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Abstract

Abstract

Background: The behaviour of songbirds depends on several physical

environmental factors that may change with increasing elevation. For
example, temperature decreases and the vegetation period is shorter at
higher elevations. Birds may need to adapt to changes in environmental
conditions by changing their breeding or singing behaviour. This thesis aims
to contribute to understand the effects of physical environmental variables on
the behaviour of mountain woodland songbirds.

Location: Switzerland, Swiss National Park

Methods: To investigate the singing behaviour of mountain woodland

songbirds (Alpine tit, coal tit, Eurasian chaffinch, song thrush, mistle thrush
and ring ouzel) we used passive acoustic monitoring and observations in the
field. We also used citizen science data to examine changes in breeding
phenology along an elevational gradient.

Results and main conclusions: We observed species-specific differences

in the singing behaviour according to the investigated variables, and found
only small differences in the timing of breeding between higher and lower
elevations independent of climatic conditions. The effect of anthropogenic
noise seemed to be context- but not species-specific, since all investigated
songbird species changed their singing behaviour in noisier areas and during
nosier times. Physical environmental variables, like moon phase, temperature,
cloud cover or aspect, had consistent but small effects on all investigated
songbird species. The effects of elevation and date, in contrast, were more
species-specific. Further, alpine songbirds seem to have evolved adaptations
to cope with harsher environmental conditions at higher elevations, since the
investigated species were only raised with a relatively small delay at higher
compared to lower elevations.

Keywords: willow tit, automated recording, Audiomoth, SM4, breeding

phenology, dawn chorus
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Abstract

Zusammenfassung

Hintergrund: Das Verhalten von Singvogeln hangt von verschiedenen

physikalischen Umweltfaktoren ab, die sich mit zunehmender H6he &ndern
kénnen. In hoheren Lagen ist beispielsweise die Temperatur niedriger und die
Vegetationsperiode kurzer. Vogel miUssen sich modglicherweise durch ein
verandertes Brut- oder Gesangsverhalten an die geédnderten
Umweltbedingungen anpassen. Die vorliegende Studie untersucht den
Einfluss von physikalischen Umweltbedingungen auf das Verhalten von
Bergwaldvogeln.

Ort: Schweiz, Schweizerischer Nationalpark

Methoden: Um das Gesangsverhalten von Singvdgeln der Bergwalder

(Alpenmeise, Tannenmeise, Buchfink, Singdrossel, Misteldrossel und
Ringdrossel) zu untersuchen, setzten wir automatisierte Aufnahmegerate ein
und fuhrten Beobachtungen im Feld durch. Mit Hilfe von Citizen Science
Daten untersuchten wir Veranderungen in der Brutphanologie entlang eines
Hohengradienten.

Resultate und Fazit: Wir beobachteten artspezifische Unterschiede im

Gesangsverhalten in Abhangigkeit der untersuchten Variablen. Weiters
fanden wir nur geringe Unterschiede im Zeitpunkt des Briitens zwischen
héheren und niedrigeren Lagen. Die Auswirkungen von menschlichem Larm
scheinen kontext-, jedoch nicht artspezifisch zu sein: Alle untersuchten
Singvogelarten verédnderten ihr Gesangsverhalten wahrend Zeiten mit
erhdhtem Larmpegel und in lauteren Gebieten. Physikalische
Umweltvariablen  wie Mondlicht, = Temperatur, Bewdlkung  oder
Hangausrichtung hatten konsistente, aber geringe Auswirkungen auf die
untersuchten Singvogelarten. Die Auswirkungen der Hdhenlage und des
Datums dagegen waren eher artspezifisch. Ausserdem scheinen alpine
Singvdgel Anpassungen entwickelt zu haben, um mit den héarteren
Umweltbedingungen in hdheren Lagen zurechtzukommen, da die
untersuchten Arten nur mit relativ geringer Verzdégerung in hdheren Lagen zu
briten begannen verglichen mit niedrigeren Lagen.
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Introduction

Introduction

1. Context and general introduction

1.1. Context of the thesis

N atural habitats are increasingly affected by anthropogenic activities,

and anthropogenic noise is no longer restricted to urban areas. For example,
the European Environmental Agency (2020) estimated that in Europe, nearly
20 % of “Nature 2000” sites were located in areas characterised by increased
levels of anthropogenic noise. Furthermore, more than 40 million people living
outside of urban areas are exposed to noise levels > 55 dB, and more than
70% of these people (31.1 million people) are exposed to increased levels of
road noise (European Environmental Agency, 2020). Road noise is the most
dominant source of anthropogenic noise and several previous studies found
negative effects on humans and animals (i.e., Benfield et al., 2020; Jin et al.,
2024; Kunc & Schmidt, 2019, 2020). Songbirds can be particularly affected,
since acoustic communication can be impaired: Reproductive success can
be reduced (i.e., Gross et al., 2010; Habib et al., 2007; Halfwerk et al., 2011;
Holm & Laursen, 2011), predator-prey interactions altered (Mclintyre et al.,
2014) and warning or mating calls can be masked (i.e., Francis et al., 2011;
Rheindt, 2003; Slabbekoorn & Peet, 2003).

Previous studies investigated the effects of anthropogenic noise on
songbirds in different habitats. Most focused on road noise in urban areas
and in wood- or grasslands. Common species like the great tit (Parus major)
or the European blackbird (7urdus merula) are relatively well studied in this
respect (i.e., Pohl et al., 2009, 2012; Ripmeester et al., 2010; Sierro et al.,
2017; Templeton et al., 2016). Investigations in otherwise undisturbed areas
such as mountain woodlands are largely lacking so far, as are studies dealing
with the effects of noise pollution due to construction works.

In order to investigate the effects of anthropogenic noise in a near-natural
area, we conducted our studies in the Swiss National Park (SNP). The SNP
represents a completely protected area (IUCN category la i.e., “wilderness”),
and since a cantonal road (Ofenpass road) runs through the SNP, it is a
suitable study site to investigate effects of anthropogenic noise on the
behaviour of songbirds in a highly undisturbed, alpine area.

Previous studies on songbird behaviour observed increased singing
activity during early breeding stages (Brown, 1963; Bruni & Foote, 2014;
Holmes & Dirks, 1978; Welling et al., 1995), and decreased singing activity
later during the breeding season (i.e., Erne & Amrhein, 2008; Hyman, 2005).

17



Introduction

As the breeding season may be shortened at higher elevations, the timing of
breeding in birds may be changed at higher compared to lower elevations.
We therefore investigated differences in the timing of breeding at higher and
lower elevations, to account for differences in singing activity due to
differences in breeding stage.

Ofenpass road
. SNP/Hans Lozza

1.2. Origin of the thesis

In 2018, Pia Anderwald started a project to investigate the soundscapes of
the SNP. She selected ten suitable sites to investigate changes in species
richness, diversity and composition of songbirds. Two years later, | started
my PhD partly based on the previously selected sites. | conducted a study on
the start of dawn singing at 70 sites (differently affected by road noise) along
an elevational gradient (Chapter 1) and included research on the effects of
construction noise on singing behaviour during dawn (Chapter 2).
Furthermore, | investigated the effects of road noise on the singing activity of
coal tits (Chapter 3), and since singing behaviour is closely related to the
breeding stage (i.e, Brown, 1963; Bruni et al., 2014; Hegelbach & Spaar,
2000b; Holmes & Dirks, 1978; Merila & Sorjonen, 1994; Naguib et al., 2016;
Slagsvold, 1977; Welling et al., 1995), | also investigated changes in breeding
phenology along an elevational gradient (Chapter 4).

1.3. How to measure noise in a noisy environment?

When investigating the effects of road noise on singing behaviour of birds,
it is necessary to quantify the amount of road noise. Therefore, | tested
different methods: First | measured the ambient noise level with a noise level
metre (Extech SL 510 Sound Level Meter), but since it was not possible to
distinguish between anthrophonic, geophonic and biophonic sounds |
discarded this method. Then, | classified sites using subjectively experienced

18
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road noise levels. | used four noise categories: non-audible, audible,
disturbing and extreme. This method worked well and is described further in
Chapter 1. Additionally, | investigated changes in road noise level over time,
and for this purpose, | placed nine automated acoustic recorders (sound
loggers) along the Ofenpass road. | then measured noise levels by RMS SPL
(Root Mean Square Sound Pressure Level, unit: decibels relative to full scale,
dBFS). This method also worked well; for further explanations see Chapter 3.

1.4. How to investigate singing behaviour of birds in a noisy environment?

When investigating the singing behaviour of birds in noisy environments,
the observer must be aware of possible masking effects of background noise.
An increased level of background noise means that an observer may hear
less. Thus, an apparent observed reduction in singing behaviour could lead
to wrong conclusions (i.e., there might be no difference in singing behaviour,
but the observer might have heard fewer song phrases). Therefore, in this
thesis | focused on singing behaviour in noise-polluted areas, but
concentrated on noise-reduced times (i.e., dawn chorus during morning when
there is low traffic) or noise-reduced areas (see Chapter 3) for data analysis.

1.5. How to investigate songbird behaviour?

Several previous studies used point-count
data (i.e., Bayne et al., 2008; Polak et al., 2013;
Wigcek et al, 2019) or passive acoustic
monitoring (i.e., Bahia et al., 2024; Cretois et al.,
2024; Sanchez et al., 2022) to investigate the
effects of anthropogenic noise on songbirds.
Automated acoustic recorders are a common tool
in bird ecology (i.e., Bardeli et al., 2010; Hagens
et al., 2018; S. B. Holmes et al., 2014; Sethi et al.,
2022; Shonfield & Bayne, 2017) with several
advantages: Data can be collected with minimal :
disturbance in the study area and one can collect ﬂpﬁt pogﬁ/mané%z
data at several sites at the same time without
observer bias. Since data are analysed in the office, there may be only one
observer, also leading to a reduction in observer bias. Furthermore, one can
listen to the same section of an audio file several times and thus may be able
to obtain different information compared to observers in the field. In contrast,
an observer in the field is able to distinguish between individuals and is able
to determine the position of a bird. This information can only be collected with
a high amount of additional effort (triangulation; i.e., Gayk & Mennill, 2020)
when using automated acoustic recorders.
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Depending on the study question, | decided to use point-count data or
passive acoustic monitoring for data collection.

1.6. Types of sound loggers

In Chapters 1 and 3, | used two different types of sound loggers for data
collection: The SM4 song meter (Wildlife Acoustics) and the Audiomoth (Open
Acoustic Devices, 2020; Table 1, Figure 1). For the investigation of dawn
singing behaviour | used 112 Audiomoths (Chapter 1), and to investigate
differences in singing activity of coal tits (Chapter 3) | used twelve SM4 song
meters, a bigger, stereo-recording, but more expensive alternative to the
Audiomoth (Table 1).

Table 1 Specification of two common acoustic recording devices.
SM4 Audiomoth

Microphone Stereo Mono

16-bit PCM .wav files or

Recordings compressed .wdv files uncompressed WAV files
H 218 mm H 58 mm
Measures W 186 mm W 48 mm
D 78 mm D15 mm
Powered by 4 D-cell Alkaline or NiHM Batteries 3 AA Batteries
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Figure 1 Deployment of sound loggers. A) JP prepares the deployment material: SM4 song
metre, Audiomoth, a noise level metre (from left to right) and a strip. B) Last check if everything
is working and the schedule is correct (SM4 song metre). C) JP deploys the Audiomoth.
Picture source: SNP / Hans Lozza.

1.7. Species detection with sound loggers

Prior to data collection | investigated differences in the detection distance
and detection probability of bird vocalizations depending on the type of sound
logger (SM4, Audiomoth).

1.7.1. Detection distance

| tested and compared detection distance in woodland and open grassland
for SM4 and Audiomoth. For this purpose, | created a sound file with 12
frequencies between 1 - 12 kHz (most songbirds produce frequencies
between 0.2 kHz and 10 KHz; Mikula et al., 2021) with the packages tuner
(Ligges et al., 2018), audio (Urbanek, 2020) and seewave (Sueur et al., 2008)
in R (R Core Team, 2020). In the sound file a frequency was played for 1.5
seconds and then the next higher frequency followed.

To determine the detection distance | played the sound in the field
(woodland and grassland without elevations) with a Samsung Galaxy A32
(noise level of speaker set to maximum) at distances between 0 — 80 m.
Afterwards | analysed the recordings of the SM4 and the Audiomoth with the
programme Raven (Center for Conservation Bioacoustics, 2019).
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The SM4 detected all frequencies above 1 kHz at all tested distances (0 —
80 m) independent of habitat. The Audiomoth performed well in grassland and
at distances of up to 70 m in woodland, but failed to detect frequencies
between 1 — 2 kHz and 10 - 12 kHz in the woodland at a distance of 80 m
(Table 2). The two devices thus performed similarly at intermediate
frequencies in both habitats up to a distance of 70 m.

Table 2 Detection distances of SM4 song meter and Audiomoth in grassland and woodland.

Habitat Distance SM4 Audiomoth
Grassland 0-80m 1-12 kHz 1-12kHz
Woodland 0-70m 1-12 kHz 1-12kHz
Woodland 80m 1-12 kHz 3-10kHz

1.7.2. Detection probability

In 2020 | also investigated the detection probability of SM4 (at this time, we
did not have the Audiomoth). For this purpose, | deployed an SM4 on a tree
at about 2 m height and set to record continuously. Then | walked around in
the area and noted for each vocalizing bird the time, position, type of
vocalization and bird species on a map. Back in the office, | compared the
recordings and the manually collected data and noted whether a manually
collected vocalization of a bird was detected by the SM4 or not. | conducted
this approach at four sites within the SNP with similar results.

| found different detection probabilities depending on the species and the
type of vocalization and a reduced detection probability in areas with rough
terrain surface. This means that the SM4 detected vocalizations of birds less
often when there was an elevation in the landscape compared to areas
without elevations (i.e., flat landscapes) and that some vocalizations were
easily detected near the SM4, while others were not detected (Figure 2).
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Figure 2 Detection distances and detection probabilities of different species in the Swiss
National Park (SNP). The map in the lower right-hand corner shows the location of the study
site within the SNP. For a detailed map of the location of the SNP see Figure 4. ALPTI = Alpine
tit; CRESTI = Crested tit, Lophophanes cristatus, COATI = Coal tit, Perjparus ater, CHAFF =
Eurasian chaffinch; TREEC = Eurasian treecreeper, Certhia familiaris; NUTCR =  Spotted
nutcracker, Nucifraga caryocatactes;, GRSWO = Great spotted woodpecker, Dendrocopos
major, CROSS = Red crossbill, Loxia curvirostra;, LESWH = Lesser whitethroat, Curruca
curruca. © SNP, 2024 / 08, map: swisstopo, Julia Paterno.

1.8. How to analyse large amounts of data?

In total we collected more than 33 000 hours of acoustic recordings for
data analysis in Chapters 1 and 3. To analyse this data, we considered the
use of automated intelligence.

Several authors have been working on different solutions to analyse data
by automated intelligence (i.e., Akgay et al., 2020; Kahl et al., 2021; Marcon
et al.,, 2021). For example, Kahl et al. (2021) developed the application
BirdNET, which can be used to determine bird species based on vocalizations
of birds (K. Lisa Yang Center for Conservation Bioacoustics, 2024).

In order to investigate whether BirdNET could be a suitable tool for our
analysis, | tested two different settings. First, | compared the start of dawn
singing extracted by BirdNET Version 1.4 with manually extracted start of
dawn singing for six common woodland songbird species (Eurasian chaffinch;
Alpine tit; coal tit; mistle thrush, 7urdus viscivorus; song thrush, Turdus
philomelos;, European robin, Erithacus rubecula). BirdNET provided reliable
results for the detection of bird species, but there seemed to be a lack of
sensitivity. Even when sensitivity was set to maximum, BirdNET detected
species much later compared to the manual detection.

In a next step, | compared the number of coal tit song phrases detected by
BirdNET Version 2.4 with the manually counted number of coal tit song
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phrases. Here | observed that BirdNET produced a low number of false
positives, but several false negatives. A previously published study observed
large species-specific differences in the number of true positives (Singer et
al., 2024) and developed a method to better distinguish between false-
positive and false-negative detections by including contextual information in
the analysis (Singer et al., 2024). Future work on our data could be conducted
with this new method that may lead to higher precision. However, at the time
when we conducted our data analysis, BirdNET was an insufficient tool for
our purpose.

Since data analysis with automated intelligence was not possible, | decided
to conduct data analysis manually. Thus, | used the program Raven (Center
for Conservation Bioacoustics, 2019) to visualize and analyse the recordings
(Figure 3). Species determination of individual vocalizations was possible, as
individual sound patterns have evolved for each species (i.e., Seddon, 2005;
H. Slabbekoorn, 2004; Van Buskirk, 1997).

frequency [ kHz]

time [s]

Figure 3 Spectrogram of the dawn chorus in the Swiss National Park (Minger, 19 May 2019),
with some species highlighted by white cubes and labelled with name and picture. 1: dunnock
Prunella modularis, 2: Eurasian treepcreeper, 3: black grouse Lyrurus tetrix, 4: crested tit,
5: Alpine tit, 6: coal tit, 7: mistle thrush; picture source: 1: fotocommunity.de, 2, 4 — 6: SNP /
Hans Lozza, 3: SNP / Steivan Luzi.

1.9. Study area
1.9.1. Switzerland

Data collection for all studies were conducted in the mountain woodlands
of Switzerland. The climate in Switzerland is strongly influenced by the Alps
and its proximity to the Atlantic Ocean. Four seasons can clearly be
distinguished with maximum temperatures in July / August and minimum
temperatures in January / February (MeteoSwiss, 2024). The annual mean
temperature in the Swiss lowlands is 8 — 12 °C; in the Alps the temperature
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decreases by an average of 0.65°C per 100 m increase in elevation (ISO
2533:1975) and in the highest areas the average temperatures are below
freezing (Federal Office of Meteorology and Climatology MeteoSwiss, 2024).
The amount of precipitation strongly depends on the location: For example,
the highest amount of annual precipitation was observed in the Alps (incl.
Alpine foothills, south side of the Alps, western peaks of Jura), with an annual
total of 2000 mm of precipitation (Federal Office of Meteorology and
Climatology MeteoSwiss, 2024). In contrast, in the inner-Alpine valleys
precipitation is much lower, for example, in the Engadin the average annual
precipitation is 700 - 1000 mm (Federal Office of Meteorology and
Climatology MeteoSwiss, 2024). From 1200 — 1500 m a.s.l. precipitation
predominantly falls as snow, and the snow cover between 1200 — 1800 m
lasts from approximately October to April (Federal Office of Meteorology and
Climatology MeteoSwiss, 2024). Three of the four studies were conducted in
the SNP (Chapter 1, 2 and 3).
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Figure 4 Left: Map of Switzerland with the Swiss National Park (SNP) located in the canton of
Grisons. Right: Zoomed in, map of the SNP. Maps: Swisstopo, 2024.
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1.9.2. Swiss National Park

The SNP is situated in eastern Switzerland
(Figure 4) and covers an area of about 170 km?
at elevations between 1400 m (Clemgia/Scuol)
and 3174 m (Piz Pisoc). As an IUCN la protected
area (i.e., “wilderness”) the SNP is characterised
by minimal human disturbance: There are no
management measures such as logging or
hunting, visitors must stay on trails and are not
allowed to stay overnight.

About 30% of the area is covered by
coniferous woodlands, with two subspecies of

osellncs of S the mountain pine (Pinus mugo / Pinus mugo

Sspp. uncinata), cembra pine (Pinus cembra) and

European larch (Larix decidua) representing the main tree species (Haller et
al., 2013).

The climate is characterised by inner-Alpine dryness with minimum
temperatures of about -15.8 °C (long-term minimum) to maximum
temperatures up to +22.8 °C (long-term maximum; Haller et al., 2013). The
mean annual precipitation is about 800 mm (Haller et al., 2013), and the mean
snow melt-out date in the area is at the beginning of May (end of March -
beginning of June; Meteo Station Buffalora, source: MeteoSwiss).

] ¥ I i
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2. Outline of the thesis

In Chapter 1, we investigated changes in the start of
dawn singing of six common woodland songbirds
related to different physical environmental variables.

Chapter |

Chapter 2 describes the effects of an additional type
of anthropogenic noise: construction noise.

Chapter Il

In Chapter 3, we concentrated on changes in
singing activity of coal tits due to anthropogenic
noise.

Chapter I

In Chapter 4, we focused on differences in breeding
phenology depending on elevation.

Chapter IV
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Abstract

Birds often have a peak of singing activity at dawn, and the timing of dawn song is species-specific. However, the start of
singing at dawn may also depend on environmental factors. We investigated the effects of different environmental variables
on the start of dawn singing in six common songbird species in the woodlands of the Swiss National Park. Moon phase,
aspect, temperature and road noise had the most consistent effects across species: dawn singing started earlier after brighter
and warmer nights, on more east-exposed slopes, and in areas with more road noise. On average, birds started to sing 2.8 min
earlier in areas with high road noise level compared to areas without road noise, and 4.7 min earlier in east-exposed slopes
compared to west-exposed slopes. Further, birds started to sing on average 5.0 min earlier after full moon compared to new
moon nights, 1.2 min earlier after warmer compared to colder nights, and 2.5 min earlier at 2200 m than at 1500 m a.s.1. The
effects of date were more species-specific: Alpine Tits started to sing on average 4.9 min later at the end compared to the
beginning of the study period, whilst Song Thrushes started to sing 9.0 min earlier. Our findings are in line with the results
of previous studies on the effects of road noise, nocturnal light, and partly on temperature. Qur study shows that variation in
environmental variables may influence the start of dawn singing in different ways, and that anthropogenic factors like road
noise can affect bird behaviour even in a highly protected area.

Keywords Diurnal activity pattern - AudioMoth - Mistle thrush - European robin - Coal tit - Eurasian chaffinch

Zusammenfassung

Beginn des Morgenchors von Singvigeln in Zusammenhang mit physikalischen Umweltvariablen in einer alpinen
Umgebung.

Die Gesangsaktivitit von Vigeln erreicht in der Morgendimmerung ihren Hohepunkt, wobei der Zeitpunkt des Morgenchors
artspezifisch ist. Der Beginn des Morgenchors kann jedoch auch von verschiedenen Umweltfaktoren abhingen. In der
vorliegenden Studie untersuchten wir die Auswirkungen solcher Umweltvariablen auf den Beginn des Morgenchors bei sechs
hiufigen Singvogelarten in den Wiildern des Schweizerischen Nationalparks. Mondphase, Hangausrichtung, Temperatur und
StraBenldrm hatten die konsistentesten Auswirkungen auf alle Arten: Der Gesang in der Morgendimmerung begann friiher
nach helleren und wirmeren Nichten sowie an stiirker ost-exponierten Hingen und in Gebieten mit mehr StraBenlirm. Im
Durchschnitt begannen die Vigel in Gebieten mit hohem StraBenldarmpegel 2,8 min frither zu singen als in Gebieten ohne
Stralenldrm, und 4,7 min frither an ost-exponierten im Vergleich zu west-exponierten Héingen. AuBlerdem begannen die
Vogel im Durchschnitt nach Vollmondnichten 5,0 min frither zu singen als nach Neumondnichten, 1,2 min frither nach
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wirmeren im Vergleich zu kilteren Nichten und 2,5 min frither auf 2200 m als auf 1500 m ii.d.M. Die Auswirkungen des
Datums waren eher artspezifisch: Alpenmeisen begannen am Ende des Untersuchungszeitraums im Durchschnitt 4,9 min
spiter zu singen als zu Beginn, wiihrend Singdrosseln 9,0 min friiher zu singen begannen. Unsere Ergebnisse stehen im
Einklang mit den Resultaten friiherer Studien iiber die Auswirkungen von StraBenliirm, niichtlichem Licht und teilweise auch
der Temperatur. Unsere Studie zeigt, dass unterschiedliche Umweltvariablen den Beginn des Morgenchors von Singvogeln
auf unterschiedliche Weise beeinflussen konnen und dass anthropogene Faktoren wie StraBenlirm das Verhalten der Vogel

selbst in einem streng geschiitzten Gebiet beeinflussen konnen.

Introduction

Dawn singing of songbirds serves as mate attraction, terri-
tory defence, or mate guarding (Gil and Llusia 2020; Staicer
et al. 1996). Further, Henwood and Fabrick (1979) suggested
that more consistent conditions (less wind or convection) in
the morning than later during day would favour a peak of
singing activity at dawn because songs would travel further.
Staicer et al. (1996) proposed social dynamics to be one of
the main drivers for singing at dawn, since dawn singing
and social activity seem to be strongly related (e.g. Amr-
hein et al. 2004; Otter et al. 1997; Poesel et al. 2006; Well-
ing et al. 1995, 1997). However, the importance of different
functions of dawn singing may vary amongst bird species.

