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ABSTRACT 
 
 
Urban areas are a unique and growing habitat type. Animals living in this novel habitat are faced 

with new challenges, but may also encounter novel opportunities. Though urban animals have 

been observed to differ from their rural counterparts in a variety of behavioral and physiological 

traits, little is known about the specific features of urban areas that drive these differences and 

whether they are adaptive. Understanding this process is important from a conservation 

perspective and also to gain insight into how animals colonize novel habitats more generally. 

Using song sparrows (Melospiza melodia), a native songbird commonly found in urban areas, I 

explored responses to urbanization and the drivers and consequences of these responses with an 

eye toward understanding whether song sparrows had successfully adapted to urban habitats 

(Chapter I). I began by comparing body condition and levels of corticosterone, a hormone 

associated with energy management and the stress response in birds, between urban and rural 

populations (Chapter II). There was more variation across years than between habitats, 

suggesting that a variable environmental factor common to both habitats is the primary driver of 

these traits. I then compared territorial aggression levels and tested the effect of food availability 

on aggression (Chapter III). Fed rural birds and all urban birds had higher aggression levels than 

unfed rural birds, indicating that territorial aggression is related to resource availability in this 

species and that urban habitats may be perceived as more desirable. Finally, I looked for 
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differences in reproductive timing and success and for relationships between reproductive 

success and aggression (Chapter IV). Higher reproductive success in urban populations, coupled 

with differences in the timing of successful nests between habitats, suggest differences in 

predation risk and predator community structure between habitats. In Chapter V, I synthesize my 

major findings and suggest directions for future research building on these results. I conclude 

that urban song sparrows differ from rural birds, that these differences are influenced by resource 

availability, and that urban habitats can potentially support stable song sparrow populations, 

though more research is necessary to determine the fitness impacts of specific traits that change 

with urbanization.  
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CHAPTER I: INTRODUCTION 

 

Sarah L. Foltz 

 

Urban Habitats 

 

 Urban areas are a rapidly expanding habitat. Globally, more than half of the human 

population already lives in cities, and the current urban population is expected to grow by 2.5 

billion people by 2050 (“United Nations” 2014). Urban areas must grow to accommodate this 

influx of humans, and their growth necessarily comes at the expense of less-developed land. 

Wildlife near developing areas will need to adjust to urban living conditions or be forced into 

shrinking and increasingly fragmented rural areas.  

Urban areas can be considered a novel type of habitat. Though many of the features of 

urban habitat that at first seem unique have analogues in the natural world, urban habitats 

concentrate and combine these features in ways not found elsewhere (Faeth et al. 2011). Thus, 

urban wildlife is presented with a variety of novel challenges and opportunities. Different foods 

(Fedriani et al. 2001; Marzluff and Neatherlin 2006; Heiss et al. 2009), noise and light pollution 

(Rheindt 2003), high densities of roads and buildings (Riley et al. 2006; Fahrig and Rytwinski 

2009; Gelb and Delacretaz 2009), and changes in predator populations (Stracey and Robinson 

2012) are just some of the many differences that animals moving into urban areas might 

experience. To live in urban areas, animals must cope with the challenges presented by these 

habitats. Not all species are capable of doing so.  
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In general, animal species richness tends to decline with increasing urbanization, though 

for some taxa, including birds, species diversity is highest at an intermediate point along the 

urbanization gradient (Chace and Walsh 2006; McKinney 2008; Faeth et al. 2011). A few 

species even seem to thrive in urban habitats. Avian abundance can actually increase with 

urbanization despite declines in species richness (Chace and Walsh 2006; Faeth et al. 2011), 

often due to the presence of non-native urban exploiters such as house sparrows (Passer 

domesticus), European starlings (Sturnus vulgaris), and rock pigeons (Columba livia) (Shochat et 

al. 2010). Studying those species that do inhabit urban areas may lead to insights about those that 

do not and reveal the features of urbanization that most impact urban wildlife.  

 

 

Hormonal Response to Stress 

 

The glucocorticoid stress response has been previously predicted to be a potentially 

important factor in the successful colonization of novel habitats (Wingfield and Kitaysky 2002). 

At baseline levels, glucocorticoids help to maintain energetic balance by mediating metabolic 

processes (Saplosky et al. 2000). When an animal is faced with a stressor, glucocorticoid levels 

typically rise (Schwabl et al. 1985; Rogers et al. 1993; Kitaysky et al. 1999; Lynn et al. 2003; 

Bonier et al. 2009; Wingfield 2013; Love et al. 2014). This response may be adaptive, 

mobilizing stored energy and redirecting energy from long-term investments, such as 

reproduction, toward immediate survival activities, as well as promoting coping behaviors such 

as irruptive migration (Wingfield and Ramenofsky 1997; Wingfield and Kitaysky 2002; Breuner 

et al. 2008). However, chronic activation of the glucocorticoid stress response can be 
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maladaptive, dysregulating the hypothalamic-pituitary-adrenal axis that mediates the 

glucocorticoid stress response and interfering with reproduction (Sapolsky et al. 2000; Myers et 

al. 2014). The frequent disturbances and novel stressors present in urban habitats could trigger 

chronic activation of the stress response. Thus, the ability to appropriately mediate the 

glucocorticoid stress response to novel and frequent stressors may be key to the successful 

colonization of urban habitats.  

 

 

Differences Between Urban and Rural Populations 

 

Birds are one of the most commonly studied urban taxa (Faeth et al. 2011), likely because 

they are relatively easy to observe and interact with. Among species that inhabit both urban and 

rural areas, urban individuals exhibit a variety of behavioral and physiological differences from 

their rural counterparts. Birds sing at higher pitches in urban habitats, which generally have high 

levels of noise pollution (Slabbekoorn and Peet 2003; Wood and Yezerinac 2006; Hu and 

Cardoso 2010; Luther and Derryberry 2012). Urban birds appear more tolerant of humans, 

allowing closer approaches than rural birds (Møller 2010; Scales et al. 2011; Atwell et al. 2012). 

Breeding often begins earlier in urban populations (Yeh and Price 2004; Partecke et al. 2004) 

and the breeding season may extend longer (Yeh and Price 2004). Urban populations of 

migratory species may become more sedentary (Partecke and Gwinner 2007). Territorial 

aggression levels may increase (Evans et al. 2010; Scales et al. 2011) or decrease (Newman et al. 

2006), depending on the species. Circulating glucocorticoid levels also differ in species- and 

occasionally sex-specific ways (Partecke et al. 2006; Fokidis et al. 2009; Bonier et al. 2007a; 
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Bonier 2012). However, in most cases we are still unaware of how these differences arise and 

what effects they have on the individuals exhibiting them. In this work, I chose to focus on 

several potentially interrelated behavioral and physiological traits that have been previously 

found to differ between urban and rural groups: glucocorticoids, territorial aggression, and 

reproductive success and associated parental behaviors.  

Previous urban/rural comparisons of multiple avian species have found that both baseline 

and/or stress-induced glucocorticoid levels sometimes differ between urban and rural populations 

(Partecke et al. 2006; Bonier et al. 2007a; Fokidis et al. 2009; Zhang et al. 2011; Atwell et al. 

2012; but see Schoech et al. 2007). These differences may represent responses to the challenges 

of urban living or may be a product of selective colonization of urban habitats by individuals 

with particular stress-response profiles. However, no consistent pattern has emerged across the 

species studied so far (Bonier 2012). As few studies collect corticosterone samples across 

multiple years from the same populations or analyze the data with attention to year as a factor 

when they do so (Newman et al. 2006; Bonier et al. 2007; Fokidis et al. 2009; Hu and Cardoso 

2010; Scales et al. 2011; Atwell et al. 2012; but see Schoech et al. 2007 and Partecke and 

Gwinner 2007), it is also unclear whether differences, when present, are consistent across time.  

 Territorial aggression has also been observed to differ between urban and rural 

populations in several species (Newman et al. 2006; Evans et al. 2010; Scales et al. 2011) and 

has the potential to influence both success in urban habitats and individual fitness. Aggressive 

behavior may enable individuals to out-compete other species for territories in space-limited 

urban environments (Duckworth and Badyaev 2007; Groen et al. 2012; Hudina et al. 2012; but 

see Cunningham and Rissler 2013). Thus, heightened territorial aggression among urban animals 

may be an example of pre-adaptation to urban habitats. Territorial aggression has also been 
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positively linked to resource availability (Ewald and Carpenter 1978; Fox et al. 1981; Lore et al. 

1986; Camfield 2006; Snekser et al. 2009; Maruyama et al. 2010; Di Paola et al. 2012; but see 

Toobaie and Grant 2013) and to competition for resources within and between species (Perrin et 

al. 2001; Lacava et al. 2011; Di Paola et al. 2012; Yoon et al. 2012). Such factors could lead to 

selection on or facultative adjustment of territorial aggression levels after colonization of urban 

areas. However, aggressive behavior can be costly (Marler and Moore 1988; Duckworth 2006), 

and thus should generally not be maintained unless its benefits outweigh its costs. The 

consistency of urban/rural differences in territorial aggression across time is not well understood 

and the specific features of urbanization driving differences in this behavior have not been 

clearly identified.  

Urban and rural populations also differ in reproductive behavior and physiology. Partecke 

et al. (2004) found that European blackbirds (Sturnus vulgaris) developed their gonads three to 

four weeks earlier in urban areas than in rural ones, while Yeh and Price (2004) found that dark-

eyed juncos (Junco hyemalis) breeding in San Diego, CA, extended their breeding season to 

nearly double that of their nearest rural counterparts by starting earlier and ending later. These 

differences in reproductive timing could be driven by differences in secondary cues such as 

higher temperatures (Bornstein 1968) and food availability (Schoech and Bowman 2001) in 

urban habitats and could lead to reduced gene flow between urban and rural populations. The 

effects of urbanization on immediate reproductive success are less clear. Although Yeh and Price 

(2004) found that juncos in their urban population could fledge twice as many broods in a year 

and that urban nestlings weighed more than rural ones, not all species respond to urbanization 

this way. Aldredge et al (2012) found that urban-breeding scrub-jays (Aphelocoma coerulescens) 

had reduced hatching success. Richner (1989) found that the nestlings of urban carrion crows 
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(Corvus corone corone) grew more slowly and weighed less at fledging than those of rural birds, 

and that urban crows fledged fewer nestlings. Thus, while it is clear that urbanization can impact 

birds’ reproductive activities, the costs and benefits of urban breeding need further study.   

 

 

Phenotypic Plasticity, Selection, and Pre-Adaptation 

 

The differences observed in urban animals could result from one or more factors. 

Differences in traits between urban and rural animals could result from phenotypic flexibility, in 

which case these differences would be reversible under the appropriate conditions (Wada and 

Sewall 2014). Alternatively, these traits may be fixed at differing set points, either genetically or 

during development. Trait differences between these groups could result from selection on urban 

populations after colonization of urban habitat or be evidence of individual pre-selection. In the 

later case, some individuals may possess traits that make them better urban colonizers, and these 

individuals would thus be disproportionately represented in urban populations. These 

possibilities are not mutually exclusive and likely interact with each other. For example, urban 

habitats may select for greater phenotypic plasticity. Similarly, phenotypic plasticity could be 

considered a pre-adaptation to urban areas (Bonier et al. 2007b). While some studies clearly 

demonstrate the flexible (Estevez et al. 2002; Rodriguez-Prieto et al. 2008; Bermudez-Cuamatzin 

et al. 2009; Bermúdez-Cuamatzin et al. 2011; Stevenson and Rillich 2013) or fixed (Parteke et 

al. 2006; Atwell et al. 2012) nature of certain traits, the basis of urban/rural differences in many 

traits remains unclear.  
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Sustainability of Urban Populations 

 

Responses to urbanization are not necessarily adaptive. Behavioral or physiological 

responses evolved for other habitat types may not be effective in an urban context. Similarly, the 

novel stimuli and frequent disturbances characteristic of urban areas might elicit unnecessary or 

disproportionate responses, such as over-activation of the glucocorticoid stress response in the 

face of repeated unfamiliar disturbances. The presence of a species in urban areas is not by itself 

indicative of the adaptive value of its responses to urbanization or of a healthy, sustainable urban 

population. Rather, urban habitats may be sinks within larger metapopulations, sustained by 

immigration from rural areas. At present, the fitness effects of many of the differences in 

behavior and physiology observed between urban and rural populations remain understudied. 

Understanding the influence of urban habitats on reproductive behavior and success is therefore 

vital to predicting the impact of increasing urbanization on affected populations.  

 

 

Current Study 

 

 Over four consecutive years, I compared urban and rural populations of song sparrows 

(Melospiza melodia), a native songbird commonly observed in both urban and rural habitats. I 

focused on four related questions: 

1) How do urban and rural individuals differ? 

2) What features of urbanization drive these differences? 
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3) Do differences between urban and rural populations represent adaptive responses to 

urbanization? 

Sparrows were studied at four urban and three rural field sites situated within the New River 

Valley of southwestern Virginia (37°13’ N, 80°22’ W, ~600-700m elevation). These sites were 

chosen such that they differed in human population density and percent area of green space. 

Urbanization can be viewed as a continuum from wilderness areas to heavily urban sites such as 

megacities; my field sites represent points in the middle of this continuum, rather than its 

extremes. Thus, my urban sites are not as urbanized as some areas, while my rural sites should 

not be considered undisturbed. Not all sites were used in every study. Rather, in each study I 

included as many sites as practically possible, balanced between urban and rural habitats. To 

determine how populations differed and the habitat features related to these differences, I 

collected data on baseline and stress-induced corticosterone levels, body condition, and territorial 

aggression of adult, territory-holding males. I also observed the availability of suitable nesting 

vegetation, nest placement, and territory distribution, and conducted an experiment in which I 

provided some territories with supplemental food. To examine the potential sustainability of 

urban populations and the adaptive value of observed behavioral differences, I observed nest 

success, parental provisioning, and nestling mass and brood size. These studies and my 

conclusions are described in detail in the following chapters.  
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ABSTRACT 

 

Animals inhabiting urban areas must simultaneously cope with the unique challenges 

presented by this novel habitat type while exploiting the distinctive opportunities it offers. The 

costs and benefits of urban living are often assumed to be consistent across time, but may in fact 

vary depending on the habitat features influencing them. Here we examine the glucocorticoid 

levels and body condition of song sparrows (Melospiza melodia) resident at urban and rural sites 

over four consecutive years to determine whether these traits, which may be linked to the relative 

costs and benefits of these respective habitats, are consistent over time. Glucocorticoid levels and 

body condition varied by year in both habitat types. While habitat alone did not influence 
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glucocorticoid levels, there was a significant interaction between year and habitat, indicating that 

glucocorticoids differ between habitats in some years but not others. There was no discernable 

effect of habitat alone on body condition. Overall, these data suggest that the costs and benefits 

of inhabiting urban versus rural habitats differ substantially from year to year.  
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INTRODUCTION 

 

Urban areas represent a novel habitat type for many species, and these areas are growing 

in both size and number. Urban habitats are typically characterized by high human population 

densities, elevated light and noise levels (Longcore and Rich, 2004; Slabbekoorn and 

Ripmeester, 2008; Hu and Cardoso, 2010), altered predation pressures (Chace and Walsh, 2006; 

DeCandido and Allen, 2006), and different food sources (Fedriani et al, 2001; Marzluff and 

Neatherlin, 2006; Heiss et al, 2009). Animal species richness is often lower in heavily urbanized 

areas (McKinney, 2002; McKinney, 2008), although among groups such as birds and insects, the 

highest species richness seems to occur in somewhat disturbed zones (Jokimäki and Suhonen 

‘93, Blair ‘99).  Within species, urban individuals can exhibit a number of differences from their 

rural counterparts, including loss of migratory behavior (Partecke and Gwinner, 2007), extended 

breeding seasons (Yeh and Price, 2004), increased boldness (Møller, 2010; Scales et al, 2011; 

Atwell et al, 2012), changes in degree of territorial aggression (Newman et al, 2006; Scales et al, 

2011), higher-pitched vocalizations (Slabbekoorn and Peet, 2003; Wood and Yezerinac, 2006; 

Hu and Cardoso, 2010; Luther and Derryberry, 2012), and differences in plasma stress hormone 

concentrations (Partecke et al, 2006; Fokidis et al, 2009; Bonier, 2012). Changes in these traits 

are not necessarily directly correlated with each other, though the same individuals often exhibit 

differences in more than one trait (Fokidis and Deviche, 2011; Fokidis et al, 2011; Scales et al 

2011). 

