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Abstract 

Anthropogenic activities have impacted ecosystems across the globe. However, wildlife 

species have exhibited heterogenous responses to these novel changes, with some species 

experiencing population growth, and others succumbing to population decline. I studied 

examples of both within the songbird taxon, focusing on drivers of range expansion in the 

Northern Cardinal and acoustic mitigation mechanisms for migratory bird-building 

collisions, a source of decline for many songbird species. I found that the Northern 

Cardinal’s range was primarily a function of climatic stress, which was supported by the 

modulation of the molt process across latitudes. Specifically, Northern Cardinals 

exhibited faster feather growth rates in colder climates, likely to avoid molting in adverse 

weather conditions. This has implications for drivers of population resilience, wherein 

wildlife species that exhibit life history plasticity may be imbued with greater global-

change responsiveness. I also studied mortality mitigation strategies for songbird taxon 

experiencing population loss due to collisions with anthropogenic structures. I found that 

flight coordination of migratory birds could be manipulated through the projection of 

relevant acoustic signals. Specifically, I found that a playback of generalist songbird 

species acts as a migratory bird attractant and a 2-10 kHz broadband sound acts as a 

migratory bird deterrent, effectively directing birds away from unsafe airspace. This 

technology was employed at several large buildings in downtown Chicago to address 

high numbers of migratory bird collision mortalities. Both research projects address the 

nuanced manner in which anthropogenic influence has modified wildlife species 

population dynamics, providing insight into drivers of species resilience and new applied 

conservation methodologies.
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1 Introduction 

It is widely accepted that anthropogenic influence is almost ubiquitous to ecosystems 

across the globe, altering long-standing ecological processes and threatening many 

wildlife species (Boyes et al., 2019; Dirzo et al., 2014; Finn et al., 2023; Jiguet et al., 

2007). Subsequent ramifications are already being documented, collectively prompting 

significant shifts in phenological, distributional and physiological regimes (Jiguet et al., 

2007). The present uptick in population declines further characterize the deleterious 

effects of human disturbance, the rate of extinction analogous to the past five mass 

extinction events, emphasized by the unprecedented timescale upon which extinctions 

have been occurring (Dirzo et al., 2014; Finn et al., 2023). Defaunation, the term used to 

describe the accelerated loss of wildlife diversity, threatens ecosystem functioning 

through the absence of ecological roles (Dirzo et al., 2014; Finn et al., 2023). Extinction 

also operates on a local-scale, wherein species are extirpated from local areas resulting in 

more immediate consequences that are often hidden by large-scale status trends (Dirzo et 

al., 2014) and results in biotic homogenization across ecosystems (Boyes et al., 

2019). Alarmingly, these small-scale changes are difficult to detect and are typically 

intermittent in nature (Boyes et al., 2019; Dirzo et al., 2014). 

Beyond ecological impacts, defaunation has important implications for human well-

being. Ecosystem services, or benefits for humans provided by wildlife species, are 

contingent upon the preservation of the wildlife species that shape them. For instance, 

services provisioned by wildlife such as pollination, biological pest control, nutrient 

cycling and nutritional acquisition, underlie the foundation of human society, the loss of 

which could contribute to significant economic and human-health consequences (Dirzo et 

al., 2014). 

However, population responses to anthropogenic change are heterogeneous across 

wildlife species, with trends ultimately falling into one of two outcomes: colloquial 

‘winners’ or ‘losers’; the former exhibiting population increases or stability, while the 

latter succumbs to population declines (Boyes et al., 2019). It has been found that wildlife 

species presently experiencing the greatest population losses typically exhibit one or a 
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combination of several distinct life-history characteristics, the most common being: small 

geographic range size, low reproductive rates, large home range size and large body size 

(Dirzo et al., 2014). Other studies rely on gradients of range size, local abundance and 

habitat breadth to evaluate extinction risk (Boyes et al., 2019). Due to the phylogenetic 

evolution of life-history characteristics, population decreases tend to vary by taxonomic 

assignment, wherein different taxon experience disproportionate extinction risk (Leidner 

A. K., & Neel M. C., 2011). Drivers of population loss appear to be twofold in operation, 

wherein the risk of extinction is not only a function of species ecology but also a 

consequence of the type of anthropogenic perturbation (Dirzo et al., 2014). For example, 

threats such as habitat destruction and climate disruption create dissimilar ecological 

impacts, engendering disparate impacts to wildlife (Dirzo et al., 2014). Due to the 

nuanced and interconnected mechanisms of population decline, comprehensive drivers of 

extinction are difficult to identify and are highly-context dependent (Hardesty-Moore et 

al., 2018).   

Migratory songbirds, a group experiencing significant global declines, are at the forefront 

of conservation concern (Kirby et al., 2008). Approximately 28% of migratory bird 

populations in North America have been lost in the last 50 years (Rosenberg et al., 2019). 

Migratory birds inhabit and depend upon multiple ecosystems, including those at 

breeding and wintering grounds as well as locations along their migratory route, 

inherently increasing the risk of experiencing ecological disturbance in one or more of 

the habitats (Zurell et al., 2018). Additionally, migration exposes birds to novel threats 

such as predation, adverse weather events and lack of food resources (Paxton et al., 

2017). Invasive species, pollution, habitat degradation, habitat fragmentation, extreme 

climatic events and building collisions are a portion of human impacts threatening 

migratory birds (Nemes et al., 2023).  

Bird-building collisions account for one of the greatest sources of anthropogenic bird 

mortality, resulting in an estimated one billion bird deaths annually (Klem, Jr. D 2008; 

Loss et al., 2014). Migratory birds appear to be disproportionately vulnerable to collision-

related mortality events, which has been implicated to be due to their reliance upon 
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celestial light for migratory navigation (Cabrera-Cruz et al., 2018; Borden et al., 2010; 

Loss et al., 2014). Given the continued expansion of urbanization, light pollution has 

increased, likely interfering with migratory birds' visual perception of navigational 

celestial cues and thus resulting in disorientation (Hölker et al., 2010; Longcore T. & C. 

Rich, 2004). Studies have reported false attractant effects of artificial light at night at 

multiple scales, wherein both local and regional bird densities have been positively 

correlated with artificial light sources, exacerbating collision risk (Guo et al., 2024, Hager 

et al., 2017; La Sorte et al., 2017, McLaren et al., 2018). Like many anthropogenic 

impacts, distinct drivers of bird-building collisions remain enigmatic as mortality appears 

to be a function of related and diverse mechanisms (Elmore et al., 2020; Loss et al., 

2019). Most studies implicate one or a combination of the following factors in the 

increased risk of collision: building attributes, environmental conditions, and phylogeny 

of the bird. Specifically, context dependent building features such as reflective glass 

windows, total lighted area, structural height, adjacent vegetation and proximity to 

greenspace have been associated with collision risk (Calvin et al., 2010; Ocampo-Peñuela 

et al., 2016). Ecology of the respective species has also been posited to contribute to 

collisions, wherein those species that commonly migrate in mixed-species flocks are 

more likely to collide with buildings (Winger et al., 2019). Additionally, phylogenetic 

grouping may play a role, wherein insectivorous and woodland species have been found 

to have elevated collision mortalities (Elmore et al., 2020). Multiple studies have 

provided insight into those attributes that render a particular group of songbirds sensitive 

to anthropogenic environmental change, begging the question, what characteristics imbue 

a songbird with resilience to such changes? 

Although less numerous, an increasing number of studies have begun to investigate 

drivers of species resilience within ‘winner’ species (Boyes et al., 2019). Traits such as 

high thermal tolerance, habitat generalism, increased natal dispersal and behavioral 

flexibility have been associated with global-change resilience (Jiguet et al., 2007; Vedder 

et al., 2013). Life-history characteristics that facilitate behavioral flexibility such as 

opportunistic or multivoltine reproduction events may also imbue resilience as they 

increase the ability of a species to respond to novel environmental conditions (Vedder et 
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al., 2013). Resilience predictions often overlook both adaptive evolution and phenotypic 

plasticity, which may further extend the survival capacity of an organism in an 

increasingly modified environment (Vedder et al., 2013). Due to the immediate temporal 

scale upon which phenotypic plasticity acts, it may function as the primary predictor of 

climate change resilience. Improving understanding of drivers of population growth and 

range expansion can offer insight into drivers of extinction and in turn, inform future 

strategies aimed at increasing resilience for more sensitive species (Boyes et al., 2019). 

Additional consideration of wildlife ‘winners’ is necessary given their increased 

prevalence across the landscape as ecological processes are likely to shift due to modified 

community compositions (Boyes et al. 2019). 

Traits such as increased thermal tolerance and behavioral flexibility also are likely to 

imbue some species with greater capacity for range expansion (Beever et al., 2011). 

Typically a result of population change at the local-scale, range dynamics are also driven 

by novel anthropogenic change (Dirzo et al., 2014). Factors such as habitat modification, 

resource subsidization and climatic change impact a species' range extent and may 

facilitate range shifts (La Sorte F. A., 2006; Tingley et al., 2012). Modified range 

dynamics can have immediate consequences as range reductions contribute to local-

extinction and range expansion result in increasingly novel community assemblages (La 

Sorte F. A., 2006).  

One species that has exhibited both population increase and range expansion despite the 

pervasive impacts of urbanization and climate change is the Northern Cardinal 

(Cardinalis cardinalis) (Dow & Scott 1971; Halkin et al., 2021). The eastern subspecies, 

Cardinalis cardinalis cardinalis, was once constrained to the eastern portion of the 

United States. This is in contrast to the broad extent of the present population, reaching 

northward to portions of Canada (Halkin et al., 2021). Cardinals are notable in that they 

exhibit many characteristics commonly associated with other wildlife ‘winners’ (Boyes et 

al. 2019). Cardinals have demonstrated plastic food foraging behaviors. Anecdotal 

evidence suggests that they opportunistically exploit human subsidized food resources 

such as backyard bird feeders, sustaining populations during periods of low natural food 
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resource availability (Martin T.E. 1987, Morneau et al. 1999, Robb et al. 2008a, Robb et 

al. 2008b). Moreover, cardinals are less likely to experience mismatches in nutritional 

resource availability given their relatively low reliance on seasonal invertebrate food 

resources relative to more insectivorous passerines. Other studies posit that increased 

thermal tolerance via flexible metabolic thresholds is primarily responsible for the 

cardinal’s success and likely continues to constrain their northernmost range extent 

(Canterbury 2002; Meehan et al., 2004; Root 1988). That said, there is no conclusive 

evidence identifying the primary driver of the cardinal’s population increase or range 

expansion. 

Here, my graduate research thesis investigates the nuanced and dynamic ways in which 

anthropogenic changes effect wildlife species. Collectively, my projects aim to focus on 

the heterogeneous responses of wildlife to anthropogenization by (1) creating novel 

methods to prevent migratory songbird collisions, as well as (2) study drivers of the 

Northern Cardinal range expansion. By studying both a wildlife ‘loser’ and a wildlife 

‘winner’ within the context of anthropogenic impact, scientists are better able to develop 

conservation strategies for the ‘losers’ while gaining a more holistic and nuanced 

understanding of how ‘winners’ have adapted to global change (Boyes et al. 2019). As 

species populations and distributions continue to change, understanding how novel 

wildlife assemblages alter ecosystem services and affect human populations represents an 

important line of future inquiry (Boyes et al., 2019).  
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2 Climatic, temporal, and dietary constraints on the 
Northern Cardinal’s northward range expansion in 
human-dominated landscapes. 

 

2.1 Introduction 

Conservation science often aims to pinpoint the factors contributing to the decline of 

vulnerable wildlife species and then use these insights to develop strategies for their 

recovery. Conversely, wildlife populations that have expanded within human-dominated 

landscapes can offer insights into the underlying drivers of resilience (Boyes et al. 2019; 

Donihue & Lambert 2014; Jiquet et al. 2007). Having undergone recent range expansion 

(Dow & Scott 1971; Halkin & Linville 1999), the eastern subspecies of the Northern 

Cardinal (Cardinalis cardinalis cardinalis) serves as a model organism to identify the 

factors that facilitated rapid range expansion across novel and varied environments, as 

well as those factors that limited expansion at the peripheries of the expansion front 

(Sexton et al., 2009). Once exclusive to regions south of Ohio and Pennsylvania, the 

cardinalis subspecies’ range now extends north to portions of Canada, encompassing a 

wide breadth of ecosystems with a diverse array of climatic conditions (Beddall, 1963; 

Dow & Scott 1971; Halkin & Linville 1999). Further, 17 additional subspecies 

collectively occupy portions of the western United States, Mexico and Belize (Halkin et 

al., 2021).  

Despite its ubiquitous presence across the Americas, the specific environmental 

conditions that both facilitated and constrained its range expansion remain poorly 

understood. Anecdotal evidence suggests that the Northern Cardinal's success is likely 

linked to their use of backyard bird feeders, a factor that has also been proposed to 

contribute to the population increases observed in various bird species worldwide (Martin 

T.E. 1987; Morneau et al. 1999; Robb et al. 2008a; Robb et al. 2008b). Reliance on 

backyard bird feeders may help populations endure periods of natural food scarcity, 

mitigating inherent nutritional limitations and supporting increased energy needs in 

colder and more northerly climates (Brittingham & Temple 1988; Oro et al. 2013; 
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Plummer et al. 2018). However, backyard bird feeders in dense urban environments exist 

well north of the cardinal’s current expansion front, begging the question: what factors 

limit their further spread northward? 

The Northern Cardinal’s ability to persist in diverse environments may also be attributed 

to temporal flexibility of life cycle events and energetics. For instance, non-migratory 

birds must breed, raise young and molt within a finite time period to optimize both 

reproductive output and survival (Boyle et al. 2015; Callery et al. 2022; Dawson A. 2007; 

Martin T. E. 1987; Svensson & Nilsen 1997). Variation in timing and duration of these 

life cycle events has been observed in species with ranges that encompass a wide breadth 

of environmental conditions (Holmes, R. T., 1971; Terrill, R. T., 2018). Intraspecific 

variation in the timing of life cycle events likely reflects evolutionary or behavioral fine-

tuning to maximize fitness within a given environment. In general, species avoid 

overlapping energetically taxing lifecycle events, such as molt and breeding. Molt 

duration has been found to display a significant amount of variation across a single 

species range, reflecting dissimilar temporal constraints effectuated by variation in the 

onset of cold autumn and winter conditions (Holmes, R. T., 1971; Terrill, R. T., 2018).  

