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Abstract: Noise generated by low-altitude aircraft movements reaches
levels higher than many other anthropogenic noise sources. How birds
respond to these acute noise levels is, to date, poorly understood. This
thesis provides some of the first data on how noise generated by aircraft

affects avian communities and communication.

Firstly, point counts conducted around Manchester airport show there is
no effect of increasing noise levels on beta diversity. In addition, results
show the density and abundance of the two most abundant species and
the number of detections for the five most common species was also

unaffected.

Secondly, comparisons of the songs of the abundant chiffchaff reveal that
airport birds use lower frequency songs than control birds. This finding
was replicated in two countries. Additionally, the songs of airport birds in
the UK are longer and slower than control birds. These findings may be
explained by birds that are found close to airports are suffering from
Noise Induced Hearing Loss (NIHL). This was supported when comparing
the responses of airport and control chiffchaffs to territorial songs;
airport chiffchaffs were more aggressive, attacking the speaker 5 times
more than control birds. An explanation for this is that as an artefact of

NIHL, airport birds perceive songs differently to those in the control site.

Finally, physiological stress induced by aircraft noise was investigated.
There were no differences in corticosterone levels, a proxy for measuring
stress levels, between 11-day old blue tit chicks exposed to noise
treatments and control chicks. These findings suggest that pre-fledging
blue tit chicks do not perceive anthropogenic noise as an environmental

stressor.

Whilst the work in this thesis does not detect an effect of aircraft noise on
the species community or corticosterone levels, it does provide evidence
consistent with the loss of hearing in birds as a consequence of

anthropogenic noise exposure.



Contents

Acknowledgements ..ccoeiiiiiiiiiiiiiiiiiiiiiiiiiiiiieiieeeeeeteteeseennnnnnnssnnnns 1
Chapter 1- Introduction .....ccciiiiiiiiiiiiiiiiiiiiiiiiiicceeeeeeeeeeeeannns 3
1.1 Anthropogenic noise research......ccccoiiiiiiiiiiiiiiiiiiiiiiiieeinenees q
1.2 Sources of anthropogenic NoiISe....ccciiiiiiiiiiiiiiiiiiiiineennnnnnannnn. 4
1.3 How loud is too loud? ....ciiiiiiiiiiiiiiiiiiiiiii i iiiiccciciis i s ennnans 5
1.4 Aircraft NOISe .ttt e e e e s s s s s e e 7
1.5 ReSPONSE t0 NOISE .ciiiiiiiiiiiiiiiiieeeeennnsnssssssseeesssssssssssnsnnssnnes 10
1.6 CONCIUSION 1iiiiiiiiiiiiiiiiiiiiiiiiienestieiisenssstesssnnssssesssennsssssnnes 15
1.7 StUAY Site.ciiiiiiiiiiiiiiiiiiiiiiiitttesesseeteeeeeeesesssssssnnnnnsssnnns 17
1.8 StUAY SPECIES wuuiiiiiiiiiiiiieietreeeeeennnnsssseeeeeeeeessesssssnsnnnsnsssnnns 17
1.9 PhD aim and objectives ....ccviiiiiiiiiiiiiiiiiiii i cciceecnennannes 19
AN oF- e = 0 0T ol 1 1 o' 19
Objective 1- Does aircraft noise influence species composition........... 19
Objective 2-Does airport noise influence bird song structure .............. 19
Objective 3- Does airport noise affect signal perception..................... 19
Objective 4- Does aircraft Nnoise cause Stress ...ovvviviiiiiiiieeeiiiineneennnnn. 19

Chapter 2: No effect of aircraft noise on bird species

distribution and density at Manchester Airport ......ccccvvvvvvvnnne.. 20
2.1 INtroduction..ccciiiiiiiiiiiiiiiiiiiiiiiiiii i 21
2.2 Methods ..cciiiiiiiiiiiiiiiiiiiiiiiiiiiiiii i riiise s st ss s s nnaneas 24
] A0 AV AR B o T TP 24
Ha b itat oo e 27
SOUNA MEASUN M BN S ittt et e e e et e e e e eaaeans 28
Statistical analysSis cooiii i e 29
2.3 ReSUIES tiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiinettisisennestsssssnnesssssssnnnnnses 31
2.4 DiSCUSSION .iiiiiiiiiiiiiiiiiiiinnnnneeettttttesssssssssssssnnnnnsssssssssssssssss 37

(0o a Xoll KUK Ko X 1 K3 40



Chapter 3: Do birds go deaf around airports? Chiffchaffs
Phylloscopus collybita exposed to aircraft noise sing lower and

£ e R - 41
3.1 INtroduction...ciiiiiiiiiiiiiiiiiiiiiiiiiiiieiiiiiir et i e s s e e 42
3.2 Methods c.eiiiiiiiiiiiiii e 45
Study species and SiteS cvviiiiii i s 45
Yo o < =X of o e 1o - 46
SV bl e LY PO oo e 48
Statistical ANaly SIS it e 49
3.3 ReSUIES tiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiinnettisiisnnestsssssnnesssssssnnnsnses 51
B 0 E o] ¥ 1 55

Chapter 4: Increased territorial aggression in birds exposed to

aircraft Noise . .coccviiiiiiiiiiiiii 60
Y ¢ 3 - T 60
4.1 Introduction...cciiiiiiiiiiiiiiiiiiiiiiiiiiiiii e 61
4.2 Methods ..ccviiiniiiiiiiiiiiiiiiiiiir i s 64
Study Sites and SPECIES wiiiiii i e 64
Playback ProCedUre. .o e 64
Playback deSign (oo e 65
Data @NalySis vt e 67
4.3 ReSUIES o e 69
4.4 DiSCUSSION ciiiuiiiiiiiiiiiitiiitiiitiiittiiatiiastissttisstisstesnsssassesssnnns 74

Chapter 5: No effect of Aircraft noise on corticosterone levels in

nestling blue tits...coiiiiiiiiiii e e 78
N <13 o - 1l 78
5.1 Introduction....ccciiiiiiiiiiiiiiiiiiiiiiiiiir e 79
5.2 Methods ccccoviiiiiiiiiiiiiiiiiiiii e 81
StUdY Site ANd SPECIES . ittt e e e, 81
Experimental design ..oooiiiiiii e 82
Playback ProCedUre .o e 83
Sample COllECTiON (o e 85



Statistical @NalyY SIS iiiiiii i i e e 86
I T 2 T ¥ 1 88

D i DiSCUSSION ttituerireeeereenssesesnssesssssssssssssssssssssssssnsssssssssssnssssnes 92

Chapter 6: The impact of aircraft noise on distribution,

communication and physiology of birds ......cevvviiiiiiiiiiiiiiiiiennn, 95
6.1 INtroduction...c.ciiiiiiiiiiiiiiiiiiiiiiiiiiii it s 95
6.2 Community effects.....ccoiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiire e 96
6.3 Communication effects......cccviiiiiiiiiiiiiiiiiiiiiiiiiiiiiiii e 97

Y =4 2 T 1 = T 97

R B IV TS o e e 98
6.4 Physiological effects ...ccccciiiiiiiiiiiiiiiiiiiiiiiiiiiiiiicreieeieeeeeeees 100
6.5 FUtUTre Plans coiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiietteteeeeennnnnnssssssseneennenns 101
2= = =T 3 ol = 104



Acknowledgements

This thesis has been written on two continents, in five countries and the
people that | have been lucky enough to meet along the way have been
numerous, and without exception, exceptional. | say this as a precursor to
an apology for anyone who is not thanked directly. My friends throughout
the UK, the Netherlands, Kenya and Tanzania all deserve recognition for

their contributions.

However, first and foremost | have to thank my supervisor Selvino de Kort.
Selvino you provided constant encouragement, honesty and friendship
that | will never forget and will forever be grateful for. Rarely are there
people who only have a positive influence on life and | consider myself
lucky to have found that with you. You have taught me so much about so
many things and | can only hope that | can in some way help others the

way that you have helped me.

| also consider myself lucky to have been provided with such a strong
support network through my supervisory team of Professor Callum
Thomas, Hans Slabbekoorn and Professor Stuart Marsden. Your comments
and suggestions helped shape and improve this thesis. A special thank you
also to lan Hartley for allowing me to work with the blue tits and for being
there on all of those early mornings. Thank you also to Mark Mainwaring,
Tom Pottinger and Wouter Halfwerk for all of their useful advice and

feedback.

Away from the university | want to thank my family who supported me
throughout. In particular my mum, who was always there to provide
encouragement and coffee, also thank you to my sister, and my dad. |
found out quite quickly how important a strong set of friends are during a
PhD. | couldn’t ask for a more wonderful set of people that | can count on.

To my good friend Andrew Moss for absolutely everything that you do, to



Graeme and Becca for always being there no matter what, and of course,
Laura. In the inevitable low moments you never failed to lift me back on
track. Thank you to Simon for our late night discussions and your
friendship, to Nikki for taking me in and to Storm for your calming

influence.

Last, and certainly not least, | thank Lynsey. Completion of this thesis
would never have been possible without your compassion, late night care

packages and your (frequently tested) patience.



Chapter 1- Introduction

Abstract- Anthropogenic noise has negative impacts on wildlife at an
individual and community level. Increases in road, sea and air travel mean
that noise affects life in even the most remote locations. Whilst the
understanding of the impacts of road and urban noise grows, little is
known about how aircraft noise affects wildlife. Unlike that generated by
roads and industry, aircraft noise is typically much louder and noise
events are intermittent and frequent. Here the literature is reviewed on
how animals are able to adapt to life in a noisy environment. Noise has
negative effects on biodiversity, reducing species abundance and
modifying community assemblages. Noise also impairs communication
through masking. Whilst some species are able to modify signals to
improve signal to noise ratio, this can affect the integrity of the signal and
the information encoded within. Finally, noise affects physiology by
causing hearing loss, reducing reproductive success and lowering immune
responses. With airport expansion figuring in political debate in the UK
and worldwide, it is timely to highlight the impacts of aircraft noise on

wildlife.



1.1 Anthropogenic noise research

Noise generated by growing human populations and its effects on wildlife
has attracted much attention from researchers in the past decade. Noise
can affect biodiversity by changing communities through loss of species,
affecting survival rates or by affecting the way species communicate and
reproduce. The effects of noise have been studied in a wide range of
animals as well as humans and there are many parallels in the type of

response (Kight & Swaddle 2011).

Noise can negatively affect biodiversity by reducing the number of species
found in otherwise suitable habitats (Goodwin & Shriver 2011). The impact
of noise can also affect species compositions by altering age demographics
(Mcclure et al. 2016). Noise reduces fitness through affecting
communication (e.g. signal masking) and influencing physiology (e.g.

increased stress, lower immune response)(Kight et al. 2012).

Noise can be defined as any sound that inhibits the ability to discriminate
between signals or discriminate signals from background disturbance
(Wiley & Richards 1978). Noise impedes the transmission of information
encoded in a signal by reducing the signal-to-noise ratio (Lengagne 2008).
If the signal to noise ratio is too low, or if the amplitude of the noise

exceeds the amplitude of the signal, the signal is masked.

1.2 Sources of anthropogenic noise

Abiotic noise, generated from wind, rain and waves can affect acoustic
communication. Rainfall for example can significantly reduce the
propagation distance of a signal in broadleaf woodland (Lengagne & Slater
2002). Natural abiotic noise can be more detrimental to communication
than anthropogenic noise. For instance, greater mouse-eared bat (Myotis
myotis) show reduced foraging efficiency in the presence of both road and
natural noise, however natural noise shows a greater repelling effect than

4



road noise (Schaub et al. 2008). Increasingly for many organisms, the
dominant background noise is not generated by natural sources.
Anthropogenic noise, is typically louder, more frequent and more common
than abiotic noise (references in: Kight & Swaddle 2011). The most
common source of anthropogenic noise is that generated by road traffic
(Barber et al. 2010). Other major sources include industry, construction
work and recreational activities (Slabbekoorn 2013). One of the reasons
that anthropogenic noise is so disruptive is because it can travel long
distances before it attenuates. Anthropogenic noise contains most of its
energy in the lower part of the frequency spectrum (Warren et al. 2006)
and low frequency sound waves are less affected by attenuation from
atmospheric conditions or structural objects than high frequency sounds.
The long wavelengths of low frequency sound are more robust than high
frequency sounds to the effects of energy absorption and refraction, two
main causes of noise decay (reviewed in Berglund, Hassmén, & Job, 1996).
As a result, low frequency sounds can cross large distances with little
energy loss and can still be detected far from the source (Reijnen et al.
1995). Indeed, negative effects of vehicle noise can be found hundreds of

meters from roads (reviewed in Forman, Reineking, & Hersperger, 2002).

1.3 How loud is too loud?

Despite the known health effects of noise, no current universal noise level
that qualifies noise as pollution exists. EU guidelines suggest that for
humans sound pressure levels between 50-55dB(A) are loud enough to
cause medium to severe annoyance (WHO 1999). The effects of noise on
hearing depends on two main factors (1) the noise level (or amplitude)
and (2) the duration of exposure (Eggermont 2016). In humans noise levels
exceeding 105dB(A) for greater than 1 hour are considered traumatic and
lead to permanent loss of hearing, however the longer the duration of
exposure, the lower the noise levels required to cause hearing loss

(Eggermont 2016).



The level of noise will vary depending on the source, the frequency of the
noise and the distance from the source as well as the surrounding habitat
type (Dooling & Popper 2007). Signals will propagate further in open
habitats than closed habitats (Ronald et al. 2012). Noise levels that affect
an individual will depend on its auditory capabilities and sensitivity.
Tawny owls (Strix aluco), reduce the number of important vocalisations
including territory and courtship calls at noise levels of 49.8 dB(A)
(Lengagne & Slater 2002). At lower amplitudes, effects of noise are
typically limited to signal masking and changes in signalling behaviour or
signal structure (Dooling & Popper 2007) but as the level of the noise
increases the effects become stronger. Chickens (Gallus domesticus) and
serins (Serinus serinus) respond to moderate noise exposure by either
increasing the rate of calling or the proportion of time spent singing
(Brumm et al. 2009; Diaz et al. 2011), presumably to increase the chance
of the signal being detected. However, when the noise exceeds an
amplitude threshold of around 70 dB (A), the rate and duration of
signalling returns back to as if there was no noise. This may be because
many organisms require self-auditory feedback and if noise levels are
high, an individual may not be able to hear enough of the signal it is

producing.

Where noise levels are extremely high, there can also be effects of
acoustic overexposure that can result in the loss of hearing. Noise levels
affect hearing by shifting auditory detection thresholds. Auditory
threshold shifts mean that either whole signals, or parts of a signal, need
to be louder in order to be detected by the receiver. In some cases
damage to or over stimulation of the hair cells may mean that the
signaller is unable to hear any part of a signal. These detections shifts can
either be temporary (temporary threshold shifts (TTS)) or permanent (PTS)
depending on the duration, severity and frequency of the acoustic
overexposure (Dooling & Popper 2007). In cases of progressive TTS, that is

where the physical degradation and subsequent loss of the hair cells takes
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place over a period of time, high frequency sounds are typically the first

to be affected (Holme & Steel 2004).

Birds, in contrast to mammals are able to recover inner hair cells even if
they are completely lost after acoustic trauma (Dooling et al. 2000). This
makes them ideal subjects for studying the effects of hearing loss on
signal perception as individuals can be tested before, during and after the
hearing cells have recovered. Indeed, experiments involving several
surgically deafened bird species have shown changes in singing behaviour
during periods of threshold shifts (partial or complete deafness). Singing
behaviour returns back to normal once the hair cells have recovered
(Watanabe & Sakaguchi 2010; Watanabe et al. 2007; Brittan-Powell &
Dooling 2004).

Detection threshold shifts can result from exposure to extremely high
noise levels. Noise induced hearing loss (NIHL) occurs when disruption by
noise causes inner and outer hair cell loss and auditory nerve
degeneration. Damage to the hair cells can be a result of exposure to a
single impulse noise of a very high level, or as a result of frequent
exposure to lower noise levels. NIHL has been studied in humans,
mammals (Gannouni et al. 2015) fish (Smith et al. 2004) and birds (Marler
& Konishi 1973) and the noise levels and periods of noise exposure that
result in NIHL vary between species. Rats show signs of hearing loss when
exposed to amplitudes of 88dB while fish show auditory threshold shifts
after 10 minutes exposure to noise levels of 100dB(A) and birds show
threshold shifts after exposure to amplitudes of 75dB(A)(Dooling &
Popper 2007)

1.4 Aircraft noise

The impact of aircraft on wildlife has received limited research attention.

The sound signature of aircraft noise is similar to that of terrestrial



Noise level dB(A)

vehicles and both contain most of the power in the lower end of the

frequency spectrum (Fig. 1). Aircraft noise does however have a

wider bandwidth with more energy present at both higher and lower

frequencies.
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Figure 1.1- Power spectrum showing the frequency range for an aircraft
built in 2015, (red area), road noise (blue area) and woodland noise.
Frequency and amplitude ranges are derived from recordings taken close
to Manchester airport and a busy motorway.

Aircraft noise deviates from most anthropogenic noise sources in temporal
and amplitude patterns. Road and urban noise are both typically constant,
whereas aircraft noise consists of infrequent bouts of acoustic events
separated by periods of relative quiet. Despite the development of quieter

engines even the most modern of aircraft produce noise levels much

higher than those generated from other anthropogenic sources (fig 1.1).

Aircraft noise also differs from other anthropogenic noise profiles in how

the noise propagates from the source (Egan 2007). The noise generated by



roads is expected to be linear, that is the noise is at its highest levels
along the length of the road gradually decaying further away. Aircraft
noise however has a radial distribution where the noise produced by the
engines emanates away from the aircraft to all directions. As the aircraft

gains height, the noise levels drop and the spread of the noise increases.

Previous research on the impacts of aircraft noise mainly focused on its
effects on humans. Exposure to noise has been linked to secondary health
issues such as tinnitus, hypertension, cardiovascular problems and
increased risk of stroke (Basner et al. 2014). However, airport policies
ensure that due to the negative effect of aircraft noise on human health
(Basner et al. 2014) the flight paths are situated to minimise disturbance
from aircraft noise on humans. This typically means that aircraft are
directed over uninhabited or sparsely populated areas, and therefore

increases the exposure of aircraft noise to wildlife.

Whilst data are limited for how this affects wildlife, aircraft disturbance
induces behavioural or physiological responses in several species of bird.
These responses include increases in vigilance or alert behaviours as seen
in crested terns (Sterna bergii)(Brown 1990), harlequin ducks (Histrionicus
histrionicus) (Goudie 2006), Canadian geese (Branta canadensis taverneri)
(Ward & Stehn 1999)and Great tits (Parus major) (Klett-Mingo et al. 2016).
Aircraft noise also leads to Increases in aggression in herring gulls (Larus
argentatus) (Burger 1981) elevated startle responses in wood ducks (Aix
sponsa) and black ducks (Anas rubripes)(Conomy et al. 1998) and increases
in flight responses and nest attendance in peregrine falcons (Falco
peregrinus) (Ellis et al. 1991; Palmer et al. 2003). Aircraft noise also
reduces reproductive success in Mexican spotted owls (Strix occidentalis

lucida) (Delaney et al. 1999).

There are also data that have failed to show an effect of aircraft
disturbance on reproduction. No decrease in reproductive success was

seen in peregrine falcons (Palmer et al. 2003) or ospreys (Pandion



haliaetus)(Trimper & Standen 1998) living near military airbases. In
addition, several studies report rapid habituation to aircraft noise. This
however seems to be highly species specific. Whilst black ducks show less
response to aircraft movements after 17 days exposure, the closely
related wood duck did not show signs of habituation (Conomy et al. 1998).
It is important to note that many of these studies have focused on the
effects of military aircraft disturbance where few aircraft movements take
place per day. However noise generated by commercial aircraft alters the

timing of birdsong (Gil et al. 2014; Dominoni et al. 2016).

Whilst birds exposed to aircraft noise display negative behavioural
responses (i.e. increase in startle behaviours), there is currently no
information on how aircraft noise affects species compositions or if
aircraft noise is physiologically stressful. Two studies have addressed how
birds shift the timings of their songs to reduce overlap with aircraft noise
(Dominoni et al. 2016; Gil et al. 2014), however none have yet explored if
birds modify spectral parameters to improve signal transmission. The next
section of this thesis explores the way birds respond to moderate noise.
The findings may assist in understanding the mechanisms and strategies

that enable to adapt to life around airports.

1.5 Response to noise

Ecological effects of noise

Anthropogenic noise can shape communities by reducing the total number
of species present at a specific location (alpha diversity), and the
difference in species composition between sites (beta diversity) (Proppe
et al. 2013) and modify community structure (Habib et al. 2006; Mcclure
et al. 2016). Reduction in alpha diversity be due to the exclusion of some
species for example if noise prevents effective communication (Blickley et
al. 2012). Diversity may also be reduced if noise prevents feeding or
reduces foraging efficiency. Greater mouse-eared bats (Myotis myotis)
stop feeding in noisy areas and subsequently move to areas with lower

10



noise levels (Schaub et al. 2008). The exclusion of species may have
cascade effects resulting in alterations to landscape ecology, especially if
species that act as seed dispersal units are absent from noisy areas
(Francis et al. 2009). Reductions in species diversity where noise is
thought to be the main contributor can be found in primates and
ungulates (Laurance et al. 2008), frogs (Herrera-Montes & Aide 2011) and
birds (Dooling & Popper 2007)

Impact of noise on communication

Whilst mechanisms exist to allow signal propagation in a naturally noisy
environment, anthropogenic noise is driving the adaption of species in un-
naturally noisy environments (Bermudez-Cuamatzin & Rios-Chelén 2009;
Pohl et al. 2012; Halfwerk & Slabbekoorn 2009; Rios-Chelén et al. 2012;
Patricelli & Blickley 2006a). Anthropogenic noise is typically loud and low
in frequency (Slabbekoorn & Ripmeester 2008; Bermudez-Cuamatzin &
Rios-Chelén 2009) and can mask signals used by animals (Brumm, 2004;
Goodwin & Podos, 2013; Lohr, Wright, & Dooling, 2003; Shier, Lea, &
Owen, 2012). For communication to be effective the signal-to-noise (SNR)

ratio needs to be sufficiently high at the receiver end for information

transfer (Warren et al. 2006). In response to noise, signallers can deploy a

number of strategies to increase SNR.

Amplitude adjustment

One strategy to increase the signal to noise ratio is to increase the
amplitude of the signal. By increasing the amplitude to be louder than that
of the noise, the signal is released from masking. This is known as the
Lombard effect (Brumm & Zollinger 2011). First observed in humans, the
Lombard effect is common throughout the animal kingdom and has been
found in every bird (Brumm & Zollinger 2011) and mammal species
(Hotchkin & Parks 2013) tested. The use of amplitude increase to

counteract background noise has not been detected in anurans. This has
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led to suggestions that this strategy has either evolved as a synapomorphy
between birds and mammals and has been derived from a common
ancestor, or that the Lombard effect has evolved independently in the two

groups (Brumm & Zollinger 2011).

Frequency modulation

A second commonly found adaptation to enable masking release is
frequency modulation. Spectral masking occurs when the background
noise and the signal noise share the same spectral frequency. Frequency
modulation is the shifting of the spectral frequency of the signal so that it
no longer overlaps with the noise. Bird species found around rivers often
use high frequency calls, presumably to combat the low frequency masking
effects generated by water movement (Dubois & Martens 1984).
Anthropogenic noise can also drive frequency shifts (Slabbekoorn & den
Boer-Visser 2006). Urban blackbirds (Turdus merula) use higher frequency
songs than their rural conspecifics. This shift to higher frequency songs
can influence intraspecific interactions with different responses to songs
from rural and urban males (Ripmeester et al. 2010). Whilst increasing
song frequency may be explained as an adjustment to improve signal to
noise ratios they may also result from amplitude adjustment. The
maximum frequency of nightingale (Luscinia megarhynchos) songs show a
positive correlation with amplitude (Brumm 2010). Birds that sing louder
use songs with higher maximum frequencies. However, there are cases
where singing at higher amplitudes leads to lower minimum frequencies
(Zollinger et al. 2012). This has led to the question if frequency
modulation is an artefact of the Lombard effect, or whether it is is an
independent strategy to improve signal detection. This topic has stirred
much debate within the literature (Zollinger et al. 2012; Cardoso & Atwell
2012; Halfwerk et al. 2012).

