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ABSTRACT 

THE ROLE OF ANTHROPOGENIC NOISE ON SONG BEHAVIOR: IMPLICATIONS 

FOR INDIVIDUAL FITNESS IN TERRITORIAL SONGBIRDS. 

Katherine Gentry, P.h.D. 

George Mason University, 2017 

Dissertation Director: Dr. David Luther 

 

Acoustic communication involves the transmission and reception of signals that carry 

important messages, such as territory ownership, mate attraction, and predation risk. 

However, background noise can interfere with acoustic communication and disrupt 

interspecific and intraspecific interactions, especially in urban landscapes where 

background noise is elevated by anthropogenic activity. A wide variety of animal taxa 

alter their behavior in the presence of relatively high levels of anthropogenic noise. It is 

important to understand how behavior changes in relation to anthropogenic noise because 

behavioral modification can have larger implications for fitness, reproductive success, 

population viability, and ultimately ecosystem integrity.  

 In this research, a territorial songbird species, Nuttall’s White-crowned sparrow 

(Zonotrichia leucophrys nuttalli) (NWCS), was used to investigate how song behavior 

was modified in relation to background noise in rural and urban landscapes. Birds secure 
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territories and attract mates through song (an acoustic signal), so behavioral changes were 

studied in terms of song structure integrity, song activity, and antipredator response.  

Specifically, three studies were conducted to determine (1) if both rural and urban males 

alter their song in immediate response to fluctuations in background noise, (2) if 

spatiotemporal patterns of song activity change in relation to anthropogenic noise or 

natural noise, and (3) if antipredator behavior changes across the urban-rural gradient and 

in relation to background noise levels.  

 The results show that urban songs were more plastic than rural songs, there was a 

spatial relationship between song activity and levels of anthropogenic noise and natural 

abiotic noise, and the strength of antipredator response to a natural alarm stimuli changed 

across urban-rural disturbance gradients and in relation to background noise. These 

findings provided new insight into how the trade-off between signal reception and 

predation risk and opportunities to attract mates and defend territories changes across 

disturbance gradients. The NWCS is a model system, so the results can help inform noise 

management policies and have implications for population management in protected 

areas, even for disturbance-tolerant species. 
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GENERAL INTRODUCTION 

The global rise in human development and population growth has accelerated the spread 

of urbanization into rural landscapes (Barber et al. 2010; Ellis 2011; Shannon et al. 

2015). Habitat quality is lowest in urbanized landscapes, where the natural order of 

ecological communities is severely disrupted by human encroachment and fragmentation 

of the natural habitat, which changes plant and animal species composition, reduces 

biodiversity and alters habitat structure and characteristics (McKinney 2006; Lowry & 

Wong 2012). The acoustic environment is an important indicator of habitat quality 

(Blumstein et al. 2011; Farina & Pieretti 2014; Ware et al. 2015). An acoustic 

environment polluted by sounds from anthropogenic activity (noise) is associated with a 

lower quality habitat because it disrupts interspecific and intraspecific acoustic 

communication (Francis et al 2009; Lohr et al. 2003; Brumm and Slabekoorn 2005; 

Luther & Gentry 2013). Signal interference is greatest in urban landscapes, where noise 

pollution is ubiquitous and characterized by high intensity, low frequency anthropogenic 

noise (Slabbekoorn &  Ripmeester 2008; Luther &  Gentry 2013; Naguib 2013). 

 More specifically, anthropogenic noise can interfere with the ability of a receiver 

to detect acoustic signals and discriminate signals from the background noise (Lohr et al. 

2003; Brumm 2010; Brumm & Zollinger 2013; Read et al. 2013). Consequently, species 

that occupy noisy habitats are potentially less able to effectively communicate important 
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messages, such as advertisement of territory ownership, and attractiveness for mate 

selection, to intended receivers over long distances (Collins et al. 2004; Halfwerk et al. 

2011; Pohl et al. 2015). High intensity background noise can also distract the receiver, 

limit the receiver's ability to locate the signaler, and affect perception of signaling 

distance (Brumm & Slabbekoorn 2005). To increase chances of successful signal 

transmission and reception in noisy habitats, animals often modify their signaling 

behaviors (See Shannon et al. 2014, Luther & Gentry 2013, Patricelli & Blickley 2006 

for reviews).  

 Some species exhibit vocal plasticity and are able to optimize transmission 

through signal adjustment in immediate response to fluctuations in intensity level and 

spectral characteristic of background noise (Brumm & Slabbekoorn 2005). Signal 

detection can also be enhanced through increased repetition of vocalizations (Shannon 

and Weaver 1949; Wiley 2006), which increases vocal activity and the amount of time 

spent vocalizing. As a result, signaling rate and vocal activity are predicted to increase 

relative to higher levels of background noise (Brumm and Slater 2006; Slabbekoorn and 

Boer-Visser 2006; Hoskin and Goosem 2010; Diaz et al. 2011). In order to limit fitness 

costs associated with increased vocal activity, animals might also increase or decrease 

vocal production temporally with shifts in background noise levels (Diaz et al. 2011; 

Cartwright et al. 2013). However, because anthropogenic noise can distract prey species 

(Chan et al. 2010; Huang et al. 2011) and potentially diminish predator detection 

(Meillère et al. 2015), perceived predation risk may increase in urban settings and 

animals may reduce vocal activity and become more vigilant for predators (Mougeot & 
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Bretagnolle 2000; Lind & Cresswell 2005; Lourenço et al. 2013; Schmidt & Belinsky 

2013; Abbey-Lee et al. 2015).  Such noise-induced changes in vocal behavior can 

influence fitness, reproductive success, and population viability in territorial songbird 

species in urban landscapes, who use song for territory defense and mate attraction 

(Catchpole & Slater 2008; Bradbury & Vehrencamp 2011; Slabbekoorn 2013).  

 For this dissertation, a territorial songbird species, Nuttall’s White-crowned 

sparrow (Zonotrichia leucophrys nuttalli) (NWCS), was used to investigate how song 

behavior is modified in relation to background noise in rural and urban locations. The 

NWCS is one of five subspecies of White-crowned Sparrow Zonotrichia leucophrys 

found in North America and belongs to the Emberizidae family of the order 

Passeriformes (Graham and Thorngate 2005). It is a non-migratory species that only 

resides within the coastal region of central California. NWCS is common within its 

range, but is relatively short-lived, surviving on average 6 and 13 months, from egg to 

juvenile stage, respectively (Chilton et al. 1995). Its diet consists of plant material and 

insects, and it thrives in both rural coastal scrub and chaparral habitat and urban parks 

and disturbed habitat (Graham and Thorngate 2005). Males establish territories in late 

February, and each mated pair typically raises two broods per breeding season (March 

through August) (Blanchard 1941). NWCS are socially monogamous during each 

breeding season and through the following winter; however, only about 1/3 pair with one 

another for more than year, even when both mates survive to the next breeding season 

(Petrinovich and Patterson 1982). 
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Male NWCS sing throughout the year, but most aggressively just prior to and 

during the breeding season. The NWCS has only one song type, which spans across the 

2000–8000 Hz frequency range (Blanchard 1936; Blanchard 1941; Brenowitz et al. 

1998). Within the rural population of NWCS studied for this dissertation, there are six 

distinct song dialects (Tombark et al. 1983), whereas in the urban population, three 

historic dialects have homogenized into one contemporary dialect (Luther & Baptista 

2010). Previous research shows that the minimum frequency of the urban songs of males 

in San Francisco are comparatively higher than rural NWCS songs, and the minimum 

frequency has increased over time in association with increased levels of low frequency 

background noise (Luther & Derryberry 2012). The inter-population differences in song 

structure are attributed to cultural transmission (Luther & Baptista 2010; Luther & 

Derryberry 2012), and the upshift in minimum frequency is thought to be an artifact of 

the lower song frequencies not being heard, or copied, by young birds in noisier areas 

(Rabin & Green 2002; Mosely et al. (in review)). The relatively upshifted minimum 

frequency in songs learned in the noisier urban environment is thought to diminish the 

masking effect, or the reduction of audibility due to spectral overlap of signal with 

anthropogenic noise (Slabbekoorn & Peet 2003). 

Behavioral changes were studied in terms of song structure integrity, song 

activity, and antipredator response. The aim of this research was to provide insight into 

how the trade-off between signal reception  and predation risk and opportunities to attract 

mates and defend territories changed across disturbance gradients. The NWCS is a model 

system for studying vocal behavior (Baptista 1975; Petrinovich and Patterson 1982;  
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Petrinovich and Baptista 1984; Dewolfe et al. 1989;  Brenowitz et al. 1998; Slabbekoorn 

et al. 2003), with a rich history of studies specifically on the effects of anthropogenic 

noise on their vocal behavior (Luther and Baptista 2010;  Luther and Derryberry 2012; 

Luther et al. 2015; Derryberry et al. 2016; Luther et al. 2016). Therefore, the results can 

help inform noise management policies and have implications for population 

management in protected areas, even for disturbance-tolerant species, like the NWCS. 

The results are particularly relevant for sound management planning in Point Reyes 

National Seashore, Golden Gate National Recreation Area, and California state parks 

within San Francisco County, but should be applicable to all locations with excessive 

anthropogenic noise.  

Method Overview 
Behavioral observation, autonomous and manual recording methods, as well as 

background noise measurement, were used to test how NWCS song behavior changes in 

relation to background noise. Analysis of the acoustic content of the recordings involved 

bioacoustics analysis software and the measurement and automatic detection of acoustic 

signals of interest. Two of the three studies also involved audio broadcasts. Only wild, 

free-ranging male NWCS were tested. 

 The objective of the first study was to improve my understanding of the 

relationship between expression of immediate signaling flexibility and the acoustic 

environment. Therefore, I conducted an experiment that involved the broadcast of noise 

with three different spectral profiles – city (low frequency), inverse of city (high 

frequency), and white (equal intensity at all frequencies) – to wild males in urban and 
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rural locations. Males were sampled across territories that spanned a broad spectrum of 

background noise. The post-broadcast ambient noise was measured using a calibrated 

sound level meter. In the lab, I used bioacoustic analysis software to measure multiple 

features of songs produced prior to and during the noise broadcast. The results indicate 

that urban males improve signal transmission through an increase in signal tonality, or 

reduction in bandwidth. 

 In the second study, I attempted to disentangle whether spatiotemporal patterns of 

vocal activity in urban and rural locations change in relation to anthropogenic or natural 

noise. I used automated acoustic recording devices (ARD) to continuously record vocal 

activity through the morning, and examined spatiotemporal patterns of song activity 

across the urban-rural gradient. To analyze background noise in the recordings, I 

calculated acoustic richness and measured separate band sound pressure levels for low 

and high frequency noise. To quantify vocal activity, I used supervised learning cluster 

analysis. I measured vocal activity per hour by totaling the number of NWCS 

classifications for each hour, first subtracting the number of false positive classifications 

and adding the number of false negative classifications. So that I could report on the 

usefulness of the automated classifiers, I also tested if the proportion of misclassifications 

found for the remaining record hours could be predicted by the proportion found for the 

training hour, and if the proportion of misclassifications was related to the mean high 

frequency noise value calculated per ARD. My results show that vocal activity is 

relatively reduced where there are elevated levels of low frequency noise in urban and 



7 

 

rural locations, and although the levels of low frequency background noise increased 

through the morning, song activity remained relatively consistent. 

 For the final study, I investigated whether the strength of antipredator response 

differs across the urban-rural disturbance gradient. I broadcasted alarm calls of a 

heterospecific species, the song sparrow (Melospiza melodia), to urban and rural males 

and qualitatively scored the strength of their antipredator response. Because many 

predators use acoustic cues, such as song, to detect and localize prey, the strength of 

antipredator response was considered to increase with latency to first song. The response 

was also scored as stronger when the first song was sporadic rather than the start of a 

song bout. In addition, I observed their escape strategy and evaluated territory 

disturbance. I measured territory background noise after each playback experiment using 

a calibrated sound level meter. In the vicinity of each male's territory, I also measured 

spatial composition of pedestrian and vehicular traffic routes, specifically foot trails, 

parking lots and roads. Finally, the location of each territory was also coded for 

categorical analysis (rural = 0, urban = 1) because the likelihood of human wildlife 

encounters was higher in urban locations. The results of my third study show that the 

strength of antipredator response to heterospecific alarm calls diminishes in an urban, but 

not rural, environment as background noise increases. 

Literature Cited 
Abbey-Lee RN, Kaiser A, Mouchet A, Dingemanse NJ. 2016. Immediate and carry-over 

 effects of perceived predation risk on communication behavior in wild birds. 

 Behavioral Ecology. 27:708-16. 

 



8 

 

Baptista LF. 1975. Song dialects and demes in sedentary populations of the white-

 crowned sparrow (Zonotrichia leucophrys nuttalli). University of California 

 Publications in Zoology. 105:1–52. 

 

Barber JR, Crooks KR, Fristrup KM. 2010. The costs of chronic noise exposure for 

 terrestrial organisms. Trends in Ecology and Evolution. 25:180–189. 

 

Blanchard BD. 1936. Continuity of behavior in the Nuttall white-crowned sparrow. The 

 Condor. 38:145-50. 

 

Blanchard BD. 1941. The White-crowned Sparrows (Zonotrichia leucophrys) of the 

 Pacific seaboard: environment and annual cycle. University of California press. 

 

Blumstein DT, Mennill DJ, Clemins P, Girod L, Yao K, Patricelli G, Deppe JL, Krakauer 

 AH, Clark C, Cortopassi KA, Hanser SF. 2011. Acoustic monitoring in terrestrial 

 environments using microphone arrays: applications, technological considerations 

 and prospectus. Journal of Applied Ecology. 48:758-67. 

 

Bradbury JW, Vehrencamp SL. 2011. Principles of animal communication. 2nd ed. 

 Sunderland (MA): Sinauer Associates.  

 

 Brenowitz EA, Baptista LF, Lent K., Wingfield JC. 1998. Seasonal plasticity of the 

 song control system in wild Nuttall's white-crowned sparrows. Journal of 

 Neurobiology. 34:69-82. 

 

Brumm H. 2010. Anthropogenic noise: implications for conservation. Encyclopedia of 

 Animal Behavior. 1:89-93. 

  

 Brumm H, Slabbekoorn H. 2005. Acoustic communication in noise. Advances in  the 

 Study of Behavior. 35:151-209. 

 

Brumm H, Slater PJB. 2006. Ambient noise, motor fatigue, and serial redundancy 

 in chaffinch song. Behavioral Ecology and Sociobiology. 60:475-481. 

 

Brumm H, Zollinger SA. 2013. Avian vocal production in noise. Animal 

 Communication and Noise. Springer Berlin Heidelberg. 187-227. 

 

Cartwright LA, Taylor DR, Wilson DR, Chow-Fraser P. 2014. Urban noise affects song 

 structure and daily patterns of song production in Red-winged Blackbirds 

 (Agelaius phoeniceus). Urban Ecosystems.17:561-72. 

 

Catchpole C, Slater PJB. 2008. Bird song: biological themes and variations. Cambridge 

 (UK): Cambridge University Press. 

 



9 

 

Chan AA, Stahlman WD, Garlick D, Fast CD, Blumstein DT, Blaisdell AP. 2010. 

 Increased amplitude and duration of acoustic stimuli enhance distraction. Animal 

 Behaviour. 80:1075-9. 

 

Chilton G, Baker MC, Barrentine CD, Cunningham MA. 1995. White-crowned 

 Sparrow. In A. Poole and F. Gill, eds. Birds North Amer. 183:1-27. 

 

Collins S. 2004. Vocal fighting and flirting: the functions of birdsong. In Nature’s 

 Music: The Science of Birdsong (ed. P. Marler and H. Slabbekoorn): 39-79. San 

 Diego: Elsevier Academic Press. 

 

Derryberry EP, Danner RM, Danner JE, Derryberry GE, Phillips JN, Lipshutz SE, Gentry 

 KE, Luther DA. 2016. Patterns of Song across Natural and  Anthropogenic 

 Soundscapes Suggest That White-Crowned Sparrows Minimize Acoustic 

 Masking and Maximize Signal Content. PloS One. 11:e0154456. 

 

Diaz M, Parra A, Gallardo C. 2011. Serins respond to anthropogenic noise by 

 increasing vocal activity. Behavioral Ecology. 22:332e336. 

 

Dewolfe BB, Baptista LF, Petrinovich L. 1989. Song development and territory 

 establishment in Nuttalls white-crowned sparrows. Condor. 91:397–407. 

 

Ellis EC. 2011. Anthropogenic transformation of the terrestrial biosphere. Philosophical 

 Transactions of the Royal Society of London A: Mathematical, Physical and 

 Engineering Sciences. 369:1010-35. 

 

 Farina A, Pieretti N. 2014. Sonic environment and vegetation structure: a 

 methodological approach for  a soundscape analysis of a Mediterranean maqui. 

 Ecological Informatics. 21:120-132. 

 

Francis CD, Ortega CP, Cruz A. 2009. Noise pollution changes avian communities and 

 species interactions. Current Biology. 19:1415-9. 