The start of dawn singing is also highly species-specific
(Berg et al. 2006; Thomas et al. 2002). Whilst European
Robins (Erithacus rubecula), Common Blackbirds (7ur-
dus merula) and Song Thrushes (Turdus philomelos) usu-
ally start singing earlier relative to sunrise, Eurasian Chaf-
finches (Fringilla coelebs) and Eurasian Blue Tits (Cyanistes
caeruleus) start singing later (Catchpole and Slater 2008).
The species-specific eye size, and thus increased sensitivity
to light (Berg et al. 2006; Chen et al. 2015; Thomas et al.
2002), as well as the stage of the breeding cycle are corre-
lated with the start of dawn singing; for example, Bruni et al.
(2014) observed an earlier start of singing at the beginning
of the breeding season in four of six bird species. On the
other hand, Puswal et al. (2020) found temperature to be a
stronger predictor for start of dawn singing than date. They
observed no clear change in start of dawn singing according
to date, but three of four bird species started singing later
after warmer nights (Puswal et al. 2020). In contrast, Naguib
et al. (2019) observed a later start of dawn singing after
colder nights in Great Tits (Parus major). Singing early after
cold nights may be costly and therefore reveal quality and
condition of males. Ward and Slater (2005). for example,
observed up to 80% higher thermoregulatory costs when
birds sang in cold, windy environments. Also Strain and
Mumme (1988) found a positive correlation between song
rate and ambient temperature.

Here, we investigated the start of dawn singing rela-
tive to sunrise of six common songbird species along an
alpine elevational gradient in the Swiss National Park. We
accounted for factors that may influence the start of dawn
singing, such as time of year (Erne and Amrhein 2008) and
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moon phase (Nakamura-Garcia and Rios-Chelén, 2022;
Pérez-Granados and Lopez-Iborra 2020; Zhao et al. 2016).
Since anthropogenic noise can also affect the timing of bird
song (Dominoni et al. 2016) and generally influence singing
behaviour (e.g. Colino-Rabanal et al. 2016; Francis et al.
201 1a, b; Gross et al. 2010), we further compared start of
singing relative to sunrise at plots that differed in road noise
levels during the morning.

In mountainous regions, factors such as light intensity
and temperature also change with elevation and aspect, and
thus elevation and aspect might both influence the start of
dawn singing. Moreover, the onset of breeding may change
along elevational gradients, thus leading to differences in
start of dawn singing, as several species start singing earlier
at dawn at the beginning of the breeding season (Bruni et al.
2014; Bruni and Foote 2014; Keast 1994). Since birds are
sensitive to light intensity and anthropogenic noise, we a)
expected birds to start singing earlier relative to sunrise in
noisier territories and when there is more light at night due
to a fuller moon. Depending on the onset of breeding, we b)
expected an earlier start of singing relative to sunrise at the
beginning of the season and in higher compared to lower
regions (because we expected higher light intensities earlier
in the morning at higher elevations). Since an early start of
dawn singing is considered costly, we ¢) expected birds to
start singing earlier relative to sunrise after warmer nights
and in more east-exposed terrain, i.e. on slopes that were
exposed to the rising sun.

Methods

The study was conducted along the Ofenpass road and
nearby hiking trails of the Swiss National Park (SNP) in
eastern Switzerland in spring and early summer 2021 and
2022. The SNP is the oldest national park in the Alps and
central Europe. The study area extended over 100 km?, with
80 km? located within the SNP (Fig. 1). As an IUCN la pro-
tected area (i.e. “wilderness™), the SNP has minimal human
disturbance, and there are no management measures such
as hunting or logging. Visitors must stay on trails and are
not allowed to bring dogs into the park or to stay overnight.

A cantonal road runs through the SNP. This "Ofenpass
road" is an important transport route between the Engadine
and South Tyrol (Fig. 1). From Zernez to Siisom Give, it is
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Fig.1 Location of the study sites. The dark grey area shows the
woodlands in the study area, and the grey lined area shows the Swiss
National Park. Locations of sound loggers are indicated by black
squares (data from 1 year) and white cubes (data from 2 years). Let-

21.6 km long; its orientation is from southeast to northwest,
and elevations range from 1473 (Zernez) to 2149 m a.s.l.
(Siisom Give).

The main habitat type along the road is coniferous forest,
with Swiss and Dwarf Mountain Pine (Pinus mugol/Pinus
mugo spp. uncinata), Cembra Pine (Pinus cembra) and
European Larch (Larix decidua) representing the main tree
species. There are also Scots Pine (Pinus sylvestris) and Nor-
way Spruce (Picea abies; Haller et al. 2013).

The climate is characterised by inner-Alpine dryness with
high temperature differences between summer and winter.
Average annual precipitation is about 800 mm (Haller et al.
2013). The total sum of precipitation during the two study
periods (Table 1) was 67.0 and 96.3 mm, respectively.
The minimum temperature was —0.6 °C (in 2021) and the

ters indicate road noise levels (N non-audible. A audible, D disturb-
ing, E extreme; x no data available). The location of the study area
within Switzerland is shown in the upper right corner, with the border
of the Swiss National Park marked in black

maximum 23.3 °C (in 2021: Table 1). Snow melt-out date
in the area lies between the end of March and the begin-
ning of June, with a mean snow melt-out date at the begin-
ning of May. Snow melt-out and weather data are from a
nearby weather station at Buffalora and were obtained from
MeteoSwiss, the Swiss Federal Office of Meteorology and
Climatology.

Acoustic recordings

We deployed a total of 133 AudioMoth sound loggers
(Open Acoustic Devices 2023, Table 1) to record bird songs
between 3.00 and 8.00 a.m. local summertime (UTC + 2).
AudioMoths were placed on tree trunks at a height of
1.60-1.80 m along hiking trails and the Ofenpass road,

Table 1 Dates of deployment of sound loggers and weather data during the two study periods

Year  Earliest deployment  Latest removal  Total number of
sound loggers

Number of sound log-  Minimum tem- Maximum tem- Precipita-
gers used for analysis  perature [°C]  perature [°C] tion sum

[mm]
2021 02.06.2021 05.07.2021 63 43 -0.6 233 67.0
2022 06.05.2022 17.06.2022 70 69 -19 21.6 96.3
@ Springer
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representing an elevational gradient from 1500 to 2200 m
(Fig. 1). All sites were located in woodland. Deployment
positions of AudioMoths were planned with ArcGIS Version
10.7.1 (Environmental Systems Research Institute (ESRI),
Inc., Redlands, California, US), taking into consideration
terrain surface and accessibility of sites. We deployed nine
AudioMoths per 100-m segment of elevation in 2021, and
10 AudioMoths per 100-m segment in 2022. To reduce spa-
tial dependence, we placed them at least 400 m in linear
distance from each other. In the field, we selected locations
in woodland at maximum direct distance to creeks or rivers
to reduce ambient noise, and within a radius of 20 m of the
planned coordinates. To avoid edge effects, we placed the
AudioMoths at least 20 m away from the forest edge and
directed the microphones away from a road or hiking trail.
We deployed the AudioMoths at the beginning of June 2021
and May 2022, respectively, and collected them by 5th of
July 2021 and 17th of June 2022 (Table 1). Gain was set to
medium, and sample rate was 48 kHz.

Each sound logger site was also equipped with a tem-
perature logger; we used iButtons (Moritz Fuchs Elektronik
2022) in 2021 and TMS thermologgers (TOMST 2023) in
2022. We placed the iButtons into plastic balloons and fixed
them on a tree at a height of about 2 m, recording tempera-
ture every 10 min with an accuracy of 0.5 °C. TMS ther-
mologgers were installed into the ground (with the reading
probe above ground level), recording temperatures at three
different levels. For analysis, we used aboveground tempera-
ture measured at about 25 cm above the surface. We set TMS
thermologgers to record temperature every 15 min with an
accuracy of 0.5 °C.

In 2021, we measured ambient noise at all locations using
a noise level metre (Sound Level Meter SL 510), with the
aim to quantify road noise from the Ofenpass road. Since
it was not possible to distinguish between biophonic, geo-
phonic and anthrophonic sounds using the noise level metre,
we discarded this method and used a different approach in
2022: to quantify road noise, we classified sites using sub-
jectively experienced road noise levels during the morning
(8.00-12.00 a.m. local summertime, UTC + 2; classification
performed by J.P.). We used four different noise categories:
N (non-audible): no road noise audible; A (audible): road
noise audible at a moderate volume; D (disturbing): road
noise disturbing; E (extreme): difficult to follow a human
conversation because of the road noise (Fig. 1).

In 2021, 14 of 63 sites were retrospectively determined
to be too noisy to reliably detect bird songs due to nearby
creeks or rivers. These sites were excluded from subse-
quent analysis, as were six sites where the temperature
logger failed. We used the remaining 43 sites for further
analyses on data from five mornings without wind or rain

data available that could be used for future work. Here we
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concentrated on a subset of all potentially suitable data since
the analysis of song start was done manually and thus was
very time-consuming.

In 2022, one logger failed, and we thus used 69 of 70 sites
for analysis. We increased the recording period to 6 weeks
from the beginning of May until mid-June. We analysed data
from | day per week (Monday—Sunday) by selecting days
without wind or rain in the morning (12, 18, 24 May, I and
6 June 2022).

Data extraction and analysis

We analysed the recordings acoustically and visually using
the programme Raven (Center for Conservation Bioacous-
tics 2019). A trained person (J.P.) scanned the audio files and
noted the start of singing of the six most common songbird
species: Song Thrush, Mistle Thrush (Turdus viscivorus),
European Robin, Eurasian Chaffinch, Coal Tit (Peripa-
rus ater) and Alpine Tit (Poecile montanus montanus). In
Switzerland, there are two forms of Poecile montanus, the
Willow Tit (Poecile montanus rhenanus/salicarius) and the
Alpine Tit. Both species have distinct songs and occupy dif-
ferent ecological niches (Glutz von Blotzheim and Bauer
1993). The present study refers to the Alpine Tit. All audio
files were scanned until all of the species had started to sing,
or at maximum until sunrise. Identification of individual
birds from the recordings was not possible; thus, we describe
our results as referring to observations, not to individuals.

We calculated sunrise for Zernez with the package sun-
cale (Thieurmel and Elmarhraoui 2022) in the software R
(R Core Team 2020), in which we also conducted statistical
analyses. For preparing data, we used the packages dplyr
(Wickham et al. 2021) and lubridate (Grolemund and Wick-
ham 2011).

Environmental variables

We extracted elevation and aspect using a 2x2 m digital
elevation model (swissALTI3D) in ArcGIS. For further anal-
ysis, we used northing and easting, calculated as cos(aspect)
and sin(aspect), respectively. To investigate effects of aver-
age nocturnal temperatures on song start, we used data from
the 6 h before the approximate start of dawn singing (i.e.
0.00-06.00 a.m., UTC +2). Mean nocturnal temperature was
strongly correlated with temperature at sunrise (Pearson’s
r=0.96, CI 0.95-0.97); we thus included only nocturnal
temperature into the model (see Naguib et al. 2019). Further-
more, we calculated the visible area of the moon using the
package oce (Kelley and Richards 2020). Effects of artificial
light on dawn singing were unlikely due to the near-natural
character of the area and thus the absence of anthropogenic
light sources.
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Model fitting

For fitting Bayesian linear mixed models, we used the
package rstanarm (Goodrich et al. 2020). The response
variable was minutes relative to sunrise. We used nine
environmental variables as predictors (for a correlation
matrix of the variables used for the Model, see S1). Road
noise was used as a categorical variable, with the four
noise categories described above. Year, as well as day of
the year, was also included as fixed-effects predictors. By
including the year into the model, we also accounted for
the different heights above ground at which temperature
measurements were taken in the two study years. We think
this was justifiable because the variance of the measured
temperatures was similar for iButtons (2 m above ground)
and TMS thermologgers (25 cm above ground), indicat-
ing that the temperature changes recorded by the two
devices within a given year were comparable. Locations
of AudioMoths and date of recording were included as

random effects, to account for repeated measures within
site and date. Using the locations of AudioMoths as a ran-
dom effect also accounted for spatial autocorrelation. In
addition, species was used as a random effect, and all pre-
dictor effects were modelled by species (random slopes),
to obtain species-specific coefficients for each predictor.
Numeric predictor variables were z-transformed (mean =0
and SD = 1) prior to model fitting.

We assessed convergence of Markov chains by vis-
ual inspection of the history plots, Rhat values, and the
number of effective samples that were above 7500 for all
parameters. We used posterior predictive model check-
ing and standard residual plots to assess model fit. Poste-
rior predictive model checking was done visually based
on histograms and overlaid densities. In addition, mean,
standard deviation, minimum and maximum were com-
pared between replicated data from the model and the data
(Gabry 2018). To check whether using locations of Audio-
Moths as a random effect sufficiently accounted for spatial

Table 2 Average (+SD) start
of dawn singing in minutes

Song Thrush  European Robin  Mistle Thrush  Coal Tit

Alpine Tit  Eurasian Chaffinch

before sunrise for the six most Start of dawn singing
common songbird species 2021 —525+8.6

in woodlands of the Swiss oS
National Park 2022 =50.1 19.5 —49,213.9
Total -50.7+93 -50.2+8.8
Number of observations
2021 99 93
2022 295 252
Total 394 345

-503+7.5 =-31.3+£79 =-27.0+£73 -22.6+82
-46.0+9.8 =357+£85 =308+95 -19.6+88
-47.1+9.4 -346+86 -299+9.1 -204+87
76 129 103 113
219 371 338 292
295 500 441 405

Table 3 Parameter estimates and 95% Bayesian compatibility intervals (CI; Amrhein and Greenland 2022) for the environmental variables over

all species

Standardised coefficients
Mean [95% CI] in minutes

Standard deviation of the
predictor variable

Unit of the
predictor vari-

Unstandardized coefficients
Mean [95% CI] in minutes

able
Intercept: road noise non- —38.5[-45.9; -31.1]
audible, 2021
Northing +0.3[-1.6;+2.2]
Easting -1.5[-29;-0.1]
Road noise audible —=2.2[-4.6;+0.1]
Road noise disturbing -2.5[-5.0,0.0]
Road noise extreme —-29[-53:-04)
Year 2022 +24[-1.3; +6.0]
Night temperature —-0.2[-1.1; +0.8] 2.11°C —=0.1[-0.5: +0.4] 1°C
Elevation =-0.7[-2.2;+0.7] 195 m —-04[-1.1;+04] 100 m
Visible area of the moon —-1.7[-34;-0.1] 0.33% —=0.5[-1.0; 0.0 10%
Date -04[-25,+18] 10.1 days 0.0[=0.3; +0.2] 1 day

Standardised coefficients measure by how many minutes the start of dawn singing changed when the predictor variables changed by one standard
deviation. Unstandardized coefficients measure by how many minutes the start of dawn singing changed when the predictor variables changed by

1 unit
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autocorrelation, we displayed the residuals on a map and
could not find any conspicuous spatial pattern.

Results

Over both study years and all days and locations, the earliest
singers at dawn, on average, were Song Thrushes, European
Robins, and Mistle Thrushes (Table 2). Coal tits, Alpine Tits
and Eurasian Chaffinches started singing about 20 min later,
with Eurasian Chaffinches being the last.

Amongst the investigated environmental variables
(Table 3) and accounting for all other variables, the visible

area of the moon had the strongest apparent effect on start of
dawn singing. All species started to sing earlier after nights
with fuller moon (Fig. 2a and Table 4). We found the larg-
est effect sizes in Coal Tits and Alpine Tits, with an aver-
age start of dawn singing that was 7.0 and 6.4 min earlier
relative to sunrise after nights with full moon compared to
nights with new moon, and the smallest effect size in Mistle
Thrushes (3.3 min).

Birds also differed in their start of dawn singing in rela-
tion to aspect. Overall, birds started singing 4.7 min earlier
on east-exposed slopes compared to west-exposed slopes
(Table 4 and Fig. 3g), and aspect seemed to play a larger
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Fig.2 Start of dawn singing relative to sunrise in relation to environ-
mental parameters. Black lines are overall regression lines, grey areas
are 95% Bayesian compatibility areas (Amrhein and Greenland 2022)
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day of year (1 = 1. January)

based on the linear mixed model. Coloured lines show the regression
lines for the different species. The dotted line represents sunrise
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role in thrushes and Eurasian Chaffinches than in the two tit
species (Table 4).

Road noise had the third-largest effect size, showing an
overall 2.8 min earlier start of dawn singing relative to sun-
rise at extreme versus non-audible road noise; again, this
pattern was found in all six species, with Eurasian Chaf-
finches showing the strongest response (4.8 min earlier
start; Table 4 and Fig. 4). European Robins and Alpine Tits
seemed least affected, starting to sing 1.5 and 1.9 min earlier
relative to sunrise with extreme road noise.

Elevation had a similar effect size as road noise (Table 4);
overall, birds started singing 2.5 min earlier relative to sun-
rise at higher compared to lower elevations, with Alpine Tits
showing the strongest response (7.2 min earlier start of dawn
singing at 2200 compared to 1500 m, Fig. 2b and Table 4).
Again, European Robins seemed least affected, with a song
start 0.4 min earlier relative to sunrise at higher elevation.

Furthermore, birds started singing earlier after warmer
nights (1.2 min at 12 °C compared to 0 °C, Fig. 2¢ and
Table 4), with Eurasian Chaffinches and Alpine Tits showing
the strongest response (2.9 and 2.6 min earlier start of dawn
singing relative to sunrise, respectively).

Two of the six species started singing later relative to sun-
rise as the season progressed (Fig. 2d and Table 4), whilst
four species started earlier, with Song Thrushes showing
the largest effect size (9.0 min earlier start of dawn singing
relative to sunrise at the end compared to the beginning of
the season).

Discussion

We found small but consistent effects of moon light, aspect,
temperature and road noise on start of dawn singing rela-
tive to sunrise for all six investigated species. The effects of
elevation and date were more species-specific.

Nights with fuller moon were associated with an earlier
start of dawn singing relative to sunrise for all species. This
is in line with results of previous studies (Pérez-Granados
and Lopez-Iborra 2020; York et al. 2014; Zhao et al. 2016);
for example, York et al. (2014) showed that White-browed
Sparrow Weavers (Plocepasser mahali) started to sing
10 min earlier relative to nautical twilight after nights with
full moon compared to new moon. Artificial light at night
seems to have similar, but stronger effects. For example,
Da Silva et al. (2014) investigated the start of dawn singing
relative to sunrise of four different species depending on
artificial light at night. They found that European Robins
started singing on average 37 min earlier after experimen-
tally illuminated mornings. In their study, Da Silva et al.
(2014) simulated a brightness of 4 Ix, comparable to light
intensities in big cities at night. Light intensity in nights with
a full moon, however, is less than 0.3 Ix (Kyba et al. 2017).
Those differences in light intensities may explain the large
differences in effect sizes between our study and the study of
Da Silva et al. (2014). Other studies found that birds started
singing earlier at dawn in brighter compared to darker ter-
ritories (e.g. Kempenaers et al. 2010; Miller 2006), and Raap
et al. (2015) showed that birds left their nest boxes earlier

Table 4 Differences and 95% ClI in start of dawn singing in minutes relative to sunrise, in relation to different environmental variables

Visible area of ~ Easting Northing Road noise Elevation Night tempera- Date
the moon Evs. W Nvs. S Extreme vs. 2200 vs. 1500 m  ture day 162 vs.
100 vs. 0% non-audible 12vs.0°C 132
Song Thrush —-49[-94; -6.6[-10.8; —-24[-6.35; -27[-56; —-1.7[-5.3; -02[-55; -9.0[-14.0;
-04] -2.5] +1.6] +0.2] +1.9] +5.4] —4.0]
European Robin  —4.6 [-9.3;0.0] —-7.3[-11.6; +2.2[-23; —~1.5[~4.5; —-04[-4.1; —=09[-6.5; =1.1[-6.0;
-29] +6.8] +1.8] +3.5] +4.8] +3.9]
Mistle Thrush -33[-8.0; -5.0[-9.4; -0.2[-4.7; -26[-57; —-24[-6.1; +03[-5.2 -1.2[-6.2;
+1.4] —0.4] +4.4] +0.5] +1.3] +6.2] +3.9]
Coal Tit -7.0[-115; —-2.8[-6.6; +0.6[-3.2; —-36[-64; —-19[-52; —-06[-57; +09[-3.7;
—2.6] +1.2] +4.3] —0.8] +1.5] +4.7] +5.7]
Alpine Tit —-64[-11.0; -16[-5.9; -35[-76; —-1.9[-4.38; -72[-109; -26[-8.1; +4.9[+0.2;
-2.0] +2.71 +0.5] +1.1] -3.5] +2.9] +9.8]
Eurasian Chaf- -3.9[-8.6; -5.0[-9.6; +83[+3.38; —-48[-8.1; -13[-5.1; -29[-8.5; -1.5[-6.4;
finch +0.6] —-0.5] +12.8] —1.6] +2.6] +2.7] +3.6]
Overall =5.0[-10.1; -4.7[-9.0; +0.8[-4.8; -2.8[-5.6; =25[-72; -12[-6.7; =L1[-7.6;
-0.1] -0.4] +6.3] 0.0] +2.2] +4.5] +5.3]

Comparisons are made between the two extreme values of the predictors to make effect sizes comparable between numeric variables and the cat-
egorical predictor road noise. Variables are ordered from largest to smallest overall sizes of estimates
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Fig.3 Start of dawn singing in relation to aspect of a location. Black circles represent the time before sunrise in minutes (0 is sunrise and — 60 is
1 h before sunrise). Coloured lines are estimates for the different species based on the GLMM. The symbol of the sun shows the angle of sunrise
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after nights with artificial light treatment compared to nights
with the control (dark) treatment. As expected in our study,
all species started singing earlier relative to sunrise after
nights with fuller moon. Besides moon phase, weather may
also affect brightness at night. In our study, we did not take
into account the amount of cloud cover, because we could
not retrospectively determine the local cloud cover. Future
studies may investigate differences in effects between full
moon nights with higher and lower cloud cover.

Furthermore, all six species started singing earliest rela-
tive to sunrise in east-exposed areas, when accounting for
temperature. East-exposed territories probably have more
light in the morning (because east is the direction of sun-
rise). Especially in Song Thrushes and European Robins,
start of dawn singing was related to aspect; the relation was
a bit smaller in Mistle Thrushes and Eurasian Chaffinches,
but they still showed a difference of 5 min between east
and west-exposed areas. Interestingly, differences between
south- and north-exposed areas were more species-specific.

As expected, all species in our study started singing
slightly earlier relative to sunrise at higher elevations when
accounting for temperature, date, and the other investigated
variables, which might be due to higher light intensities ear-
lier in the morning at higher elevations.

Previous studies have shown an earlier start of singing
at dawn during early stages of the breeding season (Brown
1963; Bruni et al. 2014; Holmes and Dirks 1978; Welling
et al. 1995). For example, Bruni et al. (2014) found that
four of the six investigated North American bird species
started singing earlier at dawn relative to nautical twilight
at the beginning compared to the end of the breeding sea-
son (study period of 108 days). Some of the species they
investigated showed only weak variation in start of dawn

singing, whereas others had differences of up to 20 min over
the course of the season (Bruni et al. 2014). In contrast,
Nolan (1978) found Prairie Warblers (Dendroica discolor)
to start singing earlier with ongoing breeding season until
late in the season, when they started singing later again. In
our study, we found for four of the six species that date had
a surprisingly small effect: the start of dawn singing relative
to sunrise differed by less than 1.5 min between two dates
that were a month apart. We found stronger and opposing
effects of date in two species: Alpine Tits started singing
about 5 min later relative to sunrise at the end of our field
season (mid of June), whilst Song Thrushes started singing
9 min earlier. Whilst both species usually start their first
brood at about the same time, only Song Thrushes have a
second brood (Glutz von Blotzheim 1988; Glutz von Blotz-
heim and Bauer 1993). Thus, Song Thrushes may need to
continue singing early with advancing season. Hegelbach
and Spaar (2000) found two seasonal peaks of singing activ-
ity for Song Thrushes: whilst the first peak was correlated
with the arrival of the birds and the onset of breeding, the
second peak was at the end of the breeding season, i.e. it
was not directly associated with breeding. In our study, birds
may also have continued singing until the end of the breed-
ing season.

