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Shifts in breeding distribution, migration timing, and migration routes of
two North American swift species

Cambios en la distribución reproductiva, tiempo de migración y rutas de migración en
dos especies de vencejos Norte Americanos
Erik D. Prytula 1, Matthew W. Reudink 1  , Stefanie E. LaZerte 2,3  , Jared Sonnleitner 4 and Ann E. McKellar 5 

ABSTRACT. Climate change has resulted in changes to ecosystems and weather because of earlier onset of spring weather, later onset
of fall weather, and more extreme weather patterns. Migratory birds may experience challenges adjusting to these new conditions. We
utilized community science data from eBird that spanned 2009–2018 to test for changes in distribution and migration of two North
American swift species. We asked if  Vaux’s Swifts (Chaetura vauxi) and Chimney Swifts (Chaetura pelagica) changed their breeding
distribution, migration routes, timing of migration, or speed of spring and fall migration over time. Our results show that Vaux’s Swifts
shifted their breeding centroid south-east and Chimney Swifts shifted their breeding centroid west. There was also a shift in Vaux’s
Swifts migration route to the east, almost proportionate in magnitude to its eastern shift in breeding range. Vaux’s Swifts displayed an
advance in their start of spring migration, and Chimney Swifts exhibited a delay in their start of fall migration. These responses may
be due to earlier onset of spring and a possible delay of colder temperatures associated with the onset of fall conditions. Our results
indicated that both species are breeding further away from the coastline and more toward central North America, and suggest that
swifts may display some phenotypic plasticity in response to changing environmental conditions. What remains unclear is if  this
phenotypic plasticity will be enough to prevent further population loss in the two species of swift, in the face of ongoing climate change.

RESUMEN. El cambio climático ha resultado en cambios en los ecosistemas y el clima debido a un inicio más temprano de la primavera,
un inicio más tardío del otoño y eventos climáticos más extremos. Las aves migratorias pueden experimentar retos para ajustarse a
estas nuevas condiciones. Utilizamos datos de ciencia comunitaria de eBird entre 2009-2018 para evaluar los cambios en la distribución
y migración de dos especies de vencejos Norte Americanos. Nos preguntamos si Chaetura vauxi y Chaetura pelagica han cambiado su
distribución reproductiva, rutas de migración y tiempo de la migración, o la velocidad de la migración de primavera y otoño a través
del tiempo. Nuestros resultados muestran que Chaetura vauxi ha movido el centroide de reproducción hacia el sureste y Chaetura
pelagica ha movido su centroide de reproducción hacia el oeste. La ruta de migración de Chaetura vauxi también se ha desplazado
hacia el este, casi proporcionalmente a la magnitud del cambio hacia el este de su rango de reproducción. Chaetura vauxi mostró un
adelantamiento en el inicio de la migración de primavera, y Chaetura pelagica mostró un retraso en el inicio de su migración de otoño.
Estas respuestas pueden deberse a un inicio más temprano de la primavera y posiblemente a un retraso en las temperaturas frías
asociadas con el inicio de las condiciones de otoño. Nuestros resultados sugieren que ambas especies se están reproduciendo más lejos
de la línea de costa y más hacia Norte América central, y sugieren que los vencejos pueden mostrar alguna plasticidad fenotípica en
respuesta a las condiciones ambientales cambiantes. Todavía no tenemos claro si esta plasticidad fenotípica será suficiente para prevenir
perdidas poblacionales futuras en estas dos especies de vencejos, con miras al cambio climático actual.
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INTRODUCTION
For migratory birds, migration timing and routes have evolved
through a series of trade-offs, balancing a suite of selective
pressures that favor early arrival to the breeding grounds to
maximize reproductive success (Cristol 1995), while synchronizing
food availability to peak nestling resource demands, avoiding
predation during migration, and avoiding severe weather
conditions during migration and on the breeding grounds (Häfker
et al. 2017, Reid et al. 2018). Arriving too early on the breeding
grounds can result in encountering inhospitable conditions that
may lower survival rates (Newton 2007), and arriving too late can
result in a poorer territory, missed peak resource abundance, and
time constraints on rearing young (Gienapp and Bregnballe