12



Temporal modulation

Signallers can improve the chance of detection by altering the frequency
or amplitude of a signal. However, during very high amplitude noise
events masking release may not be achieved using these strategies. The
levels of noise generated by aircraft taking off may result in the saturation
of the auditory filters resulting in the total loss of signal detection
(Complete masking; (Moore 2012)). Comodulation masking release (CMR),
signalling during periods of low amplitude background noise, can aid
signal detection. Humans take advantage of fluctuations in amplitude to
improve vocal signal detection (Hall et al. 1984). Non-human primates also
adjust the timing of signals to periods of quiet (Egnor et al. 2007).
Nightingales (Luscinia megarhynchos) time the onset of their songs to
coincide with quiet periods (Brumm 2006b). Birds found close to airports
shift songs to earlier on the day, presumably to reduce the impacts of

masking by aircraft noise (Gil et al. 2014)

Bird song is at its most intense in the early part of the morning when
environmental conditions for signal propagation are at the optimum level
(Brown & Handford, 2003). During this period multiple species will be
attempting to communicate, and birds can adjust their singing times to
reduce overlap with other species to avoid signal masking (Brumm 2006b).
In urban centres and particularly close to major roads, peak noise levels
generated by road traffic during rush hour, can coincide with peak calling
times for birds (Warren et al. 2006). Road noise modifies the timing of the
onset of singing in spotless starlings (Sturnus unicolor) and house
sparrows (Passer domesticus) experimentally exposed to noise (Arroyo-
Solis et al. 2013). Urban robins (Erithacus rubecula) avoid signal

interference by singing at night when ambient noise levels are lower

(Fuller et al. 2007).

In addition to shifting the timing of signals, sending the same signal more
frequently can also improve the opportunity for signal detection. In
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humans, repeating a signal in a noisy environment improves the rate of
detection (Fastl 1993). Increased serial redundancy in acoustically noisy
environments has also been detected in birds (Brumm & Slater 2006) and
in visually noisy habitats in reptiles (Ord et al. 2007). This suggests that,
as with humans, increasing the delivery rate of a signal is an effective way
of maintaining communication in noisy conditions. There may however be
limitations to increasing signalling redundancy. Signalling more often
results in a higher proportion of time spent singing (Diaz et al. 2011), time
which may otherwise be used for other important behaviours such as
foraging or courtship. In addition, for many species, the rate at which a
signal is given contains information. This information may inform the
receiver of the signaller’s level of motivation (Rek & Osiejuk 2010). In
these instances, the use of increasing signal redundancy may compromise
the information content of the signal (Brumm & Slabbekoorn 2005).
Increasing the number of times a signal is delivered may only be beneficial
in conditions where the amplitude of the masking noise is relatively low.

(Brumm et al., 2009; Diaz et al., 2011).

Effects of noise on cognition, health and reproduction

Noise can also impact health, tolerance levels and affect concentration
(reviewed in Pepper et al. 2003b; Stansfeld 2003). Glucocorticoids are
hormones commonly used as a measure for stress response (references in
(Blickley et al. 2012)). Laboratory and field based experiments have shown
increased endocrine levels in children exposed to intermittent noise
(Stansfeld 2003). A similar effect has also been detected in Greater-sage

Grouse (Centrocercus urophasianus) (Blickley et al. 2012).

Noise contributes to a reduction in cognitive ability. Exposure to noise
negatively influences concentration, problem solving and can reduce
academic ability in children (Clark & Stansfeld 2007). Similar cognitive
effects can be found in non-human mammals and invertebrates. Mice

exposed to loud noise take longer to successfully complete problem
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solving tasks and show poor short term memory retention (Cheng et al.

2011; Naff et al. 2007).

An explanation for reduced cognitive function is that noise distracts by
relocation the individual’s attention to the noise (Chan & Giraldo-Perez
2010). Hermit crabs (Coenobita clypeatus) exposed to simulated boat noise
respond slower to a visual stimulus (Chan & Giraldo-Perez 2010). Noise
may also lead to an increase, or perceived increase in predation risk.
Increased vigilance has been detected in mammals and birds exposed to
noise (Quinn et al. 2006; Owens et al. 2012; Chan & Giraldo-Perez 2010)
(Rabin et al. 2006). Distraction from noise has also been reported to
reduce foraging efficiency in bats (Siemers & Schaub 2011), fish (Purser &
Radford 2011) and birds (Quinn et al. 2006).

Effects of noise on reproductive success have been reported in humans
and animals (reviewed in Kight & Swaddle, 2011). This can be through an
increase in the risk of premature birth as seen in humans (Etzel et al.
1997). Exposure to anthropogenic noise during embryonic development
increases physical deformities in developing New Zealand scallops (Pecten
novaezelandiae) (de Soto et al. 2013), increases mortality in developing
chicks and reduces egg production in great tits (Parus major) (Halfwerk,
Holleman, et al. 2011). Noise also weakens pair bonding in Zebra finches
(Taeniopygia guttata) (Swaddle & Page 2007) and reduces pairing success

in ovenbirds (Seiurus aurocapilla) (Habib et al. 2006).

1.6 Conclusion

As the human population increases so too does the demand for urban
areas. Understanding the impact of urbanisation and noise levels on
wildlife will therefore become more pertinent. Creating protected areas
close to significant noise sources may not fulfil conservation aims if noise
impacts are not known or considered. Birds and humans often benefit

from the same or similar noise mitigation methods (Slabbekoorn &
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Ripmeester 2008). Understanding how species respond to different types
of noise pollution can aid mitigation methods and ensure appropriate
action is taken for affected areas. Despite the increasing number of
studies on noise impact on animals there are few that manage to isolate
the impact of sound from confounding factors (Radford & Morley 2012).
Much of the definitive data on noise impacts are provided by laboratory-
based research with limited relevance to natural situations. One of the
primary difficulties in field-based experiments is separating the effects of
noise from other components of anthropogenic disturbance. Recent
studies have however gone some way in isolating the effects of noise
(McClure et al. 2013, McClure et al. 2015, McClure et al. 2016)). A
‘phantom road’ using a network of speakers that produced traffic noise
resulted in a decline of bird species, changes in age demographics and
reductions in body mass on days where road noise was played compared
to control sites. Future anthropogenic noise research using similar
techniques should ensure claims regarding the negative effects of noise on

fitness are indeed because of noise and not due to confounding factors.

Given the limited data available on the effects of aircraft noise, this PhD
thesis aims to identify if airports affect birds from four different
perspectives. These perspectives draw on findings from anthropogenic
noise studies and aim to identify if the effects of aircraft noise are similar
to those caused by well-researched anthropogenic noise sources, such as

road noise.

Firstly, to address how aircraft noise affects bird communities, the
diversity and density of the bird community was assessed around an
airport (objective 1). Secondly, the impact of aircraft noise on vocal
communication was explored. This examined the effects of noise
disturbance on communication from the position of the signaller

(objective 2) and receiver (objective 3). Finally, to identify if living close
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to an airport causes stress in birds as it does in humans, the physiological

effect of exposure to aircraft noise is explored (objective 4).

1.7 Study site

For objectives 1, 2 & 4 Manchester international airport was used as a
case study. In 2016 Manchester airport was the fourth busiest in the UK
servicing 25 million passengers, this represents a 9% increase from 2015
and has increased from 18 million passengers in 2010. The number of
freight aircraft movements is also predicted to rise as route networks are
expanding to include new airports (MAG environment policy 2016). During
peaks times an aircraft movement occurs every 2 minutes. Whilst the
overall site covers some 625 hectares, 350 hectares of this is non-
operational and consists of several habitat types (MAG environment policy
2000). The Manchester Airport Group is committed to sustainable air
travel and the area around the runways has seen the airport invest heavily
in environmental mitigation. Since 1997 the airport has created 25
hectares of wildflower grassland and 50 hectares of woodland and scrub

(MAG environment policy 2000).

As a control site a large nature reserve (Woolston Eyes) was identified
approximately 20km away from the airport. The nature reserve covers
approximately 300 hectares and the habitat closely resembles that found
around the airport. The site is a disused dock that serviced several large
mills along the Manchester ship canal during the 19t century. There are

large patches of scrub, grassland and small patches of woodland.

1.8 Study species

The selection process for potential study species for objectives 2&3 was
conducted prior to any data being collected. Two main requirements were
(1) that the species was present in large numbers at both the airport and
control site to ensure a large enough sample size, and (2) that previous

work investigating the effects of noise had been performed on the species.
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To address requirement 1, the airport was visited on a regular basis to
assess which species were present and to estimate the abundances. Power
analysis suggested that for objective 2 (see below) a sample size of 64
individuals per site would be required. For objective 3 (see below), power
analysis indicated a sample size of n= 33 (16.5 per area) would be
required. All samples sizes were based on an estimated medium effect size

with an alpha value of 0.05 (Cohen 1992).

After preliminary visits, the only species that fit both requirements was
the chiffchaff (Phylloscopus collybita). The species was present in high
numbers at both sites and previous work has shown Chiffchaffs
immediately adjust the frequency of their songs when exposed to road

noise (Verzijden et al. 2010).

For objective 4 (see below) a large, established population of nest box
breeding birds was required. A nest box population of Blue tits (Cyanistes
caeruleus) at Lancaster University was used to study the effect of aircraft
noise on nestlings. Previous work on the endocrine response in adult blue
tits has been conducted and baseline corticosterone levels are established

(Lobato et al. 2008; Miller et al. 2006).
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1.9 PhD aim and objectives

Academic aim

To assess the impact of aircraft noise on vocal communication and ecology

of passerine bird species around Manchester airport.

Objective 1- Does aircraft noise influence species composition

To address if aircraft noise influences species diversity and abundance,
point counts were conducted throughout the breeding season to quantify
the density and abundance of woodland bird species. Point count locations

were positioned around the airport and varied in noise exposure.

Objective 2-Does airport noise influence bird song structure

To investigate if aircraft noise influences song characteristics, the songs of
chiffchaffs holding territories around the airport were compared to those

recorded in a quiet site.

Objective 3- Does airport noise affect signal perception

To address if modifications to territorial song influence male-male
interactions playback experiments were used test the signal value of song
recorded in noisy areas with those from control areas (Ripmeester et al.

2010).

Objective 4- Does aircraft noise cause stress

To address if noise generated by aircraft is an environmental stressor,
corticosterone levels were compared in 11-day-old blue tit chicks between
nests exposed to different types of anthropogenic noise. First to identify if
aircraft noise is perceived as an environmental stressor and secondly to
identify if exposure to intermittent aircraft noise is perceived as more

stressful than constant road noise.

19



Chapter 2: No effect of aircraft noise
on bird species distribution and
density at Manchester Airport

Abstract — Anthropogenic noise affects the behaviour and ecology of birds
and has negative effects on health, communication and reproduction.
Noise also modifies community compositions and contributes to
reductions in species diversity. Assessments of bird communities in noisy
areas have typically focused on continuous noise sources such as roads or
urban centres. However, intermittent noise has a stronger effect on birds
than constant noise. Here the effects of acute, intermittent aircraft noise
are investigated on the diversity of birds in mature woodland close to a
major international airport. Using encounter data from point counts,
variation in species richness with noise levels are explored. The effect of
noise on the number of individuals in areas with noise levels ranging from
50 dB(A) to over 90dB (A) is investigated for the 5 most abundant bird
species. The results show that beta bird diversity is not affected by
aircraft noise with similar species present in high, intermediate and low
amplitude sites. Secondly, results show that for the most abundant species
the number of birds occupying woodland habitat appears unaffected by
increasing noise levels, however the effects of noise on physiology and
overall fitness cannot be excluded. Overall, despite the extreme noise
amplitudes generated by aircrafts there is no evidence for an impact on

woodland bird diversity.
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2.1 Introduction

Anthropogenic noise is one of the main contributors to environmental
pollution around urban areas (WHO 1999) and, in contrast to other
environmental polluters, global noise levels continue to rise (Mohammadi
2009). Anthropogenic noise has negative impacts on health, cognition,
concentration and sleep in humans (Stansfeld 2003). For wildlife, noise
affects breeding success, nest density, predator-prey relationships and
species community compositions (reviewed in Slabbekoorn & Halfwerk,

2009).

Noise also disrupts communication and animals that rely on acoustic
signalling, such as birds, can be particularly sensitive to increases in
environmental noise (Slabbekoorn & Ripmeester 2008). Separating the
effects of anthropogenic noise from other confounding anthropogenic
influences, such as visual disturbance or habitat alteration, can be
problematic. Impacts on bird communities and behaviour have been shown
for many other anthropogenic factors. For instance, light pollution has
negative effects on reproductive success and changes singing behaviour in

European robins (Erithacus rubecula) (Kempenaers et al. 2010).

How noise Effects species distributions

There is growing evidence that noise itself plays some part in the
reduction of avian biodiversity with negative effects on total number of
birds and reductions in species diversity (McClure et al. 2013). This can
lead to homogenization of bird communities over large areas through the
loss of some species and an increase in the same common species
(Slabbekoorn & Ripmeester 2008; Slabbekoorn 2013). Species that are
sensitive to noise disturbance generally leave a noisy area only returning
when noise levels have returned to normal (Bayne et al. 2008). Certain
species are less sensitive to acoustic disturbance than others, even if they

are closely related (Conomy, Dubovsky, Collazo, & Fleming, 1998).
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One of the reasons for loss of bird diversity as a consequence of noise is
signal masking (Brumm & Slabbekoorn 2005; Patricelli & Blickley, 2006).
Anthropogenic noise can mask signals required for mate attraction,
territory defence and predator avoidance (Grade & Sieving 2016). Birds
with low-frequency songs are affected more than those with high-
frequency songs, presumably because their songs overlap more with that
of the noise. As a result, song frequency is a reliable predictor of species
absence and birds that use low frequencies are less abundant in noisy

areas (Proppe et al. 2013; but see Moiron et al. 2015).

There is also increasing evidence of non-masking influences of noise on
bird communities that can affect both survival and reproduction. Noise
affects foraging efficiency with both reductions in time spent feeding and
avoidance of hunting in noisy areas (Klett-Mingo et al. 2016; Bautista et
al. 2016; Quinn et al. 2006). Whilst data is limited for birds, increases in
food handling errors have been reported in sticklebacks (Gasterosteus

aculeatus) exposed to low-frequency noise (Purser & Radford 2011).

Reduction in feeding activities and reduced foraging efficiency are
presumably a result of the distraction effects of noise (Chan & Giraldo-
Perez 2010). Noise can distract by monopolising the brains attention to
one stimulus over any other (Benoni & Tsal 2013). In addition to affecting
feeding strategies, distraction by noise increases predation risk by
reducing response latency to a visual threat (Chan et al. 2010).
Conversely, living in noisy areas can also result in a decrease in predation
risk. Francis et al. (2012) showed a reduction in nest predation when
nesting in noisy areas. A possible explanation for these findings is that

predators that rely on sound to locate nests avoid noisy areas.

For those born in noisy areas there may be significant fitness costs.
Excessive noise exposure during ontogeny can lead to increased deformity
rates in bivalves (de Soto et al. 2013). Eggs laid in nests that experience

high levels of anthropogenic noise have higher mortality rates and slower
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growth rates (Potvin & MacDougall-Shackleton 2015). Fledgling success
rates are also reduced in nests affected by high noise levels (Halfwerk,

Holleman, et al. 2011).

How noise affects species compositions

In addition to affecting the number of species, noise can also influence
the composition of avian communities. Noisy territories, or the males that
occupy them, may be perceived as lower quality by potential mates.
Ovenbird (Seirus aurocapilla) territories in noisy areas are 17% less likely
to attract mates than those with territories in quiet areas (Habib et al.
2006). In areas experimentally exposed to road noise the age structure of
migratory birds is altered with fewer older birds (Mcclure et al. 2016) or
more younger birds holding territories (Habib et al. 2006). These changes
to population demographics may have long-term consequences as younger
birds tend to be less efficient foragers (Heise & Moore 2003), are less
likely to attract a mate (Habib et al. 2006) and have lower reproductive

output (Holmes et al. 1996).

Much of the previous work on noise has focused on road noise and that
generated from industrial drilling, and there is currently no information on
how species compositions respond to noise generated by airports. Airports
do affect the singing behaviour of birds by either causing a shift in the
timing of songs to reduce any overlap (Gil et al. 2014; Dominoni et al.
2016) or by modifying frequency parameters (See chapter 3 of this thesis).
The limited data that are available on other behavioural responses focus
on within species comparisons or descriptions of individuals living in areas
around military airports where flight movements are relatively few (Ellis
et al. 1991). Results show that whilst high amplitude aircraft noise does
affect startle responses in the short term, overall the impact is generally

low as birds quickly habituate to the disturbance.

The objective of this study was to assess the impact of commercial aircraft
noise on the abundance and diversity of woodland bird species close to
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Manchester airport. Commercial aircraft noise shares the amplitude levels
associated with military aircrafts; however, the number of movements per
day is higher. Species richness was compared between locations exposed
to varying intensities of aircraft noise to assess the impact of aircraft
noise on species diversity. Secondly, to assess the impact of noise on the
species communities, species dissimilarity was compared between sites.
Species dissimilarity compares the type of species that make up the
assemblages of communities between discrete areas. Finally, to
investigate the impact of aircraft noise on species abundance, the effect
of noise level on the number of individuals for the 5 most common species

was explored.

2.2 Methods

Study site

To assess species distribution and breeding bird density, point count
surveys were conducted in woodland areas around Manchester airport.
Manchester airport is the third busiest in the UK with on average 450
flight movements per day (CAA 2015). Whilst low aircraft activity occurs
overnight, aircraft movement levels are consistent throughout the day.
There is however a peak in movements during the hours of 0600 and 1000
(Fig. 2.1a). During peak times, a flight movement occurs every 90 seconds,
however even during the middle of the day there is a flight movement on

average every 2 minutes.

Since the opening of runway 2 in 1997, Manchester airport group (MAG)
have managed 350 hectares of land surrounding the site as part of its
environmental mitigation responsibilities. This area is predominantly
arable farmland with areas of woodland, scrubland and wildflower
meadows. For this study five areas of woodland within a 4km distance
were identified by using land cover and satellite image data in QGIS (QGIS
development team 2014) (Fig. 2.1b).
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Aircraft movements per hour

Figure 2.1: (A) Average number of aircraft movements per time bin per
day in April (red line) and May 2016 (blue line) from Manchester airport.
(B) Heatmap of noise levels in the study area for assessing distribution
and abundance of bird species around Manchester international airport.
Heat map displaying the noise levels typical of the study site between the
hours of 0600-1200. Noise levels were obtained during four independent
10 minute periods between April 1°' 2014 and June 30' 2014. Noise
levels were logged every second using a Cassella CEL-246 sound level
meter. Green polygons indicate woodland areas where point counts took
place. White dots indicate point count sites. Values on isobars indicate
maximum noise exposure (dB(A)) recorded at each point count site.
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Polygons of the five study areas were made in QGIS for each woodland
area. The woodland areas were ground-truthed by exporting the
coordinates of the perimeter of the polygons and visiting them before
point counts took place. Where the woodland edge did not match the
polygons generated in QGIS, polygons were edited with data collected
during the truthing. The total area of woodland surveyed covers
approximately 470 hectares. Thirty-five point count sites were randomly
generated using the random point generator in QGIS. This was the
maximum number of point count locations that could be generated
without violating the assumptions of being within 200meters of a
neighbouring point count site (Marsden 1999) or within 50 meters from
the woodland edge. Each site was visited prior to conducting the point

counts to ensure it was within woodland.

All point counts were conducted between 0500 and 1000 between 1°' May
and 30'™ June 2014. Surveys were conducted during the peak breeding
season as it was assumed that territories would be established and
populations would be more stable with little migration. Point count sites
were reached using a hand-held GPS (Garmin E60, www.garmin.com).
Upon arrival at the point count, a two-minute rest period was observed to
reduce the impact of observer presence. Each point count consisted of a
five-minute observation period during which bird species and the number
of individuals for each were recorded by both visual and audible detection
by a single observer (AW). Distance to each bird detected was measured
using a laser range finder (Bushnell) from a fixed point at the centre of the
point count site. Additional data collected was the sex of the individual
(where possible) and if the individual was heard singing. Birds observed in
flight were not included. To ensure an accurate representation of the
species present at each point count site, each site was visited four times

over the study period.
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To reduce potential biases of seasonality and time of day, the date and
time that each point count was conducted was randomly generated. Times
were generated using the random number generator function sample in R
(R Development Core Team 2013). As noise exceeding 45dB(A) has been
found to impair detection (Ortega & Francis 2012), point counts were only
conducted in quiet periods between aircraft noise events (take-off or
landing). Point counts were not conducted in heavy rain or if wind speed
exceeded 2 on the Beaufort scale (Bibby et al. 1992). Before any data were
collected, AW performed bird identification competency tests using the

species identification tool, Bird ID (www.birdid.no). Tests were conducted

weekly throughout the study period and a score of >90% of species

correctly identified was achieved.
Habitat

To control for variations in species richness due to habitat differences,
habitat was assessed for all point count sites. Four measures were used to
assess vegetation. (1) Tree height, determined by measuring the height
(m) of all trees within a 50 metres radius from the centre of the point
count site. (2) Canopy cover, the percentage of sky obscured by plant
growth directly above the observer (AW). Canopy cover was estimated at
10 m intervals from the centre of the point count and averaged to give a
single estimate per point count. (3) Tree density, derived by dividing the
total number of trees within 50 metres of the point count by the total
area of the point count site. (4) Tree species, the number of tree species

within 50 metres of the point count.
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http://www.birdid.no/

Figure 3: Schematic of sampling area for collection of habitat data from
point count sites around Manchester airport. Blue dots indicate points
10m apart used for assessing canopy cover

Sound measurements

Sound measurements were taken over a ten-minute period immediately

following each point count with a Casella 346 sound level meter

(http://www.casellameasurement.com/). The sound level meter

was

vertically mounted on a tripod set 2m from the ground at the centre of the

point count site. A-weighted, fast-response amplitude measures were

logged once per second and averaged to generate average amplitude.

Average and maximum amplitudes were recorded at each of the point

count visits and means were calculated to provide a single value for

average and maximum amplitude.
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Statistical analysis

To assess the impact of noise on avian communities, species richness (beta
diversity) was compared for each point count. Species richness per site
was calculated by summing the cumulative number of species detected at
each point count site. Values used for assessing species abundance were
the maximum number of detections for each species, from any of the four
point count visits. Using the maximum number of birds can be seen as the
absolute total for each species at a point count site (Forrest & St. Clair
2006). Comparisons of absolute beta diversity values do not account for
changes in species composition. To explore changes in species composition
between point count sites a Bray-Curtis dissimilarity index was used. The
Bray-Curtis index compares species composition between sampling
locations and allows for any species replacements. To assess the impact of
noise amplitude on dissimilarity each point count site was allocated into
one of three amplitude bands based on the maximum amplitude levels
recorded. The three bands were (1) sites with maximum noise levels
between 50 and 60 dB(A) SPL, (2) between 60 and 70 dB(A) SPL and (3)
sites with noise levels exceeding 70 dB(A). to compare the differences in
dissimilarity between noise bands Adonis models were built (using
Adonis2’ function in the ‘Vegan package’) to compare beta diversity
between amplitude bands. Maximum amplitude and distance were added
as additional covariates. Adonis models allow the comparison of grouped
distance data that violate assumptions of normality and are analogous to

non-parametric MANOVA tests (Anderson 2001).

To identify if any of the species were indicative of quiet or noisy sites,
species Indicator analysis was applied using the ‘Indval’ function from the
‘labdsv’ package (Roberts 2007). Indval generates an indicator value of a
species based on relative abundance and relative frequency of each

species for each point count (Duffrene & Legendre 1997).
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To assess species density, the use of distance sampling was intended to be
used; however, none of the species met the minimum number of 60
detections recommended for distance analysis (Sutherland 2006 As sample
sizes below this number are likely to give unreliable results distance
sampling was only conducted for the two most common species (Wren n=
51 and robin n = 47). Species detection distances were binned into 10m
intervals and truncated to 50m. Half normal, Hazard-rate and uniform key
detection functions were fitted. The best model with the most appropriate
key detection function was selected using the lowest AIC. Due to habitat
homogeneity, habitat variables were not added as covariates as there
would be no effect of varying habitat on detection probabilities. To
estimate density per amplitude category (quiet = ©50-60 dB(A),
intermediate (60-70 dB(A) and noisy (>70 dB(A)), amplitude band was
included as a stratification layer. Secondly, generalised linear models
assuming a Poisson distribution were built for the 5 most common species
detected during the point counts (Table 1). Generalized linear models are
suitable for modelling count data as they are robust to violations of
assumptions of normality often encountered with counts (O’ hara & Kotze
2010). The number of detections at each point count site was analysed as
a function of maximum noise amplitude. To control for anthropogenic
disturbance not related to noise and any changes in species occurrence
due to seasonal variation, distance to runway and Julian date were
included as covariates. Following exploratory data analysis, habitat
variables were not included in further analyses as there was no significant
variation between any of the four variables between point count sites
(Appendix 1). Model selection was based on Akaike information critera
(AIC) scores (Zuur et al. 2009). All data analyses were performed in

statistical software package R (R core team 2016).
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2.3 Results

Habitat

There were no significant differences detected between any of the habitat

variable between point count locations (Appendix1).

Noise levels

Maximum noise levels generated by aircraft for each of the point counts
varied between 61.6 and 91.0 dB(A) SPL (Table 1). Average amplitudes for
each of the locations varied between 52.3 and 60.9 dB(A). Maximum and
average amplitude were highly correlated (r>0.80) between point count

sites so average amplitude was removed from any further analysis.