We found a small but relatively consistent effect of tem-
perature: all but one species started to sing slightly earlier
relative to sunrise at locations where nocturnal temperatures
were higher. This is in line with several previous studies,
in which Eurasian Blackbirds, Great Tits and Cerulean
Warblers (Setophaga cerulea) started dawn singing ear-
lier after warmer nocturnal temperatures (MacDonald and
Islam 2019; Naguib et al. 2019; Nordt and Klenke 2013).
Nevertheless, there are also studies showing the opposite
effect, with birds starting to sing later at dawn relative to
sunrise or civil twilight with warmer temperatures (Da Silva
et al. 2014; Puswal et al. 2020; Stuart et al. 2019). Da Silva
et al. (2014), for example, found a delay of about 1 min
per °C temperature increase for the start of dawn singing
relative to sunrise for Song Thrushes. Puswal et al. (2020)
also detected a later start of dawn singing relative to sunrise
with warmer temperatures 1 h before sunrise, but only for
three of the four investigated species, with the fourth spe-
cies starting to sing earlier. Bruni et al. (2014) found that
two of their four investigated species started to sing later
relative to nautical twilight, whereas the other two species
started to sing earlier when temperature was higher. Those
results indicate that correlations of the start of dawn sing-
ing with temperature are species- or context-specific (or,
of course, that differences amongst studies in the size and
direction of effects are due to sampling variation; e.g. Berner
and Amrhein 2022). Nevertheless, it has been suggested that
early singing at colder temperatures may be costly due to
increased energy loss (but see Gil and Llusia 2020; Staicer
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Fig.4 Start of dawn singing
relative to sunrise in relation
to road noise level, in minutes
before sunrise. Boxplots are
based on the GLMM. The dot-
ted line represents sunrise

—a— Song Thrush

time before sunrise (min)

-70

-80

—g— European Robin ——g—

—@—  Mistle Thrush  —a—  Alpine Tit

Coal Tit —a— Eurasian Chaffinch

non-audible

et al. 1996). For example, Thomas and Cuthill (2002) found
that European Robins lost more body mass during cold than
warm nights, which supports predictions from stochastic
dynamic programming models of daily singing and forag-
ing routines in birds that are based on weather variables or
trade-offs between time spent singing and foraging (Houston
and McNamara 1987; Hutchinson et al. 1993; Hutchinson
and McNamara 2000). Another explanation for an earlier
start of dawn singing with higher temperatures might be that
arthropod prey activity increases with temperature (Avery
and Krebs 1984). Therefore, birds may start feeding earlier,
and, before that, start singing earlier with higher tempera-
tures in the morning.

In addition to the natural predictors discussed above, the
start of dawn singing relative to sunrise also correlated with
the level of road noise: accounting for all other variables,
all species started singing earlier relative to sunrise at sites
with higher perceived levels of road noise. The effect was
strongest in Eurasian Chaffinches and Coal Tits, which are
species with a relatively late start of dawn singing relative
to sunrise. A proximate explanation for an earlier start of
dawn singing at noisier locations could be that birds sim-
ply wake up earlier when there is more traffic noise in the
morning. Nevertheless, several previous studies showed that
birds changed their singing behaviour not only during noisy
times, but also in noisy areas (e.g. Bayne et al. 2008; Ber-
gen and Abs 1997; McClure et al. 2013; Polak et al. 2013).
Road noise can mask mating and warning calls (Francis
et al. 2011b; Rheindt 2003; Slabbekoorn and Peet 2003)
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and is associated with reduced reproductive success (Gross
et al. 2010; Habib et al. 2007; Halfwerk et al. 2011; Holm
and Laursen 2011). Thus, birds might try to avoid being
masked at noisy locations by starting to sing earlier, or they
may even avoid noisy locations; for example, Polak et al.
(2013) showed that species richness and diversity of wood-
land songbirds decreased with increasing proximity to roads.
McClure et al. (2013) found similar results in their study on
migratory birds: bird abundance was 28% higher in silent
compared to noisy periods. Thus, territories near roads may
be less suitable, and therefore species richness and diversity
may be smaller at noisy locations, such as along the Ofen-
pass road, which could be investigated in the future.

Our observations from the current study are in line with
previous results on the effects of nocturnal light and road
noise, and partly with previous results on temperature. The
examined physical environmental variables affected the start
of dawn singing relative to sunrise in different ways. We
found moon phase, aspect, temperature and road noise to
have the most consistent effects, whereas effects of elevation
and time of year were more species-specific.
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Chapter 2

An exercise in conducting small studies: Road construction noise and start of dawn singing in
mountain woodland songbirds

Julia Paterno'?, Friinzi Korner-Nievergelt'3, Pia Anderwald? and Valentin Amrhein'-3

Abstract

Anthropogenic noise can negatively affect communication of birds. For example, road construction sites
are a common source of noise, and construction noise often differs from normal road noise. Previous
studies found changes in start of dawn singing due to increased levels of anthropogenic noise or
environmental variables like moon phase, date, or cloud cover. In the present study, we investigated
how the start of dawn singing of six common songbird species was related to several environmental
variables in mountain woodlands of the Swiss National Park. Our study also illustrates how seemingly
small changes in data sets can turn conclusions of small studies upside down. When conducting analyses
on two slightly different data sets using either manually collected data on temperature as measured in
the field or temperature data from a weather station in 4 km distance, we found that not only the strength,
but also the direction of the effects of cloud cover, date, and anthropogenic noise differed between the
two analyses. We thus warn against drawing strong inferences from single analyses, particularly in small
studies, even if some of the results may turn out “statistically significant”. In both analyses, however,
temperature had the most consistent effect: all six investigated songbird species started dawn singing
earlier on mornings with warmer temperatures, which is in line with previous studies on the effects of
temperature on bird song; depending on the analysis, the overall average was a 6 or 9 minutes earlier
starting time.
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Chapter 2

Introduction

Anthropogenic noise is no longer restricted to urban areas but also affects near-natural areas with
increasing intensity. For example, in Europe, nearly 20% of "Nature 2000" areas are located within
regions characterised by increased levels of anthropogenic noise (European Environmental Agency,
2020). Among the sources of anthropogenic noise in Europe, road noise is the most dominant and is
one of the top environmental risks to human health (European Environmental Agency, 2020). Previous
studies found negative effects of anthropogenic noise on humans and animals (e.g., Benfield et al., 2020;
Jin et al., 2024; Kunc & Schmidt, 2019, 2020). Because acoustic communication can be impaired, in
particular songbirds are affected: Warning or mating calls can be masked (e.g., Francis et al., 2011;
Rheindt, 2003; Slabbekoorn & Peet, 2003), predator-prey interactions altered (Mclntyre et al., 2014),
and reproductive success reduced (Gross et al., 2010; Habib et al., 2007; Halfwerk et al., 2011; Holm
& Laursen, 2011).

An additional disturbance factor along roads is that construction sites may be even noisier, or emit a
different quality of noise, than the general traffic. Noise disturbance from construction work can be
more erratic than traffic noise, and construction works are normally limited to workdays and conducted
mostly during the day. Furthermore, emitted frequencies of construction noise differ depending on the
type of construction work: For example, demolition-stage machineries generate a constant sound energy
with frequencies between 0.5 and 2 kHz (Lee et al., 2015), whereas machines like bulldozers generate
noise with higher energy levels and frequencies between 4 and 5 kHz (Lee et al., 2015). The peak
frequency of normal road noise, in contrast, is about 1 kHz (Yang et al., 2020; songbirds produce songs
with mean peak frequencies between 0.2 — 10 kHz, but most passerine species produce songs at ~4 kHz
(Mikula et al. 2021)). The occurrence of different sound types (i.e., the timing of noise emissions), but
also the frequencies and amplitudes of noise during construction works depend on the work that is
conducted, thus birds may not be able to predict the timing of the disturbance in advance compared to
disturbance due to road noise (i.e., birds may know that there is a peak in road traffic in the early
morning and may be able to adapt).

Noise from construction sites therefore has different characteristics compared to road noise, and birds
may react differently depending on the type of noise. Previous studies showed varying results when
investigating the effects of construction noise versus road noise on songbirds. For example, a long-term
study in Texas found no clear differences in territory placement, reproductive success, and territory
density of golden-cheeked warblers (Setophaga chrysoparia) between sites disturbed either by road
noise or by construction noise compared to an undisturbed control site (Lackey et al., 2011, 2012; Long
etal., 2016, 2017). In contrast, Yrjold et al. (2018) found a population decrease of about 9% in common
forest birds during a construction period of 10 years; however, other factors such as habitat changes
made it difficult to deduce the cause of the population decline (Yrjold et al., 2018). Other studies
compared species abundance (Hostetler et al., 2005) and species densities (Pearce-Higgins et al., 2012),
and found no clear differences between pre- and post-construction periods. To our knowledge, however,
there are so far no published studies on the effects of noise from road construction sites on dawn singing
behaviour of birds. Dawn singing of songbirds serves in territory defence, mate attraction or mate
guarding (Gil & Llusia, 2020; Staicer et al., 1996), and social dynamics seem to be one of the main
drivers for singing at dawn Staicer et al. (1996). Differences in the timing of song start at dawn may
lead to changes in social behaviour: For example, Poesel et al. (2006) observed a larger number of
mating partners and a higher probability to gain extrapair paternity in males that started to sing six
minutes earlier at dawn.

Here, we studied possible effects of a road construction site on dawn singing of mountain woodland
songbirds. We used a before vs. after and control vs. treatment design (e.g., Morrison et al., 2008;
Stewart-Oaten et al.,1986) and investigated the timing of song start at dawn before and during
construction works (i.e., on mornings after days with construction works) at a construction site and a
site with normal traffic (control site). Most songbirds have a peak of singing activity at dawn during the
breeding season (Bruni et al., 2014; Pérez-Granados et al., 2018), and dawn singing mostly serves
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territory defence, mate attraction, or mate guarding (Gil & Llusia, 2020). We compared the start of dawn
singing before and during construction noise (i.e., on mornings after days with construction works)
while accounting for other environmental variables that may affect start of dawn singing: date (i.e.,
Bruni et al. 2014, Erne and Amrhein 2008, Paterno et al. 2024), temperature (Naguib et al. 2019, Puswal
et al. 2020), and cloud cover (Bruni et al. 2014, Da Silva et al. 2014, Nordt & Klenke 2013, Zhao et al.
2016). Previous studies observed that birds avoided singing during noisy times and shifted their singing
activity to times when the noise level was lower (Dominoni et al., 2016; Gil et al., 2015; Paterno et al.,
2024).

We thus expected an earlier start of dawn singing due to road construction noise, similar to the change
that previous studies observed due to normal road noise, but stronger.
Our study also offers a case showing how conclusions from small studies can easily change depending
on seemingly small changes in data sets: Interpretation and reporting of our data took an unexpected
turn when, after the journal invited us to submit a revision, we decided to include data on three more
observation days that we had so far excluded due to missing data on temperature and cloud cover. To
be able to include the three observation days, we used data from a weather station at a distance of 4 km
from the study sites, rather than our own weather data collected by hand in the field. After this change
in the data set, the conclusions we could have drawn with respect to our main study question about the
effects of construction noise were turned upside down. Since temperature data obtained in the field and
from the weather station were quite comparable (Figure A1), this seemed to be a good example showing
that even if results are partly "statistically significant", small changes in a data collection protocol can
lead to completely different conclusions regarding the main study question.

We thus present our result section in two different versions, highlighting the changes after inclusion
of additional data, and discuss how an open and honest presentation of the research process could
transform our view of scientific results.

Materials & Methods

Study area

Data were collected during 20 days between mid-April and mid-May 2021 in the Swiss National
Park (SNP), at a site along the "Ofenpass road" with construction works and at a nearby control site
along the same road, but without construction works. Both sites were surveyed in parallel and in two
time periods: before and during construction works started in the surveyed area (thus, each of the two
sites also served as their own control; before vs. during and control vs. treatment design; Morrison et
al., 2008; Stewart-Oaten et al., 1986).

The Ofenpass road is an important transition route between the Engadin and South Tyrol and has a
length of 21.6 km between Zernez, the village at the start of the pass, and the top of the pass (Siisom
Give). It leads right through the SNP, which is a strictly protected nature conservation area (IUCN
category la; access to our study area was granted by the Swiss National Park after project approval by
its Research Commission, field study approval number: CH-7228). The main habitat type along the
Ofenpass road is mountain woodland, with the two subspecies of Dwarf Mountain Pine (Pinus mugo /
Pinus mugo spp. uncinata) as the main tree species. The climate is alpine, with marked temperature
differences between the seasons. Mean annual precipitation for the area is about 800 mm (Haller et al.,
2013). The sum of precipitation over all analysis days was 11.4 mm and temperatures ranged from -
10.4 to +11.1 °C (data from nearby weather station Buffalora; source MeteoSwiss) on the days used for
analysis I and 11.7 mm and -10.4 to +11.1 °C (data from nearby weather station Buffalora; source
MeteoSwiss) on the days used for analysis II, respectively. The mean snow melt-out date in the area is
at the beginning of May.

Study sites

The Ofenpass road is a two-lane road with a speed limit of 80 km / h; it has a mean traffic volume
of 1561 cars per day (mean of average daily traffic 2012 — 2022; Tiefbauamt Graubiinden, 2024) leading
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to noise emissions of about 90 dB (measured about 1 m from the road with a noise level metre; Sound
Level Meter SL 510). The Ofenpass road was built between 1870 and 1872 (Puorger, 1955) and since
then, there have been regular renovations of the road.

For data collection, we selected a construction site aimed at widening the road, generating medium
to high noise pollution (estimated maximum noise emission at the construction site: 100 — 110 dB).
Construction works started in May 2021, and traffic was regulated by a traffic light during construction
works; one lane of the road was always open to traffic.

Working hours of construction works were 7 am — 12 pm and 1 pm — 5 pm from Monday to Friday
(Rafael da Silva, pers. communication); thus daily construction works started after we finished our
observations. Our control site at the same Ofenpass road was about 500 m (linear distance) from the
construction site (total length of the construction site was 1140 m; Figure 1). The control site had a
similar normal road noise level (the same numbers of cars passing by), and it was at a similar elevation
(~ 1800 m), slope (~ 10 °), and exposition (north-west). The main difference was that due to the
topography and the distance to the construction site, there was no construction noise audible at the
control site.
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Figure 1 (A) shows the location of the Swiss National Park within Switzerland. (B) gives an overview of the
study area with yellow (construction site) and orange (control site) areas indicating the two study sites, and
yellow and orange dots indicating the position of the observer. (C) shows the construction site at an early stage
and (D) and (E) show the habitat at the construction and control site.

Data collection

We visited the sites daily in alternating order, starting at the construction site on 21 April 2021 and
ending at the control site on 20 May 2021 (Table 1). We visited the control site on all days of the week
and the construction site only on working days. Construction works started on 3 May 2021 at the
construction site, two weeks after we started data collection, and continued beyond data collection. We
thus selected the period of data collection in such a way that we were able to compare both the control
site and the construction site during two weeks before construction works started, and during two weeks
of construction works. Thus, we had 5 days of data collection per period (before / during construction
works) and site (Table 1).

The observer (JP) went to the observation site at least 1 hour before sunrise, i.e., before the first
birds started to sing, and sat in complete silence at a central point of the construction or control site

54



Chapter 2

(Figure 1), noting the position and the time of each singing bird until sunrise (data are available in the
Supplementary material). When two or more individuals of the same species were simultaneously
singing, the number of individuals was identified based on their singing position in their territories, and
for each territory the time of the first song was noted. Therefore, multiple observations of the same
species per day and site were possible. We also noted temperature as measured in the field and cloud
cover at the beginning of each observation (i.e., once per day). Due to technical problems, we have no
data on local temperature at the study sites for 4 and 13 May and no cloud data for 24 April, and those
three days were excluded from the first analysis (analysis I, Table 1). In the second analysis (analysis
II), we added data for those three dates: According to a forecast based on data from historical station
observations and historical remote observations (Visual Crossing Corporation, 2024) for the study site,
the 24 April was a sunny day with 0 % cloud cover and we thus included this day in the analysis with 0
% cloud cover (Table 1). To be able to include the two days with missing temperature data in the
analysis, we replaced all manually recorded temperature data with temperature data of a weather station
at Buffalora in 4 km distance from the study sites; data were obtained from MeteoSwiss, the Swiss
Federal Office of Meteorology and Climatology. The temperature curve over the whole study period
was similar when using manually collected data and data from the weather station (Table 1, Figure A1).
We thus used data from three more days in analysis II compared to the analysis with the manually
collected temperature and cloud data (analysis I), in which we used data from 17 days. We visually
checked for outliers on the three additionally included days but did not find any suspicious pattern.

Table 1 Dates of observations and weather data for analyses I and II during the study period.

analysis [ analysis II
site date o temperature | cloud cover comments
temperature [°C] | cloud cover [%] [°C] %]

construction site | 21.04.2021 -5 40 -8 40
- control site 22.04.2021 -2 100 -2.6 100
—é construction site | 23.04.2021 -1.5 0 -1.5 0
g control site 24.04.2021 -5 NA -8.7 0
g construction site | 25.04.2021 -1 40 -3.1 40
‘g control site 26.04.2021 -1.5 70 -0.6 70
§ construction site | 27.04.2021 1 100 0.3 100
2
n.g control site 28.04.2021 2 100 0.9 100
-° construction site | 29.04.2021 4 100 1.9 100 light drizzle

control site 30.04.2021 1.5 100 1.1 100 fog and light drizzle

construction site | 03.05.2021 -3.5 20 -7 20
- control site 04.05.2021 NA 0 -5 0
E‘ construction site | 05.05.2021 1.5 60 2.1 60
g control site 06.05.2021 -3.5 40 -4.9 40
g construction site | 07.05.2021 2 40 1.9 40
2 control site 10.05.2021 6 100 43 100
?ﬂ construction site | 13.05.2021 NA 90 1.2 90
§ control site 14.05.2021 1 90 -2.6 90
= construction site | 18.05.2021 0.5 30 1.1 30 light snow fall

control site 20.05.2021 0 100 -0.8 100 light snow fall
Statistical analysis

We included the six songbird species for which we had at least five observations (start of dawn
singing of an individual) per site and period (i.e., a minimum of 20 observations in total; Table 2). We
used the package dplyr (Wickham et al., 2021) in R (R Core Team, 2020) to prepare the data, and the
package ggplot2 (Wickham, 2016) for visualization. To fit Bayesian linear mixed models, we used the
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package rstanarm (Goodrich et al., 2020). The response variable was minutes relative to sunrise, and
we used date, temperature, and cloud cover as predictor variables (z-transformed prior to model fitting).
We included site (construction site, control site), period (before, during construction works) and a two-
way interaction of site and period as fixed effects predictors, and species as a random effect. We
modelled all predictor effects (but not site) by species (random slopes), to obtain species-specific
coefficients for the predictors.

We assessed convergence of Markov chains by visual inspection of Rhat values (analysis I and II:
mean = 1.0, max = 1.0), history plots, and the number of effective samples that were above 6000
(analysis I: mean = 15652, min = 6694; analysis II: mean = 16799, min = 6317; the higher the value,
the lower the Monte Carlo Error). To assess model fit, we used standard residual plots and posterior
predictive model checking (visually based on overlaid densities and histograms). Furthermore, we
compared mean, standard deviation, minimum and maximum between the data and replicated data from
the model (Gabry, 2018).
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In the following we present the result section in two different versions, highlighting the differences in
the results arising when using the two slightly different data sets. The results of analysis I are presented
on the left page and the results of analysis II are presented on the right page.
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Analysis I

Results from analysis I

We detected at total of 13 songbird species for which we noted the start of dawn singing.
Eurasian chaffinch (Fringilla coelebs) and coal tit (Periparus ater) were the most abundant
species (Table 2). The earliest singers at dawn were ring ouzel (Turdus torquatus), mistle
thrush (Turdus viscivorus), European robin (Erithacus rubecula), and song thrush (Turdus
philomelos). Coal tit, dunnock (Prunella modularis), Eurasian blackbird (Turdus merula),
Eurasian wren (Troglodytes troglodytes), Eurasian treecreeper (Certhia familiaris), and
crested tit (Lophophanes cristatus) started to sing about half an hour before sunrise, while
Alpine tit (Parus montanus montanus), lesser whitethroat (Curruca curruca), and Eurasian
chaffinch started to sing about 15 — 20 minutes before sunrise (Table 2). Within the
woodlands of the SNP there are a total of 58 songbird species breeding (unpublished data)
and from personal observations we know that the songbird species listed in Table 2
represent some of the most common songbird species of the SNP.

Table 2 Average + SD start of dawn singing in minutes before sunrise for common songbird species
along a control / construction site before and during construction works in the woodlands of the Swiss
National Park. Numbers of observations are given in brackets, and species are ordered by overall start
time of dawn singing. Species with less than five observations per cell were excluded from further
analysis.

before construction works during construction works
21. April - 30. April 3. May — 20. May included
construction in

species site control site construction site control site overall analysis
ring ouzel -43.8+9.6 (11) | -463+6.0(7) | -46.3+4.1(13) | -43.2+3.5(5) | -45.1+6.5(36) yes
mistle thrush -412£55(5) | -52.1+£5.6(12) | -38.6+9.4(11) |-43.5+5.1(10) | -44.5+8.6(38) yes
European robin -38.8+£8.9(5) | 45.1+10.6(9) | -32.7+13.2(6) | -44.8+4.6(8) |-41.2+10.4(28) yes
coal tit -26.3+ 6.4 (15) | -28.8+ 7.8 (11) | -30.7+10.4 (21) | -31.3+3.4(16) | -29.5+ 7.8 (63) yes
Alpine tit -17.7+£8.5(11) [ -17.0+10.0 (8) | -25.9+9.6(15) | -24.4+6.7(8) | -21.8+9.5(42) yes
Eurasian chaffinch | -17.1+5.0 (13) | -15.2+ 7.1 (16) | -17.2+£5.6 (18) | -19.5+4.6 (19) | -17.4 £ 5.7 (66) yes

song thrush -37.9+49(8) | -40.4+3.1(4) | -39.1+£9.4(19) |-42.4+4.8(13) | -40.0+7.1(44) no
dunnock -20.5+£9.8(7) | -41.9+£9.5(9) | -15.6+182(3) | -36.7+9.1(8) |-31.9+14.3 (27) no
common blackbird -37.1+4.1(Q2) 0) -18.0 (1) (0) -30.7+11.3 (3) no
Eurasian wren -29.5+5.1(7) | -292+3.6(2) -24.1+£8.0 (9) -293+7.8(5) | -27.3+7(23) no
Eurasian treecreeper | -21.5+4.2(3) | -33.6+£3.2(7) -15+£5.4(2) -26.7+7.0(3) | -27.3+8.1(15) no
crested tit -18.0+10.1(5) | -27.3+89(8) | -203+15.6(3) | -33+14.5(4) |-25.1+11.9(20) no
lesser whitethroat 0) 0) 0) -21.3+£274(2) | -21.3+27.4(2) no

In the following, we present results on the six songbird species for which we had at least
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five observations per cell in Table 2 and thus at least 20 observations overall. At the
construction site, all but one of the six species started dawn singing earlier during
construction works compared to the period before construction works started; only
European robins started dawn singing at about the same time during and before construction
works started. On average, the bird species started to sing about 2 minutes earlier (Table 3,
Figure 2). At the control site, in contrast, the species started to sing on average about 3
minutes later during the time of construction works compared to the time before
construction works started in the area (there were no construction works at the control site
itself). Thus, species started to sing on average about 5 minutes earlier relative to sunrise at
the construction site during construction works than one would expect from the change
(before vs. during construction works) in song start at the control site.
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Analysis 11

Results from analysis 11

We detected at total of 13 songbird species for which we noted the start of dawn singing.
Eurasian chaffinch (Fringilla coelebs) and coal tit (Periparus ater) were the most abundant
species (Table 2). The earliest singers at dawn were ring ouzel (Turdus torquatus), mistle
thrush (Turdus viscivorus), European robin (Erithacus rubecula), and song thrush (Turdus
philomelos). Coal tit, Eurasian blackbird (Turdus merula), dunnock (Prunella modularis),
Eurasian wren (7Troglodytes troglodytes) and Eurasian treecreeper (Certhia familiaris)
started to sing about half an hour before sunrise, while crested tit (Lophophanes cristatus),
Alpine tit (Parus montanus montanus), lesser whitethroat (Curruca curruca), and Eurasian
chaffinch started to sing about 15 — 20 minutes before sunrise (Table 2). Within the
woodlands of the SNP there are a total of 58 songbird species breeding (unpublished data)
and from personal observations we know that the songbird species listed in Table 2
represent some of the most common songbird species of the SNP.