 

Graham A. Thorngate N. 2005. Nuttall's White-crowned Sparrow (Zonotrichia 

 leucophrys nuttalli). In The Coastal Scrub and Chaparral Bird Conservation Plan: 

 a strategy for protecting and managing coastal scrub and chaparral habitats and 

 associated birds in California. California Partners in Flight. 

 http://www.prbo.org/calpif/htmldocs/scrub.html 

 

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. 108:14549-54. 

 



10 

 

 Hoskin CJ, Goose, MW. 2010. Road impacts on abundance, call traits, and body size of 

 rainforest frogs in northeast Australia. Ecology and Society. 15:15. 

 

Huang B, Lubarsky K, Teng T, Blumstein DT. Take only pictures, leave only... fear? 

 2011. The effects of photography on the West Indian anole Anolis cristatellus. 

 Current Zoology. 57:77-82. 

 

 Lind J, Cresswell W. 2005. Determining the fitness consequences of antipredation 

 behavior. Behavioral Ecology. 16:945-956. 

 

Lowry H, Lill A, Wong B. 2013. Behavioural responses of wildlife to urban 

 environments. Biological reviews. 88:537-49. 

 

Lohr B, Wright TF, Dooling RJ. 2003. Detection and discrimination of natural calls in 

 masking noise by birds: estimating the active space of a signal. Animal Behavior. 

 65:763-777. 

 

Luther DA, Baptista L. 2010. Urban noise and the cultural evolution of bird songs. 

 Proceedings of the Royal Society of London B: Biological Sciences. 277:469-473. 

 

Luther DA, Danner R, Danner J, Gentry K, Derryberry EP. 2016. The relative response 

 of songbirds to shifts in song amplitude and song minimum frequency. Behavioral 

 Ecology. arw172. 

 

Luther DA, Derryberry EP. 2012. Birdsongs keep pace with city life: changes in song 

 over time in an urban songbird affects communication. Animal Behavior. 

 83:1059–1066. 

 

Luther DA, Gentry KE. 2013. Sources of background noise and their influence on 

 vertebrate animal communication. Behaviour. 150:1045e1068. 

 

Luther DA, Phillips JN, Derryberry EP. 2015. Not so sexy in the city: urban birds  adjust 

 songs to noise but compromise vocal performance. Behavioral Ecology: arv162. 

 

Lourenço R, Goytre F, del Mar Delgado M, Thornton M, Rabaça JE, Penteriani V. 2013. 

 Tawny owl vocal activity is constrained by predation risk. Journal of avian 

 biology. 44:461-8. 

 

 McKinney, ML. 2006. Urbanization as a major cause of biotic homogenization. 

 Biological Conservation. 127:247–260. 

 

Meillère A, François B, Frédéric A. 2015. Impact of chronic noise exposure on 

 antipredator behavior: an experiment in breeding house sparrows. Behavioral 

 Ecology: aru232. 



11 

 

 

Moseley et al. (under review). Cultural selection as a mechanism of acoustic adaptation 

 to city noise: White-crowned sparrows copy songs less masked by noise. Science. 

 

Mougeot F, Bretagnolle V. 2000. Predation as a cost of sexual communication in 

 nocturnal seabirds: an experimental approach using acoustic signals. Animal 

 Behaviour.  60:647-656. 

 

Naguib M. 2013. Living in a noisy world: indirect effects of noise on animal 

 communication. Behaviour. 150:1069–1084. 

 

Patricelli GL, Blickley JL. 2006. Avian communication in urban noise: causes and 

 consequences of vocal adjustment. The Auk. 123:639-649. 

 

Petrinovich L, Baptista LF. 1984. Song dialects, mate selection, and breeding success in 

 white-crowned sparrows.  Animal Behaviour. 32:1078–1088. 

 

Petrinovich L, Patterson T. 1982. The white-crowned sparrow: stability, recruitment, 

 and population structure in the Nuttall subspecies (1975–1980). Auk. 99:1–14. 

 

Pohl NU, Klump GM, Langemann U. 2015. Effects of signal features and  background 

 noise on distance cue discrimination by a songbird. Journal of Experimental 

 Biology. 218:1006-1015. 

 

Rabin LA, Greene CM. 2002. Changes to acoustic communication systems in human-

 altered environments. Journal of Comparative Psychology. 116:137. 

 

Read J, Jones G, Radford AN. 2013. Fitness costs as well as benefits are important when 

 considering responses to anthropogenic noise. Behavioral Ecology. 25:4-7. 

 

Schmidt KA, Belinsky KL. 2013. Voices in the dark: predation risk by owls 

 influences dusk singing in a diurnal passerine. Behavioral Ecology and 

 Sociobiology. 67:1837-1843. 

 

Shannon G, Angeloni LM, Wittemyer G, Fristrup KM, Crooks KR. 2014. Road traffic 

 noise modifies behaviour of a keystone species. Animal Behaviour. 94:135-41. 

 

Shannon G, McKenna MF, Angeloni LM, Crooks KR, Fristrup KM, Brown E, Warner 

 KA, Nelson MD, White C, Briggs J, McFarland S. 2015. A synthesis of two 

 decades of research documenting the effects of noise on wildlife. Biological 

 Reviews. 91:982–1005. 

 

 Shannon CE, Weaver W. 1949. The mathematical theory of communication. University 

 of Illinois press. 



12 

 

 

Slabbekoorn H. 2013. Songs of the city: noise-dependent spectral plasticity in the 

 acoustic phenotype of urban birds. Animal Behaviour.  85:1089-1099. 

 

Slabbekoorn H, den Boer-Visser A. 2006. Cities change the songs of birds. Current 

 biology. 16.23:2326-31. 

Slabbekoorn, H, Peet M. 2003. Birds sing at a higher pitch in urban noise. Nature. 

 424:267. 

 

Slabbekoorn H, Jesse A, Bell DA. 2003. Microgeographic song variation in island 

 populations of the white-crowned sparrow (Zonotrichia leucophrys nutalli): 

 innovation through recombination. Behaviour.140:947–963. 

 

Slabbekoorn H, Ripmeester EA. 2008. Birdsong and anthropogenic noise: implications 

 and applications for conservation. Molecular Ecology. 17:72-83. 

 

Tombark DF, Thompson DB, Baker MC. 1983. Dialect discrimination by White-crowned 

 sparrows: Reactions to near and distant dialects. Auk. 100:452-460. 

 

Ware HE, McClure CJ, Carlisle JD, Barber JR. 2015. A phantom road experiment reveals 

 traffic noise is an invisible source of habitat degradation. Proceedings of the 

 National Academy of Sciences. 112:12105-9. 

 

 Wiley RH. 2006. Signal detection and animal communication. Advances in the Study 

 of Behavior. 36:217. 

 



13 

 

 

 

 

 

CHAPTER ONE- IMMEDIATE SIGNALING FLEXIBILITY IN RESPONSE TO 

EXPERIMENTAL NOISE IN URBAN, BUT NOT RURAL, WHITE-CROWNED 

SPARROWS 

Background noise can interfere with acoustic communication. Signal modifications have 

the potential to increase signal-to-noise ratios and reduce the masking effect of noise. 

Immediate signaling flexibility, a type of vocal plasticity, allows animals to modify their 

signal to optimize transmission depending on ambient noise conditions. Results from 

previous studies provide conflicting evidence about whether expression of immediate 

signaling flexibility is dependent upon the signaler having prior experience with noisy 

environments. To expand the knowledge base about vocal plasticity, I examined 

immediate signaling flexibility in white-crowned sparrows (Zonotrichia leucophrys 

nuttalli) in urban and rural locations. I experimentally broadcasted noise with three 

different spectral profiles – city (low frequency), inverse of city (high frequency), and 

white (equal intensity at all frequencies) – successfully to 107 males and measured 

multiple features of songs produced prior to and during the experiment. I predicted all 

males would adjust their song structure during the noise broadcast, but that the extent of 

plasticity would be greater in noisier territories and the manner of adjustment would 

depend on the type of experimental noise broadcast. Instead, I found that only urban 
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males exhibited immediate signaling flexibility, through which signal tonality, or reduced 

bandwidth, increased in response to experimental noise. Signal modification did not 

change with type of noise broadcast or territory background noise. Although songs were 

less flexible than predicted, the relative increase in signal tonality in urban birds could 

improve their signal-to-noise ratio during the noise broadcast.  

Introduction 
Anthropogenic noise is a relatively new but spatially pervasive form of pollution 

that threatens the integrity of all environments (Barber et al. 2010; Pijanowski et al. 2011; 

Francis & Barber 2013). A wide variety of animal taxa that utilize acoustic signals for 

communication alter their acoustic signals in the presence of relatively high levels of 

anthropogenic noise (reviewed in Shannon et al. 2015). A fundamental question related to 

these observations is what mechanism do the animals use to adjust their vocalizations, 

and if the adjustments are fixed or an immediate response to environmental noise 

(Patricelli & Blickley 2006). Signal modification that contrasts the signal against 

background noise, or increases the signal-to-noise ratio, can reduce the masking effect of 

noise and improve signal detection and discrimination (Brumm & Slabbekoorn 2005; 

Wiley 2006). 

 Many animals can adjust their signaling behavior in immediate response to 

fluctuations in background noise (bird species: Halfwerk & Slabbekoorn 2009; Gross et 

al. 2010; Verzijden et al. 2010; Bermudez-Cuamatzin et al. 2011; Hanna et al. 2011; 

Goodwin & Podos 2013; Montague et al. 2012; Potvin & Mulder 2013; Lenske & La 

2014; LaZerte et al. 2016; other taxa: Hanna et al. 2014 (frog); Hotchkin et al. 2015 
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(mammal); Orci et al. 2016 (insect)). Immediate signaling flexibility, a type of vocal 

plasticity, allows animals to modify their signal instantaneously in the presence of 

relatively loud noise and alter their signal back to a more natural form once the noise is 

reduced. Signal modification can involve adjustment of one or more of the following 

traits: minimum frequency, amplitude, signaling rate, or duration (Brumm & Naguib 

2009; Brumm & Zollinger 2011, 2013; Luther & Gentry 2013). An increase in minimum 

frequency and decrease in bandwidth increases song tonality, which can also improve 

signal detectability and discrimination in noisy environments (Lohr et al. 2003; Wiley 

2006). 

Results from previous studies provide conflicting evidence about whether 

expression of immediate signaling flexibility is dependent upon the signaler having prior 

experience with noisy environments. Recent evidence from LaZerte et al. (2016) 

indicates the degree to which vocal plasticity is expressed among conspecifics is a 

consequence of the acoustic conditions of the learning environment and previous 

exposure to noise. LaZerte et al. (2016) also suggest that birds with less experience with 

anthropogenic noise are more likely to misadjust the spectral characteristics of their 

songs, so that the masking effect of noise is increased instead of decreased. However, 

several other studies show that birds living in less noisy habitats are able to reduce 

masking through appropriate short-term spectral adjustments, including singing at a 

higher minimum frequency and increased tonality (Verzijden et al. 2010; Hanna et al. 

2011; Potvin & Mulder 2013).   
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The objective of this study was to improve my understanding of the relationship 

between expression of immediate signaling flexibility and the acoustic environment. 

Using male white-crowned sparrows (Zonotrichia leucophrys nuttalli) (NWCS) in urban 

and rural locations, I tested if song structure changed during the experimental broadcast 

of white (equal intensity at all frequencies), city (low frequency), and inverse of city 

(high frequency) noise. The three types of noise broadcasts were incorporated into the 

experimental design to test whether plasticity of song behavior, if observed, was 

dependent on the spectral qualities of the experimental noise. I predicted birds would 

adjust song structure during the noise broadcast in both urban and rural locations, but 

vocal plasticity would be greater in noisier territories. Specifically, I predicted an increase 

in signal tonality during the broadcast of white noise, an upshift in frequencies during the 

broadcast of city noise, and a downshift in frequencies during the broadcast of inverse of 

city noise in order to avoid signal masking.  

Methods 

Study species 
 I conducted noise broadcast experiments on randomly selected free-living adult 

male Nuttall's white-crowned sparrows (NWCS). The NWCS is a year-round resident in 

coastal central California that is easily observed and vocally active and thus an excellent 

study subject (Blanchard 1936; Blanchard 1941; Brenowitz et al. 1998). Previous studies 

indicate that anthropogenic noise affects NWCS singing behavior in terms of minimum 

frequency and amplitude, but the mechanism for the adjustments is yet to be determined 
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(Luther & Baptista 2010; Luther & Derryberry 2012; Luther et al. 2015; Derryberry et al. 

2016).  

Study locations 
 I studied song activity in urban and rural locations in San Francisco and Marin 

Counties, California, respectively. I differentiated between urban and rural locations 

because anthropogenic noise was comparatively higher in the urban setting of San 

Francisco (Lee & MacDonald 2011, 2013), where human activity in the form of foot and 

vehicular traffic occurs more frequently and at higher volumes and greater densities 

(California Environmental Health Tracking Program 2014; CALTRANS 2014). For 

instance, the annual average daily traffic (AADT), or total yearly volume of vehicular 

traffic along a road divided by 365 days, reached up to 167,000 cars on roads near my 

urban study locations but less than 4,000 on roads near my rural locations in 2014 

(CALTRANS 2014). 

Experimental noise broadcasts 
 I conducted four minute-long noise broadcast experiments in April through June 

at the time of breeding season of NCWS during the hours 0500–1100 in 2015 and 2016. 

The type of noise broadcast during each experiment was either white noise, city noise or 

the inverse of city noise following methods of and using the playback sound files of 

Halfwerk & Slabbekoorn (2009) (Figure 1). For each of the three types of noise, I tested a 

minimum of 20 urban males and 15 rural males, with a total of 107 males tested for all 

broadcast types (Table 1). For each male, I recorded songs prior to the experimental noise 

and during the experimental noise. Each male was tested only once and exposed to only 
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one type of noise. All males included in analysis sang when exposed to experimental 

noise a single time. Early attempts to expose each male to all three types of noise proved 

unsuccessful because, after the first trial, the males recognized and subsequently flew 

away from the speaker or waited to sing until after I left. 



 

 

Table 1 Sample size of male Nuttall’s white-crowned sparrow per location and their mean and standard error of song measures before and during 

experimental noise. Values are separated by each experimental noise type but also pooled across the three types of experimental noise. Experiments were 

conducted during breeding season in 2015 and 2016. 

 

  

Locations 
# 

males 

Minimum frequency (Hz) Maximum frequency (Hz) Bandwidth (Hz) Duration (sec) Peak frequency 

Mean ± SE Mean ± SE Mean ± SE Mean ± SE Mean ± SE 

Before 

noise 

During 

noise 
Before noise During noise Before noise During noise 

Before 

noise 

During 

noise 

Before 

noise 

During 

noise 

 City noise 

Rural 17 
2945.1 

±60.2 
2940.4±55.5 6093.1±100.8 6083.7±103.4 3148.0±118.8 3139.4±115.8 

1.3 

±0.1 
1.3 ±0.1 4104.7±73.8 4105.5±73.8 

Urban 20 
2749.7 

±50.1 
2734.7±50.6 6080.2±91.8 5987.6±88.1 3332.7±75.7 3234.1±66.7 

1.3 

±0.0 
1.3 ±0.0 4134.0±77.3 4179.0±84.6 

 Inverse of city noise 

Rural 15 
2904.5 

±73.4 
2904.2±78.7 6140.5±71.7 6089.5±63.8 3236.0±123.7 3184.1±124.0 

1.2 

±0.1 
1.2 ±0.1 4124.6±61.2 4161.3±84.0 

Urban 20 
2659.2 

±56.1 
2677.1±53.3 5891.4±68.9 5803.7±63.9 3232.2±74.1 3126.6±68.4 

1.4 

±0.0 
1.4 ±0.1 4161.6±73.9 4112.1±56.6 

 White noise 

Rural 15 
2824.1 

±84.2 
2813.4±70.1 6277.7±60.4 6185.2±68.2 3453.6±110.9 3371.9±98.6 

1.6 

±0.0 
1.3 ±0.1 4042.9±99.8 4177.3±82.2 

Urban 20 
2661.6 

±35.0 
2660.3±33.9 5893.6±96.5 5843.1±105.9 3232.1±94.4 3173.3±103.8 

1.3 

±0.0 
1.4 ±0.0 4083.1±59.8 4068.2±60.3 

  
 All three noise types combined  

Rural 47 
2893.5 

±41.5 
2888.3±39.1 6167.1±47.6 6117.9±47.3 3273.6±69.4 3227.9±65.9 

1.3 

±0.0 
1.3 ±0.0 4091.3±45.2 4146.2±45.3 

Urban 60 
2690.2 

±27.7 
2690.7±26.8 5955.1±50.5 5878.1±50.8 3232.7±34.8 3197.3±40.7 

1.3 

±0.0 
1.3 ±0.0 4126.2±40.4 

4119.8 

±39.2 

1
8
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Figure 1 Flow chart of the experimental design. Songs from urban and rural male Nuttall’s white-crowned were 

recorded during an experimental broadcast of either inverse, city or white noise (2015-2016). Each individual 

was tested once. When high quality songs were recorded prior to and during the broadcast, they were measured 

and the experiment was considered successful. 