Species diversity

A total of 391 birds and 25 species were detected during the point counts
(Table 1). Of these 25 species, only nine were detected twenty times or
more. Species richness for woodland areas ranged from 18 to 21 with the
lowest number of species observed in the noisiest woodland (Table 2.1).
Wren (Troglodytes troglodytes), robin (Erithacus rubecula) and blackbird
(Turdus merula) were the top three species in each of the three amplitude
bands (Appendix 2), six of the 25 species were never detected in the
loudest locations and three species were not detected in the quietest
locations. Overall the point count site with the highest species richness
was in the 60-70 dB(A) (17 species) band and the lowest in the >70dB(A)

band (13 species).
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Table 2.1: Summary of maximum amplitudes, average amplitudes and
species richness recorded in 5 woodland areas around Manchester
airport.

Site Point Max Average Species
count (n) amplitude amplitude richness
Rossmill wood 8 61.6 52.3 21
Sunbank wood 8 66.6 55.2 21
Runway 1 wood 5 91.6 60.9 18
Runway 2 wood 6 89 58 20
Quarry bank mill 8 65.6 53.2 20

Community dissimilarity

Adonis models used to compare beta diversity between amplitude
categories detected no differences in dissimilarity as a function of
maximum amplitude (F = 1.08, P = 0.38; Fig.2.4), distance from runway (F =
1.02, P =0.41) or the noise amplitude category (F = 1.96, P = 0.28; Fig. 5).
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Fig 2.4: Summary of woodland bird species diversity in three noise bands
around Manchester international airport. Noise bands were characterised
by the maximum amplitude measured during aircraft moments at point
count sites in mature woodland. Species richness was derived from
observations of bird species during 5-minute point counts conducted
throughout the 2014 breeding season.
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Figure 2.5: Dissimilarity of bird communities from sites around
Manchester airport. Dissimilarities calculated wusing Bray-Curtis
dissimilarity index. Each point represents a study site; sites that are more
similar are closer to each other on this plot. Red squares indicate site
with amplitude levels > 70dB(A), blue circles indicate amplitude levels
between 60-70dB(A) and black triangles indicate sites exposed to
amplitude levels between 50-60dB(A)

Indicator species

Results from the indicator species analysis identified one species, the

Long tailed tit (Aegithalos caudatus), as significantly associated (p = 0.02)

with noisy sites having higher relative abundances and occurrences in

sites with higher maximum amplitudes (>70dB(A)). Goldcrests (Regulus

regulus) were identified as significant indicators of quiet sites (p = 0.003)

having higher relative abundances and higher occurrences in quiet sites

(50 -60 dB(A)). The indval analysis did not identify any indicator species

for the 60dB(A) noise band
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Distance sampling

For wrens models with half-normal detection function with two cosine
adjustments had the lowest AIC. However, as the model with the hazard
rate key detection function was within 2 AIC points both were tested for
goodness of fit using visual inspection of QQ plots and Shapiro-wilks test
for normality. After visual inspection of plots and normality testing
(Appendix 3a), the half normal was selected for estimating wren
abundance and density estimates. For robins models with a hazard-rate
detection function with no adjustments had the lowest AIC. The model
with Hazard-rate key detection function and two polynomial adjustments
was within 2 AIC points however no improvement to the detection
function was observed (Appendix 3b). Density estimates for wrens show
lower estimates of abundance and density in the 50-60 (quiet) band,
compared to the 60-70 (intermediate noise ) band and >70 (noisy) bands.
Estimates of abundance and density for robins are higher in quieter sites

(table 2.2, figure 2.6).

Table 2.2: Summary of density and abundance estimates for wrens
(Troglodytes troglodytes) and robins (Erithacus rubecula) around
Manchester international airport. For both species, estimates from the

model with the lowest AIC are reported (Appendix 3A&B).

Species Amplitude Abundance SE Density SE cv
band

Wren  50-60 1082.519  21.432 612.100  159.127  0.259
60-70 1564.341  311.810  894.537 178.310  0.199
>70 1017.803  300.205  847.490  249.971  0.295
Total 3664.662 762.328  776.698  161.574  0.208

Robin  50.60 1393.029  251.521  103.322 24,784 0.254
60-70 1939.49  441.410 137.2 29118 0.228
>70 990.862  359.980 99.644 24.412 0.258
Total 4323.381 1052.911 340.166 78.314 0.74
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Figure 2.5 Species abundance and density estimates for (A) wrens
(Troglodytes troglodytes) and (B) robins (Erithacus rubecula). Values
derived from point counts conducted around Manchester airport.
Amplitude bands indicate the maximum amplitude level that was recorded
during an aircraft movement event. All point counts were conducted in
periods of quiet between noise events.

Number of individuals

For all species comparisons, the model that fit the data best contained
only the variable ‘Maximum amplitude’. However, there were no
significant effects (all values P > 0.05) of maximum amplitude on the

number of individuals detected for any of the top 5 species (Fig.2.7)
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Fig 2.7: Total number of the five most common bird species detected
during point counts in woodland around Manchester airport. (A) Wren
(Troglodytes troglodytes), (B) Robin (Erithacus rubecula), (C) blackbird
(Turdus merula), (D) blackcap (Sylvia atricapilla), (E) blue tit (Cyanistes
caeruleus). No significant effect of amplitude was detected on the number
of any species present at any point count site (all P > 0.05)
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2.4 Discussion

This study addressed the impact of aircraft noise on avian communities by
comparing community dissimilarity, species diversity and species
abundance among sites that varied in average and maximum noise levels
caused by aircraft movements. Firstly, results show that species
composition (beta diversity) did not differ significantly between areas
affected by aircraft noise. However, some species were not detected in
noisier locations, even when habitat and proximity to runways are
accounted for. However, the species that were not detected in noisier
sites were those with low numbers of detections throughout the whole
study area. The absence from noisy sites may simply be through an overall
low abundance of these species in the area rather than as a result of noise
exposure. There was however no significant dissimilarity between beta
diversity when sites were pooled together into noise bands. Secondly,
results show that species diversity was unaffected by aircraft noise with
no difference in the total number of species between noise categories.
Finally, Species density and abundance estimates for the two most
common species show conflicting patterns. For the most commonly
detected species, wrens, density and abundance was estimated to be
higher in the intermediate and noisy sites. Estimates for robins however
are for a higher abundance and density in quieter sites and the abundance
of the five most common bird species was not affected by increasing noise

exposure.

Noise dependent community shift

Here the effects of acute noise from aircraft movements show that there
are no differences in either alpha or beta diversity of woodland birds
between noisy, intermediate or quiet sites around Manchester airport.
These results conflict with previous findings of changes in community

composition in response to high levels of noise (Francis et al. 2009).
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Results from the indicator species analysis however show that one species,
the long-tailed tit, is typical of noisy sites whilst goldcrests were found
more frequently and in greater numbers in quieter areas. Avian
communities alter in response to noise and one explanation for declines in
bird species is signal masking. The effect of noise on birds is frequency
dependent (Rheindt 2003). That is birds with higher frequency
vocalisations are less susceptible to masking and are able to maintain
communication whilst birds with low frequency songs are masked and are
excluded from noisy areas (Proppe et al. 2013). Indeed, birds with low
frequency songs are less prevalent close to roads with abundance
increasing further away (Rheindt 2003). As long-tailed tits use calls that
are predominately in the lower end of the frequency spectrum, these
results conflict with previous findings suggesting birds with lower
frequencies are more likely absent from noisy areas (Hu & Cardoso 2009).
Furthermore, goldcrest vocalisations are in the high frequency range yet
the species is absent in many of the noisier sites. This suggests that
factor(s) other than signal masking are influencing the distribution of
these two indicator species. This could be reductions in food,
physiological effects (such as stress) or environmental factors not
controlled for in this study. It is possible that the same is true for the
other woodland species not detected in the sites exposed to high

amplitude aircraft noise.

Whilst noise can lead to changes in species compositions and to
homogenization of bird communities over a large scale (Slabbekoorn
2013), these changes are not necessarily negative for the individuals.
Species that remain in noisier areas can have higher reproductive success
(Francis et al. 2009). This can be through reduced competition for
territories or the reduction or absence of predators (Francis & Ortega

2012)
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Encounters of the five most common species were not affected by noise
levels, nor was the overall species diversity affected. Interpretation of
these results however require caution, although over 80% of the available
habitat was surveyed, the limited number of point counts conducted
means the power to detect any differences in species composition is
limited. Therefore, the findings reported are likely to be conservative.
Additional data including species distributions from other habitat types
and from different airports are required to provide more conclusive
evidence of community changes or the lack thereof, in response to aircraft
noise. Whilst there were no differences in the number of bird species by
noise level exposure the presence of a species does not necessarily
indicate that they are not affected by the noise (Ware, McClure, Carlisle,
& Barber 2015). In ovenbirds (Seiurus aurocapilla), a higher proportion of
first-year birds occupy noisy territories with older birds occupying quieter
sites (Habib et al. 2006). Immature birds have lower reproductive success,
presumably because of lack of experience. If changes in age structure as a
result of noise exposure are consistent, airports may act as ecological
traps where bird populations consist of low quality individuals, unable to

establish territories in quieter sites.

In addition to changes in age demographics, migratory birds caught during
periods of road noise exposure have lower body condition indexes than
those in the same location with no noise (Ware et al. 2015). The reduction
in weight of birds may be the result of reduced foraging efficiency caused
by increased vigilance (Quinn et al 2006). Aircraft movements also
influence feeding behaviour, great tits (Parus major) reduce feeding and
increase periods of vigilance in response to aircraft noise (Klett-Mingo et
al. 2016). If noise generated by aircraft has the same effect on body
condition as road noise, the frequent aircraft movements from
Manchester airport may contribute to reduced fitness for birds found

close to the runways.
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Conclusions

The current study contributes to the growing body of work investigating
how birds, and other wildlife, are affected by high levels of anthropogenic
noise. There were no differences in species compositions in areas affected

to high, intermediate or low levels of aircraft noise.

There may however be physiological costs on individuals close to the
runways not addressed in this study. Male sage grouse (Centrocercus
urophasianus) visiting noisy leks have higher corticosterone levels
compared to males in quieter areas (Blickley et al. 2012). This effect is
greater when the noise is intermittent (Blickley et al. 2012). Higher
corticosterone levels in individuals occupying noisy areas may indicate
that even if there is suitable habitat, life in noisy areas is more stressful.
Elevated corticosterone levels have been detected in humans and rats
exposed to aircraft noise (Chen & Chen 1993; Rabat et al. 2006). High
levels of corticosterone can have negative effects on the population as
increased corticosterone reduces reproductive success and negatively
impacts immune responses (Macdougall-Shackleton et al. 2009; Ouyang et
al. 2012). Further work into measuring corticosterone in birds exposed to
aircraft noise would provide information on how stressful repeated

exposure to aircraft noise is.
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Chapter 3: Do birds go deaf around
airports?  Chiffchaffs  Phylloscopus
collybita exposed to aircraft noise sing
lower and slower

Abstract- Anthropogenic noise disrupts animal communication and, in
extreme cases, results in the displacement of species. Anthropogenic noise
typically consists of continuous, low frequency sounds and animals
commonly respond by increasing the frequency of their signals, which
results in masking release. Signallers also increase signalling rates,
presumably to increase the opportunity for detection. Whilst much is
known about signallers’ response to constant noise, little is known about
their response to intermittent, high amplitude noise generated by aircraft
movements. Birds living close to airports can be exposed to hundreds of
high amplitude noise events (>100dB(A)) every day. These broadband
extreme noise levels exceed the releasing capabilities of spectral or
temporal modifications and do not provide the signal to noise ratios
required for signal detection. Songs of chiffchaffs near two airports in two
countries were compared to those found in nearby quieter areas. In
contrast to the typical findings, results show that airport birds sing songs
with lower frequencies and slower song rates than those in quieter areas.
Whilst these results are not consistent with those expected for improving
signal detection in noise, they are consistent with the changes in songs of
deafened birds. These findings may be the first to show that aircraft noise
can result in sound detection threshold shifts in wild bird populations and

suggest that they may suffer from noise induced hearing loss (NIHL).
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3.1 Introduction

Anthropogenic noise is one of the main contributors to environmental
pollution around urban areas (WHO 1999) and is accountable for negative
impacts on health, concentration and sleep in humans (Stansfeld 2003). In
birds, noise can influence breeding success, predator-prey relationships
and can alter species community composition (Slabbekoorn & Halfwerk
2009). In contrast to other environmental polluters, global noise levels
continue to rise (Mohammadi 2009). To date, most studies investigating
the impact of anthropogenic noise on wildlife were conducted in areas
where industrial or road traffic is the primary source. Both have similar
sound profiles that typically consist of relatively constant, low frequency
noise. Little is known about the impact on signalling behaviour of
intermittent, extreme amplitude noise as generated by aircrafts, trains or

heavy industry.

Animals that rely on acoustic communication, such as birds, are
particularly sensitive to increases in background noise levels
(Slabbekoorn & Ripmeester 2008). During transmission, acoustic signals
may be subject to interference by environmental noise (Goodwin & Podos
2013). If environmental noise decreases signal-to-noise ratios it is more
difficult for receivers to hear all or part of the signal. Noise masking
compromises the information conveyed in a signal, with negative results
for territory defence and mate attraction (Klump 1996). In general, two
main processes can result in signal masking. A signal is masked if its
frequency overlaps with that of the background noise (frequency specific
masking) (Bacon & Grantham 1989; Hulse 2002) or if the background noise
has a broad spectrum and the level is higher than that of the signal. This
results in the noise saturating the auditory filters. This results in complete

masking where the detection of any sound is not possible (Moore 2012).

In the case of frequency specific masking, many species alter the spectral

frequency of their vocalisations to increase SNR and reduce overlap with
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noise frequency bands (Bermudez-Cuamatzin et al. 2011; Goodwin & Podos
2013). Indeed, great tits (Parus major) modify song frequency up or down
when exposed to experimental treatment of noise playbacks at particular
frequencies (Halfwerk & Slabbekoorn 2009). Under noisy conditions birds
also increase the number of times a signal is given (Brumm & Slater 2006)
or increase the time spent singing, presumably to improve probability of
detection (Diaz et al. 2011). Birds also shift the timing of signalling to
periods of relative quiet to avoid masking sounds (Egnor et al. 2007).
Amplitude increase in response to noise, known as the Lombard effect
(Brumm & Zollinger 2011) is also used to improve signal to noise ratios
and has been found in every mammal and bird species tested (Hotchkin &

Parks 2013).

Whilst signal modification increases signal to noise ratios and improves
signal detectability, the modifications can affect intraspecific interactions
(Ripmeester et al. 2010). Birds typically convey information in spectral and
temporal parameters (de Kort & Eldermire 2009; Linhart et al. 2012).
These parameters are used by receivers to assess condition, motivation
and social rank of the sender (Aunay et al. 2014). Noise thus changes
acoustic signals resulting in population differences between noisy and

quiet areas (Nemeth & Brumm 2009).

Unlike noise generated by road traffic, areas around airports may be
relatively quiet punctuated by high amplitude noise events generated by
low altitude aircraft movements on approach, on the ground and on take-
off (Fig. 3.1). Noise generated by aircrafts frequently exceeds 100dB(A) for
territories within 300metres of runways, with the amplitude of the noise
building to a peak before tailing off. Noise generated by aircraft can
therefore make typical masking release strategies, such as spectral or

amplitude adjustment of signals ineffective.

43



M Airport Il Road ll Woodland

Noise level dB(A)

0 100 200 300
Time (s)

Figure 3.1: Distribution of environmental noise levels dB(A) over a period
of 5 minutes in a Chiffchaff (Phylloscopus collybita) territory 400 meters
from aircraft noise (red area), a chiffchaff territory 150 metres from a
road (blue area) and a chiffchaff territory in an isolated woodland (black
area). All amplitude measurements were taken every second during the

same time of day (0700-0705) using a Casella CEL-246 sound level meter.
This study examines the effects of aircraft noise on the territorial song of
the chiffchaff (Phylloscopus collybita). Chiffchaffs are a good model
species for assessing the impact of anthropogenic noise as they have
previously been shown to modify song parameters in response to road
noise (Verzijden et al. 2010), probably to increase the distance over which
their songs can be heard. Songs recorded around two busy international
airports were compared to those recorded in nearby areas with lower
noise levels. This is one of the first studies to investigate the effects of

aircraft noise on the structure of bird song.
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3.2 Methods

Study species and sites

Chiffchaffs (Phylloscopus collybita) are summer migrants to Europe, with
the first males usually arriving in March. Males defend their territories by
singing from strategic positions throughout the breeding season, which
typically concludes at the end of June. Chiffchaffs mediate social
interactions between males by modifying temporal and spectral song
parameters. Fighting ability is signalled with a relatively low peak
frequency (Linhart et al. 2012) whilst increasing the duration of songs

signals motivation to fight (Linhart et al. 2013).

Song recordings around Manchester airport (450 aircraft movements/day,
CAA 2015) and a control site 20km to the southeast were made between
0500 and 1200 from March 17th to June 30th, 2014. Recordings
fromSchiphol airport (1200 aircraft movements/day, Airport Council
International 2015) and a control site 50km south-west, were made in May
2015 in the Netherlands. Data from the Netherlands were obtained
through a collaboration with Hans Slabbekoorn at Leiden university.
Airport and control sites were visited on alternate days throughout the

study period.

Both airports and control sites are characterised by mixed broadleaf
woodland and scrubland, with willow (Salix sp.), Sycamore (Acer
pseudoplatinus) and Oak (Quercus sp.) being the dominant tree species. A
singing bird was observed and all singing posts were marked on a GPS
(Garmin 62: www.garmin.com) to build simple territory maps. A territory
was classified as a triangulated area from a minimum of three singing
posts. A total of 68 territories were identified In the UK and 36 in the

Netherlands.
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Song recording

To control for confounding effect on song parameters due to seasonal
changes, airport and control recording sites were visited on alternate days
throughout the study period. Each recording session was preceded by a 5-
minute habituation period to reduce the effect of observer presence on
singing behaviour. A ten-minute singing session of the target individual
was then recorded. Recordings were aborted if the focal male interacted
with another individual or if it moved out of sight. To reduce the risk of
recording the same individual twice, recordings made within 200 metres of
a previous recording were removed from the analysis. This distance
exceeds the typical size of chiffchaff territories (Rodrigues 1998). All
recordings were made using a Sennheiser ME67 microphone with a Rycote
softee windshield, combined with a Marantz PMD661 MKIl solid-state
recorder (sampling frequency: 44100Hz; 16bit; WAV format). All
recordings in the UK were made by AW. Recordings from the Netherlands

were obtained from a database provided by HS.

Noise measures

To assess how noise levels impact chiffchaff songs, maximum amplitude
for each of the territories in the UK was recorded using a tripod mounted
sound level meter (Precision Gold NO5CC dB (A), fast response). Average
amplitude was obtained by recording the noise levels every second for a
10 minute period (using a Casella CEL-246 noise level meter). Noise data
did not violate assumptions of normality so differences in noise levels

between the sites were analysed with a two-tailed, independent T-test.

Song analysis

Each individual song from the ten minute singing session was cut from the
main recording (mean number of songs per individual= 39.65+6.59). A song
was defined as a sequence of syllables where the pause rate between

syllables was less than 2 seconds. A song ended when a pause longer than
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2 seconds between syllables was detected. For each individual a random
sample of ten songs was selected from the database using the sample
function, with no replacement, using the statistical software R (R core
team, 2016). Measurements from these ten songs were used to generate
mean values for each parameter, for each individual. Eight parameters
were measured for acoustic analysis (Fig. 3.3) using the automatic
parameter measurement feature in Avisoft-SAS Lab Pro version 4.3
(Avisoft bioacoustics, Berlin, Germany). For element separation an

automatic single threshold of -21dB was used with a hold time of 100ms.

Spectral parameters measured were the maximum and minimum
frequencies within a song (MaxF & MinF), the difference between highest
and lowest frequency (BW) and the frequency with the highest amplitude
or peak frequency (PF). Temporal parameters measured were the duration

of each syllable (SD), duration of the song (DUR), syllable delivery rate

0 2
[ — )
7

Figure. 3.2: Study Area around Manchester airport testing differences in
chiffchaff (Phylloscopus collybita) song parameters. Blue dots show

location of territories where recordings were obtained. Colours indicate
maximum amplitude levels generated from 10-minute measurements of
amplitude using a Casella CEL 62 noise level meter.
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(SR), and the number of syllables in the song (NS).Syllable delivery rate
was derived by dividing the number of syllables within a song by the song
duration. For all measurements a Hamming window and an FFt-size of 512
with a 50% overlap was used. Songs were excluded from analysis if the
signal-to-noise ratio was too low to allow automatic parameter
measurement to identify all syllables in a song. If a song was excluded, a

replacement was randomly selected from the database.

Syllable type

The use of syllable types per individual was compared between airport and
control sites. Syllable types were first categorised based on the location of
the first frequency modulation using spectrograms (Fig. 6). Random
samples of 20 from each syllable type were selected using the R sample
function with no replacement. Syllables were analysed using the same
automatic detection parameters used for song analyses (see above). A
discriminant function analysis (DFA) was used to categorise the syllables
based on (1) spectral parameters: maximum frequency, low frequency,
peak frequency and (2) temporal parameter: syllable length (described
above). To objectively categorise the syllables the DFA was first ‘trained’
with a subset (n=10) of each of the syllable types. This trained model was
then applied to the remaining syllables in the dataset (n=10). The
frequency of observed syllable types was then compared to the frequency

of predicted syllable types to test the accuracy of the DFA.
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Figure 3.6. Example of chiffchaff (Phylloscopus collybita) syllable with
measurements used for analysis as indicated. MaxF = maximum

frequency, MinF = minimum frequency, PF = peak frequency, Duration =
length of syllable in seconds. Spectrogram created in Avisoft (Hamming
window, FFt size = 512, overlap of 50%)

Statistical analysis

Thirty eight recordings of individuals from the Manchester airport site and
thirty from individuals from the UK control site were used in the analysis.
For the Dutch recordings, eighteen airport and eighteen control
individuals were used. To ensure independent variables did not violate
assumptions of covariance for MANOVA/ANOVA models, pairwise
Pearson’s correlation tests were performed on both dependent and
independent variables prior to model building. The variable ‘Number of
syllables’ was highly correlated with ‘Song length’ and ‘Syllable duration’
(r>80) and was removed from further analysis. ‘Bandwidth’ was highly
correlated with ‘Peak frequency’ and ‘Maximum frequency’ (r>60) and was
also removed from further analysis. The remaining dependent variables
were tested for normality and equal variances using Shapiro-Wilks and
Bartlett test functions. For UK recordings, no variable violated the
assumptions of normality or equal variance between groups. However,
only variables minimum frequency, syllable rate and syllable duration

showed a normal distribution from the Dutch recordings (Shapiro-Wilks
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test for normality all p-values >0.05), therefore for consistency two tailed,

non-parametric tests (Wilcoxon signed-ranks) were used throughout.

To test if airport birds sing differently from control birds, song parameters
were compared as a function of location (airport or control site) for the
UK and the Netherlands. As sample sizes differed between countries, the
analyses were conducted separately and effect sizes were used for

comparison between countries.

MANOVA models were used to test the impact of noise levels
(independent variable) on song parameters (dependent variables) for the
UK recordings. Song rates in chiffchaffs vary throughout the breeding
season, depending on reproductive status (Rodrigues 1996). To control for
this, Julian date of recording was included as a further explanatory term
to test for seasonal changes in song parameters. Four models were built
for each site, (1) noise amplitude alone, (2) Julian date alone (3) noise
amplitude and Julian date and (4) interaction between noise amplitude
and Julian date. The model with the lowest Akaike Information Criterion

(AIC) value for each site was used for further analyses (Zuur et al. 2009).

Sequential Bonferroni corrections were used to control for multiple
testing (Rice 1989), however, given the increased probability of type Il
errors following correction for multiple testing (Nakagawa 2004) both P
values and unstandardized effect sizes are reported. Effect sizes allow
comparisons between unbalanced data as they report the size of the
difference between two variables (Nakagawa 2004) All data analyses were
performed in R (Development et al. 2011) and effect sizes were estimated

using the ‘effsize’ package (Torchiano 2016).
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3.3 Results

Maximum and average amplitudes for each territory were highly
correlated (r=0.8, p=<0.001) therefore only maximum amplitude was used
for the analysis. Comparisons of maximum amplitude between the two UK
recording locations showed that noise levels at airport territories were
significantly higher than those in control territories (Maximum amplitude
airport territories = 81.93dB(A) +* 9.11, maximum amplitude control

territories = 57.13 dB(A) + 4.57; T-Test- T= 11.99, p=<0.001).

