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ABSTRACT

Oceans represent extreme ecological barriers for land birds. Yet the Northern Wheatear (Oenanthe oenanthe
leucorhoa), a 25-g songbird, negotiates the North Atlantic Ocean twice yearly between Canadian natal and sub-
Saharan wintering grounds. Each autumn, these migrants appear to have 2 options: (1) a detour via Greenland, Iceland,
and/or Europe to reduce the extent of open-ocean flights or (2) an astonishing nonstop flight of 4,000-5,000 km
without resting opportunities between eastern Canada and northwestern Africa. We assessed the feasibility and
reliability of nonstop trans-Atlantic migration of Northern Wheatears from Canada to Africa using an individual-based
model incorporating flight costs and autumnal wind data from 1979 to 2011. Prevalent wind conditions were
supportive of nonstop migration, especially at high altitudes and when winds at departure were favorable. For
modeled individuals with high fuel loads, flying at altitudes of ~3,000 m, successful nonstop trans-Atlantic flights
reached Africa on 62% of departure days. On 24% of unsuccessful departure days, individuals could have first stopped
in Europe before continuing to Africa. Durations of successful flights varied between 31 and 68 hr, with significantly
shorter flights after mid-September. It remains unclear whether natural selection might favor nonstop ocean crossings
by O. o. leucorhoa between North America and Africa, but we conclude that reliably supportive winds en route and
potentially huge time savings render it a feasible migration strategy.

Keywords: ecological barrier, individual-based model, nonstop migration, North Atlantic Ocean, Northern
Wheatear, songbird, wind

Oenanthe oenanthe leucorhoa peut-il résister a I'Atlantique? Modéliser les vols transatlantiques sans
escale d’un petit oiseau chanteur migrateur

RESUME

Les océans représentent des barriéres écologiques extrémes pour les oiseaux terrestres. Pourtant, Oenanthe oenanthe
leucorhoa, un oiseau chanteur de 25 g, traverse I'océan Atlantique Nord deux fois par année entre son aire natale
canadienne et son quartier d'hivernage subsaharien. Chaque automne, ces migrants semblent avoir 2 options: (1) un
détour via le Groenland, I'lslande ou I'Europe pour réduire I'ampleur des vols au-dessus de l'océan ou (2) un étonnant
vol sans escale de 4,000-5,000 km sans possibilité de se reposer entre I'est du Canada et le nord-ouest de I'Afrique.
Nous avons évalué la faisabilité et la fiabilité de la migration transatlantique sans escale d’O. o. leucorhoa du Canada
vers |’Afrique en utilisant un modele basé sur I'individu qui incorpore les colts du vol et des données de vent de 1979
a 2011. Les conditions de vent dominants favorisaient la migration sans escale, particulierement a de hautes altitudes
et lorsque les vents étaient favorables au moment du départ. Pour les individus modélisés ayant une charge calorique
élevée et volant a des altitudes de ~3,000 m, les vols transatlantiques sans escale ont atteint I'Afrique lors de 62% des
jours de départ. Lors de 24% des jours de départ non réussis, les individus ont possiblement arrété en Europe avant de
continuer vers I'Afrique. La durée des vols réussis a varié entre 31 et 68 h, avec des vols significativement plus courts
aprés la mi-septembre. Il n‘est pas clair si la sélection naturelle peut favoriser les traversées océaniques sans escale
entre 'Amérique du Nord et I'Afrique par O. o. leucorhoa, mais nous concluons que les vents favorables fiables lors de
la traversée et possiblement une grande économie de temps en font une stratégie de migration possible.

