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We present an analysis of life history and behavioral traits associated with urbanization
for 52 breeding bird species on 173 survey blocks in the Los Angeles area of southern
California, United States, across two time periods, 1995-1999 and 2012-2016. We
used observational data from two community science efforts and an estimate of urban
land cover in each block to develop an index of urban association, and then modeled
the relationship between species occurrence and eight traits likely associated with urban
tolerance. We found two traits to be significantly associated with urbanization in both
eras: Structure-nesting (i.e., the tendency to build nests on human-built structures) was
positively associated, and cavity-nesting (i.e., the tendency to build nests in natural
tree cavities) was negatively associated. Our analysis provides a template for mining
historical community science data, and for “retrofitting” contemporary data to gain
insights into ecological trends over time, and illustrates the persistence of ecological
traits of species associated with urban areas even as the makeup of these species
communities may change.

Keywords: community science, citizen science, California, eBird, breeding bird atlas, life history traits, urban
tolerance

INTRODUCTION

Understanding species’ tolerance to urbanization will be key to conserving biotic diversity as global
population increases and as more people move to cities (Vitousek et al., 1997; Marzluff, 2005).
Various external factors, including mechanical noise, anthropogenic light, windows, and outdoor
cats represent direct, urban-associated influences on bird distributions (reviewed by Marzluff,
2016). The process by which species invade and exploit novel environments has been referred to
as “filtering” (Clergeau et al., 2001), and may be applied to those bird communities in or near
urban areas, with certain species passing through the urban filter successfully or invading following
urbanization, and others failing to do so (Lowry et al., 2013; Wingfield et al., 2015). Johnston (2001)
recognized a gradient of tolerance from urban avoidance to synanthropy, or a dependence on the
built environment, and this vocabulary has been expanded by numerous authors (e.g., “specialist”
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vs. “mutualist” species, from MacGregor-Fors and Ortega-
Alvarez, 2011) to describe the affiliation between certain species
and urban areas.

While urbanization tends to homogenize formerly complex
ecological systems (McKinney, 2006; Devictor et al, 2007),
certain specialist taxa may exploit urban sites preferentially, or
may assemble into novel communities there (Moller et al., 2015),
particularly where urban habitats are more structurally complex
than those replaced, such as grassland or low scrub (e.g., Emlen,
1974; Gonzalez-Garcia et al.,, 2014). Certain types of food/prey
and nesting sites may be superabundant in urban areas, owing to
the presence of lush, landscaped vegetation, anthropogenic water
and supplemental feeding (Chace and Walsh, 2006), though
this availability may be offset by novel hazards such as feral
cats (Loss et al., 2013). Thus, not all species that thrive in
urban areas are drawn to hardscape or modified vegetation;
some may simply maintain populations in habitat fragments
within an otherwise urbanized landscape, for example marsh-
dwelling birds occurring at small urban wetlands, along flood-
control channels.

Efforts to identify traits that allow species (or individuals of
the same species) to tolerate and even thrive with urbanization
date to the early 1960s; more recently, the term “urban bird
syndrome” has been coined to capture behavioral, physical,
reproductive, and ecological traits (see Moller, 2014; Samia
et al.,, 2015 for meta-analyses and summaries of prior findings).
Urban birds tend to display behavioral boldness and “innovation
propensity;,” which compels individuals to explore new habitats
and become established in these areas (Atwell et al., 2012;
Blumstein, 2014; see review by Sol et al,, 2017). They have
shorter flight initiation distances (FID) and exhibit heightened
predator avoidance (Blumstein, 2006; Moller, 2010), heightened
territoriality and aggression (Evans et al., 2010), and reduced
vocalizations (Estes and Mannan, 2003). They also tend to have
a broader elevational tolerance (Bonier et al., 2007) and a larger
geographical range (Moller, 2009). Morphological variables
have also been found to be associated with urbanization in
birds, including body size (small size for raptors; Chace and
Walsh, 2006), and wingspan (large wingspan for passerines;
Croci et al., 2008). It is important to note that these studies
include those that compared traits across multiple species,
as well as those that investigated traits of individuals within
the same species.

Diet studies have consistently found positive associations
between urbanization and granivory, and negative associations
between urbanization and insectivory, including for ground-
foraging insectivores (Kark et al, 2007; Croci et al, 2008;
Evans et al, 2011; reviewed by Chace and Walsh, 2006).
Habitat preference studies have found that urban passerines are
disproportionately represented by forest species (Croci et al,
2008), and by species exhibiting a wide habitat breadth (Sol et al.,
2014). Urban birds also tend to be non-migratory both globally
(Sol et al., 2014) and regionally in Europe (Croci et al., 2008) and
Israel (Kark et al., 2007).