Song analysis

Comparisons of song parameters between airport and control recordings
showed airport birds use lower maximum frequencies in both the UK (N;=
38, N, =30, W =349, P =0.005,d=0.757) and the Netherlands (N;= 18, N;
=18, W =95, P =0.034, d=0.385) (Fig. 4). UK Airport birds also use lower
peak frequencies (N;= 38, N; = 30, W = 279, P = <0.001, d = -1.099) and
deliver songs at a slower rate (N;= 38, N, = 30, W = 374, P = 0.015, d =
0.660). No other song variable differed between sites. Overall airport
birds sing songs with lower maximum and peak frequencies, delivering

syllables at a slower rate.
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Maximum frequency (kHz)

UK site comparison

The model containing the term ‘Amplitude’ and ‘Julian Date’ had the
lowest AIC value (table 1). For the airport population, the model showed a
significant negative effect of noise level on maximum frequency (R* = 0.28,
t= -2.054, P= 0.001; Fig. 5) of the song. No effect of noise level was
detected in any other song parameter (all variables P = >0.05). There was
no significant effect of Julian Date on any response variable (all variables
P = >0.05). For the control site, the model containing the term "Amplitude’
only had the lowest AIC value. The model showed a significant positive
effect of amplitude on minimum frequency (R*=0.11,t = -2.17, P = 0.039).
There were also significant differences in temporal parameters- syllable

length (R*=0.20, t = 2.85, P = 0.008) and syllable rate (R*=0.22, t = -3.00,

764
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P = 0.005). As amplitude increased, control birds sang longer songs at a

Figure 3.5. Maximum frequencies of chiffchaff (Phylloscopus collybita)
recorded at Manchester airport and a control site. Blue circles represent
birds from the control site, red circles represent airport birds The dotted
lines indicates noise levels that result in temporary and permanent
threshold shifts (Dooling & A. Popper 2007).
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slower rate. There was no effect of amplitude on peak frequency or

maximum frequency.

Syllable use

Seven syllable types were identified after visual inspection of
spectrograms (Fig. 6). The DFA model discriminated 100% of 5 of the
syllable types namely A, B, E, F, and G (see Fig. 6). Discrimination between
syllable types C and D was 60% and 40% and therefore they were
combined into a single syllable type for further analysis. All syllable types
violated the assumption of normality. Therefore, unpaired non-parametric
tests were applied to each syllable type. Wilcoxon signed rank tests
comparing frequency of syllable use between sites show a significant
difference in the use of the syllable types “A” and “G” (WSR test Syllable
A: W=418.5, P=0.046; Syllable G: W=761, P=0.0136). The control
population used syllable type “A” more, while the airport population used
syllable type “G” more. No difference in use was detected in any of the
remaining syllable types (WSR; Syllable b: W=550.5, P=0.814; Syllable C:
W=575.5, P=0.950; Syllable E: W=632, P=0.439; Syllable F: W=524,
P=0.523). There was no effect of seasonality on frequency of usage of any

syllable (WSR all: p>0.05).

10

Frequency (kHz)
N
l
&
—|
-
—
1

FigurtgJ 3.6: Spectrogram of syllable types identified from recordings of
chiffchaffs (Phylloscopus collybita) in the UK. Syllables are order ranked
from highest to lowest peak frequency. Lines indicate frequency shifts

used for syllable categorisation Spectrogram created using
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There was a significant association of syllable type A (X-squared = 4.014, P
= 0.041) and syllable G (X-square = 7.88, P = 0.03) with site. A was
associated with the control site and G with the airport site. There were no

other significant associations with any other syllable type ( P >0.05)

3.4 Discussion

The songs of chiffchaffs exposed to frequent, high amplitude noise events
at airports are significantly lower in maximum and peak frequencies and
are sung at a slower rate compared to birds from quiet control sites. This
result was replicated at two airports in two countries. In addition, the
higher the noise levels the lower the max frequency of the songs for
airport birds. The clear downward spectral shift is a result of airport birds
using more low frequency syllables, rather than an overall drop in

frequencies of songs.

These findings contrast sharply with other studies on the impact of
anthropogenic noise on birdsong. A common finding is that birds sing at a
higher frequency when exposed to anthropogenic noise. This s
presumably to improve signal to noise ratios since most anthropogenic
noise is low in frequency (Slabbekoorn 2013). These findings show that
chiffchaffs exposed to aircraft noise primarily use more syllable types with
low frequencies compared to those in quieter areas. Individuals from noisy

areas also used fewer syllables types with higher frequencies.

Extending the duration of a signal or repeating the same signal more
frequently can also improve signal detection By offering a better chance
of detection during noisy periods (Brumm et al. 2004). Faster delivery
rates have been observed in birds living in naturally noisy areas (Brumm
& Slater 2006) and following exposure to white noise (Potash 1973). In
contrast, as reported here chiffchaffs deliver syllables at slower rates
under a regime of aircraft noise, potentially reducing the opportunity for

detection.
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One explanation for these findings is that they are not strategies to
improve signal detection but rather artefacts of noise induced hearing
loss. The findings mirror those found in surgically deafened birds that
also show both reduced song frequency and song rates (Watanabe &
Sakaguchi 2010; Watanabe et al. 2007). In these studies budgerigars
(Melopsittacus undulatus), Bengalese finches (Lonchura striata domestica)
and zebra finches (Taeniopygia guttata) all showed slower song rates with
values similar to those detected here in chiffchaffs. Frequency shifts in
the three species ranged from a decrease of around 100-400 Hz, again
very similar to the 150 Hz difference found in birds exposed to aircraft

noise.

Hearing loss occurs when detection thresholds for a signal are increased
due to damage to the inner hair cells. Dooling & Popper (2007) suggested
infrequent exposure to bouts of sound >90 dB(A) are sufficient to
permanently raise detection thresholds in birds. Aircraft noise at
Manchester airport regularly exceeds this level at distances up to 800
meters away (AW pers. Observation). In addition, long term exposure to
lower amplitude levels can also result in detection threshold shifts
(Dooling & Popper 2007). Noise induced hearing loss has been observed in
birds exposed to noise exceeding 95dB(B) for 200 days (Marler & Konishi
1973). Rats exposed to simulated airport noise at amplitudes of 88dB
SPL, showed signs of hearing loss after 9 days exposure (Rabat et al. 2005)
and fish show threshold shifts following ten minutes of 160-170dB re 1
uPa noise exposure (Smith et al. 2004). Repeated exposure to noise, even
at lower amplitudes, can prevent the recovery of the auditory system and
lead to cumulative noise induced hearing loss (Eggermont 2016). Duration
required for cell recovery varies depending on the amplitude of the noise
but can be between 1hr and 72hrs (Saunders et al. 1974, Murphy et al.
2011). Birds living close to Manchester airport are exposed to between 20
— 50 aircraft movements per hour (Fig 2.1) and noise generated by aircraft

movements typically exceeds 80dB(A) for approximately 30 seconds (Fig

56



3.1). This results in birds living close to the airport being cumulatively
exposed to a sound exposure level (SEL) exceeding 80 dB(A) for 30minutes
every day. This duration of exposure, along with this intensity would be
sufficient to at least cause TTS (Eggermont 2016) and may possibly result
in PTS.

The number of aircraft movements, the temporal frequency and the
amplitude levels generated are sufficient to raise detection threshold for
bird species living close to the airport and thus result in at least partial
hearing loss.

There are at least three mechanisms by which hearing loss may lead to the
spectral and temporal changes of songs. Firstly, birds require auditory
feedback of their own song to acquire and maintain their song
structure(Watanabe et al. 2007). Following chemical induced hearing loss,
decreases in fundamental frequencies and loss of syllable structure occurs
in zebra finches (Taeniopygia guttata) (Price 1979). However, the partial
loss of hearing does not necessarily result in alteration of songs. Loss of
hearing between 3-10khz does not affect song maintenance of Bengalese
finches (Lonchura striata domestica) (Woolley & Rubel 1999). The loss of
frequencies below 3khz does result in loss of high frequencies and
reduction in song stability (Woolley & Rubel 1999). As the dominant noise
generated by aircraft is below 3 KHz (AW per obs), repeated aircraft noise
exposure would result in the loss of frequencies required to maintain
auditory feedback. Therefore noise induced hearing loss would result in
the loss of auditory feedback and may explain the dominance of low

frequency syllables in airport birds.

Second, selection may favour low frequency songs in a population with
hearing impairment because these are more likely to be perceived by
partially deaf birds. In progressive hearing loss, the ability to detect high
frequencies is lost before those of low frequencies (Holme & Steel 2004).

Thus, high frequency songs may not only be selected against through a
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lack of auditory feedback from their own song but also from a lack of

response from the receiver.

Whilst the results are consistent with those found from birds experiencing
hearing loss, there are other explanations that cannot be excluded with
the current data. A commonly observed response to low frequency
anthropogenic noise is the use of high frequency syllables or an upward
shift in frequency presumably to reduce the amount of overlap between
masking noise and the signal (Slabbekoorn 2013). Indeed, chiffchaffs
exposed to road noise show an immediate upward shift in minimum
frequencies (Verzijden et al. 2010). However, noise exposure in the
current study differs dramatically in amplitude from typical anthropogenic
noise in both amplitude and temporal distribution (see introduction). The
high amplitude of sound levels across the spectrum from aircraft
movements may exceed a threshold where the modifications of spectral
characteristics do not aid in masking release. Quadratic relationships, that
is an observed change in response to low noise but not to high noise
levels, have been observed for both temporal and spectral signalling
characteristics in birds exposed to noise levels exceeding 70dB(A) (Diaz et
al. 2011; Brumm et al. 2009). Domestic chickens (Gallus gallus) and serins
(Serinus serinus) increase frequencies and song rates, in response to noise
up to about 70dB(A). At noise levels higher than 70dB(A) birds revert to
using songs comparable to no noise being present. This quadratic
relationship may be explained by the birds’ reliance on self-auditory
feedback and maintain a feedback loop (Brumm et al. 2009). However, it is
unlikely that this process can explain the data in the current study, since
the Maximum Frequency values are lower under noisy compared to quiet
conditions, rather than equal. If noise levels are at amplitudes that
compromise the auditory capabilities of an individual, signallers may be
required to switch to a non-auditory feedback mechanism. In this
instance, lower frequency slower songs would be perceived better than

fast, high frequency songs (Watanabe et al. 2007). However, in this study,
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songs were only measured during periods between noise events. As
chiffchaffs are capable of immediate adaptation of signals, and if there is
a quadratic response, lower frequencies would only be used during noise
events and not between as reported here. Therefore, it is unlikely that
the observed modifications of song parameters are the result of a

quadratic response.

Finally, songbirds often show geographic variation in song structure as a
result of the cultural transmission of song combined with adaptation to
local transmission characteristics. Little information is available regarding
philopatry in breeding chiffchaffs although wintering birds show low site
fidelity (Catry et al. 2003). Given the relative close distance (<20km)
between airport and control sites, and the fact that the results are
replicated at two sites in different countries the observed variation is
unlikely to be due to isolation by distance or by adaptation to varying

habitat types.
Conclusion

Here the first evidence that acute, frequent and unpredictable noise
produced by aircrafts leads to song modification in chiffchaffs. These
findings contrast sharply with those seen when exposed to low amplitude,
consistent noise, such as observed near motorways. The most plausible
explanation for this finding is that the intensity and frequency of aircraft
noise results in detection threshold shifts and partial deafness in

chiffchaffs, and most likely other species, in the area.
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Chapter 4: Increased territorial
aggression in birds exposed to aircraft
noise

Abstract- chiffchaffs exposed to high amplitude aircraft noise sing songs with lower
maximum frequencies and at a slower song rate than birds in nearby quieter areas. This is
in sharp contrast to birds exposed to lower amplitude anthropogenic noise, where the
general finding is that birds sing at higher frequencies and faster song rates. Since
acoustic signals convey information about identity, motivation and fitness of the signaller,
it is unclear whether the change in song parameters at airports affects the efficacy of the
songs. To test the biological significance of this seemingly non-adaptive alteration,
playbacks were performed using high frequency and low frequency song types on an
airport and control population. There was a strong and indiscriminate response to both
stimuli in both populations in song, flight and approach parameters, showing that both
stimulus types are effective. However, the airport population physically attacked the
speaker substantially more (25/33 individuals) than the control population (5/33
individuals). In addition, airport birds attacked the speaker more in response to low
frequency stimuli than high frequency stimuli. As high frequencies are typically the first to
be lost when hearing is impaired due to acoustic overexposure, these results support
recent findings suggesting that birds exposed to frequent, high amplitude noise show

symptoms of auditory threshold shifts.
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4.1 Introduction

Environmental noise generated by natural events is ubiquitous and
selection has worked to maintain optimal signal transmission in noisy
habitats (Slabbekoorn & Smith 2002). The modification of acoustic signals
in response to anthropogenic noise has been detected in many bird
species (Slabbekoorn & Ripmeester 2008). A typical response from birds is
that they adjust the spectral frequency of the song or they switch to song
types that contain frequencies that are not masked (Slabbekoorn & den
Boer-Visser 2006; Brumm 2006a). Many studies investigating the effects of
anthropogenic noise on signalling focus on constant, low frequency noise
and little is known about how birds respond to acute intermittent high
level noise events, such as those generated by aircrafts (however see: Gil
et al. 2014; Dominoni et al. 2016). The extreme levels and wide frequency
spectrum of aircraft noise is enough to saturate all auditory filters
preventing the detection of any sound and vyielding complete masking
(Moore 2012). Therefore, the changing of spectral structure of acoustic
signals would not be an effective strategy near airports.

In many bird species, songs are used by both sexes to assess the singer’s
quality (Collins 2004; Searcy & Nowicki 2005). Information conveyed
within the signal informs the receiver of the sender’s reproductive status
(Amrhein et al. 2002), motivation to attack (Searcy et al. 2006) and
fighting ability (Linhart et al. 2012). For example, spectral frequency is
often a reliable indicator of body size and for many species females show

preferences for males that produce relatively low frequencies (Pasteau et
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al. 2007). Temporal characteristics of signals can be varied to provide
information of aggressive intent, with signals being delivered either faster
(Linhart et al. 2013) or slower (Rek & Osiejuk 2010). Complexity of signals
is another way of conveying information and is used in both mate
selection (Catchpole & Slater 1995) and male-male interactions (Riebel &
Slater 2000). Receivers use the information to make a choice of either
responding vocally, escalating into a physical encounter or to move away
from the signaller (de Kort et al. 2009). Any modification to the structure
of a signal that improves transmission may also alter the information
encoded within it. Spectral adjustment such as the increase in frequency
to improve transmission may be costly in both inter- and intra-sexual
interactions, especially in species where females show preferences for
lower frequencies (Halfwerk, Bot, et al. 2011).

When noise interferes with signalling, the signal may be detected, but not
enough fine scale information is received to allow for signal discrimination
(Lohr et al. 2003). In some cases females may lose the preference for
particular song characteristics, such as low frequency syllables (Wollerman
& Wiley 2002; Aunay et al. 2014). Response to territorial intrusions may
be lower in areas affected by anthropogenic noise (Kleist et al. 2016)
possibly because signallers are not able to assess the quality of the
intruder. In other cases important signals may be masked completely by
road noise resulting in no response at all (Grade & Sieving 2016).

Similar to many other bird species, chiffchaffs (Phylloscopus collybita),

respond to constant, low frequency noise from highway traffic by
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increasing the minimum frequency of their songs (Verzijden et al. 2010).
This is presumably to increase signal-to-noise rations and release it, at
least partially, from the masking effects of the noise. However, chiffchaffs
found around airports do not increase the minimum frequency but rather
use lower maximum and peak frequencies than those in quiet areas (See
chapter 3). This means that the signal remains within the frequency range
of the aircraft noise. An explanation for these apparent non-adaptive
findings is the loss of auditory feedback for high frequencies as a
consequence of auditory detection threshold shifts (for more details see
chapter 3 this thesis).

Delivery rate and spectral characteristics are important parameters in the
song of chiffchaffs (Linhart et al. 2012). Any alteration to these
parameters may alter the information conveyed within the signal. To
identify if the reduction in maximum frequency, as observed in birds living
close to an airport, alters the information content natural variation in
songs were artificially polarized to contain either a greater proportion of
high or low frequency syllables. The signal value of high versus low
frequency syllables was tested by observing the responses of male
chiffchaffs to simulated territory intrusions containing either a high
proportion of high or low frequency syllables. Responses of males around
Manchester airport were compared to those in relatively quiet areas. If
the alterations to song types observed at airports have a biological
significance, birds at the control site would discriminate between the two

stimuli types. However, if detection and discrimination thresholds for
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airport birds have shifted and high frequency syllables are not detected,
responses would differ, as not all of the information within high frequency

stimuli would be perceived.

4.2 Methods

Study sites and species

Playback experiments were performed at Manchester airport (53.3593, -
2.2706) and Woolston Eyes nature reserve (53.3899,-2.5388). Both sites
are characterised by mixed broadleaf woodland and scrubland, with willow
(Salix sp.), sycamore (Acer pseudoplatinus) and oak (Quercus sp.) the
dominant tree species. The airport site is part of Manchester Airport
Groups’ environmental mitigation area, and has seen varying levels of land
management including woodland translocation, public footpath building
and coppicing. Woolston Eyes is a nature reserve located approximately
20km west of the airport. Both sites hold approximately 40-50 singing

male chiffchaffs during the peak of the breeding season.

Chiffchaffs are summer migrants to Europe, with the first males usually
arriving in March. Males defend their territories by singing from strategic
positions throughout the breeding season, which typically concludes at the
end of June. Songs rates do not reduce after males secure a mate so are
thought to be used primarily in male-male interactions (Rodrigues 1996).
Chiffchaffs mediate social interactions between males by modifying
temporal and spectral song parameters. Fighting ability is signalled with a
relatively low peak frequency (Linhart et al. 2012) whilst increasing the

duration of songs signals motivation to fight (Linhart et al. 2013).

Playback procedure

Playback trials were conducted between 0600 and 1100 during a two-week
period from to 31°' March to the 19" April 2014. Focal birds were followed

and GPS location of each singing post was recorded. Territory maps were
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built with territories being classified as an area triangulated from a
minimum of three singing posts. Once a territory had been defined, a
remote controlled speaker (Fox Pro Fury, www.gofoxpro.com) was placed
in a tree within the territory at head height (approx. 1.8m). All
observations were conducted from a camouflaged pop-up hide positioned
approximately 10m from the speaker to reduce the effects of the observer
on the response of the subject. Prior to playback, the observer entered
the hide and a five-minute habituation period was observed. Trials were
abandoned if the subject moved out of sight or interacted with a
conspecific. Adjacent territories were not used in the same 24hr period to
avoid carryover effects. If territories were within 50m of each other, one
of these territories was randomly selected and removed from further
analysis, to reduce the risk of sampling an individual twice. To control for
confounding effect of seasonality, airport and control sites were visited on

alternate days throughout the study period.

Playback design

Playback stimuli were prepared in the same way as described in Linhart et
al. (2012). Chiffchaff songs around airports have been shown to have
lower maximum frequencies than those in quieter areas (Chapter 3). This
is a result of airport birds using a higher proportion of a low frequency
syllable type (hereafter ‘airport type’) than control birds. Airport birds
were also shown to use a high frequency syllable type significantly less
than control birds (hereafter ‘control type’). To create ‘airport type’
stimuli all ‘control type’ syllables within a song were substituted for
‘airport type’ (Fig. 4.1 (b)). For control type stimuli, airport type syllables
were substituted for the control type (Fig/ 4.1 (c)). Recordings from 22
individuals (n=11 airport site, n=11 control site) were used to generate the

stimuli.
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Figure 4.1: Schematic of manipulated chiffchaff (Phylloscopus collybita)
songs used for testing the signal value between different song types.
Spectrograms show a typical chiffchaff song used for manipulation (A);
the same song following the replacement of low frequency syllable to
create airport type stimuli (B), and the same song with replacement of
high frequency syllable types to create control type stimuli. Red boxes
indicate where low frequency syllables have been replaced with high
frequency syllables. Blue boxes indicate where high frequency syllable
types have been replaced with low frequency syllables.

Songs were randomly selected wusing the sample function with
replacement in R (R core team 2016) from a database of recordings made
by AW in 2014 (sampling frequency = 44 kHz, WAV format). Only songs
that contained both airport type and control type syllables were used for
manipulation. Song files were band-pass filtered between 1000-9000hz
and normalized to 90% of the maximum amplitude in Avisoft-SASlab
(Specht. R, Berlin, Germany). Chiffchaff song duration and rate conveys
information about aggressive intent, with faster and longer songs
indicating higher levels of aggression (Linhart et al. 2013). To ensure that
responses to manipulated songs were not influenced by any alteration in
temporal patterns, song duration and syllable rate of manipulated songs
were compared between pairs of stimuli. Song lengths and syllable rates

of manipulated songs did not differ from the original recordings or
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between airport type or control type stimuli (Kruskal Wallis p> 0.05).
Manipulated songs were tested for differences in maximum, peak and
minimum frequency parameters using Wilcoxon-signed ranks tests. Airport
songs had significantly higher maximum (N1 = 1;. N, = 11, W = 437 , P =
0.003 )and peak frequencies (N; = 11. N, = 11, W = 641, P = <0.001 ) but
there was no significant difference in minimum frequency between stimuli

types ((N1=1;. N, =11, W = 152, P = 0.46 )).

Each playback trial was divided into three 120-second observation periods.
An initial ‘pre-playback’ period consisted of 120 seconds of silence and
acted as a baseline activity period for that subject. This was followed by
two post-playback observation periods consisting of 30 seconds of
playback followed by a 90-second observation period for two subsequent

stimulus exposures.

Behavioural responses were recorded using a data logging application

(SpectatorGo! http://www.biobserve.com/products/spectator go/) on a

touch screen device (IPod touch: www.apple.com). Subject responses were
measured by comparing four behavioural variables: (1) attack, the number
of times the individual came into physical contact with the speaker, (2)
flight rate, the number of times the subject flew over or under the
speaker, (3) close approach: time spent within 2 meters of the speaker
and (4) song rate, the number of times the subject vocalised during each

observation period.

Data analysis

Generalised linear models assuming a Poisson distribution and log link
function were built to assess the effect of stimulus type on each of the
behavioural responses. Julian date and the site from where the stimulus
was recorded (Airport or control) were added as additional independent
predictors to investigate effects of seasonality and recording location.
Model selection was based on Akaike’s Information criteria for each model
(Zuur et al. 2009). Following model selection, distributions of the residuals
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for the model with the lowest AIC score were inspected to ensure there
were no violations of normality or signs of over dispersion. Where
necessary, sequential Bonferroni corrections were applied to control for
the increased probability of type 1 errors through multiple testing (Rice
1989).

A common mistake when analysing crossover trial data is to not consider
carry over effects (Diaz-Uriarte 2002). That is that the response to the
second treatment is a continuation of response to the first. To test for
cross-over effect, Mann-Whitey U tests comparing number of responses to
the first playback to the number of responses to the second playback were
used. Wilcoxon signed ranks tests were performed to test for any effect of
order, that is response to a stimulus type was not influenced by being
played first or second. Non-parametric tests were used as all variables
violated assumptions of normality (Shapiro-Wilks test for normality- All

variables: P = >0.05).
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4.3 Results

Airport site

Attack rate

The model with the lowest AIC value contained only the variable stimulus
type. There was a significant increase in number of attacks following
exposure to Airport type stimuli compared to pre-playback (n=33, Z = 3.44,
p = 0.001), but there was no significant response to the control type
(n=33, Z = 0.95, p = 0.35). There was a significant difference between
number of attacks depending on stimuli type (Control type vs Airport type;

Z=2.49, p = 0.03)

Flight rate

The model with all terms (Stimulus type, Julian date and recording
location) had the lowest AIC value. There was no effect of stimulus type or
recording location on flight rate (p values all > 0.05). Date however had a
significant effect with birds flying less as the season progressed

independent of which stimulus was played (n =33, Z =-1.96, p = 0.04).

Approach rate

The model with the lowest AIC value contained only the variable stimulus
type. Both stimuli elicited a significant response (Airport type stimuli;
n=33, Z = 3.25, p = 0.001; control type, n=33, Z = 4.97, p = <0.001). There
was no significant difference between approach depending on stimulus

type (Control type vs Airport type; Z=-1.72, p = 0.18).

Song rate

The model with the lowest AIC value contained the variables stimulus type
and Julian date. Both stimulus types elicited a significant reduction in the
number of songs produced (Control stimulus: n=33, Z = -4.64, p = <0.001;
Airport type: n=33, Z = -4.83, p = <0.001). However, a post hoc Tukey test
showed no difference in singing response between the two stimuli
(Control type vs Airport type; Z = -0.13, p = 0.99). There was also a
significant negative effect of Julian date on song with birds singing less
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following playback as the season progressed (n = 33, Z = -3.41, p =
<0.001).

Control site

Attack rate

The model with the lowest AIC value contained the variables stimulus type
and recording location. There was no significant effect of either variable

on the number of attack responses (all p values >0.05).

