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Each year, billions of flying and swimming migrants must nego-
tiate cross flows in order to reach their destination1,2. When 
facing unfavourable flows, migrants can be passively pushed 

off course because of their incapability to resist the displacement 
(maladaptive drift) or can enact orientation strategies evolved to 
oppose and even exploit cross flows3–5 (Fig. 1a, Supplementary 
Fig. 1 and Video 1). These primarily include: waiting for favour-
ably oriented currents (wind selectivity), changing heading to 
compensate for lateral displacement (compensation) or drift-
ing to various degrees, where a migrant accepts the displacement 
to gain an advantage (adaptive drift)3,6–9. According to theoretical 
models of optimal migration, the profitability of each strategy may 
change according to the length of the remaining journey and the 
stability and predictability of cross-flow direction10. For example, 
migrants should constantly compensate for drift in a current that 
never changes direction but should drift freely when the direction 
alternates along the route in a balanced way4,11. In unpredictably 
changing crossflows, migrants should either drift at the beginning 
of the journey and compensate later or overcompensate in the first 
portion and drift towards the end (Zermelo’s optimal solution)8. 
Previous empirical studies have found conflicting results with a 
wide array of negotiation responses ranging from maladaptive drift 
to full compensation and overcompensation1,3,8–10,12,13. However, one 
aspect of cross-flow negotiation that has received scarce attention is 
how drift management capabilities develop through life within and 
across individuals.

Current knowledge on this aspect is limited to a single 
satellite-tracking study which showed that one-year-old juveniles 
on their first migration are less capable than adults to compen-
sate for cross flows14. Furthermore, the above study was based on 
a dichotomous comparison between recently born juveniles and 
unknown-age adults, probably because of the enormous challenge of 
sampling the in-between initial years of life. Thus, we still don’t know 
whether the ability to negotiate cross flows is acquired gradually or 
abruptly through life (for example, through a single-step acquisi-
tion of route familiarity), whether it bears fitness or population  

consequences and whether it is shaped by individual learning or by 
progressive removal of inferior navigators. Therefore, our under-
standing of when, how and why migrants develop their elusive 
capability to negotiate drift to navigate to their far away destinations 
is still rudimentary.

Here we fill this knowledge gap by examining the lifelong ori-
entation strategies of a medium-sized, migratory raptor, the black 
kite (Milvus migrans). In particular, we tested whether and how 
wind-negotiation strategies improved with age and whether this 
was mediated by experiential learning or by a process of selective 
removal of inferior performers. On the basis of previous work on this 
population15,16, we expected age-related improvements to be more 
radical and visible during the more challenging pre-breeding migra-
tion (Methods provide more detailed predictions). Throughout, we 
use the term ‘individual improvement’ for trait amelioration within 
an individual as it ages and ‘improvement’ as a more general term 
for trait amelioration generated by individual improvements and 
other cross-sectional mechanisms, such as the progressive removal 
of inferior performers.

Black kites (hereafter, ‘kites’) usually start breeding when 3–6 
years old17, after spending their first one–two winters in Africa. Key 
vital rates, such as reproductive success and survival, are highest 
between age 7–11 and subsequently decline16. Populations of west-
ern Europe winter in western Africa after a narrow-front migration 
funnelled through the Strait of Gibraltar1,18 (Fig. 1b). Kites migrate 
only diurnally and can forage in the early morning and late after-
noon (fly-and-forage migration11) or during travelling interruptions 
at staging stopover sites. Migrating kites often travel within loose 
flocks of up to thousands of other kites, raptors and storks1,19. As in 
other soaring birds, migratory advancement is mainly achieved by 
exploiting the uplift generated by air convection, the birds gaining 
height by circling in buoyant air and then gliding to the next ther-
mal20. Migration concentrates most of the year-round mortality, 
particularly during the crossing of the inhospitable Sahara Desert21. 
The current analysis is based on GPS tracking data over 3,140 days 
of migration (1,520 pre-breeding and 1,620 post-breeding days) 
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by 90 individuals born in Doñana National Park (south-western 
Spain). This population is subject to long-term marking22, which 
allowed us to sample all ages of the life cycle (1–27 years old). 
Hereafter, for simplicity, we define 1–2-year-olds at their first 
migration as ‘juveniles’ and 3–6-year-olds as ‘young adults’. For 
clarity of presentation, we placed most statistical tests in tables so 
as to avoid constant text interruption with long reports of statis-
tical figures. To quickly find the relevant results within extensive 
tables, whenever necessary, we identified each model by a letter and 
each tested variable by a progressive row number. Thus, the nota-
tions ‘Supplementary Table 1a.4’, ‘Supplementary Table 1a.5–6’ or 
‘Supplementary Table 1a’ refer to the variable of row 4 of model a; 

