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The development of migratory behaviour is a continuous process which is not only 
determined by genes, but also moulded by individual differences based on life-history 
variations occurring at each ontogenetic stage. Assessing consistency and plasticity in 
migratory traits between long distance (LDM) and short distance migratory (SDM) 
populations within the same species that may express dissimilarities in the leeway of 
annual schedules is essential to understand the evolution and ontogeny of migratory 
strategies.

We studied the migration strategies in autumn regarding flight speed and the use of 
stopovers (number and duration of stop-overs across the whole journey) at the intra-
specific level, by tracking with GPS loggers the intercontinental migration of 43 adult 
and juvenile ospreys Pandion haliaetus from both LDM and SDM populations.

LDM ospreys travelled distances five times larger than SDM ospreys, but their total 
migration speed was 2.4 times slower. While daily distance travelled did not differ 
between populations, the reduced total migration speed by LDMs was due to higher 
stopover use compared to SDM birds. SDM birds used more direct routes, crossing 
open sea at higher flight speeds, even though both populations largely benefitted from 
wind assistance across their journey. Across populations, adult birds travelled longer 
distances per day and displayed less sinuous migratory paths than juveniles, suggesting 
that migratory capabilities improve with age and experience of the bird. Overall, the 
time constraint related to total migration distance was not the main driver of the 
total migration speed, and other factors such as physiological needs to rest and refuel 
at stopover sites may play an important role. Our study underlines the importance 
of investigating variability in migration strategies in partially migratory species, for a 
better understanding of avian migratory ecology.
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Introduction

A migration strategy is the product of a set of rules that 
determine the overall process of migration (Alerstam et al. 
2006), resulting from the interaction of multiple factors. 
Major ‘primary’ migratory traits, such as timing (i.e. depar-
tures and arrivals) and routes (i.e. direction of main migra-
tion axes, distances covered and destinations), are thought 
to be mostly controlled genetically, and driven primarily by 
an endogenous clock-and-compass system (Berthold 1996, 
Thorup and Rabøl 2001). Conversely, ‘secondary result-
ing’ migratory traits such as daily travel speeds, flight per-
formances and straightness of the tracks rather seem to be 
predominantly shaped by stochastic environmental factors 
(Cresswell 2014, Vansteelant et al. 2017a) and by the age/
experience of the bird (Sergio  et  al. 2014). The develop-
ment of migratory behaviour is hence a continuous process 
which is not only determined by genes, but also moulded 
by individual differences based on life-history variations 
occurring at each ontogenetic stage (Senner  et  al. 2015). 
In this sense, birds seem to adjust the spatial and tempo-
ral schedules of their migratory journeys (e.g. daily distance 
covered, time spent at stopovers) according to external 
and internal factors, to avoid detours triggered by adverse 
weather, to minimize energy consumption, to maximize 
speed of migration, and thus to enhance their chances of 
survival (Sergio  et  al. 2014, Vansteelant  et  al. 2015; but 
see, Lok et al. 2013, Goymann et al. 2017). Such modula-
tion of migratory behaviours has been recorded in relation 
to windscapes (Sinelschikova  et  al. 2007, Klaassen  et  al. 
2010, Yamaguchi  et  al. 2011), food resources availability 
(van der Graaf et al. 2006, Duriez et al. 2009, Tøttrup et al. 
2012), presence/absence of ecological barriers (Deppe et al. 
2015) and exceptional weather events (Tøttrup et al. 2012, 
Vansteelant et al. 2015, 2016).

In many bird species, there are populations of long-dis-
tance migrating individuals (LDM) and others of short-
distance migrating individuals (SDM) (Forchhammer et al. 
2002, Limiñana et al. 2012, Shamoun-Baranes et al. 2017). 
The costs and benefits of long vs short distance migration 
in birds are still being debated (van Noordwijk et al. 2006, 
Pulido 2007). The cost of LDM (energy spent, various risks 
encountered en route) must be offset by benefits related to 
suitable climate or increased foraging opportunities at win-
tering grounds. Although the general picture emerging from 
studies on short and long-distance migrants is that LDMs 
achieve faster total migration speed compared to SDM, this 
picture is still blurred by many contradictory results. Most 
studies that investigated these questions used inter-specific 
comparisons, with the difficulty to separate differences due to 
morphology and due to motivation and migration strategies 
(La Sorte et al. 2013, Nilsson et al. 2014). Assessing consis-
tency and plasticity in migratory traits between LDM and 
SDM populations within the same species that may express 
dissimilarities in the leeway of annual schedules therefore 

seems essential to understand the evolution and ontogeny of 
migratory strategies.

Because the migration period combines the migratory 
journey with stopovers, the total migration speed (defined 
as the total distance covered divided by the total duration 
of travel, including time spent at stopovers; Nilsson  et  al. 
2013) is not only determined by the flight speed but also 
largely by the time spent at stopover sites (Piersma and 
Baker 2000, Nilsson et al. 2013). This was clearly demon-
strated in greater white-fronted geese Anser albifrons migrat-
ing between western Europe and Russia, where seasonal 
differences in migration speed are dictated mainly by differ-
ent decision rules on the use of stopovers rather than flight 
speed that remained fairly constant (Kölzsch  et  al. 2016). 
Adjustments in stop-over schedules seem to act as a major 
determinant of seasonal difference in total migration speed, 
representing a primary mechanism for ensuring timely 
arrival (Schmaljohann 2018).

When a certain species, population or individual must 
travel longer distances, we expect more stringent con-
straints on the migratory distance to be covered (Shamoun-
Baranes  et  al. 2017). However, for some versatile flyers 
like gulls, able to exploit atmospheric updrafts as well as to 
migrate through adverse weather in active flight, the distance 
might not necessarily represent a major constraint (Shamoun-
Baranes et al. 2017). On the other hand, a journey of several 
thousand km requires stamina and a fine management of 
energy reserves (Drent et al. 2003). A solution for migrants 
to increase flight speed and/or reduce costs of flight and save 
fuel, is to get assistance from wind by selecting tailwinds and 
avoiding headwinds (Vansteelant et al. 2017b).

But how are LDMs most likely to deal with the challenge 
of travelling longer distances than SDMs? As the distance 
to be covered is larger, LDM are supposed to suffer stronger 
constraints than SDM, having limited leeway in their annual 
schedules to linger. Therefore, LDM are hypothesized to 
increase their total migration speed, to reach their destina-
tion as fast as possible, particularly in pre-nuptial migration 
(La Sorte et al. 2013, Nilsson et al. 2013, Dodge et al. 2014). 
Because of their time constraint, most LDM birds do not 
have the possibility to wait for favourable wind conditions, 
but rather have no other choice than to travel even when con-
ditions are relatively poor (Thorup et al. 2006). While some 
LDM species may be able to advance their departure to arrive 
on time at destination, others like geese or waders must wait 
for specific environmental features (e.g. food resources to fuel 
or wind assistance) only available at specific seasons to time 
their departure (Piersma et al. 2005, Duriez et al. 2009). On 
the other hand, if SDM are more flexible in their timing, 
they may be more prone to travel slowly and to minimize 
energy expenditure and risks, by using several stopovers, par-
ticularly in adverse weather conditions when they can stop 
and wait for the most favourable conditions. The little data 
available on SDM seems to confirm this pattern (e.g. com-
mon buzzard Buteo buteo; Strandberg  et  al. 2009a, lesser 
black-backed gull Larus fuscus; Klaassen  et  al. 2011). The 
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ability of SDMs to quickly react to local weather conditions 
has been demonstrated also for raptor species: for example, 
a rapid phenological response in the postnuptial migration 
timing has been recorded in relation to the thermal regime 
(Jaffré et al. 2013). Overall, SDM are expected to reduce the 
various risks encountered during migration by choosing the 
safest route under the safest conditions (e.g. avoiding ecologi-
cal barriers and/or adverse weather), whereas LDM should 
take more risks to travel fast (Harel et al. 2016a).