 Vertebrates often respond to environmental challenges by elevating plasma levels of 

glucocorticoid hormones (Sapolsky et al, 2000). The glucocorticoid stress response is commonly 

studied via several different measures, including baseline plasma concentrations, which are 
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measured immediately upon capture, and stress-induced plasma concentrations, which can be 

assessed after a standardized handling stressor. Baseline levels of glucocorticoids are involved in 

maintaining day-to-day energy balance (Saplosky et al, 2000). Stress-induced acute increases are 

often associated with stressors such as predation attempts, while a more long-term elevation in 

baseline glucocorticoids could be caused by challenges such as reduced food availability 

(Schwabl et al, ’85; Lynn et al, 2003), inclement weather (Rogers et al, ’93; Wingfield, 2013) or 

preparation for the energetic demands of raising young (Kitaysky et al, ’99; Bonier et al, 2009; 

Love et al, 2014). Increases in glucocorticoid levels are thought to promote survival by 

mobilizing and redirecting energy away from long-term investments toward more immediately 

essential processes and by rapidly shifting behavior toward proximate coping activities 

(Wingfield and Ramenofsky, ’97; Wingfield and Kitaysky, 2002; Breuner et al, 2008). Thus, the 

glucocorticoid stress response may play an important role in how individuals respond to novel 

habitats and cope with unfamiliar challenges (Wingfield and Kitaysky, 2002), potentially 

including those found in urban areas.  

Studies on glucocorticoid levels in the context of urbanization remain relatively rare 

(Bonier, 2012) and findings to date are somewhat contradictory. Some studies have found 

elevated baseline glucocorticoids in urban birds (Bonier et al, 2007; Fokidis et al, 2009; Zhang et 

al, 2011), though this pattern is not observed in all species or seasons (Schoech et al, 2007; 

Fokidis et al, 2009; Atwell et al, 2012). Additionally, urban birds sometimes show lower stress-

induced glucocorticoid levels (Partecke et al, 2006; Atwell et al, 2012; but see Fokidis et al, 

2009), which may indicate either reduced responsiveness to stressors in the face of repeated 

stress-response activation (Nelson, 2005) or, conversely, the colonization of urban habitats 

primarily by individuals with innately lower responsiveness to stressors. These studies all 
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employed a standard procedure of capture and handling by humans followed by restraint in a 

breathable bag as a stressor, so while not all species exhibited the same reduction in stress 

response in urban settings, it appears that any differences observed among species are not the 

result of differing study methodologies. In general, it appears that glucocorticoid levels often 

differ between urban individuals and their rural conspecifics, and such differences may indicate 

that these animals experience a meaningful disparity between habitats. However, whether the 

observed glucocorticoid differences maintain a consistent pattern over time or fluctuate beyond 

previously observed seasonal shifts, possibly due to labile environmental drivers that differ over 

years within each habitat, remains unknown. 

While glucocorticoid values alone should not necessarily be used to infer an animal’s 

health, body condition can provide a more straightforward metric of stored energy. Limited food 

availability often results in loss of body mass as animals expend more energy than they take in 

(Wingfield et al, ’83; Kitaysky et al, ‘99). Thus, low average body condition of individuals in 

one habitat or year relative to another could indicate poorer habitat quality or environmental 

conditions. Additionally, glucocorticoids can mediate foraging behavior (Astheimer et al, ‘92) 

and are sometimes inversely linked to body condition (Kitaysky et al, ’99; Moore et al, 2000; 

Maute et al, 2013; Hews and Baniki, 2013), so high glucocorticoid levels found in concert with 

low body condition can be interpreted as potential evidence for poor habitat quality.  

To date, it is unclear how consistent phenotypic differences between urban and rural 

animals are across time. Comparisons of urban and rural animals rarely collect data on the same 

traits from the same populations across multiple years (Newman et al, 2006; Bonier et al, 2007; 

Fokidis et al, 2009; Hu and Cardoso, 2010; Scales et al, 2011; Atwell et al, 2012). Those studies 

that do collect such data do not always analyze the data with an eye toward identifying potential 
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year-to-year variation (Møller, 2010; but see Schoech, 2007 and Partecke and Gwinner, 2007), 

except in the case of traits for which year is the necessary level of comparison, such as timing of 

breeding (Yeh and Price, 2004). When we consider that some phenotypic traits, such as 

glucocorticoid levels, are flexible and responsive to prevailing abiotic and social environmental 

conditions (Richardson and Fueston, ’75; Ouyang et al, 2011; Davis and Guinan, 2014), the need 

for such longitudinal comparisons becomes clear. Comparing these labile traits across even a few 

consecutive years may reveal whether observed differences in them are a product of relatively 

consistent urban-associated habitat features like ambient light levels or more variable features 

that may or may not be habitat-specific, such as weather patterns. Longitudinal studies could also 

help to reveal whether urban and rural habitats mediate environmental challenges differently; one 

habitat type may buffer its inhabitants from the costs of such stressors to a greater extent that the 

other. Multi-year comparisons of phenotypic differences between urban and rural individuals are 

therefore important to our understanding of the long-term impacts of urbanization on urban 

wildlife. 

Our current study was undertaken to determine whether there was a relationship between 

corticosterone (the main avian glucocorticoid), body condition, and urbanization in song 

sparrows (Melospiza melodia) across multiple consecutive years. We predicted that birds from 

urban habitats would have consistently higher baseline and lower stress-induced corticosterone 

levels relative to birds in rural habitats. We also predicted that body condition would be inversely 

related to baseline corticosterone, such that urban birds would also exhibit lower body condition 

than their rural counterparts. It is important to note that we did not use undisturbed or pristine 

wilderness for our rural comparison sites, as few of these exist and the forest cover common to 

low-disturbance sites in the study region is not generally preferred by song sparrows. Similarly, 
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the urban sites in this study are not megacities or other such extreme cases, but rather towns 

whose populations average 20,465 people (Community Facts). Instead, our urban and rural sites 

are defined relative to each other along a continuum of urbanization, with ‘urban’ sites having 

less green space and higher human population densities than ‘rural’ sites, as described in detail 

below. Here, we examine relationships between habitat type, body condition, and baseline and 

stress-induced levels of corticosterone (hereafter referred to as baseline corticosterone, and 

stress-induced corticosterone, respectively) in song sparrows at urban and rural sites across four 

consecutive breeding seasons.  

 

 

METHODS 

 

Study Populations 

 

 Song sparrows are a common songbird native to North America and found in both urban 

and rural habitats. In our study populations in southwest Virginia, USA (37°13’ N, 80°22’ W, 

~700m elevation), song sparrows are non-migratory. Adult males defend a territory during the 

breeding season, which extends from early April through August (Foltz personal observation). In 

this region, some males are present on their territories year-round, while others re-establish 

breeding territories each year, usually beginning in late January or February (Foltz personal 

observation). From 2010 through 2013, we collected blood samples and measures of body 

condition from adult, territory-holding male birds at our study sites. All studies were approved 

by the Virginia Tech Institutional Animal Care and Use Committee. 
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Our study sites were all located within a 20km radius of Radford, VA, in a patchwork of 

urban and rural habitat in the New River Valley area of SW Virginia. Urban and rural sites were 

differentiated based on the portion of their total area comprised of green space and the human 

population density of the immediately surrounding area, as detailed below. Our 2010 studies 

were conducted at two urban and two rural sites (Urban 1 and 2; Rural 1 and 2)(See Table 2.1). 

In 2011, one additional site of each type was added (Urban 3 and Rural 3), and these sites were 

also used in 2012. In 2013, we monitored these same six sites, but were unable to capture any 

birds from Urban 1. 

Initially, sites were selected based on human population densities of the county (rural) or 

town (urban) they lay within. We then quantified green space at each site using satellite images 

from Google Earth (version 6.2) and GE-Path (version 1.4.6). Sites were divided into green 

space and built space. Green space was comprised of forest, fields, and areas of water 10m2 or 

less (some territories spanned inlets of lakes or rivers). Built space was comprised of buildings, 

roads, and other man-made structures. We overlaid the area of each site where our study birds 

were found with a grid of 50x50m numbered plots and selected a number of these plots equal to 

5% of total site area, or a minimum of 10 plots for small sites, using a random number generator 

(Research Randomizer version 4.0). Within each plot, the area of green space was divided by 

total plot area to obtain a proportion of green space on that plot. These proportions were then 

averaged to generate a site-wide estimate (Table 2.1). Human population density of our sites was 

later quantified at a finer scale using census block group population data from the 2010 United 

States census (2010 Census Interactive Population Search)(Table 2.1). Green space provided an 

estimate of landscape alterations related to urbanization, while human population density was 

used as an indirect metric of human activity, and thus disturbances, at these sites. Both human 
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population density and green space were compared between designated urban and rural sites 

using a MANOVA with post-hoc ANOVAs to differentiate green space from population density.  

 

 

Corticosterone and Body Condition 

 

 All birds were captured during the breeding season. Samples were collected between 

mid-May and the end of June in 2010, from the end of April to mid-July in 2011, from mid-May 

to mid-July in 2012, and from early May to late July in 2013. During each field season, we 

alternated captures among urban and rural sites in an effort to ensure that average capture dates 

did not differ between habitats.  

Birds were captured on their territories using mist nets and playback of pre-recorded male 

song. To minimize the effects of daily fluctuations in hormone levels, all captures occurred 

within a four-hour window from 30min before sunrise to 3.5hrs after sunrise. We collected blood 

within 3min of capture for baseline corticosterone measurement and again at 30min post-capture 

for stress-induced corticosterone. All blood was collected from the alar wing vein into capillary 

tubes, placed in a cooler with ice, and transported to the lab. There, samples were centrifuged to 

separate the plasma, which was then frozen at -20°C until hormone analysis. 

 Between bleeds, we weighed birds and applied colored and aluminum numbered bands. 

We also recorded wing and tarsus measurements. Birds were then placed in a cloth bag until it 

was time for their second blood sample at 30min post-capture, after which they were released 

back onto their territory. Body condition was assessed via scaled mass analysis, as described by 

Peig and Green (2009), using weight and tarsus length. Weight and tarsus length were positively 



 

 26 

correlated across all our samples (linear regression, F-ratio = 8.3371, P=0.0047).  We collected 

analyzable baseline corticosterone samples from 36 males in 2010 (20 rural, 16 urban), 25 males 

in 2011 (14 rural, 11 urban), 17 males in 2012 (8 rural, 9 urban), and 33 males in 2013 (12 rural, 

21 urban). Stress-induced corticosterone samples were collected from 40 males in 2010 (21 rural, 

19 urban), 23 males in 2011 (13 rural, 10 urban), 15 males in 2012 (8 rural, 7 urban), and 32 

males in 2013 (13 rural, 19 urban). We measured weight and tarsus length for 38 males in 2010 

(20 rural, 18 urban), 35 males in 2011 (14 rural, 11 urban), 17 males in 2012 (8 rural, 9 urban), 

and 33 males in 2013 (12 rural, 21 urban). 

 Because circulating corticosterone levels can be influenced by breeding condition, it is 

important to note that birds in both habitats at our sites appear to begin breeding at similar times 

within each year. We estimated dates of nest establishment (when the first egg was laid) for nests 

found during the 2011 and 2013 breeding seasons using known periods of incubation for this 

species and the number of eggs or nestlings in the nest. In 2011, our first urban and rural nests 

were established on April 26th and April 15th, respectively. In 2013, the first urban and rural nests 

were established on April 13th and April 19th, respectively. Linear mixed models (one per year) 

comparing estimated establishment dates for nests found within the first three weeks of the 

breeding season across habitats and controlling for individual field sites revealed no significant 

difference in the timing of nest establishment (2011: P=0.9524, 2013: P=0.2888). Breeding is 

also initiated asynchronously among pairs within sites. Most pairs make multiple nest attempts, 

some of which fail, contributing to further asynchrony as the breeding season progresses. Thus, 

birds in both habitats are in a variety of breeding stages at any given time, with observations 

leading us to assume a random distribution of breeding stage across our samples for both 

habitats. 
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Hormone Assays 

 

 Total corticosterone levels in plasma samples were measured via direct steroid 

radioimmunoassays (for a more detailed description, see Malueg et al, 2009). Samples were run 

in five separate assays, one per year, except in 2011, when samples were split across two assays. 

Briefly, plasma samples (vol. 10 – 20µl) were incubated overnight with radiolabeled 

corticosterone. The next day, the samples were extracted with dichloromethane, dried under 

nitrogen gas, and reconstituted with 600µl of phosphate-buffered saline. 100µl of the 

reconstituted sample were used to measure extraction efficiency and the remaining sample was 

split into 200µl duplicates to assay corticosterone levels. Recovery means for these assays were 

87.6% (2010), 78.6% (2011A), 73.7% (2011B), 73.6% (2012), and 68.1% (2013). Samples were 

compared to their assay’s standard curve, created by serially diluting known amounts of 

corticosterone. Inter-assay variation was 23% and intra-assay variations were 15.2% (2010), 

16.2% (2011A), 17.2% (2011B), 13.9% (2012) and 25.2% (2013). To control for inter-assay 

variation when comparing across years, we standardized corticosterone measures using the 

standards run alongside samples in each assay. Specifically, we calculated the mean standard for 

each assay and the grand mean of standards for all assays, then divided the grand mean standard 

by each assay mean standard to create a multiplier for each assay. This multiplier was applied to 

all samples within a given assay, regardless of where they fell on the assay’s standard curve.  
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Statistical Analyses 

 

 All statistical analyses were done in JMP Pro (version 10.0.2). Prior to analysis, 

corticosterone measures and scaled mass were normalized via square root and natural log 

transformations, respectively. After building full models including all variables of interest, we 

employed backward selection, removing fixed factors one at a time beginning with the largest p-

value until all remaining factors in the model had p-values of 0.10 or lower. Relationships were 

considered significant at p<0.05. 

To determine what factors influenced corticosterone levels, we constructed a repeated-

measures multiple linear mixed model (MLMM) using backwards selection. This method 

accounts for the relationship between baseline and stress-induced corticosterone levels, which we 

consider non-independent measures because they are samples of the same hormone collected 

from the same individual within a short time span. In the full model, individuals’ corticosterone 

levels formed the response variable; explanatory variables were habitat type (urban or rural), 

year (2010, 2011, 2012, 2013), scaled mass, capture date within year, estimated length of 

playback prior to capture (<5min, 5-15min, >15min) and corticosterone sample time point 

(baseline or stress-induced). We also incorporated first-level interactions between year and 

habitat type, year and corticosterone sample time point, and habitat type and corticosterone 

sample time point. Field site and individual were included as random factors, with individual 

nested inside site. 2013 was used as the reference year to which all other years were compared, 

as it was the year with the lowest overall corticosterone levels after correction for inter-assay 

variation. As we had no basis for considering any of our sample years to be more standard than 

the others, 2013 was chosen simply because it represented one end of the continuum of our 
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corticosterone data. We then ran post-hoc all-pairs Tukey tests to further explore how all years 

compared to each other. Habitat type was retained in the final model after backward selection 

despite having a high p-value because the interaction between site-type and corticosterone 

sample time point remained significant.  

To determine the individual contributions of baseline corticosterone and stress-induced 

corticosterone to the significance of the explanatory variables identified by backwards selection 

in our main repeated-measures MLMM described above, we subsequently ran individual 

MLMMs in which either baseline or stress-induced corticosterone alone was the response 

variable. To best compare the relationships of baseline and stress-induced corticosterone 

separately with all of these variables, we did not perform backward selection on these models. 

