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Abstract

Artificial light at night (ALAN) is adversely affecting natural systems
worldwide, including the disorienting influence of ALAN on nocturnally
migrating birds. Understanding how ALAN trends are developing across spe-
cies’ seasonal distributions will inform mitigation efforts, such as Lights Out
programs. Here, we intersect ALAN annual trend estimates (1992-2013) with
weekly estimates of relative abundance for 42 nocturnally migrating passerine
bird species that breed in North America using observations from the eBird
community science database for the combined period 2005-2020. We use a
cluster analysis to identify species with similar weekly associations with ALAN
trends. Our results identified three prominent clusters. Two contained species
that occurred in northeastern and western North America during the breeding
season. These species were associated with moderate ALAN levels and weak
negative ALAN trends during the breeding season, and low ALAN levels and
strong positive ALAN trends during the nonbreeding season. The difference
between the breeding and nonbreeding seasons was lower for species that
occurred in northern South America and greater for species that occurred in
Central America during the nonbreeding season. For species that occurred in
South America during the nonbreeding season, positive ALAN trends
increased in strength as species migrated through Central America, especially
in the spring. The third cluster contained species whose associations with posi-
tive ALAN trends remained high across the annual cycle, peaking during
migration, especially in the spring. These species occurred in southeastern
North America during the breeding season where they were associated with
high ALAN levels, and in northern South America during the nonbreeding
season where they were associated with low ALAN levels. Our findings suggest
reversing ALAN trends in Central America during migration, especially in the
spring, would benefit the most individuals of the greatest number of species.
Reversing ALAN trends in southeastern North America during the breeding
season and Central America during the nonbreeding season would generate
the greatest benefits outside of migration.
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INTRODUCTION

Artificial light at night (ALAN) is adversely affecting
natural systems worldwide (Rich & Longcore, 2013;
Sanders et al., 2020). Organismal level responses to
ALAN include changes in physiology and behavior,
which can scale up to affect populations, communities,
and ecosystems (Falcén et al., 2020; Gaston et al., 2015;
Sanders & Gaston, 2018). A major consequence of
ALAN for birds is its disorienting influence on noctur-
nal migration (Gauthreaux & Belser, 2006). At the indi-
vidual level, nocturnally migrating birds are attracted to
ALAN during migratory flight (Bruderer et al., 1999;
Larkin & Frase, 1988; Van Doren et al., 2017).
Populations of nocturnally migrating birds during stop-
over have been shown to occur in closer proximity to
ALAN (La Sorte et al., 2017; McLaren et al., 2018), and
species numbers have been shown to be positively corre-
lated with urban sources of ALAN (La Sorte & Horton,
2021). Encountering ALAN during nocturnal migration
expands the cost of the migration journey in terms of
time and energy expenditures, enhances the risk of mor-
tality through collisions with illumined structures (Lao
et al., 2020; Loss et al., 2014; Van Doren et al., 2021),
and impedes the selection of optimal stopover habitat
(McLaren et al., 2018). ALAN can also adversely affect
nocturnally migrating birds outside of seasonal migra-
tion. At the population level during the breeding and
nonbreeding seasons, urban sources of ALAN are asso-
ciated with lower abundance (La Sorte et al., 2017) and
fewer nocturnally migrating species (La Sorte &
Horton, 2021). At the individual level, ALAN can dis-
rupt biological rhythm, behavior, and physiology for
both migratory and resident species. Examples include
adverse effects on body mass and reproductive success
(Malek & Haim, 2019), disease tolerance (Kernbach
et al., 2021; Malek & Haim, 2019), immunity and para-
sitism (Becker et al., 2020), intestinal microbiota (Jiang
et al., 2020), breeding phenology (Dominoni et al., 2020;
Kempenaers et al., 2010), migration phenology (Smith
et al., 2021), foraging activity (Amichai & Kronfeld-
Schor, 2019), and sleeping behavior (Aulsebrook
et al., 2020; Sun et al., 2017).