Table 2 Average + SD start of dawn singing in minutes before sunrise for common songbird species
along a control / construction site before and during construction works in the woodlands of the Swiss
National Park. Numbers of observations are given in brackets, and species are ordered by overall start
time of dawn singing. Species with less than five observations per cell were excluded from further
analysis.

before construction works

during construction works

21. April - 30. April 3. May — 20. May inc{uded

species construction site control site construction site control site overall anallr)l/sis
ring ouzel -41.0+13.2(12) | -46.3+6(7) -46.3+4.1(13) | -43.2+35(5) | -442+85(37) yes
mistle thrush -36.0+14.4(7) |-52.1+£5.6(12) | -38.6+9.4(11) | -43.5+5.1 (10) _43'?43)10'4 yes
European robin -38.8+8.9(5) |-45.1£10.6(9) | -32.7+13.2(6) | -44.8+4.6(8) _41'?;5:)10'4 yes
coal tit -22.2+10.4 (20) | -28.8 7.8 (11) | -30.7+10.4 (21) | -31.3 +£3.4(16) | -28.0 + 9.5 (68) yes
Alpine tit -16.1£9.7(12) | -17.0£10.0(8) | -25.9+9.6 (15) | 244=6.7(8) | -21.3+10(43) yes
Eurasian chaffinch -8.7+£145(19) |-143£79(17) | -17.2+5.6(18) | -19.5+4.6(19) | -149+9.8(73) yes

song thrush 358+4.7(15) | -404+3.1(4) | -39.14£9.4(19) | -42.4 £4.8(13) | -39.1 £7.1 (51) no
common blackbird -37.1+4.1(2) 0) -18.1(1) 0) -30.7 £ 11.3 (3) no
dunnock J182+8.9(10) | -41.94£9.5(9) | -15.6+18.2(3) | -36.7+9.1 (8) '30'(()33)14'8 no
Eurasian wren 295+51(7) | 292+3.6(2) | -241+8.0(9) | -29.3+7.8(5) | -27.3+7.0(23) no
Eurasian treecreeper | -21.4 +3.4 (4) -33.6+3.2(7) | -15.0£5.4(2) -26.7+7(3) -27.0+7.9 (16) no
crested it A710493(6) | 273+89(@8) | -15.0+16.5 @) | 33.0= 145 (4) '23'2;)12'8 no
lesser whitethroat (0) 0) 0) -21.3+£274(2) | -21.3£27.4(2) no

In the following, we present results on the six songbird species for which we had at least

five observations per cell in Table 2 and thus at least 20 observations overall. We observed
a similar or later start of dawn singing for all of the six species at the construction site during
construction works (i.e., after days with construction works) compared to the period before
construction works started; only Alpine tits started dawn singing a bit later during and
before construction works started. On average, the bird species started dawn singing at
about the same time (Table 3, Figure 2). At the control site, in contrast, the species started
dawn singing on average about 1 minute earlier during the time of construction works
compared to the time before construction works started in the area (there were no
construction works at the control site itself). Thus, species started to sing on average about
1 minute later relative to sunrise at the construction site during construction works than one
would expect from the change (before vs. during construction works) in song start at the
control site (Table 3, Figure 2).
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The effect was most pronounced in mistle thrushes that started to sing 4.8 minutes later
at the control site during construction works compared to the time period before
construction works started. At the construction site, mistle thrushes started to sing on
average 1.5 minutes earlier during construction works compared to the time period before
construction works started; thus, mistle thrushes started to sing 6.2 minutes earlier at the
construction site during construction works than one would expect from the change in song
start at the control site (before vs. during construction works; Table 3). Ring ouzel, coal tit,
Alpine tit and Eurasian chaffinch started to sing about 4 — 7 minutes earlier than expected
from the change in song start at the control site (before vs. during construction works), and
the effect was smallest in European robins that started dawn singing 1.8 minutes earlier. In
traditional testing language, effects would have been called "statistically significant" in two
of the six investigated species (coal tit and Alpine tit), because the 95% compatibility
intervals did not overlap zero (Table 3).

Of the investigated variables, temperature had the strongest overall effect on the start of
dawn singing of the six songbird species (Table 3, Table 4).

Birds started to sing on average 6 minutes earlier on warmer than on colder mornings
(+6 vs. -5 °C, Table 3, Figure 3C), whereas the effect of date on song start at dawn was
more species-specific (Table 3, Figure 3A). On warmer compared to colder mornings, ring
ouzels started to sing 14.1 minutes earlier, mistle thrushes and European robins about 5 — 6
minutes earlier, and Alpine tits, Eurasian chaffinches and coal tits about 2 — 4 minutes
earlier (Table 3, Figure 3C).

We observed an earlier song start for mistle thrushes (1.1 minutes) with advancing
season (Table 3, Figure 3A). Alpine tits and coal tits delayed their song start by about 7 —
8 minutes and Eurasian chaffinches by about 5 minutes at the end compared to the
beginning of the breeding season (Table 3, Figure 3A).

Cloud cover had the smallest overall effect: on average, the six species started to sing
at about the same time relative to sunrise on days with 100% cloud cover compared to days
with a clear sky (Table 3, Figure 3B). Nevertheless, the effect of cloud cover was also
species-specific: for example, mistle thrushes and European robins started to sing about 4
minutes earlier on days with 100% cloud cover compared to days with a clear sky (Table
3, Figure 3B); in contrast, coal tits, Alpine tits, Eurasian chaffinches and ring ouzels started
their dawn song 1 — 4 minutes later (Table 3, Figure 3B).
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Figure 2 Start of dawn singing relative to sunrise of six common woodland songbird species in the
Swiss National Park at a construction site and a control site before (light grey shading) and during
(dark grey shading) construction works. Boxplots are based on the GLMM.

Colour code: | control | construction | before | during |
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All species but mistle thrushes started to sing 1 — 3 minutes earlier at the control site
during construction works compared to the time period before construction works started;
mistle thrushes started dawn singing about 1 minute earlier at the control site during
construction works compared to the time period before construction works started. At the
construction site, mistle thrushes and European robins started to sing about 2 minutes later,
and Eurasian chaffinches at about the same time during construction works compared to
the time period before construction works started. Ring ouzel and coal tit started dawn
singing about 0.4 — 0.5 minutes earlier and Alpine tits 3.7 minutes earlier at the construction
site during construction works compared to the time period before construction works
started. Thus, birds started to sing up to about 3 minutes later at the construction site during
construction works than one would expect from the change in song start at the control site
(before vs. during construction works; Table 3). In traditional testing language, none of the
effects would have been called "statistically significant", because in all six investigated
species the 95% compatibility intervals overlapped zero (Table 3).

Birds started to sing on average 9 minutes earlier on warmer than on colder mornings
(+6 vs. -5 °C; Table 3, Figure 3C). Ring ouzels started to sing 13.1 minutes earlier, Alpine
tits, coal tits and mistle thrushes about 10 minutes earlier, and Eurasian chaffinches and
European robin 7 — 8 minutes earlier on warmer compared to colder mornings (Table 3,
Figure 3C).

We observed an earlier song start for mistle thrushes (6.9 minutes), European robins
(5.0 minutes), ring ouzels (1.0 minutes) and Eurasian chaffinches (0.5 minutes) with
advancing season (Table 3, Figure 3A). Coal tits and Alpine tits delayed their song start by
about 2 minutes at the end compared to the beginning of the breeding season (Table 3,
Figure 3A).

After temperature, cloud cover had the second-largest effect: on average, the six species
started to sing about 4 minutes later on days with 100% cloud cover compared to days with
a clear sky (Table 3, Figure 3B). All but one species started to sing later on days with 100%
cloud cover compared to days with a clear sky; only European robins started to sing at about
the same time relative to sunrise on days with 100% cloud cover compared to days with a
clear sky (Table 3, Figure 3B).
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Figure 2 Start of dawn singing relative to sunrise of six common woodland songbird species in the
Swiss National Park at a construction site and a control site before (light grey shading) and during
(dark grey shading) construction works. Boxplots are based on the GLMM.
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Table 3 Differences and 95% compatibility intervals (CI; Amrhein & Greenland, 2022) of start of
dawn singing in minutes in relation to different physical environmental variables. *interaction period
[before, during] x site [control, construction site]

effect of
date cloud cover temperature control site construction site construction
species 140 vs. 111 100% vs. 0% +6 vs. -5 °C during vs. before  during vs. before noise*
mistle +1.11 [-10.69; -3.62 [-13.79; -6.19 [-17.09; +4.75 [-2.11; -1.47 [-9.42; -6.22 [-14.61;
thrush +14.68] +5.74] +5.20] +12.59] +6.14] +0.96]
ring -3.34 [-13.87; +1.41 [-6.87; -14.09 [-28.33; - +2.91 [-4.10; -1.38 [-8.06; -4.35 [-11.22;
ouzel +7.61] +10.67] 2.63] +10.08] +5.28] +2.56]
European -0.61 [-12.23; -3.74 [-14.79; -5.28 [-17.40; +1.92 [-5.31; +0.20 [-8.01; -1.79 [-8.95;
robin +13.47] +5.51] +8.74] +8.26] +9.02] +7.16]
Ltit -7.34 [-16.50; +3.62 [-2.90; -1.73 [-9.88; +3.02 [-2.59; -2.56 [-8.16; -5.60 [-11.16; -
coalti +1.08] +10.46] +7.28] +8.90] +3.07] 0.21]
Aime it SLEISI% +223[595 397 [-13.89; +0.91 [-6.24; 575[-1241;  -6.53 [-13.11; -
P +2.71] +9.94] +6.04] +7.10] +0.58] 0.20]
Eurasian 496 [-14.84;  1149[-6.08,  -3.49[-12.67; 1222 [-3.78; -1.59 [7.80; 379 [9.62;
chaffinch +5.27] +8.99] +5.57] +8.09] +4.76] +2.29]
overall -3.81 [-13.03; +0.27 [-7.71; -5.71 [-15.73; +2.62 [-2.87; -2.09 [-8.11; -4.72 [-10.30;
+6.17) +7.86] +4.34] +8.02] +4.09] +0.97]
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Figure 3 Start of dawn singing in minutes @@ mistle thrush @ coal tit
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cover, and temperature. Overall regression
lines are in black, and individual regression
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coloured areas indicating 95% CI.

Table 4 Parameter estimates and 95% CI for the investigated physical environmental variables over
all six species. The standardised coefficients show the change in start of dawn song (in minutes) when
predictor variables change by one standard deviation. The unstandardized coefficients show the
change in start of dawn singing (in minutes) when the predictor variables change by one unit.

Standardised Unstandardized Unit of
coefficients, mean SD ofthe  coefficients, mean the

[95% CI] number of  predictor  [95% CI] number of  predictor

species variable species variable

Intercept: control site;

period before construction works -33.70-44.22; -27.25]

Date -1.00 [-3.57; +1.69]  7.93 days -0.13 [-0.45; +0.21] 1 day
Temperature -1.30 [-3.70; +1.02] 2.59°C  -0.50 [-1.43;+0.39] 1°C
Cloud cover +0.10 [-2.61; +2.66]  33.84%  +0.03 [-0.77; +0.79] 10%
Timing during +2.60 [-2.87; +8.02]
Control site +4.10 [-0.05; +8.39]

Interaction: Period during

. . . -4. -10.30; +0.
construction works : construction site 4.70 [ 10.30; +0 97]
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Analysis 11

Table 3 Differences and 95% compatibility intervals (CI; Amrhein & Greenland, 2022) of start of
dawn singing in minutes in relation to different physical environmental variables. *interaction period
[before, during] x site [control, construction site]

effect of
date cloud cover temperature control site construction site construction
species 140 vs. 111 100% vs. 0% +6 vs. -5 °C during vs. before  during vs. before noise*
mistle 16.87[-5.03; +1.51[-7.96;+  -9.14 [-19.37; F1.07 [-5.65; +1.85[-6.22;  +0.66 [7.23;
thrush +21.04] 9.92] +1.84] +8.69] +9.52] +7.89]
ring +1.00 [-10.16; +4.47[-3.50;  -13.13 [-24.79; - -0.50 [-7.26; -0.45 [-7.36; +0.05 [-6.92;
ouzel +12.12] +13.11] 3.31] +6.61] +6.70] +6.95]
European +4.96 [-6.88; -0.11 [-11.11; -6.45 [-16.95; -0.99 [-7.85; +2.36 [-6.13; +3.28 [-4.29;
robin +19.32] +8.37] +8.54] +5.53] +11.11] +11.68]
coal tit -1.63 [-11.27; +8.48 [+2.33; -9.48 [-17.91; - -1.15 [-6.68; -0.35 [-6.48; +0.82 [-5.00;
+7.34] +15.47] 1.46] +4.62] +5.85] +6.58]
Abine it 121274+ T456[328  0.99[19.40;-  -3.31[-10.53; 3.74[-11.08; 0.36 [-7.05;
P 9.14] +11.82] 0.65] +2.95] +3.14] +6.24]
Eurasian 051 [9.83;  +524[-1.63;  -8.80 [-17.63; 241 [-8.47; 4012 [-6.50;  +2.51 [-3.23;
chaffinch +11.21] +11.85] +0.17] +3.38] +6.77] +8.60]
+1.70 [-7.84; +4.05 [-3.60; -9.47 [-17.94; - -1.24 [-6.54; -0.09 [-6.39; +1.15 [-4.46;+
overall +11.99] +11.03] 0.76] +4.17] +6.36] 6.81]
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lines are in black, and individual regression
lines for the six species are in colour, with
coloured areas indicating 95% CI.
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Table 4 Parameter estimates and 95% CI for the investigated physical environmental variables over
all six species. The standardised coefficients show the change in start of dawn song (in minutes) when
predictor variables change by one standard deviation. The unstandardized coefficients show the
change in start of dawn singing (in minutes) when the predictor variables change by one unit.

Standardised Unstandardized Unit of
coefficients, mean SD of the  coefficients, mean the

[95% CI] number of  predictor  [95% CI] number of  predictor

species variable species variable

Intercept: control site;
period before construction works -34.30 [-42.99; -25.69]

Date +0.50 [-2.15; +3.30]
Temperature -2.70 [-5.04; -0.21]
+1.50 [-1.34; +4.11]

7.97 days 1018 [-0.27;+041] | day
+0.33 [-1.38; -0.06] LoC
+0381-036; +1.10] 10

3.65°C
37.26%

Cloud cover

Timing during -1.20 [-6.54; +4.17]

+3.30 [-0.68; +7.29]

Control site

Interaction: Period during

construction works : construction site  +1.20 [-4.46; +6.81]
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Discussion

Along the Ofenpass road in the Swiss National Park (SNP), we expected birds to start singing earlier
at dawn due to road construction noise, on colder mornings with clearer sky, and later in the season. We
found that changes in start of dawn singing related to anthropogenic noise differed strongly between the
two analyses; overall, however, the intervals obtained from both analyses indicate that there is a
relatively low probability that birds start singing more than 10 minutes earlier or more than 7 minutes
later due to construction noise.

When including more analysis days (analysis II), birds tended to start singing later at dawn at the
construction site during construction works than could be expected from the change (before vs. during
construction works) in start of dawn singing at the control site with normal road noise. In contrast, when
including less analysis days (analysis I), birds tended to start singing earlier at dawn at the construction
site during construction works than could be expected from the change (before vs. during construction
works) in start of dawn singing at the control site with normal road noise. Even though differences in
start of dawn singing between control and construction site were "statistically significant” in two out of
six investigated species (Table 3), inclusion of three more days completely reversed the direction of
effect. We would like to use this case to warn about drawing strong inferences based on "statistically
significant" results, particularly those obtained from small studies. The overreliance on "statistically
significant" results from single analyses and single studies is a general problem in many branches of
science (reviewed, e.g., in Amrhein et al., 2017); we hope that more journals will allow authors to
publish several analyses on the same data (Amrhein et al., 2019), even if results from those analyses
may be contradicting, hindering communication of a straightforward storyline in the published paper.
In the following, we nonetheless provide a more general discussion of effects of road noise and
construction noise.

Previous studies found an earlier start of dawn singing due to increased levels of anthropogenic
noise: For example, two studies conducted in the vicinity of major European airports found that birds
started dawn singing earlier near airports than in silent control areas (Dominoni et al., 2016; Gil et al.,
2015). Both studies concluded that birds may have shifted their start of dawn singing to aviod the noisy
times later during the day (Dominoni et al., 2016; Gil et al., 2015). Arroyo-Solis et al. (2013) found
similar results when investigating changes in the start of dawn singing depending on noise levels in the
city of Seville, Spain, which were experimentally enhanced beyond normal noise levels in the area. In
their study, five of six bird species started singing earlier on days with extra noise exposure compared
to days with normal city noise (Arroyo-Solis et al., 2013). The Spotless starling (Sturnus unicolor)
showed the largest shift and started dawn singing about 20 minutes earlier on days with extra noise
exposure (Arroyo-Solis et al., 2013).

In comparsion with those previous studies from urban areas, we found relatively small effects of
road noise on start of dawn singing in our earlier study conducted along the Ofenpass road in the Swiss
National Park (Paterno et al., 2024): Eurasian chaffinches started to sing up to 5 minutes earlier in areas
disturbed by road noise compared to areas completely undisturbed by road noise (in that study, we used
a subjective classification of experienced road noise levels at multiple sites throughout the SNP).
Despite the relatively small effect sizes, our ealier results (Paterno et al., 2024) showed that songbirds
can be affected by road noise also in near-natural areas. Further, birds may not only change their singing
behaviour during noisy times or in noisy areas (e.g., Bayne et al., 2008; Bergen & Abs, 1997; McClure
et al., 2013; Polak et al., 2013), but may even completely avoid the noisy areas (e.g., McClure et al.,
2013; Polak et al., 2013).

Only few independent studies investigated the effects of construction works on birds. In a series of
studies in Texas, the territory placement, territory density, breeding success, and song characteristics of
golden-cheeked warblers were compared near a construction site, a traffic noise site, and an undisturbed
control site (Lackey, 2010; Lackey et al., 2011, 2012; Long et al., 2016, 2017). The studies were
conducted along two Highways (1000 — 3000 vehicles and 16200 vehicles per day, respectivley), and
the authors investigated three different time periods: pre-construction phase, construction phase, and
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post-construction phase (Lackey, 2010; Lackey et al., 2011, 2012; Long et al., 2016, 2017). Lackey et
al. (2011) found similar densities of golden-cheeked warbler territories in all three study areas during
construction works (construction site = 0.31 territories / ha, traffic noise site = 0.36 territories / ha,
control area = (.33 territories / ha). At the same study site, however, Long et al. (2016) found a 1.3 to
1.8 times greater mean territory density (e.g., territories / ha) in the control site compared to the
construction site and the traffic noise sites. They also found a 1.5 to 1.7 greater mean territory density
(e.g., territories / ha) in the post-construction compared to the pre-construction phase. Furthermore,
Long et al. (2017) found an increase in territory density of about 25% at the construction site and about
14% in the control area after construction works ended, while at the traffic noise site, there was a
decrease in territory density of about 3% after construction works ended. Lackey et al. (2011) and Long
et al. (2016, 2017) concluded that the observed differences in territory density and breeding success
were small: For example, Long et al. (2017) found a decrease in breeding success of 5 — 10% at the
construction and the traffic noise site compared to an increase of 5% in the control area in the post-
construction compared to the construction phase. The changes in territory density and breeding success
that Lackey et al. (2011) and Long et al. (2016, 2017) observed may be due to normal between-year
variation rather than an effect of construction works (e.g., Davies & Cooke, 1983; Marciniak et al.,
2007). Lackey et al. (2011) and Long et al. (2016, 2017) stated that there were only small increases in
noise emissions during the construction works that probably did not have negative effects on territory
density, pairing success, or fledging success of golden-cheeked warblers.

Some previous studies (e.g., Bermidez-Cuamatzin et al., 2011; Gross et al., 2010; Mendes et al.,
2011; Villain et al., 2016) described an increase in the maximum lower frequencies of birdsong due to
road noise, while Long et al. (2016, 2017) found no increase in the minimum frequency in golden-
cheeked warblers due to construction or traffic noise. Long et al. (2016, 2017) argued that traffic and
construction noise are characterized by low frequencies and that warblers typically sing at higher
frequencies, and concluded that construction and traffic noise were unlikely to mask the song of golden-
cheeked warblers. Long et al. (2016, 2017) suggested that there may have been no need for the birds in
their study to change their singing behaviour due to construction or traffic noise. Thus, the behavioural
responses of birds when exposed to construction or traffic noise and therefore also the suitability of
territories near roads or construction sites likely depend on the investigated species (e.g., Clark & Karr,
1979; Ferris, 1979; Reijnen & Foppen, 2006). In the above described observational studies, and also in
our own study, it is possible that not only noise emissions, but also other factors related to construction
works affected the start of dawn singing, for example dust or visual disturbance. Further, if the effect
of date differs between construction and control site (normal road noise), we may find an effect of
construction noise, where in reality no such effect exists. Since construction works only started at 7 am
and we conducted our data collection earlier in the day (e.g., start of dawn singing) we also have to be
aware that birds may not need to adapt to the increased noise levels later during day by an earlier start
of singing at dawn. Instead, birds may use different strategies to cope with the increased noise levels
during day, like an increased minimum frequency (Bermudez-Cuamatzin et al., 2011; Francis et al.,
2011b; Goodwin & Podos, 2013; Hanna et al., 2011; Hu & Cardoso, 2010), a higher song volume
(Brumm, 2004; Nemeth & Brumm, 2010) or a change in the duration of songs (Francis et al., 2011a).

The overall effect was highest in the variable temperature: In both analyses, i.e., using our own
temperature data or the data from the nearby weather station, we found that warmer temperatures during
the morning led to an earlier song start relative to sunrise in all six species, when accounting for date
and the other investigated variables. Previous studies conducted in Europe found similar results, with
birds starting to sing earlier after warmer compared to colder nights (Naguib et al., 2019; Nordt &
Klenke, 2013; Paterno et al., 2024). In contrast, Da Silva et al. (2014) found a small delay in start of
dawn singing for song thrushes, and no clear effects for the other investigated species. However, the
temperature differences experienced by the birds in their study were quite small (Da Silva et al., 2014),
which could explain the small changes in start of dawn singing.
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Singing early at dawn may be costly due to increased energy loss at low temperatures in the morning
(but see Gil & Llusia, 2020; Staicer et al., 1996). For example, Thomas & Cuthill (2002) found a positive
correlation between overnight temperature and overnight loss of body mass of European robins,
supporting predictions made by stochastic dynamic programming models that traded-off time spent
foraging with time spentsinging under different weather conditions (Houston & McNamara, 1987;
Hutchinson et al., 1993; Hutchinson & McNamara, 2000). Another explanation for the earlier start of
dawn singing with increasing temperatures may be related to an increase in arthropod prey activity with
warmer temperatures (Avery & Krebs, 1984). Birds may advance their start of feeding with higher
temperatures in the morning, and therefore also advance their start of singing to be able to deliver the
same amount of song at dawn.

We found varying effects of date among the six investigated species and depending on the analysis.
When using our own temperature data including fewer analysis days (analysis 1), five of six songbird
species started their dawn song earlier 29 days later into the season, and when including temperature
data from the weather station and more analysis days (analysis II), two of six songbird species started
their dawn song earlier 29 days later into the season. For Alpine tit, coal tit and mistle thrush, we
observed the same direction in effects in both analyses. For ring ouzel, European robin and Eurasian
chaffinch, in contrast, the direction of effects changed from an earlier start of dawn singing (analysis
with fewer days) to a later start of dawn singing (analysis with more days) depending on the number of
analysis days. Similarly to the effect of anthropogenic noise, both analyses showed comparably wide
compatibility intervals.

Several previous studies found a correlation between early breeding stages and early start of dawn
singing for songbirds (Brown, 1963; Bruni & Foote, 2014; Holmes & Dirks, 1978; Welling et al., 1995).
In our study, mistle thrushes may have stopped singing early at dawn after nest building at the end of
April / beginning of May (Glutz von Blotzheim, 1988). Coal tits and Alpine tits usually start breeding
at the beginning of May (Glutz von Blotzheim & Bauer, 1993) and thus somewhat later than mistle
thrushes, and therefore may have continued singing earlier at dawn until breeding started. In our earlier
study (Paterno et al., 2024), Alpine tits started dawn singing about 5 minutes later between two dates
that were about a month apart, but that study was conducted later in the year, i.e., from mid-May until
mid-June. Alpine tits therefore may have been at a later breeding stage and may have stopped singing
early at dawn (Paterno et al., 2024).