Rather, we built each model to contain the same fixed factors, interaction terms, and random 

factors as the final version of our main repeated-measures MLMM: habitat type (urban or rural), 

year (2010, 2011, 2012, 2013), capture date within year, and the interaction of year with habitat 

type as explanatory variables, and individual nested within site as random factors. Corticosterone 

sample time point and its interactions were omitted because each of these models considers only 

one of the two possible sample time points. Because these models analyze baseline and stress-

induced corticosterone separately, they assume independence of baseline and stressed 

corticosterone samples, and thus we did not consider this method appropriate to use alone. 

Rather, we employ it here to shed light on whether correlations found in the full repeated-

measures model are primarily associated with either baseline or stress-induced corticosterone 

alone, or with both measures. 

 The possible relationships of habitat type and capture year with birds’ body condition 

were also assessed with an MLMM. The response variable was scaled mass. Explanatory 
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variables were habitat type (urban or rural), year (2010, 2011, 2012, 2013), capture date within 

year, estimated length of playback prior to capture, and the interaction of habitat type with year 

(fixed factors). Individual was nested within field site and included as a random factor as above. 

2011 was the year with the lowest mean scaled mass, and was therefore selected as the reference 

year for this model. We then compared all years to all other years via post-hoc all-pairs Tukey 

tests. 

 

 

RESULTS 

 

Study Sites 

 

Our comparisons of green space and human population density across our urban and rural 

sites showed a significant overall difference between habitat types (MANOVA, exact 

F=17.0275, P=0.0230). Post-hoc ANOVAs showed that urban sites had significantly lower 

proportions of green space than rural sites (exact F=43.6475; P=0.0027). Population densities at 

the census block level were not significantly different (exact F=4.8142; P=0.0933), though all 

urban-designated sites had higher population densities than rural-designated ones (Table 2.1). 

Based on these analyses, we determined that sites adequately fit their original categorical 

designations, and these designations were used in subsequent analyses. 

 

 

Corticosterone 
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 Backwards selection of our full repeated measures corticosterone model produced a final 

model containing year (P<0.0001)(Figure 2.1), habitat type (P=0.8374)(Figure 2.1), 

corticosterone sample time point (P<0.0001)(Figure 2.1), capture date (P=0.0016)(Figure 2.2), 

and the interactions of year with habitat type (P=0.0105) and habitat type with corticosterone 

sample time point (P=0.0071) as explanatory variables (for details, see Table 2.2A). The adjusted 

R2 value of this final model was 0.8370, while the adjusted R2 value of the full model was 

0.8437, indicating that the factors removed (scaled mass, time to capture, and the interaction of 

year and corticosterone sample time point) collectively explained only a very small proportion of 

the variation in the data, and could safely be removed from the model. Specific parameter 

estimates comparing our reference year for this model (2013) to other years suggested that 2011 

drove the correlation with year (P=0.0091) (Figure 2.1). Further examination of the results of our 

Tukey all-pairs comparisons found that all three preceding years differed significantly from 2013 

(2010-2013: P=0.0013, 2011-2013: P<0.0001, 2012-2013: P=0.0007), but not from each other. 

The significant interaction of year with habitat type indicates that baseline and/or stress-induced 

corticosterone levels differed between urban and rural habitats in some years but not others; this 

correlation appears to have been driven by 2010 (P=0.0024), based on parameter estimates 

(Figure 2.1). 

 The models fitting the same explanatory variables selected from the repeated-measures 

model against baseline and stress-induced corticosterone separately suggest that the significant 

effect of year in the original model was driven by both baseline and stress-induced corticosterone 

(baseline model P=0.0094; stress-induced model P<0.0001). The stress-induced model also 

echoes the original finding in that 2011 is the year most different from 2013 (P=0.0016); no 
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individual year correlated with baseline corticosterone (2010 P=0.2582; 2011 P=0.3817; 2012 

P=2535). As in the repeated measures model, habitat type was not significant in either the 

baseline or stress-induced models. In both models, the interaction of 2010 with habitat type was 

significant (baseline model P=0.0027, stress-induced model P=0.0307), indicating that both 

baseline and stress-induced corticosterone levels differed between urban and rural habitats that 

year. Capture date had a significant negative correlation with stress-induced corticosterone 

(P=0.0019), but not baseline corticosterone (P=0.1028). See Tables 2.2B and C for details. 

 

 

Body Condition 

 

 Backwards selection of our model comparing scaled mass to habitat- and time-related 

variables resulted in a final model that included only year (P=0.0511). The adjusted R2 value of 

the full model was 0.7531, while that of the final model was 0.7605. Parameter estimates 

comparing each year to 2011 suggest that the relationship between year and scaled mass is due 

mainly to significantly higher scaled mass in 2012 (P=0.0229) relative to 2011 (Figure 2.3) (for 

details, see Table 2.3). Our comparison of all years via Tukey tests found no significant 

differences between any one pair of years, but did identify a strong trend toward 2011 birds 

having lower body condition than 2012 birds (P=0.0525).  

 

 

DISCUSSION 
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Our multi-year sampling of corticosterone levels and body condition in urban and rural 

populations of song sparrows found that patterns are not stable across years. Rather, we found 

that levels of both baseline and stress-induced corticosterone varied across habitats in a year-

dependent manner. Body condition also showed a tendency to differ with year, but was not 

related to either baseline or stress-induced corticosterone levels. 

Both baseline and stress-induced levels of corticosterone often respond to proximate 

challenges and stressors (Wingfield	  and	  Ramenofsky,	  ’97;	  Kitaysky	  et	  al,	  2001;	  Lynn	  et	  al,	  

2003) and therefore may not be expected to remain consistent across years unless the 

environment is exceptionally stable (Ouyang et al, 2011). Furthermore, it is possible that, despite 

their close physical proximity in our study, urban and rural habitats do not equivalently mitigate 

impacts of regional year-to-year environmental fluctuations that may drive the traits we 

measured. For example, Sheriff et al (2012) found interactions between year and habitat types in 

arctic ground squirrels. Fecal corticosterone metabolites of squirrels in a variety of elevation-

related habitats were compared across two years; metabolite levels were much higher in the first 

year than the second, but the degree to which levels differed across years was strongly related to 

habitat type. This pattern is similar to those evident in our urban-rural comparison and suggests 

that the environmental features influencing corticosterone levels may have differing degrees of 

impact in urban and rural habitats depending on prevailing regional conditions. That we observe 

differences between habitats in some years but not others suggests not only that environmental 

drivers may be fluctuating from year to year, but also that these habitats contain different 

mitigating factors, such that the final impact of similar conditions on song sparrow populations 

in each habitat is different. In essence, one habitat may provide birds more opportunities to 

escape or cope with certain environmental challenges than the other.  
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While we hesitate to speculate too much in the absence of supporting data, there are 

several possible environmental and social features that could explain some of the year-to-year 

differences we see in both corticosterone levels and body condition. One is variation in regional 

weather conditions such as temperature and rainfall during our study seasons. Temporary harsh 

or unusual weather events have previously been shown to result in elevation of either fecal 

corticosterone metabolites (Zav’yalov et al, 2007; Sheriff et al, 2012) or plasma corticosterone 

(Schwabl et al, ’85; Rogers et al, ’93; Wingfield and Ramenofsky, ’97; Romero and Wikelski, 

2001; Ouyang et al, 2012; but see Romero et al, ‘97 and Brown et al, 2011) and decreased body 

condition (Zav’yalov et al, 2007; Brown et al, 2011). The winter of 2009-2010, directly 

preceding the breeding season in which we observed a clear difference between urban and rural 

birds’ baseline and stress-induced corticosterone levels, was an unusually cold and wet year, 

with Blacksburg, VA recording a record-setting 71 days with one or more inches of snow cover 

(Chenard, 2010). Variation in predation pressure across years is another possible candidate. 

Animals exposed to high levels of predation risk exhibit increased corticosterone levels (Silverin 

‘98, Scheuerlein et al, 2001; Cockrem and Silverin, 2002) and reduced body condition 

(Scheuerlein et al 2001), relative to those that experience lower predation risk. A third 

possibility, which could be related to differences in stress-induced corticosterone levels, is that 

demographics within our study populations changed over the course of our study. Studies have 

found that corticosterone response decreases with age in a number of species (Riegle and Nellor, 

‘67; Heidinger et al, 2006; Wilcoxen et al, 2011). However, we regard this possibility as 

somewhat unlikely because many of the territories at our study sites were occupied by birds that 

had been banded in previous years, while other territories were acquired by new, unbanded 

owners, suggesting a mix of known older birds and younger incoming individuals. Of course, 
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none of these possible contributors are mutually exclusive, and the differences we observed 

could arise from combinations of these and other variable features of the physical and social 

environment. 

At first glance, the corticosterone values that we report here appear high in comparison to 

other songbird species and to early values reported for song sparrows (Wingfield, ‘84). However, 

several other groups working independently from us in various regions of North America, and 

using similar capture and analysis methods, report average plasma corticosterone values ranging 

from 17-48ng/mL for baseline and 120-200ng/ml for 30min stress-induced samples (Owen-

Ashley and Wingfield, 2006; Newman et al, 2008; Newman and Soma, 2009; Newman and 

Soma, 2011; Schmidt et al, 2012). Thus we are confident in the data we report. 

In summary, the relationships between urbanization and avian physiology are complex 

and likely influenced by a variety of factors, some of which probably vary across years. Thus, 

populations that appear different in one year of a study may not always be so. Comparisons of 

flexible traits between urban and rural populations should observe these groups across multiple 

years before concluding that the given trait does or does not differ between populations. 

Similarly, future studies should examine specific features of urbanization that may drive 

phenotypic differences found in urban populations, most of which are currently unknown, with 

an eye toward the stability of such features across time. Relatively stable habitat features such as, 

for example, light levels may be predicted to produce relatively stable trait differences. 

Conversely, more flexible aspects of habitat quality, such as natural food availability, may 

fluctuate across years and be mitigated differently in urban and non-urban areas, resulting in trait 

differences between habitats that appear one year and disappear the next.  Thus, we suggest that 

researchers hoping to identify differences between urban and rural populations or the features 



 

 36 

that drive such differences conduct their work across several years. This becomes especially 

important when working with wild, free-living populations, as our findings emphasize that 

environmental factors beyond the immediate scope of the study may nonetheless have major 

impacts on study outcomes. 
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Tables 

 

Table 2.1: Habitat Features Used to Determine Urbanization of Sites 

Field Site Human Population 

Density (people/k2) 

Green Space (% 

of site area) 

Years 

Monitored 

Urban 1 (Radford Campus West) 246 59.6 2010 – 2013* 

Urban 2 (Virginia Tech Campus) 2563 48.4 2010 - 2013 

Urban 3 (Radford Main Campus) 2897 51.6 2011 - 2013 

Rural 1 (Claytor Lake State Park) 49 82.5 2010 - 2013 

Rural 2 (Kentland Farm) 23 96.0 2010 - 2013 

Rural 3 (Heritage Park) 142 98.0 2011 - 2013 

*No physiological data presented for 2013, as no birds were captured. 
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Table 2.2A: Impacts of Urbanization and Year on Collective Corticosterone Levels in Song 

Sparrows, Repeated-Measures Model 

Parameter Estimate SE Z P-Value Fixed Effect 

P-Value 

Habitat Type  0.0265 0.1290 0.21 0.8374 0.8374 

Year (2010) 0.0857 0.1863 0.46 0.6461 <0.0001 

Year (2011) 0.5390 0.2044 2.64 0.0091 <0.0001 

Year (2012) 0.4220 0.2439 1.73 0.0858 <0.0001 

Corticosterone Sample 

Time Point  

-2.2472 0.0885 -25.40 <0.0001 <0.0001 

Capture Date 0.0204 0.0063 -3.21 0.0016 0.0016 

Habitat Type x Year (2010) -0.5754 0.1837 -3.10 0.0024 0.0105 

Habitat Type x Year (2011) 0.3667 0.2046 1.79 0.0747 0.0105 

Habitat Type x Year (2012) -0.0268 0.2444 -0.11 0.9127 0.0105 

Habitat Type x 

Corticosterone Sample 

Time Point 

-0.2424 0.0885 -2.74 0.0071 0.0071 

SE = standard error. Reference factors for categorical variables are rural (habitat type), 2013 

(year), baseline (corticosterone sample time point), and 5-15min (time to capture). Fixed effect 

p-values show results of test that all parameters associated with the effect are equal to 0, 

producing a combined p-value for categorical factors. Significance: P < 0.05 
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Table 2.2B: Impacts of Urbanization and Year on Baseline Corticosterone Levels in Song 

Sparrows 

Parameter Estimate SE Z P-Value Fixed Effect 

P-Value 

Habitat Type  -0.1891 0.1611 -1.17 0.2434 0.2434 

Year (2010) 0.2883 0.2536 1.14 0.2582 0.0094 

Year (2011) 0.2464 0.2805 0.88 0.3817 0.0094 

Year (2012) 0.3664 0.3191 1.15 0.2535 0.0094 

Capture Date -0.0140 0.0085 -1.65 0.1028 0.1028 

Habitat Type x Year (2010) -0.7742 0.2519 -3.07 0.0027 0.0282 

Habitat Type x Year (2011) 0.2634 0.2803 0.94 0.3495 0.0282 

Habitat Type x Year (2012) 0.3547 0.3191 1.11 0.2690 0.0282 

SE = standard error. Reference factors for categorical variables are rural (habitat type) and 2013 

(year). Fixed effect p-values show results of test that all parameters associated with the effect are 

equal to 0, producing a combined p-value for categorical factors. Significance: P < 0.05 
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Table 2.2C: Impacts of Urbanization and Year on Stress-Induced Corticosterone Levels in Song 

Sparrows 

Parameter Estimate SE Z P-Value Fixed Effect 

P-Value 

Habitat Type  0.2023 0.1503 1.35 0.1813 0.1813 

Year (2010) -0.1170 0.2286 -0.51 0.6100 <0.0001 

Year (2011) 0.8590 0.2644 3.25 0.0016 <0.0001 

Year (2012) 0.4944 0.3078 1.61 0.1114 <0.0001 

Capture Date -0.0260 0.0082 -3.18 0.0019 0.0019 

Habitat Type x Year (2010) -0.4962 0.2264 -2.19 0.0307 0.0437 

Habitat Type x Year (2011) 0.3871 0.2647 1.46 0.1467 0.0437 

Habitat Type x Year (2012) -0.2604 0.3081 -0.85 0.4001 0.0437 

SE = standard error. Reference factors for categorical variables are rural (habitat type) and 2013 

(year). Fixed effect p-values show results of test that all parameters associated with the effect are 

equal to 0, producing a combined p-value for categorical factors. Significance: P < 0.05 
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Table 2.3: Impacts of Urbanization and Year on Body Condition in Song Sparrows 

Parameter Estimate SE Z P-Value Fixed Effect P-

Value 

Year (2010) -0.2216 0.1797 -1.23 0.2206 0.0511 

Year (2011) -0.4141 0.1986 -2.09 0.0413 0.0511 

Year (2012) 0.5471 0.2365 2.31 0.0229 0.0511 

SE = standard error. Reference factor for year is 2013. Fixed effect p-values show results of test 

that all parameters associated with the effect are equal to 0, producing a combined p-value for 

categorical factors. Significance: P < 0.05 
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Figure Legends 

 

Figure 2.1: Effects of Urbanization and Year on Measures of Corticosterone  

Overall, corticosterone levels are higher in 2011 than 2013. The relationship between 

corticosterone and habitat varies across years, with baseline and/or stress-induced corticosterone 

being higher in urban (filled points) habitats some years, and in rural (open points) habitats in 

others. Vertical bars show standard error of means; corticosterone values shown are those 

standardized across assays. See Materials and Methods: Corticosterone and Body Condition for 

sample sizes. 