 

 The noise broadcast experiment commenced when at least two pre-broadcast 

songs were recorded and the bird was singing within 5–17m of the speaker (Peavey Solo 

Portable PA System Battery amplifier connected to an IPod Nano). Using a range finder, 

the range in distance from the speaker was set to limit variation in overall noise level 

exposure at the position of the bird. I recorded songs with a Sennheiser ME66 directional 

microphone and a Marantz PMD660 digital recorder (Marantz America, Inc., Westbury, 

NY, USA). The Marantz PMD660 recordings were flat-weighted and low-cut filtered 

(40–20,000Hz), and were recorded in wav file format at a sampling rate of 44.1 kHz and 

saved to internal memory as 24 bit.  

The experimental noise level was set to 78 LAeq at one meter from the speaker 

using a calibrated sound level meter (SLM; Larson Davis model 831, firmware version 
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2.206 with the settings of A frequency weighting, Fast time weighting, linear averaging, 

and 0.0 dB gain) that calculated 1s LAeq, or A-weighted equivalent continuous level 

value, based on the sound pressure levels sampled 10 times a second. Leq is a measure of 

average energy. To reduce the risk of scaring away the bird, the amplitude of the 

experimental noise was gradually increased from 0–78 LAeq over twenty seconds.  

To maintain stable signal intensity at the point of the receiver, I redirected the 

speaker toward the bird if the bird changed song post. I made voice annotations to note 

any changes in the bird's distance from the speaker. An experiment was considered 

successful when at least two songs were recorded before the experimental noise and at 

least two songs were recorded during the experimental noise. Any songs recorded after 

the experimental noise ended were not included in analyses, since some individuals either 

flew away before the four minutes of noise ended or did not continue to sing through the 

entire broadcast or after it ended. Territorial neighbors were tested at least two days apart 

from one another.  

 After each noise experiment, a calibrated sound level meter (see above) was used 

to collect sound pressure levels (SPL). The post-broadcast ambient noise was measured 

over sixty seconds with the Larson Davis oriented upwards, at approximately 1.5 meters 

off the ground. Sixty second A-weighted equivalent continuous level values (LAeq) were 

calculated. Males were sampled across territories that spanned a broad spectrum of 

background noise in each location, specifically background noise levels ranged 24.33–

53.34 LAeq in the rural location (  ± SE = 41.52 ± 0.68 LAeq) and 36.65–67.58 LAeq in the 

urban location ( ± SE = 50.07 ± 0.57 LAeq). I measured the ambient noise post-
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broadcast so that I could also examine whether background noise influenced the extent 

that a bird adjusted its song in response to the playback. To assess if vocal plasticity 

could be related to the territory background noise, the noise was weighted according to 

the sound frequencies that influence the bird's perception of loudness. Thus, Leq 

measurements were A-weighted since birds hear best at 1–5 kHz, similar to humans 

(Dooling & Popper 2007). All reported sound pressure levels are in units of LAeq re 20 

µPa (8–20 kHz). 

Song analysis 
To review the recordings and select songs from the acoustic files for 

measurement, all audio data were transformed to the frequency domain and displayed in 

the sound analysis software program Raven v1.5 spectrogram viewing window 

(Bioacoustics Research Program, Cornell Laboratory of Ornithology 2012) along a 

frequency range between 0 and 11.025 kHz (Nyquist frequency) on the y-axis and 20 

seconds on the x-axis. Songs were only selected for measurement if 1) they were 

recorded at the nearest distance to the speaker at the time of broadcast, or 2) they were 

clearly visible against the background noise and experimental noise (2–23 songs per 

bird). The selected songs were saved as individual wav files and then normalized in 

Audacity to -1 dB. I then measured each song in Raven v.1.5 using a Hann window, 

window size 680 samples (0.0154 s) per a 3 dB filter bandwidth at 93.3 Hz. I set window 

overlap to 50%, hop size to 340 samples (0.00771 s), and the Discrete Fourier 

transformation (DFT) size to 1024 samples with Grid spacing of 43.1 Hz. Although 

background noise intensified during the noise playback and the spectral quality of 
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background noise changed with each type of playback, I was still able to obtain precise 

song measurements because I only measured songs that were of high enough quality to 

contrast against the noise. Also, I reduced subjectivity of spectral measurement by using 

the Peak Frequency Contour tool, which traces signals according to the points of peak 

energy along the contour (see Charif et al. 2010 for further details). 

 Song measurements included 90% duration, peak frequency, minimum peak 

frequency contour (PFC), and maximum PFC of the normalized songs (See Table 2 for 

descriptions). The song bandwidth was calculated by subtracting the minimum PFC from 

the maximum PFC for each song. Song measurements were of the entire song, and a song 

was considered sung to completion if it included introductory notes (pure tone or buzzes), 

complex notes, and a trill. However, the terminal phrase of rural songs was excluded in 

order to make the measurements more comparable between and within the two regions, 

because it was sung inconsistently in rural locations and was not found in the urban 

locations (Figure 2).  
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Table 2 Definitions of Nuttall’s white-crowned sparrow song measures. 

 

 
Figure 2 Spectrogram image of a Nuttall's white-crowned sparrow song recorded from a rural location (Marin County, 

CA). The terminal phrase, outlined by a box, was excluded from measurements because it was sung inconsistently 

within and between rural and urban locations. 

 

Statistical analysis 
Each of the five song measurements was averaged for songs recorded 

immediately prior to the experimental noise as well as for the songs recorded during the 

experimental noise. To determine if individuals adjusted their song in immediate 

Measure Definition Unit 

Peak frequency Frequency with the highest power Hz 

90% Duration 
Length of the vocalization which 

contains 90% of the energy 
S 

Minimum Peak Frequency 

Contour 

The lowest frequency traced by the peak frequency contour 

(PFC) tool 
Hz 

Maximum Peak Frequency 

Contour 

The highest frequency traced by the peak frequency contour 

(PFC) tool 
Hz 

Bandwidth 
The subtracted difference between PFC maximum and PFC 

minimum frequencies 
Hz 
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response to changes in noise intensity level at the time of experimental noise (test for 

plasticity), I built linear mixed models with individual as a random intercept to account 

for the two repeated measures (pre-noise and noise song measures) per test subject. 

Specifically, I used the procedure ‘lmer’ in the R package ‘lmerTest’ (Kuznetsova et al. 

2013) to model the effects of covariates on song measure, while accounting for the 

individual. The lmerTest package provides p-values for ANOVA tests and F-tests using a 

Satterwaite approximation for the degrees of freedom.  

For both urban and rural locations, five linear mixed models were run to test for 

plasticity of each song measure (PFC maximum frequency, PFC minimum frequency, 

PFC bandwidth, 90% duration and peak frequency). I incorporated the test subject’s 

distance from the speaker during experimental noise, and the background noise level 

measured just after the experimental noise into each model to account for variation in the 

signal-to-noise ratio of the experimental noise experienced by each male. I also included 

the type of experimental noise to account for differences due to the spectral qualities of 

the experimental noise. Specifically, the fixed effect structure for each mixed model 

contained one within-subject categorical predictor, time of recording during experiment 

(pre-noise vs. during noise), and three other between-subject fixed effects, noise playback 

type (categorical; city, inverse of city, or white noise), distance from the broadcast 

speaker (m), and the background noise of the territory (LAeq) measured immediately after 

the experiment. Separate analyses were run for each location to determine if the capacity 

for song plasticity differs between rural and urban birds.  
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 Prior to fitting my models, I confirmed through likelihood ratio tests that 

goodness of fit was not improved with a quadratic term for background noise or an 

interaction term between type of noise broadcast and time of recording. Residuals were 

inspected to confirm that the data was normally distributed with equal variance.  

 When I observed song plasticity, I used linear models to determine whether the 

extent of adjustment (average pre-noise song measure subtracted from average during 

noise song measure) differs with territory background noise (LAeq). The fixed effects 

included the continuous predictor variables background noise of territory (LAeq), distance 

from the playback speaker (m), and the categorical variable noise playback type.  

 To investigate if measured song feature adjustments were made in association 

with one another, I ran a Pearson’s product-moment correlation test in base package of R 

between the measured differences (average pre-noise song measure subtracted from 

average during noise song measure) of each song measure adjusted during the noise 

playback (R Core Team 2016).  

Results 
Urban males adjusted the maximum frequency and bandwidth of their song in 

real-time in response to the experimental noise (F1,59.1= 10.80, p = 0.02; F1,58.9= 11.23, p 

= 0.00, respectively) (See Table 3 for full results for all song characteristics tested). The 

maximum frequency and bandwidth of songs in urban areas were significantly higher 

prior to the experimental noise than during the experimental noise (β=76.96 ± 23.41 SE; 

β=87.66 ± 26.15 SE, respectively) (Figure 3). The extent of adjustment of maximum 

frequency and bandwidth did not vary according to background noise level of territory 
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(F(4,55) = 0.428, p = 0.79; F(4,55) =0.362, p = 0.84, respectively) (Table 4). Correlation tests 

confirmed that bandwidth adjustment positively correlated with adjustment of maximum 

frequency (r(59) = 0.83, p < 0.001), thus vocal adjustments involved the simultaneous 

manipulation of both maximum frequency and bandwidth in males in the urban 

environment.  

In contrast to urban males, I found no evidence of vocal plasticity in the songs of 

rural males (See Table 5 for full results for all song characteristics tested). However, 

maximum frequency and bandwidth were changed with distance from the speaker (F1, 85.0 

= 16.48, p = <0.01; F1, 83.0 = 8.03, p = 0.01, respectively), and song duration differed 

between birds tested with different types of experimental noise (F2, 58.2 = 4.38, p = 0.02).



 

 

Table 3 Statistical analyses of immediate signaling flexibility of urban male Nuttall's white-crowned sparrows when presented with experimental noise. 

Analyses were performed using linear mixed effects models, with male as a random intercept. P values and denominator degrees of freedom (d.f.) were 

obtained using a Satterthwaite approximation for degrees of freedom. Significant P values were presented in bold. 

 

Fixed 

effects 

PFC Maximum 

frequency 
 

PFC Minimum 

frequency 
 Bandwidth  Duration (90%)  Peak Frequency 

F d.f. P  F d.f. P  F d.f. P  F d.f. P  F (d.f.) P 

Distance 1.01,55 0.3  1.11,55 0.3  0.41,55 0.6  0.41,55 0.5  0.11,55 0.7 

LAeq 3.21,55 0.1  0.31,55 0.6  2.11,55 0.2  0.91,55 0.4  2.51 55 0.1 

Time 10.81,59.1 0.0  0.01,59 1.0  11.21,58.9 0.0  2.01,59 0.2  0.11,58.8 0.8 

Type  1.52,55 0.2  0.92,55 0.4  0.52,55 0.6  1.22,55 0.3  0.32,55 0.8 

2
7
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Table 4 Summary of ANOVA table showing that extent of adjustment of maximum frequency and bandwidth in 

urban songs does not vary with territory background noise levels, distance from speaker, or type of noise 

broadcast. The extent of adjustment was measured by taking the difference in the values prior to experimental 

noise broadcast and during experimental noise broadcast. Values enclosed in parentheses represent degrees of 

freedom for residuals. 

 

 
Figure 3 Mean and standard error of the percentage of difference in maximum frequency and bandwidth in 

urban and rural songs before experimental noise broadcast and during experimental noise broadcast: (before 

noise − during noise)/ before noise × 100. The maximum frequency and bandwidth significantly decreased in 

urban songs, but not rural songs, during experimental exposure to noise. 

Fixed 

effects 

Difference in PFC Maximum frequency  Difference in Bandwidth 

Sum Sq Mean Sq F d.f. P  Sum Sq Mean Sq F d.f. P 

Distance 18526 18526 0.541 0.46  36474 36474 0.851 0.36 

LAeq 14212 14212 0.421 0.52  22 22 0.001 0.98 

Type  25859 12930 0.382 0.69  25599 12800 0.302 0.74 

Residuals 1881951 34217 (55)   2359510 42900 (55)  



 

 

Table 5 Statistical analyses of expression of immediate signaling flexibility of rural male Nuttall's white-crowned sparrow when presented with experimental 

noise.  Analyses were performed using linear mixed effects models, with male as a random intercept. P values and denominator degrees of freedom (d.f.) were 

obtained using a Satterthwaite approximation for degrees of freedom. Significant P values were presented in bold. 

 

Fixed effects 

PFC Maximum 

frequency 
 

PFC Minimum 

frequency 
 Bandwidth  Duration (90%)  Peak Frequency 

F d.f. P  F d.f. P  F d.f. P  F d.f. P  F d.f. P 

Distance 16.51,85.0 0.0  1.21,68.5 0.3  8.01,83.0 0.0  1.081,86.9 0.3  2.31,78.7 0.1 

LAeq 4.31, 34.6 0.1  0.01,42.1 0.9  2.01,37.0 0.2  0.101,38.1 0.8  2.31,42.8 0.1 

Time 2.91, 37.0 0.1  0.11,43.7 0.8  1.41,39.5 0.2  1.781,41.0 0.2  1.91,47.5 0.2 

Type  0.12, 56.4 0.9  0.12,72.7 0.9  0.02,60.9 1.0  4.382,58.2 0.0  0.22,52.2 0.8 

2
9
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Discussion 
 My results indicate that urban male NCWS exhibited immediate signaling 

flexibility in response to fluctuations in background noise, whereas rural male NCWS did 

not. Urban males decreased their maximum frequency and bandwidth with experimental 

noise, which in turn increased tonality, an adjustment that can improve signal 

detectability and discrimination in noisy environments (Lohr et al. 2003; Wiley 2006). 

However, the territory background noise and spectral quality of the experimental noise 

(low frequency, high frequency, or white noise) did not influence the manner in which 

urban males adjusted their song. Mine was another in a growing list of studies that 

confirms that many animals can adjust their signaling behavior in immediate response to 

fluctuations in background noise (bird species: Halfwerk & Slabbekoorn 2009; Gross et 

al. 2010; Verzijden et al. 2010; Bermudez-Cuamatzin et al. 2011; Hanna et al. 2011; 

Goodwin & Podos 2013; Montague et al. 2012; Potvin & Mulder 2013; Lenske & La 

2014; LaZerte et al. 2016; other taxa: Hanna et al. 2014 (frog); Hotchkin et al. 2015 

(mammal); Orci et al. 2016 (insect)). Mine was also the first study to confirm that 

spectral plasticity was not a behavioral trait that occurs unanimously across populations. 

 I predicted that male NWCS would shift their songs in response to experimental 

noise to reduce masking from the noise. Specifically, I expected birds to raise the 

minimum frequency of their songs in response to low frequency experimental noise and 

to lower the maximum frequency of their songs in response to high frequency 

experimental noise, but NWCS showed neither response. Instead, I found that urban male 

NWCS decreased song maximum frequency in response to all three types of experimental 
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noise and did not shift their minimum frequencies in response to any types of 

experimental noise. My results contrast with previous studies that found other avian 

species increased the minimum frequency of their songs when presented with 

experimental low frequency noise (Gross et al. 2010, Verzijden et al. 2010; Bermudez-

Cuamatzin et al. 2011; Montague et al. 2012; Potvin & Mulder 2013; LaZerte 2016). 

They also contrast with the results of Potvin and Mulder (2013), who found Silvereyes 

(Zosterops lateralis) shift their songs to lower frequencies in response to high frequency 

experimental noise. Clearly, species differ in their strategies to improve signal detection 

and discrimination in noisy environments (Brumm & Zollinger 2013). 

 Increases in song tonality, or decreased bandwidth, should improve transmission 

in all three noise conditions, which would explain why urban male NWCS decreased 

maximum frequency and bandwidth during all three types of experimental noise. Other 

species have also been shown to increase the tonality of their songs in the presence of 

experimental low frequency noise. For example, European robins (Erithacus rubecula) 

exposed to low frequency experimental noise adjust the minimum frequency of their song 

upward (Montague et al. 2012). In addition, Red-winged blackbirds (Agelaius 

phoeniceus) increase tonality when presented with low frequency experimental noise, but 

do so by concentrating the spectral energy of their trill in the low frequencies (Hanna et 

al. 2011). My findings, along with the results from other studies, indicate that there is no 

one type of response to high levels of low frequency noise, which could be due to 

differences in natural mechanisms of selection amongst species.  
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The difference in expression of immediate signaling flexibility could be explained 

by the fact that background noise levels do not fluctuate as intensely in rural 

environments compared to relatively noisier urban environments (Slabbekoorn & 

Ripmeester 2008, Naguib 2013). Birds in each environment could consequently have 

different mechanisms for adjusting to fluctuations in the amplitude of background noise. 