Many breeding behaviors have also been associated with
urbanization, and studies examining nesting phenology have
found earlier nest initiation both for urban raptors (Boal and

Mannan, 1999; Kettel et al., 2018), and for species that visit
(urban) feeders (O’Leary and Jones, 2006). Several authors have
noted that urban areas would favor species that nest on human-
made structures tend (reviewed by Chace and Walsh, 2006), and
would disadvantage those that use natural cavities (Blewett and
Marzluff, 2005) as well as ground-nesting species (Evans et al.,
2011; Sol et al., 2014). Comparisons of nest productivity, clutch
size, nest site preference and food-provisioning (to young) among
urban bird populations have yielded contradictory results, as
noted by Chace and Walsh, (2006; see also Lowry et al., 2013;
Marzluff et al., 2015). Likewise, there appears to be little difference
in the cognitive abilities of urban vs. rural populations of the same
species, as measured by problem-solving ability and relative brain
size (e.g., Carrete and Tella, 2011; Sol et al., 2014).

But do these patterns persist through time, in that the
same traits that connote success in urban areas do so year
after year? Marzluff et al. (2001) recommended that tolerance
to urbanization be re-assessed for species over time, because
patterns of human activity are constantly changing, with cities
adopting new architectural styles and landscaping palettes.
A species’ basic behavior also may change as populations
become more tolerant to human disturbance; for example,
they may become habituated to elevated noise and city lights
(e.g., Slabbekoorn and den Boer-Visser, 2006; Francis et al,
2009). Conversely, for the most sensitive species, even slight
increases in human disturbance may have lasting negative
consequences (e.g., from recreational activity within natural
open space areas, Pauli et al., 2016), leading to loss of
biodiversity over time. Thus, behavioral plasticity, as well as
tolerance, may also connote success in urban areas, where
birds that readily alter their behaviors would thrive in
cities, while those that cannot either decline and vanish, or
they never colonize (West-Eberhard, 1989; Sol et al,, 2013;
Jokimidki et al., 2017). While studies of bird assemblages
across gradients of urbanization (“space for time”) date to
the 1970s (Emlen, 1974; Beissinger and Osborne, 1982; Blair,
1996), those that investigate the same community over time
are much less common (but see Aldrich and Coffin, 1980;
Shultz et al., 2012), and we are not aware of any that explicitly
investigate ecological traits associated with urbanization across
two temporal eras.

The Los Angeles metropolitan area of southern California,
United States (which includes the city of Los Angeles), is an ideal
place to study urban tolerance and persistence in bird species, due
to its long history of ornithological investigation (e.g., Grinnell,
1898; Swarth, 1900), its high human population, the large areas
of open space present around its borders and even within the
urban core, and its large and active birding and citizen-scientist
community (Higgins et al., 2019; Li et al, 2019). Its diverse
avifauna is also in constant flux in terms of species abundance and
distribution (Allen et al., 2016; Garrett, 2018); some local species
have long been present and common in Los Angeles’ urban
environment, such as House Finches (Haemorhous mexicanus),
while others, such as Dark-eyed Juncos (Junco hyemalis), appear
to be in a more recent process of shifting from wildland-favoring
and somewhat migratory, to ubiquitous year-round residents
(Yeh, 2004).
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We developed two separate databases separated by nearly
20 years, “retrofitting” modern eBird data' to an older
dataset from the breeding bird atlas effort in the 1990s
(Allen et al., 2016) to understand: (a) which ecological, behavioral
and morphological traits of nesting birds are associated with
urban landscapes, and (b) whether this has changed in the
past 15-20 years. We calculated an “urban index” for each
species based on its detections within each of 173 survey
blocks, correlated with urban cover data. This index served as
a measure of association with urbanization, and we used this
value as a response variable in multiple models incorporating
eight life history and behavioral traits, body mass, nest height
(lowest), ground foraging, migratory status, natural cavity
nesting, artificial structure nesting, habitat breadth, and diet
breadth. We fitted this model for both the early era and late era
datasets, and examined whether the same traits were associated
with our urban index during each era.

By examining a range of traits that may account for shifts
in range across the region, we aimed to gain insights into
possible mechanisms behind species’ increases and decreases
in urban areas, and potentially resolve some of the previously
contradictory findings about species traits associated with urban
areas. Our findings may have conservation implications, because
the presence of typically urban-avoiding species can be seen as an
indication of ecosystem health, while conversely, the spread and
prevalence of urban-tolerant species may indicate an ecosystem
that has been disrupted, or one that has changed from its former,
more natural state. By using two different datasets, separated by
up to 20 years, we test the durability of these findings to explain
patterns of urban association in birds.

