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Low-frequency ambient noise is known to cause shifts in the song frequency of different
species of songbirds, such as the Great Tit (Parus major). The present study was con-
ducted to test the generality of these findings by measuring the distribution of energy
across the spectrum of songs of the Great Tit. The studied individuals were either exposed
to low-frequency ambient traffic noise in an urban environment (Copenhagen, Denmark)
or not exposed to such an environment (the Stredam Reserve north of Copenhagen). A
trend throughout all frequency-energy quartiles illustrated that the species sang at an ele-
vated frequency in urban environments compared to rural ones, and that both the upper-

and lower-frequency-energy quartiles were signifcantly higher in the former.

1. Introduction

Urban encroachment on natural landscapes has
been the source of both positive and negative ef-
fects on ecosystems surrounding populated areas
(Marzluff et al. 2001, Francis et al. 2009, Francis
et al. 2012). However urbanization produces a
wide range of negative impacts, including habitat
fragmentation, habitat loss, and various types of
pollution. The above mentioned impacts of urban-
ization have many associated indirect conse-
quences. One of the indirect effects of urban en-
croachment is the development of anthropogenic
noise pollution associated with vehicle traffic, and
other mechanical sources. Noise pollution has a
far-reaching effect on a variety of both terrestrial
and aquatic animals (Foote et al. 2004, Popper et
al. 2002, Wright et al. 2007a, 2007b). However,
only recent studies have considered the chronic
exposure to such noise (Foote et al. 2004, Wright

et al. 2007b, Francis et al. 2009, Francis et al.
2012). Noise exposure and the resulting stress
have negative effects on the health, fitness, and
ecological interactions of many different types of
animals from humans to birds, and possibly even
invertebrates (Wright et al. 2007b, Francis et al.
2009, Francis et al. 2012).

Until recently, low-frequency ambient noise
produced in urban environments (for a power
spectrum, see Bradbury & Vehrencamp 2011),
was not known to have much of an effect on wild-
life, especially territory-defending songbirds
(Slabbekoorn & Smith 2002a, Slabbekoorn &
Peet 2003, Slabbekoorn & Ripmeester 2008).
However, it has recently been discovered that low-
frequency ambient noise associated with urban en-
vironments is correlated with an increase in the
minimum frequency of songs in the Great Tit
(Parus major; Slabbekoorn & Peet 2003). An in-
crease in the minimum frequency could be a mech-
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anism to compensate for masking effects from am-
bient noise. Masking has been shown to cause
stress, and may reduce range size and clarity of
acoustic communication in a variety of animals
(Rheindt 2003, Brumm & Slabbekoorn 2005,
Slabbekoorn & Ripmeester 2008, Wright et al.
2007a, Halfwerk et al. 2011a, 2011Db).

Our study species, the Great Tit, is found in all
the European countries, as well as in Asia and
North Africa. This cosmopolitan species inhabits
forests, shrublands, parks, and gardens. It primar-
ily breeds in cavities, and readily breeds in artifi-
cial nest boxes (Gosler 1993). Song is used to de-
fend a territory that can range from 0.2 to 4 ha, and
is thought to signal male quality to females
(Bjorklund et al. 1989). Great Tits can have up to
eight song types depending on the individual, and
songs consist of a repeated phrase composed of
one to six elements (Gosler 1993). It has been sug-
gested that habitat type and density of conspecifics
can influence Great Tit song parameters, in large
part because songs are learned from neighbors
(Gosler 1993, Hunter & Krebs 1979, McGregor &
Krebs 1982a). Songs differ between populations,
to the extent that European Great Tits do not re-
spond to Asian conspecifics (Gosler 1993). Those
individuals that have similar, but not the same
songs as the females’ father, are preferentially cho-
sen by females to males that sing an unfamiliar
song type (Baker ez al. 1987, McGregor & Krebs
1982b).

Song adaptation to urban environments by the
Great Tit could have cascading effects on inter-
and intra- specific interactions, could be a neces-
sary adaptation to circumvent vocal masking by
ambient noise to become a successful urban spe-
cies, and/or possibly lead to a divergence between
urban and rural populations due to assortative mat-
ing for preferred song types associated with spe-
cific habitat types (see Evans ef al. 2009, Slabbe-
koorn & Smith 2002a) Slabbekoorn and Peet’s
(2003) finding that Great Tits sing at a higher pitch
in urban environments might have been excep-
tional or specific only to the study population, but
recent studies have supported these results (Baker
2006, Slabbekoorn & den Boer-Visser 2006,
Mockford & Marshall 2009, Salaberria & Gil
2010, Hanna et al. 2011, Mockford et al. 2011).
Whether the increase in lower song frequencies is
a direct effect of background noise is still debated,

and other pathways to circumvent urban noise
have been discussed. These include sound win-
dows when background noises are of lesser inter-
ference (Bergens & Abs 1957, Fuller et al. 2007),
or an elevation of song amplitude (Brumm 2004).
The increase in frequency has also been suggested
to be a side effect of an increase in amplitude
(Nemeth & Brumm 2010) or an adaptation to the
large reflecting surfaces characteristic of urban en-
vironments (Mockford ez al. 2011).