Research examining the ecological implications of
ALAN for migratory birds typically considers ALAN as
a static source of environmental pollution. However,
ALAN is a dynamic phenomenon driven by urban

growth and decay and changes in lighting technology
(Falchi et al., 2016; Li et al., 2020). Migrating birds often
occur across broad geographic regions during their
annual life cycles and can encounter different forms and
intensities of ALAN. To document the implications of
ALAN therefore requires the application of a full annual
cycle perspective (Marra et al., 2015). The spatial corre-
spondence between the seasonal distributions of noctur-
nally migrating bird populations and ALAN trends,
however, has not been explored. Our goal in this study
is to document how associations with ALAN annual
trends are defined across the full annual cycle for noc-
turnally migrating birds, with the objective of generat-
ing baseline information on the regions and seasons
where mitigation efforts such as Lights Out programs
(Horton et al, 2019) would generate the greatest
benefits.

Here, we document how populations of nocturnally
migrating bird species that breed in North America and
migrate within the Western Hemisphere are associated
with ALAN trends across the annual cycle. Specifically,
we intersect weekly estimates of relative abundance
(Fink et al., 2013; Fink, Auer, Johnston, Ruiz-
Gutierrez, et al., 2020) for 42 nocturnally migrating
passerine (NMP) bird species (Horton et al., 2019) gen-
erated using observations from the eBird community
science program for the combined period 2005-2020
(Sullivan et al., 2014) with annual estimates of ALAN
for the period 1992-2013 (Li et al., 2020). We use a
hierarchical cluster analysis to identify species that
share similar weekly associations with ALAN trends,
and we map the combined seasonal distributions of
species in each cluster. During the period from 1992 to
2013, urban growth has occurred throughout the West-
ern Hemisphere with the exception of some regions in
the northeastern United States that have experienced
urban decay (United Nations, 2019). We therefore
expect the 42 NMP species to be associated with posi-
tive ALAN trends across a large portion of their annual
life cycles. Any exceptions should occur within the
northeastern United States during migration and the
breeding season as few NMP species winter at these
higher latitudes. By testing these predictions, our
objective is to inform ALAN mitigation efforts and
advance our understanding of the ecological implica-
tions of different sources of environmental pollution
for birds and other taxa.
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MATERIALS AND METHODS
Avian relative abundance

We acquired weekly estimates of relative abundance for
NMP species within the Western Hemisphere from Adap-
tive Spatio-Temporal Exploratory Models (AdaSTEM)
(Fink et al., 2013; Fink, Auer, Johnston, Ruiz-Gutierrez,
et al., 2020) based on diurnal bird observations from the
eBird community science program (Sullivan et al., 2014).
We used the R package ebirdst (version 0.2.0) to obtain
AdaSTEM weekly estimates of relative abundance, and
we used the variable abundance_median in our analysis
(Auer et al., 2020). eBird is a semi-structured “big data”
resource where the sampling scheme and level of search
effort are determined by each eBird participant. AdaSTEM
mitigates the effects of spatial bias in the density of bird
observations by conducting spatial subsampling of the
eBird data, thus reducing the impact of spatially uneven
data densities on model uncertainty. The AdaSTEM proce-
dure selects eBird observations for analysis where survey
time, date, and location are reported and the number of
individuals of all bird species detected and identified dur-
ing the survey period is recorded. Observations in
AdaSTEM are restricted to those collected using the
“stationary,” “traveling,” or “area search” protocols from
the period 1 January 2005 through 10 April 2020. Area
surveys were restricted to those covering <56 km?, and
traveling surveys were restricted to those of <15 km.
AdaSTEM uses these covariates to describe heterogeneity
in the observation process to control for variation in
detectability associated with search effort. The AdaSTEM
predictions for relative abundance are standardized by
estimating the expected relative abundance on a search
conducted for a fixed time period and distance at the
optimal time of day for the detection of that species by a
skilled birdwatcher.