Previous studies also found a delay in start of dawn singing on overcast mornings compared to
mornings with a clear sky (Bruni et al., 2014; Da Silva et al., 2014; Nordt & Klenke, 2013; Zhao et al.,
2016). This is in line with the model predictions of Hutchinson (2002) suggesting that cloud cover
influences the start of dawn singing. In our study, cloud cover at dawn seemed to affect the six
investigated species in different ways, when accounting for temperature and the other investigated
variables and depending on the number of analysis days: When including less analysis days (analysis
I), four of six songbird species started dawn singing about 1 — 4 minutes later on mornings with 100%
cloud cover compared to mornings with a clear sky; mistle thrushes and European robins started dawn
singing about 4 minutes earlier. When including more analysis days (analysis II) five of the six
investigated songbird species started dawn singing later on mornings with 100% cloud cover compared
to mornings with a clear sky, only European robins started dawn singing at about the same time on
mornings with 100% cloud cover compared to mornings with a clear sky.

Conclusions

Construction noise starting at 7 am in addition to normal road noise may have a smaller effect on the
start of dawn singing than temperature. In both analyses, all six investigated songbird species started to
sing earlier relative to sunrise on mornings with warmer temperatures, which is in line with previous
studies. The direction of estimated effects of cloud cover, date, and anthropogenic noise differed
between the two analyses on slightly different data sets. As a result, the conclusions that we could draw
partly changed. We thus warn against drawing strong conclusions from single studies, especially if using
small sample sizes, even if some of the results may turn out ,,statistically significant™. More generally,
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we suggest that fitting alternative models, and then reporting all results, should be the norm in scientific
reporting (Amrhein et al., 2019).
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Figure A1 Comparison of manually collected temperature data and temperature data from a nearby
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Supplementary Material

Figure S1 Distribution of
observed data (dark blue line) vs.
replication (light blue lines) based
on the model in analysis I
(manually collected temperature
data).
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Figure S2 Distributions of test statistics of analysis I (manually collected temperature data). The
observed data are indicated by the dark blue line and the observed data by the light blue area. A: mean,
B: sd, C: min, D: max.

Figure S3  Distribution of
observed data (dark blue line) vs.
replication (light blue lines) based
on the model in analysis II
(temperature data from a weather
station in 4 km distance).
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Figure S4 Distributions of test statistics of analysis II (temperature data from a weather station in 4
km distance). The observed data are indicated by the dark blue line and the observed data by the light
blue area. A: mean, B: sd, C: min, D: max.
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Chapter 3

Effects of habitat and road noise on singing activity of coal tits in subalpine woodland

Julia Paterno'?, Friinzi Korner-Nievergelt'3, Valentin Amrhein" * and Pia Anderwald?

Abstract
Road noise can negatively affect the communication of birds, which in response may apply strategies

to mitigate increased levels of road noise, for example by singing louder, changing song frequencies, or
adjusting the timing or amount of singing. We investigated the effects of road noise on singing activity
of coal tits (Periparus ater) breeding in the woodlands of the Swiss National Park. To this end, we
recorded singing activity at 12 site in varying distances to the road over four years. Because other
environmental variables may also affect singing activity, we accounted for forest type, time of day, date,
and temperature in the analyses of song activity. We observed the strongest effects due to road noise
and habitat: During the day, coal tits produced up to 18% more song phrases near the road compared to
further away from the road, and up to 17% more song phrases at sites in mountain pine forests compared
to sites in mixed forests. Interestingly, in the morning and evening, when there was much less road
noise, coal tits produced up to 8% more (morning) and 20% less (evening) song phrases near the road
compared to further away. The effects of date and temperature were smaller: Coal tits produced 4%
more song phrases at the beginning of May compared to the beginning of June, and 8 — 10% more song
phrases during times with moderate temperatures (+3.0 °C to +12.0 °C) compared to colder (-5.5 to
+3.0 °C) or warmer temperatures (+12.0 to +34.0 °C). Our findings are in line with previous results on
the effects of forest type, date, temperature, time of day, and road noise. Our study shows that road noise
may affect the singing behaviour of coal tits even in a highly protected area.

Keywords: acoustic recording, anthropogenic noise, habitat, sound logger, songbirds, singing
intensity, weather, season
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Introduction

Road noise is one of the most dominant sources of anthropogenic noise (European Environmental
Agency, 2020) and previous studies found negative effects on humans and animals (i.e., Benfield et al.,
2020; Jin et al., 2024; Kunc & Schmidt, 2019). Especially communication of birds may be affected by
anthropogenic noise (e.g., Rheindt, 2003; Slabbekoorn & Peet, 2003), since mating and warning calls
can be masked (Francis et al., 2011b; McIntyre et al., 2014; Rheindt, 2003; Slabbekoorn & Peet, 2003).
Previous studies found reduced anti-predator behaviour of birds when exposed to alarm calls in a noisy
environment (Damsky & Gall, 2016; Grade & Sieving, 2016; McIntyre et al., 2014; Templeton et al.,
2016). For example, Mclntyre et al. (2014) found that tree swallow nestlings (Tachycineta bicolor)
failed to crouch in the nest and continued begging when exposed to parental alarm calls and white noise
at the same time; the authors concluded that increased noise levels may lead to increased predation risk
in tree swallows.

However, birds may use strategies to cope with increased noise levels: For example, several bird
species were found to increase the minimum frequency of their songs (i.e., Bermidez-Cuamatzin et al.,
2011; Francis et al., 2011b; Goodwin & Podos, 2013; Hanna et al., 2011; Hu & Cardoso, 2010; LaZerte
et al., 2017; Parris & Schneider, 2009); low frequency songs and calls seem to be particularly strongly
affected by anthropogenic noise (Hu & Cardoso, 2010; Parris & Schneider, 2009; Warrington et al.,
2018). Hu & Cardoso (2010) found an increased average minimum frequency of songs or calls in urban
birds compared to that of nonurban conspecifics. They also observed a stronger increase of minimum
frequency due to anthropogenic noise for species with intermediate minimum frequencies (1 — 1.5 kHz)
compared to species with higher or lower minimum frequencies. Hu & Cardoso (2010) then assumed
that species with high-frequency songs may be less affected by urban noise and therefore may not need
to adjust their minimum frequency of vocalisations. Species with low frequency songs or calls, in
contrast, may not be able to overcome masking noise even at an increased minimum frequency, and
thus Hu & Cardoso (2010) assumed that low-frequency species may use other adaptations to cope with
increased levels of urban noise.

Nemeth & Brumm (2010) investigated whether an increase in minimum frequency led to better
communication in great tits (Parus major; i.e., increased communication distance), but observed only
marginal improvement. They further observed much larger effects of increased vocal amplitude
adjustments. Thus, with increased song amplitude, the communication distance in great tits increased
strongly (Nemeth & Brumm, 2010). Brumm (2004) found a similar effect in Berlin, where he observed
that nightingales (Luscinia megarhynchos) sang about 14 dB louder in the noisiest territory compared
to the most silent territory. An increase in song duration may also be an adaptation of birds to increased
noise levels. For example, Francis et al. (2011a) found a change in frequency and duration of songs of
plumbeous vireos (Vireo plumbeus) and grey vireos (Vireo vicinior) with increasing noise levels. The
two closely related bird species reacted in different ways: the plumbeous vireo produced shorter songs
with higher minimum frequencies and the grey vireo produced longer songs with higher maximum
frequencies. Francis et al. (2011a) thus assumed that the two bird species might use different strategies
to cope with increased noise levels. Some species may use a combination of different strategies as
reaction to increased levels of noise: For example, Hamao et al. (2011) investigated differences in
singing behaviour of great tits occupying parks with varying noise levels in Tokyo (18.8 dB difference
between loudest and most silent park). They observed that great tits produced longer songs with higher
minimum frequencies and a larger number of song phrases in noisier parks (Hamao et al., 2011).

In reaction to increased noise levels, birds may as well change their singing activity at certain times
of the day; for example, Bermudez-Cuamatzin et al. (2020) observed generally lower singing activity
for urban great tits compared to rural great tits but an earlier start of singing at dawn. Thus, urban great
tits produced more songs during more silent periods of the day compared to rural great tits (Bermudez-
Cuamatzin et al., 2020). Other studies also observed a shift in the timing of dawn singing due to
anthropogenic noise (Dominoni et al., 2016; Paterno et al., 2024). For example, in our previous study
(Paterno et al., 2024) conducted in the Swiss National Park, all six investigated song bird species started
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dawn singing earlier in noisier compared to more silent areas. We observed the largest shifts in Eurasian
chaffinches (Fringilla coelebs, -4.8 min) and coal tits (Periparus ater, -3.6 min), two relatively late-rising
species (Paterno et al., 2024).

In the present study, we focused on singing activity in the coal tit, the most common songbird species
in mountain and subalpine coniferous forests in Switzerland (Mattes et al., 2005). Male coal tits use
about six different song types (Bauer et al., 2012) with 2 — 5 elements of different frequencies per phrase
(Glutz von Blotzheim & Bauer, 1993). We counted the number of phrases per minute and used that
measurement as singing activity. The single phrases (Figure 1) are easy to distinguish and well audible
in the sound files.

We investigated the singing activity of coal tits in the mountainous woodlands of the Swiss National
Park and accounted for five environmental factors that may influence singing activity, such as time of
day (see Gil & Llusia, 2020), time of year (Bruni et al., 2014; Erne & Amrhein, 2008; Paterno et al.,
2024) and temperature ( Naguib et al., 2019; Paterno et al., 2024; Puswal et al., 2020). Because habitat
type can also affect singing behaviour of birds (Lindenmayer et al., 2004), we further compared plots
that differed in tree species composition. Since several previous studies found that songs and calls of
birds can be masked by anthropogenic noise (i.e., Francis et al., 2011b; Rheindt, 2003; Slabbekoorn &
Peet, 2003), we expected coal tits to increase their singing activity near the road during the day in order
to compensate for reduced communication during this noisy time.

Time [s]
Figure 1 Spectrogram of coal tit song. The red cube shows a single phrase of the song.

Methods
Study area

The study was conducted in the woodlands of the Swiss National Park (SNP), in the eastern part of
Switzerland (Figure 2), between mid-May and mid-June over a period of four years (2017 — 2020). The
SNP is a strictly protected IUCN la area (, i.e. wilderness) encompassing 170 km2, with 28% of its area
covered by woodland. The main tree species are two subspecies of the mountain pine (Pinus mugo /
Pinus mugo spp. uncinata), cembra pine (Pinus cembra), and European larch (Larix decidua); there are
also some Scots pine (Pinus sylvestris) and Norway spruce (Picea abies; Haller et al., 2013).

Since there are no management measures like clearance or hunting in the SNP, the area is highly
undisturbed without human interference apart from 100 km of hiking trails. Nevertheless, a cantonal
road runs through the SNP, with a mean daily traffic volume of 1561 cars per day (mean of average
daily traffic between 2012 — 2022, Tiefbauamt Graubiinden, 2024), representing an important transit
route between the Engadin and South Tyrol.

The area is characterised by an alpine climate with marked temperature differences between summer
and winter. Annual precipitation is about 800 mm (Haller et al., 2013), whereas the sum of precipitation
during analysis days was between 0.0 mm and 10.1 mm (Table 1) and temperatures reached from -6.3
°Cto +21.5 °C (Table 1).
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Table 1 Mounting dates of data loggers, recording days selected for data analysis, and weather during
analysed days (data from nearby weather station Buffalora; MeteoSwiss, 2021).

Minimum Maximum
temperature  temperature  Precipitation
during during sum during Study sites
Earliest / latest Earliest / latest Analysis analysis analysis analysis (see Figure
Year deployment removal days period [°C]  period [°C]  period [mm] 2)
25 May
2017 24 May /24 May 28 JJ‘“‘: /28 28 May +0.2 4215 0.6 S3
une 02 June
09 May S1/S2/S4/
2018 19 April/ 08 May 04 July / 17 July %é ﬁzz -1.5 +18.8 6.7 gg ﬁ gg ﬁ 2%
05 June /812
10 May S1/S2/84/
2019 24 April/ 02 May 19 July /26 July 3? ﬁzz/ -1.1 +19.4 10.1 ggﬁgg?gé
05 June /S12
07 May S1/S2/S4/
2020 24 April/ 19 May 13 July /22 July ;; ﬁ:i -6.3 +16.9 0.0 gg ; 28 ; 2%
03 June /S11/812

Ethical note

To investigate the singing activity of wild coal tits, we used acoustic recording devices (sound
loggers) at twelve study sites. This allowed us to study the singing behaviour of coal tits in the wild
with minimal human disturbance. Battery change of the data loggers was required after about six weeks,
and at the end of the study period we removed the sound loggers from the area, thus human disturbance
was reduced to a minimum. We obtained approval to conduct the study in the highly protected area by
the Research Commission of the Swiss National Park (approval number: CH-7228).

Study sites and acoustic recordings

We used sound loggers (Wildlife Acoustics SM4 Song Meters) to record the soundscapes at 12 sites
in the SNP (Table 2, Figure 2). In the four years of the study (2017 — 2020), we installed the sound
loggers from mid-April / beginning of May until mid-July, depending on accessibility of the sites (Table
1, Figure 2). Locations were selected to avoid noise from rivers or from too much wind, and sites near
the road were selected at such a distance that birds could be affected by road noise but analysis of audio
files was still possible without too much background noise from the road. The two study sites nearest
to the road (S1, S2) were at a distance of 170 m to it; woodland started about 10 m from the road. At
one of the selected sites (S3), data collection started in 2017, whereas at the other sites, data collection
started in 2018 (S1, S2, S4, S5, S6, S7, S8, S9, S10, S12) and 2020 (S11), respectively (Table 2).

The sound loggers recorded for 10 minutes every 30 minutes, thus we obtained 20 minutes of
recordings per hour. In total, the loggers recorded for 12 296 hours (= 1537 days). All recordings were
in stereo, with a sampling rate of 24 kHz and a gain of 16 dB. Preamp was set to 26 dB and the filter
was disabled. We used a strap to mount the sound loggers on a tree about 2 m above the ground. We
noted the coordinates, the orientation of the sound logger, and the deployment height. We equipped
each sound logger site with a USB-502 PLUS or an EL-USB-2 temperature and humidity logger
(temperature logger) and set the temperature loggers to record every 30 minutes, with an accuracy of
0.5°C for temperature, 2% for relative humidity, and 1.1°C for the dew point. We placed the temperature
logger in a post 1 m above ground beneath the sound logger.

Data extraction from the recordings was done manually, and we therefore analysed only a subset of
the data. We selected 3 — 4 days per site and year that had no wind or rain during the morning (Table
1); since there is always some wind or rain in the afternoon in this area, we were not able to select days
that were completely without wind or rain.
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In 2018, there was no data collection at site S9 between 23 and 30 May due to battery failure, and
in 2020, the SD-card of the logger at site S10 broke and we were not able to recover its data for this
year.

the Swiss National Park (SNP). The grey lined area is within the SNP, and woodlands are shown in dark
grey. For a description of the sites, see Table 2. The location of the study area within Switzerland is
shown in the lower left corner, with the SNP shown in grey (map: © swisstopo, SNP).

Table 2 Description of the 12 logger sites in the Swiss National Park; for the locations of the sites, see
Figure 2. The column “Tree species composition” shows the proportion of the different tree species per

site.
Linear
distance to  Elevation Exposition  Slope Tree cover Tree species Year of data
Site road [m] [ma.s.l] [°] [°] [%] Forest type composition collection
mountain 2018 /2019
S1 169 1986 186 15 60-90 pine /2020
mountain 2018 /2019
S2 170 1920 194 4 60 -90 pine /2020
S3 229 1911 195 6 60-90 ~ mountam
pine
mixed 2018 /2019
S4 243 1864 189 15 40 - 60 forest /2020
mixed 2018 /2019
S5 354 1939 194 12 40 - 60 forest /2020
mixed 2018 /2019
S6 555 1827 192 3 10-40 forest /2020
mixed 2018 /2019
S7 726 1760 192 9 60-90 forest /2020
mountain 2018 /2019
S8 1050 2034 180 22 40 - 60 pine /2020
mixed 2018 /2019
S9 1079 2118 194 9 10 - 40 forest /2020
mountain 2018 /2019
S10 1247 2123 196 9 60-90 pine /2020
st1 2790 1939 203 24 90— 100 mixed
forest
mixed 2018 /2019
S12 6128 2114 191 13 60 -90 forest /2020
mountain Pine European rpountg - other
Colour . . pine Pinus .
Pinus mugo larch Larix deciduous tree
code: mugo spp.

spp. uncinata

decidua

species

mugo
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Data extraction and analysis

To investigate singing activity of coal tits, we analysed a total of 4480 sound files using the program
Raven (Center for Conservation Bioacoustics, 2019). A trained person (JP) analysed the first minute of
each 10-minute recording between 5.00 am to 10.00 pm local summertime (UTC + 2.00) and counted
the number of coal tit song phrases.

Since from the recordings it was not possible to distinguish between the song of a focal male coal
tit and songs of distant neighbours, we counted all occurring coal tit song phrases. In the following, we
thus compare the total amount of singing at different sites rather than the amount of singing of single
males. From personal observations in the field (unpublished data) we know that there are usually 1 — 3
individuals that can be heard singing at the same time from one particular location in the study area.

For further analysis, we excluded evening recordings made after 8.30 pm because there were hardly
any coal tits singing (two observations of a singing coal tit at 8.30 pm in the whole dataset, and no
observations between 9.00 and 10.00 pm).

We used a4 x 4 mdigital elevation model (swissALTI3D) in ArcGIS Version 10.7.1 (Environmental
Systems Research Institute (ESRI), Inc., Redlands, California, US) to extract elevation and aspect, and
we calculated the nearest distance to roads. Further, we extracted the tree species composition and tree
cover from the dataset “HABITALP” (Lotz, 2006) in ArcGIS. To investigate effects of temperature, we
used the data from the temperature loggers.

Road noise

In 2023, we deployed nine AudioMoths (Open Acoustic Devices, 2024) sound loggers along the
Ofenpass road to record road noise (Figure 2). We attached AudioMoths to tree trunks at a height of
about 2 m and at a maximum distance of 14 m from the road, depending on the availability of trees. We
selected suitable sites in the field based on accessibility (Figure 2). AudioMoths collected data at 48
kHz and medium gain from mid-May until the end of September 2023 and recorded for 1 minute every
15 minutes (96 recordings per day). In total, we obtained 2889 hours of recordings (=173 307
recordings) from AudioMoth sound loggers between April and September.

To extract the noise level, we calculated root mean square sound pressure level (RMS SPL; Henn et
al., 2005) in dBFS with the command line utility “SoX” (SOX, 2024) using the packages dplyr
(Wickham et al., 2021) and tidyverse (Wickham et al., 2019) in R (R Core Team, 2020). RMS SPL is a
measure of noise level and is calculated from the frequency-weighted microphone signal (Henn et al.,
2008). Previous studies used RMS SPL values to measure the amplitude of bird vocalizations (i.e,
Grabarczyk & Gill, 2020; Mizuguchi et al., 2024) or anthropogenic noise (i.e., Higgs & Humphrey,
2020; Leone & Warren, 2024). We summarized (i.e., averaged) the noise level over all sites per 30 min.
Thus, we obtained two RMS SPL values per hour and were able to correlate the mean calculated noise
level (RMS SPL) with the singing activity of coal tits (Figure 4). The noise level recorded in 2023 was
similar (pers. obs.) as during data collection (2017 — 2020); in 2020 there was the COVID-19 lockdown
(Hornberg et al., 2021), but our data collection only started after the lockdown.

Model fitting

We used R (R Core Team, 2020) for data preparation (package dplyr; Wickham et al., 2021),
statistical analysis (package brms; Biirkner, 2017) and visualization (package ggplot2; Wickham, 2016).
We used a Bayesian zero-inflated negative binomial model to analyse the number of coal tit song
phrases per minute. As explanatory variables, we used six environmental variables (for the correlation
matrix, see Table S1): elevation, distance to the nearest road, date, and a smooth function of temperature.
All numeric variables were z-transformed (mean = 0, SD = 1) prior to model fitting, whereas time (i.e.,
the hour) and forest type were included as categorical variables, and logger site and year as random
factors. Further, we included an interaction of distance to the nearest road and time of day, thus assuming
that road noise affected singing activity at different times of the day differently near the road than further

82



Chapter 3

away. We also considered to include aspect into the model, but since there was only low variation in
the exposition of the sites (mostly plain terrain), we did not include aspect in the model.

To assess convergence of Markov chains, we inspected Rhat values and history plots visually, and
we checked the number of effective sample size that were above 5000 for all parameters. We assessed
model fit using standard residual plots and posterior predictive model checking. For posterior predictive
model checking, we inspected histograms and overlaid densities visually and compared the mean,
standard deviation, minimum and maximum between raw data and replicated data from the model
(Gabry, 2018). Furthermore, we displayed the residuals on a map to check whether using locations of
loggers as random effect accounted adequately for spatial autocorrelation, and we found no conspicuous
spatial patterns.

Results

Over all sites, dates and times, we found the highest singing activity at dawn: Between 5.00 and 5.30
am coal tits produced on average 5.8 [95% CI: 5.1; 6.5] song phrases per minute (Figure 3, Table 3). A
second, albeit smaller peak of singing activity occurred at dusk (5.30 pm to 6.00 pm), when coal tits
produced on average 4.7 [4.4; 5.0] song phrases per minute (Figure 3, Table 3). During the day (6.00
am to 5.30 pm), coal tits produced on average 3.9 [3.2; 4.5] song phrases per minute and thus showed a
decreased singing activity (Figure 3, Table 3).

Among the investigated variables (Table 3) and accounting for all other parameters, distance to road
in combination with time of day had the strongest apparent effect on song output. In the following, we
compare the singing activity of coal tits near the road (0.2 km from the road) and further away from the
road (1 km from the road). We used those two distances since we expected areas that were at a distance
of more than 1 km from the road not to be affected by road noise, and since the nearest study site was
0.17 km from the road, we defined 0.2 km as “near the road”.

During the day (6.00 am to 5.30 pm), coal tits produced up to 18% more song phrases near the road
(0.2 km from the road) compared to further away from the road (1 km from the road). In the evening
(6.30 pm to 7.00 pm) coal tits sang up to 20% fewer song phrases near the road compared to further
away from the road, and in the morning (5.00 am to 5.30 am) up to 8 % more song phrases near the
road compared to further away from the road (Figure 4, Table 3). Thus, we found higher singing activity
of coal tits near the road than further away in the morning and during the day, but not in the evening.
When investigating the effects of distance to the road independently of the time of day (i.e., accounting
for time of the day and the other investigated variables), we found only small effect sizes: Coal tits
produced 2% more song phrases near the road compared to further away from the road (Figure 5A,
Table 3).

We further observed a different singing behaviour depending on forest type: Coal tits produced 17%
more song phrases at sites in mountain pine forests compared to sites in mixed forests, when accounting
for all other investigated variables including distance to the road (Figure 5, Table 3).

The advancing season also led to a change in singing behaviour of coal tits, but to a smaller extent
than, e.g., habitat: coal tits produced 4% more song phrases at the beginning of May compared to the
beginning of June (Figure 5B, Table 3).

Furthermore, during times with moderate temperatures between +3.0 °C and +12.0 °C, coal tits
produced about 8% more song phrases compared to colder temperatures (-5.5 to +3.0 °C), and about
10% more song phrases than during warmer temperatures (+12.0 to +34.0 °C; Figure 5D, Table 3).
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Figure 3 Number of song phrases of coal tits (n = 12 study sites) per minute in relation to time of day.
Green dots show the estimates and 95% Bayesian compatibility intervals based on the zero-inflated
negative binomial model. Grey dots show the number of coal tit song phrases per minute (raw data) for

all sites, days and times.