We studied the migration strategies in autumn regarding 
flight speed and the use of stopovers in a migratory raptor, 
the osprey Pandion haliaetus, in two latitudinally separated 
breeding populations in the Western Palearctic. Osprey 
populations from northern Europe typically perform long-
distance migratory journeys towards sub-Saharan wintering 
grounds, using a combined strategy made up by fly-and-
forage bouts and stop-overs (Hake et al. 2001, Alerstam et al. 
2006, Strandberg and Alerstam 2007, Klaassen et al. 2008, 
Bai and Schmidt 2011). In contrast, osprey populations 
living in southern Europe, around the Mediterranean basin, 
are mostly resident or short distance migrants, departing 
from islands such as Corsica or Balearics, towards wintering 
grounds along Mediterranean shores (Monti  et  al. 2014, 
2018).

Because of the likely difference in time restriction (see 
above) between Mediterranean birds (SDM) compared to 
northern birds (LDM), we tested three predictions regarding 
their migration strategy.

Our primary prediction concerns the use of stopovers 
and migration routes. Because ospreys cannot perch when 
crossing the sea (feathers are only partly waterproof, and do 
not allow to remain floating in the water for a long time), 
individuals that breed on islands might have limited pos-
sibilities to use stopovers. Thus, we expected SDM birds 
to use fewer stopovers than LDM and fly larger distances 
between stopovers, including large sea-tracts. However, the 
time spent at stopovers may differ between populations, and 
the total time spent at stopovers may consist of long stays at 
few stopovers or short stays at numerous stopovers. If SDM 
birds are more selective in their choice of wind assistance, 
we predict that they may use more stopovers per unit dis-
tance, or stay longer at each stopover, to wait for the optimal 
weather conditions.

Second, because of the limited leeway in time schedules, 
we predict that LDM birds who cover greater daily distances 
would yield faster total migration speed compared to SDM 
birds that are less affected by time restriction. Furthermore, 
individual experience may also affect migration strategy 
(Senner et al. 2015, Vansteelant et al. 2017a). Because ospreys 
are highly faithful to their wintering site (Poole 1989), adult 
birds who know their final destination have a clear goal in 
mind, while juvenile birds are naïve and may try several 
stopover sites before deciding where to spend the winter. 
Experienced adults should also possess enhanced flight skills, 
especially when meteorological conditions are challenging 
(Hake et al. 2003, Thorup et al. 2003, Harel et al. 2016b, 

Vansteelant  et  al. 2017a). Hence, we expected the total 
migration speed to be higher in adult birds than in juveniles.
Finally, our third prediction concerned variation in flight 
speed between populations. As wind is known to be 
the most important factor affecting flight performance 
(Kemp  et  al. 2012b, Mellone  et  al. 2012, Shepard  et  al. 
2016, Vansteelant et al. 2016), we hypothesized that ospreys 
from both populations would try to take advantage of wind 
assistance, but for different reasons. SDM birds, not con-
strained by time but by the necessity to cross large sea tracts, 
would select the best wind conditions for their migratory 
flight. On the other hand, LDM birds, more constrained 
by time and distance to cover should be less selective than 
SDM with respect to wind conditions. Furthermore, within 
each population, we expect experienced adults to perform 
better than juveniles at selecting favourable winds and ther-
mal currents (Harel  et al. 2016b), thereby flying at greater 
cross-country speeds.

Material and methods

Birds and tracking technologies

Overall, our dataset included 43 migratory ospreys from the 
Western Palearctic (Supplementary material Appendix 1). In 
Sweden, adult and juvenile birds were fitted with 45-g Solar 
Argos/GPS PTT-100s (Microwave Telemetry, Columbia, 
USA) at their breeding sites (Grimsö or Ivosjön region). All 
birds were trapped with a clap net or a noose-carpet mounted 
on the nest. Tracking devices were attached with a harness 
as backpacks; further details on trapping and tagging meth-
ods are available in Hake  et  al. (2001) and Klaassen  et  al. 
(2008). For our study, we re-analysed tracks from 3 adult 
ospreys previously published by Klaassen  et  al. (2008) and 
added new data for 3 other adults and 12 juvenile individu-
als tagged between 2006 and 2011. The complete Swedish 
dataset included 18 birds, 6 adults (3 males, 3 females) and 
12 juveniles (undetermined sex).

In the Mediterranean, the dataset included 7 adults and 
18 juveniles that behaved as SDMs. The 7 adult ospreys were 
caught between 2009 and 2013 in two regions. In Mallorca 
(Balearic Islands, Spain), one adult was trapped using a 
perch-trap in July 2009 and fitted with 30-g Solar Argos/
GPS PTT-100s. In Corsica (France), six adults (5 females 
and 1 male) were caught in March–April 2013, using a 
noose carpet laid on the nest before egg laying. Eighteen 
juvenile ospreys (9 from Balearics islands, 8 from Corsica 
and 5 from Italy) were fitted with GPS tags during ring-
ing actions before or shortly after fledging at their nesting 
sites in June–July 2013 and 2014. Except 3 juveniles from 
Balearics in 2000 that were equipped with Argos PTT-100s 
(Supplementary material Appendix 1), all other juveniles 
from Mediterranean were equipped with a 24-g solar pow-
ered GPS/GSM tag (model Duck-4, Ecotone, Poland). 
All birds from Mediterranean had their tag attached as 
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backpack with a harness made of 7-mm-wide Teflon ribbon 
(Kenward et al. 2001).

All devices were programmed to record positions at hourly 
intervals. Argos/GPS PTT tags provided data on latitude, 
longitude, altitude, instantaneous groundspeed. GPS-GSM 
tags only contained data of latitude and longitude. In all 
cases, the mass of the equipment never exceeded 3% of bird 
body masses. All birds were color ringed, measured, and 
adults only were sexed based on size and plumage and/or 
using molecular sexing (Griffiths et al. 1998).

Tracking data processing for migration speed and 
stopover use

For each bird, the onset of autumn migration was defined 
as the last GPS position at the breeding site and the end of 
migration as the first GPS position at destination (for details 
see Monti  et  al. 2018). We defined a migratory bout only 
when hourly locations were spaced by a minimum of 10 km 
(Sergio  et  al. 2014), to avoid the inclusion of local move-
ments between nocturnal roosts, and to exclude possible 
prospections for feeding places along the way. A stopover site 
was defined as an area where a bird spent more than 24 h dur-
ing the migration journey (following Strandberg et al. 2008 
and Limiñana et al. 2012).

Migratory tracks were imported into ArcGis 9.3. We 
calculated: a) the total duration of migration (as days 
elapsed between the first and the last fix of the migratory 
journey); b) the daily distance travelled during migration 
days (as cumulative distances between fixes expressed in 
km); c) the total cumulative distance of migration (km), as 
the sum of total daily distances during travel days (cumu-
lative distances), excluding movements at stopover sites 
and both pre- and post-migratory movements (following 
Strandberg et al. 2008; see definitions in next paragraph 
and also Monti et al. 2018); d) the total migration speed (in 
km d–1) as total cumulative distance of migration divided 
by total duration of migration, including stopovers; e) the 
direct migration distance (km) between nest and winter-
ing site (great circle); f ) the straightness of the migration 
path (hereafter ‘path straightness index’), calculated as the 
ratio of the total cumulative distance of migration to the 
direct migration distance; g) the total stopover duration 
(duration of stay, in days); h) the number of stopover sites 
used; and i) the mean distance between each stopover 
site (km).

Pre- and post-migratory movements through a secondary 
site are different in timing and distance compared to migra-
tory movements (Monti et al. 2018) and have been described 
also for other raptor species (e.g. marsh harrier Circus aeru-
ginosus; Strandberg  et  al. 2008). In the present study for 
most adults, we considered that migration started from this 
secondary site instead as from the nest. Because a few failed 
breeders joined this site just after failure, sometimes 2–3 
months before the migration period, we preferred to consider 
this site as part of the home range in the breeding ground 
rather than a stopover site.

Flight data analyses

To compare flight performance of individuals from both 
populations across the same habitat matrix and wind condi-
tions, we selected a geographic area between 25°N and 45°N 
of latitude and 25°W and 20°E of longitude, including the 
Mediterranean area from southern France to northern Sahara 
in Morocco.