At the forefront of the cardinal’s range expansion, I posited two non-mutually exclusive 

mechanisms that limit continued northward spread of cardinals. Firstly, the climatic 

constraint hypothesis suggests that longer and colder winters in the northern limits of the 

expansion front likely impose severe fitness consequences, acting through either: 1) 

reduced surplus energy stores for their annual molt due to thermoregulatory demands, 

resulting in prolonged autumn molt durations and increased stress (P1), or 2) reduced 

temporal windows for molt resulting in earlier and accelerated autumn molt durations and 

decreased external stress responses to avoid overlapping molt with early winter periods 

(P2) (Table 1). These respective predictions are distinguished by differential proximate 

mechanisms, wherein molt is limited by energy stores or conversely, temporal thresholds, 

however both predictions are bounded by climatic constraints. Second, the natural food 

constraint hypothesis (P3) suggests that cardinals cannot subsist solely on supplementary 

feeding and must depend on invertebrates and naturally occurring fruits during energy-
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intensive periods like the autumn molt (Table 1). Consequently, the limited availability of 

these essential natural food resources during such critical times may restrict their northern 

progression through subsequent fitness consequences and increased nutritional stress 

levels. I anticipate that these constraints will result in measurable distinctions in molt 

velocity via feather growth rate (FGR), stress response through corticosterone 

accumulation (CORT) and dietary regimes via isotopic analysis (ISOS) from feathers 

sampled across the cardinal’s range; the combination of each resulting measure reflecting 

a unique driving mechanism. This integrated approach, merging techniques often used in 

isolation, provides an opportunity to evaluate each hypothesis, enabling an appraisal of 

both climatic and food-related constraints. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 1. Matrix of postulated molt characteristics and diet regimes for each respective 

prediction (P1, P2, P3) across a latitudinal gradient of the eastern subspecies of the 
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Northern Cardinal. Measures include feather growth rate (FGR), corticosterone 

accumulation (CORT), and isotopic signatures (ISOS), with the unique combination of 

each reflecting a distinct mechanism of the Northern Cardinal’s northward range 

limitation. P1 posits slower FGR in the North due to increased energetic demands, 

increased CORT in the North due to increased climatic stress, and no difference in 

isotopic niche due to similar nutritional regimes. P2 posits faster FGR in the North to 

complete molt before the onset of harsh winter conditions, decreased CORT levels in the 

North to facilitate protein synthesis for fast FGR, and no difference in isotopic niche 

because nutritional regimes are similar. P3 posits slower FGR in the North due to 

decreased natural food resources and thus energetic resources, increased CORT levels in 

the North due to inadequate nutritional resources, and decreased δ15N isotopic levels in 

the North due to decreased access to secondary and tertiary consumers such as insects 

and spiders. 

 

 

 

 

 

 



10 

2.2 Methods 

 

2.2.1 Study Area 

Feather samples were collected from three different study locations at varying latitudes, 

representing the latitudinal range of the eastern subspecies of the Northern Cardinal 

(Cardinalis cardinalis cardinalis). These locations included: Houghton, Michigan (MI); 

Oswego, New York (NY) and Baton Rouge, Louisiana (LA). Feather samples were also 

collected from a distinct western subspecies (Cardinalis cardinalis canicaudus) in San 

Antonio, Texas (TX) (Halkin et al., 2021) for comparative purposes. Each study area 

reflects dissimilar autumn climates, during which molt and subsequent feather growth 

occurs. Located along the northernmost front of the cardinal’s range and characterized by 

long winters, Houghton exists at the furthest most extent of the cardinalis subspecies 

range and has the coldest average fall temperatures. In contrast, Baton Rouge, located 

within the southern portion of the cardinalis subspecies’ North American range, has 

relatively mild fall temperatures. Fall precipitation is on average, highest in Oswego 

(Table 2). Climatic conditions experienced by the canicaudus subspecies in San Antonio 

are hotter and drier relative to overall conditions experienced by the cardinalis subspecies 

(Table 2).  

 

 

 

Location Subspecies Latitude Fall low temp.
Fall high 

temp.
Fall precip.

Houghton C. c. cardinalis 47.1211°N 13.4°C 19.6°C 95 mm

Oswego C. c. cardinalis 43.4553°N 13.8°C 21.7°C 105 mm

Baton Rouge C. c. cardinalis 30.4515°N 21.6°C 30.5°C 99 mm

San Antonio C. c. canicaudus 29.4252°N 22.3°C 31.9°C 80 mm

Table 2. Average climate data for our study locations: Houghton, Michigan; Oswego, New York; Baton 

Rouge, Louisiana and San Antonio, Texas. Data represents the average indices for the month of September 

from 1991 to 2021. Data source is derived from ECMWF Data via ClimateData.org .
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2.2.2 Field Methods 

My collaborators and I used mist-nets to capture, band, and collect samples from 

cardinals in MI, NY, LA and TX, during the summer and fall periods of 2019 to 2024. 

Specifically, once an individual cardinal was captured, I collected the right outer rectrix 

(R6) feather from each cardinal. In order to obtain the feather sample, the bird was held 

in a bander’s grip and R6 was pulled in one fast short motion then placed in a small 

manila coin envelope. The envelopes were labeled with the date, location and band 

number. As feathers are relatively stable, no special precautions regarding their storage 

environment were needed. 20 samples were collected from NY and TX, 60 samples were 

collected from LA and 4 samples were collected from MI. NY and LA samples were 

distributed across 2021 and 2022, whereas TX samples were distributed across 2022 and 

2023. MI samples were collected in 2019, 2022 and 2024. 

 

2.2.3 Ptilochronology 

I measured the average feather growth rate through the process of ptilochronology. This 

technique involves measuring the width of growth bars within the rachis denoted by 

intervals of light and dark barbule bands, which approximately reflect 24 hours of 

growth. To execute the analysis, I followed ptilochronology protocols adapted from T. 

Grubb Jr, (1989). Growth bars in each feather were counted and the total length of the 

detectable growth bars were measured with a digital caliper. To standardize measures, the 

total length of the growth bars was divided by the total number of growth bars in each 

respective feather to obtain the average growth in mm per day. 

 

2.2.4 Isotopic analysis 

After ptilochronology was completed, feathers were prepared for isotopic analysis using a 

mass spectrometer following standard protocols (Chew et al. 2019). To clean the 
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samples, feathers were dipped into a 2:1 chloroform to methanol solution for 30 seconds 

and subsequently stirred in three separate beakers of deionized water. Each feather was 

placed on clean paper towels to dry for 24-36 hours. Next, samples were measured, cut 

into 0.60 µg sample weights and packaged in tin capsules. This was executed by cutting 

off the right portion of the calamus approximately one centimeter from the tip with a 

clean razor blade. Using clean forceps, the cut sample was placed on a tared 

microbalance to be weighed. Small portions of the sample were cut off until the weight 

was within the desired parameters (+/- 0.05 µg). Relative abundances of carbon (13C/12C) 

and nitrogen (15N/14N) were determined on a Thermo Scientific ConfloIV Interface and 

Delta V Continuous Flow-Stable Isotope Ratio Mass Spectrometer. The results are 

expressed in standard delta notation (δ), defined as parts per thousand (‰) as follows: δ = 

[(Rsample/Rstandard) − 1] × 103, where R is the ratio of heavy to light isotope in the sample 

and standard respectively (Coplen, 2011; Peterson & Fry 1987).  IAEA, USGS, and NIST 

certified isotopic standards were run at the beginning of the analysis. One certified 

standard is also run at the end of the analysis to check for stability of the calibration. An 

internal standard was run every 10 samples. The precision of the certified isotopic 

standards was typically between 0.2 to 0.5‰.  

 

2.2.5 Corticosterone 

To quantitatively measure stress, I analyzed corticosterone accumulation (CORT) from 

the same set of feathers. Analysis was completed with the remaining vane portion of the 

feather after isotopic analysis preparation. For each feather, the mass was recorded ( 

0.001mg) and the length ( 0.1 mm). Remnants of the calamus were cut off at the base of 

the vane, so that only the vane remained, the remaining sample was minced into small 

pieces. Dr. Christopher Tonra quantified feather CORT at Ohio State University using a 

methanol-based extraction, modified from Bortolotti et al. (2008), and a commercial 

ELISA kit (Corticosterone ELISA kit; Neogen Corporation, Ayr, UK) as validated by 

Carbajal et al. (2014). The methanol extraction was achieved by incubating the minced 

feather in methanol (HPLC grade) overnight, vacuum filtration, and evaporating under 
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N2 gas. Samples were then reconstituted following Corticosterone ELISA kit directions. 

Inter-assay variation based on the coefficient of variation (%CV) of relative binding of 

kit standards was 11.4% and intra-assay variation based on the average %CV between the 

duplicate unknown samples was 4.9%. Extracts were separated from solids using vacuum 

filtration, evaporated under nitrogen gas, then reconstituted in Neogen extraction and run 

through ELISA kit procedures. Assay recovery was assessed by adding 20μL of tritium-

labeled CORT in each sample and using a scintillation counter. 

 

2.2.6 Statistical analysis 

Due to the uneven sample size across sample locations, I conducted a bootstrap analysis 

where I randomly selected with replacement FGR and CORT samples (n=5000) from the 

NY, LA, and TX study areas study to create comparative distributions. I did not bootstrap 

samples from MI due to small sample sizes. I used the program R function 

“randomLAM” to run the 5000 permutations and to calculate 95% confidence intervals 

for each distribution (R Development Core Team 2022). Single values determined from 

Houghton samples were then compared to each study area’s 95% confidence interval to 

evaluate statistical differences.  I also conducted ANOVA tests using the program R 

function “aov” on the effect of location and year on FGR and CORT accumulation 

individually.  I included a nested random effect of sex by location to account for non-

location-based variation. To corroborate the inclusion of the random effect, I also 

conducted an ANOVA for the effect of location on sex. Shapiro-Wilkes test was 

conducted to confirm data normality. Isotopic niche positions for each location were 

determined by creating stable isotopic biplots that reflected the mean δ13C and δ15N ‰ 

values and associated standard errors. Isotopic results were also analyzed using an 

ANOVA test for the effect of location on δ15N and δ13C values respectively (R 

Development Core Team 2022). 
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2.3 Results 

 

2.3.1 Feather Growth Rate 

My ANOVA analysis indicated a significant effect of location on feather growth rate (F3,3 

= 11.82, P = 0.0361). Within the eastern subspecies, Michigan samples showed the 

fastest growth rate, followed New York, then Louisiana samples (Table 3; Figure 1). 

Houghton samples had the largest variation in feather growth rate relative to both the 

New York and Louisiana samples (Table 3). The Texas subspecies, Cardinalis cardinalis 

canicaudus, had feather growth rates similar to those found in Houghton, MI samples 

(Figure 2). Additionally, I found a significant effect of sex on feather growth rate, 

wherein females displayed faster growth rates relative to males across all four sample 

locations (ANOVA F1, 1o1 = 4.609, P = 0.0342; Table 4). Year did not have a significant 

effect on feather growth rate (ANOVA F1, 95 = 0.907, P = 0.441). Shapiro-Wilkes test 

indicated that the data had an approximately normal distribution (W = 0.991, P = 0.6775). 

 

 

 

Location Subspecies Latitude
Feather growth rate 

(mm/day)

Houghton, Michigan C. c. cardinalis 47.1211°N 3.643  ± 0.146

Oswego, New York C. c. cardinalis 43.4553°N 3.504 ± 0.074

Baton Rouge, Louisiana C. c. cardinalis 30.4515°N 3.384 ± 0.037

San Antonio, Texas C. c. canicaudus 29.4252°N 3.592 ± 0.066

Table 3. Means and standard errors of feather growth rate (FGR) (mm/day) from each study 

location. We analyzed a total of 107 Northern Cardinal feathers representing two distinct 

subspecies, (Cardinalis cardinalis cardinalis  and Cardinalis cardinalis canicaudus ) and four 

locations including: San Antonio, Texas; Baton Rouge, Louisiana; Oswego, New York; and 

Houghton, Michigan. 59 samples were measured from Louisiana, 20 from New York, 20 from 

Texas and 4 from Michigan. 
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Figure 1. Comparative bootstrapped distributions with 5000 permutations for feather 

growth rate of the Cardinalis cardinalis cardinalis subspecies (days/mm) by study 

location (LA, NY). Dashed lines represent distribution means. Samples from Houghton, 

Michigan were limited (n = 4) and were thus plotted as points representing actual values.  

Sex Michigan New York Louisiana Texas

Female 3.715 ± 0.165 3.642 ± 0.111 3.482 ± 0.054 3.604 ± 0.081

Male 3.570 ± 0.300 3.459 ± 0.094 3.303 ± 0.054 3.582 ± 0.109

Table 4. Means and standard errors of feather growth rate (days/mm) by sex from each 

study location. We analyzed a total of 107 Northern Cardinal feathers representing two 

distinct subspecies, (Cardinalis cardinalis cardinalis  and Cardinalis cardinalis 

canicaudus ) and four locations including: San Antonio, Texas; Baton Rouge, Louisiana; 

Oswego, New York; and Houghton, Michigan. 59 samples were measured from Louisiana, 

20 from New York, 20 from Texas and 4 from Michigan. 
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Figure 2. Comparative bootstrapped distributions across study locations with 5000 

permutations for feather growth rate (days/mm) for all samples including the Cardinalis 

cardinalis canicaudus subspecies in TX. Dashed lines are distribution means. Samples 

from Houghton, Michigan were limited (n = 4) and were thus plotted as points 

representing actual values. 
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2.3.2 Corticosterone 

Means from the bootstrapped comparative distributions indicated significant variation in 

CORT totals in New York and Louisiana samples, Louisiana samples reporting larger 

CORT accruements relative to New York samples (Table 5; Figure 3). Houghton, 

Michigan samples were on average, similar to New York CORT totals. Houghton 

samples also included a large amount of variation, values ranging from 6.490 to 92.402 

pg/mg, representing the lowest and highest CORT totals, respectively (Figure 3). The 

Texas subspecies, Cardinalis cardinalis canicaudus, had CORT totals similar to those 

found in Louisiana samples (Figure 4). The ANOVA from data before the bootstrap 

transformation did not indicate a significant effect of location or sex on CORT (ANOVA 

F2, 42 = 0.342, P = 0.712). 

