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ABSTRACT 

Grace J. Di Cecco: Understanding biodiversity responses to global change: populations, 
communities, and species distributions 

(Under the direction of Allen H. Hurlbert) 

 

Human influence on global ecosystems is pervasive. To mitigate the effects of climate 

change and land use change, there is a need for developing a predictive understanding of how 

global biodiversity has been impacted. Identifying ecological traits of species associated with 

species that are vulnerable to, tolerant of, or benefitting from anthropogenic change can help 

predict ecological communities of the future. In this dissertation, I investigated the ecological 

impacts of global change at three levels: populations, communities, and range distributions. 

Population responses to anthropogenic change may be context dependent: climate change 

effects may be exacerbated by simultaneous land use changes, or intraspecific population 

response to climate change may depend on whether the population is in a warmer or colder 

portion of the species’ range. To address these questions, I modeled how forest fragmentation 

and climate change predict changes in population trends of 67 forest breeding bird species 

throughout the United States and Canada. Secondly, I determined whether ecological traits such 

as migratory strategy, habitat specialization, and thermal niche width can predict the 

susceptibility of species to the impacts of forest fragmentation and climate change.  

As a result of ongoing anthropogenic change, ecological communities have reshuffled. 

Understanding how communities are changing requires consideration of compositional shifts in 

species identity and abundance and how they are related to global change. I examined the 
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compositional change in bird communities, comparing the relative contribution of land use and 

climate change variables from local to regional scales over the past 25 years in the United States 

and Canada. Additionally, I measured how species traits may explain turnover in response to 

climate and land use change. 

 Impacts from local climate and land use change on populations and communities 

ultimately scale up to impact species range distributions. In response, species may undergo shifts 

in population size, sites occupied within their range, and shifts in range extent. Niche breadth on 

various axes may influence the direction and magnitude of these responses. Using annual survey 

data on breeding birds over forty years, I characterized the relative importance of niche breadth 

in explaining changes in species range responses. 
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CHAPTER 1: INTRODUCTION 

 

We are currently experiencing a period of rapid global change driven by human-caused 

climate and land use change (Haddad et al., 2015; Parmesan & Yohe, 2003). There is a growing 

consensus that we are undergoing a sixth global extinction crisis, and even species not currently 

being driven to the brink of extinction are impacted by proliferating invasive species and rapid 

change to nutrient, temperature, and precipitation regimes as well as amount of available habitat 

(Barnosky et al., 2011). Developing a strong, predictive understanding of the effects of 

anthropogenic changes on global biodiversity is crucial for mitigating the effects of 

anthropogenic change and forecasting what future ecological communities will look like. The 

tools of macroecology and community ecology, making use of long-term, geographically 

extensive datasets, will play an important role in that effort. 

Climate and land use change are two major drivers of global biodiversity change and both 

are complex processes that can be measured in multiple ways. Climate change encompasses 

changes in precipitation amount and frequency, as well as changes in mean temperature, 

minimum and maximum temperatures including the rate of change and the variance in 

temperature regimes (Brito-Morales et al., 2018; Trenberth, 2011). Land use change can include 

conversion of natural habitat to agricultural or urban uses, and species are impacted by changes 

in total amount of habitat as well as the spatial configuration of habitat loss, including patch size 

and edge effects (Bender, Contreras, & Fahrig, 1998; Trzcinski, Fahrig, & Merriam, 1999).  
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In response to anthropogenic change, species’ responses to anthropogenic changes have 

been described in terms of “winners”, species able to exploit or benefit from human-modified 

environments or warmer climates, and “losers” which are unable to adapt (Dornelas et al., 2019). 

Habitat specialist species, especially those with poor colonization ability, are expected to 

experience increased deleterious effects of interactions between habitat loss and climate change 

(Travis, 2003). Widespread, generalist species may be more likely to benefit from or tolerate 

changes to their environments such as habitat fragmentation and climate change (La Sorte & 

McKinney, 2007). As a result, many ecological communities are experiencing biotic 

homogenization, in which local richness may not decline but endemic, specialist species are 

replaced by widespread, generalist species. Spatial species turnover (𝛽-diversity) between local 

communities then decreases, as communities become more similar to each other (Finderup 

Nielsen, Sand‐Jensen, Dornelas, & Bruun, 2019; Jarzyna & Jetz, 2017; La Sorte & McKinney, 

2007). Predicting which species will be "winners" and which will be "losers" requires an 

understanding of niche specialization along multiple axes including foraging mode and diet, 

habitat preference, and climatic tolerance. 

In this dissertation, I investigated biodiversity change in response to anthropogenic 

change in multiple dimensions: first, I examined species population responses to land use and 

climate change, with an emphasis on the context-dependent effects of population responses to 

multiple sources of simultaneous anthropogenic change. Second, I studied how the importance of 

land use and climate change in driving temporal community turnover varies with scale. Third, I 

evaluated how species niche breadth along multiple axes including habitat niche, climatic niche, 

and diet niche, influence changes in the range extent, occupancy within the range, and range-
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wide population size of the species. This work contributes to developing a predictive 

understanding in how anthropogenic changes impact global biodiversity. 
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CHAPTER 2: INTERACTION OF CLIMATE CHANGE AND LAND USE CHANGE 
EFFECTS ON POPULATION TRENDS IN FOREST BREEDING BIRDS 

 
 

Introduction 

Anthropogenic changes such as habitat fragmentation and climate change have led to a 

global biodiversity crisis (Haddad et al., 2015; Parmesan & Yohe, 2003). Climate change and 

habitat loss have driven large-scale population declines of many species, and habitat 

fragmentation can result in greater decreases in abundance than would be expected from habitat 

loss alone (B Spooner, Pearson, Freeman, & Fiona B Spooner, 2018; Chisholm et al., 2018; 

Martay et al., 2017). But while many studies have examined the individual effects of climate 

change and habitat loss on bird communities, species are experiencing these changes to their 

environment simultaneously (Padilla & Rodewald, 2015; Tingley, Monahan, Beissinger, & 

Moritz, 2009; Valiela, 2007). As a result, empirical evidence of how the dimensions of 

anthropogenic change act in concert on biodiversity is needed (Oliver & Morecroft, 2014). There 

is growing recognition that land use change and climate change act synergistically on bird 

communities (Jarzyna, Porter, Maurer, Zuckerberg, & Finley, 2015; Northrup, Rivers, Yang, & 

Betts, 2019; Yalcin & Leroux, 2018). However, these studies that have found evidence of an 

interactive effect between land use and climate change on species occupancy and population 

trends have typically been conducted over limited geographical scales, which indicates a need to 

explore these effects at larger geographic extents and finer temporal resolution (Jarzyna et al., 

2015; Northrup et al., 2019; but see Fink et al., 2019).  
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 Species’ responses to anthropogenic changes have increasingly been described in terms 

of “winners”, species able to exploit or benefit from human-modified environments or warmer 

climates, and “losers” which are unable to adapt (Dornelas et al., 2019). The species that are 

winners versus losers may depend on species’ characteristics, environmental context, or an 

interaction between the two. Habitat specialist species, especially those with poor colonization 

ability, are expected to experience increased deleterious effects of interactions between habitat 

loss and climate change (Travis, 2003). Fragmentation of forests, as opposed to habitat loss per 

se, may exacerbate the deleterious effect of climate change in particular by decreasing 

microclimatic buffering whereby intact forest provides cooler temperatures in hot seasons and 

warmer temperatures in cold seasons (Ewers & Banks-Leite, 2013). Widespread, generalist bird 

species may be more likely to benefit from or tolerate changes to their environments such as 

forest fragmentation and climate change (La Sorte & McKinney, 2007).  

Niche specialization and generality can be characterized along multiple axes, including 

foraging mode and diet, habitat preference, and climatic tolerance. A species that is highly 

specialized in habitat preference but can tolerate a broad range of climates may be vulnerable to 

habitat fragmentation yet tolerant to climate change. In birds, there is some evidence for 

correlation between habitat and climatic niche breadth (Barnagaud et al., 2012), and we might 

expect that habitat and climatic generalist species will be most resilient to land use and climate 

change, but species that are habitat specialists with limited climatic tolerances could be 

especially vulnerable to synergistic effects of change.  

Bird species may also be more vulnerable to anthropogenic change due to foraging or 

migratory strategy. Foliage gleaning species and long distance migrants have been highlighted as 

groups that may be threatened by climate change in particular (Baker, Hartley, Pearce-Higgins, 
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Jones, & Willis, 2017; Jones, Doran, & Holmes, 2003; Pearce-Higgins, Eglington, Martay, & 

Chamberlain, 2015; Zurell, Graham, Gallien, Thuiller, & Zimmermann, 2018). The relative 

importance of niche specialization along multiple dimensions in explaining responses to 

anthropogenic change may depend on the environmental context of land use and climatic 

changes. 

In addition to inter-specific differences in responses to anthropogenic changes depending 

on traits, intra-specific responses to anthropogenic change may not be uniform throughout the 

species’ range. Population responses may vary as a function of local environmental 

characteristics: for example, range position may impact species’ responses to increases in 

temperature (Amburgey et al., 2018; Cahill et al., 2014). Populations in the southern portion of a 

species’ range may be experiencing conditions close to their thermal maximum and would be 

more likely to experience negative effects of increases in maximum temperature. At the northern 

range edge, populations near their thermal minimum may actually benefit from an increase in 

minimum temperature.  

The North American Breeding Bird Survey provides a unique opportunity to examine 

how environmental context impacts population responses to anthropogenic change at large 

spatial extents and fine temporal resolution (Pardieck, Ziolkowski, Jr, Lutmerding, & Hudson, 

2018). We examined the effects of anthropogenic changes at Breeding Bird Survey routes from 

1990 to 2017 including changes in minimum and maximum temperature, change in proportion of 

forest cover, and change in forest edge density of landscapes of forest breeding birds. 

Specifically, we addressed three questions: (1) how do changes in forest fragmentation and 

climate predict changes in population trends of forest breeding bird species throughout the 

United States and Canada, and are the impacts of anthropogenic change additive or interactive? 
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(2) Do ecological traits such as habitat specialization and thermal niche breadth predict the 

susceptibility of species to forest fragmentation and climate change? (3) How does response to 

climate change vary within the range as a function of temperature? 

 

Methods 

Data sources 

We obtained annual bird abundance data from the North American Breeding Bird Survey 

(BBS), conducted jointly by the USGS and Canadian Wildlife Service to monitor breeding bird 

abundance across North America (Pardieck et al., 2018). The surveys are conducted during the 

breeding season (primarily June) along 40 km roadside transects, with 50 three-minute point 

counts evenly spaced along each transect. At each point count, all species seen or heard within a 

400-meter radius are recorded. For this study, we used abundance records of 67 forest breeding 

birds from 1990-2016 (see Table A.1). Forest breeding bird species occurring on fewer than 40 

BBS routes in this dataset were not included in the analysis. Additionally, survey routes must 1) 

have been sampled at least once in every five-year window between 1990 and 2016 in order to 

be included in the study, and 2) have an available route path shapefile with a path length between 

38 and 42 km (US routes: https://www.mbr-

pwrc.usgs.gov/bbs/geographic_information/GIS_shapefiles_2012.html, Canadian routes: 

Hudson, Downes, & Francis, 2014). For each bird species, we obtained migratory class, foraging 

group, and breeding range size (Hurlbert & White, 2007).  

We determined land cover within a 5-km buffer at 30 by 30 meter resolution around each 

forested BBS survey route from the National Landcover Database (NLCD) for US routes and the 

Agriculture and Agri-food Canada Land Use dataset (AAFC) for Canadian routes (Agriculture 
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and Agri-food Canada, 2015; Vogelmann et al., 2001; Yang et al., 2018). We simplified NLCD 

land cover to eight classes to match the change in land cover class groups used between the 1992 

and 2016 datasets: mixed, deciduous, and coniferous forest were grouped into one forest class, 

and high, medium, and low-density urban were grouped into one class. We measured forest 

fragmentation at each BBS route at the earliest and latest dates available for the different land 

cover datasets: 1992 and 2016 for US routes using NLCD and 1990 and 2010 for Canadian 

routes using AAFC. Forest fragmentation was measured using edge density, which is equal to the 

sum of the perimeters of all forest patches in a landscape divided by landscape area (Vanderwal, 

Falconi, Januchowski, & Shoo, 2019). We calculated the change in forest edge density and the 

change in proportion forest cover between 1992 and 2016 for US routes and change between 

1990 and 2010 for Canadian, and divided values by the number of years of change the dataset 

represents (25 for NLCD, 21 for AAFC). Low values of forest edge density indicate mostly 

intact forests covering the landscape, while higher values indicate more fragmented forests 

(Figure 2.1). We included only BBS routes with at least 25% forest cover in the most recent year 

of available land cover data (2016 in the US and 2010 in Canada) in the coterminous US and 

Canada south of 60 degrees latitude (the northern extent of AAFC data). We chose to set a lower 

bound on forest cover at 25%, as landscapes with very small amounts of forest can have similar 

edge density values as routes with very high forest cover, but would not be considered the same 

quality habitat by breeding birds selecting nesting sites. BBS routes with greater than 50% of the 

total change in edge density during the time period occurring between 2013 and 2016 were also 

removed from the analysis, to ensure that bird communities had sufficient time to respond to 

changing conditions on the survey landscape (476 routes removed). 
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We calculated average minimum and maximum temperature at a 5-km buffer around 

each forested BBS survey route from monthly Daymet temperature data at 1-km2 resolution 

(Thornton et al., 2018) for the breeding season (May, June, July) and used simple linear 

regression to determine the trend in annual average breeding season minimum and maximum 

temperature from 1992 to 2016 on US routes and 1990 to 2010 on Canadian routes. 

 

Figure 2.1. Examples of forest edge density (ED) and proportion forest cover (FC) 

measurements for BBS routes. Raster images show BBS route tracks with 5-km buffers, with 

colors indicating land cover type from the National Land Cover Database 2011. BBS route 

locations: (a) Busick, NC. (b) Uinta National Forest, UT. (c) Greenwich, CT. 

 

Statistical analyses 

We determined the spatial autocorrelation of the four environmental variables, trend in 

minimum temperature, trend in maximum temperature, change in forest edge density, and 

change in forest cover using Moran’s I with distance-band spatial weights as implemented in the 

function “correlog” from R package “ncf” (Bjornstad & Cai, 2019). 
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We calculated abundance trends over the study period for each bird species at each 

survey route where it was observed at least 10 times. The number of survey routes included per 

species ranged from 47 to 739, with a median of 314 survey routes. For BBS routes in Canada, 

abundance trends were calculated for 1990-2010, while for BBS routes in the US, abundance 

trends were calculated from 1992-2016 to align bird abundance data with the temporal extent of 

land cover data in each region. We fit a generalized linear model with a Poisson link function to 

BBS count data at survey locations where species were present, including a fixed effect for 

whether or not the observer was in their first year to account for differences in observations 

between experienced and first-year BBS observers (Link & Sauer, 2002). 

For each species, we predicted abundance trends across survey routes using a spatial 

conditional autoregressive (CAR) linear model with the trend in minimum temperature, trend in 

maximum temperature, change in forest edge density, change in proportion forest cover, and 

interactions between change in forest edge density and trends in minimum and maximum 

temperature using the “spdep” package in R (Bivand, Müller, & Reder, 2009). We also fit spatial 

CAR models with interactions between change in proportion forest cover and trends in minimum 

and maximum temperature. Environmental predictor variables were z-transformed to enable 

comparison of effect sizes in individual species models. We calculated pseudo-R2 values for each 

model by calculating the R2 value of a simple linear regression of observed abundance trends 

predicted by model fitted abundance trends (Faraway, 2016). Note that this pseudo-R2 value does 

not distinguish variance explained by model predictors from variance explained by the spatial 

weighting in the model, but is useful for comparing overall explanatory power of these models 

between species.  
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Across species, we used traits related to migratory class as well as habitat, thermal, and 

diet niche specialization to predict estimated responses of abundance trend to each environmental 

predictor. We also included breeding range size to control for a correlation between breeding 

range size and thermal niche. For each of the four environmental predictor variables (change in 

proportion forest cover, change in forest edge density, trend in minimum temperature, and trend 

in maximum temperature) we fit a simple linear model using species’ traits to predict species-

specific estimates of effect sizes of the environmental predictor variable on abundance trend. In 

addition to migratory class, foraging group, and breeding range area (Hurlbert & White, 2007), 

we used two additional traits: the mean proportion of forest cover across all BBS survey routes 

that the species was observed on during the study period (not just the subset of routes with at 

least 25% forest cover) as a measure of forest specialization, and the thermal niche breadth of the 

species, calculated as the difference between the 95th percentile value minus the 5th percentile 

value of mean temperature during the warmest quarter at 1-km2 resolution based on all presences 

on BBS survey routes during the study time period (Fick & Hijmans, 2017). 

 To evaluate the impact of climatic context on population responses, we modeled 

differential responses to average minimum and maximum temperature across species' ranges by 

fitting spatial conditional autoregressive linear model of abundance trend predicted by trend in 

minimum and maximum temperature and mean minimum and maximum temperature at BBS 

routes during the study time period, including interaction terms between trend and mean value 

for both minimum and maximum temperature. 