We only considered hourly segments to avoid possible 
effects of variation in segment lengths (Tanferna et al. 2012), 
separating hourly segments travelled over sea to those over 
land (and excluding the few segments containing both 
land and sea). We computed average cross-country speeds 
(calculated as the number of km between two sequential 
points divided by the time between two consecutive fixes) for 
adults and juveniles for tracks over land and at sea. On land, 
we excluded local movements at stopovers to consider only 
genuine migration segments.

We estimated wind-assistance by interpolating tracks 
with the package ‘RNCEP’ (Kemp  et  al. 2012a) using 
weather data from the NCEP/NCAR Reanalysis project 
(Kalnay et al. 1996) and the NCEP/DOE reanalysis II data-
set (Kanamitsu et al. 2002; < www.cdc.noaa.gov >). For each 
point of the track we downloaded the -u (west-east) and -v 
(south-north) wind components, which were combined 
in a single wind vector incorporating the strength and the 
direction of the wind, from which we obtained a tailwind 
component (following Kemp et  al. 2012b). For tracts over 
land, wind data were extracted for a pressure level of 925 hPa, 
which corresponds to an altitude of ca 750 m a.s.l., i.e. the 
altitude at which ospreys have usually been measured to 
migrate (Klaassen et al. 2011). For locations over the sea a 
pressure level of 1000 hPa (corresponding to 110 m a.s.l.) was 
set, corresponding to mean flight altitudes that were recorded 
using PTT-100s. We computed flight airspeed, which is 
the speed realized by birds relative to the air when in flight 
(taking account to the effect of winds). Airspeed was calcu-
lated by subtraction of the wind vector from the track vector 
(track direction, cross-country speed) of the bird (following 
Kemp et al. 2012b and Nilsson et al. 2014).

Statistical analyses

We evaluated the effects of population (SDM vs LDM) and 
age on migratory components of autumn migration through 
GLMMs (using the ‘lme4’ package: Crawley 2007). We 
included ‘individual’ and ‘year’ as random effects; ‘popula-
tion’, ‘age’ and their interaction were included as fixed effects.

To compare flight performances, differences in cross-
country speeds, tailwinds and airspeeds were tested with 
GLMMs, with ‘individual’ and ‘year’ included as random 
effects, and ‘population’, ‘age’, and ‘habitat’ (sea vs land) as 
fixed effects.

We initially computed global models, including all con-
sidered predictors. We selected among all models using the 
‘dredge’ function in the R package ‘MuMIn’ (Bartoń 2012), 
fitting all possible models and using the maximum likelihood 
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estimator (Zuur  et  al. 2009). Model selection used the 
Akaike’s information criterion corrected for small sample sizes 
(AICc) to fit for each response variable. Models were retained 
for inference if they had ∆AICc ≤ 2 units, and if their AICc 
value was lower than that of any simpler, nested alternative 
(Richards 2008, Richards  et  al. 2011). Model coefficients 
were estimated using the ‘confint’ function, after averaging 
across the top models (using the model.avg function in R; 
Bartoń 2012). All statistical analyses were conducted in R 
(R Core Development Team). Other results are reported as 
mean ± standard deviations.

Data accessibility

All GPS data analysed in this study can be consulted in the 
Movebank database (< www.movebank.org >). Project study 
names are: 1) osprey (A), southern Sweden; 2) osprey (B), 
southern Sweden; 3) osprey in Mediterranean (Corsica, Italy, 
Balearics).

Results

Forty-three ospreys were GPS-tracked, among which 7 
individuals have been tracked over multiple (2–4) seasons 
(Fig. 1a–b; Supplementary material Appendix 1). Thus, 
the entire dataset included 54 migratory tracks in autumn, 
whereby 88.8% were complete (Supplementary material 
Appendix 1). All seven adult birds tracked for more than 
one year returned to the same breeding ground, stop-overs 
and wintering ground during successive years. In six cases 
transmission stopped due to devices’ malfunctioning and/
or data transmitting failures, resulting in migratory data 
being partially available. According to the available data these 
incomplete tracks were only partially included in the analyses.

Migratory components

Total cumulative migration distances of Swedish ospreys 
(all LDMs) were about five times greater than those cov-
ered by Mediterranean ospreys (SDMs) (Fig. 2a; Table 1; 
Supplementary material Appendix 3). The mean direct migra-
tion distance was 1.2 and 1.8 times higher in adults than 
in juveniles for LDM and SDM birds, respectively (Table 1; 
Supplementary material Appendix 3). Despite this, the mean 
cumulative distance (the real distance covered during the 
migratory journey) differed only by ca 300 km between adults 
and juveniles, for both populations (Fig. 2a). Path straightness 
index was highest in adults (especially in LDMs, but also in 
SDMs) and significantly lower for juveniles (Fig. 2e; Table 1; 
Supplementary material Appendix 3). Duration of migration 
lasted 61.0 ± 17.8 d for LDMs and only 5.1 ± 2.5 d for 
SDM birds (Fig. 2b). The duration of migration was slightly 
longer in juveniles than adults in both populations (Table 1; 
Supplementary material Appendix 3).

The total migration speed of LDM birds was 2.4 times 
slower than that of SDMs (107.85 ± 26.47 km d–1 vs 259.48 

± 144.0 km d–1 respectively) and this difference was more 
pronounced when comparing adults (3.2 times slower in 
LDM). Adults migrated faster than juveniles in SDMs but 
not in LDMs (Fig. 2c; Table 1; Supplementary material 
Appendix 3).

Daily distances travelled did not significantly differ between 
populations (LDM = 202.4 ± 41.1  km d–1; SDM = 211.4 
± 87.7 km d–1). Adults travelled 33% faster than juveniles 
(adults = 226.7 ± 78.1 km d–1 vs juveniles = 184.9 ± 50.8 km 
d–1): this difference in age was prominent especially for SDM, 
but not for LDM birds (Fig. 2d; Table 1; Supplementary 
material Appendix 3).

Stopovers and route chosen

During autumn migration, LDM ospreys stopped 30 d lon-
ger than SDM ospreys (Fig. 1c–d). Time spent at stop-over 
sites accounted for the 50% of the migration duration in 
LDM (31.5 ± 13.3 d; Fig. 1c; Fig. 2f ). Juveniles stopped 
for 6 d more than adults (Fig. 2b). LDMs used on average 
2.3 ± 1.04 stopovers (range: 1–5) (Fig. 1c; Fig. 2g; Table 1; 
Supplementary material Appendix 2). Stopovers were mainly 
located in central Europe (e.g. France and Germany for 
the first stopover – STP1) and south of the Mediterranean 
region (southern Spain or north Africa for the second stop-
over – STP2). Direct distance between the breeding site and 
the STP1 was 791.02 ± 521.3 km, whereas the average dis-
tance between STP1 and STP2 was of 943.08 ± 841.3 km 
(Supplementary material Appendix 2).

Migratory paths of adult LDM ospreys in the 
Mediterranean region were mainly drawn over land, whereas 
sea-crossing was reduced by funnelling through the shortest 
passage at Gibraltar Strait (Fig. 1a). Juveniles LDM showed 
a broader migration front compared to adults (Fig. 1a): three 
individuals travelled south-west along the same routes of 
adults (via Gibraltar), whilst four others travelled south via 
the central Mediterranean (e.g. passing through Italy).

Among Mediterranean ospreys, 80% of SDM migrated 
without stopover, while the 20% remaining stopped on average 
for 2 ± 0.7 d at one stopover (Fig. 1d; Fig. 2f; Supplementary 
material Appendix 1, 2). Mediterranean ospreys were able to 
cover long distances over open sea (mean = 430.37 ± 269.3 
km, range: 86.84–1023.51 km; n = 15 tracks), performing 
non-stop movements lasting 10.4 ± 7.6 h (range: 3–25 h), 
sometimes continued overnight.

