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Convergence of broad-scale migration
strategies in terrestrial birds

Frank A. La Sorte, Daniel Fink, Wesley M. Hochachka and Steve Kelling

Cornell Laboratory of Ornithology, Cornell University, Ithaca, NY 14850, USA

Migration is a common strategy used by birds that breed in seasonal envi-

ronments. Selection for greater migration efficiency is likely to be stronger

for terrestrial species whose migration strategies require non-stop transoceanic

crossings. If multiple species use the same transoceanic flyway, then we expect

the migration strategies of these species to converge geographically towards

the most optimal solution. We test this by examining population-level

migration trajectories within the Western Hemisphere for 118 migratory

species using occurrence information from eBird. Geographical convergence

of migration strategies was evident within specific terrestrial regions where

geomorphological features such as mountains or isthmuses constrained over-

land migration. Convergence was also evident for transoceanic migrants that

crossed the Gulf of Mexico or Atlantic Ocean. Here, annual population-level

movements were characterized by clockwise looped trajectories, which

resulted in faster but more circuitous journeys in the spring and more direct

journeys in the autumn. These findings suggest that the unique constraints

and requirements associated with transoceanic migration have promoted the

spatial convergence of migration strategies. The combination of seasonal

atmospheric and environmental conditions that has facilitated the use of

similar broad-scale migration strategies may be especially prone to disruption

under climate and land-use change.
1. Introduction
Migration is a common strategy used by organisms to take advantage of seasonal

changes in resources and environmental conditions, and is typically defined as

directed movements between breeding grounds and non-breeding or wintering

grounds [1]. The migration of birds is a well-studied example, with ca 19% of

extant bird species identified as migratory [2]. The hazards associated with

migration can have negative effects on the survival and reproductive success of

bird populations [3,4]. The resulting selection pressures have generated a

unique set of morphological, physiological, and behavioural adaptations [5–7],

whose quality varies based on the rigors of the migratory journey. For example,

individuals that migrate longer distances tend to have adaptations that improve

the efficiency of migratory flight [8–10]. The presence of geographical barriers

to migration is an additional factor that may affect the quality of these adap-

tations. Geographical barriers for migratory birds are regions of inhospitable

terrain containing few or no opportunities for stopping and refuelling, thus

requiring long periods of continuous flight.

Oceans are one of the most common geographical barriers encountered by

birds during migration. In contrast to overland migration, transoceanic cross-

ings of the same distance carry significantly greater risk. For example, factors that

interfere with migration efficiency such as navigational errors [11] or encounters

with unfavourable atmospheric conditions [12] may have fatal consequences

during transoceanic crossings. As a consequence, migrants that undertake transo-

ceanic crossings display adaptations in migratory behaviour [13], physiology,

and morphology that support more efficient migratory flight [14,15]. In some

cases, migrants have been observed returning to their point of origin (reverse

migration), suggesting that migrants are more cautious when initiating transoceanic

crossings [16]. Transoceanic crossings may also carry some potential benefits; for

example, encounters with pathogens and predators are substantially reduced [17].
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Nevertheless, associating with favourable atmospheric con-

ditions, specifically supportive winds, is considered essential

for successful transoceanic crossings [18–20]. We would there-

fore expect that, for species using the same transoceanic

flyway, the more stringent selection pressures should result in

the broad-scale convergence of migration strategies towards

the most optimal solution. Specifically, based on the seasonal

atmospheric and environmental conditions that exist within the

region, we would expect populations of migratory birds to

converge on similar migration trajectories that minimize time,

energy, and risk [21,22].