The vocal structure may be more flexible in urban birds because they learned to sing in 

an urban environment where fluctuations in background noise intensity and spectral 

characteristics are comparatively more frequent and extreme than in rural environments 

(LaZerte et al. 2016). In contrast, noise fluctuations in rural environments might not 

necessitate vocal plasticity in terms of immediate spectral flexibility, especially since 

rural NWCS can modify their song behavior in other ways to cope with noise. For 

instance, NWCS can elevate song amplitude in response to increased noise (Derryberry et 

al. 2017), which in comparison to spectral adjustment can be a more effective strategy to 

increase signal-to-noise ratios (Nemeth & Brumm 2010). Also, relative to the city, traffic 

densities are much lower, so it is possible that rural NWCS, like white-throated sparrows 

(Zonotrichia albicolis), wait to sing until a car has passed and the background noise 

returns to lower amplitudes (Lenske & La 2014). Other alternative short-term strategies 

to avoid noise that I did not test may involve a temporary increase in signal redundancy, 

or a change in perch location to reduce the signaling distance to the receiver. During this 

experiment, I found evidence for the latter since NWCS often flew a few meters away 

from the speaker during the experimental noise.  
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In contrast to the results of LaZerte et al. (2016), who determined that the 

magnitude of signal adjustment in black-capped chickadees (Poecile atricapillus) was 

dependent on local background noise levels, I did not find a relationship between territory 

background noise and the extent to which urban male NWCS increased signal tonality. I 

speculate that my chosen rural and urban sites are more extreme in terms of differences in 

chronic noise conditions in comparison to the sites described as urban and rural in the 

other study. Specifically, my rural birds were located in and around Point Reyes National 

Seashore, which is only 30 miles north but completely isolated from the urban sprawl and 

noise from the city of San Francisco. In contrast, large and frequent noise fluctuations 

occur in even the quietest urban territories in San Francisco (Lee & MacDonald 2011, 

2013). The uniform occurrence of high intensity fluctuations in noise throughout the city 

could explain the lack of difference in the extent of adjustment between urban males, as 

such exposure could have taught all urban males to maximize spectral adjustment 

according to background noise levels prior to the experimental noise. Alternatively, 

extent of spectral adjustments could reflect population differences in spectral signaling 

flexibility, but research on the subject is currently lacking.  

Although vocal plasticity can improve signal transmission during fluctuations in 

background noise, there can be secondary costs associated with song adjustment if the 

adjusted song structure is of lower vocal performance (reduced bandwidth) and is sung 

more often than a version with higher vocal performance (larger bandwidth) that is 

sexually selected (Patricelli & Blickley 2006; Luther et al. 2015). Signal adjustments can 

affect the perceived condition of the signaler and resultant receiver responses, which 
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changes the way in which females and competitors assess male quality (Catchpole & 

Slater 2003; Bradbury & Vehrencamp 2011; Luther & Magnotti 2014). As a 

consequence, pairing success could decrease for males with adjusted signals since 

females can find reduced bandwidth less attractive (Ballentine et al. 2004), and at least 

one study found cuckoldry increased for males that sang adjusted song structures with 

reduced bandwidth (Halfwerk et al. 2011). Under such circumstances, males in noisy 

territories who adjust their song structure frequently would have fewer opportunities to 

mate and reproduce. Therefore, the contrast between selection pressures from 

anthropogenic noise and sexual selection on signal design could potentially lead to an 

evolutionary trap in especially noisy urban locations (des Aunay et al. 2014; Luther & 

Magnotti 2014; Luther et al. 2015).   

 In conclusion, immediate signaling flexibility was displayed by urban, but not 

rural, NWCS during the experimental noise, presumably to reduce noise interference 

through an increase in signal tonality. Based on these results and results from another 

study (Derryberry et al. 2017), I conclude immediate flexibility of spectral structure and 

amplitude improves the ability of urban NWCS to reduce the masking effect of noise and 

increase signal-to-noise ratio during temporary fluctuations in noise. Because noise is 

comparatively reduced in the rural environment, it is possible that the elevation of 

amplitude improves signal-to-noise ratio enough so that it is unnecessary for rural males 

to also modify spectral structure. However, further research is required to learn if the 

difference in expression of immediate spectral flexibility is instead a product of 

microevolution.  
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CHAPTER TWO- SPATIOTEMPORAL PATTERNS OF VOCAL ACTIVITY IN 

RELATION TO BACKGROUND NOISE 

The likelihood of acoustic signal detection decreases as background noise levels increase. 

Background noise in an urban landscape is disproportionately comprised by 

anthropogenic sound, which occurs at high intensities and low frequencies. The 

amplitude of biotic sound in urban locations can at times also be relatively high, so 

urban-rural differences in signal detectability might be related to an increase in acoustic 

richness and amplitude in the higher frequencies as well as or instead of just related to 

anthropogenic noise. In this study, I measured vocal activity in terms of the amount of 

time that Nuttall’s white-crowned sparrow (NWCS) songs were detectable, and I 

examined whether it changed in relation to anthropogenic or natural noise on a 

spatiotemporal scale. Automated acoustic recording devices continuously recorded 

NWCS vocal activity as well as background noise throughout the morning song chorus 

during the 2014 breeding season in San Francisco and Marin Counties, CA. Background 

noise was separated into low and high frequency noise from full-spectrum background 

noise and acoustic richness was calculated to investigate the relationship between 

different frequency spectra on vocal activity in urban and rural settings. Supervised 

learning cluster analysis was used to quantify vocal activity by totaling the number of 
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classifications. My results show that vocal activity was relatively reduced where there 

were relatively increased low frequency noise levels in urban and rural locations. I did 

not find a spatial relationship between vocal activity and high frequency noise levels, nor 

did I find that vocal activity shifted temporally in relation to changes in low frequency 

noise levels or acoustic richness. In fact, the levels of low frequency background noise 

increased through the morning, while vocal activity remained relatively consistent. The 

results indicate that the number of song detections is more related to low frequency noise 

than high frequency biotic noise on a spatial scale, which suggests that animals who 

communicate acoustically could benefit from targeted noise mitigation efforts in urban 

locations where low frequency noise levels are heightened by anthropogenic sound.  

Introduction 
Long distance acoustic communication involves the transmission and reception of 

signals that carry important messages, such as territory ownership, social status, mate 

attraction, and species identity (Bradbury & Vehrencamp 2011; Catchpole & Slater 

1995). However, background noise can interfere with acoustic signal transmission, and 

reduce the active space of signals as well as signal detectability (Wiley & Richards 1982; 

Klump 1996; Lohr et al. 2003; Wiley 2006). The chances of signal reception decrease as 

background noise amplitude increases, especially when the acoustic energy of the 

background noise is concentrated within the same frequency bands of an animal's 

vocalization (Egan & Hake 1950; Parris & Schneider 2008).  

 Animals can modify their acoustic behavior in ways that reduce signal 

interference from background noise and improve the active space of their signal (Brumm 
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& Slabbekoorn 2005; Brumm & Zollinger 2013; Shannon et al. 2015). Signal 

transmission and active space can be improved through modification of signal duration 

(Brumm et al. 2004; Foote et al. 2004), spectral structure (Slabbekoorn & Peet 2003; 

Roca et al. 2016), and amplitude (Brumm 2004; Brumm & Zollinger 2011; reviewed in 

Luther & Gentry 2013). Signal detection can also be enhanced through increased 

repetition of vocalizations (Shannon & Weaver 1949; Wiley 2004). As a result, signaling 

rate and the amount of time spent vocalizing are predicted to increase relative to higher 

levels of background noise (Brumm & Slater 2006; Slabbekoorn & Boer-Visser 2006; 

Hoskin & Goosem 2010; Diaz et al. 2011).  

 Animals could also increase or decrease signaling rate or signaling effort 

temporally in response to shifts in background noise levels (Diaz et al. 2011; Cartwright 

et al. 2013). For instance, some animals vocalize less during brief fluctuations in 

background noise (Sun & Narins 2005; Brumm 2006; Parks et al. 2007; Halfwerk & 

Slabbekoorn 2009; Potvin & Mulder 2013; Lenske & La 2014; Luís et al. 2014). In 

contrast, other animals increase call rate during higher levels of background noise (Potash 

1972; Lengagne et al. 1999; Penna & Pottstock 2005). In noisy locations, animals might 

concentrate their signaling effort during times when background noise is significantly 

lower (Cartwright et al. 2013), and in some cases, animals that normally vocalize only 

during daytime hours will vocalize at night (Greenfield 1988; Fuller et al. 2007; Kaiser et 

al. 2009; Nordt & Klenke 2013). In addition, some avian species will shift the timing of 

their dawn chorus so that it starts earlier and prior to the daily rise in background noise 

levels (Arroyo-Solis et al. 2013; Gil et al. 2014; Dominoni et al. 2016; Dorado-Correa et 
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al. 2016). The variation in signaling in response to noise may be due to a cost-benefit 

tradeoff in which increased signal redundancy improves communication without 

affecting the naturally selected structure of the vocalization. However, if intended 

receivers are paying attention throughout the morning it would be more energy and time 

efficient to concentrate signaling effort during low levels of background noise (Ward & 

Slater 2005; Diaz et al. 2011). 

 Observable differences in acoustic signaling behavior between urban and rural 

locations are often ascribed to anthropogenic noise. Background noise in an urban 

landscape is disproportionately comprised by anthropogenic sound, which occurs at 

relatively high intensities and low frequencies, because human activity is denser and 

more frequent in urban landscapes (Slabbekoorn & Ripmeester 2008, Naguib 2013). In 

rural landscapes, background noise is generally dominated by high frequency biotic 

sounds, such as bird song and insect calls, and low frequency abiotic sounds, such as 

wind (Sueur et al. 2014). Still, the amplitude of biotic sound in urban locations can at 

times also be relatively high, especially if multiple species adjust the timing of their 

signaling effort so that it is concentrated during hours when anthropogenic noise is 

relatively reduced. Under such circumstances, partitioning of the acoustic environment in 

urban landscapes is disrupted by heterospecific signals that may otherwise not have 

overlapped in time, spectral distribution, or spatial proximity (Luther 2009). Therefore, 

urban-rural differences in signal detectability might be related to an increase in acoustic 

richness and amplitude in the higher frequencies as well as or instead of just related to 

anthropogenic noise.  
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 For this study, I measured vocal activity in terms of the amount of time that 

Nuttall’s white-crowned sparrow (NWCS) songs were detectable, and I examined 

whether the number of song detections changed in relation to anthropogenic or natural 

noise on a spatiotemporal scale. I tested whether hourly vocal activity changed over the 

course of the morning in association with low frequency background noise or acoustic 

richness. I also tested if vocal activity changed spatially in relation to background noise 

amplitude in the high or low frequency bands. Finally, I examined whether the temporal 

patterns of low frequency background noise levels differed across the urban-rural 

gradient. I predicted that temporal patterns of vocal activity would match changes in low 

frequency noise levels that occurred through the morning hours in urban and rural 

locations. Because other species are known to sing more redundantly in noisy locations, I 

also predicted that a greater number of NWCS songs would be detected where there were 

higher levels of low frequency background noise.  

Methods 

Study species and location 
I measured vocal activity of the NWCS in terms of the amount of time singing 

was detectable, because the reproductive success of birds is largely dependent on their 

ability to effectively secure territories and attract mates through song (Habib et al. 2007; 

Halfwerk et al. 2011; Catchpole & Slater 2008; Bradbury & Vehrencamp 2011). The 

NWCS is found throughout the coastal region of central California. NWCS are non-

migratory and have only one song type, which spans across the 2000–8000 Hz frequency 

range (Blanchard 1936; Blanchard 1941; Brenowitz et al. 1998). NWCS are a model 
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system for studying vocal behavior (Baptista 1975; Petrinovich & Patterson 1982; 

Petrinovich & Baptista 1984;  Dewolfe et al. 1989;  Brenowitz et al. 1998; Slabbekoorn 

et al. 2003), with a rich history of studies specifically on the effects of anthropogenic 

noise on their vocal behavior (Luther & Baptista 2010;  Luther & Derryberry 2012; 

Luther et al. 2015; Derryberry et al. 2016; Luther et al. 2016). 

I recorded songs in rural and urban locations in Marin and San Francisco 

Counties, California, respectively, and I coded location for categorical analysis (Marin 

County = 0, San Francisco = 1). I differentiated between rural and urban locations 

because anthropogenic noise is higher in the urban landscape (Lee & MacDonald 2011, 

2013), where the percent area developed and human population density is greater in 

comparison to a rural landscape (Marzluff et al. 2001). For instance, the annual average 

daily traffic (AADT) in 2014 (total yearly volume of vehicular traffic along a road 

divided by 365 days) reached up to167,000 cars on roads near my urban locations but 

reached  less than 4,000 cars on roads near my rural locations (CALTRANS 2014). 

Resultantly, background noise is also dominated by anthropogenic noise in the urban 

setting of San Francisco more than in the rural setting of Marin County (Lee & 

MacDonald 2011, 2013).  

Acoustic recording 
 NWCS songs and background noise were passively recorded for 3 weeks during a 

short window of high breeding activity (May 13 to June 1, 2014), to minimize differences 

in breeding stages and subsequent changes in vocal activity (Hanski and Laurila 1993). 

Recordings were taken with SM2+ song meters (Wildlife Acoustics, Concord, 
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Massachusetts, USA), a type of automated acoustic recording device (ARD) that have 

proven useful for monitoring vocal activity in other species (Colbert et al. 2015). Fifteen 

ARDs were mounted in three rural study sites and four urban study sites, 2-3 ARDs per 

site. ARD placement was based on prior NWCS sightings and observations so that I 

could confirm each location chosen for ARD recording contained at least two male 

NWCSs territories. Each ARD was mounted to either a tree, shrub or fence post 

approximately 1.5 meters from the ground. With one exception, the ARDs were separated 

by at least 200m to ensure the same acoustic sounds were not recorded by more than one 

device. Two ARDs were separated from one another by 150m due to spatial limitations, 

as I limited ARD placement in the urban locations to areas within each study site that 

were less accessible to the public. In that instance, the ARDs were mounted on opposite 

sides of a hill and the recordings were also later inspected to confirm the acoustic content 

that was recorded simultaneously in time differed between the two ARDs (spatial 

heterogeneity).  

 The ARDs recorded continuously from 5am to 11am over a span of 3-12 days.  

Daily audio files were saved to internal memory as 16 bit, at a sampling rate of 22.05 

kHz at 48.00 gain. The ARDs were set to record wav files on stereo channel using foam 

windscreen-covered SM2 microphones, which are weatherproof, omnidirectional and 

have a frequency response of flat 0.020 kHz - 20 kHz and a sensitivity of -36±4dB, with 

a signal-to-noise ratio of > 62dB (Wildlife Acoustics 2011). I analyzed one morning of 

recordings from each ARD (7 located in Marin County and 8 located in San Francisco 

County).  
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Measure of vocal activity 
 Recordings for analysis were selected after a preliminary inspection of acoustic 

content. Files were not used if it rained, as rain can affect temporal vocalization patterns 

(Keast 1994). In addition, files were not selected for analysis if other uncharacteristic 

noise events were recorded, such as high wind, mowing or other non-routine, noisy, or 

maintenance-related events. The Kaleidoscope converter utility of Wildlife Acoustics' 

acoustic analysis software, Kaleidoscope Pro 4.1.0a (Wildlife Acoustics, Maynard, 

Massachusetts), was used to split the collected data into files of one hour in length. I did 

not average the number of song detections per hour over multiple days per ARD because 

part of my intent was to examine whether vocal activity changes directly with low 

frequency noise and acoustic richness throughout a given morning. Hourly measures of 

vocal activity were taken post-dawn (6:00am – 10:59am, 5am hour excluded), as the time 

when birds start to sing each morning (timing of the dawn chorus) is also related to many 

external variables in addition to anthropogenic noise, including anthropogenic light 

(Bruni et al. 2014). Instead, the 5am recording file (5:00am – 5:59am) was used as 

training data to create unique pairwise classifiers with the Cluster Analysis feature of 

Kaleidoscope Pro 4.1.0a, allowing me to automatically detect NWCS songs in each of the 

remaining recording hours. 

 For each of the 5am recording files (1 per ARD unit), I ran the clustering 

algorithm to automatically detect and sort similar acoustic signals into clusters based on 

the following signal parameter settings: 1250 – 10000 Hz, 0.1–7.5s duration, 0.35s 

maximum inter-syllable group. The FFT window was set to 5.33 ms (256 at 0 – 24 kHz). 

The maximum number of states for the target size of the Hidden Markov Model was set 
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to 12, the maximum Euclidean distance to cluster center for building clusters was set to 

0.5, and maximum Euclidean distance from cluster center to include in cluster file 

outputs was set to 1.0. To create pairwise classifiers, each of the detections in the cluster 

output file were manually reviewed through visual and auditory inspection of the 

spectrogram content using the Kaleidoscope Viewer feature, and then each detection was 

manually identified as “NWCS song” or “Not NWCS” (supervised learning; see Wildlife 

Acoustics, Inc. (2016) for further detail). The identification of "NWCS song" meant that 

a NWCS song was visible or audible in the spectrogram viewing window of the 

detection. The 5am recording file was then rescanned using the pairwise classifiers, and 

the number of correctly identified NWCS songs, false negatives, and false positives were 

manually reviewed and tallied. Pairwise classifier performance for each of the training 

hours is reported in Appendix 1. 

 Using the same settings in Kaleidoscope, the pairwise classifiers were used to 

batch sort and cluster acoustic signals in the remaining recording hours (6:00am – 

10:59am, separate recording files for each hour). All acoustic signals automatically 

detected were manually reviewed, and although I created unique pairwise classifiers for 

recording files per ARD unit, I checked for false negative and false positive pairwise 

classifications to achieve a more accurate measure of song activity. I also estimated 

detection rates for each ARD by comparing the number of manual and automatic 

detections. Manual detections were made using Raven 1.5 by randomly choosing either a 

6am, 7am, 8am, 9am, or 10am recording file from each ARD and noting the number of 

NWCS songs that were visually or audibly detectable in the spectrogram viewing 
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window during that hour. In Raven 1.5, all audio files were transformed to the frequency 

domain and displayed as spectrograms along a frequency range between 0 – 11.025 kHz 

(Nyquist frequency) on the y-axis and 60 seconds on the x-axis using a Hann window 

with the following spectrogram settings: 679 sample (30.8 ms) window size, 50% 

overlapping, hop size 340 samples, and 2048 DFT size with 10.8 grid spacing, 46.6 Hz 3 

dB filter bandwidth, and a 680 spectrogram window size.  