to the variables of rows 5 and 6 of model a; or to the whole model a 
of Supplementary Table 1, respectively.

Results and Discussion
In the pre-breeding return migration (northern spring), departure 
decisions incorporated moderate wind selectivity; kites departed 
with declining barometric pressure (Supplementary Table 1a.1), 
probably forecasting changes in wind conditions and lower proba-
bilities of dust storms23, while younger individuals waited for winds 
to switch from the prevailing headwind to tailwind conditions 
(Supplementary Table 1a.5–6 and Supplementary Fig. 2), which may 
have contributed to their later departure16. Once travelling, drift 
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Fig. 1 | Strategies of drift negotiation by migrating black kites. a, Conceptual (non-vectorial) representation of crosswind negotiation strategies by 
migrating raptors; by orienting themselves progressively more towards a lateral crosswind, migrants can increasingly compensate for the drift imposed by 
the side flow. The outcome of such orientation strategies can range from full drift to partial compensation or full compensation (Supplementary Video 1). 
In Supplementary Fig. 1, we illustrate the same concept through the more classical ‘triangle of velocities’. b, Travel routes of black kites migrating between 
Doñana National Park in Spain and the Sahel of Africa during their pre-breeding (red) and post-breeding (light blue) journeys. Tracks starting from further 
south were shortened for clarity of presentation. c, The capability to compensate for the effect of crosswinds improved with age (that is, the slope became 
progressively less steep) for kites travelling over the Sahara and Sahel during their pre-breeding migration (N = 1,508 days of migration from 70 individuals). 
A steeper slope indicates that a given level of lateral flow imposes a larger drift (that is, a lower capability to compensate for cross flows). d, The effect 
of axial winds on the rate of advancement towards the breeding quarters declined with age, implying that younger individuals were more dependent on 
tailwind support and more constrained by headwinds than older ones (N = 1,520 days of migration from 70 individuals). All tests were two-sided and can 
be found in Supplementary Table 2a.19 (c) and 2a.49 (d). Illustration credit: F. J. Hernández. Map credit: ESRI World Imagery.
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increased by 7.5 km d−1 and forward advancement by 12.0 km d−1 
for every m s−1 increase in crosswind and tailwind speed, respec-
tively. Drift was affected by a complex array of interactions: for all 
kites, tailwinds (Supplementary Table 2a.5) and sudden changes in 
crosswind direction (Supplementary Table 2a.7) increased the dis-
placement caused by crosswinds, while high ecosystem productivty 
attenuated drift, probably by promoting travelling interruptions for 
foraging (Supplementary Table 2a.8). More importantly, orientation 
strategies depended on age (Supplementary Table 2a.18–19 and  
Fig. 1c). First, the drift-impact of crosswinds depended on the inter-
action between age and geographic area; kites drifted progressively 
less with increasing age, a pattern that was most pronounced in the 
Sahara and Sahel but virtually absent further north, where drift 
was negligible for all individuals (Supplementary Table 2a.18–19 
and Fig. 2). Juveniles in particular drifted extremely strongly in the 
Sahara, where they suffered average daily lateral displacements of 
105 km and up to 327 km (Fig. 2b). Second, drift was modulated by 
the interaction between age and wind direction; juveniles and young 
adults drifted more with eastward than westward blowing winds, 
while adults were unaffected by wind direction (Supplementary 
Table 2a.23 and Fig. 2d). This would place younger kites more at risk 

of being unsafely blown towards the Sahara interior. Third, the effect 
of past accumulated drift on current drift became more negative 
with age (Supplementary Table 2b.24 and Supplementary Fig. 3).  
This implied that adults were more capable than young individu-
als to exploit adaptive drift, resisting drift when this increased their 
already accumulated displacement and accepting it opportunisti-
cally when it lowered net displacement.