One broad-scale migratory feature often shared among

transoceanic migrants, especially pelagic species, is looped

migration strategies [22]. Evidence of looped migration strat-

egies has been documented with terrestrial bird species,

including a large number that migrate within the Western

Hemisphere [23]. Seasonal variation in atmospheric conditions

[19,24] and seasonal changes in ecological productivity [25]

have been identified as likely drivers for these strategies. For

species that conduct transoceanic migration within the Western

Hemisphere, a migration flyway has been identified within

the eastern portion of North America [24]. Migration strategies

within this eastern flyway are characterized by clockwise

looped migration trajectories where potentially longer spring

migration routes occur west of autumn migration routes

[23,24]. A seasonal atmospheric feature likely promoting this

looped strategy is the Great Plains low-level jet stream, whose

southerly winds may assist northward movements over the

Gulf of Mexico in the spring [24]. In the autumn, the prevailing

winds do not support southward migration and migrants tend

to time migratory flight to coincide with synoptic meteoro-

logical events (passage of low-pressure systems) that provide

periods of favourable atmospheric conditions [26–30].

Here, we document migration strategies at a population

level [23] for a diverse collection of terrestrial migratory bird

species within the Western Hemisphere (excluding Western

Europe and Africa) to test for evidence of the geographical

convergence of migration strategies. We expect spatial conver-

gence to be most pronounced for transoceanic migrants

and characterized, based on previous findings [23,24], by clock-

wise looped migration trajectories. When contrasted with other

Western Hemisphere migrants, we anticipate that population-

level migration speeds for transoceanic migrants will be faster

owing to the use of non-stop flights over longer distances. We

propose that faster migration speeds (through specialization

enabling non-stop flight) and the use of clockwise looped

migration trajectories (through heightened exploitation of seaso-

nal atmospheric conditions) will provide evidence of increased

adaptation and convergence of migration strategies.

To test our predictions, we estimate the geographical

location of migration trajectories within the Western Hemi-

sphere for 118 long-distance migratory bird species. We

conduct the analysis at a daily temporal resolution using occur-

rence information from the eBird citizen-science database [31]

for the combined period 2002–2014. Using these migration tra-

jectories, we estimate population-level migration distance and

speed, and we classify species as following either looped

(clockwise or anticlockwise) or repeated migration trajectories.

We further classified species as transoceanic or terrestrial

migrants based on the location of their migration trajectories

relative to the Gulf of Mexico and Atlantic Ocean. Through

this analysis, our goal is to improve our understanding of the

many factors that govern large-scale migration strategies
within the Western Hemisphere [32], with the objective of

better informing full life-cycle management and conservation

efforts within the region [33,34].
2. Material and methods
(a) Data acquisition and preparation
We compiled avian occurrence information from the eBird citi-

zen-science database [31] for the period 2002–2014 within the

region of the Western Hemisphere between 1708 to 308 W longi-

tude and 608 S and 848 N latitude. eBird data are organized into

lists of observed species (checklists) with the time and location

(longitude and latitude) of the sampling event. Our data con-

tained more than 6.1 million eBird checklists. We excluded

from checklists invalidated observations and species that associ-

ate primarily with pelagic environments and species that are

accidental within the Western Hemisphere. In the end, occur-

rence information was available for a total of 4 288 bird

species. For each species and day, we grouped observations

across checklists within equal-area hexagon cells (49 811 km2)

of a global icosahedron (electronic supplementary material,

figure S1) [35,36]. This information was subsequently aggregated

across years for each species and day.

(b) Migration trajectory estimation
To estimate hemispheric-wide migration trajectories, we first con-

verted the geodetic coordinates (longitude and latitude) of the

geographical midpoints of the icosahedron cells to Earth-centred

Earth-fixed (ECEF) Cartesian coordinates. ECEF coordinates are

defined as three-dimensional vectors originating at the centre of

the Earth and terminating at the terrestrial midpoint of each

icosahedron cell. ECEF takes into consideration the precise shape

and size of the Earth, here using the WGS84 reference datum.

For our analysis, we rounded to the nearest kilometre the ECEF

coordinates of each cell’s geographical midpoint.

We used generalized additive models for location, scale,

and shape (GAMLSS) [37] to estimate the daily location of the geo-

graphical midpoint of each species’ population within the Western

Hemisphere while accounting for spatio-temporal variation in

sampling effort. GAMLSS is a flexible procedure that simul-

taneously models the mean and standard deviation using

smooth linear predictors. The geographical breadth of obser-

vations provided by eBird (see the electronic supplementary

material, figure S1) allowed GAMLSS to effectively estimate geo-

graphical midpoints of species’ populations within the Western

Hemisphere over both terrestrial and marine environments (see

the electronic supplementary material, figure S2 for examples).