 

Figure 2.2: Relationship Between Corticosterone and Within-Year Capture Date 

Stress-induced corticosterone (filled points, solid line) is significantly lower later in the breeding 

season, and baseline corticosterone (open points, dashed line) shows a similar but non-significant 

trend. All points in each series correspond to individual birds; corticosterone values shown are 

those standardized across assays. See Materials and Methods: Corticosterone and Body 

Condition for sample sizes. 

 

Figure 2.3: Effects of Urbanization and Year on Body Condition 

Body condition (scaled mass) across both habitats was lower in 2011 than in 2012. Capped lines 

show standard error of means. See Materials and Methods: Corticosterone and Body Condition 

for sample sizes. 
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Figures 

 

 
Figure 2.1: Effects of Urbanization and Year on Measures of Corticosterone  
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Figure 2.2: Relationship Between Corticosterone and Within-Year Capture Date 
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Figure 2.3: Effects of Urbanization and Year on Body Condition 
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CHAPTER III: GET OFF MY LAWN: INCREASED AGGRESSION IN URBAN SONG 

SPARROWS IS RELATED TO RESOURCE AVAILABILITY 

 

Sarah L. Foltz, Allen E. Ross, Brenton T. Laing, Ryan P. Rock, Kathryn E. Battle, and Ignacio T. 

Moore 

 

ABSTRACT 

 

 Urban animals often show differences in aggression relative to their non-urban 

counterparts, but the ultimate and proximate origins of these differences are poorly understood. 

Here we compared urban and rural song sparrows, a species for which higher levels of 

aggression in urban populations have previously been reported. First, we confirmed elevated 

territorial aggression levels in urban birds relative to rural birds over multiple years. To begin to 

identify the environmental variables contributing to these differences, we related aggression to 

features of the social and physical environment, specifically population density and the 

availability of suitable nesting vegetation. Population density was not correlated with territorial 

aggression levels, but there was a significant relationship between territorial aggression and the 

interaction of availability of nesting vegetation with habitat type (i.e., rural versus urban). Lastly, 

we conducted a food supplementation experiment to determine whether potential differences in 

the relative availability of food between the two habitats might drive differences in aggression. 

Food supplementation increased territorial aggression significantly, particularly in rural birds. 

Thus, it appears that the availability of both food and suitable nesting vegetation play a role in 

determining territorial aggression in song sparrows. The specific combination of these features 
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found in urban areas may cause the increased levels of territorial aggression seen in these 

populations. 

 

 

INTRODUCTION 

 

Animals living in urban habitats display a number of behavioral differences from their 

rural counterparts, including a reduced tendency to migrate (Partecke and Gwinner 2007), higher 

tolerance of humans (Møller 2010; Scales et al. 2011; Atwell et al. 2012), increased song pitch 

(Slabbekoorn and Peet 2003; Wood and Yezerinac 2006; Hu and Cardoso 2010; Luther and 

Derryberry 2012), and species-specific differences in aggression (Coss et al. 2002; Newman et 

al. 2006; Scales et al. 2011; Galbreath et al. 2014). Urban-associated features such as light and 

noise pollution (Longcore and Rich 2004; Slabbekoorn and Ripmeester 2008; Hu and Cardoso 

2010), changes in predation pressure (DeCandido and Allen 2006), man-made obstacles (Li et al. 

2010; Peralta et al. 2011), differences in vegetation (Miller et al. 2003), and/or changes in 

available foods (Fedriani et al. 2001; Marzluff and Neatherlin 2006; Heiss et al. 2009) may drive 

these differences. Many traits observed to differ between urban and rural populations can be 

plastic and responsive to proximate environmental pressures (Estevez et al. 2002; Rodriguez-

Prieto et al. 2008; Bermudez-Cuamatzin et al. 2009; Stevenson and Rillich 2013). Selection may 

also act on individuals after they colonize urban habitats, causing differences in these traits to 

arise. A third possibility is pre-adaptation; just as some species possess traits that make them 

better suited to colonize a given habitat, variation among individuals within a species may lead to 

some individuals being better suited to urban habitats than others. These possibilities are not 
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mutually exclusive. The behavioral and physiological plasticity that enables species and 

individuals to respond to environmental changes are often considered pre-adaptations to 

urbanization (Bonier et al. 2007). 

Aggressive behavior may benefit individuals colonizing urban areas. Within a species, 

more aggressive individuals may outcompete their less aggressive conspecifics for desired 

resources (Duckworth 2008). However, aggressive behavior can be costly, sometimes resulting 

in reduced survivorship and/or fitness (Marler and Moore 1988; Duckworth 2006). While both 

genes and early developmental environment can influence an individual’s aggressive responses 

(Coss et al. 2002; Marks et al. 2005; Eccard and Roedel 2011; Kukekova et al. 2011; McGhee et 

al. 2013), producing what can be thought of as an aggression “set point”, the relative immediate 

costs and benefits of aggressive behavior may also influence whether an animal expresses such 

behavior in a given context (Estevez et al. 2002; Stevenson and Rillich 2013). Thus, the tendency 

to express aggression may be expected to differ between populations facing different 

environmental pressures, which is often the case when comparing urban and non-urban groups. 

Habitat quality has been positively associated with territorial aggression in a number of species 

(Fox et al. 1981; Santangelo et al. 2002; Scales et al. 2013), and heightened conspecific 

territorial aggression in urban song sparrows has previously been described (Evans et al. 2010; 

Scales et al. 2011). Taken together, these findings raise the possibility that urban habitats are 

actually perceived as higher quality than rural areas by song sparrows and that this leads to 

increased conspecific territorial aggression. However, the specific habitat features that may 

contribute to this perception have not been clearly identified.  

Environmental features that impact aggression can be divided into two categories, social 

and physical, which overlap and interact with each other. Across taxa, territorial aggression is 
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generally positively related to the availability of resources such as food, space, and suitable 

vegetation (Ewald and Carpenter 1978; Fox et al. 1981; Lore et al. 1986; Camfield 2006; 

Snekser et al. 2009; Maruyama et al. 2010; Di Paola et al. 2012; but see Toobaie and Grant 

2013) and with intra- and inter-specific competition for these resources (Perrin et al. 2001; 

Lacava et al. 2011; Di Paola et al. 2012; Yoon et al. 2012 Pusey and Schroepfer 2013). 

Competition for space and resources can occur even at low population densities if resources are 

limited. However, aggression tends to increase with population density in many species (Yoon et 

al. 2012; Pusey and Schroepfer 2013; Yuan et al. 2013; but see Perrin et al. 2001; Bohlin et al. 

2002). Thus, while aggressive interactions are often driven by the availability of physical 

resources, a social dimension is introduced through competition with neighboring conspecifics, 

which will necessarily be mediated in part by the proximity and density of such neighbors. As 

urban habitats differ from rural habitats in numerous ways, it is possible that differences in one 

or more physical or social features may cause differences in territorial aggression to arise. 

To investigate whether conspecific territorial aggression differs consistently between 

urban and rural populations, and if so, what social and physical features of the environment may 

drive this difference, we conducted a series of observational studies and an experimental 

manipulation in urban and rural populations of song sparrows (Melospiza melodia). Our field 

sites were spread across a patchwork of farms, parkland, and towns in southwestern Virginia, 

USA. These sites fall within a larger urban-rural continuum, but do not represent its extremes. 

Rural sites were comprised of agricultural areas and parks, while urban sites were located within 

towns whose populations averaged 20,609 people (Community Facts). First, we compared male 

territorial aggression between habitats across multiple years, predicting that urban males would 

be more aggressive than their rural counterparts in accordance with previous studies of other 
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song sparrow populations. After confirming that urban birds were consistently more aggressive, 

we then looked for correlations between our aggression measures and two environmental 

features: male territory distribution and availability of vegetation suitable for song sparrow nests. 

We predicted that in both habitat types, males with more and nearer neighbors would be more 

aggressive than males with few or distant neighbors. We also predicted that high levels of 

suitable nesting vegetation would correlate with heightened territorial aggression, particularly in 

urban areas where green space is more limited. Finally, to determine whether food availability (a 

major component of territory quality) could act as a driver affecting aggression levels, we 

conducted a food supplementation experiment, predicting that supplemental food would increase 

territorial aggression in both urban and rural habitats.  

 

 

METHODS 

 

 

Study Populations 

 

 The song sparrow (Melospiza melodia) is a songbird common throughout North America. 

In our study region of southwestern Virginia, USA (37°13’N, 80°22’ W, ~600-700m elevation) 

they readily inhabit both urban and rural areas and are generally resident year-round, though not 

all adult males defend territories during the winter. Males re-establish territories or increase 

territorial behavior beginning in late January and early February, and breeding typically occurs 

from early April through August, with some fledglings present on their natal territories into 
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September (SL Foltz, personal observation). From 2011 to 2013, we investigated conspecific 

territorial aggression in adult, territory holding males during the pre-breeding and breeding 

seasons (March-July). The Virginia Tech Institutional Animal Care and Use Committee 

approved all study procedures (protocols 10-052-BIOL, 12-051-BIOL, and 13-032-BIOL). 

 Birds were studied at 7 field sites (Urban sites: 1-4; Rural sites: 1-3; see Table 3.1) 

scattered throughout the New River Valley area, all located within 20km of Radford, VA. All 7 

sites were used during 2011; in 2012 and 2013, only 6 of the original sites (Urban: 1-3; Rural: 1-

3) were used. Urban and rural sites were differentiated based on relative amounts of green space 

and human population densities (See Foltz et al. 2015 for detailed description). Briefly, we 

estimated the proportion of site area covered by fields, forest, bare dirt, and other natural features 

(green space) as opposed to built structures such as buildings, roads, and parking areas using 

satellite images from Google Earth (version 6.2) and area calculations performed in GE-Path 

(version 1.4.6). Human population densities were calculated using population data drawn from 

the 2010 United States Census (2010 Census Interactive Population Search) and areas of the 

relevant census block groups calculated in GE-Path. 

 

 

Territorial Aggression Tests 

 

  We conducted simulated territorial intrusions (STIs) on focal males’ territories between 

6am and 10am and used males’ behavioral responses to these intrusions to quantify individual 

territorial aggression. Each STI consisted of the presentation of a 10min loop of two individual 

songs pre-recorded from a single unfamiliar male. We made multiple looped tracks, each from a 
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different male, such that not all focal birds were presented with the same recording. We 

randomly selected from among 6 tracks in 2011, 10 tracks in 2012, and 11 tracks in 2013. 

Recordings were made from males singing at Urban 2, Urban 3 (2011, 2012, and 2013) and 

Rural 1 (2013) and exclusively from males not used in our studies. Tracks used were different 

across years. The speaker was positioned face up on the ground on the focal male’s territory, 1-

2m horizontally from a potential perch (bush or tree) whenever possible. In the few cases where 

such woody vegetation was not available, we placed the speaker near tall grass or herbaceous 

plants. During the STI, the observer recorded four behavioral measures: the number of flights 

made toward or across the speaker, the number of songs sung by the focal male, his closest 

approach to the speaker, and the time he spent within 4m of the speaker. STIs were performed 

during the breeding season in 2011 (April 28th – July 17th), 2012 (May 10th – July 12th), and 2013 

(April 20th – July 23rd). We completed STIs on 60 males in 2011 (35 rural, 25 urban), 39 males 

in 2012 (23 rural, 16 urban), and 69 males in 2013 (34 rural, 35 urban). The 37 individuals (19 

rural, 18 urban) that were fed in 2012 as part of our supplemental feeding experiment were not 

included in this data set.  

 To determine the relationship between male territorial aggression and habitat, we first 

combined our four observed behavioral measures from STIs into a single aggression score using 

a principle components analysis (PCA). This PCA included STIs conducted across all three years 

of sampling. We used the first principle component of this PCA as individuals’ aggression 

scores. We then created a linear mixed model (LMM) in which aggression score was the 

response variable and explanatory variables were habitat type (urban or rural), year (2011, 2012, 

2013), STI date, and the interaction between habitat type and year. Site and individual were 

included as random factors, with individual nested within site. 2013 was selected as the reference 
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year for this model, as it had the highest mean aggression values and thus represented one end of 

the continuum of aggression levels. We subsequently performed a Tukey all-pairs comparison to 

examine relationships between years in further detail. Backward selection was employed to 

remove non-significant fixed explanatory variables, beginning with the variable with the highest 

P-value, until the final model contained only variables with P-values less than 0.1, and this 

method was employed for other regression analyses described below as well. All statistical 

analyses for this and the following studies were performed in JMP Pro (version 11.0.0) and 

correlations were considered significant at P<0.05. 

 

 

Neighbor Distribution 

 

 In February 2012, during the pre-breeding season when males re-establish their 

territories, we measured song sparrow distribution to determine whether social factors such as 

the presence and proximity of neighboring territorial males were related to aggression. Six study 

sites (3 urban, 3 rural) were surveyed for active song sparrow territories. Observers walked 

transect lines through the survey area while playing pre-recorded songs to attract the attention of 

male song sparrows. Each successive transect was parallel to, and 50m from, the previous one. 

The perches used by responding birds were marked on a satellite image printed from Google 

Earth. Because our study sites were different sizes, we selected two 300m by 300m plots at each 

site within areas where birds had previously been observed for territory searches; this allowed us 

to standardize search effort across sites of different sizes.  
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 Once territories were located, they were numbered and four numbers were randomly 

selected from each site (N=24 total; 12 urban, 12 rural). Males defending these selected 

territories were then subjected to STIs as described above. These STIs were in addition to those 

conducted to test year and habitat effects and were performed during the pre- and early breeding 

season from mid-March to late-April. Recordings for these STIs were randomly selected from 

among 7 tracks recorded from males not tested in this study. Immediately after the STI, two 

observers searched the surrounding area for neighboring birds by walking a circle of radius 75m 

around the STI point while playing recorded song. The perches used by any males other than the 

focal male who responded were marked on a satellite image map printed from Google Earth. A 

second search for neighboring birds was conducted from the same central point two days later. 

Neighbor locations were put into Google Earth, which we used to measure the distance between 

the nearest neighboring male and the STI point. Results of the two searches were then averaged 

to create one estimate of neighbor density and one estimate of nearest neighbor proximity per 

focal male for analyses. 

 An LMM was used to compare male territorial aggression to the proximity and density of 

focal males’ neighbors. Aggression scores were generated by taking the first principle 

component of a PCA combining the STIs done immediately prior to neighbor searches and these 

formed the response variable. Explanatory variables were the average number of neighbors 

found within a 75m radius (hereafter neighbor density), the average distance to the nearest 

neighbor (hereafter neighbor proximity), habitat type (urban or rural), and recorded song track. 

Site was included as a random factor. We also compared both the neighbor proximity and 

neighbor density across habitats at the site level using a MANOVA, a method that accounted for 

correlation between these measures. Site averages of each measure were used rather than 
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individual focal bird measures in an effort to retain meaningful outliers in the data set while 

creating a normal distribution. Neighbor proximity was then further normalized via a natural log 

transformation. Neighbor proximity and neighbor density formed the response variables of the 

model; habitat type was the explanatory variable.  

 

 

Availability of Suitable Nesting Vegetation 

 

 From early April to mid August of 2013, we measured the availability of vegetation 

suitable for song sparrows to build nests in to determine whether this physical habitat feature 

impacts territorial aggression. We searched for and monitored active song sparrow nests at 4 

field sites (Urban 2 and 3, Rural 1 and 2). We measured nest height from the ground and the 

density of the plants in which the nest was placed. Density was measured at 10cm from the nest 

in each of the four cardinal directions, from ground level to 1m above the ground, by inserting a 

meter stick into the vegetation vertically and counting the number of points at which branches or 

leaves made contact with the stick, a method adapted from Zanette et al. (2011). These four 

density measures, from the cardinal directions, were then averaged. We used these nest 

vegetation measurements from 35 total nests to determine a range of vegetation heights and 

densities suitable for song sparrow nests by taking the mean +/- one standard deviation of both 

measures.  