 I measured vocal activity per hour by totaling the number of NWCS 

classifications for each hour, first subtracting the number of false positives and adding the 

number of false negatives. Because I defined vocal activity as the amount of time NWCS 

songs are detectable, I multiplied the final hourly total by 2 (NWCS song duration is 

typically about 2 seconds (Peterson 1941; Marler & Tamura 1962). For each site, a 

morning total of vocal activity was also calculated by adding up the vocal activity across 

hours.  

Measure of noise and acoustic richness 
 Low frequency background noise (1-2000 Hz) and high frequency background 

noise (2000-11025 Hz) was measured using Matlab based PAMGuide scripts (Merchant 

et al. 2015). I measured the frequency ranges separately so that I could independently 

examine the effects of anthropogenic/abiotic noise and biotic noise. Anthropogenic noise, 

and other sources of abiotic noise such as wind, is concentrated in the low frequencies 

(below 2000 Hz), while biotic noise typically occurs in spectral bands above 2000 Hz 

(Sueur et al. 2014). For each recording hour, the median unweighted band level 

(SPLmedian) for each of the specified frequency ranges was generated using manufacturer 
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data calibration information and 1 s Hann window with 50% overlap. The temporal 

resolution was averaged to 10 s using the Welch method to improve computer processing 

capacity. I chose to measure SPLmedian per hour rather than the mean or mode levels 

because, unlike the other two, the median is more robust and less influenced by 

intermittent high-amplitude events (Merchant et al. 2015). The hourly measures of 

median SPL were also averaged to obtain a mean hourly SPLmedian value per ARD. All 

reported sound pressure levels are in absolute units of dB re: 20 µPa for noted frequency 

bands.     

 The Acoustic Richness Index (AR) was calculated using the R package Seewave 

(Sueur et al.  2008). AR is a ranked index that combines temporal entropy and intensity 

(the median of the recording's amplitude envelope) (Depraetere et al. 2012). Because AR 

is a ranked index, I did not compare hourly measures of acoustic richness and song 

activity between recordings from different ARDs.  The index is minimally affected by 

background noise amplitude or the signal to noise ratio, and is especially applicable in 

temperate habitats where background noise is dominated by abiotic sound (Sueur et al. 

2014; Gasc et al. 2015).  Therefore, it is the best metric to use for my acoustic data to 

determine if temporal shifts in vocal activity are associated with changes in acoustic 

diversity of biotic sound rather than abiotic noise (Towsey et al. 2013; Gasc et al. 2015).  

 To measure acoustic richness, I first used the converter utility in Kaleidoscope Pro 

4.1.0a to divide each hour-long recording file into smaller files that were ten minutes in 

length. For each hour, I took the file that contained the first ten minutes of recording and 

divided it further, splitting it into files that were one minute in length. The one-minute 
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file length was necessary due to limitations in computer processing capacity. Acoustic 

richness was then calculated for each of the first ten minutes of every hour (1-11025 Hz; 

T = 1 min) (Acevedo & Villanueva-Rivera 2006) with a Hilbert (default) amplitude 

envelope (Depraetere et al. 2012), which were then averaged together to obtain a single 

acoustic richness value for each hour.  

Statistical analysis 
Detector performance 

 To check the accuracy of the automated detections and classifications, I used two 

linear models to test if 1) the proportion of false negatives and 2) the proportion of false 

positives was related to the mean high frequency SPLmedian noise value (2000 – 11025 

Hz) calculated per ARD. I tested high frequency noise specifically since the detection 

models were trained for acoustic signals (NWCS song) that occur above 2000 Hz. I also 

used two more linear regression models to test 1) if the proportion of false negatives and 

2) the proportion of false positives increased in relation to the proportion of false 

negatives and proportion of false positives found for the 5am training hour, respectively.  

Temporal patterns of song activity 

I tested whether vocal activity in urban and rural locations changed over the 

course of the morning in association with low frequency background noise (SPLmedian (1 – 

2000 Hz); T = 1 h) and/or acoustic richness. To do so, I fit a model with a mixed effect 

linear model structure with "hour", "acoustic richness", and "hourly low frequency 

SPLmedian" as fixed effect parameters, and I treated "ARD unit" and "study" site as 

random effects. I chose to use a mixed effect linear model after I calculated an intra-class 

correlation coefficient (ICC) of 0.73 among hourly vocal activity measures coming from 
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the same ARD, which provided evidence that data structure needed to be accounted for 

during analysis. In addition, I compared the structured model to an ordinary linear 

regression model (OLS) and confirmed the AIC was substantially lower for the model 

with ARD unit treated as a random effect (AIC of 1048.328 compared to OLS AIC of 

1103.854). I included study site in the final random effect structure because a significant 

p-value (P < 0.05) from a likelihood ratio test indicated the model structure should 

include a hierarchical model structure with ARD unit and study site. I tested if the 

inclusion of study site as a random effect in a hierarchical model structure improved 

model fit because variation in song activity can be attributable to between-site differences 

in acoustic signaling competition (Ripmeester et al. 2010), population density, or other 

population dynamics (Searcy and Beecher 2009; Montague et al. 2013; Narango and 

Rodewald 2016). The significant result of the likelihood ratio test indicated that variance 

in song activity was attributable to between-site differences, indicating vocal activity 

should be considered at a microscale. This was further supported by the fact that model 

fit was not improved by an interaction term between location (urban/rural) and hour (AIC 

increased with addition of interaction term), such that differences in temporal vocal 

activity patterns were not observable at a large scale across the urban-rural gradient.  

 I also compared the residual variance, σ
2
, of the model with a fixed effect "hour" 

with that of a model without "hour" included in the fixed effect structure, and obtained a 

pseduo-R
2 

of 0.049. Thus, only 5% of variability in hourly song activity recorded by each 

ARD unit was explained by a linear relationship with time. In addition, I inspected the 

ACF plot to determine if residual correlation was properly accounted for by the random 
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effect structure or if there was significant autocorrelation at certain time lags. Based on 

the ACF plot and low pseduo-R
2
, I determined the correlation induced by the random 

effects sufficiently accounted for the serial correlation that might exist between 

observations and therefore did not fit the model with an autocorrelation term.  

Spatial patterns of song activity 

I used a linear mixed effect structure to test if the morning total of vocal activity 

was greater where there were higher levels of mean low frequency SPLmedian values (1 – 

2000 Hz). "Location" (urban/rural) and the "mean low frequency SPLmedian value" were 

included as fixed effects after checking that model fit was not improved by an interaction 

term (AIC increased with addition of interaction term), and "study site" was included as a 

random intercept in the random effect structure. A linear mixed effect structure was used 

to test if the morning total of vocal activity was greater where there were higher levels of 

mean high frequency SPLmedian values (2000 – 11025 Hz). "Location" and the "mean high 

frequency SPLmedian value" were included as fixed effects after checking that model fit 

was not improved by an interaction term (AIC increased with addition of interaction 

term), and "study site" was again included as a random intercept in the random effect 

structure. I included study site as a random intercept to account for variance in vocal 

activity due to between-site differences, allowing me to examine spatial patterns of vocal 

activity within study sites rather than across study sites. Within study sites, I assume 

population density, acoustic signaling competition, or other population dynamics remain 

constant, and thus do not explain any of the variation in song activity. 
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Temporal patterns of background noise  

A mixed effect linear model was used to test how low frequency background 

noise (SPLmedian (1 – 2000 Hz; T = 1 h) changed over the course of the morning in the 

rural and urban locations in Marin and San Francisco counties, respectively. For this 

model, I included an interaction term between "hour" and "location" in the fixed effect 

structure and kept "ARD unit" as a random intercept. A likelihood ratio test confirmed 

the model structure should also include "hour" as a random slope (P < 0.001). 

Examination of the ACF plot revealed no apparent pattern, so I did not fit the model with 

an autocorrelation term. The "visreg" package was used to plot the fit of the model 

(Breheny & Burchett 2012). 

All statistical analyses were performed in R (R Development Core Team 2015). 

Linear mixed effect models were run using the lmerTest package (Kuznetsova et al. 

2014) and the linear models were run using the lme4 package (Bates et al. 2014). P-

values and F-stats were computed using Satterthwaite's approximation for denominator 

degrees of freedom for linear mixed effect models. If there was a statistically significant 

interaction, I performed post hoc tests on the interaction term using Post-hoc interaction 

contrasts (function testInteractions) in “phia” package  (De Rosario-Martinez 2013). The 

linear mixed effect models were validated through visual inspection of QQ-plots of 

model residuals and linear models were validated through model assumption tests.  

Results 
From 6:00-10:59 AM, there were between 1668–3264 songs in a morning at an 

ARD in urban study sites (  ± SE = 2641.50  ±  239.26), and 506 - 2156 songs in a 
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morning at an ARD in rural study sites (  ± SE = 1447.57  ±  183.38). The mean low 

frequency SPLmedian values ranged between 54.58 – 71.08 dB SPLmedian ((1 – 2000 Hz); T 

= 1 h) in urban study sites (  ± SE =  64.11 ±2.03), and 47.94  – 60.08 dB SPLmedian ((1 – 

2000 Hz); T = 1 h) in rural study sites (  ± SE =  52.84 ± 1.80) (Table 6). High frequency 

noise ranged between 32.72 – 48.66 dB SPLmedian ((2000 – 11025 Hz); T = 1 h) in urban 

study sites (  ± SE = 40.10 ± 2.06), and 27.68  – 31.06 dB SPLmedian ((2000 – 11025 Hz); 

T = 1 h)  in rural study sites (  ± SE =  29.44 ± 0.46). See Tables 6 and 7 for summaries 

of vocal activity, low frequency noise, and high frequency in urban and rural locations. 

 



 

 

Table 6 Summary of Nuttall’s white-crowned sparrow vocal activity, low frequency noise, and high frequency noise per recording point and study site in urban 

and rural locations (2014). ARD placement is numbered and represents different recording points within each study site. 

Location Study site* ARD 

Per ARD Unit  Per Study site 

Mean ± SE 

Hourly vocal 

activity (sec) 

Mean ± SE 

Hourly SPLmedian  

(0-2000 Hz) 

Mean ± SE 

Hourly SPLmedian  

(2000-11025 Hz) 

 
Mean ± SE 

Hourly vocal 

activity (sec) 

Mean ± SE 

Hourly 

SPLmedian  

(0-2000 Hz) 

Mean ± SE 

Hourly 

SPLmedian  

(2000-11025 Hz) 

S
a

n
 F

ra
n

ci
sc

o
 C

o
u

n
ty

 

(u
rb

a
n

) 

INPO 
1 1272.40 ± 118.04 56.58 ± 0.66 32.72 ± 0.47  

1257.00 ± 

64.32 

57.89 ± 

0.63 
35.62 ± 1.00 

2 1241.60 ± 67.59 59.20 ± 0.70 38.52 ± 0.34  

LODU 
1 1061.20 ± 138.12 60.94 ± 0.60 35.06 ± 0.24  

1183.40 ± 

78.82 

60.63 ± 

0.52 
34.80 ± 0.29 

2 1305.60 ± 37.62 60.32 ± 0.89 34.54 ± 0.53  

FWSC 
1 1296.80 ± 92.47 70.08 ± 0.41 48.66 ± 0.50  

1114.80 ± 

81.69 

67.07 ± 

1.16 
45.44 ± 1.14 

2 932.80 ± 70.11 64.06 ± 1.15 42.22 ± 0.63  

BATE-

FOPO 

1 675.20 ± 40.45 70.58 ± 0.40 46.34 ± 0.20  
671.20 ± 

27.76 

70.83 ± 

0.27 
44.53 ± 0.63 

2 667.20 ± 42.69 71.08 ± 0.35 42.72 ± 0.36  

M
a

ri
n

 C
o

u
n

ty
 (

ru
r
a

l)
 

ABLA 
1 862.40 ± 108.78 48.04 ± 0.93 28.16 ± 0.07  

722.40 ± 

85.14 

54.06 ± 

2.24 
29.18 ± 0.38 

2 582.40 ± 104.80 60.08 ± 1.91 30.20 ± 0.34  

COMW 

1 636.00 ± 37.67 47.94 ± 1.19 28.86 ± 0.46  

608.93 ± 

44.88 

52.14 ± 

1.64 
29.20 ± 0.54 2 590.80 ± 111.82 55.62 ± 3.95 31.06 ± 1.14  

3 600.00 ± 83.32 52.86 ± 1.94 27.68 ± 0.20  

SCBA 
1 579.20 ± 92.42 48.90 ± 0.94 29.98 ± 0.12  390.80 ± 

81.23 

52.66 ± 

1.40 
30.05 ± 0.30 

2 202.40 ± 58.33 56.42 ± 0.89 30.12 ± 0.62  

*Study site names are abbreviated, but include Inspiration Point, Lobos Dunes, Fort Winfield Scott, and Battery East/Fort Point in San Francisco 

County, and Abbott's Lagoon, Commonweal, and Schooner's Bay in Marin County 

 

5
6
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Table 7 Summary of Nuttall’s white-crowned sparrow vocal activity, low frequency noise, and high frequency 

noise per hour in urban and rural locations (2014). 

Location Hour 
Mean ± SE  

Vocal activity (sec) 

Mean ± SE 

SPLmedian  

(0-2000 Hz) 

Mean ± SE 

SPLmedian  

(2000-11025 Hz) 

San Francisco County 

(urban) 

6 1104.00 ± 109.34 62.95 ± 2.22 40.26 ± 1.93 

7 1153.75 ± 124.63 64.00 ± 2.23 40.14 ± 2.12 

8 1025.00 ± 88.51 64.66 ± 1.95 40.24 ± 2.18 

9 1034.25 ± 91.58 64.60 ± 1.91 40.11 ± 2.19 

10 966.00 ± 137.86 64.31 ± 2.10 39.74 ± 1.96 

Marin County  

(rural) 

6 658.86 ± 117.24 49.09 ± 1.51 28.81 ± 0.32 

7 515.43 ± 66.55 50.40 ± 1.77 28.90 ± 0.39 

8 545.71 ± 106.37 54.27 ± 2.33 29.84 ± 0.57 

9 663.14 ± 114.62 54.69 ± 2.46 29.84 ± 0.74 

10 512.00 ± 83.16 55.74 ± 2.53 29.79 ± 0.87 

 

Detector performance 

The automated detections of NWCS songs captured an average of 94% of the 

number of songs manually detected (0.943 ± 0.058 SE). For the 5am recording hours, the 

initial automated pairwise classification resulted in an average of 7% (0.0749 ± 0.011 SE) 

of NWCS songs incorrectly identified as "not NWCS" (false negative) and 4% (0.044 ± 

0.008 SE) of all acoustic signals incorrectly identified as "NWCS" (false positive). For 

the remaining recording hours, the automated pairwise classification resulted in an 

average of 9% (0.095 ± 0.013 SE) of NWCS songs incorrectly identified as "not NWCS" 

(false negative) and 11% (0.113 ± 0.010 SE) of all acoustic signals incorrectly identified 

as "NWCS" (false positive). Linear regression tests also showed the proportion of false 

negatives, but not false positives, in the remaining recording hours increased in relation 

to that found for the 5am training hour (F1,13 = 4.96, P = 0.044, adjusted R
2
= 0.221; 

F1,13=0.74, P = 0.405, adjusted R
2
 = -0.019, respectively). Results from model 

assumption test validated the former model: Shapiro-Wilk normality test (W = 1, P = 
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0.5), F-tests of residuals and fitted residuals that tested for homoscedasticity (F1,13 = 0.17, 

P = 0.687) (Faraway 2005) and Durwin-Watson test of non-substantive correlation 

among residual errors (DW = 1, P = 0.1). The number of false negatives and false 

positives per ARD was not related to the average high frequency SPLmedian value (2000 – 

11025 Hz) (F1,13= 0.384, P = 0.546, adjusted R
2
 = -0.046; F1,13 =0.556, P = 0.469, 

adjusted R
2
 = -0.033, respectively). 

Temporal patterns of song activity 

Adjusted Satterhwaite approximations of F-stats indicated vocal activity did not 

change temporally through the morning hours (F163.392, = 2.329, P = 0.132) or in relation 

to acoustic richness or low frequency background noise (SPLmedian (1 – 2000 Hz); T = 1 

h) (F1,58.669 = 1.025, P = 0.316, F1,54.166 = 0.083, P = 0.774, respectively) in either urban 

or rural locations (Table 8).  

Spatial patterns of song activity 

The total morning vocal activity was greater at urban sites than rural sites (F1,7.610 

= 18.324, P = 0.003), but also changed spatially amongst urban and rural sites in relation 

to the mean low frequency SPLmedian value (1 – 2000 Hz) (F1,12.514 = 5.160, P = 0.041). 