The daily locations of the geographical midpoints of each species’

population were modelled as the expected values of the three

ECEF coordinates based on the locations of the icosahedron cells

where eBird searches took place. The daily location of each of the

coordinates was modelled separately using a Gaussian two-par-

ameter distribution to describe the error variance. The mean of

each coordinate was allowed to vary smoothly as a function of

day of the year using a cyclic penalized B-spline, so the model

smoothly joined daily location estimates made for 31 December

and 1 January. To account for spatio-temporal variation in

sampling effort, the standard deviation was allowed to vary

smoothly as a function of the total number of checklists submitted

within each cell, also specified as a penalized B-spline. To capture

the spatial variation of each species’ distribution on a given day,

the icosahedron cell coordinates were weighted by the proportion

of checklists where the species was observed in that cell on that day.

After fitting the GAMLSS models to each of the three ECEF

coordinates for each species, we calculated the daily predicted

values for the ECEF coordinates for days of the year containing
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occurrence information for that species. We converted these

daily ECEF coordinates to geodetic coordinates (longitude and

latitude) using methods described in [38]. In total, the GAMLSS pro-

cedure estimated the daily location of the geographical midpoint of

each species’ population within the Western Hemisphere while

accounting for spatio-temporal variation in sampling effort. We

defined the resulting product for each species as their migration

trajectory.

After this method was applied to the data from all 4 288 species,

we selected 118 migratory species (electronic supplementary

material, table S1) for further consideration based on the follow-

ing three criteria. First, the species had a maximum latitudinal

geographical separation within its migration trajectory that was

greater than 2 000 km. Second, the species contained geographically

distinct breeding and non-breeding distributions (BirdLife Inter-

national, IUCN Red List for birds, http://www.birdlife.org,

accessed 16 June 2015) whose geographical centres were connected

by the migration trajectories. Third, the migration trajectory fol-

lowed a linear path with no longitudinal variability between the

breeding and non-breeding grounds during spring and autumn

migration. These criteria allowed us to focus our analysis on

migratory species having evidence of geographically significant

and distinct population-level movements that could be reliably esti-

mated using our population-level methods. The 118 species

considered in the study had geographical midpoints estimated for

a mean of 343 days of the annual cycle (range ¼ 138–365).

We used a bootstrap approach applied to the GAMLSS analysis

described above to estimate the uncertainty associated with each

species’ daily geographical midpoint estimates. The bootstrap was

implemented separately for each species and consisted of sampling

with replacement checklists that contained observations for that

species. These checklists were then aggregated within the icosahe-

dron cells, and the GAMLSS analysis was repeated and the

predicted daily geographical midpoints regenerated. This pro-

cedure was implemented 1 000 times for each species, resulting in

1 000 individual bootstrap migration trajectories. From the 1 000

bootstrap trajectories, we estimated longitudinal uncertainty for

each day using the daily 2.5% and 97.5% longitudinal quantiles.
(c) Migration trajectory analysis
We described migration trajectories using several migration

metrics. First, we calculated the great circle (orthodromic) distance

between pairs of sequential daily geographical midpoints (see

the electronic supplementary material, figure S2 for examples).

The great circle distance was measured using the Vincenty ellipsoid

method [39] with the WGS84 reference datum. With these measure-

ments, we estimated population-level migration speed and total

migration distance. Population-level migration speed, which

should not be confused with the flight speed of an individual

bird, is measured daily and is defined as the distance between

the geographical midpoints of a species’ population between

sequential days (km day21). The migration distance is defined as

the sum of these distances calculated separately for spring and

autumn migration using the daily geographical midpoints with

the minimum and maximum latitudes to delineate the start and

end of the two seasons. Following methods described in [23], we

also calculated the maximum or peak daily migration speed occur-

ring during spring and autumn migration based on the median of

the five fastest speeds documented during each season. To deter-

mine how far the spring and autumn migration trajectories

deviated from the great circle path between each species’ maximum

and minimum latitudes, we calculated the cross track distance for

each species’ spring and autumn migration trajectories. The cross

track distance is defined as the distance between a location on the

current path and the nearest point on the intended path. We esti-

mated cross track distance using the great circle distance from the

great circle path to each geographical midpoint within the
migration trajectory averaged separately for spring and autumn