Flight rate

The model with the lowest AIC value contained the variables stimulus type
and Julian date. Julian date had a significant negative effect on flight with
birds responding less as the season advanced (n =33, Z = -5.17, p = <0.01).
Stimulus type had no significant effect on flight response (all p values >

0.05).

Approach rate

The model with the lowest AIC value contained only the variable stimulus
type. Birds approached the speaker more in response to both the Airport
(n=33, t = 2.09, p = 0.001) and control type stimuli (n=33, t = 3.57, p =
<0.001). There were no significant difference in time spent within two
metres of the speaker between stimuli types (Control type vs Airport type;

Z=-1.48, p = 0.30).

Song rate

The model with the lowest AIC value contained only the variable stimulus
type. There was a significant negative response to both playback stimuli
(Airport type: n=33, t= -1.072, p = 0.006; Control type: n=33, t= -3.097, p =
0.002). There was no significant difference in response between stimulus

types (n=33,7Z =-2.064, p =0.9).

70



Table 4.1 Model selection results exploring the response of
male chiffchaffs (Phylloscopus collybita) to playbacks
containing either a higher number of high or low frequency
syllables. Birds were either holding territories around
Manchester airport or a control site (see text). For each
model the number of estimated parameters (K), Akaikes’s
information criterion values (AIC) and differences in AIC
(AAIC)

K AIC AAIC
Attack rate
Stimuli type 3 127.8182 -
Stimuli type + recording location 4 129.3018 1.4836
Stimuli type + Date 4 129.6757 1.8575
Stimuli type + Date + Recording location 5 131.2753 3.4571
Recording location 2 167.9654 | 40.1472
Date 2 168.3393 40.5211
Date + recording location 3 169.9389 42.1207
Flight rate
Stimuli type + Date + Recording location 5 168.141 -
Stimuli type + Date 4 169.3407 1.1997
Stimuli type + recording location 4 170.0852 1.9442
Stimuli type 3 174.1079 5.9669
Date + recording location 3 220.2276 52.0866
Date 2 221.4273 53.2863
Recording location 2 222.1718 54.0308
Approach rate
Stimuli type 5 2132.217 -
Stimuli type + Date 4 2134.432 2.215
Stimuli type + Date + Recording location 3 2181.058 48.841
Stimuli type + recording location 4 2183.051 50.834
Date + recording location 3 3655.439 | 1523.222
Date 2 3657.654 | 1525.437
Recording location 2 3706.273 | 1574.056
Song rate
Stimuli type + Date 5 360.6663 -
Stimuli type + Date + Recording location 4 362.8883 2.222
Stimuli type 3 372.6528 11.9865
Stimuli type + recording location 4 373.7288 13.0625
Date + recording location 3 388.854 28.1877
Date 2 391.076 30.4097
Recording location 2 401.9166 41.2503
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K AIC AAIC

Attack rate
Stimuli type + recording location 4 61.39488 -
Stimuli type + Date + Recording location 5 62.95034 1.55546
Stimuli type 3 66.39252 | 4.99764
Stimuli type+ Date 4 68.26635 6.87147
Recording location 2 71.13329 9.73841
Date + recording location 3 72.68874 | 11.29386
Date 2 78.00476 | 16.60988

Flight rate
Stimuli type + Date 4 137.8137 -
Stimuli type + Date + Recording location 5 139.4973 1.6836
Stimuli type 3 163.7696 25.9559
Stimuli type + recording location 4 165.3712 27.5575
Date 2 174.837 37.0233
Date + recording location 3 176.5206 38.7069
Recording location 2 202.3946 64.5809

Approach rate

Stimuli type 5 1542.775 -
Stimuli type + Date 4 1542.903 0.128
Stimuli type + Date + Recording location 3 1548.576 5.801
Stimuli type + recording location 4 1549.214 6.439
Date + recording location 3 2246.255 703.48
Date 2 2246.383 703.608
Recording location 2 2252.694 | 709.919

Song rate
Stimuli type 3 425.9588 -
Stimuli type + Date 4 426.2116 0.2528
Stimuli type + Date + Recording location 5 427.0184 1.0596
Stimuli type + recording location 4 427.0319 1.0731
Date 2 435.4109 9.4521
Date + recording location 3 436.2178 10.259
Recording location 2 436.2312 10.2724

Carryv over and order effects

A total of 33 playback trials were conducted (Airport: n=33,

control:

n=33). No carry over effects (MWU test all variables p > 0.05) or effects of

playback order (Wilcoxon signed ranks test all variables p > 0.05) were

detected for any of the response variables.
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Figure 4.2: Responses of male chiffchaffs (Phylloscopus collybita)
holding territories around Manchester airport (A, C, E, G) and control
sites (B, D, F, H) to playbacks of modified conspecific songs. Response
parameters are: (1) attack, the number of times the individual came
into physical contact with the speaker, (2) flight rate, the number of
times the subject flew over or under the speaker, (3) close approach,
time spent within 2 meters of the speaker and (4) song rate, the
number of times the subject vocalised during each observation period.
X-axis categories: Pre playback = Observations recorded during 2
minute period before exposure to stimuli, airport type = observations
following exposure to songs containing syllables used by birds near th
airport; Control type = observations following exposure to
manipulated songs containing syllables used predominately by birds in
quiet areas.



4.4 Discussion

The results suggest that high frequency syllables are perceived differently,
or not at all by airport birds, possibly as a result of noise induced hearing
loss (See chapter 3 this thesis). Chiffchaffs living close to an airport
physically attacked the speaker 5 times more in response to a simulated
territory intrusion than those in control areas. The chiffchaffs exposed
regularly to aircraft noise also attacked the speaker more often in
response to stimuli with a relatively high proportion of low frequency
syllables. Control birds did respond to both stimuli but did not show a
difference in attack response between the stimulus types. Similarly to
previous song manipulation playback experiments on chiffchaffs, no
difference in any other response parameters were found between stimuli

(Linhart et al. 2013). .

Chiffchaffs show a presumed non-adaptive alteration to their song when
exposed to high amplitude, aircraft noise by singing slower songs with
predominantly lower frequency syllables (Chapter 3 in this thesis). This
contrasts with the wusual findings that birds increase the spectral
frequency and delivery rate of their songs in response to anthropogenic
noise, presumably to increase signal-to-noise ratios (SNR). The use of
lower frequencies is interpreted as non-adaptive here as the modified
songs remain within the frequency range of the noise. Whilst this
contradicts signal adjustment to improve SNR, however similar song type
changes do take place in birds that are hearing impaired (see chapter 3

this thesis).

In the case of Noise Induced Hearing Loss, higher frequency elements are
typically the first to be lost (Holme & Steel 2004). If Chiffchaffs exposed to
aircraft noise are suffering from auditory threshold shifts and are no
longer able to detect higher frequencies, the response to songs with a
high proportion of high frequencies would differ to responses to songs

with more low frequency syllables. Indeed, the results here show that high

74



frequency song types elicited significantly fewer attacks than low

frequency song types in the airport population.

There are two main reasons why these findings support auditory threshold
detection shifts. Firstly, chiffchaffs are more likely to attack if the
frequency of the intruder’s song is higher than their own (Linhart et al.
2012), presumably because they interpret relatively higher frequencies as
being produced by a lower quality individual (de Kort et al. 2009). Birds
exchange singing bouts to assess each other’s motivation and fighting
prowess (Vehrencamp et al. 2013). However, if a low quality individual
enters the territory this ritual can be foregone and an immediate attack
ensued. As airport chiffchaffs use lower frequency songs than birds in
quiet areas (Wolfenden et al. in prep), a stronger response to high
frequency songs should be expected rather than the weaker response
reported here. Therefore, the lower number of attacks to the high
frequency stimuli may be because noise induced hearing loss caused by
aircraft noise impairs the detection of all of the information within the
intruder’s song. This would mean that not enough information is received

by the territory holder to assess the quality of the intruder.

Secondly, syllable rate is a reliable indicator of aggressive intent in
chiffchaffs (Linhart et al. 2012). The stimuli that each chiffchaff received
were identical, in terms of duration and syllable rate. In the case of the
control birds, there was no difference in response between stimuli
suggesting that both stimuli have the same signal value. Airport birds
however physically attacked the speaker more in response to low
frequency stimuli. An explanation for this is that if high frequency
syllables within a song are not completely heard, airport birds may not
receive enough information to trigger an aggressive response. Decreased
aggression to high frequency songs is interpreted here as a result of a

decline in perception of information encoded within the signal.
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Song alteration to increase signal transmission affects intra-sexual
communication by altering response intensity in blackbirds (Turdus
merula) (Ripmeester et al. 2010) and Great tits (Parus major) (Mockford &
Marshall 2009). However, no difference in response was detected in male
Australian magpies (Cracticus tibicen) response to songs recorded from
noisy and quiet populations (Potvin et al. 2013). There is limited evidence
for how noise induced signal alteration modifies inter-sexual responses.
However, changes of frequency parameters can weaken female
preferences (Halfwerk, Bot, et al. 2011; Aunay et al. 2014). | show here
that males respond differently to conspecific songs that differ in
frequency parameters, presumably as a result of auditory detection
threshold shifts. In many cases, the trait used to convey aggression is
shared with those used in mate selection (reviewed in Wong & Candolin
2005). Therefore, the findings reported here may not just reveal the
impacts of aircraft noise on male-male interactions, but also reflect the

potential influence on mate selection.

Finally, an interesting observation is the level of aggression observed from
airport birds. In humans, exposure to loud anthropogenic noise causes
annoyance (Basner et al. 2014). This annoyance can be the result of the
noise disrupting daily activities or if the noise affects communication
(Clark & Stansfeld 2007). Annoyance in humans can lead to increases in
stress levels and subsequent reductions in quality of life through reduced
immune response (Clark & Stansfeld 2007). The increased levels of
aggression observed from Chiffchaffs around the airport may be due to an
increased level of annoyance. This in turn could increase stress levels and
have further implications on reproductive success and disease resistance

(Kight & Swaddle 2011).

76



Conclusions

Results from this study support previous findings that chiffchaffs found
around Manchester airport suffer from noise induced hearing loss. These
results also show airport birds are more aggressive than birds in quieter
areas. With the development of air transport links globally, the number of
animals exposed to extreme noise levels will increase. Understanding how
animals respond both behaviourally and physiologically will allow us to
predict the impact of such developments and allow the development of

mitigation strategies.
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Chapter 5: No effect of aircraft noise
on corticosterone levels in nestling
blue tits

Abstract: Anthropogenic noise generated by roads, urban areas and
industry negatively influences population dynamics, species diversity and
vocal communication in birds. Exposure to anthropogenic noise can also
lead to changes in the concentrations of the glucocorticoid-
corticosterone. Glucocorticoids are hormones responsible for directing
resources towards behavioural or physiological actions that increase
chances of survival during stressful situations. Because corticosterone
levels are often higher following a stressful event, they are used as a
proxy to assess stress. There are conflicting results showing either
positive, negative or no effects of continuous road noise on the
corticosterone levels in developing chicks. However, the effect of
intermittent aircraft noise on chick development is not known.
Intermittent noise has a stronger effect on physiological and behavioural
responses in birds. Here the impacts of exposure to continuous and
intermittent noise on circulating corticosterone levels are compared for
11 —day old blue tit chicks (Cyanistes caeruleus). To exclude potentially
confounding effects of environmental or genetic factors on corticosterone
levels, a two-way cross-fostering design was used. Overall, blue tit chicks
showed no significant corticosterone response following exposure to
synthetic road or aircraft noise, nor was there any effect of cross-
fostering. These results suggest that neither intermittent nor continuous
noise is perceived as stressful by blue tit chicks. Given that blue tits are
ubiquitous in urban areas, these findings may provide some insight to why

the species is able to tolerate city life.
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5.1 Introduction

Anthropogenic noise influences avian ecology by affecting species
distributions (McClure et al. 2013) and modifying community compositions
(Francis et al. 2009). The impact of anthropogenic noise appears to be
species specific with some species being more sensitive to noise
disturbance than other closely related species (Francis et al. 2011a).
Noise exposure also leads to negative physiological responses. This
includes damage to the hearing apparatus in birds (Dooling & Popper
2007) and fish, increases in physical deformities in marine larvae (de Soto
et al. 2013), reduced testosterone levels in mice (Ruffoli et al. 2006) and a
lower immune response (Kight & Swaddle 2011). Therefore, it may be said

that life in a noisy environment is stressful.

Quantifying stress in free ranging animals can be difficult. Elevated
glucocorticoid levels are often used as a proxy for assessing chronic stress
in birds (Angelier & Wingfield 2012). When a bird encounters a stressful
situation, the hypothalamus-pituitary-axis (HPA) is stimulated and
glucocorticoids are secreted. Corticosterone (hereafter CORT, a
glucocorticoid) plays an integral role in restoring homeostasis in birds by
redirecting internal resources towards self-maintenance processes
(Angelier et al. 2015). These changes include reduction in appetite,
increased blood flow leading to faster cognitive processing and activation
of the immune system (Sapolsky et al. 2000). CORT concentrations are a
good indication of stress levels experienced by an individual as they

reflect the amount required to maintain homeostasis.

Many species, including humans (Spreng 2004), show elevated
glucocorticoids when exposed to noise. Sage grouse (Centrocercus
urophasianus) show lower occupancy at leks when exposed to playbacks of
road noise, and males that remain at the leks have elevated CORT levels
(Blickley & Patricelli 2012). Long-term effects of elevated CORT levels

include decreased health (Saino et al. 2002), lower survival rates (Blas et
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al. 2007) and reduced song output (Macdougall-Shackleton et al. 2009).
Elevated CORT levels are also associated with changes in behaviour.
Chickens (Gallus domesticus) exposed to long periods of noise in the form
of loud music show not only increased levels of CORT but are also more

fearful (Campo et al. 2005).

The effects of Increased CORT levels are not necessarily negative (Crino &
Breuner 2015). White crowned sparrow (Zonotrichia leucophrys) chicks
living near roads showed increased CORT levels. However chicks with high
CORT levels were significantly larger, a reliable proxy for higher fitness,
than those in quiet areas (Crino et al. 2011). Adult male Zebra finches
(Taeniopygia guttata) with high CORT levels show faster problem solving
skills (Crino et al. 2014) and have greater reproductive success (Crino et

al. 2014).

Most studies on noise-induced stress focus on adult responses. The
limited experimental evidence on the impact of noise on developing birds
shows conflicting and surprising results. House sparrow chicks (Passer
domesticus) exposed to playbacks of road noise showed no difference in
CORT levels compared to chicks in quiet areas (Angelier et al. 2015). White
crowned sparrow chicks have lower CORT after exposure to road noise
(Crino et al. 2013). Both of these studies investigated the impact of
continuous noise, similar to that generated around urban areas or road
networks. Possible explanations for these results are that the focal species
are less sensitive to noise disturbance (Schwabl 1999) or that the
development of hearing in altricial chicks is delayed (Kubke & Carr 2000).
Sage grouse attendance at breeding sites is affected more by intermittent
than continuous noise (Blickley et al. 2012), possibly because it is more
difficult to habituate to. Experimental exposure to intermittent chronic
noise leads to lower growth rates compared to control groups in
developing chickens (Voslarova et al. 2011). For birds living close to

airports, noise exposure consists of relative quiet periods, punctuated by
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frequent bouts of high amplitude, broad spectrum noise (See Chapter 2).
For birds that live within 1km of an airport, the noise levels generated by

low altitude aircraft movements frequently exceed 90 dB(A).

The current study aimed to test the CORT response of nestling blue tit
chicks to playbacks of two types of anthropogenic noise. Playback
experiments allow the separation of noise effects from other possible
anthropogenic factors that could increase CORT concentrations. Baseline
corticosterone levels of chicks in control nest boxes were compared to
chicks exposed to either constant road noise or intermittent aircraft noise.
If elevated sound levels act as an environmental stressor on developing
chicks, CORT levels would be higher in birds exposed to noisy conditions.
As intermittent noise has been shown to be more stressful than constant
noise, the prediction is that exposure to intermittent noise would lead to
a stronger endocrine response. Finally, variation in CORT levels at 11 days
old were compared to the weight of chicks prior to fledging to assess if

CORT levels are reliable predictors of fitness.

5.2 Methods

Study site and species

Data were collected during the 2015 breeding season. For this study, a
nest box population of blue tits was used located on the grounds of
Lancaster University, UK (5490’N, 02947'W). The blue tit is a small,
abundant passerine distributed throughout Europe and Northern Africa.
The species naturally nests in tree cavities, however also readily uses
wooden nest boxes. The study site consists of mixed broadleaf woodland
with oak (Quercus Sp.) and sycamore (Acer Sp.) being the dominant
species. Within the woodland 111 nest boxes are positioned approximately
10m apart (see Mainwaring et al. 2008, for a detailed description of the

site). From the 1°' April, all boxes were checked bi-weekly to monitor
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occupation. Once new nest construction had been observed, daily checks

were undertaken to monitor egg-laying dates.

Experimental design

To reduce potentially confounding environmental or genetic factors that
may influence stress responses, a balanced, two-way cross-fostering
experimental design was a used. Each experimental dyad consisted of two
nest boxes, with each box containing chicks from both nests (Fig. 5.1).
Chicks were cross-fostered two days after hatching of the first egg.

Clutches were only considered for fostering when eggs in both boxes

Control Experimental
A1A2 B1B2
Day O
A3 A4 B3 B4
__________ F___________________________y___
/—"'"'—____'—_
A1A2 B1B2
Day 3 Cross foster
B3 B4 A3 A4
.\\‘\-.______
——
_____________________________________ Y___
A1A2 B1B2
Day 11 1hr noise exposure (Experimental only)
B3 B4 blood sample (both groups) A3 A4

Figure 5.1: Schematic overview showing the experimental procedure for
assessing the effects of noise on 11 day old nestling blue tits (Cyanistes
caeruleus). An experimental dyad compromised of pairs of boxes that
contained chicks from both nests. Square boxes represent the control
nest boxes, hexagonal boxes represent experimental nest boxes.
Experimental nest boxes were presented with a 1hr recording of either
continuous noise or intermittent noise replicating exposure to either
road noise or aircraft noise. Day 0 indicates the day the first egg within

a dyad hatched. Pairs of nest boxes where the first egg hatched on theg,
same day were used for cross fostering.



hatched on the same day. The number of chicks fostered was equal
between boxes and was half of the brood in the box with the smallest
number of chicks. All chicks within a nest box were marked by clipping the
tip of a toenail on either the left or right foot. As an additional visual aid
for separation of home and fostered chicks, numbered British Trust for
Ornithology (BTO) metal rings were fitted two days prior to sampling to
either all fostered or non-fostered chicks in a box. Prior to cross fostering
all chicks within a nest were weighed to the nearest 0.01g using an
electric balance (Pesola MS500; www.pesola.com). Only chicks of similar
weight (£0.5g) were candidates for fostering. All chicks were weighed 14

days after hatching to obtain weights prior to fledging.

Playback procedure

Speaker inserts were positioned on top of the nest boxes on both
experimental and control nest boxes approximately 20 weeks prior to the
beginning of the breeding season (c.f. Halfwerk et al. 2011; 2016). The
inserts consisted of wooden boxes (dimensions 16cm(W) x 12cm(D) x
20cm(H); Fig.5.2) that replaced the original nest box lid. Stimuli were
presented for one hour prior to blood sampling. Stimuli were played via an

external MP3 player ( Hama DP-200, https://www.hama.com) hidden in

the undergrowth at the base of the nest tree and connected to a full-range
speaker (Peerless 2.5 inch, 10-10,000Hz, 1 watt). Playback stimuli were
divided into two treatment types: (1) road noise- continuous synthetic
noise and, (2) aircraft noise- intermittent synthetic noise. Road noise files
were created by band-pass filtering a one-hour sample of white noise
between 1-10Khz (Halfwerk & Slabbekoorn 2009). Noise generated by
aircraft movements follow a quadratic distribution with amplitude
increasing to a peak before tailing off as the plane moves away. Therefore,
aircraft noise files were created by bandpass filtering white noise (1-10
KHz) that matched the noise profile of actual aircraft movements with a

ramp-up leading to a peak amplitude, followed by a ramp-down. Stimuli
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were created in Adobe Audition (www.adobe.com). Aircraft stimuli

replicated the number, duration and frequency of actual aircraft
movements from Manchester Airport. This was determined by inspecting
1-hour long recordings taken between 0700 and 1200, from five different
days. Aircraft recordings were obtained using a Songmeter (Wildlife
acoustics) placed 200m away from the runways. For both treatment types
maximum amplitude levels were set at 65 dB(A) 30cm from the speaker
cone (measured with a Cassella CEL-246 sound level meter, A-weighted,
fast response). This simulated the average noise exposure levels in natural
nest cavities around Manchester international airport (AW pers. Obs.).
Playback was started via the MP3 player placed at the base of the nest
tree. Each playback started with 10 minutes of silence before the noise

started to limit the impact of observer presence.

Figure 5.2: Image of nestbox with speaker insert used to test effects of

anthropogenic noise on developing blue tit chicks (Cyanistes caeruleus)
(c.f. Halfwerk et al. 2011; 2016). 1-hour long playbacks of artifighal
aircraft or road noise were presented to 11-day old chicks. Corticosterone
concentrations extracted from blood samples were compared between
treatment boxes and boxes that received no noise exposure.


http://www.adobe.com/

Sample collection

Following the end of the playback stimuli, all chicks were removed from
the nest box and placed on heat pads. Time from the end of the playback
to chicks being removed did not exceed 5 minutes for any of the treatment
boxes. Using the leg ring identifiers, two ‘home’ chicks and two ‘fostered’
chicks were randomly selected and placed in individual containers. 30-
40microlitres of blood was taken from the brachial vein by lan Hartley. As
CORT levels in birds can be influenced by handling (Miller et al. 2006), the
time from removal from the nest to blood being taken was recorded to
test for the effects of handling stress. Blood samples for all chicks were
taken within 4 minutes of being removed from the nest. Control blood
samples were collected identically to experimental birds. To ensure
variation in CORT could not be due to circadian rhythm (Romero &
Remage-Healey 2000), all samples were collected between 0800 and 1000.
Samples were stored in a cool bag with ice packs until transfer to the lab.
Samples were spun in a centrifuge for 10minutes at 15,000rpm. Plasma
was separated from the red blood cells using a micropipette and stored in
3ml plastic vials before transfer to a freezer (-20°). All samples were

spun, separated and placed in the freezer within 60 minutes of collection.

Corticosterone concentrations were extracted using an established
radioimmunoassay procedure (Pottinger & Carrick 2001). Ethyl acetate was
added to plasma samples (1:10; plasma: ethyl acetate) and following
centrifugation, 50ul of the extract was transferred to assay tubes
(hereafter referred to as unknown concentrations). To enable levels of
unknown concentrations to be calculated, standard curves of ‘known’
concentrations were created using assay tubes containing known inert
cortisol concentrations ranging from 800 to 6.25picograms. Blank assay
tubes contained only ethyl acetate. The solvent was then extracted from
both ‘known’ and ‘unknown’ assay tubes under a vacuum oven at 40°C.

200ul of assay buffer containing antibody followed by 25ul of *H-
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corticosterone working solution was added to each of the ‘known’ and
‘unknown’ tubes and were incubated at 4°C for 12 hours. Following
incubation 100ul of dextran coated charcoal (DCC) was added into each
tube. Tubes containing DCC were vortex mixed and incubated on ice for 5
minutes. Following incubation, samples were placed in a centrifuge and
spun at 2,500 rpm for four minutes at 4°C. 150ul of the solution was then
added to 4ml of scintillant, mixed by inversion and counted under
standard tritium conditions for 5 minutes. A 3-parameter hyperbolic decay
function was applied from the known concentrations using the percentage
of corticosterone solution bound against the inert cortisol. This curve was
then used to derive the concentration of corticosterone in the ‘unknown’

plasma samples.

Statistical analysis

CORT levels within each treatment group violated assumptions of
normality (Shapiro-Wilk’s test; Control: N =47, W = 0.87, P = <0.001; Road:
N =23, W = 0.75, P = <0.001; Plane: N = 19, W = 0.65, P = <0.001) so non-
parametric tests were used. To assess if CORT levels were influenced by
handling stress, a Kruskal-Wallis test was used to identify if handling times
differed between nest boxes. Secondly, a Kruskal-Wallis test was used to
assess if CORT levels differed based on the order of chick sampled. A
Pearson’s correlation test was performed to explore correlations between

handling time and CORT levels.

Generalised linear mixed effect models are often used on data where
repeated measures are taken for each experimental unit (Bolker et al.
2009). Whilst there were repeated measures for each nest box within this
experiment, replications were too few for mixed effect models to be
appropriate (Bolker et al. 2009). To identify if CORT levels varied between
control and treatment types generalized linear models (GLM) were built
using the Ime function in statistics software R (R core team, 2016). Brood

type (cross fostered or not) and brood size (the number of chicks in the
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same nest box) were added as additional terms. Models were first built
assuming a Poisson distribution; however, on inspection of the
distribution of the residuals, over-dispersion was apparent. Models were
then built using a quasi-Poisson distribution, post-hoc inspection of

residuals showed no issues of homoscedasticity or over-dispersion.