The present study on frequency variation in the
song of urban Danish Great Tits represents an im-
portant test of whether other areas within the spe-
cies’ range compliment previous results. Specifi-
cally, song frequencies of the focal species were
compared between urban and rural areas. Based on
the above-cited research, lower frequencies are
expected in urban sites because of higher back-
ground noise.

2. Material and methods
2.1. Study sites

The city of Copenhagen, Denmark (55°40° N,
12°34’ E) was used for the urban site, with five dif-
ferent sub-sites within the city used to make the re-
cordings (Fig. 1). The sub-sites were parks con-
sisting of mixed trees, shrubs and grass planes that
were bordered on one or more sides by high to me-
dium intensity of vehicle traffic (average number
of vehicles per day for 2009 was 34,500 + 15,000
SD median 30,000, range 19,900-52,600; Teknik-
og Miljeforvaltningen 2010). The Stredam Re-
serve (55°57°33” N, 12°16°44” E), located 36 km
North of Copenhagen on the fringe of the large
Grib Skov and the village of Gadevang, was used
as the rural site (Fig. 1).

The reserve has one caretaker that lives full-
time on the property, but otherwise the reserve has
limited access. The reserve consists of mixed fo-
rest and woodland with scattered bogs and ponds.
The intensively-studied Great Tit population at
this site breeds largely in nest boxes in the northern
half (e.g., Otter et al. 1999, Peake et al. 2001,
2002, 2005, Blumenrath & Dabelsteen 2004). A
road with diurnal commuter traffic is located on
the border of the south end of the property. There-
fore, all recordings (see below) were conducted
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Fig. 1. A map illustrating the rural and urban study sites where songs of Great Tits were recorded
in Denmark.
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within the northern half of the reserve where the
traffic noise is negligible.

2.2. Experimental design

The sound recordings were made between April
and May, 2009. The maximum recording distance
from each singing bird was 10 m, but was less in
most instances thus ensuring that both the lowest
and highest song frequencies were above the back-
ground noise level. Each individual was recorded
once, and only if it held a territory with a nest site
and was over 50 m from the nearest displaying
neighbor. The latter criteria was used to minimize
the risk of pseudo-replication. Because population
density may affect the level of agitation by con-
specifics and may thus be a confounding factor
(Nemeth & Brumm 2009, Hamao et al. 2011), all
recordings were conducted after the dawn chorus
(ca. 06:00 AM) to reduce the chance of increased
song frequency because of agitation. For the same
reason, most recordings considered individuals
that were singing solo, i.e., not in a duel with con-
specifics. An equal number of recordings were
made at the urban and rural sites during congruent
daylight hours and the recordings were distributed
equally throughout the breeding season, because
Great Tits increase their minimum song frequen-
cies during the breeding season (Slabbekoorn &
Ripmeester 2008). Each recording was obtained
using a PortaDAT PDRI1000 recorder and a
Senneheiser MKH70 P48 directional microphone
with a MZA 14 P48 preamplifier and a Rycote
wind-buffer (frequency response of recording sys-
tem: 140-22,000 Hz + 3dB).

2.3. Song analysis

The song analysis was conducted using Avisoft-
SASLab Pro2 (Avisoft Bioacoustics, Berlin, Ger-
many), with the following settings: FFT = 512,
Overlap = 0, Window = Hamming, Frame = 100,
and a resolution of 43Hz. From each recorded in-
dividual the three first complete phrases within a
song containing all the elements from the phrase
for a particular song type, and the background

noise located immediately before, after, or be-
tween the first three phrases were analyzed to find
the frequency-energy quartile breakdown and the
peak frequency with maximum amplitude for each
particular phrase. Therefore, four measures were
applied: the lower (25%), mean (50%), and upper
(75%) frequency-energy quartiles, and the peak
frequency, for each separate phrase and the back-
ground noise from each recording. Before a song
was analyzed it was band-pass filtered (FIR in
Avisoft-SASLab Pro2) using default settings
(number of taps 128, Hamming Window). The
cut-off frequencies, as determined from spectro-
grams, were 2—300 Hz above and below the upper
and lower frequencies of each particular song, re-
spectively. The filtering removes the majority of
background noise but does not affect the fre-
quency range of song elements.