Results 

Anthropogenic changes on BBS routes 
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Changes in forest edge density and forest cover are weakly negatively correlated on the 

forested BBS routes examined in 2016 (r = -0.31). Forest cover has decreased on average in 

forested BBS routes in the coterminous US between 1992 and 2016, with some increases in the 

Midwest and Rocky Mountains regions and in Canada between 1990 and 2010 (Figure 2.2a). 

Forested BBS routes are showing both increases and decreases in forest edge density across the 

US and Canada, with the strongest increases observed on the East Coast and in the Pacific 

Northwest (Figure 2.2b). Minimum and maximum average temperature have both increased 

across most regions of the US from 1992 to 2016 and decreased across the northernmost regions 

of Canada from 1990 to 2010, with minimum temperatures during the breeding season exhibiting 

stronger trends on average (Figure 2.2c-d). Minimum temperature is increasing the most strongly 

in the southern Rockies and the East Coast (Figure 2.2c). Maximum temperature is increasing the 

strongest in the northern Rockies and Great Lakes region, while trends in maximum temperature 

are decreasing in some areas of the Northeast, Pacific Northwest, and the boreal forest in Canada 

(Figure 2.2d). Climate and land use changes are not highly correlated with each other (see Figure 

A.1). Changes in forest edge density show the least amount of spatial autocorrelation, while 

trends in minimum temperature are most highly spatially autocorrelated (Thornton et al., 2018; 

see Figure A.2). 
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Figure 2.2. Maps of forested Breeding Bird Survey routes in the coterminous United States and 

Canada below 60ºN showing trends in average minimum temperature (ºC) per year during the 

breeding season from 1990-2017, mean maximum temperature during the breeding season per 

year from 1990-2017, change in forest edge density from 1992 to 2016 and change in proportion 

forest cover from 1992 to 2016. Marginal histograms show distribution of values for each 

variable, vertical dashed lines are at zero, and color scales indicate quartiles (breaks between 

25th, 50th, and 75th percentiles). 

 

Species-specific responses 

For each of the global change drivers examined, there were a range of positive and negative 

responses across species with distributions generally centered near zero and with no strong 
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effects of the anthropogenic change driver on species population trends (Figure 2.3). Across 

species, model pseudo-R2 values ranged from 0.01 to 0.31, with a median of 0.07, indicating that 

for most species, relatively little variation in abundance trends was explained by the spatial CAR 

models of environmental change used here. Out of 67 forest breeding bird species, 16 showed a 

response to at least one driver at a threshold of p < 0.01, and eight showed a response to at least 

one driver at a threshold of p < 0.001. There were no clear relationships between the magnitude 

of effect size estimates and sample size (number of survey routes occupied) of the species, 

however as sample size increased, 95% confidence intervals around model effect estimates 

narrowed (see Figure A.6). The strongest responses to increases in forest edge density were 

negative, while the strongest responses to increases in forest cover were positive (Figure 2.3a-b). 

Across species, most strong responses to increases in minimum temperature were negative and 

most strong responses to increases in maximum temperature were positive (Figure 2.3c-d).  

The species with the strongest responses to each of the four drivers, as well as the species 

exhibiting the strongest interaction between climate and habitat drivers, are shown in Figure 4. 

Northern flicker (Colaptes auratus), a woodpecker associated with woodland and forest edge 

habitats, showed a strong increase in abundance trend with increases in forest edge density 

(pseudo-R2 = 0.13, p < 0.001), while Indigo bunting (Passerina cyanea), which nests and forages 

in forest edge habitats, increased in abundance trend with increases in forest cover (pseudo-R2 = 

0.13, p < 0.001; Figure 2.4a-b) and forest edge density (p = 0.014). Other species showed strong 

responses in abundance trend to changes in minimum and maximum temperature during the 

breeding season. Magnolia warbler (Setophaga magnolia) showed the strongest (negative) 

response to increases in minimum temperature (pseudo-R2 = 0.12, p = 0.001; Figure 2.4c), while 

Black-and-white warbler (Mniotilta varia) showed the strongest (positive) response in abundance 
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trend with increases in maximum temperature during the breeding season (pseudo-R2 = 0.13, p < 

0.001; Figure 2.4d). 

Overall, relatively few species showed strong support for interactive effects of changes in 

forest edge density and trends in temperature. However, species showing a response to both a 

climate change variable and a land cover change variable at a threshold of p < 0.05 were more 

likely to show interactive effects between forest fragmentation and temperature change than 

additive. Four species showed support for additive effects between change in forest edge density 

or change in proportion forest cover and change in minimum or maximum temperature, while 

four species showed interactive effects between change in forest edge density and maximum 

temperature (0.001 < p < 0.05; Figure 2.3e) and eight species showed support for interactive 

effects between minimum temperature and change in forest edge density (0.01 < p < 0.05; Figure 

2.3f). Species that showed support for interactive effects of forest edge density and temperature 

showed differential responses to landscape change depending on the context: Summer tanager 

(Piranga rubra), an open woodland breeder, decreased much more strongly in response to 

increases in forest edge density on routes with the strongest warming trends compared to routes 

with weaker warming, or even cooling, trends (pseudo-R2 = 0.08, p = 0.004; Figure 2.4e). 

Results for models including interaction terms between trends in minimum and maximum 

temperature and change in proportion forest cover showed qualitatively similar patterns, and 

species responses to changes in edge density were unrelated to responses to changes in forest 

cover (see Figures A.3-A.4). 

 

Figure 2.3. Effect estimates for species-specific spatial CAR models of abundance trends of 67 

forest breeding bird species from 1990-2016 at BBS routes in the coterminous United States and 
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Canada predicted by (a) change in forest edge density, (b) change in forest cover, (c) trend in 

mean minimum temperature during the breeding season, (d) trend in mean maximum 

temperature during the breeding season, and (e-f) interactions between trend in minimum and 

maximum temperature and change in forest edge density. Environmental predictor variables 

were z-transformed before model fitting, so effect size estimates here can be directly compared. 

Fill color indicates p-value of effect estimate, and vertical dashed lines are at zero. For full p-

value distribution see Figure A.5. 
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Figure 2.4. Strongest observed relationships between anthropogenic change drivers and 

individual species breeding season abundance trends at BBS survey routes in the coterminous 

United States and Canada: (a) effect of changes in forest edge density on abundance trends for 

Northern flicker (Colaptes auratus), (b) effect of changes in forest cover on abundance trends for 

Indigo bunting (Passerina cyanea), (c) effect of the trend in breeding season minimum 

temperature on abundance trends for Magnolia warbler (Setophaga magnolia), (d) effect of the 

trend in breeding season maximum temperature on abundance trends for Black-and-white 

warbler (Mniotilta varia), (e) interactive effect between the change in forest edge density and the 

trend in breeding season minimum temperature for Summer tanager (Piranga rubra): left plot 

shows abundance trends on survey routes with strongest increases in maximum temperature (-1.5 

< Z-Tmax < 0), right plot shows abundance trends on survey routes with weaker increases in 

maximum temperature (0 < Z-Tmax < 1.7). Blue lines show marginal effect estimates from 

individual species CAR models. 
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Traits predicting responses 

Resident species showed more negative responses and bark gleaning species showed more 

positive responses in abundance trend to increases in maximum temperature during the breeding 

season (Table 2.1). Forest specialist species showed more negative responses to increases in 

minimum temperature (Table 2.2). Breeding range size was not a strong predictor of response to 
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increases in maximum temperature or minimum temperature during the breeding season (Tables 

2.1-2.2). Forest specialist species showed more negative responses in abundance trend to 

increases in forest edge density (Table 2.3). Mean proportion forest cover was also a weakly 

positive predictor of species’ responses to increases in proportion forest cover (see Table A.2). 

 

Table 2.1. Linear model results of species traits predicting effects of maximum temperature on 

abundance trends across 67 forest breeding bird species in the continental United States and 

Canada (R2 = 0.25). 

Term Estimate Standard Error P-value 
Intercept: Neotrop. Migrants/Foliage gleaners 0.0519 0.0240 0.035 * 
Breeding temp range 0.0004 0.0005 0.449 
% Forest -0.0044 0.0072 0.545 
Log10(Breeding range area (km2)) -0.0078 0.0040 0.059 
Residents -0.0050 0.0021 0.019 * 
Short distance migrants -0.0030 0.0022 0.177 
Bark gleaning 0.0054 0.0022 0.018 * 
Ground gleaning 0.0031 0.0018 0.103 
Hawking 0.0023 0.0035 0.513 
Hover/gleaning -0.0034 0.0026 0.199 

 

Table 2.2. Linear model results of species traits predicting effects of minimum temperature on 

abundance trends across 67 forest breeding bird species in the continental United States and 

Canada (R2 = 0.28). 

Term Estimate Standard Error P-value 
Intercept: Neotrop. Migrants/Foliage gleaners 0.0144 0.0288 0.618 
Breeding temp range 0.0009 0.0006 0.134 
% Forest -0.0206 0.0087 0.021 * 
Log10(Breeding range area (km2)) -0.0024 0.0048 0.627 
Residents 0.0008 0.0025 0.748 
Short distance migrants -0.0019 0.0026 0.459 
Bark gleaning 0.0004 0.0027 0.877 
Ground gleaning -0.0020 0.0022 0.362 
Hawking 0.0019 0.0042 0.659 
Hover/gleaning -0.0029 0.0031 0.358 



 

 21 

Table 2.3. Linear model results of species traits predicting effects of change in forest edge 

density in abundance trends across 67 forest breeding bird species in the continental United 

States and Canada (R2 = 0.19). 

Term Estimate Standard Error P-value 
Intercept: Neotrop. Migrants/Foliage gleaners 0.0171 0.0189 0.371 
Breeding temp range 0.0000 0.0004 0.956 
% Forest -0.0165 0.0057 0.005 ** 
Log10(Breeding range area (km2)) -0.0015 0.0032 0.633 
Residents 0.0004 0.0016 0.805 
Short distance migrants 0.0015 0.0017 0.371 
Bark gleaning 0.0010 0.0018 0.571 
Ground gleaning 0.0000 0.0015 0.983 
Hawking -0.0020 0.0028 0.463 
Hover/gleaning 0.0026 0.0021 0.209 

 

Range position effects of warming 

If populations are responding to increasing temperatures differently depending on the 

climatic context of the population, we would expect support for negative interactive effects 

between temperature trend and mean temperature predicting abundance trend. However, we did 

not find strong support for a consistent interactive effect of trends in maximum and minimum 

temperatures and mean maximum and minimum temperatures (Figure 2.5a-b). Nevertheless, the 

strongest interactive effects on species abundance trends were negative interactions between 

trend in maximum temperature and mean maximum temperature, indicating a more negative 

response to increases in maximum temperature in the warmest part of the range (Figure 2.5a).  

 

Figure 2.5. Estimates of interaction effect between trend in minimum and maximum temperature 

and mean minimum and maximum temperature during the breeding season on abundance trends 

for 67 forest breeding bird species in the United States and Canada from species-specific spatial 

CAR models. Species that are decreasing in the warm part of their range but increasing in the 
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cool part of their range are expected to have negative interaction terms. Fill color indicates p-

value threshold of the effect estimate, and vertical dashed lines indicate average of effect sizes 

across species. For full p-value distribution see Figure A.7. 

 

 

Discussion 

Our study found that many forest breeding bird species found in the coterminous US and 

Canada are responding to anthropogenic changes on their breeding grounds since 1990, but that 

there are clearly no universal drivers of population change, and this set of environmental 

predictors explained small proportion of the variance in population trends. Nevertheless, forest 

fragmentation, change in forest cover, and changes in minimum and maximum temperature 

during the breeding season predict changes in abundance trends for many breeding bird species, 

with some species showing interactive effects between forest fragmentation or changes in forest 

cover and changes in temperature. However, we found little evidence for widespread interactive 

effects between changes in forest edge density and cover and trends in maximum and minimum 

temperature across forest breeding bird species.  

 Across models considering interactions between climate change variables and both edge 

density and forest cover, we found support for a synergistic effect of land use change and climate 

change in 25% (17) of species. This synergistic effect has been observed in studies at smaller 
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geographic scales in studies examining community turnover in New York (Jarzyna et al., 2015) 

and in an analysis of species with declining populations in the Pacific Northwest (43%; 40 

species) (Northrup et al., 2019). The broad geographic scope of our analysis enables us to draw 

conclusions about many species throughout the majority or entirety of their breeding ranges, 

though including a diversity of local land use contexts can generate noisier results than more 

targeted analyses. However, our observed prevalence of interactive effects is comparable to an 

Ontario study which found that colonization and extinction rates were best predicted by a 

combination of climate and land cover change drivers for 29% (37 species; colonization) and 9% 

(11 species; extinction) of species (Yalcin & Leroux, 2018). Here we find support in some forest 

breeding bird species for changes in forest fragmentation and forest cover magnifying the effects 

of climate change at a broad geographic scale over a 27 year time period, representing a novel 

contribution to a growing body of literature recognizing the importance of considering multiple 

drivers of anthropogenic change at once to understand the interacting drivers of biodiversity 

change (Oliver & Morecroft, 2014; Travis, 2003). Changing temperatures may impact forest 

breeding bird abundance through bottom up changes in food and climate change may ultimately 

limit species’ ranges through physiological limits including during nesting periods (Langham, 

Schuetz, Distler, Soykan, & Wilsey, 2015; Socolar, Epanchin, Beissinger, & Tingley, 2017; 

Tingley et al., 2009). Forest loss reduces available habitat for breeding and foraging, while in 

breeding grounds that are experiencing climate change, forest fragmentation can exacerbate the 

effects of temperature changes by further lowering habitat quality through edge effects and 

increasing brood parasitism (Bennett, Clarke, Thomson, & Mac Nally, 2015; Burke & Nol, 

2000). 
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 Identifying traits associated with responses to anthropogenic change drivers can help 

predict which species will be more tolerant or vulnerable to change and understand the 

mechanisms driving those responses. Intuitively, forest specialists were more negatively 

impacted by increasing edge density than non-forest specialists. We also found some evidence 

that forest specialists showed more negative responses to increases in minimum temperature 

during the breeding season. This result is in accordance with evidence indicating that habitat 

specialists show more negative effects of warming temperatures than habitat generalists (Pearce-

Higgins et al., 2015). Intact mature forests may also provide climate-buffering effects for bird 

species (Betts et al., 2018). In this analysis, one important caveat to the interpretation of zero or 

positive population responses as tolerance or resiliency to anthropogenic change drivers is the 

possibility of buffer effects, where climate or habitat changes might drive redistribution of 

individuals from lower quality habitats to areas with the highest quality habitats (Brown, 1969; 

Dolman & Sutherland, 1995). To fully assess whether species are more tolerant of change or 

experiencing buffer effects would require a novel dataset along such a habitat gradient, and a 

more specific demographic analysis to separate population growth or decline through changes in 

reproductive success from redistribution of individuals.  

 We did not find a consistent, strong statistical relationship between a species’ thermal 

niche breadth and estimate of the effect of breeding temperature trend during the breeding season 

on abundance trends. However, we observed qualitatively that species with narrower thermal 

niches, including Magnolia warbler (Setophaga magnolia), Yellow-throated warbler (Setophaga 

dominica), and Brown-headed nuthatch (Sitta pusilla) showed stronger negative responses in 

abundance trend to increases in minimum temperature, while species with broader thermal 

niches, including Downy woodpecker (Dryobates pubescens), American crow (Corvus 
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brachyrhynchos), and Mourning dove (Zenaida macroura), were more likely to show no effect 

or a slightly positive effect of minimum temperature on abundance trend. Species with narrower 

thermal niches may be more vulnerable to climate change, while species with broader thermal 

niches will be more tolerant of change. Indeed, previous work in 18 common migratory North 

American breeding birds found that species with broader climatic niches showed greater 

phenological response to climate change, minimizing potential mismatches (Hurlbert & Liang, 

2012).  

 We expected to find that populations would be more likely to decline with increasing 

temperature in warmer parts of the range if abiotic factors limit species’ warm-edge range limits, 

(Cahill et al., 2014). In our models, this would be measured as a negative interaction between 

mean maximum temperature and trend in maximum temperature. However, we found that for 

most species response to increasing minimum and maximum temperature did not differ with 

mean. In addition, for species that did show strong evidence for a difference in response to trends 

in minimum and maximum temperatures at warm and colder parts of their range, the responses 

were not consistently positive or negative. Previous work in wood frogs has found that the 

response to increasing minimum and maximum temperatures may differ throughout a species’ 

range (Amburgey et al., 2018), and prior work in North American breeding birds has found that 

changing climate suitability predicts spatial variation in composite multispecies abundance 

trends (Stephens et al., 2016), but under current levels of warming the species investigated here 

may not yet be approaching physiological limits for heat tolerance. 