Flight speed and wind assistance

Within the Mediterranean region (between 25°N–45°N of 
latitude and 25°W–20°E of longitude), the average cross-
country speed of migrating ospreys was similar between 
populations (mean: 30.7 ± 11.7 km h–1), but significantly 
different between marine vs terrestrial ecosystems. Cross-
country speed was in average 10 km h–1 higher during sea-
crossing than over land (Fig. 3a: sea = 38.2 ± 11.3 km h–1 
vs land = 29.8 ± 11.5 km h–1). Both LDM and SDM birds 
benefitted from favourable tailwinds over both habitats, 



6

though wind assistance increased by 4 km h–1 at sea com-
pared to land (Fig. 3b). Airspeeds were generally 5 km h–1 
higher during sea-crossing compared to land in both popu-
lations (Fig. 3c).

Lower cross-country speeds values were associated to SDM 
juveniles (Fig. 3a; Table 2; Supplementary material Appendix 
4). SDM juveniles experienced worse tailwinds, while LDM 
juveniles benefitted from better wind assistance (Table 2; 

Figure 1. Spatial and temporal migratory patterns of individual ospreys. Maps show autumn migration of (a) LDM ospreys from Sweden, 
and of (b) SDM ospreys from Mediterranean (adults in black and juveniles in red). Timelines during autumn migration of (c) LDM ospreys 
and (d) SDM ospreys (green and blue colours indicate travel and stopover days, respectively; each individual track is specified in rows by its 
ring, year of tracking and age).
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Supplementary material Appendix 4) and had lower airspeeds 
at sea (Table 2; Supplementary material Appendix 4).

Discussion

Ospreys breeding at different latitudes in the Western 
Palearctic used different migration strategies, probably 
evolved as a response to different ecological conditions 
encountered en route. Osprey display a leap-frog migration 

system, with populations breeding at higher latitudes over-
passing the latitudes where southern populations live, 
as described also for other raptor species in the Western 
Palearctic (such as in the kestrel (Wallin et al. 1987) and in 
the marsh harrier (Panuccio et al. 2013)). Interestingly, this 
implies that northern birds have to cross the Sahara Desert, 
a major ecological barrier that the Mediterranean ospreys do 
not have to confront, as already postulated in other species 
(Drent and Piersma 1990).

Figure 2. Main migration components in autumn for ospreys originating from Sweden (long-distance migrants – LDM) and Mediterranean 
(short distance migrants – SDM): (a) cumulative migration distance, (b) duration of migration, (c) total migration speed, (d) daily distances 
travelled, (e) path straightness index, (f ) stopover duration and (g) number of stopovers. Adult and juvenile birds are represented by white 
and grey boxplots, respectively (refer also to Supplementary material Appendix 1).
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Though Swedish LDM ospreys travelled distances five 
times larger than their SDM Mediterranean counterparts, 
their total migration speed was 2.4 times slower compared 
to SDMs. The main difference in total migration speed was 
due to a greater use of stopovers (both in number of stop-
overs and duration of stay at stopover) by LDMs compared to 
SDMs. Further, although both populations largely benefitted 
from wind assistance across their journey, experienced adults 

performed better than juveniles at selecting favourable winds, 
as expected.

Migratory strategies and the use of stopovers

Although sharing the same east-Atlantic flyway, LDM and 
SDM osprey populations used different migratory strate-
gies. Similarly in North America, LDM ospreys tracked from 

Table 1. Results of model selection of GLMM on the effects of population and age on components of autumn migration of Swedish (LDM) 
and Mediterranean (SDM) ospreys. Selected models are shown in bold and the sample size is the number of migratory tracks.

Response variable (sample size) Model Variables retained K logLik AICc ∆AICc Weight

Migration duration (47) 1 Population 5 –182.182 375.800 0.00 0.687
2 Population + Age 6 –181.900 377.90 2.07 0.244
3 Population + Age + Population × Age 7 –181.763 380.4 4.57 0.070
4 Null 4 –203.086 415.1 39.30 0.00
5 Age 5 –202.564 416.6 40.76 0.00

Cumulative migration distance (47) 1 Population 5 –381.259 774.000 0.00 0.662
2 Population + Age 6 –380.888 775.900 0.18 0.257
3 Population + Age + Population × Age 7 –380.651 778.2 4.19 0.081
4 Null 4 –397.567 804.1 30.10 0.00
5 Age 5 –397.508 806.5 32.50 0.00

Total migration speed (47) 1 Population + Age + Population × Age 7 –265.710 548.300 0.00 0.995
2 Population + Age 6 –272.859 559.8 11.52 0.003
3 Population 5 –274.783 561.0 12.74 0.002
4 Null 4 –278.888 566.7 18.43 0.00
5 Age 5 –278.141 567.7 19.45 0.00

Direct migration distance (47) 1 Population + Age + Population × Age 7 –346.769 710.300 0.00 0.665
  2 Population 5 –350.381 712.200 1.85 0.263

3 Population + Age 6 –350.365 714.8 4.44 0.072
4 Age 5 –371.290 754.0 43.67 0.00
5 Null 4 374.348 757.6 47.29 0.00

Path straightness index (47) 1 Population + Age 6 34.684 –55.300 0.00 0.463
  2 Age 5 33.043 –54.600 0.65 0.335

3 Population + Age + Population × Age 7 35.154 –53.400 0.18 0.185
4 Population 5 29.689 –47.90 7.35 0.012
5 Null 4 27.666 –46.40 8.89 0.005

Daily distance travelled (45) 1 Population + Age + Population × Age 7 –248.799 514.600 0.00 0.592
  2 Age 5 –251.912 515.400 0.74 0.408

3 Population + Age 6 –251.376 517.0 2.34 0.131
4 Null 4 –254.098 517.2 2.57 0.117
5 Population 5 –254.001 519.5 4.92 0.036

Stopover duration (45) 1 Population 5 –162.299 336.100 0.00 0.695
  2 Population + Age 6 –161.790 337.800 1.66 0.305

3 Population + Age + Population × Age 7 –161.354 339.7 3.60 0.103
4 Null 4 –177.868 364.7 28.60 0.000
5 Population 5 –177.085 365.7 29.57 0.000

Number of stopovers (48) 1 Population 5 –61.521 134.500 0.00 0.716
2 Population + Age 6 –61.464 137.0 2.51 0.205
3 Population + Age + Population × Age 7 –61.054 138.9 4.44 0.078
4 Null 4 –69.435 147.8 13.33 0.001
5 Age 5 –69.369 150.2 15.70 0.000

Mean distance BS_STP1 (31) 1 Age 5 –232.579 477.6 0.00 0.394
2 Population 5 –233.238 478.9 1.32 0.204
3 Null 4 –234.765 479.1 1.51 0.185
4 Population + Age 6 –231.793 479.1 1.53 0.183
5 Population + Age + Population × Age 7 –231.790 482.4 4.89 0.034

Mean distance STPlast_WG (26) 1 Population 5 –217.687 448.4 0.00 0.536
  2 Population + Age 6 –216.677 449.8 1.40 0.266

3 Age 5 –219.199 451.4 3.02 0.118
4 Population + Age + Population × Age 7 –216.643 453.5 5.13 0.041
5 Null 4 –221.854 453.6 5.24 0.039



9

three populations across a longitudinal gradient displayed 
population-specific migration strategies, in terms of both the 
flyways that were used and the amount of stop-overs and total 

time spent at stop-overs (Martell et al. 2014). However, the 
latter study mostly compared the timing of migration rather 
than migration speed and/or use of stopovers; also, it did 

Figure 3. Flight parameters: cross-country speed, tailwind and airspeed for adults (white) and juveniles (grey) of both LDM and SDM 
ospreys. Values have been computed for both tracks over land and over sea.

Table 2. Summaries of selected models of GLMM on the effects of population, habitat and age on flight performances (cross-country speed, 
tailwind and airspeed, all units are in km h–1) of migrating ospreys crossing the Mediterranean region. The complete model selection is 
reported in Supplementary material Appendix 1–4.