Table 3 Parameter estimates and 95% Bayesian compatibility intervals (CI; Amrhein & Greenland,
2022) for the investigated variables based on the zero-inflated negative binomial model

Standardised
coefficients Unstandardized
Mean [95% CI] in Standard deviation  coefficients Mean [95% Unit of the
number of coal tit song of the predictor CI] in number of coal tit predictor
phrases per minute variable song phrases per minute variable
Intercept: Time 05:00, Forest +2.87 [+2.67; +3.07]
type mixed forest
zi_Intercept +0.55 [+0.48; +0.62]
s(Temperature) -0.04 [-2.93; +2.53]
Distance to road -0.04 [-0.16; +0.09] 1.7 km -0.02 [-0.09; +0.16] 1 km
Date -0.04 [-0.07; +0.00] 9.6 days -0.04 [-0.07; +0.00] 10 days

Forest type mountain pine

-0.19 [-0.34; -0.04

Time 05:30

-0.26 [-0.41; -0.10

Time 06:00

-0.46 [-0.64; -0.28

Time 06:30

-0.51[-0.69; -0.32

Time 07:00

-0.48 [-0.68; -0.29

Time 07:30

1044 [-0.64; -0.24

Time 08:00

-0.47 [-0.67; -0.27

Time 08:30

-0.54 [-0.75; -0.34

Time 09:00

Time 09:30

-0.50 [-0.74; -0.27

Time 10:00

-0.69 [-0.93; -0.45

Time 10:30

-0.38 [-0.61; -0.15

Time 11:00

-0.41 [-0.64; -0.18

Time 11:30

-0.50 [-0.74; -0.27

Time 12:00

-0.57[-0.81; -0.33

Time 12:30

]

[ ]
[ ]
[ ]
[ ]
[ ]
[ ]
[ ]
-0.53 [-0.75; -0.31]
[ ]
[ ]
[ ]
[ ]
[ ]
[ ]
[ ]

-0.54 [-0.81; -0.28
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Time 13:00

-0.38 [-0.63; -0.12
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Time 13:30

-0.43 [-0.69; -0.17

Time 14:00

-0.61 [-0.88; -0.33

Time 14:30

-0.57[-0.85; -0.29

Time 15:00

Time 15:30

-0.70 [-0.97; -0.42

Time 16:00

-0.43 [-0.69; -0.17

Time 16:30

[
[
[
[
[
[
[
[

-0.64 [-0.93; -0.36

Time 17:00

]
]
]
]
-0.44 [-0.70; -0.18]
]
]
]
]

-0.75 [-1.03; -0.48

Time 17:30

-0.26 [-0.55; +0.03]

Time 18:00

-0.40 [-0.68; -0.11

Time 18:30

-0.67 [-1.01; -0.34

Time 19:00

Time 19:30

-0.52 [-0.79; -0.25

Time 20:00

]
]
-0.92[-1.34;-0.51]
]
]

-0.77 [-1.19; -0.35

Distance to road :

Time 05:30

-0.12 [-0.27; +0.03]

Distance to road :

Time 06:00

+0.00 [-0.18; +0.18]

Distance to road :

Time 06:30

+0.06 [-0.133+ 0.25]

Distance to road :

Time 07:00

-0.03 [-0.20; +0.15]

Distance to road :

Time 07:30

+0.03 [-0.19; +0.25]

Distance to road :

Time 08:00

-0.09 [-0.27; +0.08]

Distance to road :

Time 08:30

+0.02 [-0.15; +0.18]

Distance to road :

Time 09:00

-0.07 [-0.25; +0.10]

Distance to road :

Time 09:30

+0.00 [-0.17; +0.18]

Distance to road :

Time 10:00

-0.26 [-0.53; +0.01]

Distance to road :

Time 10:30

-0.05 [-0.24; 0.14]

Distance to road :

Time 11:00

-0.05 [-0.26; 0.16]

Distance to road :

Time 11:30

-0.03 [-0.22; 0.15]

Distance to road :

Time 12:00

-0.09 [-0.29; 0.11]

Distance to road :

Time 12:30

-0.37 [-0.66; -0.08]

Distance to road :

Time 13:00

-0.02 [-0.22; 0.19]

Distance to road :

Time 13:30

0.18 [-0.06; 0.42]

Distance to road :

Time 14:00

0.17 [-0.05; 0.39]

Distance to road :

Time 14:30

-0.33[-0.69; 0.01]

Distance to road :

Time 15:00

0.04 [-0.19; 0.27]

Distance to road :

Time 15:30

-0.14[-0.39; 0.11]

Distance to road :

Time 16:00

-0.06 [-0.33; 0.21]

Distance to road :

Time 16:30

-0.08 [-0.33; 0.19]

Distance to road :

Time 17:00

-0.13 [-0.39; 0.13]

Distance to road :

Time 17:30

0.25 [-0.05; 0.58]

Distance to road :

Time 18:00

0.02 [-0.19; 0.23]

Distance to road :

Time 18:30

0.06 [-0.17; 0.29]

Distance to road :

Time 19:00

0.33 [0.05; 0.62]

Distance to road :

Time 19:30

-0.03 [-0.31; 0.25]

Distance to road :

Time 20:00

0.16 [-0.23; 0.56]
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Figure 4 Mean difference in number of coal tit song phrases (n = 12 study sites) per minute and 95% CI
(Amrhein & Greenland, 2022) between sites at 0.2 km distance (near the road) compared to 1.0 km
distance (further away) from the road (left y-axis). The yellow area indicates times when coal tits
produced more song phrases per minute near the road compared to further away, and the blue-green
area indicates times when coal tits produced more song phrases per minute further away from the road
than nearer to it. The red line shows the mean noise level. Estimates and 95% CI are based on the zero-
inflated negative binomial model and the mean noise level (right y-axis; 0 = loudest value, mean RMS
SPL= root mean square sound pressure level; Henn et al., 2005).
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Figure 5 Number of coal tit song phrases (n = 12 study sites) per minute in relation to physical
environmental parameters. Green lines are regression lines for 04:00, grey areas are 95% Bayesian
compatibility intervals based on the zero-inflated negative binomial model. Black dots show the number
of coal tit song phrases per minute (raw data) for all sites, days and times.
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Figure 6 Number of coal tit song phrases (n = 12 study sites) per minute in relation to two forest types.
Green dots show the estimates and 95% Bayesian compatibility intervals based on the zero-inflated
negative binomial model. Grey dots show the number of coal tit song phrases per minute (raw data) for
all sites, days and times.

Discussion

We found higher singing activity of coal tits near the road than further away in the morning and
during the day, but not in the evening. Further, coal tits produced more song phrases in mountain pine
forests compared to mixed forests, and we observed small changes in singing activity due to date and
temperature.

Coal tits produced more song phrases per minute at times and in areas with increased road noise
levels (i.e., near the road, in the morning and during the day) compared to times and areas without road
noise. This is in line with the results of some previous studies on birds; for example, Hamao et al. (2011)
and Barrero et al. (2021) observed higher calling rates (little bustard male (Tetrax tetrax); Barrero et al.,
2021) and song phrases (great tit; Hamao et al., 2011) at sites with increased noise levels (increase of
14 — 18 dB). Further, great tits produced songs of longer durations at sites with increased noise levels
(65.1 vs. 46.3 dB; Hamao et al., 2011), but little bustard males produced shorter calls when the
prevailing noise level prior to the calls was louder (63.7 vs. 49.5 dB; Barrero et al., 2021). Birds may
adapt their songs and calls in such a way that masking (Francis et al., 2011b; Mclntyre et al., 2014;
Rheindt, 2003; Slabbekoorn & Peet, 2003) is reduced. But birds may react differently depending on
whether they are habituated to noise or not (LaZerte et al., 2017). For example, LaZerte et al. (2017)
observed different reactions to increased noise levels for mountain chickadees (Poecile gambeli)
probably depending on previous experiences the birds had with noise: Mountain chickadees in areas
with high local ambient noise levels produced relatively more songs when exposed to additional
experimental noise, and mountain chickadees in areas with low local ambient noise levels produced
relatively more calls when exposed to experimental noise (LaZerte et al., 2017). LaZerte et al. (2017)
concluded that the responses of mountain chickadees to anthropogenic noise may differ depending on
the experiences the birds had with anthropogenic noise: Birds that are habituated to high noise levels
may increase the number of song phrases to avoid masking, whereas birds that are not habituated to
noise may react to a novelty (increased noise level) by increased alarm (i.e., increased calling rate;
LaZerte et al., 2017). In contrast to these results, Potvin et al. (2014) observed a decrease in singing
activity for silvereyes (Zosterops lateralis) in urban compared to rural areas (~ 66 vs. ~ 34 dB).
Silvereyes produced 0.03 syllables less per second per decibel increase in noise level; Potvin et al.
(2014) predicted 0.75 syllables per second less at the noisiest site compared to the most silent site.
Furthermore, zebra finches (Taeniopygia guttata) stopped singing at levels of background noise above
~80 dB (Cynx et al., 1998) and the two birds of a pair called more rapidly and less often during relief
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and visit duets (in zebra finches, different duet types are used depending on the context of the encounter:
relief duet = incubation duties, visit duets = other nesting activites; Villain et al., 2016). When exposed
to noise playback at the nest, zebra finches produced louder calls with higher-frequency and less
broadband calls (Villain et al., 2016). Several previous studies observed an increase in amplitude (i.e.,
Brumm, 2004; Cynx et al., 1998; Lowry et al., 2012; Templeton et al., 2016) or duration of vocalizations
(i.e.,, Diaz et al., 2011; Lengagne et al., 1999; Potash, 1972; Rios-Chelén et al., 2013; Sierro et al., 2017);
according to these studies, noise seems to have negative consequences for birds. Goto et al. (2023),
however, observed a different reaction of birds to increased noise levels: they played bursts of white
noise of different amplitudes (60, 65, 70, 75, and 80 dB) to 34 male outbred domesticated canary birds
(Serinus canaria) and investigated changes in singing behaviour during times with increased noise
levels. In their study, canary birds started singing preferentially during noise bursts; white noise,
therefore, seemed to trigger singing in canary birds (Goto et al., 2023). In our study, coal tits may also
have been triggered by increased levels of anthropogenic noise, since they produced an increased
number of song phrases near the road during the day — the noisiest time of the day.

Furthermore, coal tits produced more song phrases in mountain pine forests compared to mixed
forests. A proximate explanation for this increased singing activity would be that coal tit density is
higher in mountain pine forests compared to mixed forests within the SNP. Coal tits usually occupy
spruce forests, but also other coniferous forests like pine forests (Bauer et al., 2012). Mixed forests may
be less suitable habitats for coal tits, and the consequence may be a smaller number of individuals
producing a lower overall number of song phrases in mixed compared to mountain pine forest.

Further, higher population densities may also lead to a changed communication behaviour, the size
and direction of such changes may be species- or context-specific: In a literature review about changes
in vocal behaviour due to higher densities, Sdnchez & Mennill (2024) observed positive and negative
changes in vocal behaviour. From 19 investigated studies, 13 studies examined changes in song rate (or
singing rate, syllable rate, number of phrases in a song) due to an increased number of conspecific
neighbours (Sanchez & Mennill, 2024). Seven of these 13 studies observed a positive effect, i.e., a
higher song rate with a larger number of conspecific neighbours; three studies observed a negative
effect, and for three studies, Sanchez & Mennill (2024) stated that they found no change in song rate.
In the present study, we did not take into account the number of singing coal tits, since it was not
possible to determine the number of singing males from the audio files. Future studies may investigate
density dependent changes in vocal behaviour of coal tits.

Another possible explanation for the increased singing activity in mountain pine forests compared
to mixed forests could be a tight correlation between singing and foraging (Glutz von Blotzheim &
Bauer, 1993; Goller, 1987): Food availability for coal tits may be higher in mountain pine compared to
mixed forests, since coal tits are well adapted to coniferous forests (Bauer et al., 2012; Glutz von
Blotzheim & Bauer, 1993). Thus, coal tits may find more food in mountain pine forests than in mixed
forests and therefore may also show increased singing activity in this habitat.

As expected, coal tits produced more song phrases at average temperatures, when more food may
be available. Previous studies observed a positive correlation between song output and ambient
temperature (Garson & Hunter, 1979; Liao et al., 2018; Strain & Mumme, 1988; Thomas, 1999). For
example, Thomas (1999) demonstrated higher song output at dawn, but not at dusk, in European robins
(Erithacus rubecula) with warmer temperatures (dawn: -3 °C vs. +3.5 °C, dusk: -5 °C vs. +2.5 °C).
When investigating the effects of larger temperature ranges, previous studies found similar results:
Garson & Hunter (1979) observed an increase in duration of great tit song bouts per hour and number
of wren (Troglodytes troglodytes) songs per hour with warmer overnight temperatures (-4 to +12 °C),
and Strain & Mumme (1988) observed that Carolina wrens (Thryothorulsu dovicianuisn) produced
more songs per hour at +18 °C compared to -10 °C. In our study, we observed a hump-shaped
distribution in singing activity depending on temperature: Singing activity was highest at mean
temperatures, but lower at the extremes (low and high temperatures, -5.5 °C to +34 °C). We thus
investigated a relatively wide temperature range, and average temperatures in our study are similar to
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the “high” temperatures of the studies mentioned above. Our results are in line with previous studies,
but add more information on the singing behaviour at high temperatures (e.g., lower singing activity at
higher temperatures = +34 °C).

Several previous studies also found a correlation between the breeding cycle and singing activity,
with a decrease in singing activity after clutch initiation (i.e., Hegelbach & Spaar, 2000; Merild &
Sorjonen, 1994; Naguib et al., 2016; Slagsvold, 1977). This correlation may be species-specific; for
example, Amrhein et al. (2008) observed a decrease in singing activity after clutch initiation in blue tits
(Cyanistes caeruleus), but not in great tits. Great tits continued singing at high levels after clutch
initiation, and Amrhein et al. (2008) assumed that this was due to ecological differences between the
two species (i.e., different reproductive strategies). In the present study, we found a small decrease in
singing activity for coal tits between two dates that were a month apart (i.e., beginning of May vs.
beginning of June). In an earlier study (Paterno et al., 2024), we investigated changes in the singing
behaviour of six woodland songbird species at dawn due to date and observed that coal tits started dawn
singing about 1 minute later at the beginning of June compared to the beginning of May (similar time
period as in the present study). Thus, our present results emphasize that, like in the earlier study, coal
tits decrease singing behaviour later in the season (i.e., after clutch initiation).

Conclusions

Our observations are in line with previous results on the effects of forest type, temperature, date and
time of the day and partly with previous results on road noise. We found increased singing activity near
the road, during noisy time periods, earlier in the season, at mean temperatures, and in mountain pine
compared to mixed forests. From a discussion about possible ecological consequences, we have
deliberately refrained in this paper, as we can only speculate based on our data.
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Supplementary Material

Table S1: Mean difference in number of coal tit song phrases per minute and 95% CI (Amrhein &

Greenland, 2022) between sites at 0.2 km distance compared to 1.0 km distance from the road.

Time Mean [95% ClI] Time Mean [95% ClI] Time Mean [95% CI]
05:00 +1.5[+9.0; -7.7] 10:30 +4.1 [+13.3; -7.3] 16:00 +4.9 [+17.1; -11.5]
05:30 +7.8 [+14.6; -0.3] 11:00 +4.2 [+14.1; -8.2] 16:30 +5.6 [+17.2; -9.8]
06:00 +1.4 [+10.3; -9.5] 11:30 +3.2 [+12.2; -7.9] 17:00 +8.1 [+19.3; -6.2]
06:30 -2.0 [+7.9; -14.5] 12:00 +6.1 [+15.2; -5.1] 17:30 -14.4 [+3.7; -43.0]
07:00 +2.9 [+11.5; -7.7] 12:30 | +18.4 [+28.5; +5.5] 18:00 +0.3 [+10.9; -13.5]
07:30 -0.1 [+11.0; -14.2] 13:00 +2.3 [+12.2; -9.8] 18:30 -2.2 [+9.4; -17.1]
08:00 +6.4 [+14.5; -3.4] 13:30 -9.3 [+4.7; -28.5] 19:00 -20.0 [-1.8; -46.2]
08:30 +0.3 [+8.9; -9.9] 14:00 -8.6 [+4.0; -25.1] 19:30 +3.2 [+16.4; -14.7]
09:00 +5.4 [+13.7; -4.8] 14:30 | +16.9 [+29.2; +0.1] | 20:00 -7.8 [+12.7; -40.9]
09:30 +1.3[+9.9; -9.5] 15:00 -0.6 [+10.8; -15.5]

10:00 | +13.9[+24.4; +0.7] | 15:30 +8.7 [+19.4; -4.9]
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Abstract

The breeding phenology of birds is often timed to coincide with a peak in food avail-
ability. However, the shortening of the vegetation period with increasing elevation
may force bird species at high elevations to breed earlier in relation to optimal envi-
ronmental conditions due to time constraints. We investigated differences in fledging
dates in five Alpine woodland songbird species along an elevational gradient from
1500 to 2200m in Switzerland. We estimated fledging dates from a nationwide citi-
zen science bird monitoring dataset and used the date when the proportion of obser-
vations of ‘fledged young’ reached 50% among all observations indicating breeding
behaviour. This measure had the advantage that we could estimate average timing
of the broods across a wide geographic range and over many years without the need
to search for individual nests. We then compared differences in timing of the broods
with climatic conditions and larch budburst across different elevational bands. The
daily mean air temperature of 10-15°C was reached 34-38days later at 2200 m com-
pared to 1500m, which is a similar delay as found in previous reports on snow melt-
out date. The average delay in larch budburst was 19.2days at 2200 m compared to
1500m. In comparison, the average timing of the birds' broods was only 5.4 days later
in coal tits and 0.5 days later in Alpine tits at 2200 compared to 1500m (the two spe-
cies for which we had the narrowest interval estimates). Also, the estimated delay at
higher elevations in the broods of song thrushes, mistle thrushes and Eurasian chaf-
finches was relatively small. Rather than postponing breeding dates to better environ-
mental conditions later in the season that would match the earlier conditions at low
elevation, songbirds breeding at higher elevations may thus have evolved adaptations

to cope with the harsher conditions.
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1 | INTRODUCTION

Physical environmental factors such as temperature or snow melt-
out change with increasing elevation. In the Swiss Alps, for example,
temperature decreases by an average of 0.65°C per 100m increase
in elevation (ISO 2533:1975), and mean snow melt-out date is de-
layed by about 40days at an elevational difference of 700m (1500
vs 2200m asl; Schano et al., 2021). Due to later snow melt-out
dates, harsher climatic conditions and resulting differences in food
availability, the breeding season of birds is usually shorter at higher
compared to lower elevations (Dillon & Conway, 2015; Labarbera &
Lacey, 2018; Yeh & Price, 2004), and thus breeding at higher eleva-
tions is under time pressure (lllan et al., 2012; Stier et al., 2014 for
butterflies).

At lower elevations, the timing of breeding in birds is often cor-
related with the peak of insect abundance in spring (Daan et al., 1989;
Hinks et al., 2015; Lack, 1950; Visser & Both, 2005), and this peak is
usually correlated with spring temperatures (Thackeray et al., 2016;
Visser & Holleman, 2001; Vitasse et al., 2021). Accordingly, birds
may fine-tune their phenology to that of lower trophic levels; for
example, in a lowland population of great tits (Parus major), there was
a strong correlation between oak budburst (as a proxy for plant phe-
nology) and the peak in caterpillar abundance, and oak phenology
close to the nest was related to the timing of egg-laying and hatch-
ing of the young (Hinks et al., 2015). The (possibly indirect) relation-
ship between bird breeding phenology and spring temperatures
was investigated by Verhagen et al. (2020) who found that great
tits started breeding earlier when exposed to warmer compared to
colder temperatures in climate-controlled aviaries. Similarly, Saracco
et al. (2018) found a difference of 11-14days in mean capture dates
of the young of 25 North American bird species between the warm-
est and coldest spring in their study.

Cold temperatures and late snow melt-out date can thus
delay the timing of breeding in birds (e.g. Pereyra, 2011; Smith &
Andersen, 2014; Williams, 2012). Accordingly, previous studies
found a delayed breeding phenology of songbirds at higher com-
pared to lower elevations (Table 1). For example, Perfito et al. (2004)
investigated changes in the testis volume of adult male song spar-
rows (Melospiza melodia morphna) and found a delay in testis growth
of 1-2months between coastal (0-10m) and montane (280-1220m)
habitats. Further, Johnson et al. (2018) found that tree swallows
(Tachycineta bicolor) began egg-laying 10days later at 2482 m (+41m,
SD) compared to 1359 m (+99 m), and Gil-Delgado et al. (1992) found
a delay of 7days in the mean egg-laying date for blue tits (Cyanistes
caeruleus) at 900-1000m compared to 500-750m. Most of the stud-
ies on elevational differences in the timing of breeding investigated
the start of egg-laying of single populations by observing nests in the
field (Table 1). While birds at higher elevations generally breed later,
it is unclear whether this delay in reproduction allows them to expe-
rience the same optimal environmental and ecological conditions as
birds that breed earlier at low elevations.

Several previous studies also investigated national or inter-
national datasets and used data from bird nest record cards to
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deduce the start of breeding (Bairlein et al., 1980; Dunn et al., 2000;
Gibbs, 2007). For example, Bairlein et al. (1980) investigated eleva-
tional differences in the start of egg-laying of four Sylvia species,
using more than 2000 nest record cards from Germany, Finland,
France and the Canary Islands; they found a delay in egg-laying date
of 5-9 days between the highest and lowest elevational belt (<250m
and >500m) depending on the species. The interpretation of the
delay is difficult, since Bairlein et al. (1980) investigated three eleva-
tional belts (including 250-500m) and it is unclear where the eleva-
tional gradient ended. Another study also used data from nest record
cards: Gibbs (2007) found a delay in breeding of Australian Magpies
(Gymnorhina tibicen) of 2.7-3.9 days per 100m increase in elevation,
depending on the dataset used. Gibbs (2007) investigated data from
different databases like the Australian Nest Record Scheme (NRS),
the Garden Bird Survey of the Canberra Ornithologists (GBS), the
Atlas of Australian Birds and the NSW Bird Atlas to estimate hatch-
ing and fledging dates of Australian Magpies. The NRS and the GBS
represented suitable sources for their study because detailed breed-
ing data were available. In contrast, only little information on the
timing of breeding was available in the Atlas of Australian Birds and
the NSW Bird Atlas (Gibbs, 2007). Thus, nationwide datasets can be
used to investigate the timing of breeding in birds, but suitability of
a dataset depends on how information on the timing of the brood is
recorded.

Several nationwide or continent-wide citizen science breeding
bird monitoring schemes are primarily used to gain information
on population trends and ranges (e.g. Keller et al., 2020; Knaus
et al., 2018). Because such nationwide bird monitoring schemes
may not involve systematic nest searches, the resulting data often
may not be suitable to directly deduce egg-laying or fledging dates.
However, there may be sufficient information to estimate the timing
of the broods if the observed bird behaviour is recorded in a stan-
dardised way such as using international breeding codes (e.g. Keller
et al., 2020).

In this study, we used data from the Swiss monitoring of common
breeding birds (Knaus et al., 2018) and opportunistic observations
from the online database ornitho.ch (Ornitho, 2023; data obtained
from the Swiss Ornithological Institute; Figure 1, Tables 2 and 3) to
investigate the breeding phenology of five woodland songbird spe-
cies all over Switzerland along an elevational gradient from 1500
to 2200m. We estimated the dates when the fledged young were
reported in 50% of the observations that indicated a brood, which
means that no nest searches and thus no disturbance at the nests
were necessary. We also compared climatic conditions and larch
budburst between 1500 and 2200m. Since previous studies found
strong correlations between plant phenology and food availability
(e.g. Hinks et al., 2015), we used larch budburst as a proxy for food
availability. The European larch (Larix decidua) is a suitable species to
investigate plant phenology in our study because the main distribu-
tional area of the European larch is between 1500 and 2000m (up
to 2250m; Brandli, 1998), and measurement of larch budburst is a
common proxy for plant phenology at higher elevations (Briigger &
Vasella, 2003). We expected a later rise of spring temperatures, later
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snow melt-out dates and a delay in larch budburst at higher eleva-
tions; accordingly, we expected later observations of fledged young
birds at 2200 m compared to 1500 m.

2 | MATERIALS AND METHODS

All data used in this study were collected throughout the moun-
tainous regions of Switzerland. Larch budburst data were collected
across the same elevations and in close proximity to the breeding
phenology observations, but not at the exact locations of the breed-
ing bird observations (Figure 1). Data on temperature covered the
elevational range between 1500 m and 2200 m of the whole country
(i.e. a similar region as for bird and larch budburst observations). The
elevational range for data on temperature and breeding phenology
was the same (1500-2200m); for larch budburst, we used a slightly
lower elevational range because data were only available up to
1933 m (i.e. there were no Swiss Phenology stations of MeteoSwiss
above 1933 m), and we predicted larch budburst for the higher el-
evations (see below for further explanation).