Of the forest breeding bird species we studied, many showed only weak or no evidence of 

response to any anthropogenic change driver considered here. For some of the species exhibiting 

strong responses to one or more drivers, models of anthropogenic change explained less than 
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20% of variation in population trends. Species’ abundance trends are likely also influenced by a 

number of other factors, which may or may not co-vary with the environmental change 

predictors examined here. Changes in species abundance over time may be driven by changes in 

biotic interactions, including release from competitors or changes in disease or parasitism risk 

(Orme et al., 2019; Ricklefs, 2013). Furthermore, this study is limited to measuring abundance 

trends on the breeding grounds, while for many migratory birds, anthropogenic change on 

wintering grounds can play an outsized role in population trends and could confound signals 

observed on the breeding ground (Rushing et al., 2017). We examined maps of abundance trends 

looking for qualitative signals that abundance trends within the breeding range were perhaps in 

alignment with known regional patterns in migration connectivity, and found that this could be a 

plausible contributing factor in observed abundance trends for Rose-breasted grosbeak 

(Pheucticus ludovicianus) and Wood thrush (Hylocichla mustelina), although not for Cedar 

waxwing (Bombycilla cedrorum) or Black-throated blue warbler (Setophaga caerulescens) (see 

Figure A.8; Cohen et al., 2018; Rubenstein et al., 2002; Stanley et al., 2015). As migration 

connectivity patterns are described for more species in the future, this will be an important factor 

to control for when possible. Citizen science data can be a valuable component in understanding 

geographical variation in population trends across the full annual cycle (Fink et al., 2019). 

 The results of this study affirm the importance of environmental context in how species 

are responding to anthropogenic change: responses to climate change in some forest breeding 

bird species can be mediated by land use change, and relevant anthropogenic change drivers are 

highly species-specific. However, variation in population trends for many species were only 

weakly explained by the environmental change drivers examined here, perhaps supporting the 

importance of considering full-annual cycle effects on breeding bird populations. More work is 
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still needed to understand geographic variation in population trends and measure the relevant 

drivers of that variation. We emphasize the value in examining responses to multiple dimensions 

of anthropogenic change simultaneously where possible to most effectively document and 

understand the impacts of climate and land use change on biodiversity.  
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CHAPTER 3: ANTHROPOGENIC DRIVERS OF AVIAN COMMUNITY TURNOVER 
FROM LOCAL TO REGIONAL SCALES 

 
Introduction 

Anthropogenic change has altered the composition and function of ecological communities 

across the globe (Kampichler, van Turnhout, Devictor, & van der Jeugd, 2012; Magurran et al., 

2010). While local biodiversity has not necessarily declined everywhere in response to such 

changes, species turnover is often higher than predicted by null models (Dornelas et al., 2014; 

Stegen et al., 2013; Vellend et al., 2017). Turnover in bird communities has been attributed to 

both climate and land cover change. Climate change in North America and Europe has led to 

both positive and negative impacts on bird populations as climate suitability changes throughout 

species ranges (Mason et al., 2019; Stephens et al., 2016), and some species may be in the 

process of shifting their distributions to maintain suitable climate conditions (Tingley, Monahan, 

Beissinger, & Moritz, 2009). For many species, habitat loss and land cover change may be even 

more direct drivers of population change across North America (Rittenhouse et al., 2012; 

Scholtz, Polo, Fuhlendorf, & Duckworth, 2017).  

Although climate change and land cover change are both expected to impact bird 

communities, the two factors may differ in the spatial scales over which they are expected to act. 

Unfortunately, evidence describing the relative importance of different anthropogenic change 

drivers across spatial scales in explaining turnover in local and regional avian communities has 

been inconsistent and requires further investigation (Barnagaud, Gaüzère, Zuckerberg, Princé, & 

Svenning, 2017; Jarzyna, Zuckerberg, Porter, Finley, & Maurer, 2015), although evidence from 
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work on determinants of species occurrences may provide initial predictions. For example, at 

local scales where a species occurs within their range may be more dependent on habitat 

availability (Hurlbert & White, 2007; Lawton & Woodroffe, 1991). At broader scales, species 

ranges may be best determined by climatic envelopes (Araújo et al., 2013; Stephenson, 1990), 

leading to an increase in importance of climate change in driving regional species turnover. The 

scale at which land use and climate vary may also play a role in determining the scale at which 

changes are most influential, as variables that are autocorrelated at short distances may be less 

likely to influence processes at larger scales. 

At the community scale, environmental change is expected to result in community 

turnover as the environment becomes more suitable for some species and less suitable for others. 

Turnover is often characterized by compositional change that results from local colonizations 

and extinctions (Koleff et al. 2003). However, changes in species abundances alone may reflect 

substantial shifts in community organization, even in the absence of colonizations and 

extinctions. As such, metrics of turnover that incorporate shifts in species abundances over time 

may be more sensitive for capturing community responses and attributing variation in 

community turnover to environmental change. Changes in species abundances--but not 

community composition or richness--have been demonstrated as responses to environmental 

change in systems such as freshwater fish (Shimadzu, Dornelas, & Magurran, 2015), fire-

disturbed grassland and shrubland ecosystems (S. K. Jones, Ripplinger, & Collins, 2017), and 

desert rodents (Thibault, White, & Ernest, 2004).  

Bird communities have exhibited both compositional change and shifts in relative 

abundance over the past five decades, and the degree of community change has been found to 

vary by ecosystem type and level of human influence (Kampichler et al., 2014; Schipper et al., 
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2016). North American avian communities are undergoing compositional shifts in species 

occurrences, such as range expansions driven by biotic homogenization in response to 

anthropogenic change (La Sorte & McKinney, 2007). Additionally, many species have 

experienced notable widespread, long-term changes in abundance (Rosenberg et al., 2019). The 

breadth and severity of observed breeding bird declines in particular increases the urgency for 

understanding drivers of avian community turnover and how anthropogenic change may play a 

role in driving compositional shifts. 

Community compositional change may result from systematic changes driven by changes 

in the climate or habitat suitability of sites leading to selection for certain niche properties or 

traits of species suited to the new environment (Vellend, 2016). Alternatively, community 

turnover may be driven primarily by drift or idiosyncratic changes in the abundances of 

individual species (Siqueira et al., 2020; Vellend, 2016), such as an expanding invasive species 

or a decline due to disease, that are not necessarily indicative of reshuffling of the community in 

response to a set of environmental pressures. In North American avian communities over the past 

several decades, evidence of both dynamics has been observed, including broad declines in 

groups such as forest and grassland breeding species (Rosenberg et al., 2019), foliage-gleaning 

insectivores (J. Jones, Doran, & Holmes, 2003) and long-distance migrants (Zurell, Graham, 

Gallien, Thuiller, & Zimmermann, 2018), as well as more species-specific changes such as the 

expansion of Eurasian Collared-dove (Streptopelia decaocto) (Hengeveld, 1993; Scheidt & 

Hurlbert, 2014). Modeling compositional change in response to measured changes in climate and 

land use may help distinguish selective shifts in communities from less predictable, individual 

species responses. 
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Using a long-term observational dataset of North American breeding bird communities, 

the Breeding Bird Survey (BBS; Pardieck, Ziolkowski, Jr, Lutmerding, & Hudson, 2018), we 

assess how community turnover has changed over time, the relative contribution of climate 

change and land use changes in driving compositional turnover in breeding bird communities 

from local to regional scales, and we examine whether community change is being driven by 

individual species effects or foraging guild, trophic group, migratory status, and breeding biome. 

We predict that at smaller scales, land use change drivers will have stronger explanatory power 

in a model of species compositional turnover, while at larger scales, climatic changes will be 

more important.  

 

Methods 

Data sources 

Abundance data for breeding bird communities across the United States and Canada 

came from the North American Breeding Bird Survey (BBS; Pardieck et al., 2018). BBS routes 

are surveyed on a single morning during the breeding season (typically June), and consist of 50 

evenly spaced point count stops arrayed along a 40 km roadside route. We included BBS routes 

in our analysis for which GIS route paths were available (US routes: https://www.mbr-

pwrc.usgs.gov/bbs/geographic_information/GIS_shapefiles_2012.html, Canadian routes: 

Hudson, Downes, & Francis, 2014), and for which path length was between 38-km and 42-km. 

We omit the small number of routes that depart substantially from 40 km because of increased 

uncertainty in how well the route path reflects the exact point count locations. Routes had to be 

sampled at least three times in every four year window from 1990 to 2010 in Canada and from 

1992 to 2016 in the US. These slightly different temporal windows were necessary to align with 
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the differential availability of land cover data in the two countries (see below). We grouped BBS 

routes for the scale analysis by Bird Conservation Region (BCR; Bird Studies Canada and 

NACBI, 2014), which represent ecologically distinct regions in North America with similar bird 

communities, habitats, and resource management challenges. We excluded BBS routes in small 

or poorly sampled BCRs that contained fewer than 25 routes, because those BCRs could not be 

included in analyses at the largest regional scale (see below). This resulted in a sample size of 

749 total routes with comparable temporal sampling over four-year windows within our study 

period. 

At a 5-km buffer around each BBS route path, we obtained three variables representing 

climate and land use change: annual breeding season minimum and maximum temperature, and 

the change in proportion cover for each land cover class over the study period. We calculated the 

average annual breeding season (May, June and July) temperature over time from 1990 to 2010 

in Canada and 1992 to 2016 in the US, with daily minimum and maximum temperature data 

obtained at a 1-km scale from Daymet (Thornton et al., 2018). We obtained land cover data at 

30-m resolution for US BBS routes from the National Land Cover Database (NLCD; Yang et al., 

2018) and for Canadian BBS routes from Agriculture and Agri-food Canada (AAFC; Agriculture 

and Agri-food Canada, 2015), and calculated the change in proportion land cover for each class 

from 1992 to 2016 in the US and 1990 to 2010 in Canada. In order to compare changes in class 

between the two datasets, we collapsed more detailed classes between the two datasets to a 

common scale, which included the following classes: water, forest, urban, agricultural, 

grasslands, and wetlands (see Table B.1).  

For each focal route at each scale, we measured three environmental change variables. 

Land cover change was measured as the change in proportion cover from the beginning of the 
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study period to the end of the study period (1990 to 2010 at Canadian routes, 1992-2016 at US 

routes) for the land cover class that exhibited the greatest absolute change in proportion cover 

during this time window. Temperature change based on both minimum and maximum 

temperature was estimated as the slope of a simple linear model of annual average temperature 

over time during the study period. Minimum and maximum temperature changes were examined 

as opposed to changes in mean temperature as minimum and maximum temperatures may not 

shift at the same rate (Zhang et al., 2011), and may impact breeding birds through different 

mechanisms. 

We averaged annual species counts across four-year time windows at BBS survey routes. 

We omitted any nocturnal species, water birds, or birds of prey, as these species are not well 

sampled by the BBS protocol (Butcher, Robbins, Bystrak, & Geissler, 1987). We also omitted 

transient occurrences of species from our analysis, defined as observations of a species at a 

survey route where they only occurred in one year out of four, as infrequently occurring 

“transient” species do not show strong predictable responses to the local habitat or climatic 

conditions (S. J. Snell Taylor, Evans, White, & Hurlbert, 2018). As a result, at some survey 

locations, time series will capture the transition of species from transient to non-transient (or 

“core” species, sensu Snell Taylor et al. 2018) across different four-year time windows. Because 

transient occurrences of species are not tied to the local environment, this outcome reflects our 

goal to capture community shifts in response to environmental change, rather than community 

shifts that are a result of transient dynamics. 
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Measuring turnover 

 We examined shifts in community composition across a range of spatial scales. To do 

this, we aggregated BBS routes by nearest neighbor (averaging species counts across aggregated 

routes), considering communities at the scale of one BBS route, and aggregates of up to 25 total 

routes (Figure 3.1b). The average distance between BBS routes at the 25-route scale ranged from 

141 to 461 km across the BCRs examined in this study (Figure B.1a), with a lower density of 

routes within BCRs in western North America. One consequence of this is that aggregated BBS 

routes with higher average distances may consist of more spatially heterogeneous communities 

than aggregates from closer routes. Despite this geographic variation in the sampling extent 

covered, we deemed it most important to keep the actual surveyed area constant, which is why 

we define scale based on the number of BBS routes. At coarser scales, two adjacent focal routes 

would overlap substantially in the sets of aggregated nearest neighbor routes, leading to non-

independence in metrics of compositional change at routes within a BCR (Figure B.1b). To 

examine how robust our results were to this degree of overlap, we also analyzed a low-

overlapping subset of 33 focal routes, in which at the largest 25-route scale, no more than 10 

routes overlapped between different focal route aggregates (mean overlap at 25-route scale was 

only four routes for this low-overlapping subset).  

We measured compositional shifts in BBS communities at each scale by conducting an 

ordination of log-transformed species abundances averaged across four-year time windows, 

using the functions provided in the "vegclust" package in R (De Cáceres et al., 2019; R Core 

Team, 2019). To do so, we first calculated a dissimilarity matrix with Euclidean distances across 

the four-year time bins for each focal route at each spatial scale. The dissimilarity matrices were 

then used in a principle components analysis (PCA). We characterized community turnover by 
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calculating trajectory directionality of the focal route community over 20 (in Canada) or 24 (in 

the US) years measured at four-year resolution, using the movement of the five or six time points 

in ordination space. Trajectory directionality describes the degree to which a community follows 

a consistent path in one direction in multidimensional ordination space. Trajectory directionality 

scores range from 0 to 1, with values close to 0 indicating little compositional change (e.g. as 

expected from independent random walks in species abundances) and values of 1 (corresponding 

to a perfectly straight trajectory through ordination space) indicating compositional shifts that are 

directional, as in primary or secondary succession. An important benefit of this metric is the 

ability to incorporate changes in communities over a time series containing multiple time steps, 

to examine consistent trends in ordination space through time. Directionality has been used to 

examine community dynamics spatially and temporally, including as a response to 

environmental gradients in disturbances and anthropogenic change in forest communities 

(Fernandes Neto, Costa, Williamson, & Mesquita, 2019; Zald, Kerns, & Day, 2020), stream fish 

(Mota-Ferreira, Filipe, Filomena Magalhães, Carona, & Beja, 2021), and harmful algal blooms 

(Li et al., 2021).  

 

Variance partitioning 

At each scale from one route up to 25 aggregated routes, we modeled directionality 

(henceforth, “community turnover”, or simply “turnover”) as a function of land cover change 

and temperature change at that scale using ordinary least squares linear regression. We then did a 

variance partitioning analysis to determine how much variance was uniquely explained by land 

cover change and the two climate change variables and how much variance was shared between 
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the two sets of predictors (Legendre & Legendre, 1998). We repeated this analysis for the full set 

of focal routes as well as the low-overlapping subset of routes. 

We chose OLS linear regression because our goal was to partition the variance explained 

in turnover uniquely by our predictor variables as well as the shared variance across all predictor 

variables, which is possible with R2 values from linear regression. However, as our turnover 

metric is bounded between 0 and 1, we examined the impact of using OLS linear regression as 

opposed to a regression method designed for response variables bounded from 0 to 1, beta 

regression, as implemented in the "betareg" package (Zeileis et al., 2021). We found that OLS 

parameter estimates were more conservative than estimates from beta regression, but that 

pseudo-R2 estimates from the beta regression were almost exactly equal to R2 estimates at all 

scales (Figure B.2-B.3). As a result, we present the variance partitioning results using R2 

estimates from OLS linear regressions. 

 

Decomposing turnover by species and traits  

Turnover at BBS routes may be the result of a strong population trend in an individual 

species or due to trends in groups of species that share similar traits (Jarzyna & Jetz, 2017). We 

attempted to distinguish between those two cases by first estimating the contribution of 

individual species to turnover at local and regional scales (three BBS routes and 25 BBS routes, 

scales at which land cover and climate change variables were most explanatory of turnover, 

respectively). For each species occurring at each BBS location, we recalculated turnover while 

omitting that species, and the difference between turnover with and without each species was a 

measure of that species’ impact on the turnover metric. For each BBS survey location, we then 

identified which species had the greatest impact on turnover at each scale.  
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We conducted a similar analysis with species foraging guilds, trophic groups, migratory 

guilds, and breeding biomes, determining the difference between turnover with or without the 

species in each group or guild at both local and regional scales. Foraging guilds, trophic groups, 

and migratory guild data for species were obtained from Hurlbert and White (2007) and breeding 

biomes were obtained from Rosenberg et al. (2019), with the exception of two species missing 

from the dataset: Bicknell's Thrush (Catharus bicknelli) and Gunnison's Sage-Grouse 

(Centrocercus minimus), which we grouped into breeding biome categories based on the species' 

breeding range. We did not include any guild with fewer than five species in these analyses. For 

simplicity, we combined Forest Generalist, Eastern Forest, Western Forest, and Boreal Forest 

groups into a single "Forest" group and did not present results from Introduced and Wetland 

groups in the main text. Breeding biome grouping results for the complete set of groups can be 

found in Figure B.5. A list of species and their foraging, trophic, migratory, and breeding biome 

guild assignments can be found in Table B.2.  