Advancement in the intended direction was similarly affected by 
the interplay of environmental forcings and their interactions. For 
example, it was propelled by tailwinds (Supplementary Table 2.31) 
and reduced by higher NDVI values (Supplementary Table 2.36), 
while the effect of tailwinds was maximum in the Sahara, inter-
mediate in the Sahel and minimum further north (Supplementary 
Table 2b.42–43 and Supplementary Fig. 4). Again, the negotiation of 
wind support varied by age. First, the impact of wind support was 
stronger on juveniles and young adults, which were more depen-
dent on tailwinds and more slowed by headwinds, especially in the 
Sahara and the Sahel (Supplementary Table 2b.49–50 and Fig. 1d). 
This implied that adults advanced more slowly for a given level of 
tailwind, possibly as a way to lower energy expenditure24,25. Second, 
the advancement was modulated by a complex interaction between 
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Fig. 2 | Age-dependent drift changed by geographic area and with wind direction in the pre-breeding migration. a–c, The drift levels imposed by 
crosswinds declined with age in the Sahel (a), were particularly high for juveniles migrating over the Sahara Desert (b) and became minimal in the final 
portion of the journey (c). d, Adults were ‘impermeable’ to wind direction, while juveniles and young adults suffered more drift from eastward than 
westward winds, which put them at greater risk of being dangerously blown into the inhospitable interior of the Sahel and Sahara Desert. Error bars 
represent 1 standard error of the mean (s.e.m.). Tests are based on a sample of 1,508 days of migration from 70 individuals. All tests were two-sided and 
can be found in Supplementary Table 2a.18 (a,b,c) and 2a.23 (d).
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age, tailwind and the lateral drift accumulated so far; juveniles and 
young adults had higher rates of advancement than adults when they 
were already drifting substantially (Supplementary Table 2b.51).

Temporary travelling interruptions of up to 15 days were inte-
gral to an overall strategy of wind negotiation but also depended 
on food availability. All kites interrupted their journey with more 
eastward and stronger crosswinds and headwinds (Supplementary  
Table 1b.8–10), but juveniles and young adults more frequently used 
stopover sites with higher ecosystem productivity (Supplementary 
Table 1b.13 and Fig. 3a), probably because their lower foraging 
proficiency made them more exigent. This would allow adults a 

more flexible capability to stop as soon as wind conditions deterio-
rated. Adults were also more capable than younger kites to restart 
their journey with more favourable crosswinds (Supplementary 
Table 1c.18 and Fig. 3b), while all individuals retook their journeys 
with stronger tailwinds (Supplementary Table 1c.16). Thus, kites 
exploited stopovers as emergency pauses that reset their travel-
ling conditions to more favourable values. For example, on aver-
age, crosswind interference declined by 33.6 % and tailwind support 
increased by 79.1 % between the beginning and end of a stopover, 
and adults were better capable to exploit such advantage.

What shaped the age improvements in wind negotiation? The 
drift response (slope of drift on crosswind) improved (became less 
negative) with age within an individual in the initial years of life 
(Fig. 4a) but not significantly so (Supplementary Table 3a). Instead, 
selective mortality removed from the population those individuals 
that drifted more (Supplementary Table 3c), especially at younger 
ages (Fig. 4c). For advancement, the slope response to tailwinds 
did not vary through time within the individual (Supplementary  
Table 3b and Fig. 4b), but kites with faster advancement rates suf-
fered higher mortality (Supplementary Table 3d), especially at 
younger ages (Fig. 4d). Thus, orientation strategies were mainly 
subject to survival selection.