The AdaSTEM weekly estimates of relative abun-
dance were available for 807 species at a 2.96 x 2.96-km
spatial resolution estimated for the year 2019 (Fink,
Auer, Johnston, Strimas-Mackey, et al., 2020). From the
169 NMP species that occur in North America (Horton
et al., 2019), estimates of relative abundance were avail-
able for 168 NMP species. From these, we retained 153
NMP species for analysis that had estimates of relative
abundance for at least 50 weeks of the year. We included
this step to remove species whose estimates of relative
abundance did not encompass the majority of the annual
cycle. Using range map data from Ridgely et al. (2007),
we then selected species whose breeding and non-
breeding range polygons did not intersect and whose
breeding range centroids occurred within the subtropics
and northern temperate zone (north of 24°N latitude)

and whose nonbreeding range centroids occurred within
the tropics (south of 24°N latitude). This resulted in a
total of 42 species for analysis (see Appendix SI:
Table S1). We included this final step to enhance the
strength of the migration signal in our analysis by provid-
ing regions of passage where the species only occurred
during migration.

To delineate seasons to support our interpretation, we
estimated the four seasons of the annual cycle (non-
breeding, spring migration, breeding, and autumn migra-
tion) for the 42 NMP species using the following
approach (see Figure 1). We first calculated each species’
population-level migration speed by measuring the great-
circle distance (shortest distance between two points on
the surface of the earth) between species’ weekly geo-
graphic centroids where weekly estimates of relative
abundance were used as a weighting factor. We estimated
great-circle distance using the Vincenty (ellipsoid)
method (Hijmans, 2021) applied to the coordinates of the
centers of the 2.96 x 2.96-km cells. We used a general-
ized additive mixed model (GAMM) (Wood, 2017) to gen-
erate estimates of migration speed with great-circle
distance as the response and week as the predictor. We
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FIGURE 1 The great-circle (geodesic) distance between

weekly centroids of occurrence weighted by relative abundance for
42 nocturnally migrating passerine bird species (see Appendix S1:
Table S1). The fitted black line and 95% confidence band are from a
generalized additive mixed model (GAMM) with species included
as a random effect. The vertical polygons demarcate spring
migration (15 March-17 May) and autumn migration (10 August-
19 October) as delineated by the inflection points in the fitted
GAMM line
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included the intercept for species as a random effect, and
we used a cyclic penalized cubic regression spline to
smoothly join the first week and last week of each year
(Wood, 2017). We estimated seasonal migration phenol-
ogy across the 42 species by extracting the daily predicted
values of population-level migration speed from the
GAMM fit. We defined spring migration as the period
bounded by the two inflection points that occurred
between 1 January and 29 June when the slope of the
instantaneous rate of change in the daily predicted values
reached zero (Figure 1). We defined autumn migration as
the period bounded by the two inflection points that
occurred between 29 June and 31 December when the
slope of the instantaneous rate of change in the daily
predicted values reached zero (Figure 1). We defined the
breeding and nonbreeding seasons as the boreal summer
and boreal winter, respectively, that occurred between
the two migration periods.

Artificial light at night

Large-scale measures of ALAN are coordinated through
two primary remote sensing platforms. The first is the
Defense Meteorological Satellite Program (DMSP)—
Operational Linescan System (OLS). The second is the
Visible Infrared Imaging Radiometer Suite (VIIRS)
onboard the Suomi National Polar-orbiting Partnership
(Suomi NPP) satellite (Miller et al., 2012; Miller
et al., 2013). Currently, DMSP provides the most exten-
sive temporal record of ALAN, spanning 1992 to 2013,
with near-global coverage (Li & Zhou, 2017a). While
DMSP provides more extensive temporal coverage than
VIIRS (2013-present), DMSP lacks cross-sensor calibra-
tion (i.e., measures originate from as many as six DMSP
satellite sensors, which are not directly comparable
across the time series). Due to the lack of calibration,
DMSP does not report values as radiance, but in digital
number (DN). Post hoc calibration techniques are there-
fore required to standardize the DMSP values and gener-
ate temporally consistent measures for quantifying
ALAN trends (Li et al., 2020; Li & Zhou, 2017b).