migration. Higher values of cross track distance indicate that

the migration trajectory deviates more substantially from the

shortest geographical path between the centre of the breeding

and non-breeding ranges. All speed and distance estimates took

into consideration days with missing occurrence information, and

were log-transformed before analysis to improve their distribu-

tional properties. To further account for heterogeneity of variance

and non-normality in the speed and distance estimates, we used

high breakdown and high efficiency robust three-way ANOVA in

our analysis of these metrics among migration categories (defined

below). We report the robust F-tests and t-tests from these analyses.

To determine the form and spatial correspondence of the

migration trajectories for the 118 species, we summarized the

location of species’ geographical midpoints within 18 latitudinal

bands across the full annual cycle. We first split the annual cycle

for each species into a spring component and an autumn com-

ponent separated at the dates at which the daily geographical

midpoints were at their minimum and maximum latitudes. We

then averaged within the 18 latitudinal bands for the spring

and autumn component separately the longitude of the predicted

geographical midpoints and associated bootstrap 95% confi-

dence intervals (CIs). We then classified the 18 latitudinal

bands for each species into one of three migration trajectory cat-

egories (clockwise, anticlockwise, or repeated) based on the

longitudes of the spring and autumn geographical midpoints

within each band and whether the spring and autumn bootstrap

95% CIs overlapped within that band. Specifically, the latitudinal

band was classified as clockwise if the spring geographical mid-

point was located west of the autumn geographical midpoint

and the bootstrap 95% CIs did not overlap; the band was classi-

fied as anticlockwise if the spring geographical midpoint was

located east of the autumn geographical midpoint and the boot-

strap 95% CIs did not overlap; and the band was classified as

repeated if the bootstrap 95% CIs overlapped. We used the cat-

egory that was in the majority across the latitudinal bands to

classify species’ primary migration strategy. We further classified

species as transoceanic or terrestrial migrants based on the

location of their spring and autumn migration trajectories.

Species whose migration trajectories crossed any portion of the

Atlantic Ocean in the spring or autumn were classified as trans-

oceanic, and any species whose migration trajectory crossed the

central or eastern portion of the Gulf of Mexico in the spring or

autumn were classified as transoceanic (see the electronic sup-

plementary material, figure S2 for examples). This procedure

resulted in a total of six mutually exclusive migration categories

that considered both the shape and location of each migration

trajectory: (i) clockwise oceanic, (ii) clockwise terrestrial, (iii)

anticlockwise oceanic, (iv) anticlockwise terrestrial, (v) repeated

oceanic, and (vi) repeated terrestrial.

We used R, v. 3.2.0 to conduct all analyses [40]. We used the

gamlss library for GAMLSS [41] and the gamm4 library for

GAMM [42]. We used the geosphere library to estimate the great

circle distance using the distVincentyEllipsoid function, the great

circle path using the gcIntermediate function, and the cross track dis-

tance using the dist2gc function [43]. We used the lmRob function in

the robust library to implement the robust three-way ANOVA [44].
3. Results
Population-level migration trajectories for the 118 long-

distance migratory bird species were concentrated primarily

within the Northern Hemisphere (figure 1a). When the

migration trajectories were classified based on their shape, 53

species were identified as following clockwise, 14 anticlock-

wise, and 51 repeated migration trajectories (figure 1b; see

the electronic supplementary material, table S1). The spatial

http://www.birdlife.org
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distribution of species classified as following clockwise, antic-

lockwise, or repeated trajectories differed across the Western

Hemisphere (figure 1b). The most diverse concentration of

the three categories occurred within the central portion of
North America; this region also contained the majority of the

anticlockwise trajectories (figure 1b). The greatest concen-

tration of repeated trajectories occurred within Central and

South America, and the greatest concentration of clockwise



1 Jan

0

0.5

1.0

1.5

2.0

2 Mar 1 May 30 June

day

clockwise

lo
g 10

 (
m

ig
ra

tio
n 

sp
ee

d)