Mots-clés: barriére écologique, modele basé sur l'individu, migration sans escale, océan Atlantique Nord,
Oenanthe oenanthe leucorhoa, oiseau chanteur, vent
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INTRODUCTION

Oceans represent ecological barriers to terrestrial birds
because they impede range expansion and/or migratory
movements (Alerstam 1990). Nonetheless, migrant land
birds may cross such barriers to shorten migration
distances or exploit beneficial winds (Alerstam 2001).
Only one migrant land bird, the Northern Wheatear
(Oenanthe oenanthe leucorhoa; hereafter “wheatear”),
regularly negotiates the Atlantic Ocean to migrate between
the New World and Africa (Bairlein et al. 2012). The
4,000-5,000 km barrier between its Nearctic breeding
grounds (Godfrey 1986) and sub-Saharan wintering
grounds in western Africa has led to many discussions
regarding this subspecies’ migration routes. Given that
wheatears are seen regularly on the west coast of Europe,
even east of Britain, in spring and autumn (Dierschke et al.
2011, Corman et al. 2014), a detour via Europe to reduce
the sea-barrier distance seems reasonable and was
suggested by Williamson (1958) and Alerstam (2001).
Supporting evidence is given by one Canadian wheatear
recently tracked with a light-level geolocator crossing,
most likely southern Greenland and continuing via Europe
toward its African wintering area (Bairlein et al. 2012).
However, regular observations of wheatears on isolated
Atlantic islands off the shore of Africa (e.g., Hooker 1958,
Clarke 1999) raise the exciting possibility that wheatears
can take advantage of prevailing westerlies to cross the
Atlantic Ocean nonstop to northwestern Africa. Indirect
evidence of nonstop wheatear flights was found on
Selvagem Grande, an island 350 km off the coast of
Morocco. Early-fall arrivals of wheatears on the island
were negatively correlated with the arrival of several
species of trans-Saharan songbird (hereafter “passerine”)
migrants from continental Europe (Thorup et al. 2006).
Their asynchrony with Western Palearctic migration, and
emaciated condition compared with the normally high fuel
loads of migrating continental Northern Wheatears (O. o.
oenanthe), suggested a possible nonstop flight across the
North Atlantic Ocean (Thorup et al. 2006). Similar
circumstantial evidence indicates that some Neotropical
migrants, including Blackpoll Warblers (Setophaga stria-
ta), fly nonstop along the Western Atlantic Ocean to the
Caribbean or South America (Nisbet et al. 1995, Baird
1999). These warblers were thought to be highly depen-
dent on favorable wind conditions and high fuel loads as
well (Baird 1999). Such extensive nonstop ocean crossings
(of <11,000 km) by terrestrial birds have otherwise been
confirmed only for several wader species (see, e.g., Gill et
al. 2009, Minton et al. 2011, Battley et al. 2012, Johnson et
al. 2012).

According to flight range estimates based on departure
fuel loads (DFLs; i.e. fuel mass in relation to lean body
mass), wheatears with DFLs >1.3 could fly nonstop from
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Greenland to western Africa (4,200 km) in still air
(Delingat et al. 2008). Theoretically, tailwinds of ~5 m
s' would reduce their DFL required to arrive nonstop
down to 1.0. Wheatears are known to accumulate DFLs
>1.0 during migration, when they have to cross large
bodies of water (Dierschke et al. 2005, Schmaljohann and
Naef-Daenzer 2011). Furthermore, they select favorable
wind conditions before attempting barrier crossings in
spring (Schmaljohann and Naef-Daenzer 2011). However,
these studies did not consider crosswinds, varying wind
conditions en route, or the effects of fuel loss on airspeed
(cf. Pennycuick 2008). Hence, it remains unknown
whether the wind systems over the North Atlantic Ocean
are favorable and reliable enough to allow for an
evolutionarily stable nonstop migration strategy.

We examined the feasibility and reliability of wind-
assisted nonstop ocean crossings of wheatears using a
dynamic individual-based model together with spatiotem-
poral wind data. Specifically, we assessed the effects of
flight altitude, departure fuel load, and wind conditions on
arrival success and flight duration. This is the first study of
simulated migration incorporating inter- and intra-annual
variation in wind conditions at multiple altitudes as well as
variation in airspeed in relation to fuel load. We chose the
Canadian population of wheatears because their hypoth-
esized nonstop flight would be the longest known nonstop
migration route among all passerines, and most likely
impossible without consistent wind support (Delingat et al.
2008).