2012). The timing of migration is dictated by both internal
endogenous cues and external environmental cues (Berthold
1996). What remains unclear, however, is how migratory birds will
respond to a rapidly changing climate. Changes in global
temperatures are predicted to increase the frequency and severity
of droughts, floods, and sea level rise, and will alter plant and
insect phenology (Schwartz et al. 2006, Malhi et al. 2020). With
a change in temperature, we can expect a change in weather
patterns, an advancement of spring phenology, and changes to
fall phenology (Schwartz et al. 2006). As a result, the timing of
resource availability during each phase of a bird’s annual cycle
may be altered (Parmesan 2007), as will the weather conditions
experienced during migration. The rapid change to the tightly co-
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evolved relationship between migration timing and resource
availability during migration may result in temporal mismatches,
resulting in reduced survival and reproduction.  

Different species of birds will respond to environmental cues with
different changes to migratory routes, timing, and speed based on
their different life history traits (Knudsen et al. 2011). Some
species of birds appear to be altering their timing of migration in
response to changes in temperature, wind, and precipitation
(Studds and Mara 2011, Hurlbert and Liang 2012, Prytula et al.
2021). In response to differences in environmental cues as well as
fueling requirements, birds may change migratory routes (Supp
et al. 2015), the speed at which they migrate, daily flight duration,
or the amount of time spent at stopover sites (Nilsson et al. 2013).
Climate change may also result in changes to breeding
distributions, as northern latitudes and higher elevations could
become more favorable for breeding (Hitch and Leberg 2007).
Because of endogenous rhythms constraining changes in
migration timing, some species may respond to environmental
cues by choosing different migratory routes but maintaining
migratory timing (Alerstam et al. 2006, Vardanis et al. 2011). La
Sorte et al. (2013) found migrants in the western flyway of North
America chose migratory routes with higher primary production
and greener conditions in the spring and less productive and
potentially more direct routes in the fall, while migrants in the
eastern flyway of North America chose areas with maximum
greenness for both spring and fall.  

The ability to modify migratory timing can have important
consequences, as Møller et al. (2008) showed that European bird
species that did not advance their migration timing were more
likely to be in decline. Some studies have found that long-distance
migrants may have greater difficulty in adjusting their migration
timing compared to short-distance migrants, which could
potentially leave them vulnerable to climate change (Knudsen et
al. 2011, Fraser et al. 2013, Lehikoinen et al. 2019). However,
results are inconsistent because some long-distance migrants have
advanced their spring arrival more than short distance migrants
(Both et al. 2005, Jonzén et al. 2006, Knudsen et al. 2011). One
reason long-distance migrants may have difficulty altering their
migratory timing in response to climate change may be because
they are less able to detect changes in the earlier onset of spring
from their wintering grounds (Visser et al. 2009), and instead rely
on endogenous rhythms to time migration (Both and Visser 2001).
Long-distance migrants may also be constrained in their ability
to change their speed of migration and/or departure date from
the wintering grounds, resulting in a mismatch between arrival
on the breeding grounds and optimal breeding conditions (Fraser
et al. 2013). Finally, seasonality is likely to play a role in migratory
birds’ responses to climate change. Birds are generally under
greater time constraints to arrive early in spring to establish high
quality territories and find the best mates (Cristol 1995), and thus
may be more likely to advance their spring migration than fall
migration (Prytula et al. 2021). During fall migration, they may
be more responsive to weather variables experienced en route to
the wintering grounds (La Sorte et al. 2013, Prytula et al. 2021).  

In the past, studies of migratory timing and migration routes
often utilized bird banding, but data was dependent on recaptures,
resulting in limited sample sizes and biases due to variation in
recovery effort across the range (Thorup and Conn 2009). More

recently, tracking devices such as satellite trackers, GPS loggers,
and light-level geolocators have been used to track individual
birds, but such studies can be limited by cost, sample size, weight
of devices, and coverage of different populations (Bridge et al.
2011). Alternatively, large-scale community science databases
provide an unparalleled resource for detecting changes in
migration and distribution over broad spatial and temporal scales
(Heim et al. 2020). These databases allow for the study of species
across their entire range over multiple years, and in locations not
always accessible to scientists (Dickinson et al. 2010). In this study,
we make use of eBird to analyze changes to the migration and
distribution of two long-distance migratory swift species in North
America, the Vaux’s Swift (Chaetura vauxi) and the Chimney
Swift (Chaetura pelagica).  