 

 

 

 

 

 

Location Subspecies Latitude CORT

Houghton, Michigan C. c. cardinalis 47.1211°N 43.454  ± 20.463

Oswego, New York C. c. cardinalis 43.4553°N 40.935 ± 2.977

Baton Rouge, Louisiana C. c. cardinalis 30.4515°N 52.494 ± 5.024

San Antonio, Texas C. c. canicaudus 29.4252°N 52.492 ± 5.242

Table 5. Corticosterone total (CORT) means and standard errors from randomized sampling 

distributions of New York, Louisiana, and Texas with 5,000 permutations. Michigan mean and 

standard error values represent actual data points as these samples were not boostrapped given the 

small sample size (4). A total of 68 Northern Cardinal feathers representing two distinct 

subspecies, (Cardinalis cardinalis cardinalis  and Cardinalis cardinalis canicaudus ) and four 

locations were sampled including: San Antonio, Texas; Baton Rouge, Louisiana; Oswego, New 

York; and Houghton, Michigan. 22 samples were measured from Louisiana, 18 from New York, 

20 from Texas and 4 from Michigan. 
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Figure 3. Comparative bootstrapped distributions with 5000 permutations for feather 

corticosterone accumulation (pg/mg) of the Cardinalis cardinalis cardinalis subspecies 

by study location (LA, NY). Samples from Houghton, Michigan were limited (n = 4) and 

were thus plotted as points representing actual values. 

 

 

 

Figure 4. Comparative bootstrapped distributions across study locations with 5000 

permutations for feather corticosterone accumulation (pg/mg) for all samples including 

the Cardinalis cardinalis canicaudus subspecies in TX. Samples from Houghton, 

Michigan were limited (n = 4) and were thus plotted as points representing actual values. 
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2.3.3 Stable Isotopes  

Location did not show a significant effect on δ15N values between Michigan, New York 

and Louisiana samples (Figure 5; ANOVA F2, 36 = 1.144, P = 0.33). However, when 

Texas samples were included in the model; location showed a significant effect (ANOVA 

F3, 55 = 12.32, P < 0.001; Table 6). Location had a slightly significant effect on δ13C 

values between Michigan, New York and Louisiana samples (ANOVA F2, 36 = 4.027, P = 

0.026; Table 7). Moreover, when Texas samples were included in the model; location 

showed a much stronger effect on δ13C values (ANOVA F3, 55 = 27.74, P < 0.001) (Table 

7; Figure 5).  

 

 

 

Location Subspecies Latitude δ15N

Houghton, Michigan C. c. cardinalis 47.1211°N 7.000  ± 0.286

Oswego, New York C. c. cardinalis 43.4553°N 6.845 ± 0.239

Baton Rouge, Louisiana C. c. cardinalis 30.4515°N 6.307 ± 0.343

San Antonio, Texas C. c. canicaudus 29.4252°N 9.105 ± 0.445

Table 6. Means and standard errors of δ15N from each study location. A total of 64 Northern 

Cardinal feathers representing two distinct subspecies, (Cardinalis cardinalis cardinalis  and 

Cardinalis cardinalis canicaudus ) and four locations were sampled, including: San Antonio, 

Texas; Baton Rouge, Louisiana; Oswego, New York; and Houghton, Michigan. 20 samples were 

measured from Louisiana, 20 from New York, 20 from Texas and 4 from Michigan.

Location Subspecies Latitude δ13C 

Houghton, Michigan C. c. cardinalis 47.1211°N -23.075  ± 0.111

Oswego, New York C. c. cardinalis 43.4553°N -24.270 ± 0.260

Baton Rouge, Louisiana C. c. cardinalis 30.4515°N -23.393 ± 0.261

San Antonio, Texas C. c. canicaudus 29.4252°N -21.000 ± 0.302

Table 7. Means and standard errors of δ13C from each study location. A total of 64 Northern 

Cardinal feathers representing two distinct subspecies, (Cardinalis cardinalis cardinalis and 

Cardinalis cardinalis canicaudus) and four locations were sampled, including: San Antonio, Texas; 

Baton Rouge, Louisiana; Oswego, New York; and Houghton, Michigan. 20 samples were 

measured from Louisiana, 20 from New York, 20 from Texas and 4 from Michigan.
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Figure 5. Stable isotope biplot indicating the mean δ13C and δ15N ‰ values of feather 

samples by study location) including both the cardinalis (Houghton, Louisiana, New 

York) and canicaudus (Texas) subspecies. Standard error is indicated by error bars.   
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2.4 Discussion 

Resident bird populations are constrained by various temporal factors which are 

contingent upon climatic conditions and food resource availability (Boyle et al. 2015; 

Callery et al. 2022; Dawson A. 2007; Martin T. E. 1987; Svensson & Nilsen 1997). 

Anthropogenic influence across the globe has altered ecological processes intrinsically 

linked to these climatic and nutritional regimes, however the consequences have yet to be 

understood in detail (Boyes et al. 2019; Donihue & Lambert 2014; Jiquet et al. 2007). 

Having undergone recent range expansion, the eastern subspecies of the Northern 

Cardinal (Cardinalis cardinalis cardinalis), is a model organism to study dissimilar 

physiological responses when subjected to substantial environmental variation, to better 

understand how climate and nutritional limitations may affect their rapid range expansion 

(Dow & Scott 1971; Halkin & Linville 1999). Here, I employed a combination of stable 

isotope analysis, ptilochronology and corticosterone assays, from individuals 

encompassing the breadth of cardinals’ eastern range to examine mechanisms of range 

expansion. 

2.4.1 Stable Isotopes  

Given that detectable differences in elemental-isotopic composition reflect dissimilarities 

in food resources being consumed and subsequently assimilated into an organism’s 

integument (Kelly, J.F., 2000; Patrick et al. 2020), significant differences in isotopic 

niche of individuals along range edges would suggest important differences in food 

resource use and availability throughout the cardinal’s range. However, within samples 

from the Cardinalis cardinalis cardinalis subspecies, I found that the δ15N isotopic 

values from feathers grown during fall molt were relatively similar across this 

subspecies’ range, suggesting that individuals forage at analogous trophic levels 

irrespective of location (Figure 5) (Inger & Bearhop, 2008; Kelly, J.F., 2000; Patrick et 

al. 2020). δ13C values displayed some variance, indicating potentially differences in 

carbon food sources. Carbon values for common ingredients in birdseed including corn 

and millet typically fall between -15 and -10 ‰ (Lightfoot et al., 2016), whereas 

sunflower seed as well as most native Midwest plant materials report carbon values near -
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30 ‰ (Winkler, 1996; Kelly et al., 1996). The subtle differences within my samples may 

also be a result of divergent δ13C baseline values, wherein δ13C within the local 

environment differs as a function of the unique conditions and systems (Kelly, J.F., 

2000). Given that the carbon values within my samples were between the range of native 

plant species as well as birdseed items I was unable to determine the contribution of 

birdseed to individual’s diets. Moreover, plausible diet items were not individually 

analyzed for reference to isotopic signatures found within the cardinals’ feathers, thus my 

isotopic analysis does not identify unique diet items. However, the relative uniformity 

across the latitudinal range of the cardinalis subspecies may suggest a common reliance 

on birdseed during the energetically-taxing molt period.  

Conversely, samples from the Texan subspecies Cardinalis cardinalis canicaudus 

displayed significantly different δ15N and δ13C values relative to isotopic signatures from 

the eastern subspecies (Figure 5). Specifically, canicaudus samples had lower mean δ13C 

values and higher average δ15N values. This suggests that this western subspecies exhibits 

dissimilar dietary patterns relative to its eastern counterparts. Specifically, lower δ13C 

values may indicate increased reliance on C4 or CAM plants and insects, including 

maize, sugarcane and sorghum and dry, desert plant sources, respectively (González‐

Carcacía et al., 2020; Keeley & Rundel, 2003). Isotopic signatures for CAM and C4 

plants are similar and thus are not distinguishable in my study. Increased δ15N can 

indicate higher trophic level positioning or an elevated δ15N baseline environment 

(Adams & Sterner, 2000; Kelly, J.F., 2000; Patrick et al. 2020). Despite the inability to 

conclusively discern relative contributions from each diet item due to the absence of 

environmental sampling, the marked isotopic difference displayed by the canicaudus 

subspecies is sufficient to suggest significant dissimilarities in food resource use relative 

to their eastern counterparts.  

Additionally, the energetic source of feather growth should be considered when 

attempting to interpret isotopic signatures of feathers. There is observed modulation in 

energy source use across bird species, most notably during the breeding season wherein 

birds are classified as either capital or income breeders (Drent & Daan, 2002). This refers 
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to a species’ tendency to rely on energy stores or, instead, subsist on nutritional resources 

from sustained and frequent foraging incidences. This may also be relevant to the molting 

period and thus may affect the time period in which dietary inference from stable isotopes 

can be made. 

2.4.2 Ptilochronology 

Feather growth rate displayed significant variation by sex (Table 2). Specifically, females 

exhibited faster average feather growth rates relative to males across all four sample 

locations. Similar results have been previously found in Northern Cardinals (Grubb et al., 

1991) as well as Barn Swallows (Hirundo rustica) (Saino et al., 2013). However, the 

mechanisms driving this pattern are not well understood. One explanation may be 

energetic discrepancies prior to molt initiation due to the prominent role females have in 

nest incubation during the preceding breeding season (Laskey, 1944; Verner & Wilson, 

1969). Heat production for incubation is energetically costly and incubation reduces 

potential foraging opportunities necessary for caloric maintenance (Svensson & Nilsson, 

1997). This may result in delayed molt initiation within females, in turn necessitating 

accelerated feather growth given impending winter weather (Svensson & Nilsson, 1997). 

Given that males generally obtain higher-quality food resources due to dominance 

behaviors (Laskey, 1944), these results further suggest factors beyond nutrition as drivers 

of feather growth rate.  

When accounting for sex effects, feather growth rate was positively correlated with 

location, with the fastest average growth being in the northernmost populations (MI, NY) 

(Figure 1). Independent drivers of feather growth rate have been historically difficult to 

isolate, wherein nutrition, intra-specific competition and climate have all been found to 

play confounding roles (Grubb Jr, 1989; Grubb Jr & Cimprich 1990). In contradiction to 

my findings, it has been posited that energetic stress is associated with decreased feather 

growth rates due to decreased surplus energy stores for molt (Grubb Jr, 1989). However, 

if this was true for Northern Cardinals, feather growth rate would have decreased with 

latitude given increasingly limited food resources in northern environments. Instead, my 

results are more parsimonious with a small number of other studies that indicate variation 
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in the pace of life cycle events as the primary driver of feather growth rate (Holmes 1971; 

Williamson and Emison 1971; Mewaldt and King 1978; Hemborg et al. 2001; Terrill, R. 

T., 2018). This is consistent with inter-specific patterns previously described by life 

history theory which states that life cycle events hasten with increased environmental 

seasonality. The gradient of climates encompassed within my study areas likely promotes 

dissimilar molt velocities across environments, wherein cardinals hasten feather growth 

in the north to accommodate shorter summer seasons (Terrill, R. T., 2018).  

Additionally, cardinals nearer to the northern expansion front exhibited a greater variance 

in feather growth rate relative to cardinals in the heart of the range (Figure 1). Greater 

breadth in individual behavior at expansion fronts has been observed in wildlife 

populations, inferring greater likelihood of stabilization as the population responds to 

novel environmental conditions (Sexton et al., 2009; Sih et al., 2012). My study found 

that variation in life history traits differ at both the population level as well as the 

individual level within Northern Cardinals, wherein pioneering individuals at the leading 

edge of the range enter new habitats and experience environmental uncertainty, likely 

resulting in broader individual variation in feather growth rates. This may reflect a 

lineage level process of searching evolutionary and behavioral adaptive space for optimal 

timing and durations of molt to optimize fitness in new environments. This process likely 

resulted in the distinct gradient of variation as one moves from the expansion front in 

Michigan (highest variation in feather growth), to established populations in New York 

(intermediate variation in feather growth), through the core of the cardinalis subspecies’ 

range in Louisiana (least variability in molt velocity) (Fig 1).  

Feather growth rate also has implications for feather quality. In some cases, the structural 

integrity of the feather is compromised due to accelerated feather growth rate (Terrill, R. 

T., 2018). This has implications for cardinals along the expansion front as they likely face 

tradeoffs associated with feather quality and the preceding completion of reproductive 

events (Terrill, R. T., 2018). Interestingly, the Texas subspecies displayed feather growth 

rates comparable to the Michigan samples. This likely reflects relatively strong 

seasonality driven by prolonged dry periods, rather than the prolonged cold temperatures 
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as experienced in Michigan. Additionally, comparisons may be confounded by 

phylogenetic differences between the cardinalis and canicaudus subspecies. 

2.4.3 Corticosterone 

My results suggest that corticosterone (CORT) accumulation was negatively correlated 

with latitude: lower in the expansion front and higher in the core of the species’ range 

(Figure 3). A secretion of the hypothalamic-pituitary-adrenal gland, corticosterone is 

released within an organism’s bloodstream in response to a perceived threat, triggering 

increased alertness, restlessness and evasion behaviors (Breuner et al., 2003; Bortolotti et 

al., 2008; Legagneux et al 2013). Given that northernmost cardinals experience greater 

climatic stressors, the negative correlation with latitude exhibited by my samples is in 

contradiction to the majority of the current literatures’ findings, which posit CORT levels  

reflect various acute stressors including those associated with inadequate nutrition and 

climatic stress (Breuner et al., 2003; Bortolotti et al., 2008; Legagneux et al 2013).  

However, there is some evidence that molt may strongly affect CORT accumulation, 

altering conventional stress response mechanisms. For instance, CORT accumulation has 

been found to vary with seasonal activities, specifically, CORT levels decrease during the 

molting period (Romero et al., 2005). This is implicated to be due to the deleterious 

effects CORT has on protein synthesis, a vital biological function of feather growth 

(Romero et al., 2005). Low CORT levels within northernmost individuals may also be a 

mechanistic response to chronic environmental stress (Astheimer et al., 2000; Rich & 

Romero, 2005). For example, decreased CORT levels have been observed in birds that 

are subject to long term exposure to stress, which may function to decrease negative 

physiological and immunological consequences associated with chronic CORT exposure 

(Astheimer et al., 2000; Rich & Romero, 2005). This is a reasonable explanation for my 

results, wherein individuals along the expansion front exhibit an increased tolerance for 

stress stimulants due to the relatively harsh northern environment. Additionally, 

intraspecific competition can attribute to increased secretion of CORT, which may reflect 

stress from resource limitations and increased aggression responses associated with 
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exposure to conspecifics at my Louisiana study site (Braasch et al., 2014; Robertson et 

al., 2017).  

Together, my results suggest that the Northern Cardinal’s range is constrained by the 

temporal limits placed upon life cycle events. Similarity in isotopic niches of cardinals 

across latitudes suggest that dissimilarities in the autumn diet does not serve as a limiting 

factor preventing further northward expansion. This highlights the importance of birdseed 

within cardinals’ diets across their range. These findings are consistent with my second of 

three postulated predictions, wherein feather growth rate increases with latitude, CORT 

accumulation decreases with latitude and isotopic niche is uniform across locations 

(Table 1). Specifically, the shorter summer seasons characteristic of high latitudes, likely 

exerts selective pressures on birds to hasten fall molt before the onset of cold winter 

conditions (Holmes, R. T., 1971; Terrill, R. T., 2018). The observed decrease in CORT 

levels with latitude may be a result of several mechanisms those being either, (1) 

physiological response to promote quick feather growth, (2) decreased intraspecific 

competition, (3) increased stress tolerance, or a combination of all three.  