Response variable Model Model retained K logLik AICc ∆AICc Weight

Cross-country speed (1906) Best Population + Habitat + Age, Population × Age 8 –7276.12 14568.31 0.00 0.51
Tailwind (1642) Best Population + Habitat + Age, Population × Age, Habitat × Age 9 –6346.16 12710.44 0.00 0.33

Second Population + Habitat + Age, Population × Age 8 –6347.97 12712.02 1.58 0.15
Airspeed (1642) Best Population + Habitat + Age, Habitat × Age 8 –6562.54 13141.17 0.00 0.29

Second Habitat + Age, Habitat × Age 7 –6564.48 13143.02 1.85 0.12



10

not include a population of SDM osprey, as those nesting 
in Florida (Washburn et al. 2014), that would have allowed 
direct comparison with our study. Most relevant is the study 
on migration of turkey vultures Cathartes aura comparing 
four populations of SDM and LDM (Dodge  et  al. 2014). 
The population of SDM vultures (breeding and wintering at 
the east coast of USA) spent almost the same duration in 
migration as LDM vultures, but their total migration speed 
was significantly slower, due to slower cross-country speed 
and reduced time in active movement per day (Dodge et al. 
2014). Thus, it seems that SDM turkey vultures reduced 
their total migration speed compared to LDMs, by reducing 
flight speed rather than staying longer at stopovers, similar 
to passerines (La Sorte  et  al. 2013), but opposite to west-
European ospreys.

Interestingly, the mean distance between stopovers 
recorded for LDM ospreys while crossing Europe, is similar 
to the whole migration distance covered by SDM ospreys. 
This suggests that: a) osprey from both populations can travel 
approximately 1000 km with limited need to refuel or rest at 
a stopover; and/or that b) Mediterranean osprey may choose 
their destination (wintering site) in order to stay within the 
physiological limit of 1000 flown km, in order to reduce the 
need of using stopovers which are scarce along their route (e.g. 
large open sea tracts between islands). Testing these premises 
would require more detailed behavioural studies during stop-
overs and at night-time roost, to understand whether osprey 
feed, or only rest, during overnight stops.

Routes chosen and barrier crossing

Crossing geographical barriers generally requires prolonged 
effort and high energy expenditure, due to the use of con-
tinuous flapping flight or absence of feeding and resting 
opportunities over long distances. Therefore, birds need to 
build physiological adaptations and refuel at stopover sites 
before departure (e.g. red knot Calidris canutus; Alerstam 
and Lindström 1990, Piersma and van Gils 2010). Flapping 
flight is the most energy demanding activity for large raptors, 
which prefer to use the more economic soaring-gliding flight 
using thermal ascending currents (Duriez  et  al. 2014). For 
these species, crossing the sea certainly represents a greater 
challenge than crossing a desert because thermal ascending 
currents are mostly generated over land during daylight at 
temperate latitudes (Kerlinger 1989, Strandberg et al. 2008, 
Chevallier et al. 2010). Thus, some large raptors avoid cross-
ing large water bodies and tend to concentrate at narrow 
straits (e.g. short-toed eagle Circaetus gallicus; Mellone et al. 
2011, 2015, Panuccio  et  al. 2012; oriental honey-buzzard 
Pernis ptilorhyncus; Yamaguchi et al. 2008; lesser spotted eagle 
Clanga pomarina; Meyburg  et  al. 2017). When long sea-
crossing cannot be avoided, raptors need to rely on large fuel 
stores and/or on favorable tailwind (Nourani et al. 2018). The 
migratory strategy of osprey appears less rigid than in most 
raptors. The journeys of Swedish LDM ospreys were mainly 
performed over land, and water-crossing was reduced by trav-
elling along the Spanish coast (Klaassen et al. 2008; but see 

Strandberg et al. 2009b). Mediterranean SDM ospreys were 
able to cover long distances over open sea, as already observed 
in other osprey populations (DeCandido  et  al. 2006). The 
duration of flights over sea recorded for Mediterranean 
ospreys suggests that these birds build fat stores before 
departure. This hypothesis is supported by the observation 
that most SDM Mediterranean individuals performed pre-
migratory movements to a secondary feeding site, several 
dozen of km from their nest (Monti et al. 2018). The func-
tion of such movements might be related to the necessity of 
building fat stores before crossing the barrier and/or to wait 
for favourable weather conditions.

To face sea crossing in absence of thermals, Mediterranean 
ospreys probably adopted an active flapping flight, as sug-
gested by higher airspeeds over sea than on land, and partially 
benefited from the use of tailwinds. The lower flight airspeeds 
recorded over land may be explained by the time spent in 
thermals, when birds gain height at the expense of horizontal 
distance, and the zig-zag track generated by the drift often 
observed when birds are soaring in thermal when wind direc-
tion is different than track direction, resulting in a reduced 
hourly distance travelled over land (e.g. flexibility of flight 
behaviour; Horvitz et al. 2014, Vansteelant et al. 2017b).

Our results showed that the migratory behaviour of 
Mediterranean ospreys is highly flexible and can be adapted 
to local circumstances. Since distances to wintering sites are 
short and relatively little time is required for migration, indi-
viduals can choose to cross the sea in case of favourable winds, 
otherwise selecting a safer but longer route over land. Similar 
strategies have been observed in North American ospreys in 
spring migration from South America, which may choose to 
cross the Gulf of Mexico or detour along the coast of Mexico 
and Texas (Martell et al. 2014).

As they only have a short migration ahead, SDM ospreys 
can probably decide to invest their energy stores in active 
flight over sea for a reduced time. On the contrary, LDM 
birds that must engage in a longer migration and have little 
leeway in their schedules, rather choose a risk-averse option 
of saving energy by using thermals over land instead of cross-
ing the sea by active flapping flight. However, LDM ospreys 
tracked from more eastern populations (e.g. Germany, 
Finland, Estonia: Väli and Sellis 2016) can migrate over the 
Mediterranean Sea in autumn: in this sense they would differ 
from LDM ospreys from Sweden. So, these results may not 
necessarily be generalized for all LDM ospreys.

To better understand the costs and benefits of each migra-
tory strategies, future studies should also use accelerometry 
and magnetometry to record behaviour, to help distinguish 
time spent in flapping flight versus soaring-gliding flight 
during each migratory bout (Williams  et  al. 2015, 2017), 
and estimate an energy budget for each migratory strategy 
(Duriez et al. 2014, Rotics et al. 2017).

Age variation in migratory performances

The development of migratory behaviour is a process being 
promoted by individual improvements related to age and 
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experience (Sergio et al. 2014). Previous studies highlighted 
how differences in age classes and experience play an impor-
tant role in shaping migratory decisions and flight per-
formances (Hake  et  al. 2003, Péron and Grémillet 2013, 
Thorup et al. 2013, Sergio et al. 2014, Harel et al. 2016b). 
Accordingly, we found that adults travelled faster and showed 
straighter migratory paths than juveniles, which conversely 
displayed a greater variance in the major axis of migration. 
As we hypothesized, this suggests that adults can rely on their 
experience from previous years to reach a precise goal, while 
strong divergence of juveniles suggests strong influence of 
sidewinds on migratory route of naïve juveniles. Similarly, 
Vansteelant et al. (2017a) showed how wind conditions alone 
account for more than half of the longitudinal spread in juve-
nile honey buzzards migrating for the first time. Similar dif-
ferences between adults and juveniles were also observed in 
flight performances when crossing the sea: juveniles showing 
reduced speeds compared to adults and experiencing reduced 
tailwinds. Mediterranean SDM juveniles in particular were 
probably affected by the fact that their first long movements 
after fledging immediately entail a sea-crossing (compared 
with LDM juveniles who started migration over land). In 
general, lower flight performances in juveniles appeared to be 
related to a limited experience in using thermals (on land) or 
in choosing favourable wind currents (Klaassen et al. 2011, 
Vansteelant et al. 2017b).

Conclusion

All Swedish ospreys were LDMs, wintering in tropical west 
Africa. In contrast, the Mediterranean population showed a 
heterogeneous migratory behaviour, with high levels of vari-
ability in migratory routes (and direction of movements) and 
wintering grounds. The two populations clearly differed with 
respect to both temporal (total migration speed and use of 
stopover) and spatial (propensity to sea-crossing) compo-
nents of migration strategy, based on average migration per-
formances for the two populations.