 To quantify the availability of suitable nest vegetation present on an individuals’ 

territory, we conducted two perpendicular 50m transects that crossed each other at their 

midpoints, forming an X, on each territory. The direction of the first transect was randomly 
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determined by throwing out a linear marker (generally a pen) and aligning the transect with the 

marker’s landing position, with the marker at the midpoint of the transect. At the intersection of 

the transects and at 5m intervals along each arm, we estimated the percent of suitable vegetation 

present within a circle of 2.5m radius surrounding the sample point, for a total of 21 sample 

points on each territory. Density of vegetation that met the minimum height requirements was 

estimated by counting contact points on a meter stick held vertical to the ground, as described 

above. Vegetation taller than the maximum height range was considered suitable as long as the 

part within the suitable height range met our density requirements. The percentages of suitable 

nest vegetation from each of the 21 sample points were then averaged to produce one estimate 

per territory. 

We measured suitable nest vegetation availability on 26 territories (15 urban, 11 rural) 

belonging to birds whose territorial aggression had previously been tested during the 2013 

breeding season. For comparison, we also conducted 16 transects (8 urban, 8 rural) in areas of 

these sites that were not inhabited by song sparrows. Transect locations in these areas were 

selected by dividing a satellite map of the unoccupied area taken from Google Earth into 100m 

by 100m plots and randomly selecting plots for sampling.  

 We created an MLMM comparing male territorial aggression to suitable nest vegetation, 

using an aggression score created from the first principle component of a PCA that combined the 

four behavioral measures of STIs from birds whose territories were mapped for suitable nest 

vegetation in 2013. This formed the response variable. Explanatory variables were average 

suitable nest vegetation of the territory, habitat type (urban or rural), STI date, recorded song 

track, and the interaction of average suitable nest vegetation and habitat type. Site was again 

included as a random factor.  
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We also compared the prevalence of suitable nest vegetation across habitats and occupied 

vs. unoccupied area using two binomial regressions. The response variable of the first regression 

was habitat type (urban or rural) and that of the second regression was occupancy by song 

sparrows (yes or no). The explanatory variable of both models was average suitable nest 

vegetation.  

 

 

Food Supplementation Experiment 

 

 During the breeding season of 2012, we conducted a supplemental feeding experiment to 

determine how increased food availability on birds’ territories would influence male territorial 

aggression. We divided each of six populations (three urban and three rural) in half, providing 

supplemental food on half of the territories and leaving the other half unfed as controls. One 

urban site (Urban 1) was too small to subdivide, so all territories there were used as controls; 

additional fed territories were added to Urban 3, the nearest of the other two urban sites, roughly 

2km away. At all sites, treatments were grouped (fed near fed, unfed near unfed) to minimize 

unfed birds’ opportunities to steal food from neighboring territories. 

 Beginning in mid-April, fed territories received ~355g of seed mix (1/2 white millet, ¼ 

thistle, 1/8 sunflower hearts, 1/8 safflower seeds, mixed with ground cayenne pepper to deter 

foraging mammals) every three days. Our intent was to provide essentially unlimited food, and 

our initial feeds suggested that this amount of seed was sufficient to last until our next visit. 

Control territories were also visited on the same schedule. We placed seed on the ground 1-2m 
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from cover in a consistent location on the focal males’ territories. Feeding on individual 

territories ended after all data had been collected from the resident focal male.  

 Between May 1st (two weeks after feeding began) and June 12th, 2012, we conducted 1hr 

observations of 24 randomly selected territories (two fed and two unfed per site) to ensure that 

the focal song sparrows used the seed provided and determine whether the seed attracted other 

birds (conspecifics or other species), which might then act as competitors. We observed the seed 

pile on fed territories and a similarly sized area of ground on unfed territories. Control 

comparison areas were chosen for their similarity to our fed areas; they were within the area that 

the focal bird had previously been seen using, and located near cover such as a bush or shrub. To 

conduct the observations, an observer sat 20-25m from the area being observed and recorded the 

number of visits made by each observed avian species to the seed pile or equivalent area 

(mammals were only rarely observed, and only one was ever seen feeding). To test whether 

supplemental feeding affected aggression levels, we performed STIs on 76 focal males (23 rural 

control, 19 rural fed, 16 urban control, and 18 urban fed) between May 13th and July 15th, 2012 

(mean STI date: June 14th). STIs were conducted as described above. 

The effect of supplemental feeding on males’ territorial aggression was analyzed via a 

LMM. We first conducted a PCA on the STI data of fed and unfed birds aggression-tested in 

2012 to create a single aggression score for each individual; this aggression score was used as the 

response variable in our model. Explanatory variables were treatment (fed or unfed), habitat type 

(urban or rural), STI date, recorded song track, and the interaction of treatment and habitat type. 

Site was included as a random factor. As above, we used backward selection to remove non-

significant fixed explanatory variables to create a final model containing only variables with P-

values less than 0.1. Two more LMMs compared: 1) the total number of visits by all avian 
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species to fed versus unfed territories in each habitat and 2) the total number of visits by song 

sparrows to fed vs. unfed territories in each habitat. The response variables were the number of 

visits of relevant species to the observation site; explanatory variables for both models were 

treatment (fed or unfed), habitat type (urban or rural), and the interaction of habitat type and 

treatment. Site was a random factor in both analyses. Backward selection was employed here as 

well.  

 

 

RESULTS 

 

 

Study Populations 

 

 All of our urban sites had higher human population densities than our rural sites (Urban 

mean = 1522.7±1402.12; Rural mean = 71.1±62.4; Table 3.1). Additionally, urban sites had 

much less green space than their rural counterparts (Urban mean = 54.7%±5.58; Rural mean = 

92.2%±8.43; Table 3.1). Categorical designations of urban or rural were used for all further 

analyses. 

 

 

Aggression by Habitat and Year 
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The first principle component of our PCA combining breeding season STI data across all 

three years explained 57.6% of the variation in our aggression data (see Table 3.2 for 

eigenvectors). Backward selection of our full model comparing males’ territorial aggression 

scores across habitats and years created a final model that omitted the interaction of habitat type 

with year. We found significant relationships between aggression score and habitat type 

(P<0.0001), year (P=0.005), and STI date (P=0.001) (see Table 3.3 for complete statistics). Thus, 

urban birds were more aggressive than rural birds and this pattern was consistent across years 

(Figure 3.1). However, overall aggression levels varied by year. Specifically, our Tukey pair-

wise comparisons revealed that 2012 aggression levels were significantly different from both 

2011 (difference=0.833, SE=0.27, t-ratio=3.11, P=0.006) and 2013 (difference=-0.798, SE=0.28, 

t-ratio=-2.87, P=0.013). However, 2011 did not differ significantly from 2013 (difference=0.036, 

SE=0.24, t-ratio=0.15, P=0.988). 

 

 

Neighbor Distribution 

 

 The first principle component of our PCA combining STI data from pre- and early-

breeding season STIs performed in 2012 explained 49.4% of the variation in our data (Table 

3.2). The final model included only habitat type as an explanatory variable (estimate=-0.92, 

SE=0.13, t-Ratio=-7.29, P=0.002), indicating that urban birds had higher territorial aggression 

than rural birds. Male territorial aggression was not correlated with neighbor proximity, neighbor 

density, or recorded song track (Figure 3.2). Our MANOVA comparing neighbor proximity and 
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neighbor density across habitat types was not significant (exact F=2.85, degrees of freedom=2, 

P=0.202).  

 

 

Availability of Suitable Nest Vegetation 

 

The first principle component of the PCA combining STIs performed in the breeding 

season of 2013 on males at the four sites where suitable nest vegetation was measured explained 

46.1% of the variation in the data (Table 3.2). The final model contained suitable nest vegetation, 

habitat type, and the interaction of suitable nest vegetation and habitat type as explanatory 

variables. Only the interaction term was significant (estimate=-0.12, SE=0.05, t-Ratio=-2.42, 

P=0.025); habitat type and suitable nest vegetation were maintained in the model because they 

were components of the interaction. In urban birds, territorial aggression increased with available 

nest vegetation, while in rural birds, aggression decreased (Figure 3.3). Male territorial 

aggression was not correlated with suitable nest vegetation (estimate=-0.01, SE=0.05, t-Ratio=-

0.12, P=0.906, upper 95% CI=0.10, lower 95% CI=-0.11) or habitat type (estimate=-0.46, 

SE=0.32, t-Ratio=-1.43, P=0.268, upper 95% CI=0.72, lower 95% CI=-1.64) alone, or to STI 

date or recorded song track. The lack of a direct relationship between aggression and habitat in 

this analysis is unusual and may be due to the relatively small size of this data set, as there is a 

fair amount of inter-individual variation in territorial aggression levels even within a given 

habitat. 

Occupied territories had significantly more suitable nest vegetation than unoccupied ones 

(estimate=-0.26, SE=0.10, χ2=6.29, P=0.012). However, the proportion of available suitable nest 
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vegetation did not differ significantly between urban and rural territories (estimate=0.03, 

SE=0.06, χ2=0.27, P=0.600, upper 95% CI=0.14, lower 95% CI=-0.08).  

 

 

Food Supplementation Experiment 

 

 The first principle component of the PCA combining breeding season STIs performed on 

fed and unfed territories in 2012 explained 55.3% of the variation in this data set (Table 3.2). The 

final model examining the effect of supplemental food and habitat type on aggression contained 

treatment (P=0.002), habitat type (P=0.011), and the interaction of feeding treatment with habitat 

type (P=0.033) (Table 3.4; Figure 3.4). Recorded song track and STI date had P-values>0.1 and 

were omitted from the final model. Rural birds responded to supplemental feeding by increasing 

their levels of aggression significantly, while urban birds’ aggression levels do not differ 

substantially between fed and unfed groups, thereby accounting for the significant interaction 

term. 

 Song sparrows visited seed piles during observations at four out of our six observed fed 

rural territories and all of our six observed fed urban territories. Backward selection of the model 

examining the effects of supplemental food on visits by song sparrows found that no explanatory 

factors were significant; that is, neither supplemental feeding nor habitat type affected song 

sparrow visitation of territories during the period we observed them. The final model examining 

the effect of supplemental food on visits by all bird species contained only feeding treatment; fed 

territories received more visits than unfed territories (estimate=1.42, SE=0.50, t-Ratio=2.86, 

P=0.010). Habitat type and the interaction between habitat type and treatment were not 
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significant and were omitted from the final model. Fed territories were visited by an average of 

3.2 species in urban areas and 2.2 species in rural areas, including song sparrows. Unfed 

territories were visited by an average of 2.2 species in urban areas and 1.7 species in rural areas, 

including song sparrows. 

 

 

DISCUSSION 

 

 We found that urban male song sparrows were consistently more aggressive in defense of 

their territories than were rural males. There were no consistent correlations between territorial 

aggression and social environmental measures (neighbor density and distance), though urban and 

rural birds’ aggression measures showed significant but opposing relationships with our physical 

environmental measure, the availability of suitable nest vegetation. Our supplemental feeding 

experiment increased territorial aggression in rural birds, suggesting that food availability, a 

significant component of habitat quality, is a major contributor to territorial aggression levels.  

 The high levels of territorial aggression seen in our urban birds, relative to the rural birds, 

could be a plastic, facultative response to environmental factors or a fixed trait. That is, higher 

aggression levels may be a response to greater resource availability, or the urban habitat may 

select for highly aggressive individuals. These possibilities are not mutually exclusive. The 

results of our feeding study indicate that birds can and do facultatively adjust aggression in 

response to the availability of food in their environment, and thus that territorial aggression is at 

least somewhat plastic.  
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Given that our fed birds showed higher levels of aggression than their unfed counterparts, 

higher overall levels of aggression in urban song sparrows may be a response to greater amounts 

of food in this habitat type. Urban birds may have more time and energy to invest in territorial 

defense and/or urban territories may be perceived as more valuable because they contain more 

abundant resources. Similarly, the fact that fed urban birds did not increase their aggression as 

much as fed rural birds did relative to their unfed counterparts may reflect less food-limitation in 

urban habitats to begin with, and thus a reduced valuation of supplemental food. However, we 

did not directly measure food availability due to the general and flexible nature of the adult song 

sparrow diet, and so can only speculate about the exact causes of our findings.  

Increased aggression on fed territories may also be a response to increased competition, 

in the form of other species drawn in by our supplemental food. Fed territories were visited by a 

significantly higher number of birds of all species than unfed territories. We did not observe song 

sparrows defending the seed piles from other species, and the number of song sparrows visiting 

territories did not differ across feeding treatments or habitats. However, we performed our 

observations at least two weeks after feeding began. Thus, incursions by neighboring song 

sparrows could have increased immediately after feeding began, triggering increased territorial 

defense, which would in turn have reduced these incursions such that we saw only increased 

aggression and no actual incursions two weeks later. A more thorough study of how resident and 

neighboring song sparrows and co-occurring species respond to food supplementation is needed 

to entirely rule out inter- and/or intra-specific competition for food as a proximate driver of 

territorial aggression. 

 Our attempts to identify features of the social and physical environment other than food 

that relate to territorial aggression levels produced mixed results. We found no relationship of 
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neighbor density or proximity with males’ territorial aggression. Thus, it appears that while 

social factors such as population density do influence aggressive behavior in some systems 

(Yoon et al. 2012; Pusey and Schroepfer 2013; Yuan et al. 2013), they are not important 

determinants of individuals’ territorial aggression here. The availability of suitable nest 

vegetation was related to territorial aggression, but not in the straightforward manner predicted. 

In line with our original prediction and the effect of habitat quality evident with food 

supplementation, urban birds on territories with high amounts of suitable nesting vegetation 

displayed higher levels of aggression relative to those occupying territories with less suitable 

vegetation. Unexpectedly, however, rural birds showed the opposite pattern; the least aggressive 

of these males occupied territories with the most suitable nest vegetation. Across habitat types, 

territories occupied by song sparrows contained significantly more suitable nesting vegetation 

than nearby unoccupied areas, indicating that the type of vegetation we measured is in fact a 

relevant resource to song sparrows and may be an important element of habitat quality that 

affects territory selection. Therefore, it appears that while suitable nest vegetation can be a 

valued resource, large quantities of it may actually reduce perceived territory value in some 

circumstances.  

Overall, our results show that the high, stable levels of territorial aggression exhibited by 

our urban song sparrow males are related to resource availability, at least in part. Food 

availability appears to play an especially strong role in determining aggression levels, and is an 

environmental feature that is likely impacted by urbanization. Thus, urban development may be 

impacting animals’ behavioral phenotypes via changes in resource availability. These behavioral 

changes in turn may affect the viability of urban wildlife populations; future studies should 

evaluate the impacts of behavioral shifts on fitness in urban animals.  
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Tables 

 

Table 3.1: Habitat Features Used to Determine Urbanization of Sites 

Field Site Human Population 

Density (people/k2) 

Green Space (% 

of site area) 

Years 

Monitored 

Urban 1 (Radford Campus West) 246 59.6 2011 – 2013 

Urban 2 (Virginia Tech Campus) 2563 48.4 2011 - 2013 

Urban 3 (Radford Main Campus) 2897 51.6 2011 - 2013 

Urban 4 (Huckleberry Trail, 

Christiansburg) 

385 59.2 2011 

Rural 1 (Claytor Lake State Park) 49 82.5 2011 - 2013 

Rural 2 (Kentland Farm) 23 96.0 2011 - 2013 

Rural 3 (Heritage Park) 142 98.0 2011 - 2013 
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Table 3.2: Variation Explained by First Principle Component and its Eigenvectors 

Data Set PCA was 

Performed On 

% Variation 

Explained by 

1st Principle 

Component 

Songs 

Eigenvector 

Flights 

Eigenvector 

Time Within 

4m 

Eigenvector 

Closest 

Approach 

Eigenvector 

Aggression by 

Habitat and Year 

57.6 0.45 0.51 0.55 -0.48 

Neighbor 

Distribution 

49.4 0.18 0.58 0.54 -0.58 

Availability of 

Suitable Nesting 

Vegetation 

46.1 0.51 0.36 0.54 -0.56 

Food 

Supplementation 

55.3 0.48 0.52 0.55 -0.44 

Positive and negative eigenvector values indicate their relationship with the principle component. 