The heightened speed of molt along the cardinals’ northern range likely exacerbates 

trade-offs in adult survival. Compromised feather quality reduces both predator evasion 

and thermoregulatory efficiency (Dawson et al., 2000; Jenni‐Eiermann et al., 2015; 

Møller & Nielsen, 2018; Terrill, R. T., 2018), and decreased CORT levels weaken 

survival-promoting stress responses (Romero et al., 2005). In contrast, cardinals in the 

heart of their range have greater temporal breadth between breeding and molting 

behaviors thus enabling greater time investments to feather growth. This phenomenon 

highlights the remarkable capacity of the Northern Cardinal to modify energetic 

prioritization of critical life-history events in order to conform to climatic conditions 

across an expansive range. The mechanistic origin of the behavioral assimilation is yet to 

be fully understood, with evidence for both phenotypic expression and evolutionary 

adaptation (Donihue & Lambert, 2014; Miller et al., 2017). 

This has further implications for the Northern Cardinal’s range as global weather patterns 

continue to change. Specifically, as the overall mean climatic temperature increases, 
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thermoregulatory demands during fall seasons will decrease, lifting energetic burdens 

from Northern Cardinals in the north and ostensibly permitting their continued northward 

expansion (Arnell et al., 2019). However, decreased precipitation along the western and 

southern portions of the cardinal’s range may limit the population along the southwestern 

range boundaries. Ultimately, plasticity in life history traits and physiological processes 

likely supports the heightened variation I observed in pioneering individuals, which may 

be key to adaptation and population-level resilience in the Anthropocene, a period 

characterized by rapid environmental change. 

Likewise, proximate and ultimate consequences of human food subsidization to wildlife 

have yet to be fully understood, having thus far proven to be generally advantageous to 

cardinals (Oro et al. 2013). For instance, the continued expansion of the Northern 

Cardinal is likely contingent upon the continued subsidization of anthropogenic food, the 

cessation of which may be necessitated by novel disease pandemics such as the recent 

outbreak of avian influenza. At a regional scale, the discontinuation of provisioned 

birdseed would likely reinstate nutritional constraints, potentially resulting in the collapse 

of contemporary range extents and thus populations of birdseed-reliant species. These 

results speak to the nuanced and complex manners in which anthropogenic food 

supplementation interact with climate change to drive the emergence of novel wildlife 

assemblages across northerly latitudes. 

 

 

 

 



28 

3 Efficacy of acoustic signals as a solution to migratory 
bird-building collisions 

 

3.1 Introduction 

Facilitated by urbanization, the rapid expansion of artificial light at night (ALAN) has 

significantly altered the night skyscape to the detriment of many wildlife species (Hölker 

et al., 2010; Longcore T. & C. Rich, 2004). Interfering with circadian-based biological 

and ecological regimes, light pollution has disrupted behaviors and annual cycles such as 

nesting, foraging, and reproduction within a wide breadth of species (Cabrera-Cruz et al., 

2018; Davide M. Dominoni 2015; Hölker et al., 2010). Navigating by aid of celestial 

bodies, migratory songbirds are particularly vulnerable to light pollution, because 

illuminated city-buildings cause disorientation, resulting in bird-building collisions 

(Cabrera-Cruz et al., 2018; Gauthreaux Jr et al, 2006). Recent evidence suggests that 

ALAN may even act as an attractant to migratory birds, artificially increasing avian 

abundance near urban areas at both the local and regional scale, thereby exacerbating 

collision mortalities (Guo et al., 2024, Hager et al., 2017; La Sorte et al., 2017, McLaren 

et al., 2018). These collisions cause as many as one billion bird fatalities each year, 

constituting two to nine percent of all birds in North America and making building-

strikes the second largest source of human-caused avian mortality in the United States 

(Klem, Jr. D 2008; Loss et al, 2014).  

 

Correlates of bird-building collisions are nuanced and complex and seem to be a function 

of a variety of interrelated factors regarding building structure as well as avian life-

history patterns (Elmore et al., 2020; Hager et al., 2017; Loss et al., 2014; Loss et al., 

2019; Ocampo-Peñuela et al., 2016). Notably, many studies have found total glass area 

on buildings to be positively correlated with bird collisions (Borden et al., 2010; Elmore 

et al., 2020; Loss et al., 2019). Other factors including building size, building height and 

adjacent vegetated cover have been implicated to increase mortality rates (Borden et al., 

2010; Elmore et al., 2020; Hager et al., 2017). Ecological factors also appear to play a 

role in collisions. For example, it is commonly accepted that migratory birds, particularly 
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wood-warblers, thrushes and native sparrows, constitute the greatest number of 

collisions, which may relate to their propensity for disorientation when encountering light 

pollution (Borden et al., 2010; Elmore et al., 2020; Hager et al., 2017; Loss et al., 2014; 

Ocampo-Peñuela et al., 2016). Faced with imminent threats of habitat loss in both 

breeding and wintering grounds, the reduction of building collisions along birds’ 

migratory routes is critical for the preservation of their populations as well as the 

ecosystems they influence (Xu et al. 2020). Alarmingly, several species of high-collision 

risk have been identified as national Birds of Conservation Concern, wherein building-

collisions are suspected to play a significant role in their population declines (Elmore et 

al., 2020; Loss et al., 2014). 

 

Recent findings have begun to uncover the evolutionary adaptations involved in avian 

migratory orientation mechanisms, providing opportunity for the development of more 

effective collision mitigation strategies. In particular, there has been increasing evidence 

that birds may use heterospecific acoustic cues when determining migratory orientation 

and navigation as well as stopover habitat selection, which may reduce individual errors 

via collective decision making (Farnsworth & Lovette, 2008; Gayk et al., 2021; Hamilton 

W.J., 1962; Muckhin et al., 2008; Szymkowiak et al., 2017; Winger et al., 2019). In the 

spring, migratory songbirds have been known to preferentially select both stopover and 

breeding habitat sites when detecting songs from conspecifics or functionally-similar 

heterospecifics (Muckhin et al., 2008; Szymkowiak et al., 2017). Similarly, many species 

of migratory birds emit short, distinct sounds known as flight calls while traveling in 

mixed-species flocks (Farnsworth A., 2005; Farnsworth & Lovette, 2008; Gayk Z.G & 

D.J. Mennill, 2023; Watson et al., 2016). While the function of flight calls remains 

unclear, it is postulated that the acoustic cues may facilitate flock communication, 

contributing to flock cohesion and reducing disorientation particularly for inexperienced, 

young birds (Farnsworth A., 2005; Gayk Z.G & D.J. Mennill, 2023; Hamilton W.J., 

1962; Smith et al 2014). Recent studies have found that the acoustic structure of flight 

calls within the wood-warbler (Parulid) family are correlated to migratory patterns, 

wherein species with similar migratory journeys exhibit acoustic convergence (Gayk et 
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al., 2021; Gayk Z.G & D.J. Mennill, 2023). Moreover, unfavorable or novel 

environmental conditions such as impending precipitation and reduced visibility have 

been associated with increased flight call frequencies, suggesting that socially-derived 

acoustic cues may play a vital role in birds’ navigational decisions and may be driven by 

strong selective forces (Farnsworth A., 2005; Smith et al 2014; Watson et al., 2016).  

 

However, flight-calling behaviors are not uniform across migratory species. Some 

lineages don’t utter flight calls, including tyrant flycatchers and vireos (Farnsworth A., 

2005). Winger et al. (2019), found that flight calling behaviors were associated with 

vulnerability to building collisions subjected to ALAN, suggesting that the disorientating 

nature of lights may prompt social species to emit increased acoustic signals. These 

species have significantly higher collision rates than species that undergo solitary 

migratory journeys, implicating that increased vocalizations may artificially attract larger 

numbers of flight-calling birds and amplify collision mortalities (Winger et al., 2019). 

 

Novel approaches to bird-collision mitigation have begun to incorporate findings from 

avian sensory ecology to create more effective deterrent devices (G. R. Martin, 2011). 

Presently, most deterrent attempts employ visual signals, however these are used with 

mixed success (Klem & Saenger, 2013). Historically used as pest-species mitigation, 

acoustic signals have only recently been identified as a plausible deterrent mechanism for 

migratory songbirds (Rivadeneira et al., 2018). Specifically, Boycott et al (2018) found 

that the projection of a 4-6 kHz frequency sound prompted evasive flight maneuvers from 

passing migratory birds near the base of a communication tower. 

 

My project aimed to determine the capacity of an acoustic signal to manipulate migratory 

birds' airspace navigation and mitigate building collisions. Based on evidence that 

acoustic signals drive birds’ migratory flight orientation (Boycott et al., 2018; Winger et 

al., 2019) I hypothesized that exposing migrating songbirds to several dissimilar acoustic 

cues will modify birds’ flight paths, by either artificially attracting or deterring them from 

entering a given airspace. Specifically, I created three dissimilar noises: an attractant, an 
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engineered deterrent, and a biological deterrent. Consisting of a mixed compilation of 

common migratory bird species songs, I expected the attractant to increase bird 

detections relative to background bird numbers. Conversely, I expected the two deterrent 

sounds to decrease bird detections relative to background bird numbers. I expected the 

engineered deterrent, a modulated sound that coincides with the frequency of common 

flight calls, being 2-10 kHz, to effectively disrupt flock communication, inhibiting their 

capacity to navigate using shared social information, thus indirectly causing deterrence 

away from the sound source. I expected the biological control, consisting of a 

compilation of common avian predators from across the Mississippi flyway, to alarm 

birds by mimicking relevant predatory threats, thus causing deterrence away from the 

sound source. Results from this project provide insight for the development of an acoustic 

product that can be deployed on buildings to mitigate avian mortality. While many 

projects have investigated the application of disruptive acoustic signals for the deterrence 

of nuisance bird species, my project is novel in that it is the first of my knowledge to 

apply acoustic manipulation to migratory songbirds in order to mitigate bird-building 

collisions by targeting socially-derived information.  

 

3.2 Methods 

 

3.2.1 Study Area 

Collectively, experiments were conducted at three different locations over the course of 

1.5 years (August 2022, April 2023 and September 2023). Both the preliminary and the 

subsequent spring experiment were located within the Keweenaw Peninsula. The 

Keweenaw is the northernmost portion of the Upper Peninsula of Michigan and is 

bordered by Lake Superior on both sides. The area is largely rural with few small towns 

and is characterized by its continuous swaths of predominantly maple-hemlock forests. 

The peninsula acts as a critical migratory corridor, bridging a large expanse of Lake 

Superior and connecting the Mississippi Flyway from Canada to Michigan (Youngman et 

al., 2017). My final fall speaker deployment was located just north of Chicago, Illinois at 
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Northwestern University’s Evanston campus. A sprawling, urban metropolis, Chicago 

records the largest number of bird-building collisions each year in North America and is 

also a critical component of the Mississippi Flyway (Van Doren et al., 2021). I conducted 

my experiments at two different buildings with large installments of windows, which 

have previously been observed to have high collision mortalities. 

 

 

3.2.2 Preliminary Deterrent and Attractant: Fall 2022 

To determine whether migratory songbird density could be manipulated by the alteration 

of the local soundscape, I conducted a three-part study over three migration seasons: Fall 

2022, Spring 2023, and Fall 2023, in the Great Lakes region. To gain a basic 

understanding of birds’ responses to broadcast acoustic signals, in fall 2022 (August 18, 

2022 - September 17, 2022) I established two bird banding stations at two spatially 

independent, yet ecologically similar sites along the Portage Canal, a major body of water 

located in the Keweenaw Peninsula. The sites were located at Nara Nature Park (nara) 

and Pilgrim River Sloughs Boat Access (sloughs) and were approximately 6 km apart. I 

deployed two speaker units on simultaneous nights at each of the banding stations. The 

speakers emitted either a 6-8 kHz modulated frequency deterrent sound interspersed with 

a track of a Merlin (Falco columbarius), a common predator, or a track with common 

migratory bird species songs and flight calls that served as an attractant from 2:00 AM to 

9:45 AM during peak migration flight times. To assess changes in songbird density, I 

captured birds in mist nets in the subsequent mornings, recording relative species 

abundance for 5 days. To account for inherent site differences, I changed the location of 

the acoustic sounds and repeated the treatment for 5 days, followed by an additional 5 

control days wherein no acoustic treatment was applied.  

 

 

3.2.3 Predator and Synthetic Deterrent: Spring 2023  

Based on my preliminary results, I conducted another experiment in the following 

migration season (Spring 2023) to refine the acoustic deterrent and improve the capacity 
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to dissuade migratory birds from entering unsafe airspace. Specifically, I separated the 

modulated frequency sound and the predator call, allowing for the evaluation of each 

respective sound as a potential deterrence signal. Additionally, I modified the frequency 

sound to include a greater white noise component and encompass a greater breadth of 

frequencies (2-10kHz). Each sound was broadcast at 70 dB, 50 meters from the speaker.  

 

To achieve estimates of bird abundance, I deployed an autonomous recording unit (ARU) 

(Venier et al. 2012) at a remote, forested meadow in the Keweenaw Peninsula where I set 

up a speaker unit that broadcast my designed sounds. The speaker unit emitted either the 

2-10 kHz modulated frequency sound or the track with a common predator call from 2:00 

AM to 10:00 AM, during peak migration flight times for three simultaneous nights 

throughout the first 5 weeks of spring migration (17 May- 26 June). I set the ARU to 

record 10 minutes of bird songs at the end of every hour, designing the sounds to pause 

during the respective 10 minutes. I also deployed four additional ARUs approximately 

half a mile in from the speaker unit in four cardinal directions to measure baseline 

songbird densities. Bird abundance was determined by counting the number of detected 

bird songs within the 8 unique, 10-minute recordings. The efficacy of the two respective 

acoustic signals was estimated by comparing the number of birds detected at each site to 

the number of birds detected at the ecologically similar control site. 