2.4. Statistical analysis

The statistical analysis was conducted using
GraphPad InStat3 (GraphPad Software, Inc., San
Diego, USA). The frequency measures for the first
three phrases from each individual were averaged
and used as statistical units. However, for the peak
frequency, if one measurement differed apprecia-
bly from the other two measurements (i.e., if it mir-
rored a different frequency-energy quartile) then it
was discarded from the average. Therefore, the
statistical units for the song comparisons between
the urban and rural sites were each individual’s av-
eraged frequency measures (urban n = 17 individ-
uals, rural n = 12 individuals). Where background
noise showed marked differences within a record-
ing (such as cars stopped at traffic lights, com-
pared to flowing traffic), the measurements from
the differences were averaged. All statistical units
were rounded to the nearest integer and tested for
normality (Kolmogorov-Smirnov test) and vari-
ance homogeneity. If the requirements for para-
metric testing were fulfilled, an unpaired #-test was
performed, and if not, a Mann-Whitney test was
performed. All tests were two-tailed. Results are
reported as mean = SD. Significance will be re-
ferred to in its statistical sense only, and was de-
fined as p < 0.05.
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All the frequency-energy quartiles and the peak
frequency of background noise were significantly
lower in the urban than in the rural environment
(Table 1). Half of the song measures varied signifi-
cantly between the two enviroments. The lower
(25%) and upper (75%) frequency-energy quarti-
les of the songs were significantly higher for the
urban recordings, whereas the mean (50%)
showed a non-significant increase in the urban
sample, but the peak frequency did not vary signif-
icantly between the two environments (Table 1,
Fig. 2). This indicates a shift in the urban birds to-
wards higher song-frequency limits (upper and
lower frequency energy quartiles) but not a higher
frequency for the main energy of their songs as
represented by the peak frequency.

4. Discussion

Only the first recorded song type per individual
was used in the analysis, resulting in a random
sampling effect. Frequency variation in the Great
Tit song was greatly impacted by an urban setting,
as the upper and lower frequency-energy quartiles
were higher there than in the rural areas. However,
the mean frequency-energy quartile and the peak

results partly corroborate those of Slabbekoorn
and Peet (2003), who demonstrated that only the
lower frequencies (range 2,820-3,770 Hz) were
higher in urban settings. However, our results sug-
gest that the lowest as well as the highest frequen-
cies within a song were higher in urban birds (Fig.
2). Another study strongly supports a significant
difference between frequencies for up to ten dif-
ferent species of forest and city birds (Slabbekoorn
& Ripmeester 2008).

On the other hand, Baker (2006) found a non-
significant correlation between mean frequency
and ambient background noise in Australia. Sig-
nificant difference in the peak frequency between
urban and rural environments was not found in the
present study, probably because this measure is not
influenced by background noise or reflective sur-
faces (Blumenrath & Dabelsteen 2004). The peak
frequency is undoubtedly essential for perceiving
the timing patterns of singing, which is important
for long-range communication (Otter et al. 1999,
Peake et al. 2001, 2002, 2005). The present study
showed that both Baker’s (2006) and Slabbekoorn
and Ripmeester’s (2008) observed patterns could
be represented by Danish Great Tits because there
was a distinct tendency and partial significance
across the frequency-energy quartiles, but no sig-
nificant difference for the peak frequency.
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Table 1. Frequency energy-quartile comparisons of the Great Tit song between urban and rural sites in
Denmark. The numerical values for urban and rural sites are Hz + SD. Test statistics refer to - and Mann-
Whitney U tests. n1 = number of urban individuals, n2 = Number of rural individuals.

Frequency Urban Rural Statistics df/n1,n2 P
Background noise

25% quartile 31575 482 + 188 t=3.318 27 0.0026
50% quartile 779 £ 106 1,139 + 626 U=48 17,12 0.0161
75% quartile 1,464 + 157 2,829 + 1032 t=5.403 27 < 0.0001
Peak 133 £ 55 247 + 138 U=48 17,12 0.0161
Song

25% quartile 3,952 + 354 3,687 + 285 U=55 17,12 0.038
50% quartile 4,311 £ 309 4,115 + 283 t=1.742 27 0.0928
75% quartile 4,784 + 534 4,407 £ 191 t=2.325 27 0.0279
Peak 4,045 £ 294 4,072 + 371 U=85 17,12 0.4711

Habitat influences song morphology and
transmission, and it has been suggested that sur-
faces associated with forested areas, such as tree
trunks, degrade songs more quickly than reflective
surfaces associated with urban areas, such as
buildings (Dabelsteen et al. 1993, Mockford et al.
2011). Therefore, the possibility exists that struc-
tural differences in habitat could influence song
structures and frequencies, which is supported by
song types for Great Tits having been found to
have more similar characteristics in regards to hab-
itat type than for geographical proximity. (Hunter
& Krebs 1979, Mockford et al. 2011). The possi-
bility also exists that not all the background noise
could be filtered out during the analysis, which
could have affected the results by artificially re-
ducing the lower frequency-energy quartile of the
city-dwelling birds.