METHODS

To simulate nonstop migratory ocean crossings of
wheatears from Canada to Africa given realistic wind
conditions, we used a spatially explicit individual-based
model (following McLaren et al. 2012) together with wind
data at pressure levels of 925, 850, and 700 mb or
approximately 800, 1,500, and 3,000 m above mean sea
level, respectively. It seems that most open-ocean bird
migration, including that by passerines, takes place
between these altitudes (Richardson 1976, Williams and
Williams 1990). To establish whether a nonstop crossing
directly to Africa was possible, we considered migration
based on navigation between the closest possible locations
between the Canadian and African ranges, southeast
Newfoundland, Canada (47°N, 53°W), and southern
Morocco (28°N, 13°W), separated by a great-circle
distance (i.e. the shortest distance between 2 locations on
Earth) of 4,055 km. We note that although the highest
concentrations of wheatears breeding in the New World
are found in Greenland and Canadian Arctic islands
(Godfrey 1986), their range has recently expanded south
along the Labrador coast and, occasionally, Newfoundland
(Mactavish and Linegar 2002), and there are even
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FIGURE 1. (A) Trajectories of successful (yellow: weeks 1-7; blue: weeks 8-13; n=1,887) and unsuccessful (red, n = 1,149) modeled
Northern Wheatears with a departure fuel load of 1.0 flying at 700 mb, during August-October, 1979-2011. The arrow indicates the
initial great-circle heading between the departure point in Newfoundland (47°N, 53°W) and the goal location (X) on the Moroccan
coast (28°N, 13°W). (B) Frequency (%) of flight duration (hr), among successful migrants (yellow: weeks 1-7; blue: weeks 8-13). (C)
Mean annual arrival success, X (%), with upper and lower quartiles among weeks per year. (D) Mean weekly arrival success, X (%),

with upper and lower quartiles among years per week.

suggestions of historical breeding along the Gulf of St.
Lawrence (Comeau 1923).

Wind data in a modeled domain of 60—-0°W and 10—
60°N (see Figure 1A) were derived by linear interpolation
of global NCEP/NCAR reanalysis data (Kalnay et al. 1996)
onto a 0.5° spatial grid with hourly temporal resolution.
Simulations were run with daily departures at 1 hr past
civil dusk (Schmaljohann and Naef-Daenzer 2011, Schmal-
johann et al. 2013), from August 1 to October 28, 1979—
2011 (Koes 1995). For each of these dates, we simulated
attempted nonstop migration by modeled wheatears
(hereafter “individuals™) flying at each pressure level and
with DFL “steps” of 0.1-1.4 in increments of 0.1.
Simulated ocean crossings were considered successful if
individuals reached the coast of Africa, and unsuccessful if
individuals depleted their fuel loads before reaching Africa
or left the modeled domain. Because we were only
interested in nonstop flight to Africa, simulated birds did
not stop outside of Africa, either on any islands or on the

coast of Europe. We also determined the proportion of
departure days on which individuals with DFLs of 1.0
would have been able to make landfall in Europe before
continuing migration to Africa.

Simulated trajectories and fuel loads were updated
hourly according to behavioral rules and flight mechanics,
following McLaren et al. (2012) and Pennycuick (2008).
Individuals were assumed to navigate by recalibrating their
preferred direction at dawn and dusk (Cochran et al. 2004),
to coincide with orthodromes (great-circle routes) between
the current and goal locations, as suggested for Arctic
passerines (Alerstam et al. 2008). We further assumed
flight at fixed pressure levels at maximum-range airspeeds,
i.e. speeds that minimize transport costs (total energy loss),
including metabolic costs per unit distance, in relation to
the moving air; see Pennycuick 2008. Maximum-range
airspeed depends on both exogenous factors (e.g., air
density) and endogenous factors (notably fuel load and
body morphology). We estimated body morphology from
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FIGURE 2. (A) Arrival success (%) over all departure dates as a function of departure fuel load (DFL) and (B) maximum-range
airspeeds (ms™') and (C) transport cost (J m™') as a function of current fuel load, for flight at 925 mb (solid lines), 850 mb (dot-dashed
lines), and 700 mb (dashed lines). The asterisk represents the default case depicted in Figure 1A-1D.