Here, we used the harmonized global nighttime light
dataset (Li et al., 2020) standardized using stepwise cali-
bration (Li & Zhou, 2017a) to estimate ALAN by year for
the period 1992-2013 within the Western Hemisphere
(see Figure 2). Values in the harmonized dataset are
based on the 6-bit DMSP DN (range = 0-63) and are
gridded at a 30-arcsecond spatial resolution (ca. 1 km at
the equator). The DN values map to a linear scale of radi-
ance (Hsu et al., 2015). To support our analysis, we gen-
erated two ALAN summaries. First, we averaged the
ALAN time series across years (Figure 2a) to provide a

spatial ALAN summary. Second, we estimated trends in
the ALAN time series across years using ordinary least-
squares regression applied to each 30-arcsecond cell
(Figure 2b). We reprojected and resampled the two
ALAN summaries to match the AdaSTEM sinusoidal
equal-area projection and 2.96 x 2.96-km spatial
resolution.

The harmonized dataset uses DMSP data for the
period 1992-2013, which we included in our analysis,
and VIIRS data for the period 2014-2018, which we
excluded from our analysis. We chose not to include
VIIRS data because of the poor quality of the ALAN esti-
mates at higher latitudes (Li et al., 2020) and the use of
2016 VIIRS data as one of the 79 environmental descrip-
tors in AdaSTEM (Fink, Auer, Johnston, Ruiz-Gutierrez,
et al., 2020). The correlation between the 2016 VIIRS data
and our ALAN trend estimates based on DMSP data for
the 42 NMP species was consistently low (p < 0.1178; see
Appendix S2: Figure S1), indicating that our ALAN trend
estimates were independent of the AdaSTEM estimates of
relative abundance.

Analysis

We documented how the 42 NMP species are associated
with ALAN trends across the annual cycle using the fol-
lowing approach. We first calculated the weighted aver-
age ALAN trend for each species and week across the
2.96 x 2.96-km cells using species’ weekly estimates of
relative abundance as a weighting factor. We applied a
hierarchical cluster analysis to the 42 vectors of average
ALAN trends (vector length = 52 weeks) to identify
groups of species that shared similar ALAN trends across
the annual cycle. We used the Euclidean distance
between the 42 vectors and the complete linkage method
in the hierarchical cluster analysis. We estimated nodal
support using multiscale bootstrap  resampling
(Shimodaira, 2002, 2004). The bootstrap procedure used
10,000 bootstrap samples with 1,000 bootstrap samples
applied to each of 10 scaling constants (Suzuki
et al., 2019). We reported both the approximately unbi-
ased p-values and the bootstrap probability p-values. We
identified prominent clusters of species using an adaptive
branch pruning technique, which detects clusters based
on the structure of the branches within the dendrogram
and is a more flexible approach compared to the constant
or static height method (Langfelder et al., 2008). We used
the “dynamic hybrid” method and applied a range of
minimum cluster sizes from one to 20 species (Langfelder
et al., 2016). We selected a minimum cluster size for anal-
ysis that captured the prominent features of the dendro-
gram where the selected clusters occurred in whole or in
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(a) Average artificial light at night (ALAN) and (b) the trend in ALAN during the period 1992-2013 within the Western

Hemisphere. The ALAN data are gridded at a 30-arcsecond spatial resolution (ca. 1 km at the equator), and the units are digital numbers
(DNs; range = 0-63). The trend analysis was implemented using ordinary least-squares regression. The data are displayed using a Mollweide

equal-area projection

part across the range of minimum cluster sizes. We sum-
marized the results of the cluster analysis by averaging
the ALAN trend estimates by week across the species
in each cluster. We applied the same procedure to the
average ALAN values to provide a summary of species’
baseline associations with ALAN. To provide a spatial
summary of where species in each cluster occurred dur-
ing each season, we first calculated the proportion of days
during each season species occurred in the 2.96 x
2.96-km cells. We then averaged these proportions across
species in each cluster.