29 Aug 28 Oct 27 Dec 1 Jan 2 Mar 1 May 30 June

day

anticlockwise

29 Aug 28 Oct 27 Dec 1 Jan 2 Mar 1 May 30 June

day

repeated

29 Aug 28 Oct 27 Dec

Figure 2. Migration speeds for 118 bird species within the Western Hemisphere for the combined period 2002 – 2014 summarized within six migration categories.
The grey lines are the migration speeds estimated for individual species, and the fitted lines and 95% confidence bands are from generalized additive mixed models
with species as a random effect. The solid fitted lines are transoceanic migrants (n ¼ 39, 7, and 15, respectively). The dashed fitted lines are terrestrial migrants
(n ¼ 14, 7, and 36, respectively).

rspb.royalsocietypublishing.org
Proc.R.Soc.B

283:20152588

5

trajectories occurred over the Gulf of Mexico and Atlantic

Ocean (figure 1b).

When the 118 species were further classified as transocea-

nic or terrestrial migrants (see the electronic supplementary

material, table S1), the distribution of these two classes

among the three categories of migration trajectories was not

uniform (x2 ¼ 20.33, d.f. ¼ 2, p , 0.001). The majority of

species following clockwise trajectories were classified as

transoceanic migrants (x2 ¼ 11.79, d.f. ¼ 1, p ¼ 0.001), and

the majority of species following repeated trajectories were

classified as terrestrial migrants (x2 ¼ 8.65, d.f. ¼ 1, p ¼
0.003). Species that followed anticlockwise trajectories were

classified equally as transoceanic or terrestrial migrants.

Population-level daily migration speeds peaked on aver-

age in a similar fashion for the three categories of migration

trajectories during spring and autumn migration (figure 2).

For species within each migration category whose migration

trajectories included transoceanic crossings, daily migration

speeds tended to be higher on average, an outcome that

was most pronounced for species following clockwise and

repeated migration trajectories (figure 2).

Peak population-level daily migration speeds differed on

average among migration categories based on the shape of

the trajectory, being greatest for species with clockwise

migration trajectories (F2,224 ¼ 14.32, p , 0.001; figure 3a).

Peak daily migration speeds were greater on average for species

whose migration trajectories included transoceanic crossings

(F1,224 ¼ 70.02, p , 0.001), which was most pronounced for

species with clockwise and especially repeated migration trajec-

tories (F2,224 ¼ 11.23, p , 0.001; figure 3a). Across the six

migration categories, peak daily migration speeds were consist-

ently faster during spring migration (F1,224 ¼ 11.62, p , 0.001;

figure 3a).

Migration distances differed on average among migra-

tion categories based on the shape of the trajectory, being

greatest for species with clockwise and repeated migration

trajectories (F2,224 ¼ 12.19, p , 0.001; figure 3b). These dis-

tances were greater on average for species whose migration

trajectories included transoceanic crossings (F1,224 ¼ 34.71,

p , 0.001), which was most pronounced for species with

clockwise and especially repeated migration trajectories

(F2,224 ¼ 10.91, p , 0.001; figure 3b). There was no evidence

for differences on average between spring and autumn

migration distances (F1,224 ¼ 0.62, p ¼ 0.423; figure 3b).
The cross track distance differed among migration cat-

egories based on the shape of the trajectory, with species

exhibiting clockwise and anticlockwise trajectories having the

largest cross track distances on average (F2,224 ¼ 4.03, p ¼
0.041; figure 3c). Thus, looped migration trajectories, both

clockwise and anticlockwise, resulted in migrants travelling

longer distances than the minimum distances needed to

travel between the breeding and non-breeding grounds.