MATERIALS AND METHODS
Study Area

We consider the “Los Angeles area” to be the entire southern
half of the ca. 10,000 km? expanse of Los Angeles County,
which includes all or portions of more than 80 incorporated
cities. The study area includes all coastal-draining land in the
county below ca. 1,000 m above sea level, from the Santa
Monica Mountains and San Fernando Valley east through the
San Gabriel Valley to the San Bernardino County line, south
to the Pacific Ocean, including the Puente Hills and Palos
Verdes Peninsula, while excluding offshore islands (Figure 1).
The native habitats of the Los Angeles area, now largely
limited to its perimeter (but penetrating the central urban
core via the Santa Monica Mountains), include a diverse mix
of evergreen chaparral (dominated by large shrub species in
the Anacardiaceae, Rosaceae, and Rhamnaceae families), low,
summer-deciduous scrub (including coastal sage scrub, featuring
sages Salvia spp.), patches of evergreen woodland (dominated by
coast live oak Quercus agrifolia), plus numerous microhabitats
such as riparian woodland and scrub, alluvial fan scrub, and
both seasonal and permanent wetlands (e.g., Schoenherr, 1992;
Stein et al., 2007). Historically, the floor of the Los Angeles Basin

Lwww.ebird.org

was dominated by low scrub and prairie-like grassland, now
essentially replaced by residential and commercial development.
We excluded the Santa Clara River valley/Santa Clarita area
north of the study area, because it is separated from the main
Los Angeles Basin by a high pass (Newhall Pass) and features
a slightly different avifauna typical of more interior locations in
the state. While the study area includes many microclimates (e.g.,
the coastal areas are cooler during the summer than the interior
areas), no major natural impediments to bird dispersal exist.

Urban Cover

Because urban areas may be defined at multiple scales, there
is neither global consensus on what constitutes “urban habitat,”
nor on how best to describe habitats modified by humans yet
still retaining important natural elements (Croci et al., 2008;
MacGregor-Fors, 2010; Evans et al., 2011; Beninde et al., 2015;
but see White et al., 2005; Li et al., 2019). As a measurement
of the degree of urbanization in our study area, we calculated
urban cover using the “Urban/Built-Up” category in the statewide
vegetation mapping dataset “CALVEG,” which was created
between 2002 and 2003 (CALVEG, 2009; 1 ha mapping units).
CALVEG was found to be the most popular California vegetation
layer in a recent online survey (Center for Geographical Studies,
2015), and is frequently used in species distribution studies at
the scale of ours (e.g., Santos et al., 2017; City of Los Angeles,
2018). This catch-all Urban/Built-Up coverage includes human-
made structures such as buildings and roads, but also manicured
parks, golf courses and cemeteries, which, in the Los Angeles area,
tend to lack natural, native vegetation (as of 2003). Our urban
cover designation includes the habitat now commonly referred
to as “urban forest” (Wood and Esaian, 2020), as distinct from
natural open space, which may include native forest types, as well
as many other natural habitat types. We overlaid the survey block
boundaries onto the urban/built-up coverage using QGIS (QGIS
Development Team,, 2016), and calculated the amount of urban
cover in each of the 173 survey blocks (for a description of survey
blocks see Breeding Bird Data).

We used the same urban cover values when modeling both the
early and late era datasets (our CALVEG coverage was developed
in the years between the two eras), because separate land use data
ata suitable scale do not exist for each era. We recognize that both
housing density increases and localized development continues
to occur across the study area (ca. 3% increase in the county’s
population between 2000 and 2010; Los Angeles Almanac,, 2019)
and that absolute tree cover increased dramatically over the
past century as the urban forest replaced a landscape that had
been dominated by arid scrub and grassland (Gillespie et al.,
2011). However, relative urbanization within the study area have
remained constant across our survey blocks, in that the most
highly urbanized blocks were highly urban in both the early and
late era used here, and the least urbanized blocks in the 1990s are
still the least urbanized today, such as those in the Santa Monica
Mountains (see maps in Lee et al., 2017).

Species Selection
Of the 228 bird species in the Los Angeles County Breeding
Bird Atlas, we eliminated 176 species of these due to various
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FIGURE 1 | Map of the 173 survey blocks across the study area. Thick solid lines indicate county boundaries (County boundaries downloaded from https://data.ca.
gov). Gray-shaded areas indicate modern distribution of “urban” vegetation cover (as defined by CALVEG, 2009) within the study area, and white areas are
undeveloped open space comprised of various habitat types. The black shading to the north denotes urban vegetation cover outside the study area. Note that
non-urban/wildland habitats are clustered toward the north and west, but also occur near the center of the study area.