 

Figure 3.1. A) Map showing Breeding Bird Survey (BBS) routes included in the study (black 

dots) and Bird Conservation Regions (BCRs; shaded polygons). BBS routes were included in the 

analysis if they were surveyed at least three times in each four-year window from 1992-2016 at 

US routes and 1990-2010 at Canadian routes. BCRs were retained if they contained at least 25 

BBS routes. BCRs included in our analysis: Northern Pacific Rainforest (5), Great Basin (9), 

Northern Rockies (10), Prairie Potholes (11), Boreal Hardwood Transition (12), Lower Great 

Lakes/St. Lawrence Plain (13), Atlantic Northern Forests (14), Southern Rockies Colorado 

Plateau (16), Eastern Tallgrass Prairie (22), Prairie Hardwood Transition (23), Central 

Hardwoods (24), Southeastern Coastal Plain (27), Appalachian Mountains (28), Piedmont (29), 
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New England/MidAtlantic Coasts (30). B) BBS routes in BCR 22. Blue triangle and purple 

square indicate two focal routes, while blue dots and purple stars show nearest 24 neighboring 

BBS routes to the two focal routes, respectively, showing aggregations of BBS routes for 

measuring turnover at regional scales. These two focal routes are from the low-overlapping 

subset of routes selected to reduce non-independence (see Methods) – in the low-overlapping 

subset of focal routes, at the largest, regional scale these two focal routes overlap only at two 

locations, denoted by purple stars on top of blue circles. The solid black circle shows 

approximate neighborhood area of routes at the 25-route scale for the purple square focal route, 

while the dotted circle shows approximate area of 25-route scale for a neighboring focal route in 

the full set of BBS routes, demonstrating the higher overlap between focal routes as scale 

increases in the full dataset of BBS routes. Black dots are other BBS routes in this BCR that are 

included in the analysis but are part of different 25-route aggregations. 
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Results 

 Across BBS routes, we found regional variation in the most common form of land cover 

change. BBS routes in eastern North America, especially the US Southeast, were most likely to 

show the greatest change in forest cover over the study period, with a median decrease in forest 

cover at these sites around 10% (Figure 3.2a-b). BBS routes in central North America most often 

showed decreases in agricultural area, while western and mountainous BBS routes were most 

likely to show increases in shrubland or decreases in grassland cover. An increase in urban cover 

was most commonly the largest class of land cover change in eastern and northern BBS routes, at 

a few sites by increases of over 30%. Most BBS routes experienced warming trends in 

temperature, especially in areas of the Rocky Mountains and eastern US, with stronger increases 

overall in minimum rather than maximum temperature over the study period (Figure 3.2c-d).  

 At the scale of a single BBS route, most routes showed low turnover in community 

composition and abundance with only weak geographic signal (Figure 3.3a). When BBS routes 

were aggregated to sets of 25 nearest neighboring routes to examine regional trends in 

community composition, we found that the central, southeastern, and coastal Atlantic regions 

showed stronger turnover, while the Pacific Northwest, northern Great Plains, and southeastern 

Canada showed lower turnover in community compositional shifts (Figure 3.3b). At regional 

scales, turnover tended to be more extreme (lower across the northernmost routes, and higher at 

routes in the Southeast) than at local scales. 

When considering all focal BBS routes, including those that might overlap 

geographically at the largest scales, the amount of explained variance in community turnover 

increased with spatial scale, from less than 10% at the smallest scales to 30% at the largest 

scales. At the smallest scales, between one to five BBS survey routes aggregated, land cover 
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change accounted for the majority of explained variation, while as scale increased, a greater 

proportion of variation was explained by changes in temperature (Figure 3.4a-b). Shared 

variance between land cover change and climate change predictors was low across scales, but 

increased as scale increased. These patterns were qualitatively consistent when examining only 

the focal BBS routes within the low-overlapping subset of BBS routes, although the maximum 

variance explained for land cover at small scales was much higher (Figure 3.4a-b).  

Across BBS survey routes, the species with the largest impact on community turnover at 

local and regional scales was often one of a short list of high-impact species, and high-impact 

species typically showed regional influence across many nearby BBS routes (Figure 3.5A-B). 

For example, Northern Bobwhite (Colinus virginianus) declines were the most important species 

driving community turnover across the southeast and eastern US. Increases in Eurasian Collared-

dove were particularly important in driving turnover across the western US and in parts of the 

US Midwest.  Tree Swallow (Tachycineta bicolor) population increases were especially 

influential along the Appalachians and Cliff Swallow (Petrochelidon pyrrhonota) increases had a 

high impact on turnover across the US Midwest and Ozarks regions (Figure 3.5). Other high 

impact species with more limited regional influence included Red-bellied Woodpecker 

(Melanerpes carolinus), Western Meadowlark (Sturnella neglecta), and Ring-necked Pheasant 

(Phasianus colchicus) (all declining), and House Finch (Haemorhous mexicanus) (increasing in 

some areas, decreasing in others). Of those high impact species, impact on turnover showed 

greater geographic variation at regional scales than local (Figure B.4). 

We also examined the impact of individual foraging guilds, trophic groups, and migratory 

guilds on turnover at the local and regional scales. The impact of different groups was similar 

across both scales. We found that across foraging guilds, ground gleaners had the highest 
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positive impacts on turnover (i.e. turnover in a community was highest with ground gleaners 

included), while turnover at a BBS survey route tended to be higher when foliage gleaning 

species were excluded (Figure 3.6a). We found that the impacts on turnover for most trophic 

groups were centered on zero. One exception was insectivores, which when excluded from sites 

resulted in higher turnover values for the remaining community (Figure 3.6b). Resident species 

had the highest impact across BBS survey routes on community turnover (Figure 3.6c). We did 

not find substantial impacts on turnover by excluding or including species by their breeding 

biome (Figure 3.6d).  
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Figure 3.2. Changes in land cover and climate variables at Breeding Bird Survey sites from 

1992-2016 at US routes and 1990-2010 at Canadian routes. A) Category of land cover that 

changed the most at each BBS route during the time period. B) Number of BBS routes in each 

land cover class where the maximum proportion cover increased or decreased. C) Linear trend in 

minimum temperature during the breeding season (May, June, and July). Colors indicate 

quartiles. D) Linear trend in maximum temperature during the breeding season (May, June, and 

July). Colors indicate quartiles. 

 

 

 



 

 49 

Figure 3.3. Community turnover based on trajectory directionality (see text) over four-year time 

windows at Breeding Bird Survey routes between 1990-2016. Turnover scores ranged from 0 to 

1, with 0 indicating little directional turnover, while values of 1 indicate a strongly directional 

trajectory over the study period. A) Local turnover at individual BBS routes. B) Regional 

turnover of focal routes aggregated with the 25 nearest neighbor routes within each focal route's 

Bird Conservation Region.    
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Figure 3.4. Variance in turnover explained uniquely by land cover change (green) and climate 

change (trend in minimum and maximum temperature during the breeding season; blue), as well 

as the shared variance (grey) from local (individual Breeding Bird Survey routes) to regional 

scales (focal routes aggregated up to 25 nearest neighbor routes within each Bird Conservation 

Region). Variance partitioning was conducted with the A) full set of routes and B) a subset of 33 

focal routes chosen to minimize overlap of route aggregates at the broadest scales to below 40% 

within each Bird Conservation Region. 

 

 

Figure 3.5. Impact on turnover determined by subtracting the directionality excluding the focal 

species from the overall directionality. At A) regional and B) local scales (three Breeding Bird 

Survey routes and 25 survey routes, respectively), the species with the greatest positive 

difference was identified, indicating that turnover increased most with the inclusion of that 

species. Size of dots indicates magnitude of turnover impact, color shows species, and BBS 

routes with + signs are survey locations where the focal species is increasing in population while 

empty circles indicate decreasing populations based on BBS trend estimates at each site.  
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Figure 3.6. The impact of (A) trophic group, (B) foraging guild (here, "hawks" refers to 

airhawkers, a group that includes swallows), (C) migratory guild, and (D) breeding biome on 

community turnover measures at local (3 BBS routes; gray) and regional (25 BBS routes; blue) 

scales. Guild impact on turnover was determined by subtracting the turnover calculated when 

excluding the focal group of species from the overall turnover value when all species were 

included. Positive values indicate that turnover increased most with the inclusion of that group 

and negative values indicating that the community excluding that species group showed greater 

turnover. Violin plots show the distribution of turnover impact for each group across Breeding 

Bird Survey routes in the analysis, with black lines showing median values across all survey 

routes. Number of species in each group is indicated in parentheses for each y-axis label.  
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Discussion 

We found evidence for weakly directional shifts in avian communities across the US and 

Canada, with stronger turnover at regional scales than local scales. At local scales, land use 

change explained more variation in community turnover than climate change variables, while 

temperature trends were more explanatory at broader scales. Regional turnover and to a weaker 

extent local turnover were often heavily influenced by one of a handful of species undergoing 

broad regional increases or decreases. We did not find evidence of strong guild or group-level 

impacts on turnover at either scale, except in groups which included one or more of previously 

identified high-impact individual species.  

Our results finding greater importance of land use change at local scales and of climate 

change at broader regional scales in explaining turnover are in alignment with the expected role 

of habitat and climate in determining species occurrences across scales (Lawton & Woodroffe, 

1991). Locally, species occupancy of particular patches or landscapes may be driven by 

availability of suitable habitat or biotic interactions with competitors or predator species (Snell 

Taylor, Umbanhowar, & Hurlbert, 2020). At regional and broader scales, species occurrences are 

driven by suitability of climatic conditions. Trends in temperature explained more total variation 

in community turnover as scale increased, perhaps emphasizing the importance of climate in 

driving species occurrences at the broadest, regional scales and potentially providing support for 

efforts to predict future species distributions based predominantly on climate (Langham, 

Schuetz, Distler, Soykan, & Wilsey, 2015; Pearson & Dawson, 2003). Changing suitability of 

climate conditions has been shown to explain widespread impacts to breeding bird communities 

in other continental regions as well, such as Europe (Gregory et al., 2009). At the smallest scales, 

unexplained variance was highest, which may be due to processes that influence populations that 
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we did not incorporate into our model such as variation in resource availability or fine scale 

habitat attributes. There may also be unaccounted for uncertainty in our analysis because 

potential uncertainty in turnover could not be incorporated into models predicting turnover. As 

synergistic or interactive effects of land use and climate changes on biodiversity are documented 

and greater focus is placed on how those changes impact organisms mechanistically (Schulte to 

Bühne, Tobias, Durant, & Pettorelli, 2020), it will be important to consider the appropriate scale 

at which drivers operate in understanding biodiversity change.  

 At local and regional scales across the US and Canada, we found that community 

turnover was strongly influenced by just a handful of species, often for idiosyncratic and species-

specific reasons. In particular, the westward expansion of the invasive Eurasian Collared-dove 

was a strong driving force of community compositional shifts, consistent with work 

demonstrating the dominance of human-associated and non-native species at BBS routes more 

broadly (Sofaer, Flather, Jarnevich, Davis, & Pejchar, 2020). We also found that increases in 

Cliff Swallow and Tree Swallow populations were drivers of turnover especially across the 

Midwest and southern Appalachian regions. Cliff Swallow and Tree Swallow breeding ranges 

have expanded southward in recent decades, potentially as a result of anthropogenic creation of 

nesting sites in the case of Tree Swallows (Wright, Price, Trent, Soehren, & Rush, 2019) and 

expansion by Cliff Swallows into suitable but unoccupied nesting sites underneath bridges in the 

Southeast (McNair, 2013). Declines in ground gleaning species, including Ring-necked Pheasant 

and Northern Bobwhite, were also highly influential, which may be in response to changing 

agricultural and land management practices (Hernandez, Brennan, DeMaso, Sands, & Wester, 

2013; Taylor, Bogenschutz, & Clark, 2018). Across scales, the importance of individual species 

life histories is highly relevant in describing turnover over the past two and a half decades. The 
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importance of land use change in providing context for strong species-specific responses across 

regional scales points to a limitation of our analysis in representing the complexities of species-

habitat mismatches and land cover change processes at the community level. Our results also 

highlight a challenge in using community turnover metrics that incorporate abundance – patterns 

in turnover can easily be driven by individual species with very strong abundance trends. While 

metrics that include species abundances can describe compositional shifts in more detail than 

metrics based solely on colonization and extinction, examining the extent to which community-

level patterns are driven by one or a few species using an approach like the one we have used 

here (see also Shimadzu et al., 2015) may provide additional insights into ecological processes 

driving turnover.  

 We did not find strong, consistent guild-level impacts on community turnover at local or 

regional scales, except for those groups which include many previously identified high-impact 

species, such as ground gleaners and residents. Community turnover across scales tended to be 

higher when neotropical migrants, foliage gleaners, and insectivores were excluded. This may 

indicate inconsistent changes in abundance of species in those groups, with some species in these 

groups experiencing declines and others experiencing increases in the study region. Analysis of 

population trends by family has found declines in groups such as Parulidae and Tyrannidae while 

increases have been observed in Polioptidae and Vireonidae (Rosenberg et al., 2019). Recent 

work has suggested that the trait-dependence of responses to climate changes differ 

geographically (Mason et al., 2019), complicating efforts to understand changes in community 

composition by predicting species responses using niche characteristics. Examining how 

components of overall turnover can be attributed to functional groupings of species may provide 

useful insights into processes driving community turnover, especially in identifying whether 
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particular groups of species show similar or diverging trends. While we focused on categorical 

groupings of species, temporal shifts in continuous functional traits have also been observed in 

avian communities over the past several decades (Jarzyna & Jetz, 2017), and understanding how 

those trends relate to anthropogenic change across scales is an important and complementary 

approach to the analysis presented here.  

 The results of this study suggest that of the turnover in breeding bird communities 

observed from 1990 to 2016, local scale shifts in abundance distributions tended to be more 

explained by land use change than climate change variables, but with a substantial amount of 

unexplained variation. That unexplained variation may be attributed to species-specific, 

idiosyncratic responses such as range expansions or disease dynamics, rather than predictable 

changes at the level of foraging guilds, trophic groups, or migratory distances. At regional scales, 

greater shifts in community composition were observed and a greater proportion of variation in 

those shifts was explained by changes in temperature during the breeding season, although a 

majority of variation in community turnover remained unexplained. Future work investigating 

biodiversity change in response to anthropogenic drivers should incorporate information about 

the most relevant scales at which those processes operate. 
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CHAPTER 4: MULTIPLE DIMENSIONS OF NICHE SPECIALIZATION EXPLAIN 
CHANGES IN SPECIES RANGE AREA, OCCUPANCY, AND POPULATION SIZE 

 
Introduction 

Globally, species are experiencing multiple sources of change to their environments 

driven by human activity, including but not limited to land use and climate change (Parmesan & 

Yohe, 2003; Walther et al., 2002). While the direct impacts of many of these changes are felt 

locally, these local shifts can scale up to measurable changes at the level of a species range 

within a region or continent. Many species distributions may shift towards poles or move 

upslope to higher elevations to maintain consistent climatic niches (Mason et al., 2015). Broad, 

continental-scale population trends have also been observed for many groups (Rosenberg et al., 

2019). Considering multiple dimensions of species responses in their distribution at continental 

scales can help clarify the processes and mechanisms by which species are impacted by 

anthropogenic change at macroecological scales.  

At the level of a species range, species may increase or decrease in population size across 

their range, expand or contract their range limits, or alter how sites are occupied within their 

existing range. Shifts in range limits and widespread changes in population size have been 

documented in response to changes in climate that may impact species occurrence due to their 

physiological tolerance or through interactions with other species (Illán et al., 2014; Tingley, 

Monahan, Beissinger, & Moritz, 2009). Range occupancy, or how patchily or continuously a 

species is distributed within their range (Hurlbert & White, 2007), has been studied less in the 

context of anthropogenic changes such as climate and land use change. Range occupancy may be 
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expected to decrease with range-wide population size if abundance-occupancy relationships are 

generally positive (Gaston et al., 2000).   

 The distributions of North American breeding bird species have been well-studied. 

Widespread population declines especially in very abundant species have been observed over the 

past several decades (Rosenberg et al., 2019). Declines have also been observed particularly 

among long-distance migrants and insectivores (Bregman, Sekercioglu, & Tobias, 2014; Zurell, 

Graham, Gallien, Thuiller, & Zimmermann, 2018). Upslope distribution shifts to track changing 

climate conditions has also been observed (Tingley et al., 2009), as well as northward shifts in 

some species (La Sorte & Thompson III, 2007; Townsend Peterson & Martínez-Meyer, 2009; 

Zuckerberg, Woods, & Porter, 2009). A few species have also undergone rapid range expansion 

in the past half-century, including Northern Cardinal (Cardinalis cardinalis) (Halkin & Linville, 

1999), Eurasian Collared-Dove (Streptopelia decaocto) (Scheidt & Hurlbert, 2014), and Wild 

Turkey (Meleagris gallopavo) (Foster, Motzkin, Bernardos, & Cardoza, 2002). Exploring 

distribution shifts across many species may help to understand if there are species characteristics 

related to expansion or contraction.   

