great numbers.
We propose that the captured Blackcaps show Zugunruhe when their access to food is reduced
after ad libitum feeding and return to regular activity when ad libitum food is provided again as
has been previously been demonstrated. During food restriction body temperature could
either follow its regular rhythm, indicating that other mechanisms serve to adapt the organism
to its new schedule. Alternatively the body temperature cycle could shift its phase to match
the activity pattern or flatten its rhythm to a constant temperature.

5.2

Methods

The study took place at the field station Mettnau, a stop-over site during spring and fall
migration, located at Lake Constance in Germany (47° 44′ N, 9° 00′ E). A total of nine Blackcaps
were caught with mist nets during spring migration in April and May 2012. Migrating birds
were identified by their higher weight, larger fat deposits and better developed pectoral
muscles compared to locally breeding birds. After capture birds were ringed, measured and
transferred to cages. Those cages were located in a garage close to the field site in which light
and temperature were similar to outside conditions. As both light and temperature might
differ depending on cage position within the garage, a daylight lamp and a radiator were used
to ensure identical light and temperature conditions for all birds. The lamp was turned on
between 7 am and 7 pm i.e. after sunrise and before sunset, which varied over the time of the
whole experiment between 6.04 am and 5.41 am and 20.31 pm and 20.53 pm, respectively.
All birds were fitted with temperature-sensitive radio transmitters (PicoPip, Biotrack Ltd.,
Dorset, UK; 0.55 g). Transmitters were sewn onto a small piece of cloth, which was attached to
the birds’ back with eyelash glue and a small amount of super glue after feathers had been cut
close to the skin in the respective area. The glue can easily be removed at the end of the
experiment or would detach on its own in a free-ranging bird. Activity and body temperature
were recorded from April 30th 2012 to May 16th 2012 with a frequency of ca. 45 seconds by
an automated recording unit (ARU, Sparrow Systems, Fisher, USA) located in the garage.
Ambient temperature was recorded by a small temperature logger (iButton DS1922-L, Maxim
Integrated Products, USA).
For the first six days of the experiment the Blackcaps were fed ad libitum with a mixture of
commercial insect-based food (Fettmischung fein, Aleckwa Tiernahrung, Altrip, Germany), and
fresh food (boiled eggs, protein, insects and mealworms). Water was available throughout the
experiment. On day seven, birds were divided into two groups. The first group was fed with a
limited amount of food (5 g + 10 mealworms per day) from day seven to day nine and then
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returned to ad libitum food from day ten to day 15. The second group was fed ad libitum until
day nine, was under a restricted food regime from day ten to twelve and returned to ad
libitum feeding for another three days. Body weight was measured daily from day seven for all
birds.

Figure 1. Experimental design. Captured Blackcaps (n=9) were fitted with temperature-sensitive radiotransmitters which recorded activity and peripheral body temperature. Birds were fed ad libitum, kept
under restricted food conditions for three days and then returned to ad libitum feeding. Black points
show temperature values, grey lines show activity. Colours indicate food conditions.

Information about activity and temperature is sent by the transmitter via a pulsed signal of a
defined duration i.e. pulse width (Sparrow Systems 2014). Signal strength changes with
distance and angle of the transmitter to the recording unit and can be used to calculate activity
by subtracting the signal strength of subsequent pulses. Activity then is quantified by signal
strength in ∆ dB. To improve data quality, only signals with a pulse width within 95% range of
the specified duration (20ms) were used. Quality of data was also determined by the signal to
noise ratio. Only signals were used that were at least 2 dB higher than the respective noise
value. Furthermore, signal strength deteriorates with age of the battery and signals lower than
-140dB usually have to be discarded. In this case, both devices were very close, creating overall
very strong signals obscuring small changes in signal strength by activity. Therefore this
threshold was set to -100 dB. Pulse rate and interval change slightly with temperature, which
can then be calculated from the temperature calibration table provided by the manufacturer.
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Figure 2. Actogram of an individual bird from group 1. Activity is double-plotted for two consecutive
days horizontally with the corresponding date on the left. Shading of the date indicates treatment i.e.
dark grey for food restriction and light grey for days with ad libitum food that were used in analysis.
Background shading of activity data represents light conditions. Dark grey indicates night between
sunset and sunrise, light grey the time when the daylight lamp was off, white for sunlight plus daylight
lamp.

Temperature calibration is specific for each transmitter, therefore pulse intervals outside of
each specific calibration range were removed before temperature calculation. As in some
cases the signal is compromised at the end of battery life and can lead to wrong temperatures,
after temperature calculation all temperature values out of the calibration range (27-50°C)
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were removed. One animal could not be used for analysis as most temperatures were out of
calibration range.
Since the average temperature levels depend on the individual and on the distance between
transmitter and skin, we used the 99% quantile to remove the highest outliers. The remaining
temperature data were then smoothed with the adore.filter function (robust extraction of low
frequency components (the signal) from a univariate time series by a moving window
technique (ADaptive Online REpeated median FILTER) from the robfilter package to reduce
noise and the influence of any remaining outliers (Shumway & Stoffer 2011). From these
values daily and nightly means were calculated for each day as well as daily temperature
maxima and minima and the respective time points. Daily and nightly means were also
calculated for activity data. As the food restriction had a duration of three days, we initially
used the three days of ad libitum food both before and after for comparison. However, an
overview of the activity profiles showed that birds were mostly night-active even before food
restriction, which did not allow a comparison of the treatment with the three previous days
(Figure 2). Instead, food restriction was compared to the three days of ad libitum food
afterwards, as Zugunruhe is supposed to be suppressed when food is available again (Biebach
1985; Gwinner et al. 1988).
Data were analysed with a linear mixed model from the nlme package with the R statistical
software (R Core Team 2014). Mean activity and body temperature were analysed in relation
to food treatment and group both for day and night. Group was included to account for
temporal effects and bird identity was set as random factor in regard of individual differences.
Biometrics like age, sex and wing length were added as fixed factors as well as ambient
temperature. To test for potential phase shifts, the time difference between sunrise and the
daily temperature maximum or minimum respectively was calculated and analysed separately
entered in a linear mixed model with treatment, group, ambient temperature, age, sex and
wing length as fixed factors and bird identity as random factor.

5.3

Results

Neither group, age, sex or wing length had an effect on temperature or activity, therefore
these factors were removed from the respective models. During food restriction activity at
night was on average 3,14 ∆ dB (± 0,28 SE) and significantly higher than activity after return to
ad libitum food (2,45 ∆ dB ± 0,26 SE, Table 1). Activity during the day differed as well between
the two food conditions, however it did not show the opposite effect, but also decreased from
2,02 ∆ dB (± 0,15 SE) during food restriction to 1,65 ∆ dB (± 0,10 SE) afterwards (Table 1).
Mean body temperature at night did also change with food condition and was higher with ad
libitum food (35,18°C ± 0,34 SE) than during food restriction (34,58°C ± 0,42 SE, Table 1).
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Nightly body temperature rose as well from 32,60°C (± 0,40 SE) to 33,52°C (± 0,32 SE) but was
not significantly affected by treatment (Table1).