Vaux’s Swifts and Chimney Swifts are both long-distance
migratory aerial insectivores that migrate in flocks of hundreds
to thousands, using abandoned chimneys and hollow old-growth
trees as migratory roosts (Steeves et al. 2020, Schwitters et al.
2021). Chimney Swifts overwinter in South America, migrate
through eastern Central America, and breed from Texas to as far
north as southeastern Canada (Steeves et al. 2020). Vaux’s Swifts
are a slightly smaller counterpart to the Chimney Swift; they
overwinter in Mexico and Central America, migrate through the
west coast of North America, and breed from California to the
Yukon (Schwitters et al. 2021). Both swift species have declining
populations that are likely caused by multiple drivers: they are
long distance migrants, have declining food abundance due to a
decline in aerial insects, and have specific roosting needs that could
be subject to habitat loss (Spiller and Dettmers 2019).  

We analyzed temporal trends in breeding season latitude and
longitude, as well as spring and fall migration (referred to as
“migratory seasons”) routes, timing, and speed over a 10-year
period. We predicted that both species’ breeding distributions
would shift northward over time, as conditions at higher latitudes
are becoming more temperate in the northern hemisphere (Hitch
and Leberg 2007). In addition, based on previous work by Prytula
et al. (2021), we predicted that both species would begin spring
migration earlier over time.

METHODS
All statistical analyses were performed in R (v 4.0.2, R Core Team
2022). Presence data for Vaux’s Swifts and Chimney Swifts from
2009 to 2018 were gathered from the community science database
eBird (eBird 2021). The eBird database includes information on
whether observations were incidental or collected while travelling
or stationary. Observation effort is also recorded, including the
length of observation, distance travelled while observing, and how
many observers were included. Finally, if  all birds observed were
identified and recorded, the checklist is considered “complete,”
which allows for the “zero-fill” of data for locations where species
were not present. We used the auk package (v 0.4.0; Strimas-
Mackey et al. 2018) to filter the data to include checklists that
met the eBird criteria of best practices. Specifically, we included
lists that were “Travelling” or “Stationary” and excluded
“Incidental” and “Historical” data. We also only included lists
where observations lasted for a duration between 0–5 hr, observers
travelled a distance between 0–5 km, and records were considered
“complete” (Strimas-Mackey et al. 2020). We subsequently added
counts of 0 to the checklists that did not include Vaux’s or
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 Fig. 1. Mean location of swift populations over 10 years (2009–2018) for Vaux’s Swifts (Chaetura vauxi)
and Chimney Swifts (Chaetura pelagica) through spring and fall migration and on the breeding grounds.
Left panel: points represent the daily mean weighted population centroid, colored by year. Right panel:
lines represent the migration path predicted by population centroids, colored by year. Note that data for
Chimney Swifts was too sparse in the overwintering period, so dates have been filtered to ordinal dates <
75 and > 300.
 

Chimney Swift observations to “zero-fill” the data. Sample sizes
of checklists for each species for each year can be found in
Appendix 1.  

We used the methodology developed by Supp et al. (2015) and
subsequently used by Sonnleitner et al. (2022), to compile
presence data for Vaux’s and Chimney Swifts from 2009 to 2018
and generate equal-area icosahedron hex grids (23,323 km²) based
on an icosahedron map overlaying North America using the
dggridR package (v 2.0.3; Barnes 2018). We summarized daily
presence for each hex cell as the total number of binned checklists
with a swift present in the hex cell divided by total number of
checklists for each date (Fig. 1; sample sizes of checklists found
in Appendix 1). The weighted daily mean location was then
calculated using the central longitude and latitude of each cell to
measure spatial variation in presence data over time. To track

migration on an annual basis, we used generalized additive models
(GAM; package mgcv; Wood 2011) to model these mean locations
for each species and produce smoothed paths of migration (Fig.
1). From these smoothed paths we extracted population-level
occurrence centroids (hereafter referred to as GAM-predicted
occurrence centroids) with latitude and longitude for each species
for each day of the year. Data for Chimney Swifts overwintering
in South America was too sparse to accurately generate GMAs;
thus, we omitted ordinal dates of < 75 and > 300 for this species
prior to modeling.

