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SIGNIFICANCE STATEMENT

Urban tolerance in birds is a function of both species and season, and it is therefore important
to consider the dynamic nature of birds’ use of urban ecosystems throughout the full annual
cycle.
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ABSTRACT

Aim: Our objective was to quantify urban tolerance for North American birds across the full
annual cycle. We tested (1) whether intra-annual variability of urban tolerance differed
between migrants and residents and (2) whether intra-annual variability of urban tolerance
was phylogenetically conserved. We then assessed how the relationship between ecological
and life history traits and urban tolerance differed both across the year and between migrants
and residents.

Location: North America.

Taxon: Birds.

Methods: We integrated a large citizen science dataset of observations for 237 bird species,
remotely-sensed VIIRS night-time lights data, and trait data on each species. We estimate, for
each species and each month of the year, a continuous measure of urban tolerance (i.e. the
median of their distribution of observations across an urbanization gradient). We then use
phylogenetic linear models to assess the relationship between this measure of urban tolerance
and various life history and ecological traits.

Results: There was a distinct drop in the overall urban tolerance scores corresponding with
the breeding period; this pattern was more pronounced for migrants compared to residents.
Migrants also had greater intra-annual variability than resident species. We also found that
the strength of the relationships between ecological and life history traits and urban tolerance
was highly seasonal for most traits considered, and some divergent patterns were noted
between migrants and residents.

Main conclusions: The urban tolerance of birds greatly changed throughout the annual cycle,
with different patterns for migrants and residents. Compared to residents, migrants showed
more intra-annual variability of urban tolerance with a drop in the average urban tolerance

score during the breeding season. Together, our results suggest that urban tolerance is a
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function of both species and season, and they highlight the importance of considering the

dynamic nature of birds’ use of urban ecosystems throughout the full annual cycle.

Keywords: birds; big data; biodiversity; citizen science; phylogenetic models; urban

tolerance; full annual cycle; migration

INTRODUCTION

The process of urbanization leads to habitat loss, degradation, and fragmentation — all of
which can combine to negatively impact biodiversity (McKinney & Lockwood, 1999; La
Sorte et al., 2018a; Piano et al., 2020, Schneiberg et al., 2020). Globally, urban areas are
expected to expand by 1.2—1.8 million km? between 2000 and 2030 (Seto et al., 2012;
Guneralp & Seto, 2013), making such urban expansion a major threat to biodiversity (Czech
et al., 2000, Parnell et al., 2013). But urban expansion differentially affects biodiversity:
some species are more at-risk than others (Rodewald & Gehrt, 2014; Lintott et al., 2016;
Aronson et al., 2016; Sol et al., 2018). This is because each species has a unique set of life
history, behavioural, and physiological attributes (Rodewald & Gehrt, 2014; Narango &
Rodewald, 2018), as well as interactions with other species (Bonier & Martin, 2018), that
lead to differential responses to urban environments (Lintott et al., 2016). As a result, some
species are negatively impacted by urban expansion, but others can adapt, persist, and even
thrive in novel urban environments (Chace & Walsh, 2006; Evans et al., 2009; Sol et al.,
2014; Marzluff, 2017; Alberti et al., 2017; Sol et al., 2017). Traditionally, species have often
been categorically classified as urban avoiders, utilizers, adapters, or exploiters (Blair 1996;
Croci et al., 2008; Fischer et al., 2015); or even simply as urban or non-urban based on their

presence in urban environments (Mgller, 2009). Wildlife responses to urbanization are
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complex (Fischer et al., 2015), and it is now apparent that species do not fall neatly into two
or three categories. Rather each species falls at a particular place along an urbanization-
response continuum reflecting the differences in urban tolerance among species. As such,
species’ level of risk with increasing urbanization is more accurately classified using
continuous, data-driven metrics compared to broad categories (Lepczyk et al., 2008; Evans et

al., 2011; Sol et al., 2013; Marzluff, 2017).

An important challenge in quantifying a species’ urban tolerance is accounting for the
dynamic changes in the urban tolerance of a species through time. For example, species urban
tolerance may change over long time periods showing adaptation and expansion into urban
areas (e.g. Evans et al., 2009), species may become increasingly urban-tolerant in response to
extreme climatic events such as droughts or bushfires (e.g. Davis et al., 2011), or species may
alter their degree of urban tolerance based on their developmental stages (e.g. Whittaker &
Marzluff, 2009; La Sorte et al., 2017). The most predictable example of a species changing
their urban tolerance through time may be intra-annual changes, especially important for

highly mobile species such as birds (La Sorte et al., 2014; 2017).

In the effort of quantifying the dynamic changes in a species’ urban tolerance, migration is an
important complication. This is reflected by the relatively high turnover throughout the year
in urban areas with associated peaks of biodiversity during migration (La Sorte et al., 2014).
Some individual birds may choose not to migrate but instead rely on the resources in urban
ecosystems throughout the full annual cycle (Bonnet-Lebrun et al., 2020). The three-way
interaction between migratory behavior (i.e. migrants vs residents), species’ usage of urban
areas, and life history strategy is crucial to fully dissect (Marra et al., 2015). One way to do

this is to assess a species’ variability of urban tolerance throughout the year, where species
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that show high intra-annual variability equate to species which use urban areas differentially
throughout the year, and conversely, species with low intra-annual variability are rather
consistent in their usage of urban areas throughout the year — whether tolerant or intolerant.
However, the majority of previous studies which have assessed the urban tolerance of birds
have mostly focused on the breeding season (e.g. Mgller, 2009; Kark et al., 2007; Evans et
al., 2011; Clergeau et al., 2006; Croci et al., 2008) or less commonly, the non-breeding
season (e.g. Clergeau et al., 1998; Murthy et al., 2016). There are relatively few studies which
quantify urban tolerance of birds across the full annual cycle (Marra et al., 2015), likely
limiting our understanding of which species are most threatened by the negative impacts of

urbanization and when these threats are greatest.