All analyses were conducted using the R software
for statistical computing and graphics, version 4.0.2
(R Development Core Team, 2021). We calculated great-
circle distance using the distVincentyEllipsoid function
in the R package geosphere (Hijmans, 2021). We
implemented the hierarchical cluster analysis using the
hclust function in the R package stats and the multiscale
bootstrap resampling procedure using the pvclust function
in the R package pvclust (Suzuki et al, 2019). We
implemented the adaptive branch pruning technique

using the R package dynamicTreeCut with the deepSplit
option set to zero (Langfelder et al, 2016). We
implemented the GAMM analysis using the R package
gamm4 (Wood & Scheipl, 2020), and we estimated first
derivatives using the R package features (Varadhan, 2015).

RESULTS

Within the Western Hemisphere, the highest ALAN levels
occurred in the eastern and southern portions of North
America, along the Pacific coast of the United States, and
within the northern and southeastern portions of South
America (Figure 2a). During the period from 1992 to 2013,
approximately 77.3% of the Western Hemisphere experi-
enced no change in ALAN, approximately 15.9% experi-
enced positive ALAN trends, and approximately 6.8%
experienced negative ALAN trends (Figure 2b). Positive
ALAN trends occurred within southeastern North Amer-
ica (Figure 2b), and within regions in Central America
and South America that contained high ALAN levels
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(Figure 2a,b). Negative ALAN trends occurred primarily in
northeastern North America (Figure 2b).

Cluster analysis

The 42 NMP species presented associations with ALAN
annual trends that varied across weeks and among spe-
cies (Figure 3). The hierarchical cluster analysis based on
a minimum cluster size of eight species identified three
prominent clusters containing 19, 15, and eight species,
respectively (Figure 4, Appendix S2: Figures S2-S3). Dur-
ing the nonbreeding season, species in Clusters 1 and
3 were associated on average with low ALAN levels and
positive ALAN trends, whereas species in Cluster 2 were
associated on average with slightly higher ALAN levels
and stronger positive ALAN trends (Figure 5, Appendix
S2: Figure S4). During the breeding season, species in
Clusters 1 and 2 were associated on average with low
ALAN levels and negative ALAN trends that were close
to zero, whereas species in Cluster 3 were associated on
average with higher ALAN levels and strong positive
ALAN trends (Figure 5, Appendix S2: Figure S4). During
spring migration, ALAN levels were high on average
across the three clusters, positive ALAN trends increased
above nonbreeding season levels on average for species
in Clusters 1 and 3 and differed little on average from
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FIGURE 3 Weekly associations with trends in artificial light

at night (ALAN) during the period 1992-2013 for 42 nocturnally
migrating passerine bird species (see Appendix S1: Table S1)

nonbreeding season levels for species in Cluster 2 (Fig-
ure 5, Appendix S2: Figure S4). During autumn migra-
tion, ALAN levels were high on average across the three
clusters, positive ALAN trends increased substantially on
average above breeding season levels for species in Clus-
ters 1 and 2 and increased to a lesser degree on average
for species in Cluster 3 (Figure 5, Appendix S2:
Figure S4). ALAN trends reached similar positive levels
on average during spring and autumn migration for spe-
cies in Clusters 1 and 2, and positive ALAN trends were
higher on average during spring migration for species in
Cluster 3 (Figure 5).