field measurements and allometric equations (wing length
was set to 103 mm, resulting in an estimated wing span of
0.302 m and lean body mass of 23.0 g; see Schmaljohann et
al. 2012). Birds can adjust their airspeed and/or heading in
relation to the moving air to compensate for crosswinds
and enhance ground speeds (Liechti 1995, Alerstam 2011,
Kemp et al. 2012). However, because winds from opposite
sides might be encountered farther on, offsetting the initial
drift, it might be energetically favorable to refrain from
reacting to wind constantly. Because birds may have
difficulty assessing drift at sea (Alerstam and Pettersson
1976) and full drift is proposed to be close to optimal in
broad-front migration (Alerstam 2011), locations were
updated assuming that individuals fully drifted with the
wind (i.e. did not adjust their heading or airspeed to
compensate instantaneously for incident winds). Note that
by recalibrating their preferred directions at dawn and
dusk, individuals effectively compensated for wind drift a
posteriori. Fuel loads were also updated at hourly time
steps, assuming that protein sources provided 5% of energy
used, which meant that protein comprised 27% of fuel
loads by weight (Jenni and Jenni-Eiermann 1998).

The proportion of successfully arriving individuals
(hereafter “arrival success”) was calculated from the
individual-based model simulations per year, departure
week (13 wk, from August 1-October 28), altitude
(pressure level) of flight, and each DFL “step.” To separate
the altitudinal effects of air density and wind on arrival
success, we first assessed the effect of pressure level on
flight in terms of transport cost and flight range in the
absence of wind. Then, for the pressure level resulting in

highest overall arrival success and DFLs of 1.0, we analyzed
flight duration and arrival success in relation to wind
conditions on departure and en route. We quantified wind
conditions as follows: (1) tailwind component and drift
angle in relation to the initial preferred direction on
departure, and (2) mean tailwind support and crosswind
component en route (i.e. the mean wind-speed component
parallel and perpendicular to the preferred direction at
each time step; see, e.g., Kemp et al. 2012). Finally, we
estimated the weekly incidence of favorable winds at
departure (i.e. those producing the highest arrival success).
For this, we calculated the number of days a migrant would
have to wait for a given minimal tailwind support and
maximal drift on departure.

To test the robustness of results to orientation strategy,
we also determined the success rate of individuals with
DFLs of 1.0 orienting along loxodromic as opposed to
great-circle headings (see Schmaljohann et al. 2012), based
on (1) twice-daily recalibration of preferred direction as
above and (2) a fixed endogenous heading between the
start and goal locations, 107° clockwise from north
(Mouritsen 2003, McLaren et al. 2012).

RESULTS

With each simulated DFL, arrival success was highest at
700 mb (~3,000 m above mean sea level), and results are
primarily summarized for this pressure level. On 62% of
the departure days, individuals with DFLs of 1.0 flying at
700 mb arrived successfully in Africa. This DFL corre-
sponds to a flight range of 3,691 km in the absence of
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FIGURE 3. Effect of wind on modeled Northern Wheatears with a departure fuel load of 1.0 flying at 700 mb. (A) Frequency (%) of
successful (yellow) and unsuccessful (red) migrants as a function of mean tailwind support (see text). (B) Arrival success (%), shown
as colors, as a function of tailwind (ms™') and drift angle (°) on departure, with circle size proportional to the frequency of wind
conditions on departure, considering all years and departure days. (C) Incidence of “favorable” winds (see text), contained within the
dashed lines in B, depicting number of days before favorable winds occurred from each week (starting August 1) and year, with
black cells (marked by X in the legend) indicating no more favorable winds that season.