One mechanism to better understand which species are most susceptible to urbanization is a
trait-based approach — i.e. understanding the relationship between urban tolerance and the
ecological and life history traits that promote urban tolerance. However, life history traits are
only one potential mechanism to dictate if, and to what extent, a species is found in urban
areas: climatic factors, human facilitation, urban form, cultural factors, and species
interactions can also influence species distributions in cities (Aronson et al., 2016; Lepczyk et
al., 2017). Nevertheless, many ecological and life history traits are associated with urban bird
species: migratory status (Friesen et al., 1995; Kark et al., 2007), residual brain size
(Maklakov et al., 2011), degree of sociality (Kark et al., 2007; Jokiméki & Suhonen, 1998),
diet (Fuller et al., 2008; Major & Parsons, 2010), fecundity (Mgller, 2009), and niche breadth
or width (Kark et al., 2007; Evans et al., 2011; Callaghan et al., 2019b) are among these
traits. Despite the prevalence of this research question, the results are frequently inconclusive.
Residual brain size, for example, is sometimes positively associated with urbanization

(Maklakov et al., 2011, Mgller & Erritzge, 2015) and sometimes it is not an important trait
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(Kark et al., 2007; Evans et al., 2011). Results have also been mixed for annual fecundity (cf.
Croci et al., 2008; Mgller, 2009; Evans et al., 2011) and niche breadth (cf. Kark et al., 2007;
Evans et al., 2011). Despite the contradictory results, there appears to be a somewhat
consistent pattern in the relationship between ecological and life history traits and urban
tolerance: generalist species — species with relatively wide niche breadths — are less
vulnerable to urban environments than specialist species (Evans et al., 2011; Callaghan et al.,
2019b; Bonier et al., 2007; Pagani-Nufiez et al., 2019). A better understanding of the
relationship between ecological and life history traits and urban tolerance continues to be

important (see Table 1 for our predictions).

In addition to traits, species may have a phylogenetic predisposition to being urban tolerant or
intolerant, where certain subsets of species remain tolerant of, and therefore persist in, urban
environments. And this relationship is non-independent with some traits (e.g. body size)
being highly phylogenetically conserved. This line of thinking is evidenced by consistent
findings of reduced phylogenetic diversity in urban areas (e.g. Sol et al., 2017; La Sorte et al.,
2018a). While previous studies have tested for phylogenetic relatedness in urban tolerance
responses (e.g. Evans et al.. 2011; Callaghan et al., 2019b), these have focused on static
measures of urban tolerance, neglecting potential intra-annual changes. Testing whether there
is phylogenetic relatedness in the intra-annual variability of urban tolerance will better help
us understand the ecological and evolutionary consequences that promote urban tolerance

among different species.

Our aim here was to quantify urban tolerance for North American birds across the full annual
cycle — at a monthly resolution. We predicted that intra-annual variability of urban tolerance

would be greater for migrants than residents because of their increased usage of urban areas
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during spring and fall migration (La Sorte et al., 2014; La Sorte et al., 2017), compared with
their usage of mostly natural areas for breeding and wintering. Because of this predicted
difference in migratory vs resident behavior, we also predicted that this would lead to strong
phylogenetic relationships of intra-annual variability of urban tolerance. We then quantified
the relationship between ecological and life history traits (see predictions in Table 1) and a
species’ urban tolerance throughout the full annual cycle — i.e. at a monthly temporal
resolution. With this analysis, we tested (1) whether the relationship between life history
traits and urban tolerance changes throughout the full annual cycle, and (2) whether there
were differences in these relationships between migrants and residents. We predicted that
there would be seasonal changes in the relationship between life history traits and urban
tolerance, corresponding with the breeding season because some traits are likely most
important during the breeding season when birds are focused on reproductive output than
during other parts of their full annual cycle. We also predicted that the importance of traits
would differ between migrants and residents as a result of these diverging life histories

leading to different usage of urban areas throughout the full annual cycle.

METHODS

eBird citizen science data

We used eBird data as the basis of our bird observations. eBird (Sullivan et al., 2009;
Sullivan et al., 2014; Sullivan et al., 2017), launched in 2002, is a successful citizen science
project with >800 million global observations. The project collects data from volunteer
birdwatchers who submit their observations via a mobile phone app or online portal. eBird is
semi-structured, and collects data in the form of checklists, allowing a user to submit a
complete or incomplete list of birds seen and/or heard while birdwatching. Filters are set by

regional volunteers (Gilfedder et al., 2019) which provide expected species and abundances



151  of species based on associated spatiotemporal coordinates of a checklist, and when an

152  observation exceeds these filters, it undergoes rigorous review before being added to the
153  eBird dataset.