Breeding/migration distributions
For the breeding season, the maximum latitude and median
longitude were calculated for the population GAM-predicted
occurrence centroids between 23 June and 12 August (ordinal
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dates 175–225) for each species each year. For spring and fall
migrations, the median longitude was calculated during each
migratory season (between the start and end of each migration
as calculated in "Migration timing” below). Median longitudinal
values were once again used to minimize the effects of potential
outliers, or edge cases when the population was near breeding or
non-breeding grounds.

Migration timing
We defined the start and end of migration (seasons of the annual
cycle) based upon whether the GAM-predicted occurrence
centroid had reached a stable latitude. At its minimum latitude,
the species was considered to be on its wintering grounds, and at
its maximum latitude, the species was considered to be on its
breeding grounds. Based on methodology from Supp et al. (2015),
we used a threshold approach to determine the date a species left
this stable latitude (start of migration) and when they arrived (end
of migration). We established a latitudinal threshold for each
species, year, and season (i.e., Vaux’s Swift, 2009, fall migration)
based on the 99% confidence band of predicted daily locations.
Southern latitudinal thresholds were calculated as the minimum
latitude of the upper confidence limit, whereas northern
latitudinal thresholds were calculated as the maximum latitude
of the lower confidence limit. In each calculation we limited dates
to those likely to include migration. Specifically, we considered
the start of spring migration to be within the period Jan–March
20 (ordinal date 1–80), the end of fall migration to be within the
period 11 Oct–10 Dec (285–345), the end of spring migration to
be within the period 20 March–23 June (80–175), and the start of
fall migration to be within the period 12 Aug–11 Oct (225–285).  

The dates on which the GAM-predicted occurrence centroids
crossed these latitudinal thresholds gave us coarse estimates of
the start and end dates of migration for each species, year, and
season. Using these dates as a starting point we then used
segmented regression to calculate more precise break points in
latitude and ordinal dates that more accurately reflected the start
and end of migration for spring and fall (segmented package
v1.0-0; Muggeo 2008; cf  Supp et al. 2015). Because the data for
Chimney Swifts overwintering in South America was too sparse
to accurately generate GAMs, we were unable to generate values
for southern latitudes, including the start of spring migration and
end of fall migration for this species.

Migration speed
Maximum population-level daily speed of migration was
calculated as the median kilometers per day over the five fastest
days (km/day) of GAM-predicted occurrence centroid
movements for each season (Supp et al. 2015). We chose the
median speed to minimize the effect of potential outliers. We
searched for the fastest spring migration dates between 1 January–
23 June (ordinal dates 1–175) and the fastest fall migration dates
from 12 August–5 December (225–340). To ensure the speeds at
the start and end of migration were not excluded, date ranges
extended into breeding and overwintering seasons. Because there
was little movement during the non-breeding period, we did not
expect that this would alter our calculations of maximum
migration speed.

Examining changes over time
We constructed a series of linear models to examine changes over
time in maximum breeding latitude and median breeding
longitude, median migratory longitude for both migratory
seasons, the start and end of migration for both seasons, and
maximum daily migration speed for both season. We ran models
separately for each species and included year as a main effect in
all models. An alpha value of 0.05 was used to determine
significance. The DHARMa package (v 0.4.3; Hartig 2021) was
used to assess model assumptions and fit. Results are presented
as model estimates when slope interpretation was required, or as
type III ANOVAs (car package v 3.0-8; Fox and Weisberg 2019).

RESULTS

Breeding/migration distributions

Breeding latitude
We found that the maximum breeding latitude for Vaux’s Swifts
shifted 1.20 degrees (133.2 km) south per year from 2009 to 2018
(r² = 0.89, P < 0.001, df = 9), while Chimney Swifts did not change
their maximum breeding latitude over time (r² = 0.0005, P = 0.35,
df = 9; Table 1, Fig. 2).

 Table 1. Direction and magnitude of significant changes in Vaux’s
Swift (Chaetura vauxi) and Chimney Swift (Chaetura pelagica)
breeding distribution, migration timing, and migration routes
over a 10-year period based on eBird data. Chimney Swift
measures are based on the northern part of their migration only.
 