Specifically, the morning total of vocal activity was lower at sites with higher mean low 

frequency SPLmedian values (1 – 2000 Hz), in both urban and rural locations (Table 9; 

Figure 4). The morning total of vocal activity did not change spatially between sites in 

relation to the mean high frequency SPLmedian value (2000 – 11025 Hz) (F1,10.199 = 0.589, 

P = 0.460), and vocal activity was higher in urban locations (F1,6.145 = 6.828, P = 0.039) 

(Table 9).  
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Figure 4 Total morning vocal activity for Nuttall’s White-crowned sparrow (NWCS) was greater in urban (San 

Francisco County or "SF") than rural (Marin County) sites. However, total morning vocal activity in both 

urban and rural sites was lower at sites with greater low frequency background noise. 

 

Table 8 Statistical analysis of vocal activity against low frequency noise (SPLmedian (0-2000 Hz; T = 1 h)) and 

acoustic richness measured in Nuttall’s white-crowned sparrow on an hourly basis through the morning.  

 

  

Fixed effects 
Song activity 

Sum Sq Mean Sq F d.f. P 

Hour 83861.00 83861.00 2.331,63.39 0.132 

Low frequency noise  3001.00 3001.00 0.081,54.17 0.774 

Acoustic richness 36914.00 36914.00 1.031,58.67 0.316 
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Table 9 Statistical analyses of total morning vocal activity in Nuttall’s white-crowned sparrow against low 

frequency noise (mean hourly SPLmedian (0-2000 Hz)), high frequency noise (mean hourly SPLmedian (2000-11025 

Hz)) and county.   

 

Temporal patterns of background noise and acoustic richness 

Adjusted Satterhwaite approximations of F-stats showed low frequency SPLmedian 

noise values ((1 – 2000 Hz); T = 1 h) increased through the morning hours in urban and 

rural locations, but to a greater extent in Marin County’s rural locations (χ
2

1 = 4.217, P = 

0.040) (Table 10; Figure 5). Adjusted Satterhwaite approximations of F-stats showed 

acoustic richness did not change in relation to low frequency SPLmedian noise values ((1 – 

2000 Hz); T = 1 h) (F1,69 = 1.25, P = 0.267).  

 

Table 10 Statistical analysis of how low frequency noise (SPLmedian (0-2000 Hz; T = 1 h)) changed on an hourly 

basis through the morning in urban (San Francisco) and rural (Marin) locations. Significant P values are 

presented in bold. 

 

Fixed effects 
Total morning vocal activity 

Sum Sq Mean Sq F d.f. P 

County 11528224.00 11528224.00 18.321,7.61 0.003 

Low frequency noise 3246567.00 3246567.00 5.161,12.51 0.041 

Fixed effects 
High frequency noise 

Sum sq Mean Sq Fd.f. P 

County 5318653.00 5318653.00 6.831,6.15 0.039 

High frequency noise 458535.00 458535.00 0.591,10.20 0.460 

Fixed effects 
Low frequency noise 

Sum Sq Mean Sq F d.f. P 

Hour 31.52 31.52 9.061,13 0.010 

County 50.91 50.91 14.641,13 0.002 

Hour*County 14.67 14.67 4.221,13 0.061 
 

Interaction Test Value Chisqd.f. P 

Marin-San Francisco 1.43 4.221 0.04 
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Figure 5 Low frequency background noise increased in rural and urban locations in Marin and San Francisco 

Counties, respectively, between the hours of 6am and 11am, and was also greater overall in urban locations in 

comparison to rural locations. Lines represent predicted values based on slopes estimates from model output. 

 

Discussion 
My results showed that, regardless of the urban or rural setting, a spatial 

relationship existed between vocal activity and low frequency noise levels, such that 

fewer songs were detected where there were increased levels of low frequency noise. In 

contrast, I did not find a spatial relationship between vocal activity and high frequency 

noise levels. In addition, vocal activity did not change throughout the morning in relation 

to shifts in low frequency noise levels or acoustic richness. Although the levels of low 

frequency background noise increased through the morning, the number of song 

detections remained relatively constant in both urban and rural locations.  
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 Although there was greater vocal activity in urban recordings relative to rural 

recordings, vocal activity was relatively decreased at sites with greater levels of low 

frequency noise. I interpret these findings to indicate that factors other than background 

noise were impacting differences in vocal activity between urban and rural sites. In urban 

landscapes, population densities often increase and territory size tends to decrease 

(Marzluff et al. 2001; Gentry and Luther unpublished data), thus the relative increase in 

urban vocal activity could be because there were more males singing within recording 

range of the ARDs mounted in urban locations.  

 The spatial relationship between vocal activity and noise could be due to a higher 

degree of signal masking and thus a shorter detection range at noisier sites, where the 

signal to noise ratio is reduced by elevated levels of background noise (Lohr et al. 2003). 

Likewise, a reduction in signal to noise ratio can limit the receivers’ ability to detect more 

distantly emitted songs. Even though the spectral energy of anthropogenic noise is 

concentrated in the lower frequencies and interferes most with low frequency signal 

detection, it has the potential to partially mask higher frequency signals as well (Egan & 

Hake 1950; Parris & Schneider 2008).  

There are also several other non-mutually exclusive possible explanations as to 

why fewer songs were detected where there were higher levels of low frequency 

background noise, such as energetic constraints related to male fitness and habitat quality 

(Reid 1987; Strain and Mumme 1988; Diaz et al. 2011). In noisy conditions, birds can 

improve the likelihood of signal detection through an increase in repetition of 

vocalizations (Shannon & Weaver 1949; Wiley 2004). However, more energy is required 
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to increase song production (Nowicki et al. 1998), and a significant increase in singing 

can incur fitness costs when less time and energy is allocated to foraging, nestling 

feedings, and/or other vigilance-related activities (Gil and Gahr 2002; Barber et al. 2010). 

If the amount of signal redundancy that is necessary to optimize signal transmission and 

reception in those areas is not energetically sustainable, NWCS in the noisiest locations 

might modify their song behavior in other ways. For instance, they may start to sing their 

dawn chorus earlier, as an earlier dawn chorus would give them a window of opportunity 

to concentrate their singing before the daily rise in low frequency background noise. 

Otherwise, if NWCS vocalize less during brief fluctuations in background noise 

levels, it could be that the overall reduction in vocal activity results from noise 

fluctuating more frequently in the noisier locations. Because NCWS tend to increase the 

amplitude of their songs as anthropogenic noise increases (Derryberry et al. 2017), it is 

also possible that it is difficult to maintain relatively high amplitude songs for longer 

periods of time (Oberweger & Goller 2001).  Alternatively, the reduced ability to detect 

the songs of rivals could influence the perception of intraspecific competition, and in turn 

diminish the impetus to sing as redundantly (Kleist et al. 2016). 

 My finding that NWCS song activity does not decline throughout the morning in 

urban or rural locations contrasts with the results of Cartwright et al. (2013), who found 

that red-winged blackbird (Agelaius phoeniceus) song activity decreases through the 

morning in both rural and urban marshlands. In the Cartwright et al. (2013) study, 

background noise levels declined in urban marshes between the morning and evening 

traffic rush hours, whereas low frequency noise continued to increase through the 
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morning in my study sites. If the temporal pattern of low frequency background noise 

levels in my sites more closely aligned with that observed in the Cartwright et al. (2013) 

study, I might also have found NWCS song activity decreases through the morning hours. 

However, I was unable to test this since low frequency noise increased through the 

morning in my rural sites as well. Due to the nature of the study, it is unclear if the 

temporal consistency in song activity is a result of NWCS trying to reduce noise 

interference by extending the amount of time they spend singing at a maximal sustainable 

rate (per the energetic constraints related to male fitness and habitat quality or 

competitive climate that exists within recording range of each ARD), if it is a natural 

singing pattern that would not change in quieter conditions, or if a reduction in signal to 

noise ratio limited the range that songs could be detected in the recording. In any case, 

the receivers’ ability to hear the relatively distant songs likely decreases as background 

noise increases through the morning.   

 The fact that the predominant sources of low frequency background noise differed 

between my urban and rural locations did not seem to matter, since spatiotemporal 

patterns of song activity did not change across the urban-rural gradient. Due to the high 

levels of human activity in my urban locations, the dominant source of low frequency 

noise was anthropogenic noise (Lee and MacDonald 2011, 2013). In contrast, it is more 

likely that wind-generated noise explains the hourly increase in low frequency noise in 

my rural locations, as wind-generated noise increases with wind speed throughout the day 

(Dabelsteen and Mathevon 2002) and is greater in open habitats (Morton 1975; Ryan & 

Brenowitz 1985). Similar to anthropogenic noise, the energy of wind-generated noise is 
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also concentrated in the lower frequency range, occurring mostly below 200 Hz and 

usually not above 2000 Hz (Ellinger and Hodl 2003). Because song activity also did not 

change in relation to temporal shifts in acoustic richness, it seems that the number of 

NWCS song detections is not affected by an increase in diversity of intensity and spectral 

content across frequency bands either.  

Recommendations   
I encourage the use of supervised learning cluster analyses in future research on 

vocal activity, as manually cataloguing sound events is impractical when there are many 

hours of recordings (Bittle and Duncan 2013; Wimmer et al. 2013). I found that the 

automated detections captured the majority of songs manually detected, and the 

automated pairwise classification resulted in a low number of false negative and false 

positives identifications. Classification algorithms for automatically detecting specific 

acoustic signals in sound files have proven useful in many other studies as well (Jarvis et 

al. 2008; Huang et al. 2009; Stowell and Plumbley 2014; Turesson et al. 2016) and seem 

to be a trend forward for studies using ARDs that collect terrabytes of sounds.  

In addition, I recommend using training data from each ARD to create unique 

pairwise classifier models. Although some false positive and negative identifications are 

to be expected no matter the detection and classification method utilized, there are fewer 

misclassifications when unique classifiers are built per the acoustic environment of each 

recording site (Marques et al. 2013). Using this method, I found evidence that the 

proportion of false negatives could be predicted based on the proportion of false 

negatives in the training data.  Also, the number of false negatives and false positives did 



67 

 

not change in relation to the average intensity of noise (SPLmedian, (2000-11025 Hz)) that 

occurred in the same frequency bands as my signal of interest.  

Conclusion 
In conclusion, I found a relationship between vocal activity and low frequency 

noise, but not high frequency noise, in both urban and rural locations, such that there 

were fewer song detections in areas with greater levels of low frequency noise. I did not 

find a temporal relationship between song activity and low frequency noise or acoustic 

richness. By isolating low and high frequency background noise from full spectrum 

background noise and using continuously recorded vocal activity, I was able to examine 

the spatiotemporal patterns of vocal activity across an urban-rural gradient and provide a 

better understanding of how different spectra of background noise might influence avian 

communication.  

The results indicate that the number of song detections is more related to low 

frequency noise than high frequency biotic noise on a spatial scale, which suggests that 

animals who communicate acoustically could benefit from targeted noise mitigation 

efforts in urban locations where low frequency noise levels were heightened by 

anthropogenic sound. Otherwise, urban males might be less able to defend territories and 

attract mates relative to their rural counterparts (Garamszegi et al. 2008). Whereas 

relatively low background noise levels allow for increased discrimination of neighbor 

songs, very high noise levels and interference with signal reception can alter the 

aggressive interactions among neighbors (Fisher 1954; Kleist et al. 2016).   
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APPENDIX 1 

Pairwise classifier performance for each of the 5am training hours is reported 

below (one 5am hour per ARD). The ARDs are listed by study site and county location 

and are individually identified by the last three digits of the unit's serial number. 

Marin County study sites (rural) 

Study Site ARD Unit ID False negative (%) False positive (%) 

ABLA 382 0.02 0.01 

ABLA 400 0.01 0.03 

COMW 379 0.09 0.04 

COMW 401 0.04 0.07 

COMW 408 0.10 0.05 

SCBA 376 0.15 0.02 

SCBA 383 0.11 0.04 

 

San Francisco County study sites (urban) 

Study Site ARD Unit ID False negative (%) False positive (%) 

BATE 391 0.10 0.06 

BATE 403 0.04 0.03 

FWSC 376 0.04 0.05 

FWSC 403 0.06 0.05 

INPO 379 0.03 0.02 

INPO 401 0.13 0.13 

LODU 383 0.08 0.01 

LODU 400 0.12 0.03 
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CHAPTER THREE- AVIAN ANTIPREDATOR BEHAVIOR CHANGES WITH 

URBAN NOISE 

Disturbance from human actions, activities, and noise can affect predator-prey 

interactions by reducing the ability of prey species to detect predators. The disruption of 

predator detection can increase the perception of predation risk, and in turn influence 

antipredator behavior. In this study, I exposed singing Nuttall’s White-crowned sparrows 

(Zonotrichia leucophrys nuttalli) to alarm calls of a heterospecific species (Melospiza 

melodia) to investigate whether the strength of antipredator response differs across the 

urban-rural disturbance gradient. I found that urban males had weaker responses to alarm 

calls than rural males occupying territories of similar background noise levels. In 

addition, the strength of antipredator response changed with background noise levels 

within both urban and rural locations but in opposite directions, such that higher 

background noise was associated with stronger antipredator responses in rural locations 

and weaker responses in urban locations. My results also provide insight into how 

urbanization can affect the trade-off between predation risk and opportunities to attract 

mates and defend territories.  
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Introduction 
 Urban growth and development modifies the natural landscape and degrades 

habitat quality (Alberti 2005; Fischer & Lindermayor 2007; Greggor et al. 2016). The 

resultant shift in ecological conditions disrupts animal behavior, ultimately changing 

intraspecific and interspecific interactions (Shochat et al. 2006; Dale et al. 2000). 

Disturbance from human actions, activities, and noise can affect predator-prey 

interactions in part by reducing the ability of prey species to detect predators (Francis et 

al. 2009; Barber et al. 2010; Siemers & Schaub 2011; Shannon et al. 2016). For instance, 

human disturbance can act as a stimulus that distracts animals, causing them to direct 

their attention away from important tasks, like scanning for predators (Dukas 2004; Chan 

et al. 2010; Chan & Blumstein 2011; Blumstein 2014; Francis & Barber 2013). Acoustic 

interference from human noise also diminishes the likelihood that receivers detect 

heterospecifc and conspecific alarm calls (Knight & Swaddle 2011; Shannon et al. 2015; 

Grade & Sieving 2016; Kern & Radford 2016), the acoustic warning signals used to alert 

the presence of a predator (Caro 2005; Hollen & Radford 2009; Macgrath et al. 2014).  

 The disruption of predator detection can increase predation risk, as it allows 

predators to approach more closely before being detected (Gill et al. 1996; Frid & Dill 

2002; Barber et al. 2010; Owens et al. 2012; McIntyre et al. 2014). To compensate for a 

reduced ability to detect predators, potential prey species can strengthen their antipredator 

response (Magnhagen 1991; Sih 1997; Lima 1998; Valcarcel & Fernández-Juricic 2009; 

Francis et al. 2010; Sol et al. 2013; Shannon et al. 2014; Sol et al. 2014). For instance, 

animals increase the amount of time spent alert and vigilant in the presence of high levels 
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of anthropogenic noise (Shannon et al. 2014; Meillère et al. 2015; Kern & Radford 2016; 

Klett-Mingo et al. 2016; Shannon et al. 2016).  

 Increased amounts of time and energy spent on antipredator behavior can affect 

individual fitness (Lima & Dill 1990). For example, increased vigilance can be costly 

when it results in a reduction in foraging activity (Fernández-Juricic & Telleria 2000; 

Gaving & Komers 2006; Barber et al. 2010; Shannon et al. 2014). Animals must weigh 

the risk of predation against the loss of fitness that can result from extra time and energy 

spent on antipredator behavior (Lima 1998a,b; Lima & Bednekoff 1999; Quinn et al. 

2006). Consequently, urban animals generally allow humans to approach them more 

closely, with a shorter flight initiation distance, than rural animals allow (Cooke 1980; 

Møller 2008; Mccleery 2009; Carrete & Tella 2011; McGrffin et al. 2013; Grolle et al. 

2014; Moller et al. 2015), presumably because the perception of risk decreases with 

frequency of human encounters that result in non-threatening experiences (Stankowich & 

Blumstein 2005). A weaker response allows urban animals to forage efficiently despite 

the presence of human activity (Bowers & Breland 1996). 

 Currently, there is a limited understanding of how antipredator behavior changes 

across human disturbance gradients in response to natural predatory threats (Mccleery 

2009; Geoffrey et al. 2015). It is also unclear whether the trade-off between predation 

risk and opportunities to attract mates and defend territories changes across disturbance 

gradients. In this study, I use heterospecific alarm call playbacks of song sparrows to 

elicit antipredator responses in Nuttall’s white-crowned sparrow to investigate if the 

strength of antipredator response changes across disturbance gradients. I predict that 
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urban birds with highly disturbed territories will respond strongly to alarm calls while 

antipredator responses of males in the less disturbed rural territories to be comparatively 

weaker.  

Methods 

Study subjects 
 My study focused on the Nuttall’s White-crowned sparrows (Zonotrichia 

leucophrys nuttalli) (NWCS) in the greater San Francisco region of California. NWCS is 

a disturbance-tolerant species that persists in urban and rural locations (Mewaldt & King 

1977). Males spend a large amount of time on exposed perches singing and defending 

territories, which makes them especially vulnerable to aerial predators, such as hawks, as 

well as native and introduced mammals (Chilton et al. 1995).   