The values above show that songs, flights, and time within 4m of the speaker all increase with 

increasing values of the first principle component (the aggression score), while the closest 

approach to the speaker decreases, indicating that more aggressive birds leave less distance 

between themselves and the speaker.  
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Table 3.3: Relationships of Habitat and Year to Aggression 

Explanatory 

Variable 

Estimate SE t-Ratio P-Value Fixed Effect P-

Value 

Habitat (rural) -0.65 0.115 -5.67 <0.0001 <0.0001 

Year (2011) 0.29 0.141 2.06 0.041 0.005 

Year (2012) -0.54 0.164 -3.32 0.001 0.005 

STI Date -0.01 0.004 -3.35 0.001 0.001 

Reference year is 2013; reference habitat is urban. Fixed effect p-values show results of test that 

all parameters associated with the effect are equal to 0, producing a combined p-value for 

categorical factors. Significance = P<0.05. 

 

 

Table 3.4: Effect of Food Supplementation on Aggression 

Explanatory 

Variable 

Estimate SE t-Ratio P-Value Fixed Effect P-

Value 

Treatment 

(control) 

-0.49 0.150 -3.28 0.002 0.002 

Habitat Type 

(rural) 

-0.47 0.138 -3.44 0.011 0.011 

Treatment x 

Habitat Type 

-0.33 0.150 -2.18 0.033 0.033 

Reference treatment is fed; reference habitat is urban. Fixed effect p-values show results of test 

that all parameters associated with the effect are equal to 0, producing a combined p-value for 

categorical factors. Significance = P<0.05. 
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Figure Legends 

 

Figure 3.1: Territorial Aggression Across Habitats and Years 

Bars show the mean aggression scores generated via PCA for rural (white) and urban (black) 

birds in each year sampled. N = 60 in 2011 (35 rural, 25 urban), 39 in 2012 (23 rural, 16 urban), 

and 69 in 2013 (34 rural, 35 urban). Vertical lines represent standard error of the mean. 

 

Figure 3.2: Relationship of Aggression to Neighbor Distribution  

Territorial aggression scores are compared against neighbor proximity (A) and density (B). Dots 

represent individual birds. N = 24 (12 rural, 12 urban).  

 

Figure 3.3: Relationship of Aggression to Nesting Vegetation Availability  

Dots represent individual territories. N = 26 (11 rural, 15 urban). Trend lines illustrate the 

significant interaction between availability of suitable nest vegetation and habitat type.  

 

Figure 3.4: Effect of Supplemental Feeding on Aggression 

Bars show the mean of aggression scores generated by PCA for fed and control (unfed) birds in 

rural (white) and urban (black) habitats. N = 76 (23 rural control, 19 rural fed, 16 urban control, 

18 urban fed). Vertical lines represent the standard error of the mean. 
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Figures 

 

 

Figure 3.1: Territorial Aggression Across Habitats and Years 
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Figure 3.2: Relationship of Aggression to Neighbor Distribution 
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Figure 3.3: Relationship of Aggression to Nesting Vegetation Availability 

 

 
Figure 3.4: Effect of Supplemental Feeding on Aggression 
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CHAPTER IV: BETTER LATE THAN EARLY: DIFFERENCES BETWEEN URBAN AND 

RURAL SONG SPARROWS (MELOSPIZA MELODIA) IN REPRODUCTIVE SUCCESS 

 

Sarah L. Foltz, Allen E. Ross, Kathryn E. Battle, and Ignacio T. Moore 

 

ABSTRACT 

 

Animals vary widely in their tolerance of urban habitats, with some species avoiding them 

entirely, while others preferentially inhabit them. However, presence does not necessarily 

indicate that a species is successful in a habitat. Additionally, populations in urban and rural 

habitats may demonstrate differences in specific traits, but it is not clear whether or not these 

differences are adaptive responses to urbanization. Here, we compare reproductive phenology 

and success of urban and rural song sparrows (Melospiza melodia), a species commonly found in 

both urban and rural areas. We monitored nests at two urban and two rural field sites in Virginia, 

USA, across a breeding season. We collected data on placement of nests within the vegetation, 

nestling mass and number, parental provisioning rates, fledging success, and the territorial 

aggression of males associated with each nest. Nest placement did not differ between habitats, 

and neither did nestling mass and number. Male territorial aggression was not a good predictor of 

variation in nest success. We did find that urban nests had higher overall fledging success and 

that the success rate at these sites increased across the breeding season, whereas fledging success 

decreased across the breeding season at the rural sites. We conclude that urban song sparrow 

populations appear to be relatively successful compared to their rural counterparts and are not 

simply sinks for excess individuals in the larger population. 
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INTRODUCTION 

 

For wildlife, urban areas are characterized by a suite of unusual, and in some cases 

unique, features including high levels of human activity, light and noise pollution (Longcore and 

Rich 2004; Slabbekoorn and Ripmeester 2008; Hu and Cardoso 2010), altered predator 

communities and vegetation structure (Miller et al. 2003; Stracey and Robinson 2012), man-

made structures (Li et al. 2010; Peralta et al. 2011), and novel foods (Fedriani et al. 2001; Heiss 

et al. 2009). Many aspects of urbanization pose challenges to native wildlife, while other features 

present opportunities. Although animal species richness is generally lower in highly urbanized 

areas (McKinney 2002, 2008), some taxonomic groups such as birds show high species richness 

in moderately disturbed areas such as the interface between urban and rural habitats (Jokimäki 

and Suhonen 1993; Blair 1999), and a few species seem to thrive in close proximity to humans 

(Shochat et al. 2010).  

Successful urban species may possess traits that make them better at exploiting urban 

opportunities and coping with urban-related challenges (Bonier et al. 2007; Møller 2010). 

However, the presence of a species in urban areas alone does not necessarily indicate that it is 

well adapted for this habitat type or that its urban populations are self-sustaining. Previous 

studies have found negative impacts of urbanization on the hatching success of Florida scrub-

jays (Aphelocoma coerulescens) (Aldredge et al. 2012) and the nestling quality of carrion crows 

(Corvus corone corone) (Richner 1989). Thus, animals living in urban areas may be members of 

sink populations, sustained predominantly by immigrants from outside source populations. 
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Therefore, it is necessary to look beyond presence/absence or population densities when 

determining whether a species is a successful urban colonist, particularly when dealing with 

highly mobile species whose urban populations may experience significant immigration or 

emigration.  

Within species, individuals living in urban areas can show various differences from 

individuals in rural habitats, including morphology (Yeh 2004; Lowe et al. 2014), circulating 

glucocorticoid levels (Partecke et al. 2006; Fokidis et al. 2009; Bonier 2012), song pitch 

(Slabbekoorn and Peet 2003; Wood and Yezerinac 2006; Hu and Cardoso 2010; Luther and 

Derryberry 2012), territorial aggression (Coss et al. 2002; Newman et al. 2006; Scales et al. 

2011; Foltz et al. submitted), tolerance of human approach (Møller 2010; Scales et al. 2011; 

Atwell et al. 2012), timing of reproduction (Yeh and Price 2004; Partecke et al. 2004), and 

migratory tendency (Partecke and Gwinner 2007). These differences between urban and rural 

populations may arise from differential assortment of individuals into urban and rural habitats 

based on their individual traits and preferences, from selection on individuals after they arrive in 

urban areas, or from a plastic, facultative response by individuals to habitat-imposed pressures. 

However, in many cases it is not yet clear whether these differences represent adaptive 

adjustments to urban living. In order to clearly understand the long-term impacts of urbanization 

on wildlife populations, we must connect the differences we have observed in urban animals to 

their effects on fitness. 

To better understand whether urban wildlife populations are adapted or adapting to urban 

habitats, we conducted a series of inter-related observational studies on urban and rural 

populations of song sparrows (Melospiza melodia). This species is native to North America and 

commonly found in moderately urban as well as rural areas in southwestern Virginia. We 
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collected data on nest placement, breeding phenology, nestling condition, nest success, and male 

territorial aggression during the breeding season of 2013. We have previously described male 

urban song sparrows exhibiting greater territorial aggression than rural males in these 

populations (Foltz et al. submitted). We predicted that proximate reproductive cues such as 

increased food availability (Schoech and Bowman 2001) and warmer temperatures (Bornstein 

1968) in urban habitats would lead to earlier breeding in urban populations than rural ones 

(Boutin 1990; Nager and van Noordwick 1995). We also predicted that nest success and nestling 

quality would be lower in urban than rural habitats and that nest placement would differ between 

habitat types due to lack of adequate nest vegetation in urban areas. We further expected that 

aggressive males would have lower nest success and/or produce lower quality nestlings, 

investing instead in defending their territories from conspecific males.  

 

 

METHODS 

 

 

Study Species and Sites 

 

The song sparrow is a common native North American songbird. In our study region, song 

sparrows are found in both urban and rural areas and over-winter locally. Some males defend 

territories all year, while others only exhibit territorial aggression during the breeding season, 

which lasts from early April through mid-August. Fledglings usually remain on the parental 

territory for several weeks after leaving the nest, and continue to be fed by one or both parents. 
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Most pairs in this area make multiple breeding attempts per season and will re-nest if a nest fails. 

Song sparrow nests are sometimes parasitized by brown-headed cowbirds (Molothrus ater) and 

the presence of a cowbird nestling does not necessarily preclude successful fledging of song 

sparrow nestlings (SLF, personal observation). Although not all breeding adults in our study 

areas are banded, we have seen no evidence among our banded birds of individuals or pairs 

moving to other sites or habitat types within the breeding season.  

We conducted our studies at 4 field sites (2 urban and 2 rural) within a 20km radius of the 

city of Radford, located in southwestern Virginia, USA (37°13’N, 80°22’ W, ~600-700m 

elevation). Urban and rural sites were differentiated by human population densities of the 

surrounding areas and the amount of total site area comprised of green space, as described in 

Foltz et al. (2015). Briefly, we estimated the area of each site covered by trees, fields, bare 

ground, and other natural features (green space), as opposed to built structures such as buildings, 

roads, and parking areas, using satellite images taken from Google Earth (version 6.2). We 

performed area calculations in GE-Path (version 1.4.6). Fine-scale population data was drawn 

from data collected during the 2010 United States Census (2010 Census Interactive Population 

Search), using the census block groups(s) in each area that overlapped our study sites. Census 

block group areas ranged from 0.47km2 to 78.05km2 (average 15.34km2).  

 

 

Nests and Nestlings 

 

To investigate whether timing of breeding and nest success differed between urban and 

rural habitats, we collected data on song sparrow nests and nestlings during the breeding season 
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of 2013. We began searching for nests at the beginning of April 2013. Nests were found in two 

ways: by observing adult birds and following them to their nest or by manually searching shrubs 

that appeared to be likely nest sites based on our previous experience. Once found, lay date was 

estimated using the known incubation period of song sparrows and the number of eggs or 

nestlings in the nest. Nests were checked on average every other day for the presence of eggs or 

nestlings. Monitoring continued until the nest was found empty. At that point, the nest was 

designated successful if fledglings were seen or heard in the nearby area, or if at least one parent 

was seen in the area chipping and alarm calling and/or carrying food. Nests were also considered 

successful if they still contained nestlings 9 or more days after hatching, as song sparrows 

typically fledge between 9 and 12 days of age (Sibley et al 2001). Failed nests were defined as 

nests found empty before 9 days post-hatching near which signs of fledglings or parental defense 

and feeding were not apparent. Two nests fledged only a cowbird nestling and no song sparrow 

nestlings and were thus recorded as failed nests. Cowbird-parasitized nests were identified after 

hatching, as cowbird eggs are very similar to song sparrows’ eggs in size and markings. One of 

the 8 rural nests and 7 of the 22 urban nests that survived to the nestling stage contained cowbird 

nestlings (12.5% and 31.8%, respectively). 

 When nestlings were between five and seven days of age, we weighed them, measured 

tarsus length, and applied a numbered band for future identification. Average age of 

measurement was 5.9 days for urban nestlings and 5.8 days for rural ones. Average nestling mass 

was calculated for each nest for use in condition analyses. The number of nestlings present in the 

nest when these measurements were taken was used in later analyses of brood size. Because we 

often found nests after the eggs had hatched, and because one or more eggs were sometimes 

removed from nests during incubation (possibly by adult cowbirds or predators), we were unable 
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to ascertain original clutch size. We were able to collect nestling measures from 5 rural and 15 

urban nests. 

We constructed a binomial regression to compare nest success across habitats. The 

response variable was nest success (yes or no). Explanatory variables were habitat type, date the 

nest was found, and the interaction of habitat type and date. Random factors included in the 

model were site and territory, with territory nested within site. 

To further examine nest success between habitats, we compared average nestling mass 

and brood size using two multiple linear mixed models. The response variables were nestling 

mass and brood size, respectively. Explanatory variables were habitat type, date of nestling 

measurement, the interaction of habitat type and date, and cowbird nestling presence. Site was 

included as a random factor.  

All binomial regression models were performed in R (version 3.0.2, platform x86_64-

apple-darwin10.8.0) in conjunction with R Studio (version 0.97.312). All other analyses were 

performed in JMP Pro (version 11.0). We performed backward selection on models when 

possible, removing explanatory variables one at a time beginning with the one with the highest 

P-value. Variables with P-values less than 0.10 were retained in the model, and relationships 

were considered significant at P<0.05.  

 

 

Parental Provisioning 

 

 To determine whether parental care differed by habitat type or sex, we collected data on 

nestling provisioning rates at 5 rural and 15 urban nests. We performed two provisioning rate 
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observations per nest on separate days when nestlings were between 3 and 7 days of age (average 

age at observation: urban = 5.9 days, rural = 5.7 days). Each observation lasted 45min, a time 

span long enough in our previous experience to observe multiple feeds, generally by both 

parents. Observations were performed by a single observer with binoculars, positioned roughly 

20m from the nest. When nests were positioned near parking areas, a car was sometimes 

employed as a blind; otherwise, the observer sat quietly in the open at the best angle of 

observation. The observer typically remained in one place, but moved when necessary to obtain a 

better view of parents’ identification bands, remaining as far from the nest as possible during 

these movements. When possible, male and female provisioning rates were differentiated by the 

presence and/or color of bands on the provisioning adults’ legs. All visits to the nest were 

assumed to be provisioning trips. For each nest, total provisioning rates and rates for each parent 

were averaged across the two observations and scaled to visits per hour for use in further 

analyses. 

 Total mean provisioning rates per hour for each nest were normalized via natural log 

transformation prior to analysis. We constructed a multiple linear mixed model to compare total 

mean provisioning rates between habitat types, with total mean provisioning rate per hour as the 

response variable. Explanatory variables were habitat type, average observation date, and 

cowbird nestling presence. Site was included as a random factor. We also compared male and 

female provisioning rates using a simple linear regression model in which mean provisioning 

rate of the male was the response variable and mean female provisioning rate was the 

explanatory variable (N=16). 
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Nest Placement 

 

 To determine whether urban and rural birds differ in where they place their nests, we 

collected data on nest placement and visibility from 45 nests (14 rural, 31 urban). After the nests 

we located were no longer active, we measured characteristics of the nest and its surrounding 

vegetation. Specifically, we measured nest height (from the ground to the top edge of the cup), 

the density of the vegetation supporting and surrounding the nest, the distance from the nest to 

the nearest edge of the surrounding vegetation, and how visible the nest was from outside the 

vegetation. Vegetation density was measured following the protocol of Zanette et al. (2011). 

Briefly, we inserted a meter stick vertically into the vegetation at 10, 50, and 100cm from the 

nest in each of the cardinal directions (north, south, east, and west) and counted the number of 

times that parts of the vegetation touched the stick. We also performed this measurement 

horizontally in each direction, placing the stick so that one end touched the nest and thereby 

measuring density from 0 to 100cm out from the nest in each cardinal direction. Vegetation 

density measurements were averaged together to create a mean estimate of vegetation density 

within one meter of the nest for use in further analyses. To measure the area of the nest visible to 

the human eye from 1m away, we placed a 10cm by 10cm card gridded into 1cm2 squares on the 

nest so that the card faced the nearest edge of the surrounding vegetation. We then took a photo 

1m away from the nest from the direction of the nearest edge of the surrounding vegetation. The 

number of complete squares visible in the photo out of 100 was later counted.  