2.1 | Temperature and larch budburst

To compare the timing of the warm-up between 1500 m and 2200m,
we used the dates when the mean daily temperature exceeded
thresholds between -5 and +15°C (mean daily temperatures above
15°C are rarely reached at 2200m), in steps of 1°C, at 1500 m and
2200m throughout Switzerland. This analysis was based on the daily
mean air temperature grid at 2 x 2km resolution of Switzerland, that
is, on the TabsD dataset for the years 1991-2022 by MeteoSwiss
(Frei, 2013). For each year and temperature threshold, the first day
of the year (in the following called exceedance day) on which the
respective temperature threshold was exceeded in spring or early
summer was determined. Each exceedance day was calculated using
a stepwise procedure for each temperature threshold separately.
First, we calculated the exceedance day for a particular threshold
at each of the grid cells of the countrywide dataset for each year
separately. We then determined the median exceedance day on each
of the two elevational bands separately. The elevational bands are
defined as all grid cells within +100m around 1500 m and 2200m,
respectively. We calculated the difference of the exceedance days
between the two elevational bands for each year, and our final result
was the median difference in exceedance days of all years between
1991 and 2022 per temperature threshold. To investigate differ-
ences in plant phenology, we calculated differences in larch budburst
between 1500 m and 2200m using data from MeteoSwiss. Data
were available from 2013 to 2022 from 41 sites (Swiss Phenology
Network) distributed over Switzerland between 1000 and 1933m
(Figures 1 and 2). For those sites, we extracted the date when 50%
of the young tufts of needles of a single tree or tree stand began to
loosen up and spread (= larch budburst, Brigger & Vasella, 2003).
We used the R base package (R Core Team, 2020) to build a linear

Ecology and Evolution X Jﬂ
gy—m WILEY

model on the date of larch budburst as predicted by the two continu-
ous variables elevation and year, and used the regression line of best
fit to predict the expected difference in number of days of average
larch budburst between 1500 m and 2200m, since data were only
available up to 1933m.

2.2 | Estimation of the timing of the broods

We analysed data on five common woodland bird species that breed
across a large elevational range in Switzerland: song thrush (Turdus
philomelos), mistle thrush (Turdus viscivorus), Eurasian chaffinch
(Fringilla coelebs), coal tit (Periparus ater) and Alpine (Poecile mon-
tanus montanus) or willow tit (Poecile montanus rhenanus/salicarius;
Table 3). In Switzerland, both Poecile montanus forms exist, occupy-
ing different ecological niches. The Alpine tit can be found in higher
regions, especially in the Alps, whereas the willow tit is more fre-
quent in the lowlands (Glutz von Blotzheim & Bauer, 1993; Knaus
et al., 2018). We summarised all observations as Alpine tits because
morphological differentiation between the two forms in the field is
difficult, and because the elevational range considered in this study
starts at the upper range of the willow tit distribution and covers the
main distribution of the Alpine tit (Knaus et al., 2018).

For estimation of the timing of the brood (as defined below),
we used data from the Swiss monitoring of common breeding
birds (Knaus et al., 2018), which is part of the Swiss Biodiversity
Monitoring program (BDM Coordination Office, 2014; data ob-
tained from the Swiss Ornithological Institute; Figure 1, Tables 2 and
3). We additionally used opportunistic observations from the online
database ornitho.ch (Ornitho, 2023; data obtained from the Swiss
Ornithological Institute; Figure 1, Tables 2 and 3) that were collected
between 2013 and 2022 (before 2013, there were not enough data
available). Both datasets are mostly collected by volunteer natural-
ists and thus are from nationwide citizen science projects.

The combined dataset included records on species, date, co-
ordinates, elevation and the ‘Atlas code’ providing descriptions
of bird behaviour and specifying whether a brood is either possi-
ble, likely or certain; the Atlas codes used in Switzerland (Knaus
et al., 2018; Swiss Ornithological Institute, 2019) are based on the
international Atlas codes (Keller et al., 2020). In the online database
ornitho.ch, the Atlas codes are required for entries of all breeding
birds in Switzerland during the breeding season (Ornitho, 2023).
We selected observations that indicated a brood and that allowed
to distinguish between early and late stages of the brood (Tables 2
and S1). For each breeding observation, we thus assigned one of
the two developmental stages ‘early; certainly or likely not fledged’
and 'late; certainly fledged’ and then calculated the proportion of
broods with certainly fledged young among all observed broods at
a given elevation. We included the observation ‘adults with food
for their young’ in the early stage even though in the investigated
species adults continue feeding their young for a few days up to
2-3weeks after fledging (Figure A1; Glutz von Blotzheim, 1988,
1997; Glutz von Blotzheim & Bauer, 1993). Eurasian chaffinch
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TABLE 1 Listof different studies investigating timing of breeding along elevational gradients.
Low elevation
Low High Elevational
Species Region fi Ob if ! i ! i difference N 5D SE
Alpine tit Parus Switzerland Paterno et al. Citizen 1500 2200 700
montanus montanus science data
observations
Carrion Crow Corvus UK Driver (2005) Nest search 75 646 571 61
corone
Coal Tit Periparus Germany Zang (1980) Nest boxes 450 920 470
atey France Bison et al (2020) Nest boxes 1324 1874 550 60 nest boxes
Clouet (2005) Nest boxes 1325 1900 575 Nest boxes were
occupied from O
to 30%
Switzerland Paterno et al. Citizen 1500 2200 700
science data
observations
Common Germany Bairlein et al. (1980} Nest record <250 >500 47
Whitethroat Curruca cards
communis
Eurasian Blackcap Germany Bairlein et al. (1980) Nest record <250 >500 224
Sylvia atricapilla cards
Eurasian Blue Tit Spain Gil-Delgado Nest boxes 625 950 325 25 725
Cyanistes caeruleus etal. (1992)
Germany Zang (1980, 1982) Nest boxes 120 540 420
France Brandli (1998) Nest boxes 532 1181 649 353 X
Eurasian chaffinch Switzerland Paterno et al. Citizen 1500 2200 700
Fringilla coelebs science data
observations
European Pied Germany Zang (1980) Nest boxes 100 900 800
Flycatcher Ficedula
hypoleuca
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High elevation Egg-laying date Fledging
Difference
Difference indays
indays high
Low High highversus  Delayin Low High ‘versus Delay in
N sD SE elevation elevation low days/100m elevation elevation low days/100m
169.7 [164.2; 1709 +1.1 0.19
175.3] [153.3: [-19.8:
182.3] +15.9]
17 13 April-15 22 +9 158
April April-24
April
1.68
50 nest boxes 15
37 nest boxes First=19 First=30 +10 First=1.91
Nest boxes April April Mean=1.74
were occupied Mean=5 Mean=15
in max 55% May May
163.2 173.4 +10.5 148
[157.9;169.0] [161.8; [-2.%
183.2] +20.6]
38 17 May 26 May 19
129 14 May 20 May +6 Incubation
and nestling
period
increase
with
increasing
elevation
83 8.43 6 May 13 May +7 215
Overall 5.24
Birds that are
older than 1
year 5.37
1-year-old
birds 4.17
74 15 First=27 First=27 +11 First=0
March March Mean=1.69
Mean=13 Mean=24
April April
174.8[166.2; 193[156.3; +19.6 2.80
182.8] 241.3] [-22.¢;
+68.5]
1.7
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Comments

A total quantity
of 10%-45%

of nest boxes
were occupied
in different
years and
elevations

No information
on the number

of nest boxes at
low elevation

Three
elevational
belts: <250,
250-500
and>500m.
Unclear at
which elevation
the gradient
ends

Three
elevational
belts: <250,
250-500

and >500m.
Unclear at
which elevation
the gradient
ends

(Continues)
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TABLE 1 (Continued)

Species

Garden Warbler
Sylvia borin

Great Tit Parus major

Grey Wagtail
Motacilia cinerea

Grey-backed Shrike
Lanius tephronotus
House Wren
Troglodytes aedon

Lesser Whitethroat
Curruca curruca
Marsh Tit Poecile
palustris

Mistle thrush Turdus

viscivorus

Mountain Bluebird
Sialia currucoides

Northern Raven
Corvus corax
QOregon Juncos
Juncus hyemalis
oregonus

Pacific Wren
Troglodytes pacificus
Red-billed Chough
Pyrrhocorax
pyrrhocorax
Red-faced Warbler
Cardellina rubrifrons
Rock Sparrow
Petronia

Russet Sparrow
Passer cinnamomeus
former rutilans
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Region

Germany

Germany

Austria

UK

Tibet

California

Germany

Germany

Switzerland

Wyoming

France,
Corsica

Canada

Spain

Arizona

Italy

China

Bairlein et al. (1980)

Zang (1980, 1982)

Schéll and
Hille (2014)

Ormerod & Tyler
(1987)

Lu et al. (2010)

Levin et al. (2023)

Bairlein et al. (1980}

Zang (1980)

Paterno et al.

Johnson et al. (2006)

Delestrade (2002)

Bears (1999)

Ogden et al. (2012)

Blanco et al. (1998)

Dillon and
Conway (2015)

Tavecchia et al.
(2002)

Yang et al (2012)

PATERNO ET AL
Low elevation
Low High Elevational
Ob i il ! difference N sD SE
Nest record <250 >500 126
cards
Nest boxes 100 900 800
Nest boxes 544 789 245 35
Nest search 75 370 295
Nest search
Nest boxes 480 2164 1684 83 nest boxes 4-6.5
Nest record <500 >500 31
cards
Nest boxes 120 540 420
Citizen 1500 2200 700
science data
observations
Nest boxes 1482 2504 1022 2004:30+33,
2005: 18 nest
boxes
Nest search 20 1500 1480
Nest search 1021 1985 964 72
Nest search 200 1010 810 40
Nest search 330 1300 970 33 6.8
Nest search 1964 2711 747
Nest boxes 1570 1780 210 79
Nest boxes 200 1500 1300 24 15
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Comments

Three
elevational
belts; <250,
250-500

and >500m.
Unclear at
which elevation
the gradient
ends

The number of
observations is
unclear, since
additional data
were used for
this particular
analysis

No information
about how
many nest
boxes were
occupied

No information
about how
many nest
boxes were
occupied
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High elevation Egg-laying date Fledging
Difference
Difference in days
in days high
Low High high versus  Delay in Low High versus Delay in
N SD SE elevation elevation low days/100m elevation elevation low days/100m
221 22 May 31 May +9 Incubation
and nestling
period
increase
with
increasing
elevation
Overall 2.19
Birds that are
older than 1
year 2.13
1-year-old
birds 2.45
bl 13 Apr 20 Apr +7 2.86
First-egg dates
~13days/100m
Later
73 nest boxes 2-8  1April-9 20 +26 1.54 6 June 30 June 1.54
June May-11
June
51 17 May 22 May +5
1.97
188.0 187.6 +32.8 4.69
[-134.6; [172.7; [-295.7;
479.4] 214.4] +329.4]
2004: 68, 2005: 26 Apr 10 May +14 1.37
112 nest boxes
Later
45 17 April-5 27 -6 First=4.15
August May-15
June
6 ca. 21 April ca.31 May +40 493
60 10.9 24 March 04 Apr +11 113
1.82
65 22 June 27 June +5 2.38
57 19 9 May 7 June +29 2.23

(Continues)
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TABLE 1 (Continued)

Species Region References Observation

Small Ground Finch Galapagos Kleindorfer (2007) Nest search

Geospiza fuliginosa Archipelago

Song Sparrow ‘Washington Perfito et al. (2004) Mist nets

Melospiza melodia State

Song Thrush Turdus Switzerland Paterno et al. Citizen

philomelos science data
observations

Thorn-tailed Chile Altamirano Nest boxes

Rayadito Aphrastura et al. (2015) direct

spinicauda observations
camera traps

Tree Swallow Wyoming Johnson et al. (2018) Nest boxes

Tachycineta bicolor

Whinchat Saxicola Switzerland Miiller et al. (2005) Nest search

gubein France Fontanilles (2022) Nest search

White-bellied Tibet Luetal. (2010) Nest search

Redstart Luscinia

phaenicuroides

White-throated Scotland Logie (1998) Nest search

Dipper Cinclus cinclus

fledglings are relatively independent after about 1 week, but oc-
casional feeding by adults can occur up to 3weeks after fledging
(Glutz von Blotzheim, 1997); and Alpine tits become independent
about 5-6days after fledging, with occasional feeding events up
to 2weeks after fledging (Glutz von Blotzheim & Bauer, 1993).
Because feeding frequency decreases after fledging (e.g. mistle
thrush chicks are fed up to six times more often during the nestling
period than after fledging; Glutz von Blotzheim, 1988), we assume
that a record ‘adults with food for their young’ refers to the nestling
period (early breeding stage) in the majority of the cases. However,
a substantial portion of the Atlas code 16 observations may actually
include fledged broods, because observers are instructed to record
the highest Atlas code when more than one behaviour is observed.
Therefore, ‘adults with food for their young' (Atlas code 16) in-
stead of 'freshly fledged young’ (Atlas code 13) is usually recorded
in cases when adults with food and fledged young are observed
simultaneously.
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Low elevation
Low High Elevational
elevation elevation difference N SD SE
50 500 450 20
5 750 745 11
1500 2200 700
368 952 584 High and low
together=103
1359 2482 1123 80
1160 1600 440 12
440 1468 1028 10
1325 4325 3000 38 4
106.08+-  305.75+- 200 305
64.80 97.56

As an alternative to estimating the dates when the fledged young
were reported in 50% of the observations that indicated a brood
from a combination of different Atlas codes, we could have used
only the dates of observations of ‘recently fledged birds’ (Atlas code
13) to calculate average dates of fledging; in this case, however, re-
sults would have been strongly influenced by observer effort: Early
in the season, there are probably fewer observers present at higher
elevations, and thus average fledging dates at higher elevations
would have been biased towards a later date simply because there

are fewer early observations available.

2.3 | Statistical analysis of timing of the broods

We used R version 4.0.3 (R Core Team, 2020) and the package bird-
ring (Korner-Nievergelt & Robinson, 2019) to prepare the data. We
used a separate binomial generalized linear model (GLM) to estimate
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High elevation Egg-laying date Fledging
Difference
Difference in days
indays high
Low High high versus  Delay in Low High versus Delayin
N SD SE elevation elevation low days/100m elevation elevation low days/100m Comments
63 27 2February  -25 -5.56
February
10 April May/June
168.7 [119.7; 169.6 +1.8 0.26
215.3] [163.2; [-47.2;
175.3] +49.5]
High and low 7 October 12 +36 6.16 13 19 +36 6.16
together=103 November November December
140 31 May 10 June +10 0.89 In total, 28
females were
sampled in both
years and not
all data were
obtained for
each female
and clutch
in each year,
50 sample
sizes vary
for different
analyses
44 29 May 3 June +5 1.31 1 July 5 July +4 1.14
30 24 June-5 22 +13 0.58
July June-16
July
18 4 9 June 19 June +10 0.33 2 July 21 July +19 0.63 Fledging dates
at low elevation
ranged from
7 May ta 9
August and at
high elevation
from 31 May to
9 August
103 8-10 17-19 +9 4.5
March March

the proportion of young birds observed as fledged in relation to the
two continuous variables date (day of year) and elevation for each
year. To do so, we assigned to each observation whether young were
certainly fledged or not (a binary response variable y; Table 2). We
then used elevation, date and a categorical variable ‘year' as predic-
tors. We included a two-way interaction of elevation and date. To ac-
count for among-year differences in the onset of spring, we included
a random year effect d . (i.e. the difference between the timing
of the brood in a given year and the average timing from all years)
on the predictor variable ‘date’ (day of year). Thus, we assumed that
the strength of the increase of the proportion of independent young
birds (p) with increasing date as well as its elevational gradient is
equal across years, but we allowed the average timing of the broods
to vary among years according to a normal distribution:

¥; ~ Bernoulli(p;)

logit(p;) = B+ f#,elevation; +ﬂ2(dateJ +0yeari] )

+P3 (datei +dm,[;] )elevation;

dyeor ~ Normal(0, )

We thus used a logit-link function and assumed a Bernoulli dis-
tribution. We also assumed a sigmoid increase of the proportion
of certainly fledged young birds among the observed broods over
the breeding season, and we allowed for a gradual change in slope
with elevation, that is, we allowed for steeper increase in the cer-
tainly fledged young as would be expected when breeding season
is shorter at higher elevations. Elevation and day of the year were
z-transformed. We fitted the model in Stan (http://mc-stan.org,
Carpenter et al., 2017) via the interface rstan (Stan Development
Team, 2023) using Hamiltonian Monte Carlo (Betancourt, 2013).
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The model code is available in Data 51. We simulated four chains of
length 2000 and used the second half of each, that is, we used a total
4000 draws to describe the posterior distributions of the model pa-
rameters. We thus present the difference in the number of days of
the date when 50% of the broods were certainly fledged between
elevations as well as the 2.5% and 97.5% quantiles as lower and
upper limits of the $5% Bayesian compatibility intervals (Amrhein

0 20 40 80km
FIGURE 1 Map of Switzerland, with yellow dots indicating

bird observations used for this study, and blue marks indicating

the 41 Swiss Phenology stations of MeteoSwiss that were used to
calculate the date of larch budburst at different elevations,

& Greenland, 2022). We present the results for the three elevations
low=1650m, medium=1850m and high=2050m, to show the
change in proportion of certainly fledged young birds as the season
progresses.

3 | RESULTS

3.1 | Temperature and larch budburst

In spring, temperature thresholds below 0°C were exceeded at
about the same time at 1500 m and 2200m. With increasing tem-
perature (0-7°C), the difference in exceedance days between 1500
m and 2200m increased, and daily mean air temperatures of 10-
15°C were reached, on average, 34-38days later at 2200 m com-
pared to 1500m (Figures 3 and S1). However, these differences in
the exceedance days between the two elevational bands 2200 m
and 1500m showed a high interannual variability. For temperature
thresholds between 10°C and 15°C, the difference ranged between
5days and approximately 70days in individual years. A clear trend
indicating a smaller or larger difference in the exceedance day be-
tween the two elevations was not evident; thus, we found no indica-
tion that climate change was accelerating warming more rapidly at

TABLE 2 Atlas codes describing observations of a brood in birds (Schweizerische Vogelwarte Sempach, 2019), the developmental stage
associated with the specific Atlas code, category in relation to fledging, assigned response category for the analyses (Bernoulli model) and

the number of observations per Atlas code.

Value of response Number of

Atlas code Developmental stage Category variable observations

9 Female adult with breeding spot Incubation or nestlings Certainly before fledging 0 4

15 Adult carrying faecal sac from the nest Nestlings Certainly before fledging 0 5

16 Adult with food for nestlings Nestlings (or freshly Likely before fledging, but 0O 853
fledged) after fledging possible

18 Nest with breeding adult Incubation or nestlings Certainly before fledging 0 72

19 Nest with eggs or nestlings Incubation or nestlings Certainly before fledging 0 26

13 Recently fledged birds Fledged Certainly after fledging 1 1020
o Mistle ;I'F::(I:IE.SEa:d 1:Tber of observations per

Year Coal tit Alpine/willow tit chaffinch Song thrush thrush

2013 38 30 11 11 50

2014 114 54 23 16 48

2015 147 44 36 21 59

2016 97 30 54 59 91

2017 52 11 12 5 33

2018 51 20 24 14 35

2019 57 12 22 20 45

2020 52 18 28 21 58

2021 73 13 30 8 43

2022 65 26 24 17 58

Total 764 258 264 192 520
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one elevation versus the other. For example, the difference in the
exceedance days increased by 5days per decade for a temperature
threshold of 10°C, by Odays per decade for a 11°C and decreased by
-3days per decade for a temperature threshold of 12°C (Figure 3).

Between 2013 and 2022, larch budburst in Switzerland started
on average 19.2days later at 2200 m compared to 1500m. Larch
budburst, therefore, was delayed by 2.74 days per 100m increase in
elevation (Table 4).

3.2 | Dates when 50% of the broods are certainly

fledged

Overall, we found strong variation from year to year in the dates
when young broods certainly fledged (as opposed to ‘certainly or
likely not fledged') in 50% of observations (Figures 4a-8a, Table 5),
with Eurasian chaffinches showing the least variation (Figure éa,

Table 5). However, we found that the date when broods were

certainly fledged in 50% of observations was relatively similar be-
tween high and low elevation in most species. In the following, we
compare the date when broods were certainly fledged in 50% of
observations at three elevations (low=1650, medium=1850 and
high=2050; see also Figures 4-8b, Table 6) in an average year. Due
to increased uncertainty in the estimates at high elevation, a com-
parison between high and low elevation was not possible for all spe-
cies, so in some cases, we used the medium elevation for comparison
with the low elevation.

For coal tits (Figure 4a, Table 5), the date when broods were
certainly fledged in 50% of observations was 5.4days later
(1.48 days/100m) at high compared to low elevation (Figure 4b,
Table é). For Alpine tits (Figure 5a, Table 5), the date when broods
certainly fledged in 50% of observations was 0.53days later
(0.19days/100m) at high compared to low elevation (Figure 5b,
Table 6). For Eurasian chaffinches (Figure 6a, Table 5), we found a
delay of 4.5days (2.86days/100m) in the date when broods were
certainly fledged in 50% of observations at medium compared to
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FIGURE 2 Coloured solid lines show the dates when the broods of coal tit, Alpine tit and song thrush became certainly fledged in 50% of
observations in an average year (in this plot, we used only the species and elevations for which estimates had sufficient precision). Dotted
lines show the date of mean snow melt-out, based on data from Schano et al. (2021); the date when a temperature threshold of 14°C was

exceeded (Figure 3); and larch budburst, defined as the date when 50% of the young tufts of needles of a single tree or tree stand began to
loosen up and spread (Briigger & Vasella, 2003). Grey lines show the mean dates when young of three other songbird species fledged based
on data from the literature (Altamirano et al., 2015; Fontanilles, 2022; Levin et al., 2023; Midiller et al., 2005, see also Table 1).
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low elevation, and the difference between high and medium eleva-
tion was similar (6.7 days) but had higher uncertainty, as shown by
wider compatibility intervals (Figure éb, Table 6). The date when
song thrush broods were certainly fledged in 50% of observa-
tions was about the same at high compared to medium elevation
(Figure 7a,b, Tables 5 and 6, 0.29 days/100m). Nevertheless, we
found later ‘certainly fledged' observations at high compared to
medium and low elevation (grey empty points in Figure 7c). The
difference between the dates of the first ‘certainly fledged' ob-

3.3 | Comparison of environmental variables and
fledging dates

The delay in snow melt-out date across elevations (5.7 days/100m;
Schano et al., 2021) was similar to the delay in temperature ex-
ceedance days at 14°C (4.9-5.4days/100m; Figure 2). However,
the delay in larch budburst timing across elevations was smaller
(2.7 days/100m), and the delay in dates when 50% of the broods
were certainly fledged was even smaller (coal tits: 1.48days/100m,

servations between the three elevations was smaller for mistle Alpine tits: 0.19days/100m, song thrushes: 0.29days/100m;
thrushes (5.06 days/100m) than for song thrushes (grey points in Figure 2).

Figures 7c and 8c). Song and mistle thrushes often have more than

one brood per season, leading to high uncertainty in our estimates

at all elevations especially for the mistle thrush (Figure 8b, Table 6). 4 | DISCUSSION

Additionally, there was a lack of observations of ‘certainly fledged'
broods for mistle thrushes at the end of the season at low eleva-
tions, when we still found observations of ‘certainly or likely not
fledged' broods (see grey points in Figure 8c); thus, it seems like
mistle and song thrushes became ‘certainly fledged’ later at lower
compared to higher elevations.
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FIGURE 3 Difference in the number of days that a certain
temperature threshold was reached at 2200 m compared to
1500m. Data are based on the dataset TabsD (years 1991-2020)
by MeteoSwiss (Frei, 2013). Red data points show the change in
number of days per decade over the last 30years.

We found a similar delay in temperature threshold exceed-
ance (daily mean air temperature 10-15°C) at higher elevations
(a delay of 34-38days at 2200 m compared to 1500m, i.e. 4.9-
5.4days/100m) as Schano et al. (2021) found for the mean snow
melt-out date (about 40days delay at 2200 m compared to 1500m,
i.e. 5.7 days/100m). The timing of larch budburst was delayed by an
average of 2.7days/100m increase in elevation; thus, the delay was
slightly shorter than in temperature and snow melt-out.

Despite the harsher conditions at higher elevations earlier in the
season, birds were raised with a relatively small delay at higher el-
evations: The mean delay in the time when broods were certainly
fledged in 50% of observations was 1.48days/100m in coal tits and
0.06days/100m in Alpine tits, the two species for which we had the
clearest results (the narrowest compatibility intervals). Therefore,
the investigated songbird species were likely raised under harsher
environmental conditions at higher elevations.

Previous studies reported similar elevational differences
when investigating fledging dates (Table 1, Figure 2). For exam-
ple, Miller et al. (2005) found an average delay in fledging date
of 1.14days/100m for whinchats (Saxicola rubetra) in Switzerland,
and Fontanilles (2022) found a delay of 0.58days/100m in the
French Pyrenees. Lu et al. (2010) found a delay in fledging dates of
0.63days/100m for white-bellied redstarts (Hodgsonius phaenicuroi-
des) in Tibet, and Levin et al. (2023) a delay of 1.54days/100m for
house wrens (Troglodytes aedon) in California. Altamirano et al. (2015)
found the largest elevational effect, with a delay in fledging dates of
6.16days/100m for thorn-tailed rayaditos (Aphrastura spinicauda) in
an Andean temperate forest in Chile. Apart from this latter study, it
therefore seems not unusual that there is only a slight delay in fledg-
ing dates at higher elevations.