I played alarm calls to 22 randomly selected male NWCS and each male was 

tested once. I was able to minimize the influence of age on antipredator behavior based 

on the inspection of crown feathers. In the NWCS, the presence of black crown feathers 

indicates a male is after-first-year in age, whereas having only brown crown feathers 

indicates the male is in his first year (Ralph and Pearson 1971). All but one male in my 

study was an after-first-year male and he was still included in analysis, as examination of 

model residuals confirmed his response was not an outlier.  

Alarm call playbacks 
 I used song sparrow (Melospiza melodia) (SOSP) alarm calls to simulate an 

acoustic cue of predation risk to test for differences in strength of antipredator response 

across an urban-rural disturbance gradient. I used a heterospecific rather than a 

conspecific alarm call as the stimulus to reduce the chance that a competitive motive was 
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interpreted by the receiver (Seppänen and Forsman 2007). SOSP are syntopic with 

NWCS and common in both urban and rural settings in the San Francisco region. SOSP 

was chosen after surveys confirmed the coexistence of SOSP and NWCS in each test 

location and several preliminary playbacks confirmed that NWCS responded to SOSP 

alarm calls.  

 The alarm calls were obtained from xeno-canto (www.xeno-canto.org/) bird song 

repository. To prepare each playback audio file, the background noise above and below 

the SOSP alarm calls and any distant SOSP calls from other individuals were filtered out 

using Raven 1.5 (Bioacoustics Research Program, Cornell Laboratory of Ornithology 

2012). Afterward, the files were normalized with the software program Audacity 2.0.5 

Free Digital Audio Editor (http://www.audacity.sourceforge.net). Alarm calls were 

broadcast to a territorial male NWCS at 52 LAeq (1 meter from amplifier) (Grade and 

Sieving 2016), which was measured prior to the experiment using a calibrated model 831 

Larson Davis sound pressure level meter (SLM- Larson Davis model 831, firmware 

version 2.206 with the settings of A frequency weighting, Fast time weighting, linear 

averaging, and 0.0 dB gain) that calculated 1s LAeq, or A-weighted equivalent continuous 

level value, based on the sound pressure levels sampled 10 times a second (Larson Davis, 

Depew, New York, USA).  

 Prior to the start of a playback, a Peavey Solo Portable PA System Battery 

speaker was placed 9m from a focal bird’s preferred song perch to keep playback 

intensity level at the point of the receiver as constant as possible. Song perch preference 

was determined through a 30-minute long focal observation of the male’s perching habits 
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prior to the day of the experiment, and song perch height ranged between approximately 

two to four meters. I did not control for variation in perch height as previous research 

shows no link between perch height and predator risk perception (Blumstein et al. 2004). 

Playbacks were not conducted until the male naturally arrived at the preselected song 

perch located nine meters from the speaker. Once the male was in position and singing, a 

Nano iPod connected to the speaker was used to broadcast one of eight randomly selected 

series of alarm calls, all of which were 30 seconds long and consisted of 28-36 call notes. 

To minimize the risk of observer effect, the experimenter (K.G.) remained in the same 

position at least six meters from the speaker prior to, during, and for at least five minutes 

after the playback. Voice annotations were also made during the playback and for five 

minutes after the playback. The playback experiments were conducted between May 5th 

and May 28
th

 during the 2016 NWCS breeding season between of 0800 and 1100. 

Playbacks were conducted at least two hours after sunrise to ensure the tradeoff between 

song and antipredator response behavior was not biased by the dramatic increase in song 

activity that occurs during the dawn chorus (Kunc et al. 2005). 

Territory disturbance criteria and evaluation 
 I conducted the playback experiment in urban territories within San Francisco 

County and rural territories within western Marin County, which is located about 30 

miles north of San Francisco County. The location of each territory was coded for 

categorical analysis (rural = 0, urban = 1) because the likelihood of human wildlife 

encounters is increased in urban locations (Marzloff 2001). Specifically, human activity 

in the form of foot and vehicular traffic is intensified, more densely concentrated, and 
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more frequent in the urban locations in comparison to human activity in the rural 

locations. For instance, the annual average daily traffic (AADT) in 2014 (total yearly 

volume of vehicular traffic along a road divided by 365 days) ranged between 27,000-

167,000 cars on roads near my urban locations but less than 4,000 on roads near my rural 

locations (CALTRANS 2014). Consequently, background noise is also comparatively 

higher and dominated more so by anthropogenic sound in the urban setting of San 

Francisco than in the rural setting of Marin County (Lee & MacDonald 2011, 2013; 

Derryberry et al. 2016). 

 Furthermore, annual visitation is over 5 million in the Presidio National Park of 

San Francisco, where the majority of my urban tests were conducted 

(https://www.nps.gov/prsf/faqs.htm), and the number of visitors to the entire City of San 

Francisco reached 18 million in 2014 (www.sanfrancisco.travel.com). The green spaces 

spread amongst the 1,491 acres of Presidio National Park of San Francisco are 

fragmented by numerous roadways and approximately 24 miles of hiking trails 

(www.nps.gov/prsf/planyourvisit/outdooractivities.htm). In contrast, the majority of the 

rural territories were located in the coastal scrub habitat of Point Reyes National Seashore 

(PORE) in Marin County, where the visitor count reached only 2.5 million in 2015 

(http://www.nature.nps.gov/stats/). Although there are150 miles of hiking trails, there are 

only four main roads in all of the 71,055 acres of PORE 

(www.nps.gov/pore/planyourvisit/hiking_guide.htm).  

 In the vicinity of each male's territory, I measured spatial composition of 

pedestrian and vehicular traffic routes, specifically foot trails, parking lots and roads. 
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Using Google Earth Pro tools, a radius of 965m
2
 was drawn around the focal song perch 

of each male tested. The radius size was based on the average NWCS territory size in 

Marin and San Francisco Counties, CA (Gentry & Luther, unpublished data). Within 

each radius and at an eye altitude view of approximately 400 feet, I calculated the area 

(m
2
) of Google Earth polygon shapes, each of which were drawn over foot trails, parking 

lots and roads. I calculated an area of total coverage per radius by combining the meter 

square measures across foot trails, parking lots and roads.  

 I measured territory background noise after each playback experiment using a 

calibrated sound level meter (see above). Sound pressure levels (SPL) were collected ten 

times per second for 300 seconds with the Larson Davis oriented upwards and attached to 

a tripod standing approximately 1.5 meters high. 300 second A-weighted equivalent 

continuous level values (LAeq) were calculated using the 1 s LAeq values by taking the 

mean of the pressures and converting back to the dB scale. I measured the background 

noise post-playback so that I could exclude sound from the playback stimuli. Leq 

measurements were A-weighted since birds' optimal hearing range is 1-5 kHz, similar to 

humans (Dooling & Popper 2007). All reported sound pressure levels are in units of LAeq 

re 20 µPa (8 Hz – 20 kHz). 

Qualitative score of strength of antipredator response  
The antipredator behavior in response to the playback was qualitatively scored 

based on how a singing male responded to the alarm call playback. The response was 

considered an antipredator behavior if the playback caused the male to change the 

direction of its attention toward the speaker, then scan its surroundings. The latency to 
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first song after the start of the playback was also recorded and categorized as either 

occurring before, immediately after, or more than thirty seconds after the end of the thirty 

second alarm call playback. In addition, the first song was either considered sporadic 

when it was not followed by the evenly paced singing of at least two more songs, or 

representative of the start of the first song bout after initiation of the playback. Song 

bouts were defined as the uninterrupted and consistently paced singing of at least three 

songs.  

 The qualitative scores of antipredator behavior were indicative of the strength of 

response. The scores ranged from 0-6 (no response to strongest response). Because many 

predators use acoustic cues, such as song, to detect and localize prey, the strength of 

antipredator response was considered to increase with latency to first song. The response 

was also scored as stronger when the first song was sporadic rather than the start of a 

song bout.   

 A score of ‘0’ meant the male did not alter its behavior to respond to the playback 

thus the alarm call did not elicit antipredator behavior. Playback response was discerned 

by a male directing its attention toward the speaker with the start of the playback and/or 

scanning its surroundings. A score of ‘1’ meant the song bout was not interrupted by the 

playback. A response was scored as ‘2’ when a male stopped singing during the playback 

but continued its song bout immediately after the playback ended. A score of ‘3’ was 

given when the first song was sung immediately after the playback ended, but was not the 

start of a song bout. A score of ‘4’ indicated that the first song was the start of a song 

bout, though it did not occur immediately after the end of the playback. A score of ‘5’ 
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was assigned if the male waited to sing until sometime after the playback ended, but only 

sang sporadically during the five-minute post-playback observation. Finally, the strongest 

antipredator response (score of 6) meant the male did not sing again until after the five-

minute post-playback observation (See Table 12). In addition, half a point was added to 

the score if the response also involved contact calling, change in perch height, taking 

cover, or flight away from the speaker. Alternatively, half a point was deducted if the 

male approached the speaker.  

 

Table 11 Antipreditor scoring qualifications. 

Score 

(Strongest response: 6) 

Latency to song after alarm 

call  playback 

Type of singing 

0 Did not respond Bout 

1 Song bout not interrupted Bout 

2 Immediate Bout 

3 Immediate Sporadic 

4 Within 5 minutes Bout 

5 Within 5 minutes Sporadic 

6 Not within 5 minutes None 

 

Statistical analyses 
 An information theoretic approach was used to test whether territory disturbance 

explained strength of antipredator response, and if so, which of the disturbance criteria 

were influential. A preliminary variance inflation factor (VIF) test was used to confirm 

there was no correlation among the predicator variables, location, spatial composition, 

and background noise (VIF = 1.1). The "MuMIn" dredge function was utilized (Barton 

2016) for model selection based on a global ordinary least squares (OLS) multiple 
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regression linear model. The global model was constructed with the "lme4" package 

(Bates et al. 2014) and consisted of the response variable 'qualitative score of antipredator 

response' and each of the three disturbance criteria, 'location', 'spatial composition', and 

'background noise', were included as fixed effect parameters (Table 3). Prior to fitting my 

global model, I confirmed through likelihood ratio tests that goodness of fit was 

improved with the addition of an interaction term between background noise and 

location, which I expected to be the case since the acoustic environment is dominated to a 

greater extent by anthropogenic noise in the urban locations compared to the rural 

locations (Lee & MacDonald 2011, 2013). Akaike’s Information Criterion corrected for 

small sample size (AICC; Hurvich & Tsai 1989) and Maximum Likelihood was used to 

determine the fixed effect parameter structure of the best fit model (∆AICC of < 2).   

 The "car" package was used to run a type III ANOVA and test for the presence of 

significant effects in the top model. The R default of treatment contrasts was set to the 

contrast function contr.sum(), which gives orthogonal contrasts that compare every level 

of a categorical variable to the overall mean. The top model was validated through visual 

inspection of QQ-plots of model residuals and model assumption tests: Shapiro-Wilk 

normality test (W = 1, P = 0.30), F-tests of residuals and fitted residuals that tested for 

homoscedasticity (F1,20 = 2.71, P = 0.12) (Faraway 2005) and Durwin-Watson test of 

non-substantive correlation among residual errors (DW = 2, P = 0.70). The "visreg" 

package was used to plot the fit of the model (Breheny & Burchett 2012). All statistical 

analyses were performed in R (R Development Core Team 2015). 
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Results 
 Disturbance criteria were evaluated for territories of 22 male NWCS, eight in 

rural locations and 14 in urban locations. For 13 of 14 urban males and 5 of 8 rural males, 

pedestrian and/or vehicular traffic routes occurred within the 965m
2
 song perch radius 

that I assessed (Table 13). On average, urban NWCS territories were comprised of a 

greater percentage of area of foot trails, roads, and/or parking lots in comparison to rural 

territories (  ± SE = 214.56 ± 59.49 m
2
;  ± SE = 136.96 ± 66.85 m

2
, respectively). 

Mean background noise in urban territories was greater (  ± SE = 51.94 ± 1.56 LAeq) 

than the mean background noise in rural territories (  ± SE = 48.03 ± 1.62 LAeq). Overall, 

noise intensity levels ranged between 40.84-61.49 LAeq. 
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Table 12 Sample distribution (% territories) of disturbance variables based on conditional description of 

territory spatial composition as well as mean, standard error, minimum and maximum values for territory area 

comprised by trails, roads, parking lots. Mean and standard error territory background noise level and 

Nuttall’s white-crowned sparrow antipredator response score in both urban and rural locations are also 

included (2016). Values are presented per rural and urban territories. 

 

 All NWCS responded to SOSP alarm calls. The antipredator responses ranged 

from a score of 1 (song bout uninterrupted) to 5 (sporadic singing but no song bout 

during five-minute post-playback observation). The mean antipredator response score 

was higher for rural males (  ± SE = 2.94 ± 0.57) than it was for urban males (  ± SE = 

1.68 ± 0.24). In addition, five urban males responded by jumping down from their perch 

Spatial 

composition 

 Rural  Urban 

 territories = 8  territories = 14 

Conditional description  %  % 

Trail(s) only  12.5  50.0 

Road(s) only  12.5  0.0 

Parking lot(s) only  12.5  14.3 

Parking lot(s) and trail(s)  25.0  7.1 

Parking lot(s) and road(s)  0.0  0.0 

Trail(s) and road(s)  0.0  21.4 

No trail(s), road(s), or parking lot(s)  37.5  7.1 

Contains trail(s), road(s), and parking 

lot(s) 

 
0.0  0.0 

Area comprised (m2)   SE Min. Max.   SE Min. Max. 

trail  19.1 9.8 0.0 67.0  83.2 37.0 0.0 530.0 

road  21.9 21.9 0.0 175.0  38.0 25.7 0.0 349.0 

parking lot  96.0 66.7 0.0 524.0  93.3 56.1 0.0 665.8 

Combined m
2
 area of trail, road, 

and/or parking lot 

 
137.0 66.9 0.0 558.3  214.6 59.5 0.0 720.9 

Background noise (dB)           

LAeq 
 48.0 1.6 40.8 53.2  51.9 1.6 43.1 61.5 

    Antipredator response   

     score 

 
2.4 0.6 1 5  1.7 0.2 1 3.5 
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and taking cover, whereas, four rural males responded to alarm calls by taking flight 

away from the speaker.  

 The strength of antipredator response was best predicted by a top model that 

returned a ∆AICC < 2 (Table 14). The top model was location, background noise level, 

and the interaction between location and background noise level (LAeq) (AICc = 73, 

weight = 0.43, Evidence ratio = 2.53, Table 15). The type III ANOVA indicated that the 

interaction term of location and background noise was significant (F1 = 8.83, p = 0.01) 

(Table 3). Urban and rural males differed from each other in the relationship between the 

strength of antipredator response and the background noise at the male’s territory (F1,18 = 

8.83, p = 0.01). Specifically, for urban males the strength of the antipredator response 

decreased as territorial background noise increased, while rural males increased the 

strength of their antipredator response as territorial background noise increased (Figure 

6). 
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Table 13 Model selection based on AICc for the response variable 'qualitative score of antipredator response'. 

AICc output per dredge function included 10 candidate models. The top model is bolded. K is the number of 

parameters, AICc is Akaike information criterion with small sample correction, delta AICc (∆AICc ), AICc 

weight, and cumulative AICc are the measures associated with the AICc that supply information on the relative 

strength of support for models. The global model is at the bottom of the table. 

 

Table 14 Summary of top model parameters and table of Anova results (Type III test). Response variable, 

qualitative score of antipredator response, explained by the interaction between location and background noise. 

Bold numbers indicate significance, * refers to an interaction term. 

 

Parameters of Candidate models K AICc ∆AICc 
AICc 

weight 

Cumulative 

weight 

(Intercept) + Location + Background noise level (LAeq) + 

Background noise level (LAeq ):Location 
4 73 0.00 0.427 0.427 

Intercept 1 75 1.9 0.166 0.593 

(Intercept) +  Location 2 76 2.5 0.124 0.717 

(Intercept) +  Location + Background noise level (LAeq) + 

Location:Background noise level (LAeq) + spatial 

composition 

5 77 3.5 0.075 0.792 

(Intercept) +  spatial composition 2 77 3.8 0.063 0.855 

(Intercept) +  Background noise level (LAeq) 2 77 4.0 0.059 0.914 

(Intercept) +  Location +  spatial composition 3 78 5.1 0.034 0.948 

(Intercept) +  Location + Background noise level (LAeq) 3 79 5.4 0.029 0.977 

(Intercept) +   Background noise level (LAeq) + spatial 

composition 
3 80 6.3 0.018 0.995 

(Intercept) + Location + Background noise level (LAeq) +  

spatial composition 
4 82 8.4 0.007 1.002 

 

Global model parameter structure: 

(Intercept) +  Location + Background noise level (LAeq) + Location:Background noise level (LAeq) +  spatial 

composition 

Fixed effects 

Top model  

Sum 

Sq 
DF F  P 

Lower 

95% C.I. 
Estimate 

Upper 

95% C.I. 
 