Figure 3. Daily means of ambient temperature and of body temperature and activity at night and during
the day. Ambient temperature is shown as a dotted line. Dashed lines and diamond symbols indicate
body temperature, solid lines and round symbols indicate activity. Black lines represent night-time
means, grey lines represent day-time means. Red bars show food restriction, blue bars ad libitum food.
Different groups are indicated by solid or open symbols and solid or shaded bars.

Apart from treatment, ambient temperature had an effect on some of the tested variables
(Table 1). Activity was affected by ambient temperature at night (p = 0.0156) and increased
with higher ambient temperature. Activity during the day was not affected (p = 0.2136). Body
temperature was influenced by ambient temperature both at night (p < 0.0001) and during the
day (p < 0.0001), also increasing with higher ambient temperature. Birds gained weight when
food was available again (food restriction: 15,78 g ± 0,19 SE; ad libitum food: 16,25 g ± 0,29
SE). Body mass had a significant effect only on body temperature at night (p = 0.0025, Table 1).
As ambient temperature changed over the course of the experiment (Figure 3) and differed
between the food conditions (food restriction: 15,97°C ± 0,46 SE; ad libitum food: 17,41°C ±
0,47 SE), we also included interactions between treatment and ambient temperature in our
models. However, these two factors did not interact and also did not interact with mass, when
it was included in the model. The phase of the daily body temperature cycle, measured as the
time between sunrise and the time of maximum temperature, did not change with food
condition or ambient temperature (Table 1).
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Table 1. Food condition has a significant effect on activity and body temperature at night and on activity
during the day. Body temperature both during the day and at night is affected by ambient temperature
as well as activity during the day. Phase of maximum temperature i.e. time difference to sunrise did not
change with treatment or ambient temperature. Significant effects are marked in bold font. dfnum =
numerator degrees of freedom, dfden = denominator degrees of freedom.

Variable
mean act night:
treatment

estimate (± SE)

dfnum, dfden

F

p

-0.89 (± 0.289) 1, 38

6.735

0.0134

0.15 (± 0.058) 1, 38

6.417

0.0156

-0.38 (± 0.095) 1, 38

16.161

0.0003

-0.01 (± 0.017) 1, 38

1.600

0.2136

0.47 (± 0.211) 1, 37

4.918

0.0328

Ta

0.26 (± 0.038) 1, 37

49.627

<.0001

mass

0.23 (± 0.089) 1, 37

5.978

0.0194

0.22 (± 0.190) 1, 38

1.328

0.2563

0.24 (± 0.039) 1, 38

42.589

<.0001

4.37 (± 20.884) 1, 38

0.002

0.9668

20.58 (± 104.123) 1, 38

1.030

0.3165

Ta
mean act day:
treatment
Ta
mean Tb night:
treatment

mean Tb day:
treatment
Ta
max Tb phase day:
treatment
Ta

5.4

Discussion

In this study we show that nocturnal activity in captured migrating Blackcaps is reduced when
birds have access to unlimited food again after a period of food restriction. This confirms
previous studies that have related food availability to migrational restlessness or Zugunruhe
(Biebach 1985; Gwinner et al. 1988; Aamidor et al. 2011). In general, activity during the day
was lower than at night, presumably to compensate for the higher activity levels at night
(Bairlein 1985; Fusani & Gwinner 2004). Analysis of activity during the day showed that with ad
libitum food the ratio of day-night activity slightly increased. Body temperature also was
influenced by food condition, however only at night. While body mass changed between food
restriction and the return to ad libitum food, it only had an effect on body temperature at
night. Apart from treatment and body mass, ambient temperature had an effect on activity
and body temperature. These effects however were not uniform. Body temperature both at
night and during the day increased with ambient temperature as well as nocturnal activity.
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Ambient temperature did not have an effect on activity during the day. We could not show
that a shift in activity patterns was accompanied with a shift of the body temperature cycle.

Figure 4. Food restriction has significant effects on activity and body temperature during the day and at
night. Activity at night is raised as well as during the day (A, B) when food is limited (FR) compared to ad
libitum food (AL). Body temperature is lowered during food restriction at night but not during the day
(C, D). Bars show average activity and temperature values, error bars indicate SE.

While we did not find interactions between treatment effects and those of ambient
temperature, we cannot in all cases definitely say if the observed changes in activity and body
temperature are due to one or both of those factors. As already mentioned, a release from
food restriction can suppress Zugunruhe. The strength of this effect however might depend on
the severity of food restriction, the energy reserves of the bird and on the pressure to migrate.
Fusani and Gwinner (2004) e.g. deprived Blackcaps from food completely for two days which
interrupted Zugunruhe entirely for three days. This effect was shown for autumn migration
and was less pronounced in spring. Birds in spring also took more time to recover from the loss
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of body mass. Body mass was however higher in general in spring than in autumn and birds
might have not reached a presumed critical threshold which induces Zugunruhe. These birds
were kept at a constant ambient temperature and a strict light-dark cycle of LD 12:12.
In our case, birds experienced not only changes in ambient temperature up to 3°C in minimum
and maximum temperatures between day, but also a gradual change in light intensity. While
changes in activity or behaviour are often associated with more extreme temperatures or in
heterothermic animals (Cowgell & Underwood 1979; Owen-Smith 1998; Converse & Savidge
2003; Wooden & Walsberg 2004), activity levels can also change over a smaller range of
ambient temperature (Fregly et al. 1957; Pálková et al. 1999). More importantly, changes in
ambient temperature also affect the onset and intensity of Zugunruhe with the increase or
decrease of temperature in conjunction with changing photoperiod, serving as a stimulus for
migration in spring or autumn, respectively (Eyster 1954; Sokolov et al. 1998; Marra et al.
2004; Singh et al. 2012).
Body temperature on one hand is considered very stable in homeothermic animals. On the
other hand lower body temperature during certain time periods is a common feature in the
animal kingdom. It can be a daily characteristic e.g. in heterotherms or very small mammals
(Cowgell & Underwood 1979; Wooden & Walsberg 2004; Cianchetti Benedetti et al. 2014).
Other species lower their body temperature for a whole season with varying strength of the
effect. This includes daily torpor as well as hibernation (Doucette et al. 2012; Geiser 2013).
Hypothermia is generally interpreted as way to save energy. Metabolic processes slow down
and cost less energy, heat loss is reduced by adapting to ambient temperature and reserves
last longer. Usually though this takes place when the animal is inactive e.g. at night for a
diurnal animal so that foraging is still possible during the day (Prinzinger et al. 1981; Geiser &
Kenagy 1988; Smit et al. 2011). In birds it has been found when food is unavailable due to
external restraints or during migration (Underwood et al. 1999; Wojciechowski & Pinshow
2009; Ben-Hamo et al. 2010). Ambient temperature plays a role as well either as a single factor
or as a modulator of food-related responses (Ben-Hamo et al. 2010; Bauchinger et al. 2011;
Smit et al. 2011).
We found that body temperature increased with higher ambient temperature at night,
accompanied by an increase in activity. In addition, release from food restriction also led to an
increase of nightly body temperature. This indicates that body temperature had been lowered
as a result of the ongoing Zugunruhe and the added food restriction. While body temperature
during the day was not influenced by food condition, it also increased with rising ambient
temperature. This might be a mechanism to save energy even in the active phase in addition to
nocturnal hypothermia (Thouzeau et al. 1999; Laurila et al. 2005; Lewden et al. 2014).
Nocturnal hypothermia alone during stopover can save up to 30% energy (Wojciechowski &
Pinshow 2009). The depth of hypothermia is of however limited by the minimal temperature
needed for regular activities and flight which could explain the lack of treatment effect during
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the day. At night, food condition and ambient temperature likely had a combined effect on
body temperature, during the day the higher body temperature might be affected by ambient
temperature but not the food condition.
While natural temperature conditions are more relevant for a migrating bird in the wild and
influence its decision to rest or keep migrating, a constant ambient temperature might be
more suited to study the effects of migration and changing activity patterns on body
temperature. Although data from radio transmitters to measure body temperature have been
shown to reflect core temperature, they are still sensitive to ambient temperature (Adelman et
al. 2010). An alternative might be passive integrated transponders (PIT tags), which can be
inserted under the skin and are less sensitive to ambient temperature. In a regular cage, they
also should be within the detection range of a receiving unit to ensure continuous data
recording. It should also be mentioned that while consistent over time, the birds showed
differences in their individual activity patterns e.g. compared to sunrise/sunset and additional
lights-on/off respectively. Strictly lights-on/off conditions have been shown to elicit activity
patterns different from more natural conditions that included twilight (Boulos & Macchi 2005).
A follow-up study should keep light conditions as natural as possible, but keep ambient
temperature constant.
Despite the limitations of this study we could show that food condition and ambient
temperature affect activity levels and body temperature. The phase of the body temperature
cycle however did not change with changing activity patterns.