Vaux Swift Chimney Swift

Max breeding latitude 1.2° South/year* No change
Median breeding
longitude

1.4° East/year* 0.24° West/year*

Spring median
longitude

1.1° East/year* No change

Fall median longitude 1.5° East/year* No change
Start of spring
migration

Advanced 1.4 days/
year*

NA

End of spring
migration

No change No change

Start of fall migration No change Delayed 4.2 days/year*
End of fall migration Delayed 1.6 days/year† NA
Max speed spring No change No change
Max speed fall No change No change

* P < 0.05.
† Non-significant trend (P = 0.06)

Breeding longitude
When examining changes to the median longitude of the GAM-
predicted occurrence centroid during breeding, we found that
Vaux’s Swifts shifted the median longitude east 1.44 degrees
(159.84 km) per year from 2009 to 2018 (r² P < 0.001, df = 9),
while Chimney Swifts shifted their median longitude 0.24 degrees
(26.64 km) west per year (r² = 0.80, P < 0.001, df = 9; Table 1,
Fig. 2).

Spring migration longitude
Vaux’s Swifts shifted their median spring migration longitude 1.12
degrees (124.32 km) east per year from 2009 to 2018 (r² = 0.84,
P< 0.001, df = 9), while Chimney Swifts did not show a significant
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 Fig. 2. Changes in the spring and fall median longitude during migration, and the breeding median
longitude and maximum latitude for Vaux’s (Chaetura vauxi) and Chimney Swifts (Chaetura pelagica),
calculated from daily population centroid longitudes and latitudes predicted using generalized additive
models (GAMs). Best fit lines are shown for significant changes over time. Chimney Swift measures are
based on the northern part of their migration only.
 

change in median longitude over time (r² = 0.015, P = 0.32, df =
9; Table 1, Fig. 2).

Fall migration longitude
Similar to spring migration, Vaux’s Swifts shifted their fall median
longitude 1.46 degrees (162.06) east per year from 2009 to 2018
(r² = 0.35, P = 0.04, df = 9), while Chimney Swifts did not change
over time (r² = -0.087, P = 0.61, df = 9; Table 1, Fig. 2).

Migration timing

Spring
Because we did not have sufficient data from eBird for Chimney
Swifts to calculate the start of spring migration, we only examined
potential changes to Vaux’s Swift start of spring migration. The
start of spring migration advanced 1.35 days per year from 2009
to 2018 for Vaux’s Swifts (r² = -0.77, P = 0.06, df = 9; Table 1).
We had sufficient data for both species to calculate end of spring
migration. We found a marginal increase to the end of spring
migration for Vaux’s Swifts (r² = 0.30, P < 0.001, df = 9), but no
change over time for Chimney Swifts (r² = -0.12, P = 0.89, df =
9; Table 1).

Fall
We found no change over time for the start of fall migration for
Vaux’s Swifts (r² = 0.074, P = 0.23, df = 9), but we found that
Chimney Swifts delayed their start of fall migration 4.2 days per
year from 2009 to 2018 (r² = 0.38, P = 0.035, df = 9; Table 1).

Because we did not have sufficient data for Chimney Swifts to
calculate the end of fall migration, we ran a linear model for only
Vaux’s Swifts to examine change over time. The resulting model
indicated that the end of fall migration was delayed 1.64 days per
year from 2009 to 2018, though this pattern was not significant
(r² = 0.30, P = 0.06, df = 9; Table 1).

Migration speed

Spring
Vaux’s Swifts (mean ± SD: 102.7 ± 32 km/day) appeared to
migrate more quickly during spring migration than Chimney
Swifts (49.6 ± 24.5 km/day; F = 17.43, P < 0.001); however, we
found no change in migration speed over time for either Vaux’s
Swifts (r² = 0.07, P = 0.24, df = 9) or Chimney Swifts (r² = 0.12,
P = 0.18, df = 9; Table 1).

Fall
We found no difference in fall migration speed between species
(F = 0.16, P = 0.70). In addition we found no change over time
in the speed of fall migration for Vaux’s Swifts (r² = 0.03, P = 0.29,
df = 9) or Chimney Swifts (r² = 0.07, P = 0.23, df = 9).