factors that would interfere with an analysis of urban association,
including very low regional population size, specific microhabitat
requirements (which may not be present throughout the study
area), and tendency to wander during the breeding season. We
first excluded species that occur only in montane/desert areas
outside the Los Angeles area, and marine species found along
the immediate coast or on offshore islands. We then excluded
species due to regional rarity (i.e., those detected on <30 survey
blocks of the study area during the breeding season in both the
early and late eras), since we were interested in birds that could
potentially occur anywhere in the study area, and that were not in
low numbers due to some other factor. We then eliminated those
associated with specific and localized habitats, such as wetlands,
riparian, specific types of scrub, and those known to be grassland-
obligate species, since these habitats were found narrowly and

patchily in the study area, and likely contribute more to the
distribution of species than degree of urbanization. We further
eliminated nocturnal species, as well as aerial foragers such as
swallows (Hirundinidae) and those species that travel widely,
often across multiple survey blocks, during daily foraging activity
(e.g., Psittacidae), to avoid counting the same individual birds in
multiple blocks and assuming they were breeding in these blocks.
Finally, we eliminated species that tend to have such protracted
migratory periods that it is difficult to tell when they are actually
on breeding territories or simply moving through, such as Black-
headed Grosbeaks (Pheucticus melanocephalus), which frequently
wander through the region for much of the late spring/summer
(see Unitt, 2004).

Our final list of 52 species thus includes those that were: (a)
widespread enough to be found (or expected) across the study
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area, (b) likely nesting where they are detected in spring/early
summer, and c) habitat generalists, occurring in woodland and
shrubby vegetation that represents the dominant habitat across
the Los Angeles area, and which is simulated by ornamental
plantings such as hedges and street trees. We included several
introduced taxa that we knew to be tied to urbanized/modified
habitats, such as Scaly-breasted Munia (Lonchura punctata). Our
final focal species list thus represents a mix of resident and
migratory status, size classes (e.g., raptors to hummingbirds), and
a diversity of morphological and ecological attributes, with each
species having the potential to occur as breeding species in all
regions of the study area, and whose presence on a survey block
during the breeding season would strongly suggest local nesting
on that block.

Breeding Bird Data

BBA (Early Era Dataset)

From 1995 to 1999, the Los Angeles County Breeding Bird Atlas
was organized around 414 blocks based on USGS topo quads
(each roughly 5.8 km E-W x 4.6 km N-S, or 2,668 hectares;
some blocks were larger or smaller along county lines). Each atlas
volunteer was assigned one or more blocks and given detailed
instructions on how to confirm nesting for as many species as
possible within that block, over the span of 5 years. Species
were assigned three levels of breeding status for each block
(i.e, “confirmed,” “probable;” or “possible” breeding) based on
standardized breeding indicators used during the atlas effort (e.g.,
singing male represented “possible” breeding, carrying nesting
material and feeding young represented “confirmed” breeding,
etc.). All data were pooled into an overall “highest breeding
status” value, by block, and no specific effort data were collected
during the atlas project (i.e., how much observational time was
spent within each block). In all, 22,840 records were amassed
for 228 species (not all of them confirmed as breeding) by 98
observers searching their blocks. An additional 5,320 “casual
observations” by 218 observers were submitted to the atlas project
during the atlas period, for a total of 28,935 breeding records
analyzed and vetted by staff of the Natural History Museum of
Los Angeles County (Allen et al., 2016). We analyzed only the
173 atlas blocks that fell within our coastal lowland study area
(see section “Study Area”).

EBird (Late Era Dataset)

Data from eBird? are collected in a completely different way
than the BBA data, with sightings submitted opportunistically
by birders from either a specific, georeferenced location, or from
somewhere within a larger “hotspot” (typically a park or a trail).
EBird data prior to 2,000 are relatively sparse compared to more
recent years (hence our incorporation of breeding bird atlas
data), and the platform continues to gain in global popularity
(as of December 2019, eBird “checklists” — observations of one or
more species by a registered eBird user for a particular location,
date and time period - were being submitted at the rate of ca.
50,000 per year for Los Angeles County, one of the most actively
birded regions of the world). After obtaining all Los Angeles

Zwww.eBird.org

County eBird records for 2012-2016 (1.36 million records), We
used the software R (version 3.4.1., R Foundation for Statistical
Computing, Wien, Austria) to create a database of sightings that
fit our criteria for analysis. Some “coarsening” was necessary to
directly compare the breeding status of species from the BBA to
that derived from eBird data, as BBA data were reported at the
level of atlas block, while eBird data is reported by point data.
We assigned each eBird record to a particular atlas block using a
spatial join function in QGIS (QGIS Development Team,, 2016).

To further refine the eBird data, records of each focal species
were filtered by “safe date,” a range of dates for which the presence
of that species within a set of dates would be indicative of at
least “possible” breeding in the County, as determined during the
atlas effort. In certain cases, we used the reported dates of local
breeding in lieu of safe dates (e.g., for “breeds late March to early
July,” we used March 15 to July 15) if they were not provided
by Allen and Garrett (1995) for the atlas. Records outside
these dates were discarded. Because observations of breeding
behavior are not frequently reported in eBird checklists, we could
rarely distinguish between “probable” and “confirmed” breeding.
Therefore, we considered each species “probable/confirmed” for
a given survey block if more than two individuals were observed
at a single location (i.e., eBird Hotspot or personal location)
during the safe (or designated breeding) dates for any year during
the 2012-2016 period. We assigned species as being a “possible”
breeder in the block if just one individual was detected with the
safe dates, and noted a species as “not breeding” if it was not
recorded at all within safe dates.