TABLE 4 Parameter estimates and 95% Cl for larch budburst in relation to elevation and year.

Standardised coefficients Standard deviation of the Unstandardized coefficients Unit of the predictor
mean [95% Cl] in days predictor variable mean [95% Cl] in days variable

Intercept +904.48+430.10

Elevation +0.03+0.00 243m +0.01+0.00 100m

Year -0.41+0.21 29days -0.14+0.07 1day
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FIGURE 4 Coal tit. Grey dots are all observed broods (empty=certainly or likely not fledged, full=certainly fledged; for our definition of
those stages, see main text). Lines in (a) show the dates when the broods were certainly fledged in 50% of observations from a given year
(for a more straightforward comparison, the uncertainty in our estimates is depicted in the plots (b)). The horizontal grey dashed lines show
the average elevations used in (b). Plots in (b) show the modelled proportions of observations from broods certainly or likely not fledged at
1650 m, 1850 m and 2050 m in an average year; dotted lines are 95% Bayesian compatibility intervals. Red dots show the dates when the
broods became certainly fledged in 50% of observations of a brood in an average year; red lines are 95% Bayesian compatibility intervals.
Plots in (c) show the proportions and 95% Bayesian compatibility intervals of certainly fledged observations, based on raw data, over 20-day
bins summarized for three elevational belts (1500-1733, 1734-1967 and 1968-2200m). Note that what matters are the relative differences
in dates among elevations. Estimates and 95% Bayesian compatibility intervals to plots in (a) and (b) are in Tables 5 and 6.

However, elevational gradients in gonadal development may dif-
fer from those in fledging dates. In Canada, Bears (2007) found a
delay of more than 30days in breeding readiness (defined as the av-
erage date when the functional gonads had developed) of male dark-
eyed juncos (Junco hyemalis) at 2000 m compared to 1000m. This
delay in breeding readiness reversed when birds were kept under
controlled environmental conditions (constant temperature and
photoperiod, unlimited food supply). Birds captured at 2000m and
brought to the laboratory were 4-8days earlier ready to breed com-
pared to birds captured at 1000m (Bears, 2007). Thus, dark-eyed
junco males captured at high elevation were ready to breed earlier
compared to birds captured at low elevations when exposed to the
same conditions (Bears, 2007) and males at high elevations initiated
breeding at lower temperatures than their conspecifics at lower el-
evations. Our results may be explained by a similar mechanism as

the one described by Bears (2007). If birds at high elevation initiated
breeding at lower temperatures than their conspecifics at low eleva-
tions, the elevational gradient in the timing of the broods is steeper
compared to the elevational gradient of the temperature threshold
exceedance.

The bird species investigated in our study did not seem to adapt to
the harsher environmental conditions at higher elevations by raising
their brood later at a time when conditions were milder. Rather, such
species may have evolved other adaptations to cope with the harsher
conditions at higher elevations (Martin et al., 2023). For example, pre-
vious studies found morphological adaptations, where birds at higher
elevations were smaller but had longer wings, tails or feathers (Bears,
1999, 2007; Lu et al., 2009; Sander & Chamberlain, 2020).

Further, birds living at higher elevations probably have evolved ad-
aptations to cope with increased energy requirements, for example,
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TABLE 5 Estimates to Figures 3-7a. Estimates and 95% Bayesian compatibility intervals (Cl; Amrhein & Greenland, 2022) in number of
days, in relation to species and year for the mean elevation (1743 m).

Year Coal tit

2013 -1.04[-1.85; -0.38]

2014 +0.24 [-0.23; +0.76]
2015 +0.35 [-0.09; +0.84]
2016 -0.19 [-0.70; +0.34]
2017 +0.11 [-0.44; +0.69]
2018 +0.03 [-0.54; +0.66]
2019 +0.31 [-0.21; +0.94]
2020 -0.16 [-0.75; +0.41)

2021 +0.00 [-0.50; +0.51]
2022 +0.41 [-0.13; +1.01]

TABLE 6 Estimates to Figures 3-7b.
for an average year.

Allpine / willow tit

-0.04 [-0.55; +0.44]
+0.15 [-0.21; +0.68]
+0.32 [-0.07; +1.00]
-0.09 [-0.64; +0.35]
-0.13 [-0.95; +0.33]
-0.01 [-0.58; +0.55]
-0.09 [-0.74; +0.35)
-0.04 [-0.58; +0.44]
-0.06 [-0.70; +0.45]
+0.08 [-0.34; +0.62]

Eurasian chaffinch

+0.01 [-0.77; +0.93]
-0.13 [-1.26; +0.36]
-0.07 [-0.97; +0.46]
-0.18 [-1.13; +0.25]
+0.01 [-0.83; +0.82]
+0.12 [-0.36; +1.34]
+0.05 [-0.55; +0.98]
+0.05 [-0.53; +0.88]
+0.02 [-0.62; +0.76)
+0.05 [-0.54; +0.84]

Song thrush

+0.08 [-0.62; +0.92]
+0.18 [-0.34; +1.15]
-0.02 [-0.70; +0.70]
-0.20 [-0.94; +0.26]
-0.02 [-0.90; +0.90]
+0.03 [-0.74; +0.97]
-0.03 [-0.68; +0.54]
+0.31 [-0.20; +1.22]
-0.15 [-1.35; +0.47]
-0.23 [-1.13; +0.25]

Mistle thrush

-0.98 [-4.10; +0.57]
+0.67 [-0.75; +3.05]
+0.37 [-1.14; +2.67]
-1.15[-3.71; +0.32]

+0.57 [-0.96; +2.94]
-0.23 [-2.68; +1.67]
-0.34 [-2.64; +1.23]
+0.58 [-0.97; +2.98]
-0.13[-2.42; +1.79]

+0.55 [-0.99; +3.07]

Estimates and 95% Cl in days [1=1 January], in relation to the species and three different elevations

Elevation Coal tit Alpine tit Eurasian chaffinch Song thrush Mistle thrush
1650 164.9 [156.7; 173.3] 169.73 [162.8; 177.7] 177.1 [167.0; 187.2] 173.0 [159.4; 189.7] 237.8[-343.7;933.9]
1850 167.1 [158.3; 175.6] 170.02 [163.3; 1771] 181.6 [169.2; 192.7] 170.1 [161.0; 179.4] 203.6[179.0; 293.1]
2050 170.1 [157.1; 180.4] 170.45 [155.8; 180.3] 188.9 [153.3; 243.0] 169.6 [159.4; 179.1] 192.0 [167.0; 253.3]
(a) (b) 2050 m (c) 1968 — 2200 m
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FIGURE 5 Alpine/willow tit; for explanation, see Figure 4.
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FIGURE 6 Eurasian chaffinch; for explanation, see Figure 4.

increased parental investment. Badyaev & Ghalambor (2001) inves-
tigated the life history strategies of 24 pairs of bird species along
an elevational gradient and found an increased male investment
additionally to the female investment for species living at higher el-
evations compared to species living at lower elevations. Also, they
found that birds at higher elevations raised fewer but higher-quality
offspring (Badyaev & Ghalambor, 2001). With increased parental in-
vestment at high elevations and fewer offspring, young birds may be
able to grow faster and fledge earlier.

Another adaptation at higher elevations could be to build bigger
or thicker nests: For example, Widmer (1993) found that Eurasian
blackcaps (Sylvia atricapilla) built bigger and better insulated nests
in the mountains compared to the lowlands. Blue tits also built big-
ger nests (Britt & Deeming, 2011) and changed the nest cup lining
material (Mainwaring & Hartley, 2008) depending on temperatures
during the nest-building period. Britt and Deeming (2011) found
clearer temperature-related differences in nest size for blue tits than
for great tits, and Schall and Hille (2014) found no clear change in in-
sulation of great tit nests along an elevational gradient (488-878m).
It therefore seems that temperature-related differences in nest insu-
lation or nest size are species-specific.

Birds breeding at higher elevations are often not able to have a
second brood due to a shortened season (Dillon & Conway, 2015;
Labarbera & Lacey, 2018; Yeh & Price, 2004), which can make it
difficult to compare breeding dates with lower elevations, where
second broods may be possible. When birds have more than one
brood, the observations of broods before and after fledging spread
over a longer time, and therefore, it is more difficult to estimate the
dates when 50% of the broods are certainly fledged; this is prob-
ably the main reason why for mistle thrushes and song thrushes,
the estimated proportion of certainly fledged broods was lower
than 100% at the end of the breeding season. Among our study
species, especially song thrushes and mistle thrushes are known
to often have more than one brood (Glutz von Blotzheim, 1988).
For the mistle thrush, we could not obtain reasonable estimates
for the mean date when broods were certainly fledged in 50%
of observations, and mistle thrushes usually have more than one
brood even at higher elevations. In contrast, song thrushes may
have only one brood at medium and high elevations; a reason may
be that the number of broods in song thrushes is more depen-
dent on weather conditions (Glutz von Blotzheim, 1962; Mattes
et al.,, 2005) than in mistle thrushes.
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FIGURE 7 Song thrush; for explanation, see Figure 4.

Eurasian chaffinches (Glutz von Blotzheim, 1997), coal tits (Glutz
von Blotzheim & Bauer, 1993) and Alpine tits (Glutz von Blotzheim
& Bauer, 1993) seem to usually have only one brood both at lower
and higher elevations in the Alps. For coal tits and Alpine tits, we
were able to estimate the mean date when broods became certainly
fledged in 50% of observations at high, medium and low elevations.
For the Eurasian chaffinch, it was more difficult to examine the mean
date when broods were certainly fledged in 50% of observations at
high elevation, because the number of observations was low. This
may have been due to lower breeding density (Knaus et al., 2018) or
lower breeding success of Eurasian chaffinches at higher elevations
compared to coal tits and Alpine tits. Species with a main distribution
in northern latitudes or high elevations such as coal tits and Alpine
tits might be better adapted to harsher conditions than species with
a main distribution in southern latitudes or lower elevations such as
the Eurasian chaffinch.

Still, there may be differences in detection probabilities of
feeding adults or begging young in different developmental
stages that may have influenced the number of observations
and thus our timing estimates. In our study, we did not take such
detection probabilities into account, since to the best of our

114

knowledge there are no published estimates on detection proba-
bilities of broods of songbirds for different developmental stages
of the young, which could be addressed in future studies. Our
reported elevational gradients in the timing of the broods there-
fore rely on the assumption that differences in detection proba-
bility among the different breeding stages are not dependent on
elevation.

In summary, and similar to previous studies, we found that song-
birds delay breeding with increasing elevations to a lower degree
than expected if they would breed at similar environmental con-
ditions at all elevations. Therefore, the young of the investigated
songbirds were raised under harsher environmental conditions at
higher elevations and probably have evolved adaptations to cope
with such conditions, rather than postponing breeding dates to
warmer conditions. By using a dataset from a nationwide citizen
science bird monitoring scheme, we were able to obtain estimates
on the date when broods became certainly fledged without the
need to search for nests and thus without causing disturbances at
nests. In the future, it would be interesting to expand the study to
a larger geographic region allowing for comparisons of mountain
regions at different latitudes and of species with differing degrees
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FIGURE 8 Mistle thrush; for explanation, see Figure 4.

of adaptions to living at high elevations and thus to increase our
understanding of how bird species are able to adapt to living at
higher elevations.
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General discussion

T 'he aim of this thesis was to investigate behavioural changes of songbirds

depending on physical environmental variables. On the one hand, we
investigated changes in the singing behaviour of songbirds according to
different environmental variables, like e.g. increased levels of anthropogenic
noise or moon phase, in a near-natural area. On the other hand, we examined
differences in breeding behaviour of songbirds along an elevational gradient.
For this purpose, we selected common songbird species of the SNP that
breed across a large elevational range in Switzerland. Three of the four
conducted studies refer to the woodlands of the SNP, where the increased
noise level along the Ofenpass road (running through the SNP) stands in
strong contrast to the highly undisturbed areas in the rest of the SNP. Thus,
the SNP represented a suitable study area to investigate effects of
anthropogenic noise in a near-natural area.

1. Effects of anthropogenic noise

In Chapters 1, 2 and 3 we investigated changes in the singing behaviour of
seven songbird species according to physical environmental variables. We
found differing effects in the singing behaviour of the investigated songbird
species depending on the examined variables. In the following we discuss the
effects of anthropogenic noise; the discussion on the other environmental
factors can be found in the section below (2. Effects of additional
environmental variables).

Birds started to sing earlier at dawn in areas with increased levels of road
noise, when accounting for other physical environmental variables (i.e., date,
temperature, moon phase, elevation and aspect; Chapter 1). When
investigating the effects of construction noise (and other environmental
variables: temperature, date, cloud cover), we found consistent or contrasting
effects in the start of dawn singing, depending on the number of analysis days
(Chapter 2). When conducting the analysis with our own temperature data
including less analysis days, we found consistent results: All six investigated
songbird species started to sing earlier at the construction site during
construction works than would be expected from the change (before vs.
during construction works) in start of dawn singing at the control site with
normal road noise. In contrast, when we added three more days, using
temperature data from a nearby weather station, the effects reversed, and all
six investigated bird species started to sing later or at about the same time at
the construction site during construction works than could be expected from
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the change (before vs. during construction works) in start of dawn singing at
the control site with normal road noise. Thus, we were not able to draw an
interference on the main study question but used this case as a warning about
drawing strong conclusions based on “statistically significant” results,
especially from small-scale studies.

In Chapter 3 we investigated changes in singing activity of coal tits
depending on road noise level, date, temperature and habitat type. Coal tits
produced relatively more song phrases per minute during noisy times and in
noisy areas compared to more silent times and areas.

Anthropogenic noise, thus, seemed to affect the singing behaviour of the
investigated songbird species (start of dawn singing / singing activity) in our
studies. Differences in the direction of effects or effect size may be also due
to differences in data collection (i.e., sampling variation; Berner & Amrhein,
2022). The number of data points varied strongly between the two studies
described in Chapter 1 and 2: For Chapter 1, we used 112 automated
recording units (sound loggers), and analysed ten days of data. For Chapter
2, in contrast, we had one control and one treatment site and analysed four
weeks of data. The reliability of the results of Chapter 1 therefore may be
higher than the results of Chapter 2, and the inconsistency in the direction of
the effects in the start of dawn singing in Chapter 2 may be due to the low
number of analysis days.

All six investigated bird species started to sing earlier in areas with
increased levels of road noise compared to completely silent areas (Chapter
1); this is in line with the results of previous studies on anthropogenic noise
(Arroyo-Solis et al., 2013; Dominoni et al., 2016; Gil et al., 2015). A proximate
explanation for an earlier start of singing at dawn near roads could be that
birds may wake up earlier due to increased traffic noise in the morning.
Several previous studies, however, observed that birds changed their singing
behaviour also in noisy areas (i.e., Bayne et al., 2008; McClure et al., 2013;
Polak et al., 2013), not only during noisy times. Thus, birds may try to avoid
being masked by starting to sing earlier at dawn.

It should be noted that the biological consequences of temporal changes
in singing behaviour remain unexplained, and it is unclear whether those
temporal changes affect birds negatively or positively. Previous studies
observed a higher extra-pair paternity in male birds that started dawn singing
earlier compared to birds with a later start of dawn singing (Dolan et al., 2007;
Kempenaers et al., 2010; Poesel et al., 2006). For example, Poesel et al. (2006)
observed that male blue tits (Cyanistes caeruleaus) that started dawn singing
about six minutes earlier had more mating partners and a higher probability
of extra-pair paternity compared to conspecific males that started dawn
singing later. Poesel et al. (2006) concluded that females may use the start of
dawn singing as an honest signal (i.e., for the quality of a male). Kempenaers
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et al. (2010) observed a similar effect: Blue tits that woke up earlier due to
increased light levels had twice as much extra pair mates compared to males
living in darker territories. Thus, singing early at dawn could lead to a higher
reproductive success (Kempenaers et al., 2010; Poesel et al., 2006).

This possible increase in reproductive success could be reduced by an
increased mortality of adults and the resulting decrease in breeding success
in territories near roads. For example, Holm & Laursen (2011) observed a
reduced fledging success in great tits near a road with fast traffic compared
to no disturbance or a road with slow traffic. The number of eggs was similar
at all three sites, but the average number of fledglings was reduced and the
number of dead broods was up to 40% higher near the fast traffic road
compared to no disturbance or the slow traffic road (Holm & Laursen, 2011).
The authors suggested that the higher mortality of broods and the lower
number of fledglings was likely due to increased mortality rates of the parents.
Kuitunen et al. (2003) also found reduced breeding success for pied
flycatchers (Ficedula hypoleuca) in territories near roads compared to
territories further away. The number of successful broods was nearly twice as
high further away (90 — 130 m from the road) compared to near the road (10 -
20 m; Kuitunen et al., 2003). Also Kuitunen et al. (2003) postulated that
reduced survival rates of parent birds might be the possible reason for
differences in reproductive success. In European countries, millions of birds
come to death yearly due to road Kill (Erritzoe et al., 2003), and small
woodland songbirds, foraging in shrubs and small trees, seem to be most
vulnerable (Santos et al., 2016).

Previous studies also showed a reduced species richness / abundance
near roads: For example, McClure et al. (2013) observed a 28% higher bird
abundance in migratory birds in silent compared to noisy periods, and Polak
et al. (2013) observed a decrease in species richness and diversity of
woodland songbirds with increasing proximity to roads. Thus, territories near
roads may be less suitable for birds, and species richness and diversity may
be reduced at noisy locations, such as the Ofenpass road.

2. Effects of additional environmental variables

In Chapters 1, 2 and 3 we investigated changes in the singing behaviour of
six songbird species according to physical environmental variables. Besides
the effects of anthropogenic noise (that are discussed in the section above:
1. Effects of anthropogenic noise), we examined the effects of different
environmental variables like temperature, habitat, cloud cover, elevation and
aspect, as well as moon phase and date. In Chapter 1 we observed small but
consistent effects in start of dawn singing relative to moon phase,
temperature and aspect over all six investigated species, while the effects of
date and elevation were more species-specific. In Chapter 2 we found
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consistent effects in start of dawn singing according to temperature: All six
investigated songbird species started singing earlier after warmer nights. The
effect of cloud cover and date varied depending on the number of analysis
days: When using our own temperature including less analysis days, five of
six songbird species started singing earlier relative to sunrise as the season
progressed, and two of six songbird species started singing earlier on days
with 100% cloud cover. When using data from a nearby weather station
including three more days, only two of six songbird species started singing
earlier relative to sunrise as the season progressed, and one of six songbird
species started singing earlier on days with 100% cloud cover. In Chapter 3,
we investigated the effects of road noise, date, temperature and habitat on
the singing activity of coal tits (i.e., number of song phrases per minute). We
observed a higher number of song phrases per minute earlier in the season
compared to later in the season, during times with mean temperatures
compared to higher and lower temperatures, and in mountain pine compared
to mixed forests.

We found consistent effects of temperature on the start of dawn singing in
Chapters 1 and 2: All investigated songbird species started singing earlier at
dawn after warmer nights. Furthermore, singing activity of coal tits was
highest during times with mean temperatures (Chapter 3). The effects of date
seemed to differ between Chapters 1 and 2. For example, in Chapter 1, we
observed a later start of dawn singing for coal tits as the season progressed
(day 162 vs. 132), but in Chapter 2, we observed an earlier start of dawn
singing for coal tits as the season progressed (day 140 vs. 111). Coal tits show
a peak of singing activity between the end of March and mid-May (Glutz von
Blotzheim & Bauer, 1993) and like several other songbird species (i.e, Brown,
1963; Bruni et al., 2014; Hegelbach & Spaar, 2000b; Holmes & Dirks, 1978;
Merild & Sorjonen, 1994; Naguib et al., 2016; Slagsvold, 1977; Welling et al.,
1995), male coal tits (Glutz von Blotzheim & Bauer, 1993) decrease their
singing behaviour (i.e., decreased singing frequency or later start of dawn
singing) after clutch initiation. This is in line with the results in Chapter 1. Since
the study period in Chapter 2 was about one month earlier in the season (mid-
April to mid-May) compared to the study period in Chapter 1 (mid-May to mid-
June), we assume that coal tits were at different breeding stages and thus
showed different singing behaviour. In Chapter 2, coal tits were probably at
an early breeding stage and continued singing early to defend their territory
and female; in Chapter 1, in contrast, coal tits had probably already started
their brood and therefore stopped singing early. We observed a decrease in
singing activity in coal tits as the season progressed in Chapter 3, where we
investigated a similar time period as in Chapter 1 (beginning of May until the
beginning of June). Thus, the results from Chapter 3 support the prediction
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that coal tits may be at a late breeding stage at the beginning of June and
thus may not need to continue singing early or at high intensity.

In Chapter 4 we investigated differences in the breeding phenology of five
common songbird species along an elevational gradient and compared the
results with differences in climatic conditions between higher and lower
elevations. Timing of breeding seemed to be similar at high and low
elevations, thus birds at high elevations probably breed under harsher
environmental conditions compared to their conspecifics in the lowlands.

Our observations on the singing behaviour of mountain woodland
songbirds are in line with the results of previous studies. We found differences
in singing behaviour according to physical environmental variables for all
investigated songbird species. In contrast, the timing of breeding in birds may
be less dependent on environmental variables; for birds at higher elevations,
it may be beneficial to start breeding at about the same time as at lower
elevations, rather than waiting for optimal environmental conditions.

3. Working with automated recording units

To investigate changes in the singing behaviour of songbirds in Chapters 1
and 3 we used sound loggers. Prior to data collection we tested and
compared detection distances for two types of sound loggers (SM4 vs
Audiomoth). Detection distances were similar in both devices, but SM4’s
performed somewhat better in woodland when the sound source was at a
distance of more than 80 m from the sound logger. Comparisons between the
results of Chapter 1 (Audiomoths) and Chapter 3 (SM4 sound loggers) have
to be treated cautiously, since the detection probability in Chapter 1 might be
lower than in Chapter 3.

Furthermore, detection probability varied depending on the species and
type of vocalization (i.e., song or call), and thus there may be differences in
the detection probability between different species in our studies. Direct
comparisons between different species may therefore be difficult.

One of several advantages that sound loggers have is the possibility to
collect a large amount of data in a very short time period with comparably low
effort. However, the analysis of such high data volumes is not yet optimized.
In the present study, we did the data analysis manually, since the precision of
the results conducted with the help of artificial intelligence (Al) was not
sufficient for our purpose. Due to the rapid development in the sector of Al, it
may be possible in the future to analyse big datasets with low effort. Future
studies may conduct the analysis done in Chapters 1, (2) and 3 with much
more data and then compare those new results with the results from this
thesis, as we did in Chapter 3. Such an analysis may confirm the actual
results, or may lead to completely different conclusions, as we show in
Chapter 3.
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4. Conclusions

This thesis sheds light on the effects of physical environmental variables

on the behaviour of mountain woodland songbirds. The unique situation of a
completely protected area (SNP) disturbed by a cantonal road running
through it allowed us to investigate the effects of anthropogenic noise in an
Alpine near-natural area. In the following the main conclusions are
summarized as four take-home messages.

Moon phase, aspect, temperature and road noise had small but

consistent effects on start of dawn singing relative to sunrise for all six
investigated songbird species. The effects of elevation and date were
Chapter | more species-specific.

When using slightly different datasets on one of the investigated

k variables (temperature), we found differing results between the two
analysis: The effects of temperature were consistent for all six
investigated songbird species, but the effects of cloud cover, date and
anthropogenic noise varied strongly between the two analysis. We thus
warn against drawing strong conclusions from single studies, even if
some of the results may be “statistically significant”.

Chapter II

Coal tits showed increased singing activity at times and in areas with

increased levels of road noise and in pine forest compared to mixed
= forest. Temperature and date had smaller effects on the singing activity
Chapter Il of coal tits.

)

; |n the five investigated songbird species, offspring were raised with a
relatively small delay at higher elevations, despite the harsher conditions
earlier in the season.

Chapter IV

In conclusion, we found changes in singing behaviour in the six
investigated songbird species according to physical environmental variables.
Bird species adapted to alpine regions may have evolved adaptations to cope
with the harsh environmental conditions at higher elevations, and
anthropogenic factors such as road or construction noise can affect bird
behaviour even in a highly protected area.
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