154

155  We used the eBird basic dataset (version ebd_relMay-2019) and filtered the data between
156  January 1%, 2014 and May 31%, 2019. We additionally further filtered the suite of potential
157  eBird checklists, minimizing the influence of outliers on our analyses (Callaghan et al.,

158  2017). The following criteria were employed: (1) only complete checklists were included in
159  analyses; (2) only checklists which recorded birds for > 5 minutes and < 240 minutes were
160 included in analyses; (3) only checklists which travelled < 5 km were included in analyses.
161  Although we included only complete checklists, it is possible that some birders may not
162 include some typical urban birds (e.g. Rock Pigeon, House Sparrow, European Starling) on
163  eBird lists in urban settings, but possibly would include such species in rural settings.

164  However, this remains to be formally tested.

165

166  Species-specific urban tolerance

167  After filtering by the above criteria, we only considered terrestrial species for inclusion in
168 analyses: traditional seabird species (e.g. Procellariidae, Alcidae) were excluded from

169  potential inclusion. For a species to be considered for inclusion, the species had to have a
170  minimum of 250 observations per month — the temporal resolution of our analysis. The cut-
171  off of 250 observations has previously been shown to correspond with the ability of

172  continental-scale data to predict local-scale responses to urbanization (Callaghan et al., 2020).
173 We then used the American Birding Association’s checklist of birds (a maintained list of
174  regularly occurring North American birds as well as rare, casual, and accidental species) to

175  only include regularly occurring North American avifauna by eliminating code 3 (i.e. rare), 4
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(i.e. casual), and 5 (i.e. accidental) species (see http://listing.aba.org/checklist-codes/ for more

details). We only considered species found in the contiguous continents and excluded species
found on oceanic islands, as well as Alaska. Because our analysis was focused on year-round
urban tolerance of a species, we used all observations from North and South America to
incorporate the full range of urban tolerance throughout the year for those species which are
not year-round residents in North America (e.g. neotropical migrants). Each species was
treated individually, and because we used a minimum value of 250 observations in each
month, we ensured that the species was relatively well-sampled, thus minimizing the effects
of the sampling bias in eBird with North America more thoroughly sampled compared to
South America. We were then left with a total of 490 species which met the above criteria

(Table S1).

Each observation for a species (i.e. the underlying checklist species are observed on) was
assigned a measure of continuous urbanization — VIIRS night-time lights (Elvidge et al.,
2017). VIIRS night-time lights is a proxy for a continuous measure of urbanization (Pandey
etal., 2013; Zhang & Seto, 2013; Stathakis et al., 2015), as measured from space. This
definition is focused on a macro-ecological scale, measuring very urban areas (i.e. central
business districts) to very non-urban areas (i.e. protected areas far from human habitation).
Importantly, our analysis does not account for fine-scale measures of urbanization such as the
amount of greenspace a bird uses, or the quality of a given habitat patch. Previous work has
demonstrated that the urban scores assigned to birds behave similarly when assigned using
underlying VIIRS night-time lights and human population density (Callaghan et al., 2019a)
— two disparate measures of urbanization. These urban scores have also been demonstrated
to highly correspond with local-scale urbanization responses (Callaghan et al., 2020). We

used Google Earth Engine (Gorelick et al., 2017) to assign each eBird checklist its associated
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level of urbanization (i.e. VIIRS night-time lights). The VIIRS product is available from
NOAA and already archived in Google Earth Engine, where we used it. The native resolution
of the product is at 15-arc-seconds (approximately 500 meters) and was used in the default
projection of Google Earth Engine of WGS84. Because of computational restrictions, we
used a reduction technique to aggregate the measure of VIIRS night-time lights. Monthly
scenes of average radiance (N\W cm sr't) between January 1%, 2014 and January 1%, 2019
were used, and the temporal median radiance was calculated per 15-arc-second pixel. These
values were then reprojected to a pixel size of 5 km, using a composite stack of the 2014-
2019 VIIRS night-time light layers. This 5 km scale was used to account for any spatial
mismatches between the eBird data and underlying urbanization level, and because eBird
checklists are able to travel (up to 5 km based on our aforementioned criteria), making the
precise location of where a specific species was seen uncertain. The relative ranking of urban
scores among species is robust based on the buffer size used to assign VIIRS night-time

lights (Callaghan et al., 2019a).

Every bird species was accordingly left with a distributional response to urbanization,
representing the number of that species’ observations as it relates to urbanization, stratified
by month (e.g. Figure 1). The median of each monthly distribution (Figure 1) was defined as
the urban tolerance for a species in that particular month (Callaghan et al., 2019b; 2019a;
2020). Previous work has shown that these urban scores are robust, despite the biases (e.g. a
differential effort among checklists) associated on different eBird checklists (Callaghan et al.,
2020; Callaghan et al. 2019a). To account for potential intra-specific variation in the urban
tolerance of a species throughout a species’ geographic range we resampled the urban
tolerance measure to calculate a mean urban score for each species per month by using the

mean of 1000 medians drawn from 100 observations each (see details in Figure S1), which
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also provided us with a measure of variance (i.e. standard deviation) for each species’ urban

Score.

Ecological and life history traits

We used eight published ecological and life history traits extracted from a variety of sources
(see Table 1) which have previously been used to describe a species relationship with
urbanization. We used a discrete classification of migrants and residents, and continuous
classifications of diet breadth, habitat generalism, clutch size, brain residual, range size, mean
flock size, and body size. All continuous variables were tested for collinearity before
modelling and minimal correlation was found between any variables (Figure S2). Table 1
provides details on each trait and an associated prediction. Of our 490 original species
possible for analyses, a total of 237 had complete trait data and we used these 237 species for

further analyses (Table S1).