 

3.2.4 Predator and Synthetic Deterrent: Fall 2023 

To determine whether the sound signals established in my spring experiment were 

effective at reducing songbird collisions within urban settings I deployed two deterrents 

at buildings in Chicago that have records of past bird collisions with acoustic deterrents 

during the fall 2023 migration window (Figure 1, 2). Specifically, two deterrents were 

deployed at the Kellogg Global Hub and the R Athletic Center, located on Northwestern 

University’s Evanston campus. Deterrents were placed along a vegetated strip to the East 

of the Ryan Athletic Center and the remaining deterrents were placed adjacent to 

Hutcheson Field to the East of the Kellogg Global hub building. The deterrent at the 
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Ryan Athletic Center was programmed to play the biological predator call, whereas the 

deterrent at the Kellogg Global Hub was programmed to play the synthetic, broadband 

white noise (2-10kHz), first developed in my Spring 2023 experiment. 

 

 

Figure 1. Photograph of the Kellogg Global Hub, a building on Northwestern 

University’s campus that has reported historically large numbers of bird collisions. I 

deployed one of the speaker units in the green space directly in front of the building. 
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Figure 2. Photograph of a deterrent unit where it was deployed in the greenspace in front 

of the Ryan Athletic Center, a building on Northwestern University’s campus that has 

reported historically large numbers of bird collisions. Notably, the building has large 

installments of glass-paned windows, and is located directly on the shore of Lake 

Michigan.  

 

 

3.2.5 Statistical Analysis 

For the fall preliminary experiment, wherein I conducted mist net surveys, I calculated 

bird capture rates per sampling day by dividing the number of birds captured by the total 

mist net hours which accounts for both time and number of operating nets. To determine 

the effect of sound treatment on capture rates I conducted a two-way ANOVA test in the 

R-analysis base R package with the function “aov” (R Development Core Team 2022). 

Acoustic treatment (control, attractant, deterrent) and study site (nara, slough) were 

included as explanatory variables. To account for random variation associated with 

fluctuating migration numbers each day, I included date as a random offset. I also 

conducted post-hoc analyses on both acoustic treatment and study site using the 

“TukeyHSD” function (R Development Core Team 2022).  
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For my ARU experiment the following spring season, I identified and sorted sound 

recordings from each ARU using the RavenPro 1.6 software (Cornell Lab of 

Ornithology). To determine the effect of sound treatment on detection rates I conducted 

one-way ANOVA tests on detections from each respective site in the R-analysis base R 

package with function “aov” (R Development Core Team 2022). Acoustic treatment 

(synthetic, predator, control) was included as the explanatory variable. To distinguish the 

effect of each unique acoustic treatment I also conducted post-hoc analyses using the 

“TukeyHSD” function in the base R package (R Development Core Team 2022). For 

reference regarding relevance to migratory birds, I removed all detections from non-

migratory species and reran both the ANOVA and Tukey test on detections from the 

experimental ARU site. To compare control site detections trends to experimental 

detections across sampling time, I combined paired control site datasets and fit linear 

regressions to the resulting control groups (Control Group 1 & Control Group 2) and the 

experimental data set using the “lm” function in the “dplyr” R package (Wickham et al., 

2023). 

 

Collision data from the Chicago deployment was collected by the Chicago Bird Collision 

Monitors, a small non-profit, and was not made available to me before writing this 

chapter, and thus was not included in statistical analyses. 

 

3.3 Results 

 

3.3.1 Preliminary Deterrent: Fall 2022 

I analyzed capture rates from a total of 34 sampling observations representing two 

experimental locations (nara, slough), each site had 17 sampling efforts on simultaneous 

days. When accounting for random variation in migratory number fluctuations, the 
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interaction between treatment and site had a significant effect on capture rate (ANOVA 

F2,1 = 6.908, P = 0.003). Specifically, treatment had the most significant effect. Post hoc 

comparisons between acoustic treatments suggested the attractant had the most 

significant effect resulting in an average of 37 more captures per 100 mist net hours 

relative to the control treatment (p-value = 0.003) (Figure 3). Post hoc comparison also 

revealed significant disparity in capture rate between study sites, the slough site resulting 

in an average of 18 less captures per 100 mist net hours relative to the nara site (p-value = 

0.040). 

 

 

 

Figure 3. Boxplot depicting total capture rate of birds by sample site (nara = green, 

slough = red) and acoustic treatment (control, attractant, deterrent). Total sample size was 

34 days, representing 17 paired days. Data reflects mist-net capture rates at study sites 

from two locations along the Portage Canal, a body of water located in the Keweenaw 

Peninsula of the Upper Peninsula of Michigan. Data was collected from August 18, 2022 

to September 17, 2022.  
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3.3.2 Experimental Design: Spring 2023  

I analyzed a total of 2,581 avian detections from a total of 42 days across 5 different sites. 

50 unique bird species were detected, 38 of which were migratory species, the most 

common species being Blue-headed Vireo (Vireo solitarius), Blackburnian Warbler 

(Setophaga fusca), Chestnut-sided Warbler (Setophaga pensylvanica) and Nashville 

Warbler (Leiothlypis ruficapilla). Analysis of the total detections from the experimental 

site suggested that acoustic treatment had a significant effect on detection rate (ANOVA 

F2,38 = 16.76, P < 0.001). When the detections were filtered to include only migratory 

species, acoustic treatment had a more pronounced effect on detection rate (ANOVA F2,38 

= 24.88, P < 0.001) (Figure 4).  

 

 

Figure 4. Effect of acoustic treatment (synthetic, predator, control) on bird detection rate 

at the experimental site including all detections (A) and including just migratory species 

detections (B). Detections were obtained from automatic recording units deployed from 

May 18 to June 26, 2024. The synthetic and predator acoustic treatments were each 

broadcast at the experimental site for 15 days, respectively. The site was monitored 

following termination of acoustic treatments for 6 more days as a control proxy. 

Treatment effect on detections; A) (ANOVA F2,38 = 16.76, P < 0.001); B) (ANOVA F2,38 

= 24.88, P < 0.001). 
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Conversely, analysis of the total detections from the four control sites revealed either 

non-significant or contrasting effects of acoustic treatment days on detection rates, 

wherein detections decreased on days when the control treatment was applied to the 

experimental site (Figure 5). Given that no acoustic treatment was applied to the four 

control sites, detection numbers reflect background bird abundances adjacent to the 

experimental site, suggesting the abundance was either stable or increasing with 

progressive sampling days. As acoustic treatment effects at the experimental site were 

antithetical to trends within the control data, my results suggest that acoustic treatment 

effectively decreased bird detection rates despite otherwise contradicting baseline bird 

abundances. 

 

  

Figure 5. Regression trendlines representing avian detections throughout time across 

control groups relative to the experimental site. Each control group represents a paired 

control site, wherein data from each site was combined to create one control group. The 

experimental data represents one site wherein the acoustic treatment was applied. At the 

experimental site, the synthetic acoustic treatment was broadcast from May 17 to June 

02, the predator acoustic treatment was broadcast from June 03 to June 19 and a period of 

no sound (control) was monitored from June 20 to June 26. Control Group 1 (slope = -

3.097, p < 0.001), Control Group 2 (slope = 0.278, p = 0.589), Experimental Data (slope 

= 2.542, p < 0.001). 
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3.4 Discussion 

 

Avian populations, particularly migratory species, have experienced drastic declines due 

to collisions with anthropogenic structures, such as skyscrapers (Klem, Jr. D 2008; Loss 

et al, 2014). Given the continued sprawl of urbanization, collision mortalities threaten the 

vitality of North America’s bird species, many of which are already at risk of extinction 

from myriad of additional anthropogenic threats (Xu et al. 2020). However, the profound 

scale of avian mortality from collisions provides opportunity to enact powerful 

conservation actions that could potentially result in solutions that directly bolster bird 

populations. Nevertheless, bird-building collisions remain enigmatic, having a multitude 

of interrelated drivers including both environmental and evolutionary factors (Elmore et 

al., 2020; Hager et al., 2017; Loss et al., 2014; Loss et al., 2019; Ocampo-Peñuela et al., 

2016), thus deriving a feasible solution has proven to be challenging. My study adds to 

the understanding of the social mechanisms behind collisions as well as provides 

evidence for a novel direction from which to mitigate collision mortalities via 

manipulated acoustic signals.  

 

Results from my preliminary experiment suggest that favorable acoustic signals from 

conspecifics can bolster local abundances and drive flight decisions (Figure 1). Similar 

findings have been observed in other studies, offering evidence that migratory birds may 

use the presence of conspecific songs as a marker of high-quality stopover habitat. For 

instance, Mukhin et al 2008, detected significantly more Eurasian reed warblers 

(Acrocephalus scirpaceus) following nights of conspecific playbacks. Likewise, De La 

Hera et al 2017, found capture rates of Bluethroats (Luscinia svecica) to be associated 

with heterospecific playback. Acoustic cues may allow migrating birds to locate 

advantageous rest and refueling areas without directly sampling the habitat and 

potentially wasting energetic resources or being exposed to predators (Mukhin et al., 

2008; Szymkowiak et al., 2017). Acoustic projection of relevant species songs likely 
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encourages birds, near acoustic signals, to select habitats they otherwise would not 

settle. Response to interspecific acoustic cues has been integrated into recent 

conservation strategies, wherein acoustic playbacks have been successfully deployed as 

attractants at recently restored sites (Molles et al., 2008). 

 

In my second field experiment, the significant decrease in local bird abundance observed 

during the duration of the acoustic deterrent suggests that manipulated soundscapes may  

be effective at dissuading migratory birds from entering a given area. While both the 

predator call track and 2-10 kHZ frequency broadband sound was associated with 

significant decreases in bird relative abundance, the 2-10 kHZ broadband acoustic track 

was particularly effective, reporting the greatest diversion from baseline bird densities. 

Similar success has been reported by several other studies, in particular, Boycott et al 

(2018) found decreased local bird densities when a 4-6 kHz acoustic signal was projected 

into the surrounding airspace. Additionally, approaching birds were more likely to 

deaccelerate and change flight heading upon detection of the acoustic signal (Boycott et 

al., 2018). Likewise, Swaddle et al (2015) applied a comparable broadband acoustic 

sound to an airfield and found significant avian abundance decreases even after 

individuals may have become habituated to the sound. This is in contrast to previous 

studies wherein predator alarm calls effectuated immediate avoidance behavior but did 

not remain efficacious over an extended period of time (Rivadeneira et al., 2018). This 

highlights the importance of using communication-masking sounds in place of acute, 

startle-inducing sounds when developing collision deterrents, which may potentially 

extend the effectiveness of the acoustic deterrent. 

 

This may be attributed to critical function vocal communication has in the coordination 

of migratory bird’s flight paths (Farnsworth & Lovette, 2008; Gayk et al., 2021; 

Hamilton W.J., 1962; Mukhin et al., 2008; Szymkowiak et al., 2017; Winger et al., 2019). 

In particular, some migratory bird species emit distinct, high-frequency calls when 

migrating, including those species that collide with buildings at disproportionally high 

rates (Winger et al., 2019). Several studies suggest that these calls, known as flight calls, 
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may serve as a critical medium of informational exchange between flock members and 

potentially between various flocks (Farnsworth A., 2005; Gayk Z.G & D.J. Mennill, 

2023; Hamilton W.J., 1962; Smith et al 2014). My results suggest that by over-saturating 

the local soundscape with a disruptive sound, critical communication networks are 

broken down, effectively forcing migratory birds to avoid the given area in order to 

preserve flock coordination (Thady et al., 2022). The efficacy of the synthetic deterrent is 

made further effective by the deterrent’s capacity to decrease bird detections despite 

fluctuating background bird abundance across the local landscape. 

 

Conjointly, my results suggest that acoustic signals can be developed to manipulate 

migratory species flight paths in natural systems. Specifically, a disruptive, high-

frequency sound that masks communication may be strategically deployed to deter 

migratory birds from entering airspace in proximity to high-risk anthropogenic structures 

or urban perimeters. Moreover, the deployment of a sound interspersed with common 

species songs may be used to artificially increase migratory bird abundance within 

favorable habitats. Used in tandem, developed acoustic cues may have the profound 

capacity to guide migratory birds away from dangerous buildings and shepard them to 

safer or higher quality stopover habitats. 

 

While most research does not have the opportunity to apply their findings to actual 

conservation circumstances or enact direct change, I had the exciting opportunity to 

deploy the acoustic deterrents on two historically high-risk buildings near Chicago, 

Illinois, in a preliminary trial study. While I am still awaiting mortality results from the 

experiment, I believe it is important to highlight the applicability of my findings in the 

search for real-world solutions to the devastating impact of bird-building collisions. 

Importantly, my field results informed conservation action, in collaboration with the 

volunteer network: Chicago Bird Collision Monitors, as well as the Northwestern 

University community. There is continued collaboration with the Student Government 

Sustainability Committee to further develop an effective mitigation solution, with the 

potential option to employ speakers as well as use the existing network of bird-safe glass 
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window treatments. If successful, this approach may be adopted by building managers 

more broadly. 

 

However, given the complex and enigmatic mechanisms behind bird-building collisions, 

uniform success across environments and local circumstances may be difficult to predict. 

In particular, the function of stopover (Linscott & Senner, 2021), may impact the way 

migratory birds respond to acoustic stimuli. For example, my field studies were 

conducted in expansively rural locations wherein birds’ movements and concurrent 

communicative dynamics may be altered relative to a highly urbanized location along the 

leading front of a large body of water. Such dissimilar locations likely reflect dissimilar 

ways birds use stopover (Linscott & Senner, 2021; Schmaljohann et al., 2022), whereby 

small patches of habitat within urban landscapes may serve as an island of critical habitat. 

Given the potential importance of these patches of habitat, understanding the unforeseen 

effects of an acoustic deterrent on birds using such locations represents an important next 

step. 

 

Additional obstacles in acoustic signal deployment within urban environments should be 

considered as well. For instance, sound behaves differently in various substrates and thus 

emits dissimilar acoustic properties depending on the surrounding environment. Such 

subtleties may affect birds' responses due to their heightened sensitivity to urban 

soundscape changes (Cardoso, G. C., 2014; McClure et al., 2013). Moreover, people may 

likely not tolerate the most effective deterrent. Given that migratory birds' hearing 

sensitivity is closely aligned with humans (Gill, F. B., 2007), acoustic signals developed 

for birds are also detectable by humans. Thus, continued and creative adaptations to the 

timing, duration and placement of such acoustic speakers may need to be developed to 

facilitate their long-term deployment in urban environments.  

 

My research highlights the potential importance of acoustic sensory ecology and 

communicative behaviors in the mitigation of bird-building collisions. Future research 



44 

should address specific drivers of collisions and the role flock-communication may play 

in collision rates. 

 



45 

4 Reference List 

 

4.1 Chapter One 

Beever, E. A., Ray, C., Wilkening, J. L., Brussard, P. F., & Mote, P. W. (2011). 