5.5

References

Aamidor, S.E., Bauchinger, U., Mizrahy, O., McWilliams, S.R. & Pinshow, B. (2011) During
stopover, migrating blackcaps adjust behavior and intake of food depending on the
content of protein in their diets. Integrative and Comparative Biology, 51, 385-393.
Adamska, K. & Rosinska, K. (2006) Directional preferences of the Robin (Erithacus rubecula)
and the Blackcap (Sylvia atricapilla) during autumn migration at Arosio (N Italy) in
2005. Ring, 28, 101-111.
Adelman, J.S., Córdoba-Córdoba, S., Spoelstra, K., Wikelski, M. & Hau, M. (2010)
Radiotelemetry reveals variation in fever and sickness behaviours with latitude in a
free-living passerine. Functional Ecology, 24, 813-823.
Alerstam, T. (2009) Flight by night or day? Optimal daily timing of bird migration. Journal of
Theoretical Biology, 258, 530-536.
Alerstam, T. (2011) Optimal bird migration revisited. Journal of Ornithology, 152, 5-23.
Arendt, J., Skene, D.J., Middleton, B., Lockley, S.W. & Deacon, S. (1997) Efficacy of melatonin
treatment in jet lag, shift work, and blindness. Journal of Biological Rhythms, 12, 604617.
Aschoff, J. (1979) Circadian rhythms: influences of internal and external factors on the period
measured in constant conditions. Zeitschrift für Tierpsychologie, 49, 225-249.
Bairlein, F. (1985) Body weights and fat deposition of Palaearctic passerine migrants in the
central Sahara. Oecologia, 66, 141-146.
Bairlein, F. (1989) Trans-Saharan bird migration. Trends in Ecology & Evolution, 4, 23.
Chapter 5 | 105

Bauchinger, U., McWilliams, S.R. & Pinshow, B. (2011) Reduced body mass gain in small
passerines during migratory stopover under simulated heat wave conditions.
Comparative Biochemistry and Physiology Part A: Molecular and Integrative
Physiology, 158, 374-381.
Ben-Hamo, M., Pinshow, B., McCue, M.D., McWilliams, S.R. & Bauchinger, U. (2010) Fasting
triggers hypothermia, and ambient temperature modulates its depth in Japanese quail
Coturnix japonica. Comparative Biochemistry and Physiology Part A: Molecular and
Integrative Physiology, 156, 84-91.
Bennett, A.F. & John-Alder, H.B. (1984) The effect of body temperature on the locomotory
energetics of lizards. Journal of Comparative Physiology B: Biochemical, Systemic, and
Environmental Physiology, 155, 21–27.
Berthold, P., Gwinner, E. & Klein, H. (1972) Circannuale Periodik bei Grasmücken. I. Periodik
des Körpergewichtes, der Mauser und der Nachtunruhe bei Sylvia atricapilla und S.
borin unter verschiedenen konstanten Bedingungen. Journal of Ornithology, 113, 170190.
Berthold, P., Kaatz, M. & Querner, U. (2004) Long-term satellite tracking of white stork (Ciconia
ciconia) migration: constancy versus variability. Journal of Ornithology, 145, 356-359.
Biebach, H. (1985) Sahara stopover in migratory flycatchers: fat and food affect the time
program. Experientia, 41, 695-697.
Biebach, H., Biebach, I., Friedrich, W., Heine, G., Partecke, J. & Schmidl, D. (2000) Strategies of
passerine migration across the Mediterranean Sea and the Sahara Desert: a radar
study. Ibis, 142, 623-634.
Boulos, Z. & Macchi, M.M. (2005) Season- and latitude-dependent effects of simulated
twilights on circadian entrainment. Journal of Biological Rhythms, 20, 132-144.
Brown, S., Kunz, D., Dumas, A., Westermark, P., Vanselow, K., Tilmann-Wahnschaffe, A.,
Herzel, H. & Kramer, A. (2008) Molecular insights into human daily behavior. PNAS,
105, 1602-1607.
Cianchetti Benedetti, M., Fusani, L., Bonanni, R., Cardinale, M. & Carere, C. (2014) Conditiondependent nocturnal hypothermia in Garden Warblers Sylvia borin at a spring
stopover site. Ardea, 101, 113-119.
Converse, S.J. & Savidge, J.A. (2003) Ambient Temperature, Activity, and Microhabitat Use by
Ornate Box Turtles (Terrapene ornata ornata). Journal of Herpetology, 37, 665-670.
Cowgell, J. & Underwood, H. (1979) Behavioral thermoregulation in lizards: a circadian rhythm.
Journal of Experimental Zoology, 210, 189-194.
Czeisler, C.A., Mooreede, M.C. & Coleman, R.M. (1982) Rotating shift work schedules that
disrupt sleep are improved by applying circadian principles. Science, 217, 460-463.
Doucette, L., Brigham, R., Pavey, C. & Geiser, F. (2012) Prey availability affects daily torpor by
free-ranging Australian owlet-nightjars (Aegotheles cristatus). Oecologia, 169, 361372.
Eyster, M.B. (1954) Quantitative measurement of the influence of photoperiod, temperature,
and season on the activity of captive songbirds. Ecological Monographs, 24, 1-28.
Fransson, T., Barboutis, C., Mellroth, R. & Akriotis, T. (2008) When and where to fuel before
crossing the Sahara desert - extended stopover and migratory fuelling in first-year
garden warblers Sylvia borin. Journal of Avian Biology, 39, 133-138.
Fregly, M.J., Marshall, N.B. & Mayer, J. (1957) Effect of changes in ambient temperature on
spontaneous activity, food intake and body weight of goldthioglucose-obese and
nonobese mice. American Journal of Physiology, 188, 435-438.
Fusani, L., Cardinale, M., Schwabl, I. & Goymann, W. (2011) Food availability but not melatonin
affects nocturnal restlessness in a wild migrating passerine. Hormones and Behavior,
59, 187-192.
Fusani, L. & Gwinner, E. (2001) Reduced amplitude of melatonin secretion during migration in
the blackcap (Sylvia atricapilla). Perspective in Comparative Endocrinology: Unity and
Chapter 5 | 106