wind, indicating the importance of wind assistance in
successfully making the 4,055-km trip from Newfoundland
to Africa. Trajectories of successful and unsuccessful
individuals (Figure 1A) drifted generally northeast and
occasionally southeast from the initially east—southeast
great-circle heading (107°) by winds encountered en route.
Individuals with DFLs of 1.0 flew over Europe (where they
did not stop) on 10% of total departure days (1% of the
“successful” and 24% of the “unsuccessful” departure
days). There was no discernible difference in arrival
success between early and late departures (weeks 1-7 vs.
weeks 8-13, i.e. before and after September 19). Flight
durations among successful individuals (Figure 1B) ranged
from 31 to 68 hr (lower, median, and upper quartiles were
50, 58, and 63 hr, respectively); thus, migrants could reach
Africa in <3 days of nonstop flight. After 68 hr, fuel loads
were depleted and simulations stopped. Flight durations
after week 7 (mean * SD, 53 * 9 hr, n = 863) were
significantly shorter (¢=13.3, P < 0.0001) than beforehand
(mean = SD, 58 = 7 hr, n = 1,174), with 77% of the flights
lasting <48 hr occurring in weeks 8-13. Figure 1C, 1D
depicts mean arrival success among years (range: 57—-82%)
and among weeks (range: 71-86%). Therefore, mean
weekly and yearly success always exceeded 50%, with
marginally more variation among years (SD 10%) than
among weeks (SD 6%; F = 0.4, df =12 and 32, P = 0.07).

Arrival success increased with decreasing pressure level
(i.e. increased with altitude), and increased strongly with
DFL, especially between 0.5 and 1.0 (Figure 2A). Although
maximum-range airspeed increased with altitude and fuel

load (Figure 2B), transport cost (Jm ') was only marginally
lower at the higher altitudes (Figure 2C). This resulted in
little difference in flight ranges between pressure levels
(e.g., for DFL = 1.0, 3,458 km, 3,575 km, and 3,691 km at
925 mb, 850 mb, and 700 mb, respectively). Tailwind
support varied more strongly with pressure level than did
mean crosswind. For DFLs of 1.0, mean tailwind support
(including unsuccessful individuals) at 925, 850, and 700
mb was 1.6, 3.1, and 4.9 ms ™}, respectively, whereas mean
crosswinds were —2.4, —2.4, and —3.9 ms }, respectively
(negative values indicating counterclockwise drift).
Arrival success was also strongly related to wind
conditions at departure and to mean tailwind support.
Among individuals with DFL of 1.0 flying at 700 mb
(Figure 3A, 3B), no individuals arrived successfully when
mean tailwind support was negative (which occurred on
11% of departure days in the modeled period), whereas
85% arrived successfully when mean tailwind support
exceeded 3 ms'. In Figure 3B, we illustrate the
relationship between wind on departure and arrival
success. Tailwinds on departure at 700 mb were very
common (on 93% of days, ranging 81-98% over years),
typically strong (median 9.9 ms ', ranging 6.3—12.7 ms "
over years), and usually resulted in counterclockwise drift
(negative values in Figure 3B). Mean crosswind was
virtually identical among successfully arriving and unsuc-
cessful individuals (both —3.9 ms ). With counterclock-
wise drift of <20° and tailwinds >10 ms™' on departure
(i.e. “favorable” winds; area defined by the dashed line in
Figure 3B), arrival success was enhanced from 62% to 75%.
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Figure 3C depicts the number of days a migrant would
have to wait before these favorable wind conditions
occurred from the beginning of each week, with median
and mean durations of 3 and 4.5 days, respectively (range:
1-28 days).

The great-circle and loxodromic distances differed by
merely 32 km along this route. Arrival success with either
orientation based on loxodromic navigation (mean over
departure days = 68%) and with endogenous headings
rather than navigation (mean = 63%) was rather similar to
the default case (mean = 62%).

DISCUSSION

The majority of modeled wheatears reached northwestern
Africa in <3 days of nonstop flight across the North
Atlantic Ocean. Interannual stability of arrival success
(Figure 1D) indicated that this 4,000-km nonstop ocean
crossing might be an annually feasible migration option for
wheatears of Canadian origin. One wheatear with a
geolocator departed from Iqaluit, Canada, and flew for
2.5-3 days nonstop (Bairlein et al. 2012) across the North
Atlantic to Europe, which strengthens the evidence for the
feasibility of nonstop migration to Africa.

For a given DFL, arrival success of the modeled
wheatears depended strongly on flight altitude. Given the
similarity in both transport cost (Figure 2C) and mean
crosswind between pressure levels, the fact that arrival
success was highest with flight at 700 mb (Figure 2A) was
therefore chiefly attributable to mean tailwind support
(Figure 3A, 3B). Our results therefore reinforce conclu-
sions from earlier studies that wind support is crucial to
migration along over-ocean routes (cf. Felicisimo et al.
2008, Shamoun-Baranes and van Gasteren 2011, Yama-
guchi et al. 2012).