Quantifying intra-annual variability of urban tolerance within and among bird species

We defined the intra-annual variability in urban tolerance as the standard deviation of the 12
monthly urban scores and tested whether the intra-annual variability measures were
phylogenetically related. A consensus tree was obtained using 1,000 backbone trees from Jetz
et al. (2012) for the 237 species in our analysis and applying the 50% majority rule. We then
tested for phylogenetic signal (Losos, 2008) as a measure of the extent of phylogenetic
relatedness in the intra-annual variability of urban tolerance, using 5 different indices: C-
mean, I, K, K*, and Lambda (Keck et al., 2016). To test whether migrants had greater intra-
annual variability of urban tolerance than residents, we ran a phylogenetic linear model where

migration status was the predictor variable and the response variable was log-transformed
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intra-annual variability of urban tolerance of a species. Significance was concluded when p-

value < 0.05.

Quantifying the relationship between a species’ urban tolerance and ecological and life
history traits across the full annual cycle

We again first tested for phylogenetic relatedness, by testing for a phylogenetic signal, using
5 different indices: C-mean, I, K, K*, and Lambda (Keck et al., 2016). The resampled
monthly urban scores were the response variable, and this test was performed separately for
each month since our aim was to explore how species-specific urban tolerance measures
varied monthly. We found a strong phylogenetic signal in species-specific urban tolerance
measures for all months of the year (Table S2) and therefore used phylogenetic linear models
where the response variable was log-transformed species-specific urban tolerance. First, we
fitted a model where migratory status was included as a categorical variable, assessing the
overall relationships among all 237 species. However, because there was a clear difference in
migrants and residents, we then stratified models to these two discrete classifications. We ran
a total of 24 phylogenetic linear models (i.e. 12 monthly models for migrants and 12 monthly
models for residents). For each model we included all predictor terms in a single model. The
response variable for each model was log-transformed species-specific urban tolerance, and
the predictor variables were continuous classifications of diet breadth, habitat generalism,
clutch size, log-transformed body size, log-transformed flock size, and log-transformed range
size (Table 1). Because our analysis was focused on investigating the relationship between
ecological and life history traits (i.e. predictor variables) and urban tolerance (i.e. response
variable) throughout the year, we conducted 12 separate models (one for each month)
stratified to residents and migrants (24 total models). In each model, we used the inverse of

the standard deviation of the urban tolerance measure as weights, providing more weighting
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to those species whose urban tolerance did not vary due to potential intra-specific variability
in urban tolerance (see details in Figure S1). By stratifying our models to a monthly
resolution, we minimized the undue leverage of seasonal differences in data submitted to
eBird because the relative urban tolerance scores among species are specific to each month,
independent of the amount of data submitted in other months. We did not conduct model
selection and were not focused on significance of the model fits, but rather the patterns shown
of the intra-annual relationships. We then extracted the parameter estimates from each of
these 24 models for each predictor variable. All predictor variables were scaled and centered
to ensure standardized parameter estimates (Gelman, 2008). We present the results from the
global phylogenetic models, but also corroborated these results with a model averaging

approach, finding similar patterns.

Data analyses and availability
All data were processed in the R environment (R Core Team, 2020) and relied heavily on the

tidyverse workflow (https://workflows.tidymodels.org) which helps for data manipulation

and visualization (Wickham et al., 2019). For phylogenetic analyses, we relied on the
following packages: ‘ape’ (Paradis et al., 2004) for reading, writing, and manipulating
phylogenetic trees; ‘phangorn’ (Schliep, 2010) for visualizing phylogenetic trees; and

‘Rphylip’ (Revell and Chamberlain, 2014) for various phylogenetic methods. All eBird data

are freely available for download (https://ebird.org/data/download) and the phylogenetic tree
can be downloaded for free (https://birdtree.org/). The summarized portions of the eBird data
and the predictor variables necessary for our analyses, along with code to reproduce our

analyses are available at: https://zenodo.org/record/44489009.

RESULTS
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A total of 171,114,243 observations were used to derive monthly species-specific urban
scores for 237 species throughout North America (Table S1). Species-specific urban scores
were generally log-normally distributed for each month (Figure 2a). Urban tolerance, among
all species, was greatest during the winter months (highest mean of all urban scores) and
lowest during the summer months (lowest mean of all urban scores) demonstrating that
during the winter, birds were more likely to be found in urban ecosystems. There was a
distinct drop in the mean urban scores corresponding with the breeding period (Figure 2b);
but this pattern was more pronounced for migrant species compared with resident species

(Figure 2c), and the variability was greater for migrants than residents.

There was large variation among species’ intra-annual variability of urban tolerance (i.e. the
standard deviation of all monthly urban scores), ranging from 0.002 to 5.266, with a mean of
0.835 £ 0.744 (Figure S3). The species with the lowest intra-annual variability in urban
scores were Mexican Jay (0.002), Canada Jay (0.033), Painted Redstart (0.037), and Pinyon
Jay (0.045). Conversely, the species with the highest intra-annual variability in urban scores
were Red-crowned Parrot (5.266), White-throated Swift (4.688), Rufous Hummingbird
(3.501), and Yellow-crowned Night-Heron (2.946). Across all species, intra-annual
variability of urban tolerance tended to be clustered around the phylogenetic tree, as we
found a strong phylogenetic signal in the intra-annual variability of urban tolerance
(K=0.1719, p-value=0.0001; Figure 3; Table S3). Migrants had greater intra-annual
variability (0.925 £ 0.716) than resident species (0.557 + 0.768), but this was not statistically

significant when accounting for phylogeny (Figure S4; Table S4).