One aspect of species that may drive how they respond to anthropogenic change is niche 

specialization. In some communities, global change has led to biotic homogenization driven by 

replacement of specialist with generalist species (Finderup Nielsen, Sand-Jensen, Dornelas, & 

Bruun, 2019; La Sorte & McKinney, 2007; Zwiener, Lira-Noriega, Grady, Padial, & Vitule, 

2017). Because species can be generalists on certain niche axes and specialists on others, 

considering multiple dimensions of species niche specialization may help in developing an 

understanding of which species become “winners” or “losers”, or species that benefit from or are 

vulnerable to anthropogenic change (Dornelas et al., 2019), particularly in determining species 
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range responses. Changes in range extent may be driven by climatic tolerances, for example, in 

studies of invasive bird species geographical range size is strongly correlated with introduction 

success (Blackburn & Duncan, 2001). We may expect species with broader climatic niches to 

also be more likely to successfully expand to new sites as climate changes (Di Marco & Santini, 

2015). However, range occupancy, a local process related to habitat preferences of species 

(Lawton & Woodroffe, 1991), and we might expect habitat niche to predict changes in range 

occupancy especially in areas of increasing human influence.   

Here, we use annual observations and trend estimates of 77 breeding bird species from 

the North American Breeding Bird Survey (Pardieck, Ziolkowski, Jr, Lutmerding, & Hudson, 

2018) to examine shifts in species distributions over the previous half-century. We measure 

changes in species range extent, range occupancy, and population trend over time to characterize 

shifts in species ranges through multiple dimensions. We then use structural equation modeling 

to investigate how species niche breadth along multiple axes (climate, diet, and habitat) may 

explain species range changes over the time period. Finally, we contrast species niche breadth 

with other variables that might explain range shifts such as body size and migratory distance, to 

determine which species characteristic is most important in determining range shifts across 

species. 

 

Methods 

Data sources 

 We obtained occurrence records for North American breeding bird species from the 

Breeding Bird Survey (BBS; Pardieck et al., 2018), which consists of point count observations 

made by trained volunteers across the US and Canada annually during the breeding season 
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(typically May, June, or July). On each survey route, volunteers conduct 50 3-minute point 

counts evenly spaced along a 40-km track, recording all species they see or hear during the 

survey time period. To measure changes in species ranges over multiple decades, we retained 

BBS routes that were surveyed in two five-year time windows: 1976-1980 and 2013-2017. We 

selected these time windows in order to capture as long a time series as possible without 

sacrificing too much geographic coverage of routes, especially in the early time period. Each 

survey route had to be surveyed at least three of the five years in both time windows to be 

included in the analysis. There were 655 BBS routes that fit these criteria and were included in 

the analysis.  

 We only included bird species in the analysis for which >50% of the breeding range 

(based on range maps from BirdLife International; www.birdlife.org) fell within the BBS survey 

area (based on a convex hull of BBS routes that met criteria specified above). We did this 

because we are unable to accurately characterize range-wide shifts species who occur primarily 

in regions outside of the BBS survey area. For each species included in the analysis, we obtained 

body size data from Dunning (1993), and calculated migratory distance  as the great circle 

distance between the centroids of the wintering  and breeding ranges. When a species is a year-

round resident throughout its range, migratory distance is 0.  

 

Measuring species niche breadth 

 To measure diet niche, we obtained categorical diet data from EltonTraits (Wilman et al., 

2014), and calculated the Shannon evenness index (Shannon, 1948) of the proportion of diet in 

each category for each species. Diet categories include invertebrates, endotherms, ecotherms, 

fish, scavenging, nectar, seeds, and plants. To measure climate niche breadth, we calculated a 
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hypervolume for each species using warmest quarter temperature and precipitation variables at 1-

km resolution from BioClim (Fick & Hijmans, 2017) within each species' breeding range from 

the BirdLife range maps using the hypervolume package in R (Blonder, Lamanna, Violle, & 

Enquist, 2014). This method captures the range of climatic conditions species occur at in 

multiple dimensions simultaneously (for example, this measure of niche breadth incorporates 

information about temperature and precipitation means and variability into a single metric). In 

practice, climate niche breadth as measured here is not always correlated with range size, 

especially for species with distributions that span strong precipitation gradients especially in the 

western US. 

To measure habitat niche breadth, we obtained 3-km occupancy rasters for each species 

from eBird Status and Trends (Strimas-Mackey, Ligocki, Auer, & Fink, 2021), and combined 

these data with 30-m land cover class data for North America in 2015 (http://www.cec.org/north-

american-environmental-atlas/land-cover-30m-2015-landsat-and-rapideye/). We calculated the 

average occupancy by land cover class for each species, omitting land cover classes which did 

not occur within the species breeding range to avoid classifying species with smaller geographic 

ranges that cover fewer land cover classes as "specialists" by virtue of not occurring in land 

cover classes which are not within the species range. We then calculated a species specialization 

index (SSI) following Barnagaud et al. (2011) as the standard deviation of habitat-specific 

occupancy values divided by the mean. For example, a species with high occupancy in one or 

two habitat types but low occupancy elsewhere would have a high SSI value, while a species 

with even occupancy across many habitat types would have a low SSI value. In order for the SSI 

to have the same interpretability in model coefficients as our measures of diet and climate niche 

breadth (high values indicating broader niches), we multiplied SSI by -1.  
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Estimating range responses 

 Species’ population trend estimates across North America were obtained from published 

estimates based on BBS data (Pardieck et al., 2018). To estimate shifts in range occupancy and 

range area, we first mapped BBS survey routes to a 1° by 1° grid, randomly sampling one BBS 

route per grid cell (e.g., Figure 4.1A). We did this to account for the increase in BBS route 

density over the study period, and also from west to east on the continent. We explored various 

thresholds for routes per grid cell, but found that requiring more than one route per grid cell 

drastically reduces the number of grid cells with BBS sampling in the western US. For each 

species, we measured range occupancy in the first and last time periods as the number of 

occupied grid cells divided by the total number of grid cells within the breeding range. We 

measured change in range occupancy as the difference in the proportion of occupied grid cells in 

the late time period minus the early time period. Because range occupancy is a proportion of 

each species' range as measured by occupied grid cells, it ranges from 0 to 1 for each species 

regardless of differences in range size. 

 To measure range area, we first fit a concave hull to grid cell occurrences during each 

five-year window for species occupying at least ten grid cells (using R function concaveman 

with concavity = 2; Gombin, Vaidyanathan, Agafonkin, & Mapbox, 2020; Figure 4.1B). We 

explored how robust changes in range area were to this concavity parameter, and redid the 

following analyses with a higher concavity value and a lower concavity value (Figure C.1), and 

found that results were consistent across different concavity values (Figure C.2). We then 

cropped each concave hull to the species breeding range, to eliminate cases where the concave 

hull drew unrealistic shapes based on the species range (e.g. showing range area in the Great 

Plains for a species with a distribution in northern boreal forests that extends into the 
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Appalachian Mountains). Because there were still some cases where species were present outside 

their breeding range polygon, we checked each cropped region of the concave hulls, and if they 

contained at least two occupied BBS grid cells, we retained those cropped sections of the 

concave hull. Following this same procedure for the early and late time window, we then 

calculated the area of those concave hulls to represent range area. The relative change in range 

area was then the difference between the area of time two minus time one, divided by the area at 

time one to facilitate comparison between species with breeding range sizes that vary by many 

orders of magnitude. 

 Because the estimation of range occupancy and range area may depend on which BBS 

route within a grid cell was chosen as representative, we repeated these range occupancy and 

range area calculations for 500 iterations, randomly sampling one route per grid cell for each 

iteration. For each iteration, the same set of routes was used for comparing between the two time 

periods. We used the average change in range occupancy and average change in range area over 

the 500 iterations in later analyses. 

 There are inherent limitations in our methods using BBS observations to capture changes 

in range area and range occupancy of a species, because the BBS does not encompass the entire 

range of some species (although as mentioned above it does encompass the majority of the 

breeding range for all species here), and because uneven sampling throughout the continent may 

result in patchier estimates of species ranges than the true species distribution. However, the 

methods we have used to grid BBS records, sample variation in survey occurrences, and estimate 

range area using varying concave hull algorithms help alleviate some of these issues, and allow 

us to make use of a uniquely valuable dataset for its spatial and temporal scope. 
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Statistical analyses 

To estimate the effects of niche specialization on changes in species ranges, we used 

piecewise structural equation modeling (implemented in the 'piecewiseSEM' R package; 

Lefcheck, 2016). We elected to use SEM because we wanted to explore the relative explanatory 

power of different niche axes on describing species range responses, but at the same time 

account for the causal structure likely present between our range response variables (i.e., that 

species with declining population trends are expected to also have declining range occupancy 

and range area). We used linear generalized least squares models, considering pathways between 

each niche specialization measure and each range shift measure, as well as considering the effect 

of changes in population trend on changes in range occupancy and range area. Because niche 

specialization may be conserved between more closely related species (this was true especially 

of habitat specialization, see Figure C.3), we also included a fixed correlation structure using 

phylogenetic distances between species. We calculated the model correlation matrix from a 

phylogenetic tree of the species used in this study obtained from birdtree.org (Jetz, Thomas, Joy, 

Hartmann, & Mooers, 2012), following the method in Lefcheck (2016). 

 We compared the variance explained in range shift metrics by niche specialization 

compared to other commonly examined traits, in particular body size and migratory distance, 

using variance partitioning of linear regressions (Legendre & Legendre, 2012). We compared the 

unique variance explained by body size, migratory distance, and the particular niche 

specialization variable that explained the most variance in range shifts in the SEM.  

 

Figure 4.1. Measuring changes in the range of Louisiana Waterthrush (Parkesia motacilla). A) 

Dark shaded polygon shows the breeding range of Louisiana Waterthrush. Circles indicate grid 
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cells with Breeding Bird Survey (BBS) locations. Solid circles indicate locations where 

Louisiana Waterthrush was observed, in both (green) time periods, just the first time period 

(orange), or just the later time period (purple). Open pink circles are BBS routes within the 

breeding range where Louisiana Waterthrush was not observed during either time period. In each 

time period, the range occupancy of Louisiana Waterthrush is the number of occupied circles 

over the total number of circles within the breeding range, and the change in range occupancy is 

the difference between them. B) Shaded polygons show estimates of Louisiana Waterthrush 

range area in early (orange) and late (purple) time periods from a concave hull of gridded BBS 

occurrences. The change in range area is the difference between the later time period area and 

the early time period area, divided by the early time period area to compare across species with 

different range sizes. Dark outline shows breeding range.  
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The different measures of niche breadth were weakly positively correlated with each 

other across species, with the highest correlation between climate niche breadth and habitat niche 

breadth (r = 0.30), and the lowest between diet niche breadth and climate niche breadth (r = -

0.02; Figure 4.2). Diet specialist species were generally insectivores or granivores, and the most 

generalist species were from Corvidae. Many of the species with the narrowest climate niche 

breadths were from Parulidae, while the species with the broadest climate niches were two 

species that occur in the western US across steep precipitation gradients, Lesser Goldfinch 

(Spinus psaltria) and Violet-green Swallow (Tachycineta thalassina). The species with the 

narrowest habitat niche was Lark Bunting (Calamospiza melanocorys), while species with broad 

habitat niches included American Robin (Turdus migratorius) and Tree Swallow (Tachycineta 

bicolor).  

 Change in range occupancy, change in range area, and population trend were somewhat 

positively correlated with each other (0.34 < r < 0.56, all p < 0.05; Figure 4.3). The distributions 

of changes in range occupancy and range area were centered close to zero, while the median 

population trend of the species in this study was -0.52 %/year (Figure 4.3). 

 The SEM provides estimates of the relative path strengths among our various niche 

breadth and range response variables, as well as the total variation explained in each range 

response. Out of the three response variables, species niche breadth measures collectively 

explained the most variation in change in range area (R2 = 0.16), while the predictor variables 

explained 10% of the variation in change in range occupancy and population trend (Figure 4.4). 

Climatic generalist species and species with positive population trends showed the strongest 

increases in range area (p = 0.013; p = 0.018), while habitat generalist species showed the 
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strongest increases in range occupancy (p = 0.004; Figure 4.4). Among these species, we also 

found that population trend increased with increasing diet niche breadth (p = 0.008; Figure 4.4).  

 Relative to migratory distance and body size, the best performing niche breadth measure 

explained more variation in change in range occupancy and change in range area, however 

migratory distance explained more variation in change in population trend than diet niche 

breadth and also explained only slightly less variation in the change in range occupancy than 

habitat niche breadth (Figure 4.5). There was little shared variance between migratory distance, 

body size, and species niche breadth in explaining the response variables. Overall R2 differ from 

SEM estimates because these models do not incorporate phylogenetic signal, but notably 

population trend was least well explained by these species traits, while the most variation in 

change in range area was explained by these predictors (Figure 4.5). 
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Figure 4.2. Cross-correlations among the three measures of species niche breadth: A) habitat 

versus diet niche breadth, B) habitat versus climate niche breadth, and C) climate versus diet 

niche breadth. Each species' dot is sized by the breeding range area of the species, and colored by 

family. 
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Figure 4.3. Cross-correlations of different measurements of changes in species distributions over 

time. A) compares relative change in range area and population trend (%/year), B) compares 

relative change in range area and absolute change in range occupancy, and C) compares absolute 

change in range occupancy and population trend. Each species dot is sized by the size of the 

species breeding range, and colored by family. 
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Figure 4.4. Path diagram showing results of structural equation model relating species niche 

breadth to changes in species ranges. Black, solid lines indicate significant relationships, while 

gray, dotted lines indicate no support for a causal path between those variables. Point estimates 

of the effect size for each directional relationship are next to each line, with significance levels 

indicated: p < 0.05 *, p < 0.01 **. The overall R2 for each response variable is outlined in a box 

next to each variable name.  
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Figure 4.5. Variance partitioning of species range shifts explained by species migratory distance, 

body mass, and the niche breadth axis which showed the strongest effect on the three response 

variables in a structural equation model. For population trend, diet niche breadth was used. For 

change in range area, climate niche breadth was used. For change in range occupancy, habitat 

niche breadth was used. The Venn diagrams indicate unique variance in the responses explained 

by each of the predictor variables, with overlapping regions showing shared variances. Negative 

variance explained can result from correlated variables. 
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Discussion 

We characterized three different dimensions by which species have shifted in distribution or 

abundance over the past half century, and found that each could be explained by some measure 

of niche breadth. In line with predictions, habitat specialists were more likely to decline in range 

occupancy and climate specialists were more likely to decline in overall range area. Species with 

declining population trends also showed declines in range area, an example of local scale 

population processes scaling up to distributional shifts. Additionally, diet generalists were more 

likely to experience population declines than diet specialists. Niche breadth variables 

consistently explained more variation in range changes than body size, and may indicate an 

aspect of species that could predict winner or loser species under anthropogenic change. 

Migratory distance explained more variation in population trend than niche breadth or body size 

and a similar amount of variation in change in range occupancy, indicating divergences between 

longer and shorter distance migrants and resident species. 

 Our results indicating range contractions in climate specialist species is in line with prior 

work indicating that specialist species in particular are threatened by global anthropogenic 

change (Clavel, Julliard, & Devictor, 2011; Gilchrist, 1995). Species with broader climate niches 

may be more likely to persist in areas with changing climates, and be able to colonize new areas 

within their range of climate tolerance. However, specialist species may decline due to an 

inability to persist in areas of their range that are no longer climatically suitable due to climate 

change. 

Shifts in range occupancy were predicted by habitat specialization, with species with 

broader habitat niches more likely to increase in range occupancy and species with narrow 

habitat niches more likely to decline. Some of the strongest habitat specialists in our species pool 
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tended to be sagebrush or grassland specialist birds, such as Brewer's Sparrow (Spizella breweri) 

and Lark Bunting which are known to be declining due to changing land use in North America 

(Brennan & Kuvlesky Jr, 2005; Peterjohn & Sauer, 1999). Land use change may impact species 

most at local scales, by impacting availability of suitable habitats. The spatial resolution of this 

study was coarse, suggesting that at finer scales the effects of habitat specialization on changes in 

range occupancy may be even more pronounced. 

While our finding that diet generalist species were more likely to be declining in 

population was unexpected, the species with the strongest declining population trends driving 

this result are Savannah Sparrow (Passerculus sandwichensis) and Purple Finch (Haemorhous 

purpureus). However, these species may be declining for reasons not directly related to diet, 

such as interspecific competition between Purple Finches and House Finches (Haemorhous 

mexicanus) (Wootton, 1987) and decreases in suitable open, grassy habitats for Savannah 

Sparrow (Rockwell, Witte, Jefferies, & Weatherhead, 2003). Furthermore, a the diet data 

available to characterize diet niche was somewhat coarse (e.g. a single "invertebrates" category 

for all insectivorous birds despite the complexity within this guild), and characterizations of the 

diet niche will hopefully improve as more detailed data becomes available (Hurlbert, Olsen, 

Sawyer, & Winner, 2021). 