Because the sample sizes were small, an additional analysis was conducted
by combining the aircraft and motorway noise samples. Generalised linear
models assuming Poisson distributions were used to test for CORT
variation between control and noise nest boxes and to explore

interactions between home and fostered chicks.

In addition to exploring the CORT response of chicks within each dyad,
stress response was also explored between chicks from the same box and
compared to levels in chicks from the same dyad. If the response to a
stressor has a genetic component, CORT levels between chicks from the
same box should show the same trend. Given the limited number of
replicates (2 sample units per box), no statistical analysis were performed
however a summary of the findings and scatterplots of CORT levels were

inspected for signs of relationships.

Finally, to identify if stress levels could influence development of chicks,
GLM’s were used to explore if CORT level at 11 days old was related to the

mass of chicks close to fledging.

Model selection for all analysis was determined using Akaike information

criteria (AIC) (Zuur et al. 2009). The distributions of the residuals for the
models with the lowest AIC score were inspected to ensure there were no
violations of test assumptions. All statistical analyses were performed

using R (R core team 2016)
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5.3 Results

Sample sizes and handling stress

Between 16'™ and 30™ April 2015, 88 out of 111 nest boxes were occupied
by breeding pairs (79.28%). Of the 88 boxes with eggs, 54 pairs were cross
fostered resulting in 27 experimental dyads. Prior to any other
manipulation 15 of these dyads (55%) failed because of either partial or
total loss of chicks from one of the nest boxes. Of the remaining 34 boxes
not cross fostered or manipulated in any way for this experiment 23 (68%)
failed by means of total loss of all chicks. 100% of the chicks that had
blood sampled successfully fledged. Chick losses were attributed to
extremely low temperatures and heavy rain resulting in lack of

invertebrate food items.

Plasma samples were obtained from a total of 94 chicks from 12 dyads
(Aircraft dyads; N = 6, Road dyads; N = 6). Five samples were removed
because volumes were too small (n=1) or because CORT concentrations
could not be detected (N=4) yielding a final sample size of 89. Due to the
small volumes of blood collected, plasma volumes ranged between 25 and
50ul. Time taken to obtain blood samples from chicks did not differ
between boxes (xz = 20.77, df = 22, P = 0.53). There was no effect of
order of chicks sampled on CORT levels (xz = 4.94, df = 3, P = 0.29) and no
relationship between CORT levels and handling time (r= 0.17, t= 1.25, p =
0.22).

CORT response

Mean CORT level (+ standard deviation) for chicks from the control group
was 2.51+2.37 (N = 47), for the aircraft noise group it was 3.36+3.80 (N =
19) and for the road noise group it was 2.40+3.35 (N = 23, Fig. 3).
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Figure 5.3. Mean (+S.E.M) corticosterone levels of 11-day old blue tit

chicks (Cyanistes caeruleus) exposed to 1 hour of intermittent noise
(Aircraft), continuous noise (Road) or no noise (control). All
corticosterone concentrations were obtained from blood samples
collected within 4 minutes of chicks being removed from the nest.

The null model containing all explanatory variables (CORT level, brood
type and brood size) fitted the data best. The removal of any independent
variable or their interactions did not improve the fit (all IV combinations P
>0.05). There was no significant effect of stimulus type on CORT levels
(CORT~Road: Ncontrol = 47, Npoag = 23, t = -0.73, p = 0.47; CORT~Plane:
Ncontrol = 47, Nairport = 19, t = -0.08, p = 0.93. There were also no effects of
cross fostering (cort~brood type; Nnome = 45, Naway = 44, t = 1.16, P =
0.39).

There was no significant CORT response when data for the two stimuli
were combined into a general noise category (Ncontrol = 47, Nnoise = 42, t =
0.38, P = 0.15) but there was a non-significant trend for cross-fostered
chicks to have higher CORT levels than non-cross-fostered chicks (Npome =

45, Naway = 44,t=0.6, P = 0.08).
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CORT levels within the same box vary both within treatments and between
siblings. However, in 7 of the 22 boxes (B5, B9, 42, A15, A8 and 90)
variation in CORT levels between siblings was similar despite some related

individuals being in a different box and receiving a different treatment

(Fig. 5.4).
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Figure 5.4. Comparison of corticosterone levels within and
between 11 day old blue tit chicks (Cyanistes caeruleus) (N= 89).
Points in the same plot window indicate chicks from the same
experimental dyad. Colours indicate if the chick was in a box that
received a playback stimulus (red) or in a control box (blue).
Shape indicates if it was cross fostered (triangle) or reared in the 90
box it was born in (circle).



Effects of CORT on body mass

Weights of chicks at 14 days old varied between 8.8g and 13.5g with a
mean weight of 10.85+0.85. There were no effects of CORT levels on chick

weight at 14 days old (Cort~body mass; N =89, t=1.51, P = 0.14; Fig. 5)
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Figure 5.5. Corticosterone levels of 11 day old blue tit chicks (Cyanistes
caeruleus) and weight at 14 days old (N= 89). Red circles indicate chicks
that received 1-hour exposure to either aircraft or road noise. Blue
circles indicate control chicks.
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5.4 Discussion

Eleven-day old blue tit chicks were exposed to either a 1-hour recording of
continuous artificial road noise or a 1-hour recording that simulated
multiple aircraft movements. Based on CORT levels, there was no evidence
to support the hypothesis that aircraft noise is an environmental stressor
to blue tit chicks. In addition, there were also no differences in CORT
levels between control chicks and chicks exposed to road noise. Whilst no
previous data were available on how chicks respond to intermittent noise
disturbance, these findings are consistent with previous results in nestling
birds that also report CORT levels were unaffected following exposure to a

constant noise source (Crino et al. 2013, Angelier et al. 2016).

An explanation for the apparent lack of stress response is that young
chicks do not perceive noise as e stressor as the brain and adrenal
functions are not yet fully developed. Similarly to hearing, there is
evidence that the development of the HPA-axis is slower in altricial birds
than in precocial birds (Schwabl 1999). Precocial mallards (Anas
platyrhynchos) and domestic chickens (Gallus domesticus) show peaks in
corticosterone prior to hatching and newly hatched chicks show an
increase in corticosterone as a result of handling stress (Holmes et al.
1992). This suggests that for some precocial birds, the HPA- axis is
functional prior to hatching. However, for many altricial species HPA
activity increases with age. Serins (Serinus serinus), an altricial species,
have lower CORT levels in response to handling stress at 5 days old
compared to 12 days old (Schwabl 1999). Delayed maturation of the HPA-
axis is thought to be adaptive and reduces the negative effects that
elevated CORT levels can have on growth and development (Sapolsky
1986). The lack of response reported here might be due to the immaturity
of the chicks. As many altricial birds show adult-like stress responses prior

to fledging (Schwabl 1999), repeating this experiment on older chicks or
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measuring CORT levels in incubating females may provide a clearer

representation of the effects of noise exposure on birds.

A second potential explanation is that as a species, blue tits are resilient
to environmental stressors. Anthropogenic disturbance, including noise
can lead to a filtering effect on the presence of certain species, leading to
reduced species diversity (Francis, Ortega, et al. 2011b). What species are
affected by noise appears to correlate with the frequency of the
vocalisation they use (Francis, Ortega, et al. 2011b), with species using
low frequencies more affected. However having high frequency songs
alone may not be enough to succeed in noisy environments (Moiron et al.
2015). Certain bird species may be better suited to life in urban areas,
due to physiological, behavioural or dietary factors (Croci et al. 2008).
These so called ‘Urban exploiters’ possess combinations of specific traits
that may allow them to adapt to novel environments (Croci et al. 2008).
These traits include reproductive factors such as nest type, providing high
levels of parental care and nesting date. Non-reproductive traits typical of
urban exploiters include flexible feeding strategies and sociality (Croci et
al. 2008). Blue tits are ubiquitous in urban areas and their distribution
appears to be relatively unaffected by acute aircraft noise (see thesis
chapter 2). As with blue tits, house sparrow chicks, another successful
urban species, show no corticosterone response when exposed to
continuous noise (Meilléere et al. 2015). The lack of HPA activity in
response to either intermittent or constant noise indicates that the
species do not perceive noise as an environmental stressor. This lack of
stress response to anthropogenic noise may be a factor in the species’

capabilities to prosper in noisy, urban areas.

Finally, the lack of CORT response may due to a natural reduction of the
hormone. The intensity of CORT response is positively correlated with the
perceived threat level (Angelier 2015). A peak in CORT concentrations will

be detected in response to a threat. Cort concentrations will reduce over
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time if the threat level decreases. Therefore the lack of CORT response
detected here may be as a result of the birds habituating to the 1hr long

noise stimuli.
Conclusions

Here, no effects of anthropogenic noise on stress response were detected
in blue tit chicks. However, the lack of stress response observed in chicks
may not fully reflect the physiological impact of prolonged exposure to
acute noise. Further work including measuring corticosterone in adult
birds exposed to aircraft noise or similar experimental work on species not
found in urban areas would provide more information of the physiological
consequences of living close to airports. Finally, experiments that expose
individuals to varying amplitudes would also inform of the physiological

effects of acute intermittent noise on corticosterone levels.
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Chapter 6: The impact of aircraft noise
on distribution, communication and
physiology of birds

6.1 Introduction

The aim of this PhD research was to assess the impact of aircraft noise on
vocal communication and species composition of bird species around

Manchester international airport.

To fulfil this aim, four objectives were addressed: (1) the effects of
aircraft noise on the avian community or how noise influences bird species
diversity, abundance and density. The effects of aircraft noise on acoustic
communication from the perspective of (2) the signal sender and (3) the
signal receiver. Finally (4), to investigate the impact of aircraft noise on
stress hormone response in developing chicks. Combined these four
objectives provide detailed information on the impacts of aircraft noise on

life history traits of birds.
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6.2 Community effects

Chapter 2 of this thesis found that some bird species that were present in
quiet sites were not observed in noisy areas. There was however no
evidence for an effect of noise on woodland bird species diversity
(Chapter 2). Results of community assessments derived from point count
also revealed no differences in community composition. Finally, the
density of the five most abundant bird species did not vary with increasing
noise levels. These findings provide the first evidence that noise
generated by aircraft movements from Manchester airport does not affect
woodland bird diversity. Whilst the data provide a strong case study, the
data incorporate only a single airport and a single habitat type. Further
work that encompasses a variety of habitat types and extends to a number
of airports would provide data to support and allow generalisation of the

current findings.

The Manchester Airport Group (MAG) has invested heavily in
environmental mitigation to offset the loss of habitat following the
construction of the second runway in 1997. This includes the generation of
new areas of scrubland and the regeneration of multi-species grassland
habitats. The substantial mitigation effort and the generation of suitable
habitats conducted by the airport may go some way in explaining why the
number of woodland bird species were similar near to and further away

from the airport.

However, the results reported may not fully describe the impact of aircraft
noise on the bird community. The presence of a species does not
necessarily mean that there is no impact (discussed in chapter 2).
Anthropogenic noise not only affects bird communities by reducing
diversity but also modifies population demographics. Proportionally higher
numbers of immature birds are present in areas affected by road noise
(Mcclure et al. 2016) and industrial noise (Habib et al. 2006). Data on

population demographics were not collected during this study. However,
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further work around airports using mist netting and colour banding would
allow data to be collected on age demographics, assess territory sizes and
monitor the movements of individuals. These data would provide more
detailed information on how resident and migratory bird species respond

to aircraft noise.

As well as modifying population demographics, the effects of noise extend
to influencing reproductive success. These influences can be either
positive, with a decrease in nest predation (Francis, Paritsis, et al. 2011)
or negative, with fewer eggs produced (Kight et al. 2012) and increases in
embryo mortality (Potvin & MacDougall-Shackleton 2015). The
introduction of nest boxes in suitable habitat around the airport would
allow the reproductive success and thus fitness of some bird species to be

monitored.

6.3 Communication effects

Signallers

Chapter 3 showed that chiffchaffs (Phylloscopus collybita) around airports
use lower maximum frequencies and sing songs at slower rates than birds
from a control population. This finding was replicated in two airports and
two control sites in two countries. The findings contradict many other
studies on noise related signal adjustment in birds that typically show an
increase in spectral frequency (Brumm 2006a; Slabbekoorn 2013) and an
increase in delivery rate (Brumm & Slater 2006; Brumm et al. 2009).
Explanations for these findings are that the adjustment is not a result of
selection for improved signal to noise ratio, but rather it results from
noise induced hearing loss (NIHL). Whilst evidence from the literature is
provided that show the noise levels generated by aircraft are high enough
and at a broad enough frequency spectrum to support this claim,

additional data is required to provide conclusive evidence.
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Evidence in support of the argument for NIHL could be provided by two
primary sources. Firstly, hearing loss can be determined in birds by
examining the condition of the hair cells in the inner ear (Dooling et al.
1997). The examination of the hearing apparatus of birds from a range of
species resident around airports would show signs of damage to the hair
cells. As birds are able to recover hearing by regenerating the hair cells
within the ear within approximately 10 days following exposure (Dooling
et al. 1997), samples from resident birds would be required. As some of
the larger resident bird species are actively culled around airports to
maintain aircraft safety (corvids, raptors). Samples from multiple species
for multiple airports may be obtained quickly and without the need for
potentially controversial collection. By not only using a number of airports
but also a range of species, species specific variations in cell damage
would be highlighted and, if some species are more prone to NIHL than

other, may help to explain why some birds are absent from noisy sites.

Secondly, behavioural feedback experiments such as Go-No-Go
experiments allow data to be collected on the hearing ability of individual
birds (Dooling et al. 1997). These types of experiments allow audiograms
to be constructed for individuals that inform of the ability to detect
signals at varying amplitudes. Comparing audiograms before and after
experimentally exposing subjects to aircraft noise could be used to

identify changes in hearing sensitivities at different frequencies.

Receivers

Chapter 2 argues that modifications to temporal and spectral song
parameters in chiffchaffs is an artefact of noise induced hearing loss.
Chapter 3 took this a step further by testing the receiver’s perception of
songs that contained either a higher proportion of high or low frequency
syllables. The ability to detect high frequencies is usually the first to be
lost as a result of noise induced hearing loss. The response of signal

receivers to high and low frequency song types was compared in
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individuals around Manchester airport and a control population. Overall,
airport birds physically attacked the playback speaker 5 times more often
than control birds, showing that they are substantially more aggressive.
Speculative explanations for these findings may be that, similarly to
humans (Clark & Stansfeld 2007), aircraft noise is perceived as an
annoyance and therefore the tolerance levels of the birds are lower.
Increases in annoyance levels in humans have positive correlations with
increases in symptoms of stress related illnesses such as hypertension and
cardiovascular disease (Clark & Stansfeld 2007). Tolerance levels may also
be affected due to disturbance in sleep patterns. Humans exposed to road
and aircraft noise show not only increased aggression but also have
reduced cognitive function and lower immune responses (Pepper et al.
2003). As discussed in chapter 1, distraction by noise can result in slower
response time to an external stimulus that could lead to an increased risk
of attack by a predator. Therefore, birds found around airports may not
only be hearing impaired and more aggressive they may also be

unhealthier and at a greater risk of predation.

The results of the playback experiment also show that there was a higher
level of aggression in response to the lower frequency song type. This
suggests the songs are perceived differently and is likely to be a result of
not being able to detect high frequencies. Chapter 4 focused on the
differences in response of birds to different types of territorial song.
There are however other important vocal signals that may be affected by
shifts in auditory detection thresholds. Alarm calls are used by birds to
alert others around them to the threat of a predator (Evans et al. 1993). If
birds around airports are suffering from noise induced hearing loss,
important signals necessary for survival my not be perceived. Further work
comparing the response of a range of bird species to playbacks of alarm
calls would provide further information on the cost of living close to an

airport.
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6.4 Physiological effects

Chapter 5 showed that repeated exposure to aircraft noise did not lead to
increased levels of circulating stress hormone, corticosterone. This study
provides the first data suggesting that intermittent noise is not stressful
to developing chicks. These results are consistent with studies using
continuous noise that show no effect of exposure on the corticosterone
levels in chicks (Crino et al. 2013; Angelier et al. 2015). There were also no
effects of noise on the growth of chicks with no significant variation in
pre-fledging mass detected between treatment and control birds. An
explanation for why no corticosterone response was observed in the blue
tits (Cyanistes caeruleus) in this study and also in the species used in
previous experiments is that the endocrine system may not be fully
developed (see chapter 5). A repeat of this experiment but instead
measuring corticosterone levels in adult birds, or in species where chicks
have fully functioning endocrine systems may provide more conclusive
evidence that aircraft noise is perceived by birds as an environmental

stressor.

As negative behavioural responses to noise are highly species specific
(Conomy et al. 1998), the same may be true for the magnitude of
physiological response. Extensions of this experiment may include a range
of species, both common and absent from noisy areas, to aircraft noise to
identify if some species show higher physiological responses to noise

disturbance than others.

Personality or sex specific sensitivities may also play some part in
variations in response to noise. Great tits (Parus major) that show strong
negative responses to novel objects and exhibit slower exploratory
behaviours are affected more by noise than more bold individuals (Naguib
et al. 2013). Although quantifying personality traits in free-living

conditions is difficult, assessing the personality phenotypes of birds found
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around airports would provide information on if airport birds are bolder

than those found in quieter sites.

6.5 Future plans

As discussed in chapter 1, low frequency noise attenuates less than high
frequency and therefore travels over larger distances. This is because long
frequency wavelengths are less affected by reverberation or absorption
than high frequency wavelengths (Berglund et al. 1996). Indeed, low
frequency noise generated by aircrafts can still be detected 5000km away
from the source (Liszka 1978). Whilst this figure is impressive, the effects
of inaudible, low frequency noise may be greater still. Inaudible noises for
humans can be either those with frequencies greater than 20,000 Hz
(ultrasound) or those with frequencies below 20Hz (infrasound). Natural
sources of ultrasound are rare but they are used by several mammal
species in echolocation. Infrasound is much more common and can be
caused by weather conditions such as wind and thunderstorms. Infrasound
is also used by many animals for communication, for example African
elephants (Loxodonta Africana) (Langbauer 2000) use infrasound to signal
to conspecifics and male peacocks (Pavo cristatus) use infrasound during

courtship rituals (Freeman & Hare 2015).

Infrasound not intended for communication can also trigger a response in
wildlife. Alterations to migration routes of golden winged warblers
(Vermivora chrysoptera) are correlated to infrasound caused by a
hurricane 900km away (Streby et al. 2015). Experimental exposure to
infrasound generated by piston movement changes migration routes in

European eels (Anguilla Anguilla) (Sand et al. 2000) .

Infrasound levels generated by aircraft are much louder than those
audible to the human ear (Rubin 2005). This is important to animals living
in areas close to airports as damage to the hearing cells can still take

place, even if the noise is not heard (Berglund et al. 1996). This and many
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other studies principally investigate the effects of dB(A) levels on wildlife.
The A-weighted decibel scale does not include frequencies that are
outside of the frequency range of humans. A-weighted measurements
therefore do not detect infrasound. As infrasound is louder than the
audible noise generated by aircraft engines and that infrasound has a
negative effect on birds it is recommended that future studies should

focus on using un-weighted (dB(Z)) noise levels (Fig. 1).
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Figure 1: Sensitivities of frequencies for different decibel weightings.
Weightings sensitive to frequencies detected by humans and birds dB(A)
is indicated by the blue line. Measures weighted to include low frequency
noise dB(C) and dB(D) are indicated with the red and black lines
respectively. Un-weighted decibel level (dB(Z)) is indicated with the
dashed green line.

Whilst this study aimed to investigate how aircraft noise affected the
distribution and communication of birds, it generated questions on how
noise affects the hearing of wildlife exposed to frequent aircraft
movements. The number of aircraft movements and associated noise
levels are sufficient to cause temporary and permanent threshold shifts
(discussed in chapter 1). The habitat of the non-operational areas around

Manchester airport is predominately improved grassland and is leased to
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farmers for grazing livestock. This provides a unique opportunity to obtain
data to assess the impact of aircraft noise on domestic animals.
Behavioural observations of livestock could inform of any influence of
noise on social dynamics. In addition, samples of the auditory apparatus
could be obtained from the animals following slaughter to assess if
aircraft noise affects causes hearing loss in mammals living close to the

airport.

This PhD showed that aircraft noise affects the song and the perception of
song in birds. The most likely explanation for this is as a result of noise
induced hearing loss. This is the first study to provide evidence that
anthropogenic noise alters detection thresholds in free living birds.
Although this work focused on a single species, the results can very likely
be generalised to other wildlife. Although there was limited evidence that
birds avoid living near aircraft noise, there is likely to be a fitness cost to

those that do.

103



References

Amrhein, V., Korner, P., & Naguib, M. (2002). Nocturnal and diurnal
singing activity in the nightingale: correlations with mating status and

breeding cycle. Animal Behaviour, 64, 939-944.

Angelier, F., Meillere, A., Grace, J. K., Trouvé, C., & Brischoux, F. (2015).
No evidence for an effect of traffic noise on the development of the
corticosterone stress response in an urban exploiter. General and
Comparative Endocrinology, 232, 43-50.
https://doi.org/10.1016/j.ygcen.2015.12.007

Angelier, F., & Wingfield, J. C. (2012). Importance of the glucocorticoid
stress response in a changing world: Theory, hypotheses and
perspectives. General and Comparative Endocrinology, 190, 118-128.
https://doi.org/10.1016/j.ygcen.2013.05.022

Arroyo-Solis, A., Castillo, J. M., Figueroa, E., Lopez-Sdnchez, J. L., &
Slabbekoorn, H. (2013). Experimental evidence for an impact of
anthropogenic noise on dawn chorus timing in urban birds. Journal of
Avian Biology, 44(3), 288-296. https://doi.org/10.1111/j.1600-
048X.2012.05796.x

Aunay, G. H. des, Slabbekoorn, H., & Nagle, L. (2014). Urban noise
undermines female sexual preferences for low-frequency songs in
domestic canaries. Animal Behaviour.

https://doi.org/10.1016/j.anbehav.2013.10.010

Bacon, S., & Grantham, D. (1989). Modulation masking: Effects of
modulation frequency, depth, and phase. The Journal of the Acoustical

Society of America, 85(6), 2575-2580.

Barber, J. R., Crooks, K. R., & Fristrup, K. M. (2010). The costs of chronic
noise exposure for terrestrial organisms. Trends in Ecology &

Evolution, 25(3), 180-189. https://doi.org/10.1016/j.tree.2009.08.002

104



Basner, M., Babisch, W., Davis, A., Brink, M., Clark, C., Janssen, S., &
Stansfeld, S. (2014). Auditory and non-auditory effects of noise on
health. The Lancet, 383(9925), 1325-1332.

Bautista, L. M., Garcia, J. T., Calmaestra, R. G., Palacin, C., Martin, A.,
Morales, M. B., Vifiuela, J. (2016). Effect of Weekend Road Traffic on

the Use of Space by Raptors. Conservation Biology, 18(3), 726-732.

Bayne, E. M., Habib, L., & Boutin, S. (2008). Impacts of chronic
anthropogenic noise from energy-sector activity on abundance of
songbirds in the boreal forest. Conservation Biology, 22(5), 1186-
1193. https://doi.org/10.1111/j.1523-1739.2008.00973.x

Benoni, H., & Tsal, Y. (2013). Conceptual and methodological concerns in
the theory of perceptual load. Frontiers in Psychology.

https://doi.org/10.3389/fpsyg.2013.00522

Berglund, B., Hassmén, P., & Job, R. F. (1996). Sources and effects of low-
frequency noise. The Journal of the Acoustical Society of America,

99(5), 2985-3002. https://doi.org/10.1121/1.414863

Bermudez-Cuamatzin, E., & Rios-Chelén, A. (2009). Strategies of song
adaptation to urban noise in the house finch: syllable pitch plasticity

or differential syllable use? Behaviour, 146, 1296-1287.

Bermudez-Cuamatzin, E., Rios-Chelén, A. A., Gil, D., & Garcia, C. M. (2011).
Experimental evidence for real-time song frequency shift in response

to urban noise in a passerine bird. Biology Letters, 7, 36—38.

Bibby, C. J., Burgess, N. D., & Hill, D. A. (1992). Bird census techniques:
Academic Press. London, UK, 257.