Diversity (eds H.J.T. Goos, R.K. Rastogi, H. Vaudry & R. Pierantoni), pp. 295-300.
Monduzzi editore, Bologna.
Fusani, L. & Gwinner, E. (2004) Simulation of migratory flight and stopover affects night levels
of melatonin in a nocturnal migrant. Proceedings of the Royal Society B: Biological
Sciences, 271, 205-211.
Gander, P.H., Macdonald, J.A., Montgomery, J.C. & Paulin, M.G. (1991) Adaption of sleep and
circadian rhythms to the antarctic summer: A question of zeitgeber strength. Aviation,
Space, and Environmental Medicine, 62, 1019-1025.
Geiser, F. (2013) Hibernation. Current Biology, 23, 93.
Geiser, F. & Kenagy, G.J. (1988) Torpor duration in relation to temperature and metabolism in
hibernating ground squirrels. Physiological Zoology, 61, 442-449.
Goymann, W., Spina, F., Ferri, A. & Fusani, L. (2010) Body fat influences departure from
stopover sites in migratory birds: evidence from whole-island telemetry. Biology
Letters, 6, 478-481.
Gwinner, E., Schwabl, H. & Schwabl-Benzinger, I. (1988) Effects of food-deprivation on
migratory restlessness and diurnal activity in the garden warbler Sylvia borin.
Oecologia, 77, 321-326.
Hau, M. & Gwinner, E. (1996) Food as a circadian Zeitgeber for house sparrows: the effect of
different food access durations. Journal of Biological Rhythms, 11, 196-207.
Hedenstrom, A. (2010) Extreme endurance migration: What is the limit to non-stop flight?
PLoS Biology, 8, e1000362.
Helbig, A.J., Berthold, P. & Wiltschko, W. (1989) Migratory orientation of blackcaps (Sylvia
atricapilla): population–specific shifts of direction during the autumn. Ethology, 82,
307–315.
Horseman, N.D. & Ehret, C.F. (1982) Glucocorticosteroid injection is a circadian zeitgeber in the
laboratory rat. American Journal of Physiology, 243, R373-R378.
Hut, R.A., Barnes, B.M. & Daan, S. (2002) Body temperature patterns before, during, and after
semi-natural hibernation in the European ground squirrel. Journal of Comparative
Physiology B: Biochemical, Systemic, and Environmental Physiology, 172, 47-58.
Irving, L. (1972) Arctic life of birds and mammals including man. Springer, Berlin, Heidelberg,
New York.
Laurila, M., Pilto, T. & Hohtola, E. (2005) Testing the flexibility of fasting-induced
hypometabolism in birds: effect of photoperiod and repeated food deprivations.
Journal of Thermal Biology, 30, 131138.
Lewden, A., Petit, M., Milbergue, M., Orio, S., Vézina, F. & Reynolds, J. (2014) Evidence of
facultative daytime hypothermia in a small passerine wintering at northern latitudes.
Ibis, 156, 321-329.
Marra, P.P., Francis, C.M., Mulvihill, R.S. & Moore, F.R. (2004) The influence of climate on the
timing and rate of spring bird migration. Oecologia, 142, 307-315.
Oshima, I., Yamada, H., Goto, M., Sato, K. & Ebihara, S. (1989) Pineal and retinal melatonin is
involved in the control of circadian locomotor activity and body temperature rhythms
in the pigeon. Journal of Comparative Physiology A: Neuroethology, Sensory, Neural,
and Behavioral Physiology, 166, 217-226.
Owen-Smith, N. (1998) How high ambient temperature affects the daily activity and foraging
time of a subtropical ungulate, the greater kudu (Tragelaphus strepsiceros). Journal of
Zoology, 246, 183-192.
Pálková, M., Sigmund, L. & Erkert, H. (1999) Effect of ambient temperature on the circadian
activity rhythm in common marmosets, Callithrix j. jacchus (primates). Chronobiology
International, 16, 149-161.
Prinzinger, R., Göppel, R., Lornez, A. & Kulzer, E. (1981) Body temperature and metabolism in
the red-backed mousebird (Colius castanotus) during fasting and torpor. Comparative
Biochemistry and Physiology, 69, 689-692.
Chapter 5 | 107

Pulido, F. (1998) Evolutionäre quantitative Genetik der Zugunruhe bei der Mönchsgrasmücke
(Sylvia atricapilla). Journal of Ornithology, 139, 506-508.
R Core Team (2014) R: A language and environment for statistical computing. R Foundation for
Statistical Computing. Vienna, Austria. URL http://www.R-project.org/
Roenneberg, T., Kuehnle, T., Juda, M., Kantermann, T., Allebrandt, K., Gordijn, M. & Merrow,
M. (2007) Epidemiology of the human circadian clock. Sleep Medicine Reviews, 11,
429-438.
Rolshausen, G., Hobson, K.A. & Schaefer, H.M. (2010) Spring arrival along a migratory divide of
sympatric blackcaps (Sylvia atricapilla). Oecologia, 162, 175-183.
Sack, R.L., Blood, M.L. & Lewy, A.J. (1992) Melatonin rhythms in night shift workers. Sleep, 15,
434-441.
Schaub, M., Jenni, L. & Bairlein, F. (2008) Fuel stores, fuel accumulation, and the decision to
depart from a migration stopover site. Behavioral Ecology, 19, 657-666.
Schwilch, R. & Jenni, L. (2001) Low initial re-fuelling rate at stopover sites: a methodological
effect? The Auk, 118, 698–708.
Shumway, R.H. & Stoffer, D.S. (2011) Springer Texts in Statistics: Time series analysis and its
applications, 3rd edn. Springer, New York.
Singh, J., Budki, P., Rani, S. & Kumar, V. (2012) Temperature alters the photoperiodically
controlled phenologies linked with migration and reproduction in a night-migratory
songbird. Proceedings of the Royal Society B: Biological Sciences, 279, 509-515.
Smit, B., Boyles, J.G., Brigham, R.M. & McKechnie, A.E. (2011) Torpor in dark times: patterns of
heterothermy are associated with the lunar cycle in a nocturnal bird. Journal of
Biological Rhythms, 26, 241-248.
Sokolov, L.V., Markovets, M.Y., Shapoval, A.P. & Morozov, Y.G. (1998) Long-term trends in the
timing of spring migration of passerines on the Courish Spit of the Baltic Sea. Avian
Ecology and Behaviour, 1, 1-21.
Sparrow Systems (2014) Bantam ARU Operations Manual. Sparrow Systems. Fisher, USA. URL
http://www.sparrowsystems.biz/temp/manual/bantam.html [last accessed 12 August
2014]
Stelzer, R. & Chittka, L. (2010) Bumblebee foraging rhythms under the midnight sun measured
with radiofrequency identification. BMC Biology, 8, 93.
Thouzeau, C., Duchamp, C. & Handrich, Y. (1999) Energy metabolism and body temperature of
barn owls fasting in the cold. Physiological and Biochemical Zoology, 72, 170-178.
Titov, N. (1999) Fat level and temporal pattern of durnal movements of robins (Erithacus
rubecula) at an autumn stopover site. Avian Ecology and Behaviour, 2, 89–99.
Underwood, H., Steele, C.T. & Zivkovic, B. (1999) Effects of fasting on the circadian body
temperature rhythm of Japanese quail. Physiology & Behavior, 66, 137-143.
van Oort, B., Tyler, N., Gerkema, M., Folkow, L. & Stokkan, K.-A. (2007) Where clocks are
redundant: weak circadian mechanisms in reindeer living under polar photic
conditions. Naturwissenschaften, 94, 183-194.
Viswanathan, N. (1989) Presence-absence cycles of the mother and not light-darkness are the
zeitgeber for the circadian rhythm of newborn mice. Experientia, 45, 383-385.
Wojciechowski, M.S. & Pinshow, B. (2009) Heterothermy in small, migrating passerine birds
during stopover: use of hypothermia at rest accelerates fuel accumulation. Journal of
Experimental Biology, 212, 3068-3075.
Wooden, K.M. & Walsberg, G.E. (2004) Body temperature and locomotor capacity in a
heterothermic rodent. Journal of Experimental Biology, 207, 41-46.
Zulley, J. & Campbell, S.S. (1985) The coupling of sleep-wake patterns with the rhythm of body
temperature. Sleep '84 (eds W.P. Koella, E. Tüther & H. Schulz), pp. 81-85. Gustav
Fischer Verlag, Stuttgart.