When considering a model with all 237 species (i.e. migrants and residents) we found that for

a number of traits, the relationship between urban tolerance and that trait varied in time
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(Figure 4). The relationship between clutch size, mean flock size, habitat generalism, and diet
breadth with urban tolerance varied throughout the year. There was positive association
between urban tolerance with clutch size and mean flock size, and this relationship showed a
strong increase during the breeding months. Similarly, the relationship between urban
tolerance and habitat generalism showed a strong positive correlation during the breeding
months, while the same relationship was negative during all months besides April, May, and
June. Diet breadth showed a strong negative association during the breeding months.
Conversely to these traits, range size, brain residuals, and body size did not show any
apparent differences in the strength of the relationship throughout the year. Urban tolerance
was negatively associated with body size and range size across all months and was positively
associated with brain residual across all months. And lastly, urban tolerance had a more
positive relationship with resident species than with migrant species across all months, but

this was most pronounced in June (Figure 4).

When we further stratified our models to migrants and residents (i.e. a model fit for each
discrete category for each month; 24 unique models), we found similar patterns to a model
including all species (Figure 5, Figure S5). The relationship between urban tolerance and
clutch size, diet breadth, and brain residuals all varied seasonally, whereas the relationship
between urban tolerance and habitat generalism and flock size showed weaker seasonal
changes. For both migrants and residents, clutch size was strongly associated with urban
tolerance and this peaked during the breeding months. For migrants, brain residual was
strongly associated with urban tolerance during the breeding months, but for residents, brain
residual was negatively associated with urban tolerance during the breeding months. For both
migrants and residents, diet breadth was negatively associated with urban tolerance during

June, but generally positively related with urban tolerance throughout other months. While
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the relationship between urban tolerance and habitat generalism and flock size showed little
variation throughout the year, there were contrasting patterns for migrants and residents.
Habitat generalism was positively associated with urban tolerance for residents but not for
migrants, and flock size was positively associated with urban tolerance for migrants but not
for residents. The relationship between urban tolerance and body size and range size did not
show any noticeable changes throughout the year, but both showed diverging patterns for
migrants and residents. Body size was negatively related to urban tolerance for migrants and
neither positively nor negatively related to urban tolerance for residents, and conversely
range size was negatively related to urban tolerance for residents but neither positively nor

negatively related to urban tolerance for migrants.

DISCUSSION

By quantifying urban tolerance of North American birds (N=237 species) across the full
annual cycle, we demonstrated that on average, the urban tolerance of birds decreases during
the breeding season (Figure 2b). Our results suggest that birds — across species — use urban
areas more during the non-breeding season than the breeding season, confirming previous
studies (e.g. La Sorte et al., 2014) but extending these studies by providing species-specific
measures of urban tolerance. Importantly, this breeding season drop in the use of urban
environments was much stronger for migrants compared to residents (Figure 2c). This result
aligns with greater intra-annual variability of urban tolerance for migrants. Shifts in the extent
to which birds use urban areas throughout the year (e.g. La Sorte et al., 2014; La Sorte et al.,
2017; La Sorte & Graham 2020) are important in the context of expanding urban areas and
suggests that simple classifications of urban tolerance based on one season or yearly averages

may exclude important information.
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We extended the longstanding relationship between life history traits and urban tolerance
(e.g. Beissinger & Osborne, 1982; Kark et al., 2007; Croci et al., 2008; Fuller et al. 2008) to a
monthly resolution, made possible by our dynamic continuous measure of urban tolerance.
We showed clear intra-annual patterns in the relationship between life history traits and urban
tolerance (Figure 4; Figure 5): almost all traits investigated, with the exception of body size,
showed some differential responses corresponding roughly with the breeding season. For
example, clutch size, habitat generalism, and flock size showed the strongest positive
association with urban tolerance during the breeding season, whereas diet breadth showed the
opposite pattern (Figure 4). These results generally confirm previous studies which have
found — during the breeding season — the importance of clutch size (Croci et al., 2008,
Magller, 2009), gregariousness (Coleman & Mellgren, 1994, Jokimé&ki & Suhonen, 1998), and
habitat generalism (DeVictor et al., 2008), indicating the relevant importance of such traits
for urban birds during the breeding season. Conversely, we found that diet breadth was least
associated with urban tolerance during the breeding season, contradicting the importance of
diet found in previous studies (Beissinger & Osborne, 1982; Major & Parson, 2010; Evans et
al., 2011). We note, however, that our measure of diet breadth — as well as our measure of
urban tolerance — differs to that of previous research (Fischer et al., 2015). The
contradictory result of diet breadth could be due to these methodological differences, as well
as contrasting sample sizes. Or, it could be a result of a biological difference that is shown by
looking at the relationship of diet breadth throughout the year. Species can change their diet
throughout the course of the year with increased diet breadth during the non-breeding season
compared with the breeding season, for example nectarivores can sometimes heavily rely on
insects during certain parts of their full annual cycle. Our measure of diet breadth, however,
does not account for these potential species-specific differences throughout the year.