DISCUSSION
In this study, we used a 10-year community science dataset
spanning from 2009 to 2018 to analyze population level changes
in breeding grounds distribution, as well as migration routes,
timing, and speed for Vaux’s Swifts and Chimney Swifts.
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Although both species shifted their breeding GAM-predicted
occurrence centroid, it was not in the expected northern direction;
instead, Vaux’s Swifts shifted to the southeast and Chimney Swifts
shifted to the west. Although we did not predict a change in
migration routes, Vaux’s swifts shifted their migratory routes east
in both spring and fall. In contrast, Chimney Swifts did not
display a change in migratory routes, at least in the northern
section of their routes, given we were not able to model patterns
in the south. We also found support for our prediction that Vaux’s
Swifts departed on spring migration earlier, while Chimney Swifts
left their breeding grounds later over time. We found no change
in speed of migration for both species of swifts.  

There are many documented changes in the breeding ranges of
avian species in response to climate change (Thomas and Lennon
1999, Hitch and Leberg 2007, Potvin et al. 2016), often with a
northern range expansion accompanied by a southern range
contraction (Hitch and Leberg 2007, Rushing et al. 2020), and
sometimes a southern range expansion (Rushing et al. 2020).
Hovick et al. (2016) documented a southern shift in breeding
range for 24% of 277 species, possibly because of uneven warming
within North America, adaptation to new climates (Parmesan
2006), habitat modification (Archaux 2004), or inter species
interactions (Lenoir et al. 2010). In contrast, the southern
breeding GAM-predicted occurrence centroid shift for Vaux’s
Swifts in our analysis is consistent with historical findings that
there are aerial insectivore declines in northern North America,
and increased populations in their southern range (Nebel et al.
2010). For Vaux’s Swifts, the southern shift by 1.2 degrees per year
could result in reduced energy expenditure by individuals because
of a shorter migration distance (Nebel et al. 2010). However,
because distributions on the breeding grounds and wintering
grounds can shift independently of one another and under
different environmental conditions (Curley et al. 2020), and
because we only examined breeding GAM-predicted occurrence
centroid shifts of the entire population, we cannot say whether
there have been shifts to overall migration distance experienced
by individuals.  

The breeding GAM-predicted occurrence centroid and migration
route shift to the east for Vaux’s Swifts and the breeding GAM-
predicted occurrence centroid shift to the west for Chimney Swifts
mirror a recent finding by Sonnleitner et al. (2022), who showed
that the migration routes of Eastern (Sialia sialis) and Western
Bluebirds (Sialia mexicana) have shifted away from the coastline
toward central North America. They suggested this may be a
result of human encroachment on the coasts and associated
habitat loss. Increases in human population density could possibly
decrease swift prey availability because of increases in agriculture,
and therefore pesticides (Nocera et al. 2012, Møller et al. 2021),
as well as vehicle traffic (Martin et al. 2018). However, increasing
coastal population density per se is probably unlikely to have had
a substantial effect during the relatively short time span of our
study. A loss of old growth trees and chimney roosts could also
be associated with changes to migration routes and breeding
distributions for Vaux’s Swifts (Bull 2003), though this is unlikely
to be the case for Chimney Swifts because nestable chimneys do
not seem to a limiting factor for Chimney Swift populations
(Fitzgerald et al. 2014). However, with suitable chimneys being
capped at approximately 5% per year, nest site availability may
soon become a limiting factor (Kearney-McGee 2012, COSEWIC

2018). The eastern shift in the Vaux’s Swift migration route
appears to be correlated with an eastern shift in their breeding
range. With climate change generating asynchronous changes in
insect abundance and phenology across latitudes and longitudes
(Parmesan 2006, Aukema et al. 2008) parts of the breeding
grounds could potentially become more or less productive,
resulting in changes in migration route to arrive at more
productive breeding grounds.  

Vaux’s Swifts left their wintering grounds earlier over time and
exhibited a trend to arrive back at their wintering grounds later
over time. A recent analysis of Vaux’s Swift migration patterns
using a separate community science database (Vaux’s Happening,
https://www.vauxhappening.org/) found that first arrivals and
peak roost occupancy advanced from 2008 to 2017 during spring
migration (Prytula et al. 2021), which aligns with our finding that
Vaux’s Swifts are leaving wintering grounds earlier over time.
Chimney Swifts left their breeding grounds later over time,
possibly as a result of environmental changes on the breeding
grounds. Leaving the wintering grounds earlier may have been
due to a change in environmental conditions on the wintering
grounds, which has been shown to be a factor in other long
distance migratory species (Haest et al. 2020). Arriving at
wintering grounds later could be a response to increasingly harsh
environmental conditions during fall migration (Jenni and Kery
2003, Prytula et al. 2021).  