However, this would only increase the signifi-
cance of the present results, especially concerning
the lowest frequencies, as most background noise
was substantially below the song-frequency mea-
surements (Table 1). Nemeth and Brumm (2010)
have found that birds increase their song ampli-
tude in the presence of noise, and it is possible that
the frequency of songs correlates positively with
song amplitude (Nemeth et al. 2012). Fig. 2 shows
thaturban birds sing at a higher frequency over the
full range of their songs. This result contrasts with
the findings of Slabbekoorn and Smith (2002b) or
Slabbekoorn and Peet (2003), who found that
there was no overall shift in frequency, but only an
increase in the minimum frequency. In Madrid,

Spain, urban-noise maps were used to predict fre-
quency variation, but no overall shift in frequency
could be demonstrated, illustrating that only the
minimum frequencies were significantly effected
(Salaberria & Gil 2010).

The present findings are ecologically highly
relevant. If there is a strong divergence between
songs because of habitat differences, such as back-
ground noise or reflective surfaces, behavior could
be altered or even speciation could occur
(Slabbekoorn & Smith 2002a, Baker 2006, Slab-
bekoorn & Ripmeester 2008, Mockford & Mar-
shall 2009, Nemeth & Brumm 2010, Mockford et
al. 2011). Low frequencies incorporated into
songs and masked by ambient noise, or reflected
by large buildings and streets (Mockford et al.
2011), could have a negative effect on the fitness
and reproduction of the Great Tit by falsely indi-
cating that a male is of lesser quality (Slabbekoorn
& Ripmeester 2008, Halfwerk et al. 2011b). The
possibility also exists that low frequencies could
be an honest signal of large body size and high
competitive ability, and masking by ambient noise
or blurring by reflective surfaces would be a hand-
icap to these individuals (Redpath & Appleby
2004). Another common urban species, the Com-
mon Blackbird (Turdus merula), has shown a di-
vergence from its rural counterpart by breeding
earlier and at higher densities, by selecting differ-
ent habitats and by exhibiting genetic differences
(Evans et al. 2009, Slabbekoorn & Ripmeester
2008).

In conclusion, the urban environment seems to
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influence the song of Great Tits in Copenhagen in
comparison to a rural site, which is manifested in
differences in song frequencies. It has recently
been suggested that birds exhibit plasticity in song
frequency in the presence of low-frequency noise
(Tumer & Brainard 2007, Halfwerk & Slabbe-
koorn 2009, Verzijden et al. 2010), and further ef-
forts to determine the limits of this plasticity are
warranted. The structure of cities, including highly
reflective surfaces of buildings in comparison to
absorptive woodlands, could affect the song trans-
mission and receivability, but whether the effects
of reflective surfaces are positive or negative is
still debatable (Nemeth et al. 2006, Warren ef al.
2006, Mockford ef al. 2011). The implications of
diverging songs between urban and rural areas
could have profound effects on the evolution of
cosmopolitan species. Assortative mating, be-
cause of song differences, could lead to shifts in
population behavior and life histories, or even ge-
netic divergence.
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Effekterna av en bullerfororenad stadsmiljo
pa sangfrekvenser hos talgoxar i Danmark

Lagfrekvent buller har visats orsaka fordndringar i
sangfrekvensen hos olika arter av sangfaglar, t.ex.
hos talgoxe (Parus major). Denna studie genom-
fordes for att testa hur generella dessa fynd é&r. 1
studien mitte vi fordelningen av energi dver hela
spektrumet av sang hos sddana talgoxar som ut-
satts for lagfrekvent, omgivande trafikbuller (K&-
penhamn, Danmark) jamfort med artfrander som
inte utsatts for sddant buller (Stredamreservatet
norr om Kdpenhamn). Vi konstaterade att trenden
i samtliga frekvenskvartiler var en forhdjd sang-
frekvens hos talgoxar i urbana miljéer jimfort med
de skogslevande faglarna i kontrollgruppen. I bade
ovre och undre kvartilen var sangfrekvensen sig-
nifikant hdgre i urbana omraden.
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