Because we had no observer effort associated with the BBA
data, we did not calculate observer effort for the late era (eBird)
data, but worked under the assumption that the most-visited
sites in the late 1990s were the same (or were in the same
survey blocks) as those from 2012-2016. Likewise, we maintained
a conservative approach in data analyses and did not attempt
to calculate species abundance within blocks, nor number of
years when observed, but simply counted a bird as achieving
the highest breeding category during a particular span of years
(i.e., replicating what was done for the BBA project). As reviewed
by Horns et al. (2018) eBird data, even while opportunistically
collected, produces similar results to other forms of observational
data collection across large geographical scales, so we felt
comfortable comparing the two datasets (BBA and eBird).

Breeding Level and Urban Index

We entered three “breeding levels” for each species, for each
survey block, during each era (0 = no record, 1 = possible
breeding or 2 = probable/confirmed breeding). We then
calculated an “urban index” for each species during each era,
which was the correlation coefficient between that species
breeding level within each block (0-2) and the percent urban
cover value within that block, using a Spearman’s rank test with
the rcorr function in R using the Hmisc package (Harrell, 2004).
A positive urban index would indicate a positive association
between a species and urban cover, while a negative urban
index would indicate a negative association with urban cover;
an urban index near zero would indicate no association with
urban cover. The urban index served as our response variable,
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and formed the basis for our trait analysis, below (see also
Supplementary Table S1).

Because the survey blocks used are arranged in a grid, and
urban development in the Los Angeles area includes large,
continuous areas of urbanization (as well as large blocks of open
space), urban cover was necessarily autocorrelated (Moran’s I
observed: 0.019, expected: —0.006, SD = 0.009, P = 0.010). We
sought to reduce any error introduced via spatial autocorrelation
by using a single urban index value for each species, which was
not spatially explicit, but reflected the association between bird
distribution and urban cover.

We first tested for a phylogenetic signal in the urban index
values for both the early/BBA values and the late/eBird values,
using models that employed three different modes of evolution:
Brownian motion, Pagel’s lambda, Ornstein-Uhlenbeck, as well
as a non-phylogenetic model (see Miinkemiiller et al., 2012). We
used the ape (Paradis et al., 2004), geiger (Pennell et al., 2014),
and picante (Kembel et al., 2010) packages in R, and used the
phylosignal function to analyze the focal species’ urban index
relative to their corresponding positions on the phylogenetic
tree described above. We first tested a Brownian motion, or
random-walk model, using a Blomberg’s K test (Blomberg et al.,
2003), which compares the variance of phylogenetic independent
contrasts to what we would expect under a Brownian motion
(BM) model. Here, K = 1 means that relatives resemble one
another as much as we should expect under BM; K < 1 means that
there is less “phylogenetic signal” than expected under BM, while
K > 1 means that there is more. We then analyzed the urban
index and tree data using Pagel’s lambda (Pagel, 1999). Here, if
our estimated lambda = 0, then the traits are inferred to have
no phylogenetic signal. Lambda = 1 corresponds to a Brownian
motion model; 0 < lambda < 1 is intermediate. Finally, we used
a model which employed the Ornstein-Uhlenbeck (OU) mode
of evolution which incorporates stabilizing selection wherein the
trait is drawn toward a fitness optimum, or long-term mean,
rather than being completely random and directionless (Martins,
1994). To test for no phylogenetic signal, we also used a “no-
signal” generalized least squares model where lambda was set to 0.

Trait Analysis

We identified eight life history and behavioral traits likely
associated with urban tolerance based on those identified in
previous studies (e.g., Moller, 2014; Samia et al., 2015): body
mass, nest height (lowest), ground foraging, migratory status,
natural cavity nesting, artificial structure nesting, habitat breadth,
and diet breadth (Table 1). We were limited in which variables
we could use for subsequent modeling by data gaps (e.g., flight
initiation distance has been calculated for fewer than half the
focal species; D.T. Blumstein, unpubl. data). To account for
phylogenetic relatedness among species in our analyses, we used
an avian phylogeny from Bird Tree (Jetz et al., 2012, 2014). With
our list of 53 species, we used the phylogeny subset tool (in
Bird Tree) to create 1,000 trees built with a Hackett et al. (2008)
backbone. For use in subsequent analyses, we created a majority-
rule consensus tree, collapsing nodes that did not show up in at
least 50% of the 1,000 trees.

TABLE 1 | Functional traits considered for this analysis.