How did such differences evolve during the evolution-
ary history of the species/populations? It is challenging to 
understand to what degree population differences are based 
on genetic influences on reaction norms and/or on individual 
adaptive flexibility/learning (i.e. ontogenetic perspective), 
respectively. In this case, these differences seem not to be ‘hard-
wired’ by population-specific genetic constraints in behav-
iour, since individual flexibility is large enough to include 
e.g. high migration speed/little stopover use and wide sea-
crossing among individuals of both populations (as recorded 
also in previous studies: Hake  et  al. 2001, Alerstam  et  al. 
2006). Probably, it is a matter of genetic modification of 
reaction norms between the two populations, whereby the 
repertoires of reactions are similarly variable but responses to 
environmental situations differ across populations. Some of 
the population differences may also arise through adaptive 
flexibility and learning that exist among individuals of both 
populations.

Funding – This research was financially supported by the Foundation 
Prince Albert II de Monaco (N 1160) and the Associazone Italiana 
della Fondation Prince Albert II de Monaco ONLUS, the Corsica 
Natural Regional Park (France), the Maremma Regional Park 
Agency (Italy) and the Tuscan Archipelago National Park (Italy). 
FM benefitted from a grant from the Maremma Regional Park and 
from a mobility grant from the Univ. Italo Francese/Univ. Franco 
Italienne.
Conflicts of interest – All authors disclose any potential sources of 
conflict of interest related to this work.

References

Alerstam, T. and Lindström, Å. 1990. Optimal bird migration: the 
relative importance of time, energy and safety. – In: Gwinner, 
E. (ed.), Bird migration: physiology and ecophysiology. Springer, 
pp. 331–351.

Alerstam, T., Hake, M. and Kjellén, N. 2006. Temporal and spatial 
patterns of repeated migratory journeys by ospreys. – Anim. 
Behav. 71: 555–566.

Bai, M.-L. and Schmidt, D. 2011. Differential migration by age 
and sex in central European ospreys Pandion haliaetus. – J. 
Ornithol. 153: 75–84.

Bartoń, K. 2012. MuMIn: multi-model inference. – R Foundation 
for Statistical Computing, Vienna.

Berthold, P. 1996. Control of bird migration. – Springer Science 
and Business Media.

Chevallier, D., Handrich, Y., Georges, J.-Y., Baillon, F., Brossault, 
P., Aurouet, A., Le Maho, Y. and Massemin, S. 2010. Influence 
of weather conditions on the flight of migrating black storks. 
– Proc. R. Soc. B 277: 2755–2764.

Crawley, M. J. 2007. The R book. – John Wiley and Sons.
Cresswell, W. 2014. Migratory connectivity of Palaearctic–African 

migratory birds and their responses to environmental change: 
the serial residency hypothesis. – Ibis 156: 493–510.

DeCandido, R., Bierregaard Jr, R. O., Martell, M. S. and Bildstein, 
K. L. 2006. Evidence of nocturnal migration by osprey (Pandion 
haliaetus) in North America and western Europe. – J. Raptor 
Res. 40: 156–158.

Deppe, J. L., Ward, M. P., Bolus, R. T., Diehl, R. H., Celis-Murillo, 
A., Zenzal, T. J., Moore, F. R., Benson, T. J., Smolinsky, J. A., 
Schofield, L. N., Enstrom, D. A., Paxton, E. H., Bohrer, G., 
Beveroth, T. A., Raim, A., Obringer, R. L., Delaney, D. and 
Cochran, W. W. 2015. Fat, weather, and date affect migratory 
songbirds’ departure decisions, routes, and time it takes to cross 
the Gulf of Mexico. – Proc. Natl Acad. Sci. USA 112: 
E6331–E6338.

Dodge, S., Bohrer, G., Bildstein, K., Davidson, S. C., Weinzierl, 
R., Bechard, M. J., Barber, D., Kays, R., Brandes, D., Han, J. 
and Wikelski, M. 2014. Environmental drivers of variability in 
the movement ecology of turkey vultures (Cathartes aura) in 
North and South America. – Phil. Trans. R. Soc. B 369: 
doi:10.1098/rstb.2013.0195

Drent, R. and Piersma, T. 1990. An exploration of the energetics 
of leap-frog migration in arctic breeding waders. – In: Gwinner, 
P. D. E. (ed.), Bird migration. Springer, pp. 399–412.

Drent, R., Both, C., Green, M., Madsen, J. and Piersma, T. 2003. 
Pay-off and penalties of competing migratory schedules.  
– Oikos 103: 274–292.

Duriez, O., Baure, S., Destin, A., Madsen, J., Nolet, B. A., Stillman, 
R. and Klaassen, M. 2009. What decision-rues might 



12

pink-footed geese use to depart on migration? An individual-
based model. – Behav. Ecol. 20: 560–569.

Duriez, O., Kato, A., Tromp, C., Dell’Omo, G., Vyssotski, A. L., 
Sarrazin, F. and Ropert-Coudert, Y. 2014. How cheap is soaring 
flight in raptors? A preliminary investigation in freely-flying 
vultures. – PLoS One 9: e84887.

Forchhammer, M. C., Post, E. and Stenseth, N. C. H. R. 2002. 
North Atlantic Oscillation timing of long- and short-distance 
migration. – J. Anim. Ecol. 71: 1002–1014.

Goymann, W., Lupi, S., Kaiya, H., Cardinale, M. and Fusani L. 
2017. Ghrelin affects stopover decisions and food intake in a 
long-distance migrant. – Proc. Natl Acad. Sci. USA 114: 
1946–1951.

Griffiths, R., Double, M. C., Orr, K. and Dawson, R. J. 1998. A 
DNA test to sex most birds. – Mol. Ecol. 7: 1071–1075.

Hake, M., Kjellen, N. and Alerstam, T. 2001. Satellite tracking of 
Swedish ospreys Pandion haliaetus: autumn migration routes 
and orientation. – J. Avian Biol. 32: 47–56.

Hake, M., Kjellen, N. and Alerstam, T. 2003. Age dependent 
migration strategy in honey buzzards Pernis apivorus tracked by 
satellite. – Oikos 103: 385–396.

Harel, R., Duriez, O., Spiegel, O., Fluhr, J., Horvitz, N., Getz, W. 
M., Bouten, W., Sarrazin, F., Hatzofe, O. and Nathan, R. 
2016a. Decision-making by a soaring bird: time, energy and 
risk considerations at different spatio-temporal scales. – Phil. 
Trans. R. Soc. B 371: 20150397.

Harel, R., Horvitz, N. and Nathan, R. 2016b. Adult vultures 
outperform juveniles in challenging thermal soaring conditions. 
– Sci. Rep. 6: 27865.

Horvitz, N., Sapir, N., Liechti, F., Avissar, R., Mahrer, I. and 
Nathan, R. 2014. The gliding speed of migrating birds: slow 
and safe or fast and risky? – Ecol Lett. 17: 670–679.

Jaffré, M., Beaugrand, G., Goberville, É., Jiguet, F., Kjellén, N., 
Troost, G., Dubois, P. J, Leprêtre, A. and Luczak, C. 2013. 
Long-term phenological shifts in raptor migration and climate. 
– PLoS One 8: e79112.

Kalnay, E., Kanamitsu, M., Kistler, R., Collins, W., Deaven, D., 
Gandin, L., Iredell, M., Saha, S., White, G., Woollen, J.,  
Zhu, Y., Leetmaa, A., Reynolds, R., Chelliah, M., Ebisuzaki, 
W., Higgins, W., Janowiak, J., Mo, K. C., Ropelewski, C., 
Wang, J., Jenne, R. and Joseph, D. 1996. The NCEP/NCAR 
40-year reanalysis project. – Bull. Am. Meteorol. Soc. 77: 
437–471.

Kanamitsu, M., Ebisuzaki, W., Woollen, J., Yang, S.-K., Hnilo, J. 
J., Fiorino, M. and Potter, G. L. 2002. NCEP–DOE AMIP-II 
reanalysis (R-2). – Bull. Am. Meteorol. Soc. 83: 1631–1643.