Chapter 5 | 108

General discussion

T

iming is everything. What seems to be trivial and not worth mentioning is in fact a major
factor shaping the life of almost all species and ensures their survival in a changing world.

Sensing time and measuring it is made possible by the circadian clock. Its mechanisms have
been studied extensively in a variety of species and contexts, and so has its phenotype, the
chronotypes. The study of their relationship and their connection to fitness and survival
however is constrained by the complexity of the system and methodological problems. In this
study, I focus on the measurement of circadian clock and chronotype (chapters one and four)
and how light, temperature and internal state add to their variation (chapters two, three and
five).

For What It's Worth - Are circadian clocks adaptive?
The adaptive value of circadian rhythms it seems cannot be denied. The sheer ubiquity of
circadian clocks suggests their importance for all organisms and their adaptive significance has
been shown in a number of cases (see below) (Dunlap et al. 2004a; Johnson 2005). Not only
are the genes responsible for circadian rhythmicity conserved within respective kingdoms,
they seem to have evolved independently several times for bacteria, fungi, plants and animals
(Dunlap 1999; Roenneberg & Merrow 2002). Within kingdoms however, the role of clock gene
orthologs in the rhythm-generating feedback loops can differ, for instance cryptochrome and
timeless have different functions in Drosophila and honeybees (Apis mellifera) (Rubin et al.
2006). Although complex transcriptional feedback loops are responsible for rhythm generation
in vertebrates, basic mechanisms have been found as well in red blood cells (O'Neill & Reddy
2011). They do not have a cell nucleus required for transcription and share this transcriptionless mechanism with small unicellular eukaryotes (O'Neill et al. 2011). Complex and basic
mechanisms can occur in parallel, suggesting independent evolution and the need for a backup
system under certain circumstances (Brown et al. 2012). Even when circumstances seem to
make a clock unnecessary such as in the arctic, caves or the deep sea, evidence has been found
to prove the contrary (Wagner et al. 2007; Stelzer & Chittka 2010; Cavallari et al. 2011).
Further confirmation for the usefulness of the circadian clock has been collected following the
idea of the circadian resonance hypothesis. Basically, it postulates increased evolutionary
fitness when the free-running period is close to the environmental photoperiod (Pittendrigh &
Bruce 1959; Sharma 2003; Emerson et al. 2008). Cyanobacteria mutants with a short freerunning period were shown to grow better in an artificially shortened day compared to the
wildtype, whereas the wildtype did better under normal conditions (Ouyang et al. 1998).
Similar results have been shown in plants, flies and mammals (Pittendrigh & Minis 1972; Dodd
et al. 2005; Wyse et al. 2010). While these studies focused on the optimisation of the circadian
clocks, others investigated the effects of a missing clock in the field. Chipmunks and ground
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squirrels with SCN lesion showed altered activity patterns risking predation and lowering
survival rate (DeCoursey et al. 1997; DeCoursey et al. 2000). Besides increasing chances of
survival, the circadian clock also can improve another aspect of evolutionary fitness: the
number of offspring. Male Blue Tits singing earlier than their conspecifics gained extra-pair
young by attracting neighbouring females (Poesel et al. 2006). The likelihood of mating in
general as well as increased survival and stabilization of social groups are all thought to
depend largely on synchronization between conspecifics (Levine et al. 2002a; Davidson &
Menaker 2003; Formanek et al. 2011; Bloch et al. 2013b).