 An association between declining population trends and shrinking range area is expected 

when population declines are widespread throughout a species range. Species undergoing 

population declines may also retract first from range edges if those marginal regions are areas 

where environmental conditions are the least favorable (de Medeiros, Hernández-Lambraño, 

Ribeiro, & Sánchez Agudo, 2018; Martínez-Meyer, Díaz-Porras, Peterson, & Yáñez-Arenas, 

2013). We also found some species increasing in population trend and increasing in range area, 
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including two species with southerly distributions, Great-Tailed Grackle (Quiscalus mexicanus) 

and Fish Crow (Corvus ossifragus). Our finding that population trend did not drive changes in 

range occupancy may suggest that species are undergoing expansions or contractions on range 

margins as climate conditions shift, as opposed to filling in unoccupied areas within the range 

which may be unoccupied primarily due to habitat suitability. 

 While we found that niche breadth explained more variance in distributional or 

abundance changes than body mass or migratory distance, there was substantial variance 

unexplained by all three of these species characteristics. Some research has hypothesized that 

species traits are bad predictors of range shifts generally (Beissinger & Riddell, 2021), which 

might limit their utility in predicting winner or loser species more broadly. Our analysis is also 

limited by the coarse way in which we characterized species ranges (at 1° by 1° latitude-

longitude cells) due to data availability. This precludes our study from examining finer scale 

shifts in species distributions at range margins, and from understanding very fine scale shifts in 

range occupancy which happen at the scale of local sites. Because of our thresholds for data 

availability for each species, our species pool is also biased towards more common, larger ranged 

species and underrepresents boreal species, which may impact the generalizability of these 

results. 

 Our study highlights the associations between niche specialization and declines in range 

area and occupancy, particularly for climatic and habitat specialist species. While we found that 

niche breadth was important in explaining species range changes, other processes not included in 

these analyses undoubtedly play a major role as well, such as specific matches between species 

habitat preferences and land use change regimes (Di Cecco & Hurlbert, 2022), biotic interactions 

(Snell Taylor, Umbanhowar, & Hurlbert, 2020), or for migratory species land use or other 
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changes to wintering grounds. Future work in this area may expand on these analyses to describe 

species range dynamics at finer resolutions, particularly changes in range occupancy and at range 

margins. Further exploration of the importance of different traits may also provide insights into 

"winner" and "loser" species under global change. 
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CHAPTER 5: CONCLUSION 
 

Across the chapters of this dissertation, I found results demonstrating the importance of 

some characteristics across species (habitat usage, climatic tolerance) in explaining their 

responses to anthropogenic change, as well as strong context dependence and species-specific 

responses. In Chapter 1, I found varying responses to land use and climate change in forest 

breeding birds, but many species that showed context dependence of responses to land use 

change in areas with stronger warming trends. In Chapter 2, I found that individual species 

undergoing large population expansions or contractions were important in driving community 

turnover, and turnover was not driven in large part by diet or trophic groups. In Chapter 3, I 

found that species with broader climate niches and broader habitat niches were more likely to be 

increasing in some aspects of their distribution throughout their breeding range. For North 

American breeding birds, which this dissertation focuses on primarily, identifying consistent 

species traits or niche characteristics that can predict which species are vulnerable, tolerant, or 

benefitting from global change proved to be challenging.  

 While some of the species traits examined in this dissertation are specific to birds (e.g. 

migratory distance), many are potentially generalizable to other vertebrate (habitat preferences, 

diet groups and niche breadth) and non-vertebrate species (climatic tolerances). Across other 

organisms, research focused on identifying properties of species vulnerable to or tolerant of 

anthropogenic changes have identified traits such as large geographic ranges (Staude, Navarro, & 

Pereira, 2019) and diet generalism (Monaco et al., 2020). While some traits or characteristics 
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will be specific to groups of organisms, there may be some niche axes or traits related to 

responses to anthropogenic change impacts that are generalizable across organisms. 

 Despite some evidence for particular trait or niche characteristics of species describing 

how they responded to global change in the investigations of this dissertation, there was also 

substantial evidence for the importance of species-specific responses not obviously connected to 

any abstractable trait or characteristic driving changes in species distributions and compositional 

shifts. This may not be an unexpected result, as some suggest that at large scales (e.g. regional 

communities or continental-scale species distributions), traits are poor predictors of species shifts 

over time (Beissinger & Riddell, 2021). 

 An important theme throughout this dissertation is the complex, multidimensional nature 

of impacts of anthropogenic change on ecosystems. The scaling of impacts of climate and land 

use change from individual organisms, to population and communities, and up to species 

distributions is highly complex, and responses at one level do not necessarily imply or predict 

similar responses at another level. One complication in this picture is interactions between 

different anthropogenic change drivers, as observed in Chapter 1 between forest fragmentation 

and warming temperatures. Scale is also particularly important when considering land use and 

climate change interactions, as the scale at which each anthropogenic change driver is most 

important in predicting responses will differ (Di Cecco & Hurlbert, 2022; Oliver & Morecroft, 

2014). 

 Finally, an important future direction in examining the generality of species responses to 

anthropogenic change will be to consider how the measurement of species traits and species 

niches captures the individual- and population-level processes that are the basis for impacts of 

anthropogenic change. For example, a classification of a species as a diet generalist based on 
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measurements of diet across disparate populations may be inaccurate if individuals within a 

species specialize, just on different food sources (leading to a species-level assignment as a 

generalist; Bolnick et al., 2003). Work trying to identify patterns across species in what makes a 

"winner" or a "loser" species under global change will need to carefully consider how the 

measurement level of species characteristics lines up with the theorized mechanisms of impact 

from global change drivers, as different scales of potential mechanisms might yield different 

predictions for which traits or species characteristics might be most important in explaining 

responses. 
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APPENDIX A: SUPPLEMENTARY MATERIAL FOR CHAPTER 2 

 

Table A.1. Species list of forest breeding birds used in this study. Columns: American 

Ornithologists Union identification number (AOU), species common name, four letter species 

code (SPEC), migratory class (resident, short distance migrant, or neotropical migrant), foraging 

group, mean forest cover of Breeding Bird Survey routes in the coterminous United States and 

Canada below 60º North the species is present on (forest cover), range of mean breeding season 

temperature in the breeding range, and breeding range area. 

AOU Common Name SPEC Mig. class Foraging grp. Forest cover Temp. range ºC 
Breeding 
range (km2) 

2890 Northern Bobwhite NOBO resid ground glean 0.290255 8.1 4555640 

3160 Mourning Dove MODO short ground glean 0.323658 13.0 11119866 

3870 

Yellow-billed 

Cuckoo YBCU neotrop foliage glean 0.380811 9.6 5271676 

3880 

Black-billed 

Cuckoo BBCU neotrop foliage glean 0.425319 7.9 4935972 

3930 Hairy Woodpecker HAWO resid bark glean 0.572467 13.8 13263247 

3940 

Downy 

Woodpecker DOWO resid bark glean 0.428318 13.2 12767509 

4050 

Pileated 

Woodpecker PIWO resid bark glean 0.541082 13.4 5913479 

4060 

Red-headed 

Woodpecker RHWO short bark glean 0.244722 8.8 5190666 

4090 

Red-bellied 

Woodpecker RBWO resid bark glean 0.364991 9.1 2988465 

4120 Northern Flicker NOFL resid ground glean 0.399905 12.3 14922330 

4280 

Ruby-throated 

Hummingbird RTHU neotrop hover/glean 0.519269 11.2 4930337 
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4520 

Great Crested 

Flycatcher GCFL neotrop hawks 0.393497 10.7 5131592 

4610 

Eastern Wood-

Pewee EAWP neotrop hawks 0.429109 10.6 4075987 

4650 Acadian Flycatcher ACFL neotrop hawks 0.5144 7.8 3005324 

4770 Blue Jay BLJA short ground glean 0.400235 12.1 6654836 

4860 Common Raven CORA resid ground glean 0.492949 12.9 15137567 

4880 American Crow AMCR short ground glean 0.375538 13.4 11434695 

4900 Fish Crow FICR short ground glean 0.340733 6.9 971342.5 

4930 European Starling EUST short ground glean 0.348477 13.3 14634617 

4950 

Brown-headed 

Cowbird BHCO short ground glean 0.325211 13.5 11229802 

5070 Baltimore Oriole BAOR neotrop foliage glean 0.320517 10.9 4702122 

5110 Common Grackle COGR short ground glean 0.349197 12.2 8200607 

5290 

American 

Goldfinch AMGO short foliage glean 0.378431 11.5 7510164 

5870 Eastern Towhee EATO short ground glean 0.456273 9.5 3153320 

5930 Northern Cardinal NOCA resid ground glean 0.367287 10.1 5835004 

5950 

Rose-breasted 

Grosbeak RBGR neotrop foliage glean 0.429774 9.0 3766821 

5980 Indigo Bunting INBU neotrop ground glean 0.412273 10.2 5859725 

6080 Scarlet Tanager SCTA neotrop hover/glean 0.562687 8.8 2601578 

6100 Summer Tanager SUTA neotrop foliage glean 0.420167 5.9 3270936 

6190 Cedar Waxwing CEDW short foliage glean 0.453896 11.2 7417234 

6240 Red-eyed Vireo REVI neotrop hover/glean 0.465243 12.8 11769235 

6280 

Yellow-throated 

Vireo YTVI neotrop foliage glean 0.489051 9.4 3164625 

6290 Blue-headed Vireo BHVI neotrop foliage glean 0.703947 9.6 3317327 

6310 White-eyed Vireo WEVI neotrop foliage glean 0.420267 7.5 3035092 

6360 

Black-and-white 

Warbler BAWW neotrop bark glean 0.617737 12.1 5371649 
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6370 

Prothonotary 

Warbler PROW neotrop bark glean 0.317365 4.8 2172595 

6390 

Worm-eating 

Warbler WEWA neotrop foliage glean 0.623115 8.0 1753886 

6480 Northern Parula NOPA neotrop foliage glean 0.529355 11.7 3352710 

6540 

Black-throated 

Blue Warbler BTBW neotrop hover/glean 0.756034 5.3 1145360 

6570 Magnolia Warbler MAWA neotrop hover/glean 0.708832 6.6 3647918 

6590 

Chestnut-sided 

Warbler CSWA neotrop foliage glean 0.618386 6.4 2416051 

6630 

Yellow-throated 

Warbler YTWA neotrop bark glean 0.550548 6.6 1929246 

6670 

Black-throated 

Green Warbler BTNW neotrop foliage glean 0.675846 8.1 3308313 

6710 Pine Warbler PIWA short bark glean 0.48079 10.5 2377228 

6730 Prairie Warbler PRAW neotrop foliage glean 0.550578 8.2 1565554 

6740 Ovenbird OVEN neotrop ground glean 0.553552 10.5 5209025 

6750 

Northern 

Waterthrush NOWA neotrop ground glean 0.661755 7.8 7570214 

6760 

Louisiana 

Waterthrush LOWA neotrop ground glean 0.651897 8.5 2410310 

6770 Kentucky Warbler KEWA neotrop ground glean 0.518107 6.9 1969699 

6810 

Common 

Yellowthroat COYE neotrop foliage glean 0.400878 13.5 11282149 

6830 

Yellow-breasted 

Chat YBCH neotrop foliage glean 0.404534 10.9 6148136 

6840 Hooded Warbler HOWA neotrop foliage glean 0.581234 8.5 2007057 

6860 Canada Warbler CAWA neotrop hover/glean 0.697278 5.4 2759371 

6870 American Redstart AMRE neotrop hover/glean 0.593496 12.2 6658042 

7040 Gray Catbird GRCA neotrop ground glean 0.399835 12.0 6814322 

7180 Carolina Wren CARW resid ground glean 0.413757 8.7 3218029 
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7210 House Wren HOWR neotrop ground glean 0.326737 11.1 25185817 

7260 Brown Creeper BRCR short bark glean 0.702664 8.5 6530050 

7270 

White-breasted 

Nuthatch WBNU resid bark glean 0.461138 11.8 8608157 

7290 

Brown-headed 

Nuthatch BHNU resid bark glean 0.448746 3.6 941956.4 

7310 Tufted Titmouse TUTI resid foliage glean 0.423683 9.0 2968701 

7350 

Black-capped 

Chickadee BCCH resid foliage glean 0.480997 10.7 8791417 

7360 Carolina Chickadee CACH resid foliage glean 0.398011 6.5 2238037 

7510 

Blue-gray 

Gnatcatcher BGGN neotrop foliage glean 0.435849 10.3 6585144 

7550 Wood Thrush WOTH neotrop ground glean 0.49618 10.0 3490883 

7560 Veery VEER neotrop ground glean 0.582023 7.8 3672079 

7610 American Robin AMRO short ground glean 0.380564 13.5 16414386 
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Table A.2. Linear model results of species traits predicting effects of change in proportion forest 

cover in abundance trends abundance trends across 67 forest breeding bird species in the 

continental United States and Canada (R2 = 0.13). 

Term Estimate Standard Error P-value   
Intercept: Neotrop. Migrants/Foliage gleaners 0.0004 0.0142 0.980 
Breeding temp range 0.0002 0.0003 0.455 
% Forest 0.0077 0.0043 0.076 
Log10(Breeding range area (km2)) -0.0008 0.0024 0.739 
Residents -0.0017 0.0012 0.175 
Short distance migrants -0.0003 0.0013 0.817 
Bark gleaning 0.0006 0.0013 0.638 
Ground gleaning 0.0005 0.0011 0.654 
Hawking 0.0010 0.0021 0.630 
Hover/gleaning -0.0023 0.0015 0.139 
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Figure A.1. Pearson’s correlation coefficient for environmental variables on BBS routes in the 

coterminous US and Canada below 60º North: change in proportion forest cover (forestCover), 

change in forest edge density (forestED), trend in mean breeding season maximum temperature 

(Tmax), trend in mean breeding season minimum temperature (Tmin).   
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Figure A.2. Moran’s I for environmental variables on forested BBS routes in the coterminous 

US and Canada below 60º North: change in proportion forest cover (forestCover), change in 

forest edge density (forestED), trend in mean breeding season maximum temperature (tmax), 

trend in mean breeding season minimum temperature (tmin).  
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Figure A.3. Effect estimates for species-specific spatial CAR models of abundance trends of 67 

forest breeding bird species from 1990-2016 at BBS routes in the coterminous United States and 

Canada predicted by (a) change in forest edge density, (b) change in forest cover, (c) trend in 

mean minimum temperature during the breeding season, (d) trend in mean maximum 

temperature during the breeding season, and (e-f) interactions between trend in minimum and 

maximum temperature and change in forest cover. Fill color indicates p-value of effect estimate, 

and vertical dashed line shows the mean of effect size across species. 
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Figure A.4. Effect estimates for species-specific responses to changes in forest edge density and 

changes in forest cover from spatial CAR models of abundance trends of 67 forest breeding bird 

species from 1990-2016 at BBS routes in the coterminous United States and Canada. 

 

Figure A.5. Distribution of p-values for effect estimates for species-specific spatial CAR models 

of abundance trends of 67 forest breeding bird species from 1990-2016 at BBS routes in the 

coterminous United States and Canada predicted by (A) change in forest edge density, (B) 

change in forest cover, (C) trend in mean minimum temperature during the breeding season, (D) 

trend in mean maximum temperature during the breeding season, and (E-F) interactions between 

trend in minimum and maximum temperature and change in forest edge density. Fill color 

indicates direction of effect (positive or negative), and vertical dashed line shows the mean of p-

values across species. 
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Figure A.6. Distribution of effect estimates by sample size for species-specific spatial CAR 

models of abundance trends of 67 forest breeding bird species from 1990-2016 at BBS routes in 

the coterminous United States and Canada predicted by (A) change in forest edge density, (B) 

change in forest cover, (C) trend in mean minimum temperature during the breeding season, (D) 

trend in mean maximum temperature during the breeding season, and (E-F) interactions between 

trend in minimum and maximum temperature and change in forest edge density. Error bars 

indicate 95% confidence intervals around effect size. 
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Figure A.7. Distribution of p-values for estimates of interaction effect between trend in 

minimum and maximum temperature and mean minimum and maximum temperature during the 

breeding season on abundance trends for 67 forest breeding bird species in the United States and 

Canada from species-specific spatial CAR models. Fill color indicates p-value threshold of the 

effect estimate, and vertical dashed lines indicate average of effect sizes across species. 
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Figure A.8. Breeding Bird Survey route-level abundance trend estimates from 1992 to 2016 on 

US routes and 1990 to 2016 on Canadian routes for (A) Rose-breasted grosbeak (Pheucticus 

ludovicianus), (B) Black-throated blue warbler (Setophaga caerulescens), (C) Wood thrush 

(Hylocichla mustelina), and (D) Cedar waxwing (Bombycilla cedrorum). Color of route points 

indicates positive (red) or negative (blue) population trend. Grayscale shading indicates 

breeding, non-breeding (wintering), and resident areas for each species. Solid and dashed lines 

indicate migratory connectivity between distinct populations’ breeding and wintering grounds 

(data on connectivity of breeding and wintering grounds from the following sources: Rose-

breasted grosbeak and Cedar waxwing from Cohen et al., 2018; Black-throated blue warbler 

from Rubenstein et al., 2002; Wood thrush from Stanley et al., 2015). 