Apart from a lower ecosystem productivity, travelling conditions 
were substantially more favourable in the post-breeding migra-
tion (northern autumn), with an average improvement of 42% in 
crosswinds, 126% in tailwinds and 39% in uplift (Supplementary 
Table 4). Furthermore, younger individuals had more opportunity 
to travel together with more experienced adults than in spring16. 
This resulted in a generally easier, shorter journey with fewer stop-
overs15,16. The only aging change in wind negotiation was the capa-
bility of older kites, also observed in the pre-breeding migration, to 
exploit current drift in order to compensate for past accumulated 
drift (Supplementary Table 5a.16 and Supplementary Fig. 5). This 
had potential cascading effects on wintering distribution because 
the lateral drift accumulated by an individual at the end of its jour-
ney affected its longitude of arrival (Supplementary Table 3.e), 
which in turn affected the mean longitude of its initial wintering 
area (Supplementary Table 3.f). Thus, the prevailing trade winds23 
promoted more westward arrival and wintering areas for juveniles 
(Supplementary Table 3.e and 3.f), which were less capable to cor-
rect their accumulated drift. The effect remained significant also 
when using the whole wintering period (likelihood ratio test = 10.1, 
P < 0.018, ΔAICc = 3.5), but the signal was predictably weaker 
(R2 = 9.9; rationale in Methods). These results suggest a mechanism 
by which selection, via its effect on drift negotiation, could modu-
late the age-dependent spread of wintering areas, thus shaping the 
connectivity of migrants to their non-breeding quarters26. These 
carryover repercussions of drift could apply even more to species 
with more static and restricted wintering areas (that is, that stay all 
winter where they land). Finally, the drift and advancement slopes 
of the post-breeding migration did not change within an individual 
and had no repercussion on its subsequent survival.

Overall, the challenge of highly interactive, ever-changing atmo-
spheric agents promoted a predictable development of context- 
dependent, instantaneous and delayed tactics, whose efficiency 
improved more slowly than previously appreciated through several 
initial years of life. The large displacements of younger individuals 
were probably caused by maladaptive drift, given that they entailed 
clear risks (for example, drifting towards the Sahara interior) and 
led to higher mortality. The adults that passed such a mortality filter 
were capable to compensate or partially compensate for their current 
and past drift, to resist risky displacements in a direction-sensitive 
manner and to reset the favourability of their travelling conditions 
through strategic exploitation of emergency stopovers. These com-
pensatory and adaptive drift tactics implied that kites became pro-
gressively more capable to detect cross-flow strength and direction, 
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estimate their displacement and correct their orientation accord-
ingly, implying the gradual integration of a map sense and/or key 
landmarks to attain true goal-oriented navigation1,10,14. The slow, 
gradual development and mortality costs of acquiring such abilities 
by juveniles and young adults underpin their complexity and may 
contribute to the explanation of why long-lived migrants often defer 
the challenge of their first pre-breeding migration to the second or 
third year of life1,18.

While a complementary role of individual learning can-
not be fully excluded (Fig. 4a), for the first time we show that 
wind-negotiation and orientation strategies were under strong 
survival selection, an assumption commonly posed in migration 
biology3,4,27,28 but still in need of empirical support. Survival selec-
tion promoted individuals more capable of drift compensation, that 
suffered less from headwind conditions and that advanced slower 
for a given level of tailwind, which may have allowed them to save 
more energy and safeguard their condition upon arrival24,29–31. This 
implied fitness advantages for cautious migrants that were more 
‘in control’ of wind conditions rather than ‘blown by the wind’ and 
that probably traded rapid advancement for lower lateral displace-
ments, risks and energy consumption. Such selection for slow and 
prudent advancement complemented the benefits of early departure 
that allowed adult kites to arrive earlier than younger ones, despite  

travelling slower15,16, leading to an overall strategy that simulta-
neously safeguarded the three pillars of optimal migration: time, 
energy and safety6,27.

In conclusion, the challenges and opportunities by an ever- 
changing atmosphere generated a delicate balance between mal-
adaptive decisions and proficient wind exploitation that gradually 
shifted with age to produce an eventually flexible strategy that varied 
with flow characteristics, the safety risks of potential displacements, 
the trophic profitability of traversed landscapes and the previ-
ous performance of the migrant along the journey. This necessar-
ily multi-faceted and context-dependent flexibility within a single 
population may explain the variety of apparently conflicting results 
on flow negotiation mostly obtained by studying individuals of all 
ages over small portions of a route3,12. Given that climate change 
will frequently alter flow regimes32,33, impacts on migrants will be 
hard to forecast given the interactive nature of multiple atmospheric 
agents (Supplementary Tables 2 and 5) and will depend on the 
extent to which the current negotiation flexibility of a population 
can absorb such changes or be reshaped by natural selection quickly 
enough to accommodate them. In this sense, the higher variabil-
ity of routes and responses by younger individuals may increase 
resilience by maintaining options that could become favoured 
in the future, as postulated by the ‘serial residency hypothesis’26.  
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When present, climate impacts are likely to become suddenly 
apparent above certain thresholds of flow alteration, as they could 
initially hide behind the erosion of the younger portion of a popula-
tion, more liable to environmental impacts. For migrating animals, 
tight selection for flow negotiation is likely to impose strong links 
between migratory strategies, fitness, demography and distribution. 
As a consequence, environmental and climate changes affecting 
migratory flyways are likely to impose disproportionate impacts on 
migrants, an aspect that we are just starting to uncover34–36.