Kemp, M. U., van Loon, E., Shamoun-Baranes, J. and Bouten, W. 
2012a. RNCEP: global weather and climate data at your 
fingertips: RNCEP. – Methods Ecol. Evol. 3: 65–70.

Kemp, M. U., Shamoun-Baranes, J., van Loon, E. E., McLaren, J. 
D., Dokter, A. M. and Bouten, W. 2012b. Quantifying  
flow-assistance and implications for movement research. – J. 
Theor. Biol. 308: 56–67.

Kenward, R. E., Pfeffer, R. H., Al-Bowardi, M. A., Fox, N. C., 
Riddle, K. E., Bragin, E. A., Levin, A., Walls, S. S. and Hodder, 
K. H. 2001. Setting harness sizes and other marking techniques 
for a falcon with strong sexual dimorphism. – J. Field Ornithol. 
72: 244–257.

Kerlinger, P. 1989. Flight strategies of migrating hawks. – Univ. of 
Chicago Press.

Klaassen, R. H. G., Strandberg, R., Hake, M. and Alerstam, T. 
2008. Flexibility in daily travel routines causes regional variation 

in bird migration speed. – Behav. Ecol. Sociobiol. 62: 
1427–1432.

Klaassen, R. H. G., Hake, M., Strandberg, R. and Alerstam, T. 
2010. Geographical and temporal flexibility in the response to 
crosswinds by migrating raptors. – Proc. R. Soc. B 278: 
1339–1346.

Klaassen, R. H. G., Ens, B. J., Shamoun-Baranes, J., Exo, K.-M. 
and Bairlein, F. 2011. Migration strategy of a flight generalist, 
the lesser black-backed gull Larus fuscus. – Behav. Ecol. 23: 
58–68.

Kölzsch, A., Müskens, G. J. D. M., Kruckenberg, H., Glazov, P., 
Weinzierl, R., Nolet, B. A. and Wikelski, M. 2016. Towards a 
new understanding of migration timing: slower spring than 
autumn migration in geese reflects different decision rules for 
stopover use and departure. – Oikos 215: 1496–1507.

La Sorte, F. A., Fink, D., Hochachka, W. M., DeLong, J. P. and 
Kelling, S. 2013. Population level scaling of avian migration 
speed with body size and migration distance for powered fliers. 
– Ecology 94: 1839–1847.

Limiñana, R., Romero, M., Mellone, U. and Urios, V. 2012. 
Mapping the migratory routes and wintering areas of lesser 
kestrels Falco naumanni: new insights from satellite telemetry. 
– Ibis 154: 389–399.

Lok, T., Overdijk, O. and Piersma, T. 2013. Migration sometimes 
takes a toll: spoonbills suffer higher mortality during longer 
northward migrations. Spoonbills as a model system, a 
demographic cost-benefit analysis of differential migration.  
– PhD thesis, chapter 8, Univ. of Groningen.

Martell, M. S., Bierregaard, R. O., Washburn, B. E., Elliott, J. E., 
Henny, C. J., Kennedy, R. S. and MacLeod, I. 2014. The spring 
migration of adult North American ospreys. – J. Raptor Res. 
48: 309–324.

Mellone, U., Limiñana, R., Mallia, E. and Urios, V. 2011. Extremely 
detoured migration in an inexperienced bird: Interplay of trans-
port costs and social interactions. – J. Avian Biol. 42: 468–472.

Mellone, U., Klaassen, R. H. G., García-Ripollés, C., Limiñana, 
R., López-López, P., Pavón, D., Strandberg, R., Urios, V., 
Vardakis, M. and Alerstam, T. 2012. Interspecific comparison 
of the performance of soaring migrants in relation to morphol-
ogy, meteorological conditions and migration strategies. – PLoS 
One 7: e39833.

Mellone, U., De La Puente, J., Lopez-Lopez, P., Limiñana, R., 
Bermejo, A. and Urios, V. 2015. Seasonal differences in migra-
tion patterns of a soaring bird in relation to environmental 
conditions: a multi-scale approach. – Behav. Ecol. Sociobiol. 
69: 75–82.

Meyburg, B.-U., Bergmanis, U., Langgemach, T., Graszynski, K., 
Hinz, A., Börner, I., Meyburg, C. and Vansteelant, W. M. G. 
2017. Orientation of native versus translocated juvenile lesser 
spotted eagles (Clanga pomarina) on the first autumn migration. 
– J. Exp. Biol. 220: 2765–2776.

Monti, F., Dominici, J. M., Choquet, R., Duriez, O., Sammuri, G. 
and Sforzi, A. 2014. The osprey reintroduction in central Italy: 
dispersal, survival and first breeding data. – Bird Study 61: 
465–473.

Monti, F., Grémillet, D., Sforzi, A., Sammuri, G., Dominici, J. M., 
Triay, R., Munoz, A., Fusani, L. and Duriez, O. 2018. Migra-
tion and wintering strategies in vulnerable Mediterranean 
osprey populations. – Ibis 160: 554–567.

Nilsson, C., Klaassen, R. H. and Alerstam, T. 2013. Differences in 
speed and duration of bird migration between spring and 
autumn. – Am. Nat. 181: 837–845.



13

Nilsson, C., Bäckman, J. and Alerstam, T. 2014. Seasonal 
modulation of flight speed among nocturnal passerine migrants: 
differences between short- and long-distance migrants. – Behav. 
Ecol. Sociobiol. 68: 1799–1807.

Nourani, E., Safi, K., Yamaguchi, N. M. and Higuchi, H. 2018. 
Raptor migration in an oceanic flyway: wind and geography 
shape the migratory route of grey-faced buzzards in east Asia. 
– R. Soc. Open Sci. 5: 171555.

Panuccio, M., Agostini, N. and Premuda, G. 2012. Ecological 
barriers promote risk minimisation and social learning in 
migrating short-toed snake eagles. – Ethol. Ecol. Evol. 24: 
74–80.

Panuccio M., Mellone U. and Muner L. 2013. Differential wintering 
area selection in Eurasian marsh harrier (Circus aeruginosus): a 
ringing recoveries analysis. – Bird Study 60: 52–59.

Péron, C. and Grémillet, D. 2013. Tracking through life stages: 
adult, immature and juvenile autumn migration in a long-lived 
seabird. – PLoS One 8: e72713.

Piersma, T. and Baker, A. J. 2000. Life history characteristics and 
the conservation of migratory shorebirds. – In: Gosling, L. M. 
and Sutherland, W. J. (eds), Behaviour and conservation. 
Cambridge Univ. Press, pp. 105–124.

Piersma, T. and Gils, J. A. van. 2010. The flexible phenotype: a 
body-centred integration of ecology, physiology, and behaviour. 
– Oxford Univ. Press.

Piersma, T., Rogers, D. I., González, P. M., Zwarts, L., Niles, L. J., de 
Lima do Nascimento, I., Minton, C. D. T. and Baker, A. J. 2005. 
Fuel storage rates before northward flights in red knots worldwide: 
facing the severest ecological constraint in tropical intertidal 
environments? – In: Greenberg, R. and Marra, P. P. (eds), Birds of 
the two worlds. John Hopkins Univ. Press, pp. 262–273.

Poole, A. F. 1989. Ospreys: a natural and unnatural history.  
– Cambridge Univ. Press.

Pulido, F. 2007. The genetics and evolution of avian migration.  
– Biosciences 57: 165–174.

Richards, S. A. 2008. Dealing with overdispersed count data in 
applied ecology. – J. Appl. Ecol. 45: 218–227.

Richards, S. A., Whittingham, M. J. and Stephens, P. 2011. Model 
selection and model averaging in behavioural ecology: the 
utility of the IT-AIC Framework. – Behav. Ecol. Sociobiol. 65: 
77–89.

Rotics, S., Turjeman, S., Kaatz, M., Resheff, Y. S., Zurell, D., Sapir, 
N., Eggers, U., Fiedler, W., Flack, A., Jeltsch, F., Wikelski, M. 
and Nathan, R. 2017. Wintering in Europe instead of Africa 
enhances juvenile survival in a long-distance migrant. – Anim. 
Behav. 126: 79–88.