 

 103 

 



 

APPENDIX B: SUPPLEMENTARY MATERIAL FOR CHAPTER 3 

Table B.1. Land cover classes used to convert land cover data from the United States (National 

Land Cover Database) and Canada (Agriculture and Agri-Food Canada) into a common, 

simplified classification. 

National Land Cover Database Agriculture and Agri-food 
Canada 

Common Class 
 

Developed, Open Space Settlement 

Urban/built-up Developed, Low Intensity Roads 
Developed, Medium Intensity  
Developed, High Intensity  
Barren Other land Barren/Other 
Open Water Water Water 
Deciduous Forest Forest 

Forest Mixed Forest Trees 
Coniferous Forest  
Woody Wetlands Forest Wetland 

Wetlands 
Emergent Herbaceous Wetlands Treed Wetland 
 Wetland 
 Wetland Shrub  
 Wetland Herb 
Cultivated Crops Cropland Agricultural 
Grassland/Herbaceous Grassland Managed Grassland Pasture/Hay Grassland Unmanaged 
Shrubland  Shrubland 
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Table B.2. Table of species used in this analysis, including their groupings by migratory guild, 

foraging guild, and trophic group (classifications from Ehrlich et al. 1988), as well as breeding 

biome (from Rosenberg et al. 2019 with the exception of Bicknell's Thrush and Gunnison's Sage-

Grouse, indicated in the Breeding Biome column with an asterisk). 

AOU Common Name Scientific Name Breeding Biome Migratory Guild Foraging Guild Trophic Group 

2890 Northern Bobwhite Colinus virginianus Eastern Forest resident ground glean herbivore 
3131 Rock Pigeon Columba livia Introduced resident ground glean granivore 
3160 Mourning Dove Zenaida macroura Habitat Generalist short-distance ground glean granivore 
3870 Yellow-billed Cuckoo Coccyzus americanus Eastern Forest Neotropical foliage glean insectivore 
3930 Hairy Woodpecker Dryobates villosus Forest Generalist resident bark glean insectivore 
3940 Downy Woodpecker Dryobates pubescens Forest Generalist resident bark glean insectivore 
4050 Pileated Woodpecker Dryocopus pileatus Eastern Forest resident bark glean insectivore 

4060 
Red-headed 
Woodpecker 

Melanerpes 
erythrocephalus Eastern Forest short-distance bark glean omnivore 

4090 
Red-bellied 
Woodpecker Melanerpes carolinus Eastern Forest resident bark glean insectivore 

4120 Northern Flicker Colaptes auratus Forest Generalist resident ground glean insectivore 
4230 Chimney Swift Chaetura pelagica Eastern Forest Neotropical aerial foraging insectivore 

4280 
Ruby-throated 
Hummingbird Archilochus colubris Eastern Forest Neotropical hover/glean nectarivore 

4440 Eastern Kingbird Tyrannus tyrannus Grassland Neotropical hawks insectivore 

4520 
Great Crested 
Flycatcher Myiarchus crinitus Eastern Forest Neotropical hawks insectivore 

4560 Eastern Phoebe Sayornis phoebe Eastern Forest short-distance hawks insectivore 
4610 Eastern Wood-Pewee Contopus virens Eastern Forest Neotropical hawks insectivore 
4650 Acadian Flycatcher Empidonax virescens Eastern Forest Neotropical hawks insectivore 
4740 Horned Lark Eremophila alpestris Grassland short-distance ground glean granivore 
4770 Blue Jay Cyanocitta cristata Eastern Forest short-distance ground glean omnivore 

4880 American Crow 
Corvus 
brachyrhynchos Habitat Generalist short-distance ground glean omnivore 

4930 European Starling Sturnus vulgaris Introduced short-distance ground glean insectivore 

4950 
Brown-headed 
Cowbird Molothrus ater Habitat Generalist short-distance ground glean insectivore 

4980 
Red-winged 
Blackbird Agelaius phoeniceus Habitat Generalist short-distance ground glean insectivore 

5010 Eastern Meadowlark Sturnella magna Grassland short-distance ground glean insct/om 
5060 Orchard Oriole Icterus spurius Eastern Forest Neotropical foliage glean insct/om 
5110 Common Grackle Quiscalus quiscula Habitat Generalist short-distance ground glean omnivore 

5190 House Finch 
Haemorhous 
mexicanus Habitat Generalist short-distance ground glean granivore 

5290 American Goldfinch Spinus tristis Forest Generalist short-distance foliage glean granivore 

5460 Grasshopper Sparrow 
Ammodramus 
savannarum Grassland Neotropical ground glean insct/om 

5600 Chipping Sparrow Spizella passerina Forest Generalist Neotropical ground glean insct/om 
5630 Field Sparrow Spizella pusilla Eastern Forest short-distance ground glean insct/om 
5810 Song Sparrow Melospiza melodia Habitat Generalist short-distance ground glean insct/om 

5870 Eastern Towhee 
Pipilo 
erythrophthalmus Eastern Forest short-distance ground glean insct/om 

5930 Northern Cardinal Cardinalis cardinalis Eastern Forest resident ground glean insct/om 
5970 Blue Grosbeak Passerina caerulea Forest Generalist Neotropical ground glean insectivore 
5980 Indigo Bunting Passerina cyanea Eastern Forest Neotropical ground glean insct/om 
6040 Dickcissel Spiza americana Grassland Neotropical ground glean insct/om 
6080 Scarlet Tanager Piranga olivacea Eastern Forest Neotropical hover/glean insectivore 
6100 Summer Tanager Piranga rubra Eastern Forest Neotropical foliage glean insectivore 
6110 Purple Martin Progne subis Habitat Generalist Neotropical aerial foraging insectivore 
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6120 Cliff Swallow 
Petrochelidon 
pyrrhonota Habitat Generalist Neotropical aerial foraging insectivore 

6130 Barn Swallow Hirundo rustica Habitat Generalist Neotropical aerial foraging insectivore 

6170 
Northern Rough-
winged Swallow 

Stelgidopteryx 
serripennis Habitat Generalist Neotropical aerial foraging insectivore 

6190 Cedar Waxwing Bombycilla cedrorum Forest Generalist short-distance foliage glean insct/om 
6220 Loggerhead Shrike Lanius ludovicianus Grassland short-distance swoops insectivore 
6240 Red-eyed Vireo Vireo olivaceus Forest Generalist Neotropical hover/glean insectivore 

6280 
Yellow-throated 
Vireo Vireo flavifrons Eastern Forest Neotropical foliage glean insectivore 

6310 White-eyed Vireo Vireo griseus Eastern Forest Neotropical foliage glean insectivore 
6480 Northern Parula Setophaga americana Forest Generalist Neotropical foliage glean insectivore 

6630 
Yellow-throated 
Warbler Setophaga dominica Eastern Forest Neotropical bark glean insectivore 

6710 Pine Warbler Setophaga pinus Eastern Forest short-distance bark glean insct/om 
6730 Prairie Warbler Setophaga discolor Eastern Forest Neotropical foliage glean insectivore 

6760 
Louisiana 
Waterthrush Parkesia motacilla Eastern Forest Neotropical ground glean insectivore 

6770 Kentucky Warbler Geothlypis formosa Eastern Forest Neotropical ground glean insectivore 

6810 
Common 
Yellowthroat Geothlypis trichas Habitat Generalist Neotropical foliage glean insectivore 

6830 Yellow-breasted Chat Icteria virens Eastern Forest Neotropical foliage glean insct/om 
6840 Hooded Warbler Setophaga citrina Eastern Forest Neotropical foliage glean insectivore 
6882 House Sparrow Passer domesticus Introduced resident ground glean insct/om 

7030 
Northern 
Mockingbird Mimus polyglottos Habitat Generalist resident ground glean insectivore 

7040 Gray Catbird 
Dumetella 
carolinensis Eastern Forest Neotropical ground glean insct/om 

7050 Brown Thrasher Toxostoma rufum Eastern Forest short-distance ground glean omnivore 

7180 Carolina Wren 
Thryothorus 
ludovicianus Eastern Forest resident ground glean insectivore 

7210 House Wren Troglodytes aedon Forest Generalist Neotropical ground glean insectivore 

7270 
White-breasted 
Nuthatch Sitta carolinensis Forest Generalist resident bark glean insectivore 

7310 Tufted Titmouse Baeolophus bicolor Eastern Forest resident foliage glean insectivore 
7360 Carolina Chickadee Poecile carolinensis Eastern Forest resident foliage glean insectivore 

7510 
Blue-gray 
Gnatcatcher Polioptila caerulea Habitat Generalist Neotropical foliage glean insectivore 

7550 Wood Thrush Hylocichla mustelina Eastern Forest Neotropical ground glean insectivore 
7610 American Robin Turdus migratorius Forest Generalist short-distance ground glean insct/om 
7660 Eastern Bluebird Sialia sialis Eastern Forest short-distance hawks insectivore 

22860 
Eurasian Collared-
Dove Streptopelia decaocto Introduced resident ground glean granivore 

3100 Wild Turkey Meleagris gallopavo Forest Generalist resident ground glean omnivore 
6140 Tree Swallow Tachycineta bicolor Habitat Generalist short-distance aerial foraging insectivore 
6410 Blue-winged Warbler Vermivora cyanoptera Eastern Forest Neotropical foliage glean insectivore 
6740 Ovenbird Seiurus aurocapilla Eastern Forest Neotropical ground glean insectivore 
6870 American Redstart Setophaga ruticilla Eastern Forest Neotropical hover/glean insectivore 

6360 
Black-and-white 
Warbler Mniotilta varia Eastern Forest Neotropical bark glean insectivore 

6380 Swainson's Warbler 
Limnothlypis 
swainsonii Eastern Forest Neotropical ground glean insectivore 

7290 
Brown-headed 
Nuthatch Sitta pusilla Eastern Forest resident bark glean insectivore 

4900 Fish Crow Corvus ossifragus Habitat Generalist short-distance ground glean omnivore 
6290 Blue-headed Vireo Vireo solitarius Boreal Forest Neotropical foliage glean insectivore 
6370 Prothonotary Warbler Protonotaria citrea Eastern Forest Neotropical bark glean insectivore 

6390 Worm-eating Warbler 
Helmitheros 
vermivorum Eastern Forest Neotropical foliage glean insectivore 

6520 Yellow Warbler Setophaga petechia Forest Generalist Neotropical foliage glean insectivore 

5520 Lark Sparrow 
Chondestes 
grammacus Grassland Neotropical ground glean insct/om 
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3200 
Common Ground-
Dove Columbina passerina Aridlands resident ground glean granivore 

5750 Bachman's Sparrow Peucaea aestivalis Eastern Forest short-distance ground glean insct/om 

3950 
Red-cockaded 
Woodpecker Dryobates borealis Eastern Forest resident bark glean insectivore 

6670 
Black-throated Green 
Warbler Setophaga virens Boreal Forest Neotropical foliage glean insectivore 

4450 Gray Kingbird 
Tyrannus 
dominicensis Eastern Forest Neotropical hawks insectivore 

5130 Boat-tailed Grackle Quiscalus major Wetland resident ground glean omnivore 
5500 Seaside Sparrow Ammospiza maritima Coasts short-distance ground glean insct/om 
7250 Marsh Wren Cistothorus palustris Wetland short-distance ground glean insectivore 

4030 
Red-breasted 
Sapsucker Sphyrapicus ruber Western Forest short-distance bark glean insectivore 

4330 Rufous Hummingbird Selasphorus rufus Western Forest Neotropical hover/glean nectarivore 

4641 
Pacific-slope 
Flycatcher Empidonax difficilis Western Forest Neotropical hawks insectivore 

4661 Alder Flycatcher Empidonax alnorum Boreal Forest Neotropical hawks insectivore 

4680 
Hammond's 
Flycatcher 

Empidonax 
hammondii Western Forest Neotropical hawks insectivore 

4780 Steller's Jay Cyanocitta stelleri Western Forest resident ground glean omnivore 
4860 Common Raven Corvus corax Habitat Generalist resident ground glean omnivore 
4890 Northwestern Crow Corvus caurinus Western Forest resident ground glean omnivore 
5210 Red Crossbill Loxia curvirostra Forest Generalist short-distance foliage glean granivore 

5220 
White-winged 
Crossbill Loxia leucoptera Boreal Forest short-distance foliage glean granivore 

5330 Pine Siskin Spinus pinus Forest Generalist short-distance foliage glean granivore 

5420 Savannah Sparrow 
Passerculus 
sandwichensis Grassland short-distance ground glean insct/om 

5830 Lincoln's Sparrow Melospiza lincolnii Boreal Forest Neotropical ground glean insct/om 
5850 Fox Sparrow Passerella iliaca Forest Generalist short-distance ground glean insct/om 

6150 Violet-green Swallow 
Tachycineta 
thalassina Western Forest Neotropical aerial foraging insectivore 

6160 Bank Swallow Riparia riparia Habitat Generalist Neotropical aerial foraging insectivore 
6270 Warbling Vireo Vireo gilvus Forest Generalist Neotropical foliage glean insectivore 

6460 
Orange-crowned 
Warbler Oreothlypis celata Forest Generalist Neotropical foliage glean insectivore 

6680 Townsend's Warbler Setophaga townsendi Western Forest Neotropical foliage glean insectivore 
6850 Wilson's Warbler Cardellina pusilla Forest Generalist Neotropical foliage glean insectivore 

7410 
Chestnut-backed 
Chickadee Poecile rufescens Western Forest resident foliage glean insectivore 

7480 
Golden-crowned 
Kinglet Regulus satrapa Forest Generalist short-distance foliage glean insectivore 

7490 
Ruby-crowned 
Kinglet Regulus calendula Boreal Forest short-distance foliage glean insectivore 

7580 Swainson's Thrush Catharus ustulatus Forest Generalist Neotropical foliage glean insectivore 
7590 Hermit Thrush Catharus guttatus Forest Generalist short-distance ground glean insectivore 
7630 Varied Thrush Ixoreus naevius Western Forest short-distance ground glean insct/om 

4590 
Olive-sided 
Flycatcher Contopus cooperi Forest Generalist Neotropical hawks insectivore 

4620 Western Wood-Pewee Contopus sordidulus Western Forest Neotropical hawks insectivore 
5150 Pine Grosbeak Pinicola enucleator Boreal Forest short-distance foliage glean granivore 

6550 
Yellow-rumped 
Warbler Setophaga coronata Forest Generalist short-distance foliage glean insectivore 

6800 
MacGillivray's 
Warbler Geothlypis tolmiei Western Forest Neotropical foliage glean insectivore 

7260 Brown Creeper Certhia americana Forest Generalist short-distance bark glean insectivore 

2980 Spruce Grouse 
Falcipennis 
canadensis Boreal Forest resident ground glean herbivore 

3010 Willow Ptarmigan Lagopus lagopus Arctic Tundra resident ground glean herbivore 
2881 Gray Partridge Perdix perdix Introduced resident ground glean granivore 
3091 Ring-necked Pheasant Phasianus colchicus Introduced resident ground glean omnivore 
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4470 Western Kingbird Tyrannus verticalis Grassland Neotropical hawks insectivore 
4670 Least Flycatcher Empidonax minimus Eastern Forest Neotropical hover/glean insectivore 
4750 Black-billed Magpie Pica hudsonia Habitat Generalist resident ground glean omnivore 

4970 
Yellow-headed 
Blackbird 

Xanthocephalus 
xanthocephalus Wetland Neotropical ground glean insectivore 

5011 Western Meadowlark Sturnella neglecta Grassland short-distance ground glean insct/om 
5070 Baltimore Oriole Icterus galbula Eastern Forest Neotropical foliage glean insectivore 

5100 Brewer's Blackbird 
Euphagus 
cyanocephalus Habitat Generalist short-distance ground glean insectivore 

5380 
Chestnut-collared 
Longspur Calcarius ornatus Grassland short-distance ground glean insct/om 

5400 Vesper Sparrow Pooecetes gramineus Grassland short-distance ground glean insct/om 
5450 Baird's Sparrow Centronyx bairdii Grassland Neotropical ground glean insct/om 
5610 Clay-colored Sparrow Spizella pallida Grassland Neotropical ground glean insct/om 

6050 Lark Bunting 
Calamospiza 
melanocorys Grassland Neotropical ground glean insct/om 

5480 LeConte's Sparrow Ammospiza leconteii Grassland short-distance ground glean insct/om 
7000 Sprague's Pipit Anthus spragueii Grassland short-distance ground glean insectivore 
7680 Mountain Bluebird Sialia currucoides Western Forest short-distance swoops insectivore 

5390 McCown's Longspur 
Rhynchophanes 
mccownii Grassland short-distance ground glean insct/om 

5620 Brewer's Sparrow Spizella breweri Aridlands Neotropical ground glean insct/om 
3000 Ruffed Grouse Bonasa umbellus Forest Generalist resident ground glean omnivore 
4021 Red-naped Sapsucker Sphyrapicus nuchalis Western Forest short-distance bark glean insectivore 