Species making transoceanic crossings in particular travelled

greater distances east or west from the shortest path, having

significantly greater cross track distances on average (F1,224 ¼

8.76, p ¼ 0.003), especially so for species that followed repeated

migration trajectories (F2,224 ¼ 10.17, p ¼ 0.001; figure 3c).

There was no evidence for differences in the average cross

track distance between spring and autumn migration

(F1,224 ¼ 0.077, p ¼ 0.777; figure 3c). However, unlike migration

speed (figure 3a) or migration distance (figure 3b), seasonal

variation in cross track distance among the six migration cat-

egories was greater on average (F2,224 ¼ 3.76, p ¼ 0.048;

figure 3c). When each of the six migration categories was exam-

ined individually, only clockwise transoceanic migrants

presented average seasonal differences in cross track distance,

with migrants more closely following the great circle path

during autumn migration (t ¼ 2.06, d.f. ¼ 76, p ¼ 0.043;

figure 3c; see electronic supplementary material, figure S3).
4. Discussion
Following our expectations, the geographical convergence

of migration strategies for Western Hemisphere migrants was

evident for species that conducted transoceanic migration.

In this case, the majority of migrants that crossed portions

of the Gulf of Mexico or Atlantic Ocean shared clockwise

looped migration trajectories [23,24]. These findings sug-

gest that, when examined at the population level [23], the

more stringent requirements and greater risks arising from

transoceanic migration, in combination with the seasonal

environmental and atmospheric constraints occurring within

the region, resulted in species sharing similar broad-scale

migration strategies. We also found evidence of convergence

of migration strategies for species migrating within terrestrial

regions of Central and South America. Here, migration trajec-

tories that followed the same path in the spring and autumn
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were in the majority, and the mechanism likely responsible was

not greater risk, but the presence of narrow migration corridors

defined by the region’s unique geomorphology. Specifically,

the prevalence of north–south trending mountains and the

presence of an extremely narrow isthmus connecting North

and South America. The interior of the North American conti-

nent, in contrast, was dominated by a mixture of migration

strategies, suggesting migrants responded differentially to the

unique selection pressures occurring within the region, which

are likely not as stringent as those associated with transoceanic

crossings or as narrowly defined as those associated with

following terrestrial migration corridors.

Our second expectation was that transoceanic migrants

should have inherently faster population-level migration

speeds owing to the need for non-stop flights over long

distances. This outcome was supported when examining

daily and peak migration speeds for clockwise, anticlockwise,

and repeated migration trajectories. In agreement with pre-

vious findings [23], peak migration speed in the spring

exceeded autumn peak migration speed for all six categories

of migrants, highlighting the importance given to arriving on

the breeding grounds in a timely manner in the spring,

especially for males [45], and the influence of more variable

migratory behaviour in the autumn, especially through the

presence of juveniles [46,47].
Transoceanic migrants also tended to have longer overall

migration distances, suggesting that the use of transoceanic strat-

egies within the Western Hemisphere is most common for

migrants travelling the longest distances. Within the northern

portion of our study area, migration speed and migration dis-

tance have been shown to be positively correlated when

measured at the population level [23]. This same relationship

was evident within the Western Hemisphere for the 118 species

examined in this study (see electronic supplementary material,

figure S4). The presence of this relationship suggests that the

faster migration speeds documented in this study for transocea-

nic migrants is due to both the need for non-stop transoceanic

flights and the need to complete longer total migration journeys.

Our findings also indicate that migration trajectories for

transoceanic migrants deviate more substantially from the

shortest geographical path between the breeding and non-

breeding grounds. This was the case for clockwise transoceanic

migrants and especially transoceanic migrants that followed

the same trajectory in the spring and autumn. There was also

evidence, in agreement with our expectations [24], that the

autumn migration trajectories for clockwise transoceanic

migrants followed a more direct geographical path between

the breeding and non-breeding grounds. Thus, clockwise

transoceanic migrants had broadly defined looped migration

trajectories that deviated from the shortest geographical path,
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especially in the spring. Unexpectedly, transoceanic migrants

that followed repeated trajectories had migration trajectories

that also deviated strongly from the shortest geographical

path. Unlike the clockwise looped trajectories, this deviation

resulted in repeated trajectories where the same path was fol-

lowed in the spring and autumn. Transoceanic crossing for

these species was confined primarily to the Gulf of Mexico,

with the Bicknell’s thrush (Catharus bicknelli) being an

exception whose spring and autumn migration trajectories fol-

lowed the same path between New England and the Caribbean

(figure 1). Further work is needed to determine the factors

that have promoted the use of these contrasting strategies by

long-distance transoceanic migrants.