Intercept 0.06 1 0.05 0.82 -5.68 -0.56 4.57  

Location 8.52 1 7.92 0.01 -11.98 -6.86 -1.74  

Background noise (LAeq)  1.48 1 1.32 0.26 -0.05 0.06 0.16  

Background noise (LAeq)*Location 9.50 1 8.83 0.01 0.04 0.15 0.25  

Residuals 19.37 18       
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Figure 6 Effect (with 95% CI) of territory background noise on strength of antipredator response in both urban 

and rural locations with an interaction between territory background noise and location. Urban antipredator 

response is weaker as noise increases, whereas the rural antipredator response is stronger as noise increases.  

 

Discussion 
 My results suggest that the strength of the antipredator response was related to the 

intensity of territory background noise (LAeq). However, the direction of the relationship 

between the strength of the antipredator response and background noise was different in 

urban and rural locations. At rural locations, the strength of response to alarm calls 

increased with territory background noise levels, but in urban locations the strength of 

antipredator response to alarm calls lessened as background noise increased. These 

results add to a growing body of literature on how antipredator behavior changes with 

anthropogenic noise, and provides novel insight into how urbanization can affect the 

trade-off between predation risk and opportunities to attract mates and defend territories 

(Wale et al. 2013; Shannon et al. 2014; Meillère et al. 2015; Simpson et al. 2015; 
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Damsky J, Gall MD. 2016; Grade & Sieving 2016; Kern & Radford 2016; Klett-Mingo et 

al. 2016; Shannon et al. 2016). 

 I predicted that urban males would respond more strongly than rural males to 

alarm calls, but I found that urban males tended to have a weaker response relative to 

their rural counterparts occupying territories of similar background noise levels. A 

weaker response and continued singing after alarm call detection is risky because it 

makes males conspicuous in the presence of a potential predator (Mougeot & Bretagnolle 

2000; Lourenço et al. 2013; Schmidt & Belinsky 2013; Abbey-Lee et al. 2015). The 

discrepancy in strength of response between urban and rural males might best be 

explained by the 'predation paradox', where predator abundance increases but predation 

rates decrease in urban locations (Rodewald et al. 2011). In fact, it is most often the case 

in urban locations that nest predation decreases and adult avian survivorship is unaffected 

or increases (Fischer et al. 2012), even though avian predators increase in abundance and 

density (Haskell et al. 2001; Sorace 2002; Sorace & Gustin 2009). There are multiple 

theories as to why predation rates decrease in urban locations, but in any case, lower 

predation rates are thought to diminish the perception of predation risk in urban-dwelling 

wildlife (see Fischer et al. 2012). A reduced perception of predation risk could explain 

the weaker antipredator response that, similar to my findings, other studies report in 

urban locations (Cooke 1980; Bowers & Breland 1996; Møller 2008; McCleery 2009; 

Carrete & Tella 2011 McGrffin et al. 2013; Grolle et al. 2014; Moller et al. 2015).  

The risk of predation in the rural locations is presumably higher since human 

disturbance and habitat degradation is lower (Shochat et al. 2006). In fact, mortality of 
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rural birds is more likely to be due to predation than other unnatural causes of death that 

are more common in urban locations, like disease, automobile collision or window strikes 

(Burton & Doblar 2004; Ditchkoff et al. 2006). For this reason and because acoustic cues 

of predation, like alarm calls, are more likely to go unnoticed in high noise levels, I 

speculate that the positive correlation between strength of antipredator response and 

territory background noise in rural locations is likely explained by a heightened 

perception of predation risk in noisier rural territories (Kight & Swaddle 2011; Shannon 

et al. 2015; Grade & Sieving 2016; Kern & Radford 2016).  Therefore, I consider the 

stronger antipredator responses in rural locations to be appropriate, as singing after 

detection of alarm calls risks localization by predators (Hughes et al. 2012).  

 I also observed differences in antipredator response escape tactics between urban 

and rural locations. In rural locations, the more cautious males took flight from the song 

perch, whereas in urban locations, the more cautious males descended from the perch into 

the nearest vegetative cover. The difference in escape tactics between urban and rural 

males can likely be attributed to the degradation of habitat quality in urban locations, 

which among many things, alters the habitat structure, predator species composition, and 

available area of useable-habitat (Møller & Ibáñez-Álamo 2012; Wong & Candolin 

2014). For instance, urban territories tended to be smaller (unpublished data), so it could 

be that urban males jumped down into the nearest cover because flying to another part of 

the territory would not substantially distance the male from the predator like it might if 

the territories were as large as those in the rural locations. In addition, human activity in 

urban locations might distract urban males, reducing their ability to detect visual and 
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acoustic cues of predator location (Dukas 2004; Chan et al. 2010; Chan & Blumstein 

2011; Blumstein 2014; Francis & Barber 2013). Similarly, visual cues of predators could 

go undetected due to habitat obstruction from tall structures like non-native tree lines and 

buildings in urban locations (Whittingham & Evans 2004; Bednekoff & Blumstein 2009). 

In either instance, it is safer for urban males to hide in the nearest cover than fly and risk 

unintentionally approaching the predator. Also, variation in escape strategies could be 

driven by changes in predator composition across the urban-rural gradient (Møller & 

Ibáñez-Álamo 2012). 

 There are several non-mutually exclusive possibilities as to why males in noisier 

urban locations continued to sing when presented with alarm calls, while other males in 

less noisy urban locations tended to respond more strongly. One possibility is that singing 

is driven partially by acoustic competition and less by predation risk in the noisier urban 

territories, such that birds must compete to be heard over one another and all other 

sources of background noise. Thus, intraspecific competition for acoustic signal space is 

heightened where noise intensity levels are relatively high and signal detection and 

discrimination is relatively low (Brumm & Slabbekoorn 2005). In contrast, acoustic 

competition is relatively diminished where background noise levels are lower, such as in 

urban park interiors, where noise from surrounding roads is distanced and scattered by 

vegetation. The increased acoustic competition in noisy territories could select against a 

strong antipredator response in terms of singing, as a reduction in song activity might 

reduce signal transmission (Habib et al. 2007; Mockford & Marshall 2009; Diaz et al. 

2011).   
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 Alternatively, the variation in strength of antipredator response within urban 

locations could be due to a relative reduction in predatory attacks in noisier urban 

territories in comparison to quieter urban territories. Since the hunting success of 

predators who rely on listening to catch prey can decrease with noise (Floyd & Woodland 

1981; Montgomerie & Weatherhead 1997; Barber et al. 2010; Bunkley & Barber 2015; 

Mason et al. 2016), it is possible that predators may hunt more frequently in the quieter 

portions of their territories (the territories of avian and mammalian predators tend to be 

large enough to encompass numerous NWCS territories). In the case of raptors, a primary 

predator of the NWCS that commonly inhabits urban areas and relies more on sight than 

sound to hunt (Bird et al. 1996; Chace & Walsh 2006), it could be that habitat domain is 

influenced by other forms of human disturbance that correlate with noise level, like 

vehicular traffic (Preisser et al. 2007). If this is the case, then my results could suggest 

that the predation risk involved with singing is perceived differently along the 

disturbance gradient of my urban locations, which is similar to the finding of Valcarcel 

and Fernández-Juricic (2009), who studied foraging house finches (Carpodacus 

mexicanus) and observed that risk perception changed with disturbance across city, 

regional, and state parks.  

 Diminished responses to alarm calls in the presence of high background noise 

levels could also be explained by noise interference, causing the acoustic cues to go 

undetected. Grade & Sieving (2016) observed that Northern cardinals (Cardinalis 

cardinalis) fail to respond to heterospecfic alarm calls of the tufted titmouse (Baeolophus 

bicolor) in areas with high levels of traffic noise. Kern and Radford (2016) also found 
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that foraging dwarf mongoose (Helogale parvula) are unable to detect surveillance calls 

produced by sentinels in high levels of traffic noise. Yet, the results from Pettinga and 

Proppe (2016), Shannon et al. (2016), and my study show acoustic signals of predation 

risk could be detected in high levels of background noise. An alternative hypothesis is 

that the males living in the noisiest urban territories are able to detect alarm calls, but are 

unable to discriminate alarm calls from other sounds (Wiley 2006). This could occur if 

high noise levels prevent the NWCS from learning to recognize the alarm calls of species 

who are predated by the same predators, leaving NWCS unable to differentiate between 

them and the alarm calls of species who do not share predators with the NWCS (Magrath 

et al. 2009).The inability to differentiate between species' alarm calls could drive NWCS 

in the noisiest urban territories to rely more on visual cues of predation risk, explaining 

the weakened antipredator response to heterospecific alarm calls in the noisiest urban 

territories relative to quieter urban territories.  

 Also important to consider is how strength of antipredator response is a 

personality-dependent phenotypic trait that is linked to boldness (Réale et al. 2007). 

Bolder birds have an inherently consistent tendency to be risk prone, more aggressive, 

and display an increased willingness to explore (Sih et al. 2004a). Consequently, risk 

perception could have a non-random influence on territory ownership and individual 

dispersal of territory-seeking males based on the boldness of their personality (Sih et al. 

2004b; Møller, AP, Garamszegi 2012). The fact that spatial composition in terms of 

pedestrian and vehicular traffic did not predict the strength of response suggests that 

territory establishment is not influenced by the presence of human activity. It is possible 
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that early habituation to humans reduces the risk perception of human activity by the time 

juvenile NWSC disperse to establish their own territories (Frid & Dill 2002). However, 

my finding that antipredator response was stronger in the quieter urban territories in 

comparison to the noisier urban territories could indicate that noisier territories select 

against timid individuals with lower risk-taking propensities. For example, timid, risk-

averse males might seek the quieter urban territories because the chances of acoustic 

predator cue detection are comparatively improved (Chan and Blumstein 2011; 

Blumstein 2014; Francis & Barber 2013).  

Future research directions 
Clearly, further research is needed to understand the mechanism behind the 

association between background noise and antipredator behavior within urban locations. 

Still, there are conservation-related implications for my finding that strength of 

antipredator response changes with anthropogenic noise (McGregor et al. 2013). 

Although my results do not confirm the notion that anthropogenic noise increases the 

perceived risk of predation (Owens et al. 2012), they likely indicate that risk perception 

related to acoustic signaling is altered in noisy urban territories. The altered risk 

perception in urban males in turn could affect the predator-prey dynamic, but also 

intraspecific competition, due to its influence on song behavior (Møller and Garamszegi 

2012). The change in antipredator behavior could potentially spur an ecological trap if it 

results in decreased survivorship or mating success. Moreover, if territory establishment 

is driven by character and sorted by perceived riskiness of territory background noise, 

genetic diversity could be reduced if there is a homogenization of temperament in areas 
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polluted by high levels of anthropogenic noise (Dingemanse et al. 2002; van Oers et al. 

2005; Mimura et al. 2016).   

Conclusion 
 Future studies should also examine the validity of risk perception and 

appropriateness of strength in antipredator response. Their results could help us to better 

understand whether the change in antipredator response is maladaptive or adaptive, 

especially in light of the recent finding that predator lethality can increase with 

anthropogenic noise (Simpson et al. 2015; Simpson et al. 2016). For instance, I might 

conclude a reduced risk perception in urban habitats is maladaptive if the predator 

lethality rates remain constant but antipredator response is weak. . I recommend other 

researchers conducting flight initiation distance (FID) experiments consider eliciting 

antipredator responses through the use of a natural stimulus, such a heterospecific alarm 

call or a sensory cue from a non-human, natural predatory threat, which would remove 

the confounding factor of human tolerance to approach.  I also encourage researchers to 

examine acoustic sexual signaling in addition to foraging and vigilance behavior in order 

to gain a more comprehensive understanding of risk perception and riskiness of behavior 

in relation to background noise.  

 In conclusion, antipredator response changed with anthropogenic noise. I found 

that urban males tended to have a weaker response relative to their rural counterparts 

occupying territories of similar background noise levels. The strength of antipredator 

response changed with background noise levels within both urban and rural locations but 

in opposite directions, such that higher background noise was associated with stronger 
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antipredator responses in rural locations and weaker responses in urban locations. My 

results provided insight into how urbanization affects the trade-off between predation risk 

and opportunities to attract mates and defend territories. Antipredator behavior factors 

into population viability, thus my results have strong implications for population 

management in protected areas, even for disturbance-tolerant species, like the NWCS.  
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SUMMARY & CONCLUSION 

In my first study, I experimentally manipulated wild populations of birds with 

artificial noise to investigate the mechanisms by which they adjust their singing behavior 

in the presence of human made noise pollution. The results indicate that urban males 

improve signal transmission through an increase in signal tonality, or reduction in 

bandwidth. Because a song structure with reduced bandwidth is of lower vocal 

performance, there can be secondary costs if the modified song is sung more often than a 

version with higher vocal performance (larger bandwidth). Therefore, my results provide 

new insight into how the trade-off between signal reception and vocal performance 

changes across the urban-rural gradient. Mine is the first study to confirm that spectral 

plasticity is not a behavioral trait that occurs unanimously across populations. Because 

urban, but not rural birds, improve acoustic communication through immediate signaling 

flexibility, it seems prior experience with noise pollution could help NWCS to persist in 

urban settings.  

Although the results from previous studies suggest that high levels of background 

noise impact vocal activity, my second study is the first to disentangle whether 

spatiotemporal patterns of vocal activity in urban and rural locations change in relation to 
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anthropogenic or natural noise. My results show that vocal activity is relatively reduced 

where there are elevated levels of low frequency noise in urban and rural locations, and 

although the levels of low frequency background noise increased through the morning, 

song activity remained relatively consistent. Therefore, my results suggest that successful 

acoustic communication between potential mates and territorial rivals \ might be 

especially reduced in urban locations where low frequency noise levels are heightened by 

anthropogenic sound. To minimize the risks related to reduced signal detection and vocal 

activity, I recommend steps be taken to reduce levels of anthropogenic noise in urban 

landscapes.    

The results of my third study show that the strength of antipredator response to 

heterospecific alarm calls diminishes in an urban, but not rural, environment as 

background noise increases. Thus, my research demonstrates how a spatial relationship 

between noise and antipredator behavior changes across the urban-rural gradient and is 

context specific. Previous research has shown antipredator behaviors change in urban 

environments, and more recent studies have demonstrated that anthropogenic noise can 

disrupt detection of acoustic predatory cues. However, mine is the first study to confirm 

that even when alarm calls are detected, the strength of antipredator response to a natural 

alarm stimuli changes across urban-rural disturbance gradients and in relation to 

background noise. Because I measured strength of antipredator response through song 

behavior, my results also provide new insight into how the trade-off between predation 

risk and opportunities to attract mates and defend territories changes across disturbance 

gradients. Because antipredator behavior factors into population viability, my results have 
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strong implications for population management in protected areas, even for disturbance-

tolerant species, like my study species, the NWCS.  

The results from my second chapter indicate that signal detection is limited by 

both natural and anthropogenic low frequency noise in urban and rural environments. 

However, the results from my first chapter demonstrate how different mechanisms for 

adjusting to fluctuations in the amplitude of background noise can emerge between urban 

and rural populations. Because noise is comparatively reduced in the rural environment, it 

is possible that the elevation of amplitude improves signal-to-noise ratio enough so that it 

is unnecessary for rural males to also modify spectral structure. Still, further research is 

required to learn if the difference in expression of immediate spectral flexibility is instead 

a product of microevolution.  

The results from my third chapter, however, clearly indicate that the mechanistic 

cause of variation in antipredator response is attributable to the species' capacity for 

behavioral plasticity. In both urban and rural locations, the strength of antipredator 

response was associated with territory background noise, which shows variation in 

strength of antipredator response is due to adaptive decision making rather than 

microevolution. Such evidence of intra-population behavioral plasticity also allows me to 

make inferences about larger-scale divergences in intraspecific behavior that I found to 

occur between urban and rural populations. For instance, the reason that escape tactics 

changed across the urban-rural gradient and higher background noise was associated with 

stronger antipredator responses in rural locations and weaker responses in urban locations 
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is likely explained by differences in habitat quality, such as background noise sources, 

vegetation structure, predator species composition and available area of usable-habitat.  

In conclusion, my research provides novel insight for biologists and land 

managers at agencies and conservation organizations who seek to manage anthropogenic 

noise to minimize disturbance to wildlife. My work also demonstrates the importance of 

anthropogenic noise mitigation, as signal interference and subsequent change in acoustic 

behavior can have larger implications for fitness. For instance, the reduction of signal 

bandwidth during noise fluctuations can improve transmission, but also reduce vocal 

performance and thus a male's ability to attract a mate or defend his territory.  

My finding that the number of song detections decreased with background noise 

on a spatial scale suggests that there could be fitness costs related to a decreased 

likelihood of signal reception. The fact that urban males exhibited immediate signaling 

flexibility but did not increase signal redundancy in response to elevated noise levels 

suggest that they are more willing to risk vocal performance to improve signal detection 

than they are to increase time and energy expenditure to communicate. Future research 

should examine whether fitness costs related to lower vocal performance results in 

reduced reproductive success, especially in noisy urban environments where the adjusted 

song structure is sung more often than a version with higher vocal performance (larger 

bandwidth) that is sexually selected.  

Finally, my finding that antipredator behavior changes with urban noise improves 

my understanding of how interspecific and intraspecific interactions can change with 

urbanization. It also warrants further investigation to determine if the relationship 
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between urban noise and antipredator response is correlative or causative, and if noise-

associated shifts in antipredator behavior decrease survivorship. 
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