Blas, J., Bortolotti, G. R., Tella, J. L., Baos, R., & Marchant, T. A. (2007).
Stress response during development predicts fitness in a wild, long
lived vertebrate. Proceedings of the National Academy of Sciences,

104(21), 8880—-8884. https://doi.org/10.1073/pnas.0700232104

105



Blickley, J. L., Blackwood, D., & Patricelli, G. L. (2012). Experimental
evidence for the effects of chronic anthropogenic noise on abundance
of Greater Sage-Grouse at leks. Conservation Biology, 26(3), 461-71.
https://doi.org/10.1111/j.1523-1739.2012.01840.x

Blickley, J. L., & Patricelli, G. L. (2012). Potential acoustic masking of
greater sage-grouse (Centrocercus urophasianus) display components
by chronic industrial noise. Ornithological Monographs, (74), 23-35.
https://doi.org/10.1525/0m.2012.74.1.23.23

Blickley, J. L., Word, K. R., Krakauer, A. H., Phillips, J. L., Sells, S. N., Taff,
C. C., Patricelli, G. L. (2012). Experimental chronic noise is related to
elevated fecal corticosteroid metabolites in lekking male greater Sage-

Grouse (Centrocercus urophasianus). PloS One, 7(11), e50462.

Bolker, B. M., Brooks, M. E., Clark, C. J., Geange, S. W., Poulsen, J. R,
Stevens, M. H. H., & White, J. S. S. (2009). Generalized linear mixed
models: a practical guide for ecology and evolution. Trends in Ecology

and Evolution, 24(3), 127-135.

Brittan-Powell, E. F., & Dooling, R. (2004). Development of auditory
sensitivity in Budgerigars (Melopsittacus undulatus). Journal of the

Acoustical Society of America, 115(January 2003), 3092-3102.

Brown, A. L. (1990). Measuring the effect of aircraft noise on sea birds.
Environment International. https://doi.org/10.1016/0160-
4120(90)90029-6

Brown, T., & Handford, P. (2003). Why birds sing at dawn: The role of
consistent song transmission. Ibis, 145(1), 120-129.
https://doi.org/10.1046/j.1474-919X.2003.00130.x

Brumm, H. (2004). The impact of environmental noise on song amplitude

in a territorial bird. Journal of Animal Ecology, 73, 434-440.

Brumm, H. (2006a). Animal communication: city birds have changed their

106


https://doi.org/10.1525/om.2012.74.1.23.23

tune. Current Biology, 16(23), DOIl: 10.1016/j.cub.2006.10.043.
https://doi.org/10.1016/j.cub.2006.10.045

Brumm, H. (2006b). Signalling through acoustic windows: Nightingales
avoid interspecific competition by short-term adjustment of song
timing. Journal of Comparative Physiology. A., 192(12), 1279-1285.
https://doi.org/10.1007/s00359-006-0158-x

Brumm, H., Schmidt, R., & Schrader, L. (2009). Noise-dependent vocal
plasticity in domestic fowl. Animal Behaviour, 78(3), 741-746.
https://doi.org/10.1016/j.anbehav.2009.07.004

Brumm, H., & Slabbekoorn, H. (2005). Acoustic Communication in Noise.
Advances in the Study of Behavior, 35, 151-209.
https://doi.org/10.1016/50065-3454(05)35004-2

Brumm, H., & Slater, P. J. B. (2006). Ambient noise, motor fatigue, and
serial redundancy in chaffinch song. Behavioral Ecology and
Sociobiology, 60(4), 475-481. https://doi.org/10.1007/s00265-006-
0188-y

Brumm, H., Voss, K., Kollmer, 1., & Todt, D. (2004). Acoustic
communication in noise: regulation of call characteristics in a New

World monkey. Journal of Experimental Biology, 207, 443-4438.

Brumm, H., & Zollinger, S. A. (2011). The evolution of the Lombard effect:

100 years of psychoacoustic research. Behaviour, 148(11), 1173-1198.

Burger, J. (1981). Behavioural responses of herring gulls Larus argentatus
to aircraft noise. Environmental Pollution Series A, Ecological, 24,

177-184. https://doi.org/10.1016/0143-1471(81)90030-1

Campo, J., Gil, M., & Davila, S. (2005). Effects of specific noise and music
stimuli on stress and fear levels of laying hens of several breeds.
Applied Animal Behaviour Science, 91, 75-84.
https://doi.org/10.1016/j.applanim.2004.08.028

107


https://doi.org/10.1016/j.cub.2006.10.045
https://doi.org/10.1016/0143-1471(81)90030-1

Cardoso, G. C., & Atwell, J. W. (2012). On amplitude and frequency in
birdsong: a reply to Zollinger et al. Animal Behaviour, 84(4).

https://doi.org/10.1016/j.anbehav.2012.08.012

Catchpole, C., & Slater, P. (1995). Biological Themes and Variations. New

York. Cambridge: Cambridge University Press.

Catry, P., Catry, I., Catry, T., & Martins, T. (2003). Within an between-year
winter-site fidelity of Chiffchaffs Phylloscopus collybita. ARDEA, 91(2),
213-219.

Retrieved from http://repositorio.ispa.pt/handle/10400.12/1450

Chan, A. A. Y.-H., David Stahlman, W., Garlick, D., Fast, C. D., Blumstein, D.
T., & Blaisdell, A. P. (2010). Increased amplitude and duration of
acoustic stimuli enhance distraction. Animal Behaviour, 80(6), 1075-

1079.

Chan, A. A. Y.-H., & Giraldo-Perez, P. (2010). Anthropogenic noise affects
risk assessment and attention : the distracted prey hypothesis. Biology

Letters, (February). https://doi.org/10.1098/rsbl.2009.1081

Chen, T., & Chen, S. (1993). Effects of aircraft noise on hearing and
auditory pathway function of school-age children. Archives of
Occupational and Environmental Health. Retrieved from

http://link.springer.com/article/10.1007/BF00405728.

Cheng, L., Wang, S.-H., Chen, Q.-C., & Liao, X.-M. (2011). Moderate noise
induced cognition impairment of mice and its underlying mechanisms.
Physiology & Behavior, 104(5), 981-8.
https://doi.org/10.1016/j.physbeh.2011.06.018

Clark, C., & Stansfeld, S. a. (2007). The Effect of Transportation Noise on
Health and Cognitive Development: A Review of Recent Evidence.
International Journal of Comparative Psychology, 20, 145-158.
Retrieved from http://escholarship.org/uc/item/8434889m.pdf

108


http://link.springer.com/article/10.1007/BF00405728

Cohen, J. (1992). A power primer. Psychological Bulletin, 112(1), 155-159.

Collins, S. (2004). Vocal fighting and flirting: The functions of birdsong. In
Nature’s Music: The Science of Birdsong (pp. 39-79).

Conomy, J., Dubovsky, J. A., Collazo, J. A., & Fleming, W. J. (1998). Do
black ducks and wood ducks habituate to aircraft disturbance? The

Journal of Wildlife Management, 62(3), 1135-1142.

Crino, O., & Breuner, C. (2015). Developmental stress: evidence for
positive phenotypic and fitness effects in birds. Journal of
Ornithology, 156(1), 389-398. https://doi.org/10.1007/s10336-015-
1236-z

Crino, O., Driscoll, S. C., Ton, R., & Breuner, C. W. (2014). Corticosterone
exposure during development improves performance on a novel

foraging task in zebra finches. Animal Behaviour, 91, 27-32.

Crino, O., Johnson, E. E., Blickley, J. L., Patricelli, G. L., & Breuner, C. W.
(2013). Effects of experimentally elevated traffic noise on nestling
white-crowned sparrow stress physiology, immune function and life
history. The Journal of Experimental Biology.

https://doi.org/10.1242/jeb.081109

Crino, O., Prather, C. T., Driscoll, S. C., Good, J. M., & Breuner, C. W.
(2014). Developmental stress increases reproductive success in male
zebra finches Developmental stress increases reproductive success in
male zebra finches. Proceedings of the Royal Society B: Biological

Sciences, 281(October).
https://doi.org/http://dx.doi.org/10.1098/rspb.2014.1266

Crino, O., Van Oorschot, B. K., Johnson, E. E., Malisch, J. L., & Breuner, C.
W. (2011). Proximity to a high traffic road: Glucocorticoid and life
history consequences for nestling white-crowned sparrows. General

and Comparative Endocrinology, 173(2), 323-332.

109



https://doi.org/10.1016/j.ygcen.2011.06.001

Croci, S., Butet, A., & Clergeau, P. (2008). Does urbanization filter birds on
the basis of their biological traits? The Condor, 110(2), 223-240.

de Kort, S. R., Eldermire, E. R. B., Cramer, E. R. a, & Vehrencamp, S. L.
(2009). The deterrent effect of bird song in territory defense.
Behavioral Ecology : Official Journal of the International Society for

Behavioral Ecology, 20(1), 200-206.

de Soto, N. A., Delorme, N., Atkins, J., Howard, S., Williams, J., & Johnson,
M. (2013). Anthropogenic noise causes body malformations and delays
development in marine larvae. Scientific Reports, 3, 2831.

https://doi.org/10.1038/srep02831

Delaney, D., Grubb, T., & Beier, P. (1999). Effects of helicopter noise on
Mexican spotted owls. The Journal of Wildlife Management, 63(1), 60—
76. Retrieved from http://www.jstor.org/stable/10.2307/3802487

Development, T. R., Team, C., & R Development Core Team, R. (2016). R: A
Language and Environment for Statistical Computing. R Foundation for

Statistical Computing. https://doi.org/10.1007/978-3-540-74686-7

Diaz, M., Parra, A., & Gallardo, C. (2011). Serins respond to anthropogenic
noise by increasing vocal activity. Behavioral Ecology, (January).

https://doi.org/10.1093/beheco/arq210

Diaz-Uriarte, R. (2002). Incorrect analysis of crossover trials in animal
behaviour research. Animal Behaviour, 63(4), 815-822.
https://doi.org/10.1006/anbe.2001.1950

Dominoni, D. M., Greif, S., Nemeth, E., & Brumm, H. (2016). Airport noise
predicts song timing of European birds. Ecology and Evolution.

https://doi.org/10.1002/ece3.2357

Dooling, R., Lohr, B., & Dent, M. L. (2000). Hearing in Birds and Reptiles. In

110



Comparative Hearing: Birds and Reptiles (pp. 308-359).

Dooling, R.J. and Popper, A.N., (2007). The effects of highway noise on
birds. Sacramento, CA: The California Department of Transportation

Division of Environmental Analysis, 74.

Dooling, R., Ryals, B. M., & Manabe, K. (1997). Recovery of hearing and
vocal behavior after hair cell regeneration. Proceedings of the
National Academy of Sciences of the United States of America,

94(December), 14206-14210.

Dubois, A., & Martens, J. (1984). A case of possible vocal convergence
between frogs and a bird in Himalayan torrents. Journal of

Ornithology, 125(4), 455-463. https://doi.org/10.1007/BF01640137

Egan, M. D. (1988). Architectural acoustics. McGraw-Hill Custom

Publishing.

Eggermont, J. J. (2016). Effects of long-term non-traumatic noise exposure
on the adult central auditory system. Hearing problems without

hearing loss. Hearing Research, 1-11.
https://doi.org/10.1016/j.heares.2016.10.015

Egnor, S. E. R., Wickelgren, J. G., & Hauser, M. D. (2007). Tracking silence:
adjusting vocal production to avoid acoustic interference. Journal of

Comparative Physiology. A., 193(4), 477-83.

Ellis, D. H., Ellis, C. H., & Mindell, D. P. (1991). Raptor responses to low-
level jet aircraft and sonic booms. Environmental Pollution (Barking,

Essex : 1987), 74, 53-83.

Etzel, R., Balk, S., Bearer, C., Miller, M., Shea, K., & Simon, P. (1997).
Noise: A Hazard for the Fetus and Newborn. Pediatrics, 100(4), 724-
727. https://doi.org/10.1542/peds.100.4.724

Evans, C. S., Evans, L., & Marler, P. (1993). On the meaning of alarm calls:

111



functional reference in an avian vocal system. Animal

Behaviour, 46(1), 23-38..

Fastl, H. (1993). A masking noise for speech intelligibility tests. Proc.
Acoustic. Soc. Japan, 77, 1917-1920.

Forman, R. T. T., Reineking, B., & Hersperger, A. M. (2002). Road traffic
and nearby grassland bird patterns in a suburbanizing landscape.

Environmental Management, 29(6), 782-800.
https://doi.org/10.1007/s00267-001-0065-4

Forrest, A., & St. Clair, C. C. (2006). Effects of dog leash laws and habitat
type on avian and small mammal communities in urban parks. Urban

Ecosystems, 9(2), 51-66. https://doi.org/10.1007/s11252-006-7903-3

Francis, C. D., & Ortega, C. (2012). Are nest predators absent from noisy
areas or unable to locate nests? Ornithological Monographs, 74(1),

101-110. https://doi.org/10.1525/0m.2012.74.1.101.4

Francis, C. D., Ortega, C. P., & Cruz, A. (2009). Noise pollution changes
avian communities and species interactions. Current Biology, 19(16),

1415-9. https://doi.org/10.1016/j.cub.2009.06.052

Francis, C. D., Ortega, C. P., & Cruz, A. (2011a). Different behavioural
responses to anthropogenic noise by two closely related passerine

birds. Biology Letters, 7(6), 850-2.
https://doi.org/10.1098/rsbl.2011.0359

Francis, C. D., Ortega, C. P., & Cruz, A. (2011b). Noise pollution filters bird
communities based on vocal frequency. PloS One, 6(11), e27052.

https://doi.org/10.1371/journal.pone.0027052

Francis, C. D., Paritsis, J., Ortega, C. P., & Cruz, A. (2011). Landscape
patterns of avian habitat use and nest success are affected by chronic

gas well compressor noise. Landscape Ecology, 26(9), 1269-1280.

112



Freeman, A. R., & Hare, J. F. (2015). Infrasound in mating displays: A
peacock’s tale. Animal Behaviour, 102, 241-250

Fuller, R. a, Warren, P. H., & Gaston, K. J. (2007). Daytime noise predicts
nocturnal singing in urban robins. Biology Letters, 3(4), 368—370.

Gannouni, N., Lenoir, M., Ben Rhouma, K., El May, M., Tebourbi, O., Puel,
J. L., & Mhamdi, A. (2015). Cochlear neuropathy in the rat exposed for
a long period to moderate-intensity noises. Journal of Neuroscience

Research, 93(6), 848-58. https://doi.org/10.1002/jnr.23567

Gil, D., Honarmand, M., Pascual, J., Perez-Mena, E., & Macias Garcia, C.
(2014). Birds living near airports advance their dawn chorus and
reduce overlap with aircraft noise. Behavioral Ecology, 0, 1-9.

https://doi.org/10.1093/beheco/aru207

Goodwin, S. E., & Podos, J. (2013). Shift of song frequencies in response to
masking tones. Animal Behaviour, 85(2), 435-440.
https://doi.org/10.1016/j.anbehav.2012.12.003

Goodwin, S. E., & Shriver, W. G. (2011). Effects of traffic noise on
occupancy patterns of forest birds. Conservation Biology : The Journal
of the Society for Conservation Biology, 25(2), 406-11.
https://doi.org/10.1111/j.1523-1739.2010.01602.x

Goudie, R. I. (2006). Multivariate behavioural response of harlequin ducks
to aircraft disturbance in Labrador. Environmental Conservation,

33(1), 28. https://doi.org/10.1017/S0376892906002724

Grade, A. M., & Sieving, K. E. (2016). When the birds go unheard: highway
noise disrupts information transfer between bird species. Biology

Letters, 12, 20160113. https://doi.org/10.1098/rsbl.2016.0113

Habib, L., Bayne, E. M., & Boutin, S. (2006). Chronic industrial noise
affects pairing success and age structure of ovenbirds Seiurus

aurocapilla. Journal of Applied Ecology, 44(1), 176-184.

113



https://doi.org/10.1111/j.1365-2664.2006.01234.x

Halfwerk, W., Bot, S., Buikx, J., van der Velde, M., Komdeur, J., ten Cate,
C., & Slabbekoorn, H. (2011). Low-frequency songs lose their potency
in noisy urban conditions. Proceedings of the National Academy of

Sciences of the United States of America, 108, 14549-14554.

Halfwerk, W., Bot, S., Buikx, J., van der Velde, M., Komdeur, J., ten Cate,
C., & Slabbekoorn, H. (2012). Reply to Eens et al.: Urban noise can
alter sexual selection on bird song. Proceedings of the National
Academy of Sciences of the United States of America, 109(5), E209-
E209. https://doi.org/10.1073/pnas.1120485109

Halfwerk, W., Holleman, L. J. M., Lessells, Ck. M., & Slabbekoorn, H.
(2011). Negative impact of traffic noise on avian reproductive success.

Journal of Applied Ecology, 48(1), 210-219.

Halfwerk, W., & Slabbekoorn, H. (2009). A behavioural mechanism
explaining noise-dependent frequency use in urban birdsong. Animal

Behaviour, 78(6), 1301-1307.

Hall, J. W., Haggard, M. P., & Fernandes, M. A. (1984). Detection in noise
by spectro-temporal pattern analysis. The Journal of the Acoustical

Society of America, 76, 50-56. https://doi.org/10.1121/1.391005

Heise, C. D., & Moore, F. R. (2003). Age-related differences in foraging
efficiency, molt, and fat deposition of gray catbirds prior to autumn

migration. The Condor, 105(3), 496-504. https://doi.org/10.1650/7183

Herrera-Montes, M., & Aide, T. (2011). Impacts of traffic noise on anuran
and bird communities. Urban Ecosystems, 14(3), 415-427.
https://doi.org/10.1007/s11252-011-0158-7

Holme, R. H., & Steel, K. P. (2004). Progressive Hearing Loss and Increased
Susceptibility to Noise-Induced Hearing Loss in Mice Carrying a Cdh23

but not a Myo7a Mutation. Journal of the Association for Research in

114



Otolaryngology, 5(1), 66-79. https://doi.org/10.1007/s10162-003-
4021-2

Holmes, R. T., Marra, P. P., Sherry, T. W., & Sherryt, T. W. (1996). Habitat-
Specific Demography of Breeding Black-Throated Blue Warblers
(Dendroica caerulescens): Implications for Population Dynamics.

Journal of Animal Ecology, 65(65), 183—-195.

Holmes, W. N., Cronshaw, J., Collie, M. A., Rohde, K. E., Holmes, W. N.,
Cronshaw, J., Rohde, K. E. (1992). Cellular Aspects of the Stress
Response in Precocial Neonates. Scandinavian Journal of Ornithology,

23(3), 388-397.

Hotchkin, C., & Parks, S. (2013). The Lombard effect and other noise-
induced vocal modifications: insight from mammalian communication
systems. Biological Reviews of the Cambridge Philosophical Society,

88(4), 809-24. https://doi.org/10.1111/brv.12026

Hu, Y., & Cardoso, G. C. (2009). Are bird species that vocalize at higher
frequencies preadapted to inhabit noisy urban areas? Behavioral

Ecology, 20(6), 1268-1273. https://doi.org/10.1093/beheco/arp131

Hulse, S. H. (2002). Auditory scene analysis in animal

communication. Advances in the Study of Behavior, 31, 163-200.

Kempenaers, B., Borgstrom, P., Loés, P., Schlicht, E., & Valcu, M. (2010).
Artificial night lighting affects dawn song, extra-pair siring success,
and lay date in songbirds. Current Biology, 20(19), 1735-1739.
https://doi.org/10.1016/j.cub.2010.08.028

Kight, C., Saha, M., & Swaddle, J. (2012). Anthropogenic noise is
associated with reductions in the productivity of breeding Eastern

Bluebirds (Sialia sialis). Ecological Applications, 22(7), 1989-1996.

Kight, C., & Swaddle, J. P. (2011). How and why environmental noise

impacts animals: an integrative, mechanistic review. Ecology Letters,

115



14(10), 1052-61. https://doi.org/10.1111/j.1461-0248.2011.01664.x

Kleist, N. J., Guralnick, R. P., Cruz, A., & Francis, C. D. (2016).
Anthropogenic noise weakens territorial response to intruder’s songs.

Ecosphere, 7(March), 1-11.

Klett-Mingo, J. I., Pavédn, |., & Gil, D. (2016). Great tits, Parus major,
increase vigilance time and reduce feeding effort during peaks of

aircraft noise. Animal Behaviour, 115, 29-34.

Képpl, C., & Nickel, R. (2007). Prolonged maturation of cochlear function
in the barn owl after hatching. Journal of Comparative Physiology A:
Neuroethology, Sensory, Neural, and Behavioral Physiology, 193(6),
613-624.

Kubke, M. F., & Carr, C. E. (2000). Development of the auditory brainstem
of birds: Comparison between barn owls and chickens. Hearing

Research. https://doi.org/10.1016/5S0378-5955(00)00116-7

Langbauer, W. R. (2000). Elephant communication. Zoo Biology, 19(5),
425-445,

Laurance, W. F., Croes, B. M., Guissouegou, N., Buij, R., Dethier, M., &
Alonso, A. (2008). Impacts of roads, hunting, and habitat alteration on
nocturnal mammals in African rainforests. Conservation Biology, 22(3),

721-732. https://doi.org/10.1111/j.1523-1739.2008.00917.x

Lengagne, T. (2008). Traffic noise affects communication behaviour in a
breeding anuran, Hyla arborea. Biological Conservation, 141(8), 2023—

2031. https://doi.org/10.1016/j.biocon.2008.05.017

Lengagne, T., & Slater, P. (2002). The effects of rain on acoustic
communication: tawny owls have good reason for calling less in wet
weather. Proceedings of the Royal Society B: Biological Sciences,

269(1505), 2121-2125.

116


https://doi.org/10.1016/j.biocon.2008.05.017

Linhart, P., Jaska, P., Petruskova, T., Petrusek, A., & Fuchs, R. (2013).
Being angry, singing fast? Signalling of aggressive motivation by
syllable rate in a songbird with slow song. Behavioural Processes, 100,

139-45. https://doi.org/10.1016/j.beproc.2013.06.012

Linhart, P., Slabbekoorn, H., & Fuchs, R. (2012). The communicative
significance of song frequency and song length in territorial

chiffchaffs. Behavioral Ecology, 23(6), 1338-1347.

Liszka, L. (1978). Long-distance focusing of Concorde sonic boom. The

Journal of the Acoustical Society of America, 64(2), 631-635.

Lobato, E., Merino, S., Moreno, J., Morales, J., Tomas, G., Martinez-de la
Puente, J., ... Mostl, E. (2008). Corticosterone metabolites in blue tit
and pied flycatcher droppings: effects of brood size, ectoparasites and
temperature. Hormones and Behavior, 53(1), 295-305.

https://doi.org/10.1016/j.yhbeh.2007.10.010

Lohr, B., Wright, T. F., & Dooling, R. J. (2003). Detection and
discrimination of natural calls in masking noise by birds: estimating

the active space of a signal. Animal Behaviour, 65(4), 763-777.

Macdougall-Shackleton, S. A., Dindia, L., Newman, A. E. M., Potvin, D. A.,
Stewart, K. A., & Macdougall-Shackleton, E. A. (2009). Stress, song and
survival in sparrows. Biology Letters, 5(6), 746-7438.
https://doi.org/10.1098/rsbl.2009.0382

Mainwaring, M. C., Benskin, C. M. H., & Hartley, |I. R. (2008). The weight of
female-built nests correlates with female but not male quality in the
Blue Tit Cyanistes caeruleus. Acta Ornithologica, 43(1), 43-48.
https://doi.org/10.3161/000164508X345310

Marler, P., & Konishi, M. (1973). Effects of continuous noise on avian
hearing and vocal development. Proceedings of the National Academy

of Sciences, 70(5), 1393-1396. Retrieved from

117



http://www.pnas.org/content/70/5/1393.short

Mcclure, C. J. W., Ware, H. E., Carlisle, J. D., & Barber, J. R. (2016). Noise
from a phantom road experiment alters the age structure of a
community of migrating birds. Animal Conservation, 1-9.

https://doi.org/10.1111/acv.12302

McClure, C., Ware, H., Carlisle, J. D., Kaltenecker, G., & Barber, J. R.
(2013). An experimental investigation into the effects of traffic noise
on distributions of birds: avoiding the phantom road. Proceedings of
the Royal Society B: Biological Sciences, 280, 20132290.
https://doi.org/http://dx.doi.org/10.1098/rspb.2013.2290

Meillere, A., Brischoux, F., Ribout, C., & Ange. (2015). Traffic noise
exposure affects telomere length in nestling house sparrows. Biology

Letters, 11, 2-5. https://doi.org/10.1098/rsbl.2015.0559

Mockford, E. J., & Marshall, R. C. (2009). Effects of urban noise on song
and response behaviour in great tits. Proceedings of the Royal Society
B: Biological Sciences, 276(1669), 2979-2985.
https://doi.org/10.1098/rspb.2009.0586

Mohammadi, G. (2009). An investigation of community response to urban
traffic noise. Journal of Environmental Health Science and Engineering,

6(2), 137-142.