Trait Description Source

Adult body mass Total weight (grams; of male if Dunning, 2007

different)
Lowest nest height Meters; lowest average nest Ehrlich et al., 1988;
height BNA

Forage ground only Wilman et al., 2014

(during breeding

Categorical (2; 0/1); forages
exclusively or mainly on the

season) ground

Migratory status Categorical (2; 0/1); eBird
non-migratory, partially/fully
migratory

Cavity nest Categorical (2; 0/1); frequently Allen et al., 2016

uses tree cavities for nesting.

Structure nest Categorical (2; 0/1); frequently Allen et al., 2016
uses human-made structures for

nesting (excluding bird boxes)

Habitat breadth Level (3; 1-3) Garrett and Dunn,
1981

Diet breadth Level (6; 1-6) Sekerciglou, unpubl.
data

BNA, Birds of North America (various authors, https://birdsna.org/).

We then tested the association between these traits and each
species’ affiliation for urban cover using the urban index as the
dependent variable (using both the “early” and “late” values in
separate tests), and the eight traits as independent variables.
In separate tests (early and late) we ran three phylogenetic
generalized least squares (PGLS) tests and one non-phylogenetic
GLS tests using each, and compared AIC values of each to select
the model that best explained variation in the data.

We used the gls function in the nlme package in R (Pinheiro
et al,, 2019), and incorporated a Brownian motion mode of
evolution using the corBrownian function in the phytools
package in R (Revell, 2012), along with our phylogenetic tree data.
We conducted a second PGLS test using the Ornstein-Uhlenbeck
(OU) mode of evolution using the corMartins function in the
sde package in R (Iacus, 2016). We conducted a third PGLS
test using Pagel’s lambda test with the corPagel function also
in the sde package. We fitted a non-phylogenetic least squares
model to compare with the PGLS tests. For all analyses, best
fit parameters of the phylogenetic model were estimated with
maximum likelihood. Lastly, we checked residuals for normality
using QQ tests, and selected the analysis with the lowest AIC
values as the best model.

RESULTS

Urban Index

Nearly all focal species (48 of 52 species) showed an increase
(i.e., toward positive) in urban index over time (Supplementary
Table S1), and while we cannot directly compare urban indices
between the two eras due to the different methodologies used in
data collection, some of these species shifted from a negative or
neutral urban index to a positive one, suggesting they may now
be preferring urban habitats — or, at least, natural habitats near
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urban areas — over blocks with a greater percentage of natural
vegetation. These “shifters” include representatives from diverse
families, including Cooper’s Hawks (Accipiter cooperii) (—0.34 to
0.15), Allen’s Hummingbirds (Selasphorus sasin) (0.10 to 0.24),
and Hooded Orioles (Icterus cucullatus) (—0.15 to 0.15). At the
other end of the spectrum, those with the largest negative residual
values include California Quail (Callipepla californica), Wrentits
(Chamaea fasciata) and Spotted Towhees (Pipilo maculatus). By
contrast, very few species shifted from positive (i.e., more urban-
associated) to negative (Supplementary Table S1). We plot
species’ representation on survey blocks (Figure 2A) as well as
the urban indices for each species (Figure 2B), showing that both
values are highly correlated across eras (r, = 0.80, P < 0.001 for
number of blocks where suspected/confirmed breeding; r, = 0.90,
P < 0.001 for urban index).

We found no indication of a phylogenetic signal in the urban
index value using three phylogenetic models (Brownian motion,
O-U, and Pagel’s lambda), with the non-phylogenetic model
returning the lowest AIC value (Table 2).

Trait Analysis

We found that two traits (cavity-nesting and structure-nesting)
were significantly associated (p < 0.05) with urban index values
using both the early and late eras in most models examined.
We found migratory status was significantly associated with
urbanization in the early era dataset (but not in the late era

dataset). Cavity-nesting and migratory status were negatively
associated with the urban index (that is, cavity-nesting and
migratory birds were more associated with natural habitat), while
structure-nesting was positively associated with the urban index.
While the AIC score of the non-phylogenetically informed GLS
was not sufficiently different from the OU and Pagel’s lambda
models (Table 3), these models had nearly identical associations
with urban index in both the early and late era datasets. We
summarize the results of the best model (non-phylogenetically
informed GLS) in Table 4.

Non-significant negative associations were detected in several
models (including the best/non-phylogenetically informed GLS
model) for body mass, ground-foraging, migratory status and
habitat breadth, and non-significant positive associations with
nest height and diet breadth. While they did not rise to the level of
significance (i.e., P > 0.05), they were consistent in their direction
across temporal eras.

DISCUSSION

Our study is one of very few to analyze the persistence of avian
traits using both historical and current community-science data,
and adds to an ample literature on why some birds thrive in
urban areas and others avoid them. Our results suggest that
nest site choice and migratory status may confer either an
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TABLE 2 | Comparison of three phylogenetically informed Generalized Least
Squares (PGLS) models (Brownian, OU, Pagel’s lambda) and one
non-phylogenetically informed model (GLS).