Previous work on Vaux’s Swift migration using community
science data at migratory roost sites indicated that migratory
timing was influenced by both temperature and wind (Prytula et
al. 2021). Specifically, higher temperatures were associated with
later fall migration and higher winds were associated with earlier
spring and fall migration. As such, changes to local weather
conditions resulting from climate change or large-scale climatic
oscillations could result in changes to both migratory routes and
the timing of migration at a large-scale. Future work that models
the effects of both range-wide weather conditions and land-use
changes over time will thus be critical for understanding the
underlying drivers of the patterns we observed in this study.  

Although there are advantages to working with population-level
community science data that may not be possible based on
tracking of individual birds via banding or tracking devices, such
datasets present their own difficulties in terms of data reliability
and generating data sets that are not spatially or temporally biased
(Dickinson et al. 2010). Specifically, eBird data can include spatial
bias, variation in observer effort, and a bias in species reporting
(Johnston et al. 2021). Swifts are not always easy to detect and
changes in observer spatial patterns or skill levels over the 10-year
data period could result in relatively fewer swift detections in
particular areas. Although we used several best practices
techniques to mitigate these problems (e.g., spatial binning by hex
grids, filtering checklists by observer effort, weighting
observations by effort; Strimas-Mackey et al. 2020), it is possible
that observer effects may contribute to some of the patterns
observed, particularly if  there were a large increase in the number
of inexperienced observers in coastal areas, thereby neutralizing
the observations from those regions with false negatives. However,
we find it unlikely that such changes in observer behavior could
be so pronounced as to completely explain the results here.  

In conclusion, we documented a change in migratory timing,
migration route, and breeding GAM-predicted occurrence
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centroid for Vaux’s Swifts, and a change in breeding GAM-
predicted occurrence centroid, and start of fall migration for
Chimney Swifts over a 10-year period. These changes suggest the
existence of phenotypic plasticity in at least some migration-
related traits, although mortality of individuals that exhibit
certain traits (i.e., evolutionary change) cannot be ruled out.
Though swifts may be influenced by long-term climatic cycles (e.
g., ENSO), given the short period of our study, our findings may
demonstrate shifts resulting from recent changes in temperature
and precipitation. For example, within Canada, northern regions
experienced the most drastic changes (2.3ºC from 1948 to 2016),
suggesting that plant and animal phenology in northern regions
may have experienced concurrent shifts (Zhang et al. 2019).
Similarly, changes to precipitation regimes across North America
have been drastic, especially in the west, which has experienced
an increased frequency of drought over the past half  century, with
especially dry conditions over the past decade (Zhang et al. 2021).

Future studies could make use of individual tracking technologies
such as GPS, geolocators, or banding data in combination with
community science to confirm whether individuals are changing
their behavior, as well as to create more accurate migratory route
information (Heim et al. 2020). Future work could also examine
changes in the wintering grounds of Vaux’s Swifts and Chimney
Swifts over time because some species have shifted their wintering
grounds by moving toward areas that were formerly too cold
(Chamorro et al. 2019). Because swifts are long distance migrants,
they may winter closer to their breeding grounds as the climate
changes (Visser et al. 2009).
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Appendix 1: eBird checklist sample sizes by species and by year. "Total checklists" indicates the total number of eBird checklists 

collected in the range of our study for that year; "Checklists with a Vaux's/Chimney Swift" indicate the total number of eBird 

checklists with an observation of that species in that year. 

Year Total Checklists Checklists with a Vaux’s Swift Checklists with a Chimney Swift 

2009 331504 1348 17982 

2010 492148 1902 25092 

2011 655360 2575 36006 

2012 985024 3887 52500 

2013 1377989 5166 65043 

2014 1762870 7168 86752 

2015 2123528 8153 98761 

2016 2554252 10848 112209 

2017 3143127 14068 129178 

2018 3897207 19160 158376 
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