Moiron, M., Gonzalez-Lagos, C., Slabbekoorn, H., & Sol, D. (2015). Singing
in the city: high song frequencies are no guarantee for urban success
in birds. Behavioral Ecology, 26(3), 843-850.
https://doi.org/10.1093/beheco/arv026

Moore, B. C. J. (2012). An Introduction to the Psychology of Hearing.
Boston Academic Press. https://doi.org/10.1016/j.tins.2007.05.005

118


https://doi.org/http:/dx.doi.org/10.1098/rspb.2013.2290
https://doi.org/10.1098/rsbl.2015.0559

Miller, C., Jenni-Eiermann, S., Blondel, J., Perret, P., Caro, S. P.,
Lambrechts, M., & Jenni, L. (2006). Effect of human presence and
handling on circulating corticosterone levels in breeding blue tits
(Parus caeruleus). General and Comparative Endocrinology, 148(2),

163-71. https://doi.org/10.1016/j.ygcen.2006.02.012

Naff, K. A., Riva, C. M., Craig, S. L., & Gray, K. N. (2007). Noise Produced
by Vacuuming Exceeds the Hearing Thresholds of C57BlI / 6 and CD1
Mice. Journal of the American Association for Laboratory Animal

Science, 46(1), 52-57.

Naguib, M., Oers, K. Van, Braakhuis, A., Griffioen, M., de Goede, P., &
Waas, J. R. (2013). Noise annoys: effects of noise on breeding great
tits depend on personality but not on noise characteristics. Animal

Behaviour, 85, 949-956.

Nakagawa, S. (2004). A farewell to Bonferroni: the problems of low
statistical power and publication bias. Behavioral Ecology, 15(6),

1044-1045. https://doi.org/10.1093/beheco/arh107

Nemeth, E., & Brumm, H. (2009). Blackbirds sing higher-pitched songs in
cities: adaptation to habitat acoustics or side-effect of urbanization?
Animal Behaviour, 78(3), 637-641.
https://doi.org/10.1016/j.anbehav.2009.06.016

O’hara, R. B., & Kotze, D. J. (2010). Do not log-transform count

data. Methods in Ecology and Evolution, 1(2), 118-122.

Ord, T., Peters, R., Clucas, B., & Stamps, J. (2007). Lizards speed up visual
displays in noisy motion habitats. Proceedings of the Royal Society B:
Biological  Sciences, 247(1613), 1057-1062. Retrieved from
http://citeseerx.ist.psu.edu/viewdoc/download?doi=10.1.1.110.882&r

ep=repl&type=pdf
Ortega, C. P., & Francis, C. D. (2012). Effects of gas-well-compressor noise

119



on the ability to detect birds during surveys in northwest New Mexico.
Ornithological Monographs, (74), 78-90.
https://doi.org/10.1525/0m.2011.74.1.78.78

Ouyang, J. Q., Quetting, M., & Hau, M. (2012). Corticosterone and brood

abandonment in a passerine bird. Animal Behaviour, 84(1), 261-268.

Owens, J. L., Stec, C. L., & O’Hatnick, A. (2012). The effects of extended
exposure to traffic noise on parid social and risk-taking behavior.

Behavioural Processes, 91(1), 61-69.

Palmer, A. A. G. A, Nordmeyer, D. L. D., Roby, D. D., & Press, A. (2003).
Effects of jet aircraft overflights on parental care of peregrine falcons.

Wildlife Society Bulletin, 31(2), 499-509.

Pasteau, M., Nagale, L., & Kreutzer, M. (2007). Influences of Learning and
Predispositions on Frequency Level Preferences on Female Canaries

(Serinus canaria). Behaviour, 144(9), 1103-1118.

Patricelli, G., & Blickley, J. L. (2006). Avian communication in urban noise:
causes and consequences of vocal adjustment. The Auk, 123(3), 639-

649.

Pepper, C., Nascarella, M., & Kendall, R. (2003). A review of the effects of
aircraft noise on wildlife and humans, current control mechanisms and
the need for further study. Environmental Management, 32(4), 418-
432

Pohl, N. U., Leadbeater, E., Slabbekoorn, H., Klump, G. M., & Langemann,
U. (2012). Great tits in urban noise benefit from high frequencies in
song detection and discrimination. Animal Behaviour, 83(3), 711-721.

https://doi.org/10.1016/j.anbehav.2011.12.019

Potash, L. M. (1973). Vocalization correlated with self-induced changes in
visual-auditory contact between mated Japanese quail. Animal

Learning & Behavior, 1(2), 125-128.

120



https://doi.org/10.3758/BF03214577

Pottinger, T. G., & Carrick, T. R. (2001). Stress responsiveness affects
dominant-subordinate relationships in rainbow trout. Hormones and

Behavior, 40(3), 419-427.

Potvin, D. A., & MacDougall-Shackleton, S. A. (2015). Traffic noise affects
embryo mortality and nestling growth rates in captive zebra finches.
Journal of Experimental Zoology Part A: Ecological Genetics and

Physiology, 323(10), 722-730. https://doi.org/10.1002/jez.1965

Potvin, D., Aslam, T., & Bartlett, R. (2013). Differences between the songs
of rural and urban Australian magpies (Gymnorhina tibicen) and the

potential consequences for territorial interactions. Notornis, 60.

Price, P. H. (1979). Developmental determinants of structure in zebra
finch song. Journal of Comparative and Physiological Psychology,

93(2), 260-277. https://doi.org/10.1037/h0077553

Proppe, D. S., Sturdy, C. B., & St Clair, C. C. (2013). Anthropogenic noise
decreases urban songbird diversity and may contribute to
homogenization. Global Change Biology, 19(4), 1075-1084. Purser, J.,
& Radford, A. (2011). Acoustic noise induces attention shifts and
reduces foraging performance in three-spined sticklebacks

(Gasterosteus aculeatus). Plos One, 6(2).

QGIS development team. (2014). No Title. QGIS Development team, 2014,

QGIS geograpgic Information System.

Quinn, J. L., Whittingham, M. J., Butler, S. J., & Cresswell, W. (2006).
Noise, predation risk compensation and vigilance in the chaffinch

Fringilla coelebs. Journal of Avian Biology, 37(6), 601-608.

Rabat, a, Bouyer, J. J., Aran, J. M., Le Moal, M., & Mayo, W. (2005).
Chronic exposure to an environmental noise permanently disturbs

sleep in rats: inter-individual vulnerability. Brain Research, 1059(1),

121



72-82. https://doi.org/10.1016/j.brainres.2005.08.015

Rabat, a, Bouyer, J. J., George, 0., Le Moal, M., & Mayo, W. (2006).
Chronic exposure of rats to noise: relationship between long-term
memory deficits and slow wave sleep disturbances. Behavioural Brain

Research, 171(2), 303-312. https://doi.org/10.1016/j.bbr.2006.04.007

Rabin, L., Coss, R., & Owings, D. (2006). The effects of wind turbines on
antipredator behavior in California ground squirrels (Spermophilus
beecheyi). Biological Conservation, 131, 410-420.
https://doi.org/10.1016/j.biocon.2006.02.016

R Development Core Team, R. (2016). R: A Language and Environment for

Statistical Computing. R Foundation for Statistical Computing.

Radford, A., & Morley, E. (2012). The Effects of Noise on Biodiversity.
DEFRA Report. Retrieved from http://randd.defra.gov.uk/

Default.aspx?Menu=Menu&Module=More&Location=None&ProjectID=

18136&FromSearch=Y&Publisher=1&SearchText=effects

Reijnen, R., Foppen, R., & Meeuwsen, H. (1995). The effects of traffic on
the density of breeding birds in Dutch agricultural grasslands.

Biological Conservation, (75), 255-260.

Rek, P., & Osiejuk, T. S. (2010). Sophistication and simplicity: Conventional
communication in a rudimentary system. Behavioral Ecology, 21,

1203-1210. https://doi.org/10.1093/beheco/arql43

Rheindt, F. E. (2003). The impact of roads on birds: Does song frequency
play a role in determining susceptibility to noise pollution? Journal Fur

Ornithologie, 144(3), 295-306.

Rice, W. R. (1989). Analyzing tables of statistical tests. Evolution, 43(1),
223-225. https://doi.org/10.2307/2409177

Richter, C. P., Sauer, G., Hoidis, S., & Klinke, R. (1996). Development of

122


https://doi.org/10.1093/beheco/arq143

activity patterns in auditory nerve fibres of pigeons. Hearing

research, 95(1), 77-86.

Riebel, K., & Slater, P. (2000). Testing the flexibility of song type bout
duration in the chaffinch, Fringilla coelebs. Animal Behaviour, 59(6),

1135-1142. https://doi.org/10.1006/anbe.2000.1421

Rios-Chelén, A. A., Quirds-Guerrero, E., Gil, D., & Macias Garcia, C. (2012).
Dealing with urban noise: vermilion flycatchers sing longer songs in
noisier territories. Behavioral Ecology and Sociobiology, 67(1), 145-

152. https://doi.org/10.1007/s00265-012-1434-0

Ripmeester, E. a P., Kok, J. S., van Rijssel, J. C., & Slabbekoorn, H. (2010).
Habitat-related birdsong divergence: a multi-level study on the
influence of territory density and ambient noise in European
blackbirds. Behavioral Ecology and Sociobiology, 64(3), 409-418.
https://doi.org/10.1007/s00265-009-0857-8

Ripmeester, E. a P., Mulder, M., & Slabbekoorn, H. (2010). Habitat-
dependent acoustic divergence affects playback response in urban and
forest populations of the European blackbird. Behavioral Ecology,

21(4), 876—-883. https://doi.org/10.1093/beheco/arq075

Roberts, D. W. (2007). labdsv: Ordination and multivariate analysis for

ecology. R Package, 1.1.

Rodrigues, M. (1996). Song activity in the chiffchaff: territorial defence or
mate guarding? Animal Behaviour, (May 1995), 709-716.

Rodrigues, M. (1998). No relationship between territory size and the risk
of cuckoldry in birds. Animal Behaviour, 55(4), 915-923.

Romero, L. M., & Remage-Healey, L. (2000). Daily and seasonal variation in
response to stress in captive starlings (Sturnus vulgaris):
corticosterone. General and Comparative Endocrinology, 119(1), 52—

59.

123


https://doi.org/10.1007/s00265-009-0857-8

Ronald, K. L., Gall, M. D., Bestrom, E. S., & Lucas, J. R. (2012). Effects of
habitat and urbanization on the active space of brown-headed cowbird

song. The Journal of the Acoustical Society of America, 132(6).

Rubin, W. L. (2005). The generation and detection of sound emitted by
aircraft wake vortices in ground effect. Journal of Atmospheric and

Oceanic Technology, 22(5), 543-554.

Ruffoli, R., Carpi, A., Giambelluca, M. A., Grasso, L., Scavuzzo, M. C., &
Giannessi F, F. (2006). Diazepam administration prevents testosterone
decrease and lipofuscin accumulation in testis of mouse exposed to

chronic noise stress. Andrologia, 38(5), 159-165.

Saino, N., Suffritti, C., Martinelli, R., Rubolini, D., & Mgller, A. P. (2003).
Immune response covaries with corticosterone plasma levels under
experimentally stressful conditions in nestling barn swallows (Hirundo

rustica). Behavioral Ecology, 14(3), 318-325.

Sand, O., Enger, P. S., Karlsen, H. E., Knudsen, F., & Kvernstuen, T. (2000).
Avoidance responses of infrasound in downstream migrating European
silver eels, Anguilla anguilla. Environmental Biology of Fishes, 57(3),

327-336.

Sapolsky, R.M. and Meaney, M.J., (1986). Maturation of the
adrenocortical stress response: neuroendocrine control mechanisms
and the stress hyporesponsive period. Brain Research Reviews, 11(1),

65-76.

Sapolsky, R. M., Romero, L. M., & Munck, A. U. (2000). How Do
Glucocorticoids Influence Stress Responses ? Integrating Permissive,
Suppressive, Stimulatory, and Preparative Actions. Endocrine Reviews,

21(April), 55—-89. https://doi.org/10.1210/er.21.1.55

Schaub, A., Ostwald, J., & Siemers, B. (2008). Foraging bats avoid noise.
The Journal of Experimental Biology, 211(19), 3174-3180.

124



Schwabl, H. (1999). Developmental Changes and Among-Sibling Variation
of Corticosterone Levels in an Altricial Avian Species. General and

Comparative Endocrinology, 116, 403-408.

Searcy, W. A., Anderson, R. C., & Nowicki, S. (2006). Bird song as a signal
of aggressive intent. Behavioral Ecology and Sociobiology, 60(2), 234-
241. https://doi.org/10.1007/s00265-006-0161-9

Searcy, W. A., & Nowicki, S. (2005). The Evolution of Animal
Communication: Reliability and Deception in Signaling Systems.

Princeton University press, Priceton, NJ.

Shier, D. M., Lea, A.J., & Owen, M. a. (2012). Beyond masking: Endangered
Stephen’s kangaroo rats respond to traffic noise with footdrumming.

Biological Conservation, 150(1), 53-58.

Siemers, B. M., & Schaub, A. (2011). Hunting at the highway: traffic noise
reduces foraging efficiency in acoustic predators. Proceedings of the

Royal Society B: Biological Sciences, 278(1712), 1646—-1652.

Slabbekoorn, H. (2013). Songs of the city: noise-dependent spectral
plasticity in the acoustic phenotype of urban birds. Animal Behaviour,

85(5), 1089-1099. https://doi.org/10.1016/j.anbehav.2013.01.021

Slabbekoorn, H., & den Boer-Visser, A. (2006). Cities change the songs of
birds. Current Biology, 16, 2326-2331.

Slabbekoorn, H., & Halfwerk, W. (2009). Behavioural ecology: noise annoys
at  community level. Current Biology, 19(16), R693-R695.
https://doi.org/10.1016/j.cub.2009.07.002

Slabbekoorn, H., & Ripmeester, E. a P. (2008). Birdsong and anthropogenic
noise: implications and applications for conservation. Molecular

Ecology, 17(1), 72-83.

Slabbekoorn, H., & Smith, T. B. (2002). Habitat-dependent song

125



divergence in the little greenbul: an analysis of environmental

selection pressures on acoustic signals. Evolution, 56(9), 1849-1858.

Smith, M. E., Kane, A. S., & Popper, A. N. (2004). Noise-induced stress
response and hearing loss in goldfish (Carassius auratus). Journal of

Experimental Biology, 207(3), 427-435.

Spreng, M. (2004). Noise induced nocturnal cortisol secretion and
tolerable overhead flights. Noise & Health, 6(22), 35-47. Retrieved
from http://www.ncbi.nlm.nih.gov/pubmed/15070527

Stansfeld, S. A. (2003). Noise pollution: non-auditory effects on health.
British Medical Bulletin, 68(1), 243-257.

Streby, H. M., Kramer, G. R., Peterson, S. M., Lehman, J. A., Buehler, D. A,,
& Andersen, D. E. (2015). Tornadic storm avoidance behavior in

breeding songbirds. Current Biology, 25(1), 98-102.

Swaddle, J. P., & Page, L. C. (2007). High levels of environmental noise
erode pair preferences in zebra finches: implications for noise
pollution. Animal Behaviour, 74(3), 363-368.
https://doi.org/10.1016/j.anbehav.2007.01.004

Trimper, P., & Standen, N. (1998). Effects of low-level jet aircraft noise on
the behaviour of nesting osprey. Journal of Applied Ecology, 35, 122-
130.

Vehrencamp, S. L., Yantachka, J., Hall, M. L., & de Kort, S. R. (2013). Trill
performance components vary with age, season, and motivation in the

banded wren. Behavioral Ecology and Sociobiology, 67(3), 409-419.

Verzijden, M. N., Ripmeester, E. a P., Ohms, V. R., Snelderwaard, P., &
Slabbekoorn, H. (2010). Immediate spectral flexibility in singing
chiffchaffs during experimental exposure to highway noise. The

Journal of Experimental Biology, 213(15), 2575-2581.

126



Voslarova, E., Chloupek, P., Chloupek, J., Bedanova, |., Pistekova, V., &
Vecerek, V. (2011). The effects of chronic intermittent noise exposure
on broiler chicken performance. Animal Science Journal, 82(4), 601—

606. https://doi.org/10.1111/j.1740-0929.2011.00877.x

Ward, D., & Stehn, R. (1999). Response of fall-staging brant and Canada
geese to aircraft overflights in southwestern Alaska. The Journal of

Wildlife Management, 63, 373—-381.

Ware, H. E., McClure, C. J., Carlisle, J. D., & Barber, J. R. (2015). A
phantom road experiment reveals traffic noise is an invisible source of
habitat degradation. Proceedings of the National Academy of
Sciences, 112(39), 12105-12109.

Warren, P., Katti, M., Ermann, M., & Brazel, A. (2006). Urban bioacoustics:

it’s not just noise. Animal Behaviour, 71(3), 491-502.

Watanabe, A., Eda-Fujiwara, H., & Kimura, T. (2007). Auditory feedback is
necessary for long-term maintenance of high-frequency sound
syllables in the song of adult male budgerigars (Melopsittacus
undulatus). Journal of Comparative Physiology. A, Neuroethology,
Sensory, Neural, and Behavioral Physiology, 193(1), 81-97.
https://doi.org/10.1007/s00359-006-0173-y

Watanabe, A., & Sakaguchi, H. (2010). Comparative study of long-term
reduction of high-frequency song syllables in deafened zebra and
Bengalese finches: implications for the role of auditory feedback in
song maintenance. Journal of Ethology, 28(3), 491-505.
https://doi.org/10.1007/s10164-010-0212-6

WHO. (1999). 3 . Adverse Health Effects Of Noise, 39-54. Retrieved from

http://www.who.int/docstore/peh/noise/Comnoise3.htm

Wiley, R., & Richards, D. (1978). Physical constraints on acoustic

communication in the atmosphere: implications for the evolution of

127


https://doi.org/10.1007/s10164-010-0212-6

animal vocalizations. Behavioral Ecology and Sociobiology, 3(1), 69—

94.

Wolfenden, A., de Kort, S. R., Slabbekoorn, H., & Thomas, C. (n.d.). Do
birds go deaf around airports? Chiffchaffs Phylloscopus collybita

exposed to aircraft noise sing lower and slower.

Wollerman, L., & Wiley, R. H. (2002). Background noise from a natural
chorus alters female discrimination of male calls in a Neotropical frog.

Animal Behaviour, 63(1), 15-22.

Wong, B., & Candolin, U. (2005). How is female mate choice affected by

male competition?. Biological Reviews, 80(4), 559-571.

Woolley, S. M., & Rubel, E. W. (1999). High-frequency auditory feedback is
not required for adult song maintenance in Bengalese finches. Journal

of Neuroscience, 19(1), 358-371.

Zollinger, S. A., Podos, J., Nemeth, E., Goller, F., & Brumm, H. (2012). On
the relationship between, and measurement of, amplitude and

frequency in birdsong. Animal Behaviour, 84(4).

Zuur, A. F., leno, E. N., Walker, N., Saveliev, A. A., & Smith, G. M. (2009).
Mixed effects models and extensions in ecology with R. New York:

Springer. https://doi.org/10.1007/978-0-387-87458-6

128


https://doi.org/10.1007/978-0-387-87458-6

Appeddix 1: Summary of habitat variables and results for comparison
between point count locations for assessing the impact of aircraft noise
on avian species abundance.

Point count ID location Tree Canopy Tree Tree
height cover density species
1 Rossmill wood 11 87 9 3
2 Rossmill wood 12 96 9 7
3 Rossmill wood 8 95 9 6
4 Rossmill wood 9 90 6 7
5 Rossmill wood 10 91 3 5
6 Rossmill wood 10 85 7 5
7 Rossmill wood 9 88 10 6
8 Rossmill wood 9 89 9 8
9 Sunbank wood 12 94 9 6
10 Sunbank wood 12 94 10 7
11 Sunbank wood 12 85 9 8
12 Sunbank wood 8 97 8 6
13 Sunbank wood 12 93 10 2
14 Sunbank wood 8 97 7 5
15 Sunbank wood 12 85 8 3
16 Sunbank wood 10 94 4 8
17 Runway 1 8 93 9 5
18 Runway 1 8 86 7 6
19 Runway 1 12 91 6 3
20 Runway 1 8 98 9 8
21 Runway 1 10 91 6 8
22 Runway 2 12 92 7 8
23 Runway 2 8 96 7 5
24 Runway 2 11 89 6 8
25 Runway 2 11 98 6 7
26 Runway 2 12 87 7 5
27 Runway 2 9 86 10 5
28 Quarry bank mill 12 95 5 3
29 Quarry bank mill 9 98 10 6
30 Quarry bank mill 10 100 9 8
31 Quarry bank mill 8 87 7 5
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32 Quarry bank mill 11 95 6 8
33 Quarry bank mill 12 98 10 4
34 Quarry bank mill 8 96 7 8
35 Quarry bank mill 10 96 6 8
Kruska-Wallis chi-square 3.6 6.83 3.76 2.87
Degrees of freedom 4 4 4 4
P-Value 0.463 0.145 0.436 0.58
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Appendix 2: Total number of species detected during point counts around
Manchester airport. Columns indicate the number of detections for each
species from point counts exposed to aircraft noise between 50-60dB(A),
60-70 dB(A) and over 70 dB(A).

Species Scientific name 50-60 60 - 70 >70 Species
total
Wren Troglodytes troglodytes 23 17 15 55
Robin Erithacus rubecula 22 13 12 47
Blackbird Turdus merula 14 13 14 41
Blackcap Sylvia atricapilla 9 10 12 31
Blue tit Cyanistes caeruleus 11 9 10 30
Great tit Parus major 12 6 6 24
Wood pigeon Columba palumbus 8 7 4 19
Chiffchaff Phylloscopus collybita 5 7 6 18
Goldcrest Regulus regulus 11 4 3 18
Nuthatch Sitta europaea 7 4 5 16
Chaffinch Fringilla coelebs 4 7 3 14
Song thrush Turdus philomelos 7 4 2 13
Greater spotted Dendrocopos major 6 2 2 10
woodpecker
Long-tailed tit Aegithalos caudatus 1 3 6 10
Tree creeper Certhia familiaris 6 3 1 10
Magpie Pica pica 3 3 3 9
Stock dove Columba oenas 4 2 0 6
Carrion crow Corvus corone 2 3 0 5
Jackdaw Corvus monedula 3 1 0 4
Jay Garrulus glandarius 2 2 0 4
Mistle thrush Turdus viscivorus 1 2 1 4
Bullfinch Pyrrhula pyrrhula 0 0 2 2
Dunnock Prunella modularis 1 1 0 2
Buzzard Buteo buteo 0 1 0 1
Goldfinch Carduelis carduelis 0 0 1 1131




Appeddix 3a: Summary of key models for modelling the abundance and
distribution of wrens (Troglodytes troglodytes) around Manchester
aiport. adjustment series, Akaikes information croterain (AIC),
differences in AIC and goodness of fit tests including shapiro-Wilks
test for normality. As the difference between the top two models is
less than 2, histograms display the top two Detection curves: (A) Half
normal with 2 cosine adjustments and (B) Hazard rate with no
adjustment.

Key function  Adjustment AIC  AAIC
Half-normal 2 Cosine adjustments 1159.557 0
Hazard rate NA 1161.401 1.844
Hazard rate 2 simple polynomial adjustments 1162.044  2.487
Hazard rate 2 Hermite polynomial adjustments 1162.415 2.858
Half-normal NA 1162.999 3.442
Hazard rate 2 Cosine adjustments 1163.401 3.844
Uniform NA 1164.135 4.578
Uniform 2 Cosine adjustments 1164.48 4.923
Half-normal 2 Hermite polynomial adjustments 1164.813 5.256
Half-normal 2 simple polynomial adjustments 1164.999 5.442
Uniform 2 Hermite polynomial adjustments 1172.389 12.832
Uniform 2 simple polynomial adjustments 1181.65 22.093
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Appeddix 3a: Summary of key models for modelling the abundance and
distribution of robins (Erithacus rubecula) around Manchester aiport.
adjustment series, Akaikes information croterain (AIC), differences in
AIC and goodness of fit tests including shapiro-Wilks test for normality.
As the difference between AIC for the top models is close to 2,
histograms display the top two Detection curves: (A) Hazard rate with no
adjustments and (B) Uniform rate with no adjustment.Hazard rates with
adjustments are not shown as detection cures are identical between no

adjustment, simple polynomial and hermite polynomial.

Key function Adjustment AIC AAIC
Hazard rate NA 789.378 0
Hazard rate 2 simple polynomial adjustments 789.378 0
Hazard rate 2 Cosine adjustments 791.388 2.02
Hazard rate 2 Hermite polynomial adjustments 791.388 2.02
Uniform 2 Cosine adjustments 791.608 2.23
Half-normal 2 Cosine adjustments 792.193 2.815
Half-normal 3 Cosine adjustments 793.887 4.509
Half-normal NA 795.978 6.6
Half-normal 2 Hermite polynomial adjustments 797.564 8.186
Half-normal 2 simple polynomial adjustments 797.978 8.6
Uniform NA 802.95 13.572
Uniform 2 Hermite polynomial adjustments 824.929 35.551
Uniform 2 simple polynomial adjustments 839.787 50.409
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