Model Test statistic AlCc

Early era (BBA data)

Brownian K =0.223; P = 0.239 Alpha: 2.718 66.727
Oou Sigma squared: 0.544 34.391
Pagel’s lambda L <0.001; P =1 34.406
Non-phy. Sigma squared: 0.001 32.151
Late era (eBird data)

Brownian K =0.189; P = 0.452 Alpha: 2.718 38.826
Oou Sigma squared: 0.361 13.118
Pagel’s lambda L <0.001; P =1 13.099
Non-phy. Sigma squared: 0.001 10.844

Here we use urban index scores only as our response variable (i.e., no
behavioral or life history traits). The lowest AICc score was found using the
non-phylogenetic model.

TABLE 3 | Comparison of AIC scores of best model (non-phylogenetic GLS) using
urban index as the response variable and eight behavioral and life history traits as
the predictor variables.

Model Early era (BBA) Late era (eBird)
Brownian 93.724 71.685
ou 66.988 51.695
Pagel’s lambda 68.619 51.622
Non-phylogenetic 66.979 49.695

Full model results are available in the Supplementary Materials.

TABLE 4 | Results from the best model in both time eras (non-phylogenetic GLS)
fitted to explain variation in the urban index values based on eight life history and
behavioral traits (includes standard error and P-value).

Early era (BBA) Late era (eBird)

Intercept —0.240 +0.161; P=0.142 —0.038 £ 0.131; P=0.773
Trait

Log(adult mass) —0.041 £0.041; P=0.330 —0.031 £+ 0.034; P =0.372
Nest height 0.009 £ 0.007; P = 0.238 0.010 £ 0.006; P = 0.093

—0.070 4+ 0.120; P = 0.563
—0.201 & 0.099; P = 0.047*
—0.208 + 0.098; P = 0.040*
0.264 + 0.092; P = 0.006*
0.060 4 0.038; P = 0.135
—0.049 £+ 0.052; P = 0.355
0.295

—0.071 £ 0.098; P = 0.471
—0.131 +£0.081; P =0.1056
—0.206 =+ 0.080; P = 0.014*
0.191 £ 0.075; P = 0.014*
0.032 + 0.031; P = 0.301
—0.051 +0.043; P = 0.238
0.235

Ground-foraging
Migratory status
Cavity-nesting
Structure-nesting
Diet breadth
Habitat breadth

Residual standard
error

Please refer to Supplementary Materials for full model results. Asterisk and bold
font denote P < 0.05.

advantage (for artificial structure nesters and sedentary species)
or a disadvantage (for cavity nesters and for migratory species)
within urban areas, that these patterns may persist over time
(even if the makeup of the species community changes) using
two different data collection methodologies (i.e., a BBA dataset
vs. an eBird dataset). The durability of these traits through
time was suggested by Shultz et al. (2012), who found levels of

functional diversity maintained in an urban bird community over
a century, despite changes in community composition as the area
urbanized (see also Hagen et al., 2017). Indeed, the lack of a strong
phylogenetic signal in patterns we documented (in either era)
suggests that urban tolerance is not restricted to a few related
species, but rather occurs across unrelated taxa, as observed in
both birds and other taxonomic groups (Martin and Bonier, 2018;
Merckx et al., 2018; Santini et al., 2019).

The significant negative association between cavity nesting
and urban index may be a result of urban tree species in urban Los
Angeles having been selected for their longevity, rapid growth,
and resistance to boring pests (Gutzat and Dormann, 2018; Frank
et al., 2019), and the tendency for large urban trees, especially
those with dead limbs (“snags”) to be removed in residential areas
due to safety concerns (falling branches injuring people). It may
be that more successful urban nesters would be those species
that are able to utilize a variety of built structures (as well as
natural cavities), including eaves of buildings, parking garages,
and overpasses, with this flexibility allowing them to switch
between substrates when one is not available. It is also possible
that aggressive (urban-tolerant) cavity nesters such as European
Starlings (Sturnus vulgaris) and/or parrots may be displacing
natural cavity nesters within urban areas, though direct evidence
of this is lacking (Koch et al., 2012; Diamond and Ross, 2019).
Still, avian diversity in urban areas could be enhanced by
provisioning artificial nesting structures, and maintaining natural
nesting sites such as dead trees (see Tomasevic and Marzluff,
2017), as well as by retaining patches of natural habitat of
various sizes within the urban matrix (Silva et al., 2015) and by
planting a diversity of trees and shrubs as part of landscaping
(Wood and Esaian, 2020).