Contemporary climate change alters the pace and drivers of extinction. Global 

Change Biology, 17(6), 2054–2070. https://doi.org/10.1111/j.1365-

2486.2010.02389.x 

Borden, W. C., Lockhart, O. M., Jones, A. W., & Lyons, M. S. (2010). Seasonal, 

Taxonomic, and Local Habitat Components of Bird-window Collisions on an 

Urban University Campus in Cleveland, OH. The Ohio Journal of 

Science, 110(3), 44–

52. http://kb.osu.edu/dspace/bitstream/1811/52787/1/OJS110N3_44.pdf 

Boyes, D., Fox, R., Shortall, C. R., & Whittaker, R. J. (2019). Bucking the trend: the 

diversity of Anthropocene ‘winners’ among British moths. Frontiers of 

Biogeography, 11(3). https://doi.org/10.21425/f5fbg43862 

Cabrera‐Cruz, S. A., Smolinsky, J. A., & Buler, J. J. (2018). Light pollution is greatest 

within migration passage areas for nocturnally-migrating birds around the 

world. Scientific Reports, 8(1). https://doi.org/10.1038/s41598-018-21577-6 

Canterbury, G. E. (2002). Metabolic adaptation and climatic constraints on winter bird 

distribution. Ecology, 83(4), 946. https://doi.org/10.2307/3071904 

Dirzo, R., Young, H. S., Galetti, M., Ceballos, G., Isaac, N. J. B., & Collen, B. (2014). 

Defaunation in the Anthropocene. Science, 345(6195), 401–

406. https://doi.org/10.1126/science.1251817 

Donihue, C. M., & Lambert, M. R. (2014). Adaptive evolution in urban 

ecosystems. AMBIO: A Journal of the Human Environment, 44(3), 194–

203. https://doi.org/10.1007/s13280-014-0547-2 

Elmore, J. A., Hager, S. B., Cosentino, B. J., O’Connell, T. J., Riding, C. S., Anderson, 

M. L., Bakermans, M. H., Boves, T. J., Brandes, D., Butler, E. M., Butler, M. W., 

Cagle, N. L., Calderón-Parra, R., Capparella, A. P., Chen, A., Cipollini, K., 

Conkey, A. a. T., Contreras, T. A., Cooper, R. I., . . . Loss, S. R. (2020). 

Correlates of bird collisions with buildings across three North American 

countries. Conservation Biology, 35(2), 654–

665. https://doi.org/10.1111/cobi.13569 

Finn, C., Grattarola, F., & Pincheira‐Donoso, D. (2023). More losers than winners: 

investigating Anthropocene defaunation through the diversity of population 

trends. Biological Reviews, 98(5), 1732–1748. https://doi.org/10.1111/brv.12974 

Guo, F., Buler, J. J., Smolinsky, J. A., & Wilcove, D. S. (2024). Seasonal patterns and 

protection status of stopover hotspots for migratory landbirds in the eastern 



46 

United States. Current Biology, 34(2), 235-

244.e3. https://doi.org/10.1016/j.cub.2023.11.033 

Hager, S. B., Cosentino, B. J., Aguilar-Gómez, M. Á., Anderson, M. L., Bakermans, M. 

H., Boves, T. J., Brandes, D., Butler, M. W., Butler, E. M., Cagle, N. L., 

Calderón-Parra, R., Capparella, A. P., Chen, A., Cipollini, K., Conkey, A. a. T., 

Contreras, T. A., Cooper, R. I., Corbin, C. E., Curry, R. L., . . . Zuria, I. (2017). 

Continent-wide analysis of how urbanization affects bird-window collision 

mortality in North America. Biological Conservation, 212, 209–

215. https://doi.org/10.1016/j.biocon.2017.06.014 

Halkin, S. L., Shustack, D. P., DeVries, M. S., Jawor, J. M., & Linville, S. U. (2021). 

Northern Cardinal (Cardinalis cardinalis). Birds of the 

World. https://doi.org/10.2173/bow.norcar.02 

Hardesty‐Moore, M., Deinet, S., Freeman, R., Titcomb, G., Dillon, E. M., Stears, K., 

Klope, M., Bui, A., Orr, D., Young, H. S., Kuile, A. M., Hughey, L. F., & 

McCauley, D. J. (2018). Migration in the Anthropocene: how collective 

navigation, environmental system and taxonomy shape the vulnerability of 

migratory species. Philosophical Transactions of the Royal Society B, 373(1746), 

20170017. https://doi.org/10.1098/rstb.2017.0017 

Hölker, F., Wolter, C., Perkin, E. K., & Tockner, K. (2010). Light pollution as a 

biodiversity threat. Trends in Ecology and Evolution, 25(12), 681–

682. https://doi.org/10.1016/j.tree.2010.09.007 

Jiguet, F., Gadot, A., Julliard, R., Newson, S. E., & Couvet, D. (2007). Climate envelope, 

life history traits and the resilience of birds facing global change. Global Change 

Biology, 13(8), 1672–1684. https://doi.org/10.1111/j.1365-2486.2007.01386.x 

Kirby, J. S., Stattersfield, A. J., Butchart, S. H. M., Evans, M. I., Grimmett, R. F., Jones, 

V. R., O’Sullivan, J. B., Tucker, G., & Newton, I. (2008). Key conservation issues 

for migratory land- and waterbird species on the world’s major flyways. Bird 

Conservation International, 18(S1), S49–

S73. https://doi.org/10.1017/s0959270908000439 

Klem, D. E. (2008). Avian mortality at windows: the second largest human source of bird 

mortality on Earth. Tundra to tropics: connecting birds, habitats and people 

[FULL TEXT]. Partners in 

Flight. http://sal.muhlenberg.edu:8080/librarydspace/bitstream/10718/2242/3/kle

m_2009.pdf 

La Sorte, F. A., Fink, D., Buler, J. J., Farnsworth, A., & Cabrera‐Cruz, S. A. (2017). 

Seasonal associations with urban light pollution for nocturnally migrating bird 

populations. Global Change Biology, 23(11), 4609–

4619. https://doi.org/10.1111/gcb.13792 



47 

Leidner, A. K., & Neel, M. C. (2011). Taxonomic and geographic patterns of decline for 

threatened and endangered species in the United States. Conservation 

Biology, 25(4), 716–725. https://doi.org/10.1111/j.1523-1739.2011.01689.x 

Longcore, T., & Rich, C. (2004). Ecological light pollution. Frontiers in Ecology and the 

Environment, 2(4), 191–198. https://doi.org/10.1890/1540-9295(2004)002 

Loss, S. R., Lao, S., Eckles, J. W., Anderson, A. W., Blair, R. B., & Turner, R. J. (2019). 

Factors influencing bird-building collisions in the downtown area of a major 

North American city. PLOS ONE, 14(11), 

e0224164. https://doi.org/10.1371/journal.pone.0224164 

Loss, S. R., Will, T., Loss, S. S., & Marra, P. P. (2014). Bird–building collisions in the 

United States: Estimates of annual mortality and species 

vulnerability. Ornithological Applications Prev the Condor, 116(1), 8–

23. https://doi.org/10.1650/condor-13-090.1 

Mac Nally, R. C., Bennett, A. F., Thomson, J. R., Radford, J. Q., Unmack, G., Horrocks, 

G., & Vesk, P. A. (2009). Collapse of an avifauna: climate change appears to 

exacerbate habitat loss and degradation. Diversity and Distributions, 15(4), 720–

730. https://doi.org/10.1111/j.1472-4642.2009.00578.x 

Martin, T. E. (1987). Food as a Limit on Breeding Birds: A Life-History 

Perspective. Annual Review of Ecology and Systematics, 18(1), 453–

487. https://doi.org/10.1146/annurev.ecolsys.18.1.453 

McLaren, J. D., Buler, J. J., Schreckengost, T., Smolinsky, J. A., Boone, M. E., Van 

Loon, E. E., Dawson, D., & Walters, E. L. (2018). Artificial light at night 

confounds broad‐scale habitat use by migrating birds. Ecology Letters 

(Print), 21(3), 356–364. https://doi.org/10.1111/ele.12902 

Meehan, T. D., Jetz, W., & Brown, J. H. (2004). Energetic determinants of abundance in 

winter landbird communities. Ecology Letters, 7(7), 532–

537. https://doi.org/10.1111/j.1461-0248.2004.00611.x 

Morneau, F., Décarie, R., Pelletier, R., Lambert, D., DesGranges, J., & Savard, J. L. 

(1999). Changes in breeding bird richness and abundance in Montreal parks over 

a period of 15 years. Landscape and Urban Planning, 44(2–3), 111–

121. https://doi.org/10.1016/s0169-2046(99)00002-x 

Nemes, C. E., Cabrera‐Cruz, S. A., Anderson, M., DeGroote, L. W., DeSimone, J. G., 

Massa, M., & Cohen, E. B. (2023). More than mortality: Consequences of human 

activity on migrating birds extend beyond direct mortality. Ornithological 

Applications Prev the Condor, 125(3). https://doi.org/10.1093/ornithapp/duad020 

Ocampo‐Peñuela, N., Wu, C. J., Zambello, E., Wittig, T., & Cagle, N. L. (2016). Patterns 

of bird-window collisions inform mitigation on a university campus. PeerJ, 4, 

e1652. https://doi.org/10.7717/peerj.1652 

Paxton, E. H., Durst, S. L., Sogge, M. K., Koronkiewicz, T. J., & Paxton, K. L. (2017). 

Survivorship across the annual cycle of a migratory passerine, the willow 



48 

flycatcher. Journal of Avian Biology, 48(8), 1126–

1131. https://doi.org/10.1111/jav.01371 

Robb, G. N., McDonald, R. A., Chamberlain, D., & Bearhop, S. (2008). Food for 

thought: supplementary feeding as a driver of ecological change in avian 

populations. Frontiers in Ecology and the Environment, 6(9), 476–

484. https://doi.org/10.1890/060152 

Robb, G. N., McDonald, R. A., Chamberlain, D., Reynolds, S. F., Harrison, T. J., & 

Bearhop, S. (2008). Winter feeding of birds increases productivity in the 

subsequent breeding season. Biology Letters, 4(2), 220–

223. https://doi.org/10.1098/rsbl.2007.0622 

Root, T. L. (1988). Environmental Factors Associated with Avian Distributional 

Boundaries. Journal of Biogeography, 15(3), 

489. https://doi.org/10.2307/2845278 

Rosenberg, K. V., Dokter, A. M., Blancher, P. J., Sauer, J. R., Smith, A. C., Smith, P. A., 

Stanton, J. C., Panjabi, A. O., Helft, L., Parr, M. J., & Marra, P. P. (2019). 

Decline of the North American avifauna. Science, 366(6461), 120–

124. https://doi.org/10.1126/science.aaw1313 

Tingley, M. W., Koo, M. S., Moritz, C., Rush, A., & Beissinger, S. R. (2012). The push 

and pull of climate change causes heterogeneous shifts in avian elevational 

ranges. Global Change Biology, 18(11), 3279–

3290. https://doi.org/10.1111/j.1365-2486.2012.02784.x 

Vedder, O., Bouwhuis, S., & Sheldon, B. C. (2013). Quantitative assessment of the 

importance of phenotypic plasticity in adaptation to climate change in wild bird 

populations. PLOS Biology, 11(7), 

e1001605. https://doi.org/10.1371/journal.pbio.1001605 

Winger, B. M., Weeks, B. C., Farnsworth, A., Jones, A. W., Hennen, M., & Willard, D. 

E. (2019). Nocturnal flight-calling behaviour predicts vulnerability to artificial 

light in migratory birds. Proceedings of the Royal Society B: Biological 

Sciences, 286(1900), 20190364. https://doi.org/10.1098/rspb.2019.0364 

Zurell, D., Graham, C. H., Gallien, L., Thuiller, W., & Zimmermann, N. E. (2018). Long-

distance migratory birds threatened by multiple independent risks from global 

change. Nature Climate Change, 8(11), 992–996. https://doi.org/10.1038/s41558-

018-0312-9 

 

4.2 Chapter Two 

 

Adams, T., & Sterner, R. W. (2000). The effect of dietary nitrogen content on trophic 

level 15N enrichment. Limnology and Oceanography, 45(3), 601–

607. https://doi.org/10.4319/lo.2000.45.3.0601 



49 

Arnell, N. W., Lowe, J. A., Challinor, A. J., & Osborn, T. J. (2019). Global and regional 

impacts of climate change at different levels of global temperature 

increase. Climatic Change, 155(3), 377–391. https://doi.org/10.1007/s10584-019-

02464-z 

Astheimer, L. B., Buttemer, W. A., & Wingfield, J. C. (1992). Interactions of 

Corticosterone with Feeding, Activity and Metabolism in Passerine Birds. Ornis 

Scandinavica, 23(3), 355. https://doi.org/10.2307/3676661 

Beddall, G. (1963). Range Expansion of the Cardinal and Other Birds in the Northeastern 

States. The Wilson Bulletin, 75(2), 140–159. 

Bortolotti, G. R., Marchant, T. A., Blas, J., & German, T. N. (2008). Corticosterone in 

feathers is a long‐term, integrated measure of avian stress physiology. Functional 

Ecology, 22(3), 494–500. https://doi.org/10.1111/j.1365-2435.2008.01387.x 

Boyes, D., Fox, R., Shortall, C. R., & Whittaker, R. J. (2019). Bucking the trend: the 

diversity of Anthropocene ‘winners’ among British moths. Frontiers of 

Biogeography, 11(3). https://doi.org/10.21425/f5fbg43862 

Boyle, W. A., Sandercock, B. K., & Martin, K. (2015). Patterns and drivers of 

intraspecific variation in avian life history along elevational gradients: a meta‐

analysis. Biological Reviews, 91(2), 469–482. https://doi.org/10.1111/brv.12180 

Braasch, A., Becker, P. H., & Groothuis, T. G. (2014). Response of testosterone and 

corticosterone plasma levels to the challenge of sibling competition: A study in 

common terns. General and Comparative Endocrinology, 204, 95–

103. https://doi.org/10.1016/j.ygcen.2014.05.007 

Breuner, C. W., Orchinik, M., Hahn, T. P., Meddle, S., Moore, I. T., Owen-Ashley, N. T., 

Sperry, T. S., & Wingfield, J. C. (2003). Differential mechanisms for regulation 

of the stress response across latitudinal gradients. American Journal of 

Physiology-regulatory Integrative and Comparative Physiology, 285(3), R594–

R600. https://doi.org/10.1152/ajpregu.00748.2002 

Brittingham, M. C., & Temple, S. A. (1988). Impacts of supplemental feeding on survival 

rates of Black‐Capped chickadees. Ecology, 69(3), 581–

589. https://doi.org/10.2307/1941007 

Callery, K. R., Smallwood, J. A., Hunt, A. R., Snyder, E. R., & Heath, J. A. (2022). 