Ultimately, more research of the relationship between urban tolerance and life history traits
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throughout the full annual cycle will help understand how the importance of species traits

(e.g. diet breadth) changes throughout the year.

By separating resident and migrants we found a number of diverging patterns between these
two life history strategies: (1) habitat generalism was always positively associated with urban
tolerance for residents but generally showed little association for migrant species; (2) flock
size was positively associated with urban tolerance for migrant species but negatively
associated for resident species; and (3) brain residuals were positively associated with urban
tolerance for migrants but negatively associated for resident species. Migrants clearly had
greater intra-annual variability than resident species (Figure S4), suggesting that migrants
encounter urban areas to a greater extent than residents throughout their annual life cycle.
While this pattern may be unsurprising — as migrant species likely use a greater range of
habitat throughout their full-annual cycle — this is the first time this pattern has ever been
clearly delineated with such a broad taxonomic and geographic coverage. This is best
explained by the fact that migrant species will use urban areas during their migrations (La
Sorte et al., 2014; La Sorte et al., 2017; Amaya-Espinel & Hostetler, 2019; Cohen et al.,
2021) and some migrants may even over-winter in urban areas (Bonnet-Lebrun et al., 2020).
Yet, migratory species face many threats in urban environments throughout their migration,
including night-time light pollution in urban environments (Horton et al., 2019), window
collisions (Santiago-Alarcon & Delgado-V, 2017), and an increased predation risk in urban
environments (Frey et al., 2018). Such threats are probably more detrimental to species with a
migratory life history, explaining why we found that resident species had higher urban
tolerance scores than migrant species for every month of the year, and this pattern was

pronounced during the breeding season (Figure 5).
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When considering migrants compared with residents across a large geographic range, such as
in this study, it is important to consider the different migration strategies and differences in
breeding seasons that species will undergo at different latitudes. Different groups of birds will
migrate at different times of the year throughout North America (cf. waterfowl and
neotropical migrants) and this pattern can change throughout different parts of North America
(cf. western and eastern North America). Further, we categorically treated residents and
migrants as two distinct groups. We acknowledge that migration strategies are complex (e.g.
Phillips 1951) including species with fully-migratory populations, species with partially-
migratory populations, and species which show both migrant and sedentary populations.
These different migration timings can lead to different breeding periods in different parts of
North America (e.g. some species can start breeding in Florida in April before other species
even reach their breeding grounds in New York in May). Some of these differences are
evidenced by the variance surrounding our average urban tolerance scores (Figure 2). More
refined spatial-temporal analyses in the future (e.g. by repeating our analysis at different
latitudes) will help to understand the extent to which birds change their urban tolerance
throughout the year. Another important issue is intra-specific variability of a species’ urban
tolerance (i.e. a given species could have a population that is highly urban tolerant in one
region but a population intolerant to urban environments in another). This is represented as
the within month spread of values in Figure 1. We accounted for this by resampling the mean
urban tolerance for every species (see Figure S1). North America is unique given their large
migratory signal whereby many migrants are long-distance neotropical migrants, and this
process leads to intra-annual temporal turnover (Hurlbert & Liang, 2012; La Sorte et al.,
2014). Our finding that migrants have greater intra-annual variability of urban tolerance than

resident is likely to generalize to other regions with similar signals in migratory activity (e.g.
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Europe), but less likely to generalize to regions with little or no migratory behavior (e.g. the

tropics, Australia); yet this remains to be formally tested.

We capitalized on the big data revolution in ornithology (La Sorte et al., 2018b) — relying on
> 200 million citizen science observations submitted to eBird — to disentangle the
relationships between patterns of urban tolerance throughout the full annual cycle. Our
methodological approach is easily repeatable in other parts of the world, relying
predominantly on trait-data, citizen science data, and an open-access remotely sensed
measure of urbanization. Further development of continuous metrics of urban tolerance will
help enhance our understanding of the dynamic temporal changes in species-specific
responses to urbanization. This approach should be leveraged for other taxa, other regions of

the world, and at both local and macroecological scales.

Currently, our results are restricted to a macro-ecological scale, incorporating a broad
measure of urbanization. Our methods were aimed at incorporating a broad geographic and
taxonomic coverage in our analysis, and therefore we are unable to determine differences in
how a species uses the urban matrix. For example, because we used a 5 km buffer to
minimize biases in spatial mismatch with eBird citizen science data, our analysis does not
incorporate the heterogeneity of urban areas (Shwartz et al., 2008). Urban areas can have
high- or low-quality greenspaces, which would influence the likelihood a species using that
urban area (Sandstrom et al., 2006; Aronson et al., 2017). During the breeding season, birds
breeding in urban areas are likely restricted to urban green spaces (Ferenc et al., 2013), and
there may be requirements in the greenspace size necessary for breeding (La Sorte et al.,
2020). Future research should therefore look to build upon our research to investigate local-

scale analyses of how different species use urban areas, and how ecological and life history
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traits influence the extent of this usage. Further exploration will likely require more fine-scale
measures of urbanization (see Moll et al., 2019), below the 500 m native resolution of VIIRS
night-time lights that we use here. We also average intra-annual changes throughout the study
period (2014-2019), but some changes in urbanization are possible throughout this time
frame. Understanding intra-annual changes in urban tolerance coupled with changes in urban
tolerance among years, will be an important area of future research. There is a difference
between a species using urban areas, and successfully thriving in urban areas (Fischer et al.,
2015), that we did not incorporate here. A potential avenue to extend our research would be
to move beyond presence/absence and incorporate relative abundance of birds (e.g. Fink et

al., 2020) along the urbanization gradient.