Seasonal distributions

Species in the three clusters presented contrasting sea-
sonal distributions within the Western Hemisphere
(Figure 6). Species in Cluster 1 occurred in Central Amer-
ica and northern South America during the nonbreeding
season, and in western and eastern North America dur-
ing the breeding season (Figure 6). These species
occurred across North America, Central America, and
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FIGURE 4 Dendrogram from a hierarchical cluster analysis of
weekly associations with trends in artificial light at night for 42
nocturnally migrating passerine (NMP) bird species. The
dendrogram labels are the common name alpha codes for the

42 NMP species (see Appendix S1: Table S1). The colored
annotations below the dendrogram identify species grouped into
three clusters using an adaptive branch pruning technique
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FIGURE 5 Weekly associations with trends in artificial light
at night (ALAN) averaged across 42 nocturnally migrating
passerine (NMP) bird species in three clusters (see Figure 4). The
size of the circles corresponds to average ALAN. The sample sizes
are 19, 15, and eight species, respectively. The color ramp is
migration speed (see Figure 1) averaged across the 42 NMP species
(blue = slow, green = intermediate, and red = fast). The ALAN
units are digital numbers (DNs; range = 0-63)

northern South America during spring and autumn
migration (Figure 6). Species in Cluster 2 were concen-
trated in Central America during the nonbreeding season
and in western North America and northeastern North
America during the breeding season (Figure 6). These
species occurred across North America, Central America,
and northern South America during spring and autumn
migration (Figure 6). Species in Cluster 3 occurred in
northwestern South America during the nonbreeding
season, and in southeastern North America during the
breeding season (Figure 6). These species occurred across
southeastern North America, Central America, and
northwestern South America during spring and autumn
migration (Figure 6).

DISCUSSION

Our analysis identified three prominent clusters of NMP
species whose weekly patterns of relative abundance within
the Western Hemisphere generated contrasting associations
with ALAN trends. Two clusters contained species that
occurred in western and northeastern North America dur-
ing the breeding season. Species in these clusters were asso-
ciated with moderate ALAN levels and slightly negative

ALAN trends. During the nonbreeding season, species in
these clusters were associated with low ALAN levels and
positive ALAN trends. The difference between the two sea-
sons was less pronounced for species that wintered in
northern South America and more pronounced for species
that wintered in Central America. For species that wintered
in South America, the magnitude of the positive ALAN
trends increased as these species migrated through Central
America, especially in the spring. We identified a third clus-
ter of species whose associations with positive ALAN trends
remained strong across the annual cycle, peaking during
migration, especially in the spring. This cluster occurred in
southeastern North America during the breeding season
where they were associated with high ALAN levels and
wintered in northern South America where they were asso-
ciated with low ALAN levels.

During the breeding season, associations with the
highest ALAN levels occurred in southeastern North
America. For species that occurred outside this region
during the breeding season in western and northeastern
North America, associations with ALAN levels and
ALAN trends were close to zero. During migration, spe-
cies presented associations with high ALAN levels and
positive ALAN trends within Central America, especially
during spring migration for species that occurred in
southeastern North America during the breeding season.
Species that wintered in Central America were associated
with the strongest ALAN trends. For species that win-
tered in South America, associations with positive ALAN
trends were approximately half as strong.

Our findings identified Central America as a region
where NMP species encounter high ALAN levels and posi-
tive ALAN trends during migration and the nonbreeding
season. The unique geography of Central America dictates
broad-scale migration strategies within the region (La Sorte
et al., 2016). Our findings suggest that the geographic con-
striction in Central America is associated with higher
ALAN levels and stronger ALAN trends. Some migrating
species that occur in eastern North America during the
breeding season avoid this region by migrating over the
Gulf of Mexico, a strategy that tends to be more widespread
during autumn migration (La Sorte et al., 2016). The use of
this trans-gulf strategy is evident in our findings where spe-
cies that occur in southeastern North America during the
breeding season are associated with ALAN levels that
decrease from spring to autumn migration.

Our findings identified southeastern North America
as the region containing the highest ALAN levels and
strongest positive ALAN trends during the breeding sea-
son, and Central America as containing the highest
ALAN levels and strongest positive ALAN trends during
the nonbreeding season. Birds that occur in these regions
during these seasons would encounter high ALAN levels
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FIGURE 6 The seasonal distributions within the Western Hemisphere of 42 nocturnally migrating passerine bird species (Appendix S1:
Table S1) grouped into three clusters (n = 19, 15, and 8, respectively) based on their weekly associations with trends in artificial light at
night (see Figure 3). The maps show the proportion of each season species occur in the grid cells averaged across species in each cluster. The

data are displayed using a Mollweide equal-area projection

that are increasing, enhancing the potential for ALAN to
negatively affect survival and fecundity.