Schmaljohann, H. 2018. Proximate mechanisms affecting seasonal dif-
ferences in migration speed of avian species. – Sci. Rep. 8: 4106.

Senner, N. R., Conklin, J. R. and Piersma, T. 2015. An ontogenetic 
perspective in individual differences. – Proc. R. Soc. B. 282: 
20151050.

Sergio, F., Tanferna, A., De Stephanis, R., Jiménez, L. L., Blas, J., 
Tavecchia, G., Preatoni, D. and Hiraldo, F. 2014. Individual 
improvements and selective mortality shape lifelong migratory 
performance. – Nature 515: 410–413.

Shamoun-Baranes, J., Burant, J. B., van Loon, E. E., Bouten, W. 
and Camphuysen, C. J. 2017. Short distance migrants travel as 
far as long distance migrants in lesser black-backed gulls Larus 
fuscus. – J. Avian Biol. 48: 47–57.

Shepard, E. L. C., Ross, A. N. and Portugal, S. J. 2016. Moving in 
a moving medium: new perspectives on flight. – Phil. Trans. R. 
Soc. B 371: doi:10.1098/rstb.2015.0382

Sinelschikova, A., Kosarev, V., Panov, I. and Baushev, A. N. 2007. 
The influence of wind conditions in Europe on the advance in 
timing of the spring migration of the song thrush (Turdus 
philomelos) in the south-east Baltic region. – Int. J. Biometeorol. 
51: 431–440.

Strandberg, R. and Alerstam, T. 2007. The strategy of fly-and-
forage migration, illustrated for the osprey (Pandion haliaetus). 
– Behav. Ecol. Sociobiol. 61: 1865–1875.

Strandberg, R., Klaassen, R. H., Hake, M., Olofsson, P., Thorup, 
K. and Alerstam, T. 2008. Complex timing of marsh harrier 
Circus aeruginosus migration due to pre- and post-migratory 
movements. – Ardea 96: 159–171.

Strandberg, R., Alerstam, T., Hake, M. and Kjellén, N. 2009a. 
Short-distance migration of the common buzzard Buteo buteo 
recorded by satellite tracking. – Ibis 151: 200–206.

Strandberg, R., Klaassen, R. H. G. and Thorup, K. 2009b.  
Spatio-temporal distribution of migrating raptors: a compari-
son of ringing and satellite tracking. – J. Avian Biol. 40: 
500–510.

Tanferna, A., López-Jiménez, L., Blas, J., Hiraldo, F. and Sergio, F. 
2012. Different location sampling frequencies by satellite tags 
yield different estimates of migration performance: pooling data 
requires a common protocol. – PLoS One 7: e49659.

Thorup, K. and Rabøl, J. 2001. The orientation system and 
migration pattern of long-distance migrants: conflict between 
model predictions and observed patterns. – J. Avian Biol. 32: 
111–119.

Thorup, K., Alerstam, T., Hake, M. and Kjellén, N. 2003. Bird 
orientation: compensation for wind drift in migrating raptors 
is age dependent. – Proc. R. Soc. B 270: S8–S11.

Thorup, K., Alerstam, T., Hake, M. and Kjellén, N. 2006. Traveling 
or stopping of migrating birds in relation to wind: an illustration 
for the osprey. – Behav. Ecol. 17: 497–502.

Thorup, K., Vardanis, Y., Tøttrup, A. P., Kristensen, M. W. and 
Alerstam, T. 2013. Timing of songbird migration: individual 
consistency within and between seasons. – J. Avian Biol. 44: 
486–494.

Tøttrup, A. P., Klaassen, R. H. G., Kristensen, M. W., Strandberg, 
R., Vardanis, Y., Lindström, Å., Rahbek, C., Alerstam, T. and 
Thorup, K. 2012. Drought in Africa caused delayed arrival of 
European songbirds. – Science 338: 1307–1307.

Väli, Ü. and Sellis, U. 2016. Migration patterns of the osprey 
Pandion haliaetus on the eastern European-east African flyway. 
– Ostrich 87: 23–28.

van der Graaf, A. J., Stahl, J., Klimkowska, A., Bakker, J. P. and 
Drent, R. H. 2006. Surfing on a green wave – how plant growth 
drives spring migration in the barnacle goose Branta leucopsis. 
– Ardea 94: 567–577.

van Noordwijk, A. J., Pulido, F., Helm, B., Coppack, T., Delingat, 
J., Dingle, H., Hedenström, A., van der Jeugd, H., Marchetti, 
C., Nilsson, A. and Perez-Tris, J. 2006. A framework for the 
study of genetic variation in migratory behaviour. – J. Ornithol. 
147: 221–233.

Vansteelant, W. M. G., Bouten, W., Klaassen, R. H. G., Koks, B. 
J., Schlaich, A. E., van Diermen, J., van Loon, E. E. and 
Shamoun-Baranes, J. 2015. Regional and seasonal flight speeds 
of soaring migrants and the role of weather conditions at hourly 
and daily scales. – J. Avian Biol. 46: 25–39.

Vansteelant, W. M. G., Shamoun-Baranes, J., van Manen, W., van 
Diermen, J. and Bouten, W. 2016. Seasonal detours by soaring 
migrants shaped by wind regimes along the East Atlantic Fly-
way. – J. Anim. Ecol. doi:10.1111/1365-2656.12593



14

Vansteelant, W. M. G., Kekkonen, J. and Byholm, P. 2017a. Wind 
conditions and geography shape the first outbound migration 
of juvenile honey buzzards and their distribution across  
sub-Saharan Africa. – Proc. R. Soc. B 284: 20170387.

Vansteelant, W. M. G., Shamoun-Baranes, J., McLaren, J., van 
Diermen, J. and Bouten, W.  2017b. Soaring across continents: 
decision-making of a soaring migrant under changing atmospheric 
conditions along an entire flyway. – J. Avian Biol. 48: 887–896.

Wallin, K., Wallin, M. L., Jaras, T. and Standvick, P. 1987. Leapfrog 
migration in the Swedish kestrel Falco tinnunculus population. 
– Proc. 5th Nordic Ornithol Congr. 1985, pp. 213–222.

Washburn, B. E., Martell, M. S., Bierregaard, R. O., Henny, C. J., 
Dorr, B. S. and Olexa, T. J. 2014. Wintering ecology of adult 
North American ospreys. – J. Raptor Res. 48: 325–333.

Williams, H. J., Shepard, E. L. C., Duriez, O. and Lambertucci, 
S. A. 2015. Can accelerometry be used to distinguish between 
flight types in soaring birds? – Anim. Biotelemetry 3: 1–11.

Williams, H. J., Holton, M. H., Shepard, E. L., Largey, N., 
Norman, J. A., Ryan, P., Duriez, O., Scantlebury, M., Quintana, 
F., Magowan, E. and Wilson, R. P. 2017. Identification of 
animal movement patterns using tri-axial magnetometry.  
– Mov. Ecol. 5: 6.

Yamaguchi, N., Tokita, K.-I., Uematsu, A., Kuno, K., Saeki, M., 
Hiraoka, E., Uchida, K., Hotta, M., Nakayama, F., Takahashi, 
M., Nakamura, H. and Higuchi, H. 2008. The large-scale 
detoured migration route and the shifting pattern of migration 
in oriental honey-buzzards breeding in Japan. – J. Zool. 276: 
54–62.

Yamaguchi, N. M., Arisawa, Y., Shimada, Y. and Higuchi, H. 2011. 
Real-time weather analysis reveals the adaptability of direct  
sea-crossing by raptors. – J. Ethol. 30: 1–10.

Zuur, A. F., Ieno, E. N., Walker, N. J., Saveliev, A. A. and Smith, 
G. M. 2009. Mixed effects models and extensions in ecology 
with r. – Springer.

Supplementary material (Appendix JAV-01839 at < www.
avianbiology.org/appendix/jav-01839 >). Appendix 1–4.