Seasonal trends in adult apparent survival and reproductive trade-offs reveal 

potential constraints to earlier nesting in a migratory bird. Oecologia, 199(1), 91–

102. https://doi.org/10.1007/s00442-022-05169-w 

Carbajal, A., Talló-Parra, O., Sabés-Alsina, M., Mular, I., & López-Béjar, M. (2014). 

Feather corticosterone evaluated by ELISA in broilers: A potential tool to 

evaluate broiler welfare. Poultry Science, 93(11), 2884–

2886. https://doi.org/10.3382/ps.2014-04092 

Chew, B. (2019). Stable isotopes in avian research: a step by step protocol to feather 

sample preparation for stable isotope analysis of carbon (δ13C), nitrogen (δ15N), 

and hydrogen (δ2H). Version 1.1 

v1. protocols.io. https://doi.org/10.17504/protocols.io.z2uf8ew 

Coplen, T. B. (2011). Guidelines and recommended terms for expression of stable‐

isotope‐ratio and gas‐ratio measurement results. Rapid Communications in Mass 



50 

Spectrometry/RCM. Rapid Communications in Mass Spectrometry, 25(17), 2538–

2560. https://doi.org/10.1002/rcm.5129 

Dawson, A. (2007). Control of the annual cycle in birds: endocrine constraints and 

plasticity in response to ecological variability. Philosophical Transactions of the 

Royal Society B, 363(1497), 1621–1633. https://doi.org/10.1098/rstb.2007.0004 

Done, T., Gow, E. A., & Stutchbury, B. J. M. (2011). Corticosterone stress response and 

plasma metabolite levels during breeding and molt in a free-living migratory 

songbird, the wood thrush (Hylocichla mustelina). General and Comparative 

Endocrinology, 171(2), 176–182. https://doi.org/10.1016/j.ygcen.2011.01.006 

Donihue, C. M., & Lambert, M. R. (2014). Adaptive evolution in urban 

ecosystems. AMBIO: A Journal of the Human Environment, 44(3), 194–

203. https://doi.org/10.1007/s13280-014-0547-2 

Dow, D., & Scott, D. M. (1971). Dispersal and range expansion by the cardinal: an 

analysis of banding records. Canadian Journal of Zoology, 49(2), 185–

198. https://doi.org/10.1139/z71-028 

Drent, R. H., & Daan, S. (2002). The Prudent Parent: Energetic adjustments in avian 

breeding1). Ardea, 38–90, 225–252. https://doi.org/10.5253/arde.v68.p225 

Fuller, R. A., Warren, P. H., Armsworth, P. R., Barbosa, O., & Gaston, K. J. (2007). 

Garden bird feeding predicts the structure of urban avian assemblages. Diversity 

and Distributions, 14(1), 131–137. https://doi.org/10.1111/j.1472-

4642.2007.00439.x 

Galbraith, J. A., Beggs, J. R., Jones, D., & Stanley, M. C. (2015). Supplementary feeding 

restructures urban bird communities. Proceedings of the National Academy of 

Sciences of the United States of 

America, 112(20). https://doi.org/10.1073/pnas.1501489112 

González‐Carcacía, J. A., & Nassar, J. M. (2020). Dietary importance of C3 and CAM 

food pathways for birds in a Neotropical semiarid zone. Biotropica, 52(5), 938–

945. https://doi.org/10.1111/btp.12798 

Grubb, T. C. (1989). Ptilochronology: Feather growth bars as indicators of nutritional 

status. The Auk, 106(2), 314–320. https://doi.org/10.1093/auk/106.2.314 

Grubb, T. C., & Cimprich, D. A. (1990). Supplementary Food Improves the Nutritional 

Condition of Wintering Woodland Birds: Evidence from Ptilochronology. Ornis 

Scandinavica, 21(4), 277. https://doi.org/10.2307/3676392 

Grubb, T. C., Waite, T. A., & Wiseman, A. J. (1991). Ptilochronology: Induced Feather 

Growth in Northern Cardinals Varies with Age, Sex, Ambient Temperature, and 

Day Length. The Wilson Journal of Ornithology, 103(3), 435–

445. https://www.biodiversitylibrary.org/part/242426 

Halkin, S. L., Shustack, D. P., DeVries, M. S., Jawor, J. M., & Linville, S. U. (2021). 

Northern Cardinal (Cardinalis cardinalis). Birds of the 

World. https://doi.org/10.2173/bow.norcar.02 

Hemborg, C., Sanz, J. J., & Lundberg, A. (2001). Effects of latitude on the trade-off 

between reproduction and moult: a long-term study with pied 

flycatcher. Oecologia, 129(2), 206–212. https://doi.org/10.1007/s004420100710 



51 

Holmes, R. T. (1971). Latitudinal Differences in the Breeding and Molt Schedules of 

Alaskan Red-Backed Sandpipers (Calidris alpina). Ornithological Applications 

Prev the Condor, 73(1), 93–99. https://doi.org/10.2307/1366128 

Inger, R., & Bearhop, S. (2008). Applications of stable isotope analyses to avian 

ecology. Ibis, 150(3), 447–461. https://doi.org/10.1111/j.1474-919x.2008.00839.x 

Jackson, A., L., Parnell, A., C., Inger, R., & Bearhop, S. (2011). Munities: SIBER - stable 

isotope Bayesian ellipses in R Journal of Animal Ecology. Journal of Animal 

Ecology, 3, 595–603. http://dx.doi.org/10.1111/j.1365-2656.2011.01806.x 

Jenni‐Eiermann, S., Helfenstein, F., Vallat, A., Glauser, G., & Jenni, L. (2015). 

Corticosterone: effects on feather quality and deposition into feathers. Methods in 

Ecology and Evolution, 6(2), 237–246. https://doi.org/10.1111/2041-210x.12314 

Jiguet, F., Gadot, A., Julliard, R., Newson, S. E., & Couvet, D. (2007). Climate envelope, 

life history traits and the resilience of birds facing global change. Global Change 

Biology, 13(8), 1672–1684. https://doi.org/10.1111/j.1365-2486.2007.01386.x 

Keeley, J. E., & Rundel, P. W. (2003). Evolution of CAM and C4Carbon‐Concentrating 

mechanisms. International Journal of Plant Sciences, 164(S3), S55–

S77. https://doi.org/10.1086/374192 

Kelly, J. F. (2000). Stable isotopes of carbon and nitrogen in the study of avian and 

mammalian trophic ecology. Canadian Journal of Zoology, 78(1), 1–

27. https://doi.org/10.1139/z99-165 

Kelly, S., Parker, I., Sharman, M., Dennis, J., & Goodall, I. (1997). Assessing the 

authenticity of single seed vegetable oils using fatty acid stable carbon isotope 

ratios (13C12C). Food Chemistry, 59(2), 181–186. https://doi.org/10.1016/s0308-

8146(96)00286-5 

Laskey, A. (1944). A study of the cardinal in Tennessee. The Wilson Bulletin, 27–44. 

Legagneux, P., Harms, N. J., Gauthier, G., Chastel, O., Gilchrist, H. G., Bortolotti, G. R., 

Bêty, J., & Soos, C. (2013). Does feather corticosterone reflect individual quality 

or external stress in Arctic-Nesting migratory birds? PLOS ONE, 8(12), 

e82644. https://doi.org/10.1371/journal.pone.0082644 

Martin, T. E. (1987). Food as a Limit on Breeding Birds: A Life-History 

Perspective. Annual Review of Ecology and Systematics, 18(1), 453–

487. https://doi.org/10.1146/annurev.ecolsys.18.1.453 

Mewaldt, L. R., & King, J. R. (1978). Latitudinal variation of postnuptial molt in Pacific 

Coast White-Crowned sparrows. The Auk, 95(1), 168–

174. https://doi.org/10.2307/4085508 

Møller, A. P., & Nielsen, J. T. (2017). The trade-off between rapid feather growth and 

impaired feather quality increases risk of predation. Journal of 

Ornithology, 159(1), 165–171. https://doi.org/10.1007/s10336-017-1483-2 

Morneau, F., Décarie, R., Pelletier, R., Lambert, D., DesGranges, J., & Savard, J. L. 

(1999). Changes in breeding bird richness and abundance in Montreal parks over 

a period of 15 years. Landscape and Urban Planning, 44(2–3), 111–

121. https://doi.org/10.1016/s0169-2046(99)00002-x 

Oro, D., Genovart, M., Tavecchia, G., Fowler, M. S., & Martínez‐Abraín, A. (2013). 

Ecological and evolutionary implications of food subsidies from humans. Ecology 

Letters, 16(12), 1501–1514. https://doi.org/10.1111/ele.12187 

https://doi.org/10.1139/z99-165


52 

Peterson, B. (1987). Stable isotopes in ecosystem studies. Annual Review of Ecology and 

Systematics, 18(1), 293–320. https://doi.org/10.1146/annurev.ecolsys.18.1.293 

Plummer, K. E., Risely, K., Toms, M. P., & Siriwardena, G. M. (2019). The composition 

of British bird communities is associated with long-term garden bird 

feeding. Nature Communications, 10(1). https://doi.org/10.1038/s41467-019-

10111-5 

Rich, E. L., & Romero, L. M. (2005). Exposure to chronic stress downregulates 

corticosterone responses to acute stressors. American Journal of Physiology-

regulatory Integrative and Comparative Physiology, 288(6), R1628–

R1636. https://doi.org/10.1152/ajpregu.00484.2004 

Robb, G. N., McDonald, R. A., Chamberlain, D., & Bearhop, S. (2008). Food for 

thought: supplementary feeding as a driver of ecological change in avian 

populations. Frontiers in Ecology and the Environment, 6(9), 476–

484. https://doi.org/10.1890/060152 

Robb, G. N., McDonald, R. A., Chamberlain, D., Reynolds, S. F., Harrison, T. J., & 

Bearhop, S. (2008). Winter feeding of birds increases productivity in the 

subsequent breeding season. Biology Letters, 4(2), 220–

223. https://doi.org/10.1098/rsbl.2007.0622 

Robertson, J. K., Muir, C., Hurd, C. S., Hing, J. S., & Quinn, J. S. (2017). The effect of 

social group size on feather corticosterone in the co-operatively breeding Smooth-

billed Ani (Crotophaga ani): An assay validation and analysis of extreme social 

living. PloS One, 12(3), e0174650. https://doi.org/10.1371/journal.pone.0174650 

Romero, L. M., Strochlic, D. E., & Wingfield, J. C. (2005). Corticosterone inhibits 

feather growth: Potential mechanism explaining seasonal down regulation of 

corticosterone during molt. Comparative Biochemistry and Physiology Part A: 

Molecular & Integrative Physiology, 142(1), 65–

73. https://doi.org/10.1016/j.cbpa.2005.07.014 

Saino, N., Romano, M., Caprioli, M., Lardelli, R., Micheloni, P., Scandolara, C., 

Rubolini, D., & Fasola, M. (2012). Molt, feather growth rate and body condition 

of male and female Barn Swallows. Journal of Ornithology, 154(2), 537–

547. https://doi.org/10.1007/s10336-012-0924-1 

Sexton, J. P., McIntyre, P. J., Angert, A. L., & Rice, K. J. (2009a). Evolution and ecology 

of species range limits. Annual Review of Ecology, Evolution, and 

Systematics, 40(1), 415–

436. https://doi.org/10.1146/annurev.ecolsys.110308.120317 

Sexton, J. P., McIntyre, P. J., Angert, A. L., & Rice, K. J. (2009b). Evolution and ecology 

of species range limits. Annual Review of Ecology, Evolution, and 

Systematics, 40(1), 415–

436. https://doi.org/10.1146/annurev.ecolsys.110308.120317 

Sih, A., Côté, J., Evans, M., Fogarty, S., & Pruitt, J. N. (2012). Ecological implications of 

behavioural syndromes. Ecology Letters, 15(3), 278–

289. https://doi.org/10.1111/j.1461-0248.2011.01731.x 

Svensson, E. I., & Nilsen, J. (1997). The trade-off between molt and parental care: a 

sexual conflict in the blue tit? Behavioral Ecology, 8(1), 92–

98. https://doi.org/10.1093/beheco/8.1.92 



53 

Svensson, E., & Nilsen, J. (1997). The trade-off between molt and parental care: a sexual 

conflict in the blue tit? Behavioral Ecology, 8(1), 92–

98. https://doi.org/10.1093/beheco/8.1.92 

Terrill, R. S. (2018). Feather growth rate increases with latitude in four species of 

widespread resident Neotropical birds. The Auk, 135(4), 1055–

1063. https://doi.org/10.1642/auk-17-176.1 

Verner, J., & Willson, M. F. (1969). Mating systems, sexual dimorphism, and the role of 

male North American passerine birds in the nesting cycle. Ornithological 

Monographs, 9, 1–76. https://doi.org/10.2307/40166683 

Williamson, F., & Emison, W. B. (1971). Variation in the Timing of Breeding and Molt 

of the Lapland Longspur (“Calcarius lapponicus”) in Alaska, with Relation to 

Differences in Latitude. BioScience, 21(12), 701–

707. https://doi.org/10.2307/1295752 

Winkler, M. G. (1994). Sensing plant community and climate change by charcoal-carbon 

isotope analysis. Écoscience/Écoscience, 1(4), 340–

345. https://doi.org/10.1080/11956860.1994.11682261 

 

 

 

 

 

4.3 Chapter Three 

 

Borden, W. C., Lockhart, O. M., Jones, A. W., & Lyons, M. S. (2010). Seasonal, 

taxonomic, and local habitat components of bird-window collisions on an urban 

university campus in Cleveland, OH. The Ohio Journal of Science, 110(3), 44–

52. http://kb.osu.edu/dspace/bitstream/1811/52787/1/OJS110N3_44.pdf 

Boycott, T. J., Mullis, S. M., Jackson, B. E., & Swaddle, J. P. (2021). Field testing an 

“acoustic lighthouse”: Combined acoustic and visual cues provide a multimodal 

solution that reduces avian collision risk with tall human-made structures. PLOS 

ONE, 16(4), e0249826. https://doi.org/10.1371/journal.pone.0249826 

Cabrera‐Cruz, S. A., Smolinsky, J. A., & Buler, J. J. (2018). Light pollution is greatest 

within migration passage areas for nocturnally-migrating birds around the 

world. Scientific Reports, 8(1). https://doi.org/10.1038/s41598-018-21577-6 

Cardoso, G. C. (2014). Nesting and acoustic ecology, but not phylogeny, influence 

passerine urban tolerance. Global Change Biology, 20(3), 803–

810. https://doi.org/10.1111/gcb.12410 

Cornell Lab of Ornithology – Cornell University – Interactive Sound Analysis Software. 