Given the anticipated increase in urban expansion throughout the world (Seto et al., 2012;
Guneralp & Seto, 2013), it is increasingly important to understand the winners and losers as
land use shifts all across the world. Our results suggest that migrant species are less urban-
tolerant than resident species on average and especially during the breeding season. In
addition, migrants with small relative brain size and large body size are at the greatest
significant risk from increased urbanization. These effects add to a more complete
understanding of bird urban tolerance, especially as the need for a full annual cycle
conservation plan is increasingly recognized (Schuster et al., 2019; Aronson et al., 2017).
Habitat within urban centers may be important for migrants, even if it does not support high
level of breeding diversity, and thus at a given latitude urban greenspaces may be crucial for
species migrating towards distant breeding grounds, but may not be sufficient for locally
breeding birds (e.g. Carbd-Ramirez & Zuria, 2011). The spatial and temporal changes of a
species urban tolerance should be accounted for in future research and future conservation

planning.
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500 TABLES

501

502 Table 1. The ecological and life history traits used in this analysis, with a brief description, a summary of our hypothesis, and a reference for the
503 data source. The complete references for each source are provided in the references.

504

Trait Description Predictions Source of data

Clutch size Continuous measure of We predicted that increased clutch size would be Lislevand et al. 2007
fecundity (mean clutch size)  positively associated with urban tolerance.

Migrant status Categorical measure of either  We predicted that residents would be more urban Sayol et al. 2018
resident or migrant tolerant than migrants.

Habitat generalism  Continuous measure of the We predicted that increased habitat generalism would be Langham et al. 2015
generalism for a species in positively associated with urban tolerance.

their habitat choice taken as
the sum of ITUCN habitats

they occupy

Body size Continuous measure of body ~ We predicted that large body size would be positively Myhrvold et al. 2015
size (mass in grams) associated with urban tolerance.

Flock size Continuous measure of mean  We predicted that large flock size would be positively eBird 2019
flock size across all eBird associated with urban tolerance.
observations submitted for a
species

Diet breadth Continuous measure of niche ~ We predicted that increased diet breadth would be Sayol et al. 2018
expansion positively associated with urban tolerance.

Brain residual Continuous variable of We predicted that larger residual brain size would be Sayol et al. 2018
residuals from a log-log positively associated with urban tolerance.

phylogenetic Generalized
Least Square regression of
absolute brain size against

body mass
Range size (km?) Continuous variable of total We predicted that increased range size would be BirdLife International 2019
range size in km? positively associated with urban tolerance.
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Figure 1. Six example species (House Sparrow [photo by Paul Reeves], Canada Jay [photo
by Dakota Duff], Harris’s Hawk [photo by Jerry Oldenettel], American Bittern [photo by
Corey Callaghan], Ovenbird [photo by Mark Dennis], and Western Tanager [photo by Osiel])
examined in our analyses, showing their monthly distribution of observations in response to
VIIRS night-time lights. The House Sparrow represents an example of a bird with high urban
tolerance with little change through the year; Canada Jay’s urban tolerance is relatively static
and low; and Harris’s Hawk are more generalist with minimal changes throughout the year.
In contrast, the American Bittern, Ovenbird, and Western Tanager all show seasonal shifts in
urban tolerance. For each species, the plot title shows both the total number of observations
for that species and the standard deviation of the monthly mean urban tolerance scores (i.e.
the species-specific intra-annual variability of urban tolerance); note the contrasting SD
values for Western Tanager versus Canada Jay.
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Figure 2. a) Monthly distributions of species-specific urban scores, showing a generally log-
normal distribution across months; b) The mean (and standard error) of all species-specific
urban scores plotted for each month showing a distinct drop during the breeding months, and
¢) The mean (and standard error) of all species-specific urban scores plotted for each month,
stratified for migrants and residents, showing a more pronounced drop in urban scores during
the breeding months for migrants compared with residents.
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Figure 3. Phylogenetic tree for 237 species, from Jetz et al. (2012), mapped with a species-
specific measure of intra-annual variability (i.e. the standard deviation of the monthly urban
tolerance scores of a species). We found a strong phylogenetic signal in this response variable

(Table S3).
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Figure 4. Standardized parameter estimates for phylogenetically controlled models where the
response variable was log-transformed species-specific urban tolerance, and models were
repeated for each month. Resident is a categorical variable compared with migrants (the
intercept — not shown here), with a positive parameter indicating a resident species have a
higher urban tolerance value compared to migrant species for a given month. The error bar
represents 95% confidence intervals of the parameter estimate. The dashed line represents
zero, and any parameter estimates above this can be interpreted as positively interacting with
urban tolerance, and vice versa for any parameter estimates below this dashed line. Clutch
size, flock size, brain residual, and diet breadth all showed clear seasonal patterns, whereas
habitat generalism, body size, and range size showed less clear seasonal patterns. Residents
were always more associated with urban tolerance compared to migrants, and this was
pronounced during June.
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Figure 5. Standardized parameter estimates for phylogenetically controlled models where the
response variable was log-transformed species-specific urban tolerance, and models were
repeated for each month, stratified to migratory status. The dashed line represents zero, and
any parameter estimates above this can be interpreted as positively affecting urban-tolerance,
and vice versa for any parameter estimates below this dashed line. For parameter estimates

with 95% confidence intervals see Figure S5.
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DATA AVAILABILITY