We found no significant correlations between urban index
and body mass, ground foraging, or either diet or habitat
breadth, all of which have been found to be associated with
urban in prior studies (e.g., Chace and Walsh, 2006; Evans
et al., 2011). It could be that the large scale of the atlas blocks
(ca. 2,668 ha) encompassed a variety of habitat types and
variety of urban conditions (which we did not analyze here),
so a finer-level analysis (e.g., eBird point data) might detect
more significant associations (see Croci et al., 2008; Ferenc
et al, 2014 for discussions of scale). While not statistically
significant, the consistent positive associations found between
urban index and nest height may indeed be “real,” as so many
structure-nesting birds nest atop towers, buildings, and other tall
features of the urban environment, which are less prevalent in
wildland habitats and which would become more common over
time in urban areas as infill hardscape development displaces
vegetation (e.g., Lee et al., 2017). Likewise, the consistent negative
association with migratory status across several models used,
while (weakly) significant only during the early era, may become
stronger with additional (migratory) species included in a future
analysis (including data from multiple cities), or with finer-grain
migration data (our binary “migratory status” trait does reflect
the range of long- and short-distance and partial migrants).

We also note that certain species are clearly modifying their
tolerance to local urbanization as they increase in distribution
within the study area, which may lead to concurrent changes
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in their ecological traits. For example, Dark-eyed Juncos were
found on roughly three times as many survey blocks in the
early vs. late era, and saw their urban index shift from strongly
negative in the early era (—0.56) to weakly negative by the late era
(—0.15) (Supplementary Table S1). This species is now a year-
round resident across the Los Angeles Basin, and is frequently
found nesting in structures, including within parking structures
in urban Los Angeles (D.S. Cooper pers. obs.); decades ago it was
largely a migratory ground-nester, restricted to montane areas for
breeding (Garrett and Dunn, 1981; Allen et al., 2016). Likewise,
structure-nesting in Cassin’s Kingbirds was not mentioned in
recent breeding bird atlases based on data from the 1990s (Unitt,
2004; Allen et al., 2016), but this tendency has since become
a frequent sight around Los Angeles (pers. obs.), during which
time this species has increased its representation on survey blocks
roughly fourfold. We encourage more research on the differential
usage of cavities and artificial structures in urban areas and at the
urban edge, as urban-colonizing species continue to utilize new
substrates for breeding (see Reynolds et al., 2019).

Our finding that overall, species were found more widely (i.e.,
in more survey blocks) and with higher urban indices in the late
era than the early one may be an artifact of the two different
methodologies used in data collection rather than a biological
pattern. This is likely a result of the more inclusive approach
assigning breeding status from the (later) eBird data (where only
breeding season records of single birds or pairs was used to
denote breeding) versus the more conservative approach used
in generating the BBA data, which required observers to justify
their assessment of nesting with field observations. Thus, birds
recorded only once in 5 years in a given block might not have
warranted a “possibly breeding” (i.e., code 1) assignment in the
early era, because these determinations were often made post hoc
and somewhat subjectively by the atlas coordinators, based on
suitable habitat, other nesting behavior, etc. (see Allen et al,
2016); yet for the late era dataset, a “one-oft” sighting would have
been counted as possibly breeding. Because reliable abundance
data were not available for the Breeding Bird Atlas, we did not
calculate abundance using the eBird data, and simply used scores
between 0 and 2, summing them as a substitute for abundance
across all 173 blocks. Abundance should be more easily calculated
in the future as community-science projects expand and the
amount of point data increases, allowing for more granular
studies into local and regional biodiversity, population and range
shifts, and community organization (e.g., Ballard et al., 2017;
Callaghan et al., 2017; Jari¢ et al., 2020). Although we limited our
analysis to the breeding season, when our focal bird species would
likely be tied to a specific territory and thus dependent on the
local resources available for themselves and their offspring (Mills
et al., 1989), a similar analysis could be performed for wintering
or even transient species using data collected at other times of
year, a period when urban habitats are utilized by a diversity of
native bird species (e.g., Wood and Esaian, 2020).

Finally, as urbanization continues to expand globally, we
encourage further reflection on ways to define “success” in urban
areas. On one hand, cities may be considered successful if they
include built features that can support a high diversity of species,
some of which would not have occurred prior to urbanization

(White et al., 2005; Filazzola et al., 2019). Yet cities must also
allow the least-adaptable species — those most strongly associated
with wildland rather than urban habitats - to find refuge within
the urban matrix as they urbanize (Sol et al, 2014). Much of
this tension results from studies using different scales of analysis;
high local diversity may be easier to achieve within cities than
high global diversity, which requires the conservation of rare
and endemic species (e.g., Enedino et al., 2018; McDonald et al.,
2018). Place matters, too, and while a featureless desert may
support relatively few bird species compared to the oasis-like
city that replaces it (e.g., Gonzalez-Garcia et al., 2014), this
scenario would hardly be considered a desirable conservation to
be replicated everywhere (otherwise, why not cover the earth in
cities?). Thus, an understanding of the mechanics of urban bird
community development is merely a necessary first step on the
way to developing meaningful conservation goals.
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