Methods
This study is complementary to a previous evaluation of age-related effects16. In 
the previous analysis, we focused on the performance of different-aged individuals 
averaged over an entire migratory journey, while here we focus on their daily 
wind-negotiation decisions. Because many of the methods are similar, here we 
present a shortened version and refer to ref. 16 for more detail.

GPS satellite marking. More than 4,000 black kites have been marked with metal 
and plastic rings as nestlings in Doñana National Park in past decades, so a large 
portion of the population is composed of individuals of known ages21,37. This 
enabled us to deploy GPS satellite tags (model PTT-100 Solar Argos/GPS PTT, 
manufactured by Microwave Telemetry) on 90 kites of known age (1 to 27 years 
old) between March and June 2008–2012 (>1,300 h of selective trapping). The 
transmitters weighed 22 grams (<3% of the body mass) and had a declared lifespan 
of 3 years38, but some were still functioning after five years. All PTTs had the same 
set-up, and received GPS locations eight times per day scattered throughout the 
day. Transmitters were attached as backpacks through a Teflon harness39, which had 
no detectable impact on body condition, foraging performance, breeding output, 
survival, recruitment and longevity or on the capability to raise healthy offspring38.

Annotated environmental variables. To investigate wind negotiation, we obtained 
data on wind conditions and a number of key environmental and atmospheric 
variables that could affect departure decisions, travelling tactics and refuelling 
opportunities, such as thermal convection, changes in barometric pressure and the 
potential availability of trophic resources. For each GPS location, environmental 
and atmospheric data were extracted for the grid value that was closest to the 
animal position in both space and time, so that the two could be realistically 
matched. All meteorological variables were derived from the Copernicus Climate 
Change Service (C3S) Climate Data Store40 (accessed 9 January 2021).

Wind conditions were estimated through east–west U winds (positive values 
for eastward-directed winds) and north–south V winds (positive values for 
northward-directed winds), available on a hourly scale at a 0.25° resolution.  
U winds and V winds were combined into a single vector incorporating wind 
strength and direction. We have previously shown that kites migrate at a mean 
elevation of 1,655 m above sea level over the Atlas Mountains of Morocco and 
at 868 m over the lowland rest of the route16. Thus, we annotated wind data for 
a pressure level of 850 hPa (∼1,500 m elevation) for all locations above the Atlas 
Mountains and for a pressure level of 925 hPa (∼ 750 m elevation) for the rest  
of the route.

Migratory movements of soaring birds can be affected by three types of air 
motion: (1) vertical movements of air masses, usually convective uplift in thermals; 
(2) horizontal winds oriented along the axis of migration (axial winds, composed 
of tailwinds or headwinds); and (3) horizontal winds oriented transversally to 
the main axis of migration and potentially causing drift (crosswinds)14,41,42. To 
estimate thermal uplift, we employed the convective velocity scaling coefficient 
w* (hereafter, ‘lift’) previously used in other studies on soaring migrants42–44 and 
calculated as w* = (gzH T−1)1/3, where g is the gravitational acceleration, z the  
mean flight elevation, H the surface sensible heat flux and T the potential 
temperature in Kelvin.