All eBird data are freely available for download (https://ebird.org/data/download) and the

phylogenetic tree can be downloaded for free (https://birdtree.org/). The summarized portions
of the eBird data and the predictor variables necessary for our analyses, along with code to

reproduce our analyses are available at: https://zenodo.org/record/4448909.
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Figure S1. The relationship between the resampled urban score (i.e., the mean of 1000
medians drawn from 100 observations each) and the total urban score (i.e., the median of all
observations) for all 490 possible species considered for analysis. This was done by randomly
sampling 100 eBird observation for each species (Callaghan et al. 2019b; Callaghan et al.
2019a), with replacement, 1000 times and taking the median of the VIIRS night-time lights
from each random sample. Accordingly, we were left with a mean urbanness and associated
standard deviation for each month, for each species (Table S1). There was strong agreement
between the overall urbanness in a month (i.e., the median of all observations) and the mean
urbanness in a month (i.e., the resampled measure of urbanness), but we used the resampled
measure of urbanness to account for variability in this measure in models by using weights in
the models, where a species was weighted as the inverse of its standard deviation, capped at
50.
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Figure S2. The collinearity between continuous variables investigated in our analyses. All
variables were correlated <0.7 and thus all variables were included in analyses.
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Figure S3. Histogram showing the intra-annual variability of urban-tolerance among 237
species included in our analyses, where the y-axis shows the number of species
corresponding with a specific bin of intra-annual variability.
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Figure S4. Violin plots (and boxplots) of the intra-annual urbanness variability of urban
tolerance on a logarithmic scale. There was a statistically significant relationship for non-
phylogenetic models but not for phylogenetic models (Table S4).
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Figure S5. Standardized parameter estimates for phylogenetically controlled models where
the response variable was log-transformed species-specific urbanness, and models were
repeated for each month, stratified to migratory status. The dashed line represents zero, and
any parameter estimates to the right of this can be interpreted as positively interacting with
urban-tolerance, and vice versa for any parameter estimates to the left of this dashed line. To
better see the temporal patterns in the parameter estimates, see Figure 5.



SUPPLEMENTARY TABLES

Table S1. The 237 species included in the analyses, and their respective monthly mean
urbanness scores derived from the resampling approach, as well as their intra-annual
variability (i.e., the standard deviation of the monthly urbanness scores), and the species traits
used in the analysis. The taxonomy follows the eBird Clements taxonomy (version 2019),
and TipLabel presents the taxonomy which matches the Jetz et al. (2012) phylogenetic tree.

*this table is uploaded separately



Table S2. Phylogenetic signal for species-specific urbanness for each month of the year, as
the species-specific urbanness was calculated monthly.

Month C-mean | K K* Lambda
Jan Statistic  0.2584 0.0735 0.1652 0.1848 0.3915
p-value  0.0001 0.0001 0.0001 0.0001 0.0001
Feb Statistic  0.2512 0.0663 0.1659 0.1856 0.3899
p-value  0.0001 0.0001 0.0001 0.0001 0.0001
Mar Statistic  0.2057 0.0454 0.1437 0.1599 0.2871
p-value  0.0001 0.0002 0.0001 0.0001 0.0002
Apr Statistic  0.1170 0.0119 0.1390 0.1492 0.0838
p-value  0.0044 0.0454 0.0003 0.0001 0.4599
May Statistic  0.1227 0.0117 0.1404 0.1531 0.0000
p-value  0.0040 0.0535 0.0002 0.0005 1.0000
Jun Statistic  0.1888 0.0268 0.1389 0.1554  0.4292
p-value  0.0001 0.0033 0.0002 0.0002 0.0053
Jul Statistic  0.1895 0.0222 0.1507 0.1684  0.4002
p-value  0.0001 0.0092 0.0001 0.0001 0.0300
Aug Statistic  0.1370 0.0070 0.1495 0.1651 0.0001
p-value  0.0016 0.1128 0.0001 0.0001 1.0000
Sep Statistic  0.1907 0.0146 0.1554 0.1684 0.3635
p-value  0.0002 0.0323 0.0001 0.0001 0.1212
Oct Statistic  0.1521 0.0086 0.1263 0.1363 0.0603
p-value  0.0005 0.0831 0.0008 0.0014 0.3948
Nov Statistic  0.1997 0.0320 0.1388 0.1552 0.2321
p-value  0.0001 0.0016 0.0002 0.0003 0.0169
Dec Statistic  0.2614 0.0656 0.1658 0.1855 0.3947
p-value  0.0001 0.0001 0.0001 0.0001 0.0001




Table S3. Results of the phylogenetic analysis of the intra-annual variability measure for 245
species. Phylogenetic signal analysis was performed on a consensus tree for 1000 trees.

C-mean I K K* Lambda

Statistic 0.2806 0.0542 0.1610 0.1719 0.5214
p-value 0.0001 0.0002 0.0002 0.0001 0.0001




Table S4. Results of a phylogenetic and model between intra-annual variability and
migration status.

Term Estimate Standard Error t-value p-value

Intercept (migrants)  -0.320 0.483 -0.663 0.508
Resident -0.053 0.072 -0.737 0.462