4640 
Cordilleran 
Flycatcher 

Empidonax 
occidentalis Western Forest Neotropical hawks insectivore 

4660 Willow Flycatcher Empidonax traillii Eastern Forest Neotropical hawks insectivore 

4690 Dusky Flycatcher 
Empidonax 
oberholseri Western Forest Neotropical hawks insectivore 

4840 Canada Jay Perisoreus canadensis Boreal Forest resident ground glean omnivore 

5540 
White-crowned 
Sparrow 

Zonotrichia 
leucophrys Habitat Generalist short-distance ground glean insct/om 

5990 Lazuli Bunting Passerina amoena Western Forest Neotropical ground glean insct/om 
6470 Tennessee Warbler Oreothlypis peregrina Boreal Forest Neotropical foliage glean insectivore 

6750 Northern Waterthrush 
Parkesia 
noveboracensis Boreal Forest Neotropical ground glean insectivore 

7280 
Red-breasted 
Nuthatch Sitta canadensis Forest Generalist short-distance bark glean insectivore 

7350 
Black-capped 
Chickadee Poecile atricapillus Forest Generalist resident foliage glean insectivore 

7380 Mountain Chickadee Poecile gambeli Western Forest resident foliage glean insectivore 
7540 Townsend's Solitaire Myadestes townsendi Western Forest short-distance hawks insectivore 

4010 
American Three-toed 
Woodpecker Picoides dorsalis Boreal Forest resident bark glean insectivore 

4910 Clark's Nutcracker Nucifraga columbiana Western Forest resident foliage glean omnivore 
6610 Blackpoll Warbler Setophaga striata Boreal Forest Neotropical foliage glean insectivore 
7400 Boreal Chickadee Poecile hudsonicus Boreal Forest resident foliage glean insectivore 

5950 
Rose-breasted 
Grosbeak 

Pheucticus 
ludovicianus Eastern Forest Neotropical foliage glean insectivore 

7560 Veery Catharus fuscescens Forest Generalist Neotropical ground glean insectivore 

4020 
Yellow-bellied 
Sapsucker Sphyrapicus varius Eastern Forest short-distance bark glean insectivore 

5580 
White-throated 
Sparrow Zonotrichia albicollis Boreal Forest short-distance ground glean insct/om 

6260 Philadelphia Vireo Vireo philadelphicus Boreal Forest Neotropical hover/glean insectivore 
6780 Connecticut Warbler Oporornis agilis Boreal Forest Neotropical ground glean insectivore 

5140 Evening Grosbeak 
Coccothraustes 
vespertinus Boreal Forest short-distance ground glean insct/om 

5170 Purple Finch 
Haemorhous 
purpureus Forest Generalist short-distance ground glean granivore 

5491 Nelson's Sparrow Ammospiza nelsoni Wetland short-distance ground glean insct/om 
5840 Swamp Sparrow Melospiza georgiana Wetland short-distance ground glean insct/om 



 

 109 

6070 Western Tanager Piranga ludoviciana Western Forest Neotropical foliage glean insectivore 

6790 Mourning Warbler 
Geothlypis 
philadelphia Boreal Forest Neotropical foliage glean insectivore 

5960 
Black-headed 
Grosbeak 

Pheucticus 
melanocephalus Western Forest Neotropical foliage glean insectivore 

6291 Plumbeous Vireo Vireo plumbeus Western Forest Neotropical foliage glean insectivore 

3080 Sharp-tailed Grouse 
Tympanuchus 
phasianellus Grassland resident ground glean herbivore 

4570 Say's Phoebe Sayornis saya Habitat Generalist short-distance hawks insectivore 

4940 Bobolink 
Dolichonyx 
oryzivorus Grassland Neotropical ground glean insct/om 

4040 
Williamson's 
Sapsucker 

Sphyrapicus 
thyroideus Western Forest short-distance bark glean insectivore 

4320 
Broad-tailed 
Hummingbird 

Selasphorus 
platycercus Western Forest Neotropical hover/glean nectarivore 

5180 Cassin's Finch Haemorhous cassinii Western Forest short-distance ground glean granivore 
6292 Cassin's Vireo Vireo cassinii Western Forest Neotropical foliage glean insectivore 
6640 Grace's Warbler Setophaga graciae Western Forest Neotropical foliage glean insectivore 
7300 Pygmy Nuthatch Sitta pygmaea Western Forest resident bark glean insectivore 
7670 Western Bluebird Sialia mexicana Western Forest short-distance hawks insectivore 

3850 Greater Roadrunner 
Geococcyx 
californianus Aridlands resident ground glean insectivore 

4430 
Scissor-tailed 
Flycatcher Tyrannus forficatus Grassland Neotropical hawks insectivore 

6330 Bell's Vireo Vireo bellii Aridlands Neotropical foliage glean insectivore 
6580 Cerulean Warbler Setophaga cerulea Eastern Forest Neotropical foliage glean insectivore 
6010 Painted Bunting Passerina ciris Eastern Forest Neotropical ground glean insct/om 
4220 Black Swift Cypseloides niger Western Forest Neotropical aerial foraging insectivore 
5880 Spotted Towhee Pipilo maculatus Western Forest short-distance ground glean insct/om 

6450 Nashville Warbler 
Oreothlypis 
ruficapilla Boreal Forest Neotropical foliage glean insectivore 

6650 
Black-throated Gray 
Warbler Setophaga nigrescens Western Forest Neotropical foliage glean insectivore 

3120 Band-tailed Pigeon Patagioenas fasciata Western Forest Neotropical foliage glean granivore 
4240 Vaux's Swift Chaetura vauxi Western Forest Neotropical aerial foraging insectivore 
5080 Bullock's Oriole Icterus bullockii Western Forest Neotropical foliage glean insectivore 
6570 Magnolia Warbler Setophaga magnolia Boreal Forest Neotropical hover/glean insectivore 

4360 
Calliope 
Hummingbird Selasphorus calliope Western Forest Neotropical hover/glean nectarivore 

5090 Rusty Blackbird Euphagus carolinus Boreal Forest short-distance ground glean insectivore 
2940 California Quail Callipepla californica Aridlands resident ground glean granivore 
4080 Lewis's Woodpecker Melanerpes lewis Western Forest short-distance hawks insectivore 
4691 Gray Flycatcher Empidonax wrightii Western Forest Neotropical hawks insectivore 
7150 Rock Wren Salpinctes obsoletus Aridlands short-distance ground glean insectivore 
7190 Bewick's Wren Thryomanes bewickii Aridlands short-distance ground glean insectivore 
7430 Bushtit Psaltriparus minimus Western Forest resident foliage glean insectivore 
4250 White-throated Swift Aeronautes saxatalis Aridlands Neotropical aerial foraging insectivore 
2920 Mountain Quail Oreortyx pictus Western Forest resident ground glean granivore 

4070 Acorn Woodpecker 
Melanerpes 
formicivorus Western Forest resident bark glean omnivore 

4540 
Ash-throated 
Flycatcher 

Myiarchus 
cinerascens Aridlands Neotropical hover/glean insectivore 

4580 Black Phoebe Sayornis nigricans Wetland resident hawks insectivore 
5300 Lesser Goldfinch Spinus psaltria Western Forest short-distance foliage glean granivore 
6320 Hutton's Vireo Vireo huttoni Western Forest resident foliage glean insectivore 
7420 Wrentit Chamaea fasciata Aridlands resident foliage glean insectivore 
4310 Anna's Hummingbird Calypte anna Aridlands resident hover/glean nectarivore 
5911 California Towhee Melozone crissalis Aridlands resident ground glean insct/om 

6690 Hermit Warbler 
Setophaga 
occidentalis Western Forest Neotropical foliage glean insectivore 

7100 California Thrasher Toxostoma redivivum Aridlands resident ground glean insectivore 
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7020 Sage Thrasher 
Oreoscoptes 
montanus Aridlands short-distance ground glean insectivore 

7170 Canyon Wren Catherpes mexicanus Aridlands resident ground glean insectivore 

3990 
White-headed 
Woodpecker 

Dryobates 
albolarvatus Western Forest resident bark glean insectivore 

5730 
Black-throated 
Sparrow Amphispiza bilineata Aridlands short-distance ground glean insct/om 

7330 Oak Titmouse Baeolophus inornatus Western Forest resident foliage glean insectivore 
5120 Great-tailed Grackle Quiscalus mexicanus Habitat Generalist resident ground glean omnivore 

4000 
Black-backed 
Woodpecker Picoides arcticus Boreal Forest resident bark glean insectivore 

5900 Green-tailed Towhee Pipilo chlorurus Aridlands Neotropical ground glean insct/om 

3090 Greater Sage-Grouse 
Centrocercus 
urophasianus Aridlands resident ground glean herbivore 

3089 
Gunnison's Sage-
Grouse 

Centrocercus 
minimus Aridlands* resident ground glean herbivore 

4920 Pinyon Jay 
Gymnorhinus 
cyanocephalus Western Forest resident ground glean omnivore 

7331 Juniper Titmouse Baeolophus ridgwayi Western Forest resident foliage glean insct/om 
6440 Virginia's Warbler Oreothlypis virginiae Western Forest Neotropical ground glean insectivore 

4290 
Black-chinned 
Hummingbird Archilochus alexandri Western Forest Neotropical hover/glean nectarivore 

6970 American Pipit Anthus rubescens Arctic Tundra Neotropical ground glean insectivore 

2970 Dusky Grouse 
Dendragapus 
obscurus Western Forest resident ground glean herbivore 

2971 Sooty Grouse 
Dendragapus 
fuliginosus Western Forest resident ground glean herbivore 

5780 Cassin's Sparrow Peucaea cassinii Grassland short-distance ground glean insct/om 
4480 Cassin's Kingbird Tyrannus vociferans Western Forest Neotropical hawks insectivore 

3880 Black-billed Cuckoo 
Coccyzus 
erythropthalmus Eastern Forest Neotropical foliage glean insectivore 

6590 
Chestnut-sided 
Warbler 

Setophaga 
pensylvanica Eastern Forest Neotropical foliage glean insct/om 

6540 
Black-throated Blue 
Warbler 

Setophaga 
caerulescens Boreal Forest Neotropical hover/glean insectivore 

6860 Canada Warbler Cardellina canadensis Boreal Forest Neotropical hover/glean insectivore 
6620 Blackburnian Warbler Setophaga fusca Boreal Forest Neotropical foliage glean insct/om 
2882 Chukar Alectoris chukar Introduced resident ground glean granivore 
2950 Gambel's Quail Callipepla gambelii Aridlands resident ground glean granivore 
7240 Sedge Wren Cistothorus platensis Grassland short-distance ground glean insectivore 

6883 
Eurasian Tree 
Sparrow Passer montanus Introduced resident ground glean insct/om 

5470 Henslow's Sparrow Centronyx henslowii Grassland short-distance ground glean insct/om 
3190 White-winged Dove Zenaida asiatica Aridlands short-distance ground glean granivore 

3050 
Greater Prairie-
Chicken Tympanuchus cupido Grassland resident ground glean granivore 

4630 
Yellow-bellied 
Flycatcher 

Empidonax 
flaviventris Boreal Forest Neotropical hawks insectivore 

6600 Bay-breasted Warbler Setophaga castanea Boreal Forest Neotropical foliage glean insectivore 
6720 Palm Warbler Setophaga palmarum Boreal Forest Neotropical ground glean insectivore 
6500 Cape May Warbler Setophaga tigrina Boreal Forest Neotropical foliage glean insectivore 

6420 
Golden-winged 
Warbler 

Vermivora 
chrysoptera Eastern Forest Neotropical foliage glean insectivore 

2930 Scaled Quail Callipepla squamata Aridlands resident ground glean granivore 

3960 
Ladder-backed 
Woodpecker Dryobates scalaris Aridlands resident bark glean insectivore 

5040 Scott's Oriole Icterus parisorum Western Forest Neotropical foliage glean insct/om 

5650 
Black-chinned 
Sparrow Spizella atrogularis Aridlands short-distance ground glean insct/om 

5910 Canyon Towhee Melozone fusca Aridlands resident ground glean insct/om 
6090 Hepatic Tanager Piranga flava Western Forest Neotropical foliage glean insct/om 
6340 Gray Vireo Vireo vicinior Western Forest Neotropical foliage glean insectivore 
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7070 Curve-billed Thrasher 
Toxostoma 
curvirostre Aridlands short-distance ground glean insectivore 

4870 Chihuahuan Raven Corvus cryptoleucus Aridlands resident ground glean omnivore 

7130 Cactus Wren 
Campylorhynchus 
brunneicapillus Aridlands resident ground glean insectivore 

7080 Bendire's Thrasher Toxostoma bendirei Aridlands short-distance ground glean insectivore 

4812 California Scrub-Jay 
Aphelocoma 
californica Western Forest resident ground glean omnivore 

4813 
Woodhouse's Scrub-
Jay 

Aphelocoma 
woodhouseii Western Forest resident ground glean omnivore 

7571 Bicknell's Thrush Catharus bicknelli Boreal Forest* Neotropical ground glean insectivore 
5920 Abert's Towhee Melozone aberti Aridlands resident ground glean insct/om 
6430 Lucy's Warbler Oreothlypis luciae Aridlands short-distance foliage glean insectivore 
7120 Crissal Thrasher Toxostoma crissale Aridlands resident ground glean insectivore 
7460 Verdin Auriparus flaviceps Aridlands resident foliage glean insectivore 

7520 
Black-tailed 
Gnatcatcher Polioptila melanura Aridlands resident foliage glean insectivore 
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Figure B.1. (A) Distance between Breeding Bird Survey routes and (B) overlap in route 

aggregations from local (single route) to regional (25 route) scales, averaged across focal routes 

within each Bird Conservation Region (BCR) included in the study analysis. 

 
Figure B.2. Effect estimates for linear and beta regression models predicting community 

turnover (trajectory directionality) using trends in minimum and maximum temperature 

(trend_tmin and trend_tmax) and land cover change (max_lc) from single Breeding Bird Survey 

(BBS) routes up to 25 aggregated BBS routes. Solid black line is 1:1. 
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Figure B.3. R2 estimates for linear and beta regression models predicting community  

turnover (trajectory directionality) using trends in minimum and maximum temperature 

(trend_tmax and trend_tmin) and land cover change (max_lc) from single Breeding Bird Survey 

(BBS) routes up to 25 aggregated BBS routes. Solid black line is 1:1. 
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Figure B.4. Species impact on turnover determined by subtracting the turnover score excluding 

the focal group of species from the overall turnover. At local and regional scales (three Breeding 

Bird Survey routes and 25 Breeding Bird Survey routes, respectively), the group with the 

greatest absolute difference was identified, with positive values indicating that turnover 

increased most with the inclusion of that species and negative values indicating that the 

community excluding that species showed higher turnover. Violin plots here show areas where 

these species had positive impact on turnover. Black lines in center of violin plots show median 

values of turnover impact. 

 

  



 

 115 

Figure B.5. Guild impact on turnover determined by subtracting turnover excluding the focal 

group of species from the overall turnover. At local and regional scales (three Breeding Bird 

Survey routes and 25 Breeding Bird Survey routes, respectively), the group with the greatest 

absolute difference was identified, with positive values indicating that turnover increased most 

with the inclusion of that group and negative values indicating that the community excluding that 

species group showed higher turnover. We conducted this turnover impact analysis for breeding 

biomes. Violin plots show the distribution of turnover impact for each group across Breeding 

Bird Survey routes in the analysis, with black lines showing median values across all survey 

routes. Number of species in each group is indicated in parentheses for each y-axis label. 
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APPENDIX C: SUPPLEMENTARY MATERIAL FOR CHAPTER 4 

Figure C.1. Example maps showing estimates of range area for American crow (Corvus 

brachyrhynchos) estimated using concave hulls of gridded (1x1 degree) Breeding Bird Survey 

occurrences. To examine sensitivity of estimates of change in range area, we conducted analyses 

using varying degrees of concavity. (a) shows high concavity, (b) shows intermediate concavity, 

and is the level of concavity presented in main paper results, and (c) shows low concavity. Panel 

(d) shows violin plots of change in range area estimated using these three concavity levels for the 

107 species included in the analysis.  
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Figure C.2. Path diagram showing results of structural equation model relating species niche 

breadth to changes in species ranges where change in range area was estimated using concave 

hulls with varying concavity levels, a) higher concavity, and b) lower concavity values. See 

Figure S1 for visual examples of the impact of these values on range polygons estimated from 

BBS occurrences. Black, solid lines indicate significant relationships, while gray, dotted lines 

indicate no support for a causal path between those variables. Point estimates of the effect size 

for each directional relationship are next to each line, with significance levels indicated: p < 0.01 

**, p < 0.001 ***. The overall R2 for each response variable is outlined in a box next to each 

variable name. 

  



 

 118 

 

  



 

 119 

Figure C.3. Variance in estimated climate, diet, and habitat niche breadth for 107 North 

American breeding bird species explained by phylogeny at the family, genus, and species level.  

 