Forward and lateral wind components were assessed by: (1) estimating the 
‘intended direction’ of the birds at each location (see below) and (2) calculating 
the forward and perpendicular components of the wind vector along the intended 
direction, following refs. 14,41 (see below). Estimating the desired direction of a 
migrant is difficult, and various methods have been employed41,42,45. Here we 
assume that in long-lived species, endogenous programmes and route familiarity 
over several journeys will lead to migrants having a sense of where they want to 
go throughout the journey. Thus, given the large number of tracked individuals, 
we used the mean direction of the population at any one location as the intended 
heading for all birds. Therefore, we: (1) divided the migration region into a grid of 
444 × 444 km quadrants (∼4°) and (2) calculated the mean heading of tracked birds 
in each quadrant. First-time migrants were included in these calculations despite 
their unfamiliarity with the route because their exclusion did not change the 
desired bearings (mean difference of 0.1°). All heading calculations were based  
on circular statistics46 and implemented through the ‘CircStats’ package in R47.  
In a few exceptional cases, using the mean quadrant headings was impossible 
because a quadrant contained a single individual or resulted in biologically unlikely 
desired directions (for example, kites crossing the Mediterranean out of the Strait 

of Gibraltar, which was never accomplished by tagged kites). In these cases, we 
imposed the heading of the most direct terrestrial route to the most obvious next 
migratory goal. For example, for the individual that ended up in the Mediterranean 
coast of Algeria far to the east of any other individual in the northern migration 
(Fig. 1b), we imposed as desired heading the most direct terrestrial heading to the 
average crossing point of the Strait of Gibraltar along the Moroccan coast.

Data on barometric pressure were collected for three reasons: (1) changes in 
pressure can forecast alterations of wind and thermal conditions over the coming 
days23,44, (2) birds are capable of detecting even small changes in pressure48 and 
(3) previous studies have linked changes in pressure with departure tactics by 
migratory birds49–51. Thus, we fitted changes in pressure to our models on departure 
decisions. Pressure gradients were estimated as the mean difference in sea level 
pressure between the target day and each of the previous four days.

Finally, we used the NDVI index of primary productivity52 (hereafter, food 
availability or ecosystem productivity) to estimate the favourability of feeding 
conditions along the route. We assume that in arid and semi-arid environments, 
such as those travelled by our species, high primary productivity is a good 
surrogate of food availability for herbivores and thus for insectivores and higher 
predators, as shown by several previous studies53–56. NDVI values were annotated at 
a 250 m spatial resolution from https://lpdaac.usgs.gov/products/myd13q1v006/.

Statistical analysis. Throughout, we ran separate analyses for the pre-breeding 
(northward) and post-breeding (southward) migrations because these 
impose different environmental conditions and fitness consequences for this 
population15,16. We used a series of multi-variate models to study how kites 
departed, travelled or halted their migration for a stopover in relation to cross 
flows and other potentially relevant variables that could interact with cross 
flows (wind-negotiation models; Supplementary Tables 1, 2, 5 and 6). In these 
models, the sample unit was a whole day of tracking data. To characterize the 
environmental conditions of a day, we averaged them over all the diurnal GPS 
locations available for that day but gave double weight to the GPS fixes recorded 
between 11:00 and 15:00 (following ref. 41) because these are the hours of 
maximum travelling speed and progression when we would expect wind effects 
to be strongest. For this reason, days that lacked GPS data in the centre of the day 
were removed from analysis.

To estimate the daily lateral drift (hereafter, drift) and forward advancement 
of an individual in the intended direction (hereafter, advancement), we calculated 
the forward and perpendicular components of the daily displacement of an 
individual along the intended direction (km d−1) (refs. 14,41), through the formulas: 
tailwind = ω{cosine[radians(α − d)]} and crosswind = ω {sine[radians(α − d)]}, 
where ω = wind speed, α = wind direction and d = intended direction. These 
daily components were calculated from midnight of one day to midnight of 
the following day. Because kites travelled exclusively by day, these estimates 
incorporated the whole daily displacements experienced by kites during successive 
steps of a journey separated by staging, stationary night periods. Thus, the analyses 
centred on how a migrating individual woke up each day and negotiated that day’s 
conditions to progress towards its goal. As a convention, crosswinds and drift had 
positive values when oriented towards the right of a bird flying in its intended 
direction and negative towards its left. Axial winds and forward advancement were 
positive with favourable tailwinds and with progress along the intended direction 
and negative with opposing headwinds and in the case of return movements in the 
opposite of the desired direction.