There is broad evidence that migratory birds time transo-

ceanic departures to coincide with specific meteorological

events that provide favourable atmospheric conditions when

crossing the Atlantic Ocean [26–30,48] or Gulf of Mexico

[49,50]. Therefore, to minimize the energetic costs and risks

associated with transoceanic crossings, migrants must identify

and respond to the occurrence of specific meteorological

events. For example, if migratory flight is not timed correctly,

the prevailing westerlies in the North Atlantic would direct

autumn migrants out to sea and away from their winter desti-

nations. The strength of these westerly winds increases at

higher altitudes through the influence of the polar front jet

stream and the subtropical jet stream [51,52]; thus, their effect

cannot be easily avoided by moving to higher migration alti-

tudes. As transatlantic migrants travel out of the temperate

zone and into the tropics during autumn migration, the pre-

vailing westerlies transition to the easterly trade winds,

which are thought to direct migrants back towards their

non-breeding grounds in the Caribbean or South America [27].

Our method for estimating migration trajectories at the

population level provides a macro-scale summary of the

movements of migratory bird populations. By design, vari-

ation in migration timing and routes occurring within

species is integrated into this broader perspective [23]. The

approach used in this study has the potential to be applied

to other regions of the globe as the eBird database grows in

geographical breadth and density (see electronic supplemen-

tary material, figure S1). Within regions of the globe that are

currently well surveyed by eBird, more refined population-

level summaries can be generated, resulting in inferences

with greater temporal and spatial detail [53].

Our population-level estimates of migration trajectories

relied primarily on terrestrial occurrence information. This con-

straint may have affected the quality of our estimates of the

location and uncertainty of migration trajectories, especially for

transatlantic migrants (see electronic supplementary material,

figures S1 and S2). Improving our understanding on where indi-

vidual migrants occur during transatlantic crossings would help

clarify the quality of these population-level summaries.
For migratory species in general and for small-bodied

migrants in particular [54], additional effort is needed to esti-

mate [25] and model [55,56] spatial associations with

seasonal atmospheric conditions. Research of this kind con-

tains particular relevance when considering the implications

of global climate change [57]. For example, the effect of cli-

mate change on seasonal patterns of atmospheric circulation

over the Gulf of Mexico [58] or North Atlantic [59] may

create additional costs or hazards during transoceanic

migration. Climate change may also alter the quality of eco-

logical resources on the breeding grounds through the

influence of mid-latitude climate extremes [60] or on the win-

tering grounds through the influence of global warming [61].

In summary, our findings indicate that the geographical

convergence of migration strategies within the Western

Hemisphere can occur through two distinct mechanisms. The

first is based on the presence of geomorphological features

that provide geographically restricted terrestrial migration

corridors. The second is based on the presence of trans-

oceanic crossings. Convergence in the former represents the

influence of simple geographical constraints where the need

for behavioural control to optimize success is likely to be

less stringent. Convergence with the latter, in contrast, likely

represents the influence of more stringent selection pressu-

res that operate within a well-delineated set of seasonal

atmospheric and environmental conditions. Here, behaviour

decisions related to where and when to initiate transoceanic

crossings and the selection of flight speed, altitude, and bear-

ing during different stages of the crossing are all likely to

strongly influence the chances of success. In the end, how the

balance between atmospheric constraints and behavioural

requirements has promoted the evolution and maintenance

of looped migration trajectories for transoceanic migrants

remains poorly understood and requires further study. Never-

theless, it is likely this balance can be easily disrupted through

climate or land-use change if the specific range of atmospheric

and environmental conditions that exist during each stage of

the migration journey are altered.
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