What’s light got to do with it? - Effects of light and its characteristics
However, despite these advantages, there are cases where the circadian clock seems to be
turned off or missing (Shemesh et al. 2007; Lu et al. 2010; Bloch et al. 2013a). Also, under the
aspect of the circadian resonance hypothesis an optimal free-running period and the ideal
chronotype should exist. Why then is there so much variation when the properties of the
circadian clock could be under selective pressure? As already mentioned in the introduction, a
free-running period that is close to but not exactly 24 hours is preferable for stable
entrainment. Nevertheless, the average free-running period differs for each species. Often this
average is related to the respective lifestyle. Nocturnal animals tend to have a free-running
period shorter than 24 hours, diurnal animals a longer one (Pittendrigh & Daan 1976b). This
tendency can be explained by the characteristics of the phase-response curve (PRC) on one
hand and what is called “Aschoff’s rule” on the other hand. A PRC describes the phase shift
induced by a light pulse at a specific point of the circadian oscillation. A plot of the PRC usually
shows a curve changing from phase advance to phase delay, but also a part that does not react
to a light pulse (Johnson 1999). The ratio of advance to delay however varies between species.
When a short free-running period and a PRC with a large phase delay part are combined, the
subjective beginning of night will coincide with dusk. In theory this is advantageous for
nocturnal animals that rely on dusk for their activity onset. Vice versa diurnal animals would
profit from the coincidence of the beginning of subjective day with dawn provided by a longer
free-running period and the respective PRC (Johnson 1999; Dunlap et al. 2004c). The freerunning period also depends, according to “Aschoff’s rule”, on the light intensity at which it is
measured. In short, the free-running period of diurnal animals decreases with light intensity
and increases in nocturnal animals (Pittendrigh 1960; Aschoff 1979). This applies to constant
conditions, however, free-running period length also depends on the light intensity and lightdark conditions experienced beforehand, a phenomenon called aftereffects (Pittendrigh &
Daan 1976a; Scheer et al. 2007; Molyneux et al. 2008).
The adaptation of free-running period length to changes in light quality and quantity also
offers an explanation how the circadian clock copes with the seasonal change of day length. A
too rigid rhythm would slowly lose track of dawn or dusk respectively with the change in phase
angle (Pittendrigh & Daan 1976c; Pittendrigh & Takamura 1989; Boulos & Macchi 2005;
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Glickman et al. 2012). It has also been shown that the day to day accuracy of the phase angle
between free-running period and Zeitgeber was highest when activity onset coincided with
civil twilight (Daan & Aschoff 1975; Daan & Beersma 2002). Thus, twilight is important as a
Zeitgeber.
Can’t fight the street light - Strength of entrainment
With urbanisation comes an increased level of light that is not only present at night, but also
blurs the light gradient at twilight. Therefore, it is reasonable to assume that animals living in
an urbanized environment have troubles concerning the accuracy of their free-running period
and show different activity patterns. We tested this hypothesis in a collaborative study in
chapter two by measuring the accuracy of free-running period of Common Blackbirds (Turdus
merula) using a rhythmicity index, high rhythmicity being indicated by a value close to 1. City
birds showed lower rhythmicity than forest birds and some were completely arrhythmic. While
any change in light intensity or spectral composition could be used for entrainment, it is
strongest at twilight (Rozenberg 1966; Roenneberg & Foster 1997; Fleissner & Fleissner 2002).
To assess the impact of urbanization on light intensity, we performed measurement of light
levels in the city and the forest. These showed no pronounced difference in light intensity
during the day, but during night. However, not only were light levels higher at night in the city,
light intensity increased earlier in the morning. The additional light at night in the urban
environment likely attenuates the steep gradient of light intensity needed for a strong
entrainment cue. Similarly, when there is no clear cue for dawn and dusk such as in the arctic
summer, some species become arrhythmic or show a free-running rhythm (Lu et al. 2010;
Steiger et al. 2013), others use additional information such as the position of the sun, light
intensity or the spectral composition of sunlight (Pohl 1999; Reierth & Stokkan 2002; Ashley et
al. 2013). In lower latitudes, small changes in twilight can also be used as a cue for
entrainment if they can be discriminated as such (van Oort et al. 1999). The lack of a gradual
change from light to dark and vice versa in laboratory conditions might also be a reason for the
often missing correlation of circadian clock and chronotype. Several studies could show that
activity patterns change when a twilight part is added to the light-dark cycle (Kavaliers & Ross
1981; Usui 2000; Boulos & Macchi 2005; Rieger et al. 2012; Vanin et al. 2012). A correlation
that would exist under natural conditions might not be found with a rectangular on-off lightdark cycle. Our results suggest that in Blackbirds there is a positive correlation between freerunning period and chronotype, which was defined in relation to civil twilight. Birds with a
short free-running period rose early relative to civil twilight compared to their conspecifics,
whereas later risers had a longer free-running period. This correlation however was limited to
city birds and not found in rural birds. In the forest the strong cue might override individual
variation whereas the weaker cue in the city allowed for more flexibility in entrainment
(Roenneberg et al. 2003). Further experiments are needed to determine if the reduced
rhythmicity is in fact an advantage for birds in the city and if this development is a result of city
living or if birds are more likely to settle in the city if they have a more flexible clock. The lower
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migratory disposition in urban Blackbirds e.g. is likely the result of microevolution following
urbanisation, as is a change in personality traits (Partecke & Gwinner 2007; Miranda et al.
2013).
Morning has broken, but who noticed it? - Perception of light
The chronotype of Great Tits investigated in chapter three was determined under a strict lightdark cycle which did not change over the course of the experiment or the preceding weeks of
acclimatisation. In comparison, when Blackbirds were brought into captivity, they had
experienced a natural change of photoperiod and the light-dark cycle for the short time of
acclimatisation before constant light was changed each week to reflect the natural
photoperiod. The different experimental setup could explain the lack of correlation between
free-running period and chronotype in Great Tits. However, another study with Great Tits
could not find a correlation either, although changing photoperiod and twilight had been
incorporated into the experimental setup (Helm & Visser 2010). Apart from photoperiod and
light transition there might be more to the natural light-dark cycle that affects entrainment
and is missing in simulated conditions e.g. the slope of light-dark transition or spectral
composition (Fleissner & Fleissner 2002).
Another reason for the differences between these two species could be their different
lifestyles. Both species have a similar range of distribution across Europe and are found at
varying altitudes. Their original habitat are forests, but they are found in gardens and cities as
well (Glutz von Blotzheim 2004). However, their requirements differ in terms of forest density
and composition e.g. for breeding. They also differ in the onset of activity, usually marked by
their part in the dawn chorus (Leopold & Eynon 1961; Mace 1987b; Cuthill & Macdonald
1990). The timing of dawn singing has been connected e.g. to foraging constraints by
temperature, light intensity and foraging profitability (Mace 1987b). One factor that seems to
limit activity onset is eye size. Relative eye size was found to correlate with light intensity at
first song (Thomas et al. 2002). In another study Blackbirds showed exceptional visual acuity
especially at low light intensities (Donner 1951). The amount of light that reaches the sleeping
bird also depends on its roosting place. Great Tits prefer to roost in cavities whereas Blackbirds
sleep outside e.g. in dense trees (Glutz von Blotzheim 2004). In a study on effects of light
pollution on dawn song, Blackbirds were found to sing earlier than Great Tits, but also were
more affected by artificial light. This matched the pattern of early singing birds being more
sensitive to light pollution (Kempenaers et al. 2010). The same environmental cue i.e. light
intensity or the gradient thereof might have a different meaning for different species. To test
this, birds of both species would have to be kept under controlled light conditions with
simulated twilight at different slopes of light intensity. Changes in the amplitude between high
and low light levels could also reveal if there are individual differences in photosensitivity and
if they are related to chronotype. In general, studies intended to analyse free-running period,
chronotype and their relationship therefore should keep the lifestyle of the respective species
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in mind as well as the potential relevance for experimental setup (Wicht et al. 2013; Randler
2014).