ALAN dynamics have historically been driven by
changes in lighting technology. This is currently based on
the transition to light-emitting diodes (LED) technology
(Nair & Dhoble, 2015), which has resulted in higher ALAN
emissions and changes in ALAN spectral composition in
some regions (Kyba, 2018; Kyba et al., 2017). Depending on
the situation, the transition to LED technology can

exacerbate or reduce the adverse effects of ALAN on birds
(Falcon et al., 2020). Unlike previous lighting technology,
LED provides greater flexibility in the choice of spectral
composition, creating opportunities to reduce the adverse
effects of ALAN. For example, different ALAN spectral
compositions can affect the level of disorientation and
attraction that occurs during nocturnal migration (Poot
et al., 2008; Rebke et al., 2019; Zhao et al., 2020). Different
ALAN spectral compositions can also affect lay date
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(de Jong et al., 2015), the level of daily activity patterns
(de Jong et al, 2017), and energy expenditures (Welbers
et al., 2017). It would be valuable to assess how the ALAN
trends documented in this study are being affected by LED
technology, which has accelerated after 2013, and the impli-
cations for the region’s nocturnally migrating bird species.

One limitation of our analysis is that the time period
for the ALAN trend estimates (1992-2013) did not align
with the time period of the eBird data (2005-2020), or the
year relative abundance estimates were rendered (2019).
In this study, we summarized range-wide associations
with ALAN trends by week across the annual cycle for
multiple species. At this scale, it is unlikely a temporal
mismatch would systematically bias our results. Never-
theless, as the temporal breadth and detail of these data
sources increase, the ecological consequences of ALAN
trends can be explored in a more detail. Another poten-
tial limitation of our analysis is the presence of spatial
heterogeneity in the density of bird observations used to
estimate relative abundance. AdaSTEM accounts for vari-
ation in data density at regional scales using model
ensembles whose spatial extents are adaptively sized
based on data density (Fink et al., 2013; Fink, Auer,
Johnston, Ruiz-Gutierrez, et al., 2020). This procedure
results in a similar level of uncertainty across the study
area, and likely similar levels of uncertainty across our
weekly range-wide summaries. However, exploring
species-specific, local-scale associations with ALAN
trends within data-poor regions could be problematic.
Efforts to expand the coverage of eBird data within
poorly sampled regions of the globe would be valuable in
refining the spatial quality of these kinds of analyses.

The risks associated with avian migration (Klaassen
et al., 2014; Lok et al.,, 2015; Loonstra et al., 2019; Sergio
et al., 2019) are likely to be exacerbated as global change
progresses (Zurell et al., 2018). This includes increasing
levels of ALAN and changes in ALAN spectral composi-
tions, which is especially relevant given the high levels of
ALAN within regions of passage for the world’s noctur-
nally migrating birds (Cabrera-Cruz et al., 2018). Our
findings identify the regions and seasons where ALAN
mitigation efforts would likely generate the greatest bene-
fits within the Western Hemisphere. Our findings also
provide the basis to explore the role of ALAN in recent
populations’ declines of North America’s birds
(Rosenberg et al., 2019). Our assessment identified Cen-
tral America as a critical region during migration where
reversing ALAN trends would likely benefit the most
individuals of the greatest number of species, especially
during spring migration. Our findings also identified
southeastern North America during the breeding season
and Central America during the nonbreeding season
where reversing ALAN trends would likely have the

greatest benefits outside of migration. The challenges cre-
ated by ALAN for birds and other taxa will continue to
expand through urban growth and changes in lighting
technology, emphasizing the importance of documenting
ALAN associations and their implications at the individ-
ual and population levels across regions and seasons.
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