More generally, although our assumption of maximum-
range airspeed(s) enhanced flight ranges, our model is,
otherwise, conservative in assessing the feasibility of
nonstop crossings. In particular, we did not allow modeled
individuals to select appropriate wind conditions on
departure (Figure 3B; Schmaljohann and Naef-Daenzer
2011), adjust their general phenology in relation to
seasonal wind conditions (Figure 3C), select optimal flight
altitudes (Figure 2A; Schmaljohann et al. 2009), or adjust
airspeed to tailwind or crosswind components (Liechti
1995). Furthermore, the drag and induced-power compo-
nents we used (following Pennycuick 2008) have recently
been assessed as overconservative for small avian migrants
(Pennycuick et al. 2013). This implies that similar or even
longer nonstop migration by landbird migrants may be
feasible, including nonstop flights of 3,250-4,000 km by
Blackpoll Warblers to South America from eastern North
America (Nisbet et al. 1995, Alerstam 2001) or by
wheatears reaching Africa directly from Greenland (Thor-
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up et al. 2006, Delingat et al. 2008). Nonstop flights from
Greenland and Arctic Canada will presumably be more
challenging than Newfoundland departures, given that
prevailing southwesterly winds will have lower tailwind
and higher crosswind components in relation to the goal
direction.

Given the arrival success in the present study, we
conclude that migrating 4,000 km nonstop across the
North Atlantic Ocean in autumn may be a feasible
migration strategy for wheatears of Canadian origin. The
migration phenology of O. o. leucorhoa in general remains
unclear, for example why the birds observed on Selvagem
Grande arrived earlier in the season than most fall
recoveries in Europe (Thorup et al. 2006). In the model,
survival of migration depended strongly on the initial fuel
load and wind conditions en route. Because passerines
preparing to embark on barrier crossings have the general
ability to select for high fuel loads at departure (e.g.,
Schaub et al. 2008), as well as for favorable departure days
(Schmaljohann and Naef-Daenzer 2011) and flight alti-
tudes (Schmaljohann et al. 2009), the nonstop Atlantic
crossing may be a faster and less energy-consuming
migration alternative than the detour via Greenland and
Europe. This is mainly due to the fact that the overall time
and energy cost of stopovers exceeds that of flight. For
example, using geolocator data of Alaskan Northern
Wheatears (O. o. oenanthe) along entire migration routes
(15,000 km), the estimated ratio of overall stopover to
flight time expenditure was between 3:1 and 6:1, and the
estimated ratio of overall stopover to flight energy
expenditure was between 2:1 and 3:1 (Schmaljohann et
al. 2012; also see Hedenstrom and Alerstam 1997, Wikelski
et al. 2003).

If a simple strategy based on wind support and
navigation (or endogenous headings) can make nonstop
trans-Atlantic crossings possible, the ocean may function
more as a migratory corridor (i.e. chosen route) rather
than a barrier for these birds, as long as wind conditions
are supportive. However, determining whether selection
should indeed favor the nonstop migration strategy would
require a detailed comparison of both migration strategies
regarding survival rate and reproduction success (Maynard
Smith 1982), which was not in the scope of the present
study.

Nevertheless, our results show, for the first time, that
supportive wind systems can be sufficiently reliable to
allow for successful barrier crossings over several decades.
An alternative strategy to nonstop migration or migration
with an obligatory stopover might be a bet-hedging
strategy (e.g., whereby wheatears fly toward Africa but, if
needed, make a stopover en route depending on wind
conditions and on fuel load; see, e.g., Shamoun-Baranes et
al. 2010). The efficacy of this possibility is supported by the
fact that 24% of the unsuccessful individuals with DFLs of
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1.0 could have stopped over in Europe en route. Fall ring
recoveries of O. o. leucorhoa from Europe are consistent
with both the bet-hedging and the obligatory stopover
strategy. With a bet-hedging strategy, atmospheric condi-
tions will determine, to a large extent, whether individual
birds make a direct crossing to Africa or a detour via
Europe.
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