 To compare nest location across habitats, we constructed a series of linear mixed models 

with nest height, mean vegetation density, and distance from the nest to the nearest vegetation 

edge as their respective response variables. Mean vegetation density was normalized via natural 
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log transformation, and distance from the nest to the nearest vegetation edge was normalized by 

taking each data point to the power of 0.5. In each model, habitat type (urban, rural) was the 

explanatory variable, and site and territory were included as random factors, with territory nested 

within site. Visibility of the nest to the human eye was also compared across habitats, but proved 

difficult to normalize due to skew in the data and so was converted to a bivariate categorical 

form (high, low) using the median visibility (10%) as the dividing point. We then constructed a 

binomial regression with the same explanatory and random factors as above. Backward selection 

was not performed on these models, as only one explanatory variable was included in the 

original. 

We also examined the effect of nest location on nest success across both habitats by 

constructing a binomial regression model in which nest success (yes, no) was the response 

variable. Nest height, mean vegetation density, distance of the nest from the nearest vegetation 

edge, and visibility of the nest to the human eye were the explanatory factors, while territory was 

included as a random factor. 

 

 

Male Aggression 

 

To explore whether male territorial aggression imposes a fitness cost, we performed 

simulated territorial intrusions (STIs) to measure individual males’ territorial aggression. We 

then compared this behavior to nest success and nestling quality across habitats. These 

aggression data were taken from a previous study and were performed as described in Foltz et al. 
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(submitted). Here we use those data to investigate relationships between territorial aggression 

and reproductive success. 

For each of the following analyses, we created a single aggression score for each 

individual male by combining the four behaviors recorded during STIs via a principle 

components analysis (PCA) (see Foltz et al. submitted for details). The first principle component 

of these analyses formed the aggression score for individual males and this score was used in all 

further analyses. To examine the relationship between aggression and nestling quality, we 

constructed two multiple linear models with brood size (N=20: 5 rural, 15 urban) and average 

nestling weight (N=20: 5 rural, 15 urban), respectively, as response variables. Aggression score, 

date of nestling measurement, cowbird nestling presence (yes/no), and playback track  (1-11) 

were the explanatory variables in both models. We also looked at the impact of male aggression 

on nest success in each habitat by building a binomial regression with nest success (yes/no) as 

the response variable and aggression, date the nest was found, and the interaction of aggression 

and date as the explanatory factors. Birds’ individual territory was a random factor. We ran 

separate models for urban (N=38) and rural (N=17) habitats to control for the previously 

observed relationship between habitat and aggression. For these models, we conducted separate 

PCAs for urban and rural birds. Lastly, we examined whether more aggressive males provided 

less parental care via a MLM in which the provisioning rates of 15 males formed the response 

variable and explanatory variables were male aggression score, average observation date, 

cowbird nestling presence, and playback track.  

 

 

RESULTS 
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Study Sites 

 

Urban sites had much higher human population densities than rural sites as calculated 

from US 2010 census block group data (urban mean=2730 people/km2, SE=167; rural mean=36, 

SE=13). Urban sites also had substantially less green space than rural sites (urban mean=50% 

green space,	  SE=2%; rural mean=89% green space, SE=7%). See Table 4.1 for details. 

 

 

Nests and Nestlings 

 

 We estimated that the first urban and rural nests were established on April 13th and 19th, 

respectively (previously published in Foltz et al. 2015).  In all, we found and monitored 55 nests 

(17 rural, 38 urban), of which 32 failed (13 rural, 19 urban). Nests were found on 35 unique 

territories (13 rural, 22 urban). The additional 18 nests were re-nestings by some of these same 

pairs. We found nests on 49% of the urban territories searched and 45% of the rural territories 

searched. The majority of our nest failures (22 out of 32) appeared to be attributable to nest 

predation. Failed nests were considered predated when they were found empty and often 

damaged, sometimes with eggs or pieces of eggshell nearby. Non-predated nest failures were 

attributed to nest parasitism by cowbirds (2 nests), nestling injury (1 nest), infertility or 

insufficient incubation (2 nests), inclement weather (1 nest), and unclear causes (4 nests). In the 

cases of failure by nest parasitism, only the cowbird nestling fledged; other eggs failed to hatch 
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and/or song sparrow nestlings did not survive to fledging. The injured nestling may have been a 

casualty of a parasitism attempt, but the injury did not appear consistent with predation. Of our 

predated nests, 2 urban nests showed signs of predator damage while 5 were left intact (71% 

undamaged). Four rural nests were damaged and 6 were left intact (60% undamaged). We failed 

to record data on nest damage for 5 nests (3 urban, 2 rural) and these nests were excluded from 

the above percentages.  

Our binomial regression model comparing nest success across habitats required no 

backward selection, as all original explanatory variables (habitat type, date the nest was found, 

and their interaction) were retained in the final model. Both habitat type (P=0.01) and the 

interaction of habitat type and date (P=0.01) were significant (Figure 4.1). Date alone was not 

(P=0.10), but was kept in the model due to its role in the interaction term. Specifically, urban 

habitats had a higher proportion of successful nests than rural habitats. Nests became more likely 

to succeed in urban habitat as the breeding season progressed, while in rural habitat nest success 

declined later in the breeding season (Figure 4.1). See Table 4.2 for details. 

 Backward selection of our model comparing brood size and average nestling mass to 

habitat type, date of nestling measurement, and the interaction of habitat type and date found no 

significant relationships with any of these explanatory variables. All explanatory variables had p-

values greater than 0.1 and were removed.  

 

 

Parental Provisioning 
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 Backward selection on our model comparing total mean provisioning rates across habitats 

produced a final model in which only habitat type remained as a significant explanatory variable. 

Provisioning rates were higher in rural habitats than urban ones (F-ratio=5.04, P=0.04)(Figure 

4.2). Our comparison of male to female mean provisioning rates found a positive trend (F=3.81, 

P=0.07) between male and female feeds. 

 

 

Nest Placement 

 

 None of the measures we took of nest location differed by habitat type (nest height: t-

ratio=0.58, P=0.57, mean vegetation density: t-ratio=-0.77, P=0.45, distance from the nest to the 

nearest vegetation edge: t-ratio=-0.32, P=0.75, visibility of the nest: Z-ratio=0.002, P=0.10). 

Backward selection of the binomial regression model comparing nest location to nest success 

also found no relationship between nest success and any of the location variables measured.  

 

 

Male Aggression 

 

 The first principle component of the PCA of our data set comparing male aggression and 

nestling quality explained 45.5% of the variation in the data (Table 4.3). Backward selection of 

the model comparing nestling mass to male aggression produced a final model containing no 

significant explanatory variables; only average nestling mass (t-ratio=-2.00, P=0.06) remained in 

the model. Thus, aggressive males tended to have lower-weight nestlings (Figure 4.3). The 
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model comparing nestling number to male aggression found no relationship of nestling number 

with any explanatory variables. 

 The PCA for the data set comparing nest success to aggression in urban habitats produced 

a first principle component that explained 49.0% of the variation in the data (Table 4.3). 

Backward selection on this model found that only the date the nest was found was significantly 

related to aggression (t-ratio=2.97, P=0.003). The separate PCA for our data comparing nest 

success to aggression in rural habitats produced a first principle component that explained 60.1% 

of the data variation (Table 4.3). No explanatory variables remained in this model after backward 

selection. Thus, male aggression does not appear to be related to nest success in either urban or 

rural habitats. 

 The first principle component of our PCA for the data set comparing male provisioning 

rates and territorial aggression explained 44.7% of the variation in the data (Table 4.3). Our 

model based on this comparison contained only aggression score and average observation date 

after backward selection. There was a non-significant negative trend between male provisioning 

rate and aggression score (F-ratio=3.50, P=0.08), while the relationship between male 

provisioning rates and observation date was positive and significant (F-ratio=13.64, P=0.003). 

 

 

DISCUSSION 

 

 Initiation of breeding did not appear to differ significantly between habitat types (Foltz et 

al. 2015). Song sparrows breeding in urban habitats had higher overall nest success than those 
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breeding in rural habitats. Moreover, rural nests were only successful early in the breeding 

season, while successful urban nests were spaced more evenly across the breeding season.  

Our earliest urban and rural nests were established less than a week apart, indicating that 

song sparrows initiated breeding at the same time in both of these habitats. This is in contrast to a 

number of previous studies of other songbird species that found an earlier onset of breeding in 

urban populations (Partecke et al. 2004; Yeh and Price 2004; Aldredge et al. 2012). Although it 

is likely that urban habitats contain more food suitable for adult song sparrows, such as seed 

from feeders, nestling song sparrows are typically fed insects. It may be that the availability of 

foods suitable for nestlings and other proximate breeding cues, such as ambient temperature, do 

not differ significantly between our study habitats. 

As we did not see great variation in nest placement between habitats, the most 

straightforward potential explanation for greater nest success in urban areas is that urban-

breeding song sparrows face a lower risk of nest predation relative to rural song sparrows, 

particularly later in the breeding season. We did not directly assess nest predator abundance at 

our sites but our nest failure data provide some clues. Changes in nest failure rates over the 

course of the breeding season have been shown in a number of previous studies (Arcese et al. 

1996; Rogers et al. 1997; Benson et al. 2010; Soderstrom et al. 2001; Shitikov et al. 2013). 

Causes of such changes, when known, often included competition with nest parasites (Arcese et 

al. 1996; Rogers et al. 1997) and depredation by predators (Benson et al. 2010). Patterns of nest 

failure in relation to date varied with cause, species, and habitat (Arcese et al. 1996; Soderstrom 

et al. 2001; Shitikov et al. 2013) such that there does not appear to be a “normal” pattern of 

within-season nest failure. Arcese et al. (1996) found that song sparrow nest failure rates at 

island study sites in British Columbia, Canada, were highest during the middle of the breeding 
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season, which coincided with the breeding season of brown-headed cowbirds in that region. 

Changing rates of cowbird parasitism at our sites could account for the decrease in urban nest 

failures we observed at the end of the breeding season, as cowbirds nestlings were found in nests 

early in the season, but none were observed during the last month or so of monitoring. However, 

rural nest were also parasitized early in the breeding season, so nest depredation by cowbird 

adults and competition from cowbird nestlings do not explain their increasing failure rate as the 

season progressed.  

Studies that examine predator communities in relation to urbanization and urban-related 

factors such as housing density generally conclude that urban areas often contain a higher overall 

abundance of predators, including nest predators (Jokimäki and Huhta 2000; Sorace 2002; 

Richmond et al. 2011; Stracey and Robinson 2012). The abundance of mammalian and some 

avian nest predators has been found to increase with urbanization (Richmond et al. 2011; Stracey 

and Robinson 2012), as does the incidence of songbird nest predation by snakes, birds, and house 

cats (Stracey 2011; Reidy and Thompson 2012). However, rates of nest predation also appear to 

be species-specific (Wilcove 1985; Gering and Blair 1999; Thorington and Bowman 2003; 

Ryder et al. 2010; Stracey and Robinson 2012; Friesen et al. 2013). Various life history 

characteristics of the species in question, such as body size, response to predators, nest type, and 

nest placement, may also play a role in determining nest predation risk in urban habitats (Klug et 

al. 2010; Stracey and Robinson 2012). For example, Stracey and Robinson (2012) found that 

large-bodied birds that often mobbed nest predators were more common in urban habitats, while 

small-bodied birds that built open-cup nests were nearly absent. They suggest that this is because 

large, mobbing species are better able to protect their nests from urban predators and open-cup 

nests more vulnerable than enclosed ones. Thus our findings are somewhat surprising, as song 
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sparrows are relatively small, build open-cup nests, and do not (at least based on our 

observations) generally engage in mobbing behavior.  

The predator communities of urban habitats also typically differ in their taxonomic make-

up from those of rural areas (Jokimäki and Huhta 2000; Ryder et al. 2010; Stracey 2011; Fischer 

et al. 2012). Variation in levels of snake predation in particular could explain the opposing 

relationships with within-season date seen in our study habitats. Snake activity correlates 

positively with songbird nest predation (Sperry et al. 2008, 2012; Weatherhead et al. 2010) and is 

often also positively correlated with temperature (Sperry et al. 2008; Weatherhead et al. 2010; 

Cox et al. 2013). Thus, the amount of nest predation by snakes at our study sites would be 

expected to increase across the breeding season as average temperatures increase, which could 

account for the decreasing nest success observed at rural sites. Relatively few snakes in urban 

habitats, meanwhile, could partially account for the opposing pattern of within-season nest 

success we see in urban areas. However, our nest damage data do not support the hypothesis that 

urban areas have fewer snakes. Snakes are unlikely to damage nests during predation attempts, 

while mammalian and avian predators often do. A larger percentage of our predated urban nests 

were left undamaged, suggesting if anything more snake predation in urban areas than rural ones.  

Prey switching has been proposed as an explanation for the lower rates of nest predation 

sometimes observed in urban habitats (Stracey 2011). Thus, rather than a direct effect of 

differences in predator abundance and type, it may be that community structure of our urban 

habitats provides predators with a wider array of food sources, thereby reducing predation 

pressure on song sparrow nests.  If some of this prey becomes more abundant later in the 

breeding season, this could also account for the decrease in predation across the season seen in 

our urban habitats. On the whole, it seems likely that multiple factors are working in conjunction 
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in both habitats to create the opposing relationships of nest predation across the breeding season 

seen in our study. 

We initially predicted that habitat differences in resource availability might impact nest 

success. However, we found no differences in nestling mass or number, or in nest placement 

between our habitats, suggesting that resources are sufficiently available in both habitats to 

enable successful breeding.  

 Our data suggest a possible relationship between male aggression and nestling mass, 

potentially mediated by impacts of aggression on paternal feeding rate, though both of these 

relationships were non-significant trends. Previous studies have found that there can be trade-

offs between aggression and paternal care in males, apparently mediated by testosterone 

(Ketterson et al. 1992; McGlothlin et al. 2007; but see Van Duyse et al. 2002). This relationship 

seems to run counter to our finding of higher reproductive success in urban populations, where 

males are also more aggressive on average. However, we measured reproductive success in 

terms of whether or not nestlings fledged, and it is possible that aggressive males simply fledged 

lower-weight nestlings. Though we found no significant difference between habitats in average 

nestling mass, we were unable to collect data from all successful nests and our sample size is 

small. Further work, ideally with larger samples sizes, is needed to reveal whether aggressive 

male song sparrows do feed their offspring less often than their less-aggressive counterparts, and 

whether this reduction in feeding leads to lower nestling mass. 

 Urban areas are not necessarily detrimental to wildlife and may be able to support 

sustainable populations of native species. However, the specific habitat features that enable 

increased nest success in song sparrows are likely to be somewhat species-specific, and so other 

species may not experience the same benefits we see here. Differences between urban and rural 
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areas in terms of resource availability, predator communities, and other features relevant to nest 

success are also relative; urban habitats are scattered across a wide array of ecosystems, and so 

the relative costs and benefits of urban versus rural living may vary among these areas. 