(n.d.). https://www.ravensoundsoftware.com/ 

De La Hera, I., Fontanilles, P., Delalande, L., Glad, A., & Sarraude, T. (2016). Attraction 

of other Species by BluethroatLuscinia svecicaSong Playback During Autumn 

https://doi.org/10.2307/1295752


54 

Migration: An Experimental Test Using Bird-Ringing Data. Ardeola, 64(1), 5–

13. https://doi.org/10.13157/arla.64.1.2017.sc4 

Dominoni, D. M. (2015). The effects of light pollution on biological rhythms of birds: an 

integrated, mechanistic perspective. Journal of Ornithology, 156(S1), 409–

418. https://doi.org/10.1007/s10336-015-1196-3 

Elmore, J. A., Hager, S. B., Cosentino, B. J., O’Connell, T. J., Riding, C. S., Anderson, 

M. L., Bakermans, M. H., Boves, T. J., Brandes, D., Butler, E. M., Butler, M. W., 

Cagle, N. L., Calderón-Parra, R., Capparella, A. P., Chen, A., Cipollini, K., 

Conkey, A. a. T., Contreras, T. A., Cooper, R. I., . . . Loss, S. R. (2020). 

Correlates of bird collisions with buildings across three North American 

countries. Conservation Biology, 35(2), 654–

665. https://doi.org/10.1111/cobi.13569 

Farnsworth, A. (2005). Flight calls and their value for future ornithological studies and 

conservation research. The Auk, 122(3), 733–

746. https://doi.org/10.1093/auk/122.3.733 

Farnsworth, A., & Lovette, I. J. (2008). Phylogenetic and ecological effects on 

interspecific variation in structurally simple avian vocalizations. Biological 

Journal of the Linnean Society, 94(1), 155–173. https://doi.org/10.1111/j.1095-

8312.2008.00973.x 

Gauthreaux, S. A., Jr, & Belser, C. (2013). Ecological consequences of artificial night 

lighting (T. Longcore & C. Rich, Eds.; Vol. 2006) [Book]. Island Press. 

Gayk, Z. G., & Mennill, D. J. (2023). Acoustic similarity of flight calls corresponds with 

the composition and structure of mixed-species flocks of migrating birds: 

evidence from a three-dimensional microphone array. Philosophical Transactions 

of the Royal Society B, 378(1878). https://doi.org/10.1098/rstb.2022.0114 

Gayk, Z. G., Simpson, R. K., & Mennill, D. J. (2021). The evolution of wood warbler 

flight calls: Species with similar migrations produce acoustically similar 

calls. Evolution, 75(3), 719–730. https://doi.org/10.1111/evo.14167 

Gill, F. B. (2007). Ornithology. Macmillan. 

Guo, F., Buler, J. J., Smolinsky, J. A., & Wilcove, D. S. (2024). Seasonal patterns and 

protection status of stopover hotspots for migratory landbirds in the eastern 

United States. Current Biology, 34(2), 235-

244.e3. https://doi.org/10.1016/j.cub.2023.11.033 

Hager, S. B., Cosentino, B. J., Aguilar-Gómez, M. Á., Anderson, M. L., Bakermans, M. 

H., Boves, T. J., Brandes, D., Butler, M. W., Butler, E. M., Cagle, N. L., 

Calderón-Parra, R., Capparella, A. P., Chen, A., Cipollini, K., Conkey, A. a. T., 

Contreras, T. A., Cooper, R. I., Corbin, C. E., Curry, R. L., . . . Zuria, I. (2017). 

Continent-wide analysis of how urbanization affects bird-window collision 

mortality in North America. Biological Conservation, 212, 209–

215. https://doi.org/10.1016/j.biocon.2017.06.014 



55 

Hamilton, W. J. (1962). Evidence concerning the Function of Nocturnal Call Notes of 

Migratory Birds. Ornithological Applications Prev the Condor, 64(5), 390–

401. https://doi.org/10.2307/1365547 

Hardesty‐Moore, M., Deinet, S., Freeman, R., Titcomb, G., Dillon, E. M., Stears, K., 

Klope, M., Bui, A., Orr, D., Young, H. S., Kuile, A. M., Hughey, L. F., & 

McCauley, D. J. (2018). Migration in the Anthropocene: how collective 

navigation, environmental system and taxonomy shape the vulnerability of 

migratory species. Philosophical Transactions of the Royal Society B, 373(1746), 

20170017. https://doi.org/10.1098/rstb.2017.0017 

Hölker, F., Wolter, C., Perkin, E. K., & Tockner, K. (2010). Light pollution as a 

biodiversity threat. Trends in Ecology and Evolution, 25(12), 681–

682. https://doi.org/10.1016/j.tree.2010.09.007 

Klem, D. E. (2008). Avian mortality at windows: the second largest human source of bird 

mortality on Earth. Tundra to tropics: connecting birds, habitats and people 

[FULL TEXT]. Partners in 

Flight. http://sal.muhlenberg.edu:8080/librarydspace/bitstream/10718/2242/3/kle

m_2009.pdf 

Klem, D. E., & Saenger, P. (2013). Evaluating the effectiveness of select visual signals to 

prevent bird-window collisions. The Wilson Journal of Ornithology, 125(2), 406–

411. https://doi.org/10.1676/12-106.1 

La Sorte, F. A., Fink, D., Buler, J. J., Farnsworth, A., & Cabrera‐Cruz, S. A. (2017). 

Seasonal associations with urban light pollution for nocturnally migrating bird 

populations. Global Change Biology, 23(11), 4609–

4619. https://doi.org/10.1111/gcb.13792 

Linscott, J. A., & Senner, N. R. (2021). Beyond refueling: Investigating the diversity of 

functions of migratory stopover events. Ornithological Applications Prev the 

Condor, 123(1). https://doi.org/10.1093/ornithapp/duaa074 

Longcore, T., & Rich, C. (2004). Ecological light pollution. Frontiers in Ecology and the 

Environment, 2(4), 191–198. https://doi.org/10.1890/1540-9295(2004)002 

Loss, S. R., Lao, S., Eckles, J. W., Anderson, A. W., Blair, R. B., & Turner, R. J. (2019). 

Factors influencing bird-building collisions in the downtown area of a major 

North American city. PLOS ONE, 14(11), 

e0224164. https://doi.org/10.1371/journal.pone.0224164 

Loss, S. R., Will, T., Loss, S. S., & Marra, P. P. (2014). Bird–building collisions in the 

United States: Estimates of annual mortality and species 

vulnerability. Ornithological Applications Prev the Condor, 116(1), 8–

23. https://doi.org/10.1650/condor-13-090.1 

Martin, G. R. (2011). Understanding bird collisions with man‐made objects: a sensory 

ecology approach. Ibis, 153(2), 239–254. https://doi.org/10.1111/j.1474-

919x.2011.01117.x 



56 

McClure, C. J. W., Ware, H. E., Carlisle, J. D., Kaltenecker, G. S., & Barber, J. R. 

(2013). An experimental investigation into the effects of traffic noise on 

distributions of birds: avoiding the phantom road. Proceedings of the Royal 

Society B: Biological Sciences, 280(1773), 

20132290. https://doi.org/10.1098/rspb.2013.2290 

McLaren, J. D., Buler, J. J., Schreckengost, T., Smolinsky, J. A., Boone, M. E., Van 

Loon, E. E., Dawson, D., & Walters, E. L. (2018). Artificial light at night 

confounds broad‐scale habitat use by migrating birds. Ecology Letters 

(Print), 21(3), 356–364. https://doi.org/10.1111/ele.12902 

Molles, L., Calcott, A., Peters, D., Delamare, G., Hudson, J. D., Innes, J., Flux, I., & 

Waas, J. R. (2008). “Acoustic anchoring” and the successful translocation of 

North Island kokako (Callaeas cinerea wilsoni) to a New Zealand mainland 

management site within continuous 

forest. https://researcharchive.lincoln.ac.nz/items/7062a563-8543-4d76-8b42-

4157b0ff2b35 

Mukhin, A., Chernetsov, N., & Kishkinev, D. (2008). Acoustic information as a distant 

cue for habitat recognition by nocturnally migrating passerines during 

landfall. Behavioral Ecology, 19(4), 716–

723. https://doi.org/10.1093/beheco/arn025 

Ocampo‐Peñuela, N., Wu, C. J., Zambello, E., Wittig, T., & Cagle, N. L. (2016). Patterns 

of bird-window collisions inform mitigation on a university campus. PeerJ, 4, 

e1652. https://doi.org/10.7717/peerj.1652 

Rivadeneira, P., Kross, S. M., Navarro-González, N., & Jay-Russell, M. (2018). A review 

of bird deterrents used in agriculture. Proceedings - Vertebrate Pest 

Conference, 28. https://doi.org/10.5070/v42811040 

Schmaljohann, H., Eikenaar, C., & Sapir, N. (2022). Understanding the ecological and 

evolutionary function of stopover in migrating birds. Biological Reviews, 97(4), 

1231–1252. https://doi.org/10.1111/brv.12839 

Smith, A. D., Paton, P. W. C., & McWilliams, S. R. (2014). Using Nocturnal Flight Calls 

to Assess the Fall Migration of Warblers and Sparrows along a Coastal Ecological 

Barrier. PLOS ONE, 9(3), e92218. https://doi.org/10.1371/journal.pone.0092218 

Swaddle, J. P., Moseley, D. L., Hinders, M. K., & Smith, E. L. (2016). A sonic net 

excludes birds from an airfield: implications for reducing bird strike and crop 

losses. Ecological Applications, 26(2), 339–345. https://doi.org/10.1890/15-0829 

Szymkowiak, J., Thomson, R. L., & Kuczyński, L. (2017). Interspecific social 

information use in habitat selection decisions among migrant 

songbirds. Behavioral Ecology, 28(3), 767–

775. https://doi.org/10.1093/beheco/arx029 

Thady, R. G., Emerson, L. C., & Swaddle, J. P. (2022). Evaluating acoustic signals to 

reduce avian collision risk. PeerJ, 10, e13313. https://doi.org/10.7717/peerj.13313 



57 

Van Doren, B. M., Willard, D. E., Hennen, M., Horton, K. G., Stuber, E. F., Sheldon, D., 

Sivakumar, A., Wang, J., Farnsworth, A., & Winger, B. M. (2021). Drivers of 

fatal bird collisions in an urban center. Proceedings of the National Academy of 

Sciences of the United States of 

America, 118(24). https://doi.org/10.1073/pnas.2101666118 

Venier, L. A., Holmes, S. B., Holborn, G., McIlwrick, K. A., & Brown, G. S. (2011). 

Evaluation of an automated recording device for monitoring forest birds. Wildlife 

Society Bulletin, 36(1), 30–39. https://doi.org/10.1002/wsb.88 

Watson, M. J., Wilson, D. R., & Mennill, D. J. (2016). Anthropogenic light is associated 

with increased vocal activity by nocturnally migrating birds. Ornithological 

Applications Prev the Condor, 118(2), 338–344. https://doi.org/10.1650/condor-

15-136.1 

Wickham H, François R, Henry L, Müller K, Vaughan D (2023). dplyr: A Grammar of 

Data          

 Manipulation. R package version 1.1.4, https://github.com/tidyverse/dplyr,  

 https://dplyr.tidyverse.org. 

Winger, B. M., Weeks, B. C., Farnsworth, A., Jones, A. W., Hennen, M., & Willard, D. 

E. (2019). Nocturnal flight-calling behaviour predicts vulnerability to artificial 

light in migratory birds. Proceedings of the Royal Society B: Biological 

Sciences, 286(1900), 20190364. https://doi.org/10.1098/rspb.2019.0364 

Xu, Y., Si, Y., Takekawa, J. Y., Liu, Q., Prins, H. H. T., Yin, S., Prosser, D. J., Gong, P., 

& De Boer, W. F. (2019). A network approach to prioritize conservation efforts 

for migratory birds. Conservation Biology, 34(2), 416–

426. https://doi.org/10.1111/cobi.13383 

Youngman, J. A., Flaspohler, D. J., Knowlton, J. L., & Dombroski, L. J. (2017). Autumn 

waterbird migration over Lake Superior: Numbers, species, and timing. Journal of 

Great Lakes Research, 43(6), 1186–

1190. https://doi.org/10.1016/j.jglr.2017.08.012 

 

https://doi.org/10.1650/condor-15-136.1
https://doi.org/10.1650/condor-15-136.1
https://github.com/tidyverse/dplyr
https://dplyr.tidyverse.org/

	DIVERGENT RESPONSE TO ANTHROPOGENIC CHANGE WITHIN THE SONGBIRD TAXON: INSIGHTS FROM THE RANGE EXPANSION OF THE NORTHERN CARDINAL AND MITIGATION MECHANISMS FOR MIGRATORY BIRD-BUILDING COLLISIONS
	Recommended Citation

	DIVERGENT RESPONSE TO ANTHROPOGENIC CHANGE WITHIN THE SONGBIRD TAXON: INSIGHTS FROM THE RANGE EXPANSION OF THE NORTHERN CARDINAL AND MITIGATION MECHANISMS FOR MIGRATORY BIRD-BUILDING COLLISIONS
	Author Contribution Statement
	Acknowledgements
	Abstract
	1 Introduction
	2 Climatic, temporal, and dietary constraints on the Northern Cardinal’s northward range expansion in human-dominated landscapes.
	2.1 Introduction
	2.2 Methods
	2.2.1 Study Area
	2.2.2 Field Methods
	2.2.3 Ptilochronology
	2.2.4 Isotopic analysis
	2.2.5 Corticosterone
	2.2.6 Statistical analysis

	2.3 Results
	2.3.1 Feather Growth Rate
	2.3.2 Corticosterone
	2.3.3 Stable Isotopes

	2.4 Discussion
	2.4.1 Stable Isotopes
	2.4.2 Ptilochronology
	2.4.3 Corticosterone


	3 Efficacy of acoustic signals as a solution to migratory bird-building collisions
	3.1 Introduction
	3.2 Methods
	3.2.1 Study Area
	3.2.2 Preliminary Deterrent and Attractant: Fall 2022
	3.2.3 Predator and Synthetic Deterrent: Spring 2023
	3.2.4 Predator and Synthetic Deterrent: Fall 2023
	3.2.5 Statistical Analysis

	3.3 Results
	3.3.1 Preliminary Deterrent: Fall 2022
	3.3.2 Experimental Design: Spring 2023

	3.4 Discussion

	4 Reference List
	4.1 Chapter One
	4.2 Chapter Two
	4.3 Chapter Three