Hot in here - Sensitivity and insensitivity to temperature
Not only light in its different qualities can modify the free-running period, temperature has to
be considered as well. The relation of the circadian clock and temperature is a dual one,
temperature compensation belongs to the trinity of requirements for a clock to be circadian
besides persistence under constant conditions and entrainability (Dunlap et al. 2004c; Koukkari
& Sothern 2006a). For stable rhythmicity temperature compensation is essential, as the
circadian clock needs to run at the same speed independent of daily or seasonal changes in
ambient or body temperature (Ruoff & Rensing 2004). However, Great Tits as a species inhabit
a wide area from northern climates to the Mediterranean and are partial migrants, potentially
experiencing not only extreme temperatures in general but also drastic short-term
temperature variation (Gosler 1993; Smallegange et al. 2010). We were therefore interested in
the effects of temperature on free-running period and chronotype in Great Tits (chapter
three).
Part of the analysis was therefore temperature compensation. Free-running period as well as
chronotype in Great Tits did shift with a change of ambient temperature. When temperature
was increased by 10°C, free-running period lengthened, accordingly it shortened with
decreasing temperature. Following the often cited positive correlation between free-running
period and chronotype, chronotype should be later at higher temperatures. This was not the
case for the midpoint of activity, which didn’t differ between the groups. However, a more
detailed analysis of activity patterns showed that activity onset did occur later at higher
temperatures, whereas activity offset started earlier. The midpoint of activity or also the midsleep point is often used to determine chronotype (Daan & Aschoff 1975; Roenneberg et al.
2003). As both are calculated from onset and offset of activity or sleep respectively,
differential effects of temperature or another factor on onset or offset might be cancelled out
by this step. Definition of chronotype therefore should be considered depending on the
lifestyle of the species and which activity pattern is most relevant. Despite the significant
effects of temperature, Q10 was found to be 1.004 i.e. almost perfectly temperature
compensated. This seems not much, but a bird might experience a much larger range of
temperatures than 10°C e.g. with season. Great Tit populations exist over a wide range of
latitudes from Scandinavia to the Mediterranean (Glutz von Blotzheim 2004). Q10 values of
free-running period of different populations along the latitudinal cline could provide insights
on temperature compensation in the circadian clock in, even when the specific genes are not
yet found.

General discussion | 113

Another place, another time – Adaptation to different environments?
That one or more of the clock genes are involved in temperature compensation of circadian
clocks of birds is likely, because a comparison of clock genes in populations of Drosophila along
a latitudinal gradient found polymorphisms in timeless and period genes in adaptation to
photoperiod and temperature (Kyriacou et al. 2008). A shorter allele of the period gene was
found more often in warmer climates, which provides a very precise free-running period at
high temperatures at the cost of reduced temperature compensation. In contrast, in higher
latitudes with more variable temperatures the longer and better temperature-compensated
allele is predominant (Sawyer et al. 1997). Timeless in Drosophila is part of the light-sensitive
loop of the circadian clock and might be responsible for adaptation to different photoperiod
(Tauber et al. 2007). Another possible latitudinal adaptation to photoperiod and perhaps
temperature are different alleles of the clock gene discovered in salmon (Oncorhynchus spp.)
(O'Malley et al. 2010). Again the gene is part of the light input pathway and the frequency of
the two most observed alleles changes with latitude. The different alleles are potentially
involved with timing of migration and spawning (O'Malley et al. 2007). The existence or
absence of migration also might be involved in the prevalence of clock gene alleles in birds.
Whereas the frequency of alleles changes with latitude in the mainly sedentary Blue Tits
(Cyanistes caeruleus), there is no such differentiation in migratory bluethroats (Luscinia
svecica) (Johnsen et al. 2007). It could be that a migratory lifestyle prevents the dominance of
a specific clock allele in favour of flexibility in varying environments. In sedentary populations
on the other hand the alleles that are best suited for the respective environment are
prevailing. However, other constraints such as an initial low variation in common ancestors or
a stronger effect of non-photic cues on reproduction might prevent diversity in clock alleles, as
found in barn swallows (Hirundo rustica) (Dor et al. 2011).
While so far no equivalent observations have been made for temperature compensation along
latitude in vertebrates it has been shown that the avian and mammalian clock as such is
temperature-compensated on a molecular level (Barrett & Takahashi 1995; Izumo et al. 2003).
In light of the findings in Drosophila, it would not be surprising if different alleles were found in
a core clock gene involved in temperature compensation and along a latitudinal cline.

Should I stay or should I go – Migration and latitudinal clines
Not only temperature compensation has been associated with latitudinal clines and the
respective temperatures but also lifespan e.g. in Drosophila (Munch & Salinas 2009) which also
coincides with a free-running period gradient along latitude (Pittendrigh & Takamura 1989). A
reverse relationship has been found in birds where tropical species have a longer lifespan and
slower development than those of temperate zones (Wikelski et al. 2003; Møller 2007;
Wiersma et al. 2007) in adaptation to environmental constraints e.g. breeding times. As
mentioned already, the clock gene allele distribution in sedentary Blue Tits was found to be
associated with latitude as well but not in migratory bluethroats (Johnsen et al. 2007). In the
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same study it was suggested that these alleles might be associated with migration propensity
as well. A follow up study on one of the Blue Tit populations was used to relate allele length to
breeding time and found positive correlation (Liedvogel et al. 2009). No such correlation was
found in a population of Great Tits in the same area indicating a species-specific pattern rather
than a general one (Liedvogel & Sheldon 2010). The species-specific pattern was confirmed
when allele lengths in different populations of other species were compared (Dor et al. 2011;
Chakarov et al. 2013). Specific patterns connected to migration were also found in a
comparison of urban and rural Blackbirds. Blackbirds have started to colonise urban areas from
their original forest habitat in the early 19th century (Evans et al. 2009). One main difference
between urban and rural Blackbirds is their inclination to migrate. While some Blackbirds
migrate to winter quarters in autumn others overwinter or migrate only later on when
conditions become harsh. Especially in urban populations Blackbirds are less likely to migrate
due to the warmer temperatures and higher food availability in cities. Among other traits an
inherent propensity for sedentariness might have facilitated the occupation of the new habitat
(Partecke & Gwinner 2007; Møller et al. 2014). As urban Blackbirds differ from rural ones in
their circadian rhythms and sedentariness, several candidate genes for circadian behaviour
(clock, adcyap1, creb1, npas2) amongst others were included in an analysis of gene
polymorphisms likely to be involved in the urbanization process of Blackbirds (Mueller et al.
2013). However, no clock polymorphism was found between populations. Another gene
potentially involved in the circadian clock and migration (Racz et al. 2008; Steinmeyer et al.
2009; Mueller et al. 2011), adcyap1 (pacap) had longer alleles in urban birds possibly linking
allele length to migratory behaviour. The same gene had already been associated with
migratory behaviour in Eurasian Blackcaps (Sylvia atricapilla), however in the opposite
direction (Mueller et al. 2011). Although clock and adcyap1 seem to be involved in migratory
behaviour, their contribution to the process is likely to be species-specific (Peterson et al.
2013).