Nevertheless, our findings suggest that at least some species benefit from urban habitats and 

these species could become increasingly tied to this habitat type as their urban-dwelling 

populations out-perform rural ones. Additionally, the opposing patterns of within-season nest 

success we observed could drive urban and rural populations to shift the timing of their 

respective breeding seasons in opposite directions, potentially encouraging reproductive isolation 

of these groups over time. Overall, our study illustrates that urbanization has the potential to 

impact species’ abundance, distribution, and even identities over the long run in ways that we are 

only beginning to understand. 
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Tables 

 

Table 4.1: Habitat Features Used to Determine Urbanization of Sites 

 

Field Site 

Human Population 

Density (people/k2) 

Green Space (% 

of site area) 

Years 

Monitored 

Urban 1 (Virginia Tech Campus) 2563 48.4 2011 - 2013 

Urban 2 (Radford Main Campus) 2897 51.6 2011 - 2013 

Rural 1 (Claytor Lake State Park) 49 82.5 2011 - 2013 

Rural 2 (Kentland Farm) 23 96.0 2011 - 2013 

 

 

Table 4.2: Nest Success Compared Across Habitat Types 

Variable Estimate Standard Error t-Ratio P-Value 

Habitat Type -21.36 8.18 -2.61 0.01 

Date Nest Found -0.10 0.06 -1.63 0.10 

Habitat Type x 

Date Nest Found 

0.16 0.06 2.55 0.01 
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Table 4.3: Variation Explained by First Principle Components of Aggression PCAs and Their 

Eigenvectors 

Dataset % Variation 

Explained 

Songs  Flights  Time w/ 4m  Closest Approach  

Aggression and 

Nestling Quality 

45.5 0.41 0.27 0.59 -0.64 

Aggression and Nest 

Success, Urban 

49.0 0.50 0.37 0.52 -0.58 

Aggression and Nest 

Success, Rural 

60.1 0.49 0.50 0.50 -0.51 

Aggression and 

Parental Care 

44.7 0.45 0.24 0.60 -0.61 

Positive eigenvector values indicate a positive relationship with the overall principle component; 

eigenvectors with negative values load in the opposite direction and have a negative relationship 

with the principle component. The eigenvectors above indicate that songs, flights, and time 

within 4m of the speaker all increase with increasing values of the first principle component (the 

aggression score), while the closest approach to the speaker decreases with aggression, indicating 

that aggressive birds approach closer.  
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Figure Legends 

 

Figure 4.1: Nest Success Differs with Habitat Type and Date 

19 of 36 total urban nests succeeded (53% success rate); 4 of 17 total rural nests succeeded (24% 

success rate). Each point represents a nest.  

 

Figure 4.2: Provisioning Rates are Higher in Rural Habitats 

Vertical bars show standard error of the mean.  

 

Figure 4.3: Aggressive Males in Both Habitats Tend to Have Lower-Weight Nestlings  

Each point represents an individual male (N=20). 
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Figures 

 

 

Figure 4.1: Nest Success Differs with Habitat Type and Date 

 

 
Figure 4.2: Provisioning Rates are Higher in Rural Habitats 
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Figure 4.3: Aggressive Males in Both Habitats Tend to Have Lower-Weight Nestlings 
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CHAPTER V: CONCLUSIONS 

 

Sarah L. Foltz 

 

How do urban and rural song sparrows differ? 

 

 Over the course of my research it became clear that urban and rural song sparrows differ 

from each other in numerous ways, though these differences were not always consistent over 

time and their significance was not always clear. Urban birds exhibited consistently higher 

territorial aggression across three consecutive years of study. Corticosterone levels differed 

between the two groups in some years, though not all, and not in a consistent direction. Urban 

birds enjoyed greater reproductive success than their rural counterparts, though they provisioned 

their nestlings less often. Lastly, the reproductive success of song sparrows breeding in urban 

habitats increased over the course of the breeding season, while in rural habitats it decreased, 

although breeding appeared to be initiated in both habitats simultaneously. Thus, it is safe to say 

the urban habitats do in fact shape song sparrow physiology and behavior. A key question is 

whether these differences in physiology and behavior are shaped through selection, selective 

colonization, or phenotypic plasticity.  

 

 

What habitat features influence these differences? 
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Urban habitats differ in innumerable ways from other habitats. Which specific features of 

urban habitats drive the differences in behavior and physiology I investigated? The food-

supplementation experiment showed that food availability has a significant influence on 

territorial aggression, especially in rural populations. Rural birds on food-supplemented 

territories became as aggressive as urban birds. In other words, by increasing the quality of their 

territories by adding food, I was able to make rural birds defend their territories as aggressively 

as urban birds usually do. Territorial aggression levels of fed urban birds were not significantly 

higher than their unfed urban counterparts. It may be that urban birds are already maintaining the 

highest possible aggression levels and/or that additional food does not substantially increase their 

valuation of their territories. Urban areas likely contain more food sources for dietary generalists 

such as song sparrows in the form of bird feeders and even fruiting ornamental plants.  

The availability of suitable nest vegetation was also correlated with territorial aggression, 

though urban and rural birds showed opposite relationships. Urban birds were most aggressive 

on territories with high amounts of suitable nest vegetation, while rural birds were most 

aggressive on territories with the least suitable nest vegetation. The greater abundance of overall 

green space in rural habitats may partially explain these opposing relationships, although I found 

no significant difference in the availability of suitable nest vegetation specifically between 

habitat types. Taken together, my findings suggest that quality of habitat is a driving feature 

behind territorial aggression and that song sparrows may perceive urban territories as higher 

quality and therefore worthy of stronger defense.  

In addition to the drivers and correlates of urban/rural differences for which I have direct 

evidence, I suspect that urban-associated differences in predation risk contribute to the 

differences I observed. Given the appearance of failed nests observed during the reproduction 
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study, predation is likely a major determinant of reproductive success in these populations. 

Further, it seems likely based on my observations and the findings of previous studies that risk of 

nest predation and predator community structure may vary substantially between habitats 

(Jokimäki and Huhta 2000; Ryder et al. 2010; Stracey 2011; Fischer et al. 2012). Within each 

habitat, differences in the relative availabilities of prey species may cause the same predatory 

species to focus on different prey (Miller et al. 2006; Randa et al. 2009; Stracey 2011). A 

combination of these differences likely give rise to the differences we observed in reproductive 

success both between habitats and over the course of the breeding season. Knowledge of the 

species and relative abundances of predators in these habitats will further our understanding of 

the reproductive success and potential sustainability of urban wildlife populations.  

 

 

Are urban habitats necessarily deleterious to native wildlife? 

 

 Many animal species are not observed in urban areas, visit them only rarely, or exist there 

in lower densities than in their native habitats (Faeth et al. 2011; Scheffers and Paszkowski 

2012). These differences in density suggest that urban areas are poor habitats for wildlife. 

However, urban habitats offer a number of potential benefits and opportunities to species or 

individuals that are able to cope with the unique challenges found in them. For example, the 

presence of bird feeders and discarded food provides many species, avian and otherwise, with 

more abundant and stable sources of food (Contesse et al. 2004). 

During my first year of study, baseline corticosterone levels were higher in urban 

individuals than in rural ones. This could be interpreted as evidence for relatively lower 
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individual condition, potentially due to poor habitat quality. However, the relationship between 

baseline corticosterone levels and fitness is not consistent across life history stages or individuals 

(Bonier et al. 2009), and thus I hesitate to draw this conclusion, especially in the absence of a 

strong relationship between cort and body condition, which was measured in these same 

individuals. The fact that this pattern did not reappear in subsequent years also suggests that 

corticosterone levels are not intrinsically higher in urban populations, a situation that could be 

interpreted as indicating that urban habitats attract lower-quality birds. Instead, the year-to-year 

fluctuations corticosterone levels that I saw suggest that corticosterone is responding to more 

proximate and variable environmental pressures such as weather, food availability, or predation.  

My aggression studies showed that urban song sparrows had relatively high levels of 

territorial aggression and that this behavior was apparently related to habitat quality, specifically 

food and suitable nest vegetation availability. Coupled with my finding that the density of song 

sparrow territories was no lower in urban areas than in rural ones, these results suggest that song 

sparrows may perceive urban habitat as more desirable than rural habitat. The study of 

reproductive success supported this apparent perception. Urban birds had higher overall 

reproductive success, indicating that urban habitats are probably not sinks. This is in contrast to 

Aldredge et al. (2012), who found that scrub-jays (Aphelocoma coerulescens) had lower 

reproductive success in urban areas. Additionally, unlike both Richner (1989) and Yeh and Price 

(2004), I found no difference in mass or number of nestlings between urban and rural nests, even 

though parental feedings were less frequent at my urban sites. However, there was a trend toward 

lower average mass in nestlings of more aggressive males, and territorial aggression is on 

average higher among urban males. Further work is necessary to confirm this relationship, as my 

data set is small. However, such a finding would be in line with other studies showing that males 
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with high levels of testosterone, a hormone associated with territorial aggression in song 

sparrows (Wingfield 1994), feed their offspring less often (Ketterson et al. 1992; McGlothlin et 

al. 2007; but see Van Duyse et al. 2002). 

In addition to higher overall reproductive success, urban birds’ reproductive success was 

highest later in the breeding season. In contrast, nests at rural sites were more likely to succeed 

earlier in the season. Currently, my populations appear to initiate breeding at approximately the 

same time of year. However, these opposing patterns of reproductive success could eventually 

drive urban birds to breed later in the year and rural birds to breed earlier. This could in turn lead 

to reproductive isolation of populations in neighboring urban and rural habitats. Such isolation 

would be deleterious to small populations. In larger ones, it could lead to the evolution of species 

or subspecies of urban specialists.  

Overall, my data suggest that some native animal species can do well in urban habitats, 

but that adjustments to life in urban habitats are not entirely cost-free. Whether the benefits 

outweigh the costs of urban living likely varies from species to species, and possibly from year 

to year. 

 

 

Phenotypic plasticity, selection, and pre-adaptation 

 

 My corticosterone and aggression data show that some of the differences observed 

between urban and rural song sparrows are at least partially due to phenotypic flexibility, in the 

sense that changes in these traits are reversible responses to environmental pressure (Wada and 

Sewall 2014). Corticosterone levels varied from year to year in birds from both habitats, and 
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differences between habitats were evident in some years but not others. This result suggests both 

that levels are primarily responding to transient environmental pressures and that urban birds’ 

corticosterone levels are not fixed, either genetically or during development, at a set point 

significantly above or below that of rural birds. Given that both baseline and stressed 

corticosterone levels were similar across habitats in several study years, it also does not appear 

that song sparrows in my urban populations exhibit an attenuated stress response. This result is in 

contrast to studies of urban dark-eyed juncos (Junco hyemalis; Atwell et al. 2012) and European 

blackbirds (Turdus merula; Partecke et al. 2006), both of which found attenuated stress 

responses in urban birds brought into a common-garden captive setting. It appears that while my 

song sparrows experience a difference in stressors between urban and rural populations in some 

years, alteration of the stress response is not necessary to colonize urban sites such as those I 

studied here. The Partecke et al. (2006) and Atwell et al. (2012) studies were both conducted in 

populations from much larger urban sites (Munich and San Diego, respectively); the higher 

degree of urbanization at and surrounding these sites may account for the difference in results. 

Species may also play a role here, as the urban/rural pattern of corticosterone response to urban 

habitats appears to be somewhat species-specific (Fokidis et al. 2009; Bonier et al. 2012). 

I was able to increase levels of territorial aggression in rural song sparrow males to levels 

typically seen in urban males by providing supplemental food. Thus, territorial aggression is also 

a flexible phenotypic trait, at least in rural populations. However, urban birds had consistently 

higher aggression levels than rural birds when unfed and aggression within this group did not 

increase significantly with feeding. Therefore, it is possible that urban birds possess less 

phenotypic flexibility in aggression than their rural counterparts. It is also possible that birds 

from both habitats are similar in their phenotypic flexibility where aggression is concerned, but 
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that urban birds oscillate around a higher set point than rural birds. Aggressive behavior is 

known to have genetic and developmental components (Coss et al. 2002; Marks et al. 2005; 

Eccard and Roedel 2011; Kukekova et al. 2011; McGhee et al. 2013) that could create such a set 

point. Differences in aggression flexibility or set point, if they exist, could have arisen via post-

colonization selection on urban populations, from preferential colonization of urban areas by 

individuals with inherently less flexible or higher aggression, or from developmentally plastic 

responses to these different habitats. It is clear from my data that the phenotypic flexibility of 

certain traits play an important role in the differentiation of the behavior and physiology of urban 

and rural individuals, but other mechanistic influences on these traits cannot be ruled out.  

 

 

Future Directions 

 

 The field of urban ecology remains relatively open, with much work remaining to be 

done. There are three main lines of inquiry that follow from the work presented here that I find 

particularly interesting, the first of which I touched on briefly but which is deserving of much 

more in-depth study:  

 

1)	  Impacts	  of	  urban/rural	  behavior	  differences	  on	  fitness:	  

Many studies have compared the expression of various behaviors in urban and rural 

populations, but the potential costs of urban-induced behavioral alterations are less commonly 

investigated (Mockford and Marshall 2009; Slabbekoorn 2013; Read et al. 2014). While a shift 

in a given trait may be a response to urbanization, it is not necessarily an adaptive one. 
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Additionally, adjustments to a trait that address one problem created by urban living may lead to 

other issues. For example, upward shifts in the pitch of urban birds song have been well 

documented, and are thought to enable urban birds to hear each other over low-frequency traffic 

noise (Slabbekoorn and Peet 2003; Wood and Yezerinac 2006; Bermudez-Cuamatzin et al. 2009; 

Hu and Cardoso 2010; Luther and Derryberry 2012). However, recent studies suggest that these 

changes may decrease song recognition or preference between birds from areas with differing 

noise levels, potentially isolating urban populations (Mockford and Marshall 2009). In this study, 

I addressed reproductive success with respect to urban/rural differences in aggression and found 

no significant effect, but I have no data on the relationship between aggression and survival. 

Studies examining both reproductive and survival effects of traits that differ with urbanization to 

determine lifetime fitness are rare and necessary. Understanding the relative benefits and costs of 

shifting traits on individuals, populations, and species is important if we are to grasp the overall 

impact of urbanization on wildlife. 

 

2) Relative impacts of different types of urbanization: 

Urban centers contain multiple types of land use, including residential neighborhoods, 

business districts, industrial areas, and parks. These different land uses create different micro-

habitats that vary in their supply of resources such as vegetation, food, and shelter. However, 

many studies on the influences of urban animals either do not differentiate between urban micro-

habitats or consider only one urban habitat type. Studies intentionally comparing individuals 

across different urban land uses remain relatively rare (Wang 2009; Zhang et al. 2011). 

However, those studies that do compare individuals across different urban contexts have found 

differences in behavior and physiology (Bermudez-Cuamatzin et al. 2009; Wang 2009; Zhang et 
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al. 2011). Depending on a species’ needs, it may be relatively successful in some urban sub-

habitats, but not in others. In extreme cases, zoning may produce islands of suitable habitat and 

populations of urban animals that are fairly isolated within them. Knowledge of the relative 

suitability of various urban sub-habitats could be used to inform city planning in growing urban 

areas. 

 

3) Epigenetic mechanisms underlying trait urban/rural differentiation: 

Urban habitats are not only full of novel challenges for incoming animals; they present a 

moving target. As technology advances, the challenges posed by urban habitats change, and 

often change rapidly. Animals that can respond quickly to changes in habitat stand a better 

chance of colonizing and persisting in urban areas. Epigenetic processes may be the key to 

responding quickly. The epigenome can be altered within an individual’s lifetime (Francis et al. 

1999; Szyf et al. 2005; Verhoeven 2010), enabling rapid response to shifting environmental 

pressures. Some facets of the epigenome are also heritable (Morgan et al. 1999; Johannes et al. 

2009), such that selection might act on these rather than on the underlying genome. Because the 

underlying genome remains unchanged, alterations to traits made via epigenetic processes are 

potentially reversible, an ideal situation in an unstable environment. Investigating the 

mechanisms that animals use to rapidly adjust trait expression will inform our knowledge of how 

animals adapt to all unstable habitats.  

 

 

In Conclusion 
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The research detailed here has added to the behavioral and physiological differences 

observed between urban and rural conspecifics and has revealed some of the ways in which these 

differences are created and maintained. It has also hinted at the potential costs of these responses 

to urban living. Lastly, it shows that urban habitats are not necessarily poor habitats for wildlife 

and that some species may be very successful in this novel habitat type. I hope that this work will 

serve as a foundation for future studies that will not only be useful in conservation efforts but 

also enhance our basic understanding of how animals colonize and adapt to novel habitats.  
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