Food, glorious food OR 50 ways to measure - Body condition and body temperature
As already mentioned, Blackcap migration is genetically regulated and has been linked to a
gene involved in the light transmission pathway of the circadian clock (Pulido et al. 1996; Liu et
al. 2007; Racz et al. 2008; Mueller et al. 2011). Depending on their location these birds can be
sedentary, partially migrating or migrating with a range of migration distance and direction
(Helbig 1991; Berthold 2008). The yearly departure and return of many birds was one of the
phenomena that sparked interest in rhythmicity in birds (Gwinner 1977; Mead 1983; Berthold
1990). These yearly rhythms also influence daily rhythms. During migration, many diurnal birds
become nocturnal to cover large distances in a short amount of time. Advantages of nightly
flight could be maximised foraging time during the day, wind conditions or predator avoidance
(Alerstam 2009; Alerstam 2011). Migration is also characterised by long periods without
regular food availability and birds have to use their fat reserves. The additional nocturnal
activity is called migratory restlessness or Zugunruhe, occurs in captive birds as well and can be
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elicited by food deprivation (Gwinner et al. 1988; Fusani et al. 2011). Often birds also reduce
their body temperature to save energy when food is scarce (Hohtola et al. 1991; Butler &
Woakes 2001; Wojciechowski & Pinshow 2009; Cianchetti Benedetti et al. 2014). Body
temperature is under control of the circadian clock and rises before the onset of activity but
also increases with activity (Aschoff 1970). We asked how migratory conditions might affect
body temperature and activity patterns (chapter five). A reversal in activity pattern might be
accompanied by a change in temperature pattern as well e.g. to facilitate nocturnal flight. We
found that food deprivation and the concomitantly increased activity at night did have an
effect on temperature, however only overall temperature decreased but was not shifted in
phase. In addition, ambient temperature had a clear effect on body temperature as well. This
indicates an energy saving strategy rather than a change of clock output and matches previous
studies (Butler & Woakes 2001; Lewden et al. 2014). Body temperature has been suggested as
an alternative measurement to measure rhythms and define chronotype (Decoursey et al.
1998; Levy et al. 2007). In this case, chronotype calculated with activity data would be
different from chronotype calculated with temperature data, emphasising the need for a
careful selection of chronotype definition.
When body temperature is chosen to calculate chronotype, these data should be reliable and
reflect actual temperature as closely as possible. Our results suggest that migration or rather
food deprivation affects body temperature differently than activity and shows the need for a
more detailed analysis of the relationship between migration and circadian clock. How
different individuals or species adapt behaviour and body temperature under such conditions
however is better studied in the field under more natural conditions. In order to measure body
temperature in freely moving behaving animals in the wild, systems are needed to allow
automated and reliable recording. We compared two different methods for temperature
recording and analysed their suitability to measure daily temperature changes (chapter four).
PIT tags, which have the advantage of being very small but have a very short range and radio
transmitters, which record continuously but are more sensitive to ambient temperature,
revealed no difference regarding the major and important aspects of recording: both proved to
be reliable, precise and able to detect daily temperature variation, enabling an alternative way
to calculate chronotype. As mentioned earlier, the chronotype is the phenotype of the
circadian clock and subjected to selection. A different view on chronotype, that is based on
body temperature rather than activity could provide additional information to understand its
adaptive significance.

As time goes by - Age and lifespan, further aspects and possible development
So far, all of the variation apparent in the free-running period has been attributed to
adaptation to a specific environment or lifestyle. There is however another aspect to look at,
which is age. In the course of studying the circadian clock in rodents, a change in the freerunning period with age was noticed as well (Pittendrigh & Daan 1974). Further studies with
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hamsters confirmed the shortening of free-running period with age (Morin 1988). Witting et
al. (1994) came to the same conclusion in a study with rats but also carried out a meta-analysis
of data so far. While the shortening of free-running period was found in several species, the
opposite effect had been observed as well. These conflicting results were likely to be caused by
the choice of young and old animals or the experimental setup i.e. light conditions and activity
measurement. A comparison of circadian rhythms in skin fibroblasts of young and old humans
showed no difference in main clock properties (Pagani et al. 2011). When human serum from
older donors was added to cells from younger donors however, both free-running period and
chronotype changed. Which specific substance of the serum is responsible for the changes is
unclear so far. It is also not known if the effect is limited to peripheral clocks and in which way
the substance is present in the serum. The successful transfer of the fibroblast assay to birds as
shown in chapter one could help understand questions like these further. Using fibroblasts to
determine free-running period instead of activity has the advantage of a system mostly
unaffected by aftereffects, health, hormones or age. On the other hand it is possible to add
substances to the cell medium that can potentially influence clock characteristics such as the
previously mentioned serum. Age effects on the circadian clock could e.g. be studied in closely
related subspecies with a different lifestyle and lifespan. A model system could be stonechats
as they have different breeding schedules depending on latitude and environmental conditions
and differ in energy expenditure e.g. metabolic rate (Wikelski et al. 2003).
Apart from the shortening of free-running period and a reduced amplitude, age also has
effects on the responsiveness of the circadian clock to environmental cues (Turek et al. 1995;
Duffy & Czeisler 2002). This is most likely due to loss of function of the visual system. Not only
does the eye lens transmit less light with age, the effect is strongest at the short wave-lengths
relevant for circadian photoreception, leading to disruption of the clock or sleep disturbances
(Turner & Mainster 2008; Kessel et al. 2011). Most songbirds are relatively small-sized, their
lifespan however is quite long compared to mammals of similar size (Ricklefs 2010). Maximum
ages are usually reached in captive individuals and signs of aging are rarely found in nature.
Nevertheless, deterioration of the visual system is not unlikely in birds in the wild (Holmes &
Austad 1995a; Holmes & Austad 1995b). Determining the age of animals caught in the wild is
often difficult and limited to the categories young or adult e.g. by plumage coloration. In short,
free-running period may change or not with age and entrainment could be impaired by
deterioration of the visual system. This adds to the variation found in free-running clock and
chronotype and complicates the study of their relationship, when age is not included in the
analysis or cannot be determined correctly. In Drosophila ageing in general leads to a longer
free-running period and arrhythmicity (Yadav & Sharma 2013). Inversely, a disruption of
circadian rhythms fastens the aging process and shortens lifespan (Krishnan et al. 2012).
Similar results were found in vertebrates where mutations in clock genes led to arrhythmic
behaviour and reduced lifespan (Froy 2011; Yu & Weaver 2011). Independent of aging, flies
with a shorter free-running period were found to have a shorter lifespan and faster
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development (Klarsfeld & Rouyer 1998; Yadav & Sharma 2013). The milder climate and high
food availability in addition to the increased light levels in the city might have led to a faster
pace of life in city Blackbirds. This could include a higher reproductive rate at the cost of
lifespan (Harshman & Zera 2007). The increased rate of aging could account as well for the
shorter free-running period and reduced rhythmicity in city birds.

Conclusions and outlook - Que sera, sera
In this thesis I have studied circadian rhythms in songbirds and how they are shaped by
endogenous and environmental factors. In addition, I focused on the measurement of these
rhythms and how it could be improved. It is now possible to measure free-running period on a
cellular level in birds, a method that is less sensitive to endogenous and environmental factors
than traditional measurement of locomotor activity. The effects of such factors like light,
temperature and migratory behaviour on free-running period and chronotype were analysed.
The results on chronotype emphasise the need for careful consideration of definition method.
One aspect to be considered is the choice of measured variable. Species-specific behaviour and
its relevance should be considered when activity is used as variable. Entrained body
temperature reflects the circadian clock on a more basic level than activity which can be
affected by short-term changes in environment. It might also be better suited to compare
related species that differ in their behaviour. Minimally invasive methods of body temperature
measurement were shown to be suited for recording daily temperature rhythms. Alternative
methods, both for measuring free-running period and chronotype, could also help understand
the wide range of variation found in different individuals, populations and species. A
combination of methods in the laboratory and the field might provide further insight into the
relationship of free-running period and chronotype. Finally, addition of information on survival
and reproductive rate can elucidate the adaptive significance of circadian clocks and their part
in ecology and evolution.
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