We used linear mixed models (LMMs)57 to test the effect of crosswinds on drift, 
following the method originally proposed by ref. 14 and commonly used in other 
drift studies41,58–60 (Supplementary Tables 2 and 5). By this method, a steeper slope 
of crosswinds on drift implies progressively higher levels of drift (larger lateral 
displacements imposed by stronger cross flows) with a slope of 1 corresponding 
to full drift, a flat slope of 0 corresponding to full compensation and in-between 
values corresponding to partial drift (also equivalent to partial compensation)  
(Fig. 1). To test whether drift was driven by more comprehensive strategies  
than a simple univariate response to crosswinds, we also fitted the following 
covariates, chosen on the basis of previous theoretical and empirical studies in 
migration biology:

 1. Tailwinds, thermal uplift and food availability, employed as the other 
main determinants of flying conditions and foraging opportunities for a 
fly-and-forage soaring migrant.

 2. Wind direction, because cross flows may entail asymmetric risks  
depending on their orientation (for example, more dangerous if they  
drifted kites towards the unsafe Sahara interior)41,59,61.

 3. Changes in wind direction (from positive to negative and vice versa from 
one day to the next) because these were hypothesized to challenge wind 
negotiation by complicating flight through wind turbulence and shear and by 
disorienting migrants, who had to reorient their heading to obtain the same 
compensatory effect of the previous day44,62,63.

 4. Broad geographical zone, because certain regions could affect wind  
negotiation more than others because of differential landmark availability, 
stronger flows or higher risks involved41. For example, the Sahara Desert 
represented a particularly dangerous area because of its high temperatures, 
strong winds and low food availability, while the upper part of the route in 
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northern Morocco–southern Spain had an almost constant availability of 
landmarks given its constant proximity to coastlines and mountains. Thus, 
we divided the journey region in three macro-sectors: the Sahara Desert and 
the regions to its north (Atlas Mountains of Morocco up to southern Spain) 
and to its south (Sahel of West Africa). This also allowed examination of the 
hypothesis that kites could drift more at the beginning of their journey and 
compensate at the end or vice versa4,8.

 5. The drift accumulated so far along the journey (hereafter, accumulated drift), 
because an individual could adjust its current negotiation to its previous  
cumulative performance3,64. Thus, for each individual on each day, we 
summed the drift of all its previous travelling days. Note that an individual 
that had previously drifted to the right and left of the desired direction in a 
balanced way would accumulate a zero net displacement despite drifting  
even strongly over certain portions of the route.

 6. The lateral displacement of a travelling individual compared with the mean 
route of the population (hereafter, lateral position), because kites could have a 
sense of where they are compared with their ideal (population mean) position 
and negotiate wind to approach such route. Thus, we calculated the horizontal 
displacement of each kite from the population mean route, estimated by aver-
aging the longitude coordinates of all tracks along 0.1° latitudinal increments 
(calculated separately for the pre- and post-breeding migration)16.

We discarded from drift analysis all days in which kites operated return 
movements (travelled in the opposite of the desired direction) in response to 
strong headwinds because the intended goal direction for calculating lateral flows 
and displacements became equivocal. We also discarded travelling days too close 
to the ocean coastline, as done by previous authors14, because no kites ever drifted 
into the ocean and because migrants near coastlines are usually more buffered 
from drift1. We reasoned that kites close to the ocean coastline but subject to 
westward crosswinds were not as ‘free’ to respond to drift as kites travelling more 
inland. Therefore, to minimize statistical noise and to avoid complicating the 
model with interactions that applied to a minority of cases, we discarded from 
analysis all days with westward crosswinds: (1) below 33.7° latitude N and within 
70 km of the coastline or (2) between 33.7° and 35.6° latitude N and within 20 km 
of the coastline. The lower cut point of 20 km for the upper part of the route was 
chosen because larger values would have removed all travelling days because of 
local geography. The cut points were arbitrarily chosen to minimize statistical noise 
without removing whole zones of migration. Finally, we discarded all days in which 
kites crossed the ∼20 km sea stretch of the Strait of Gibraltar because the small 
spatio-temporal scale of such crossings (<1 h) was incompatible with the daily 
scale of this assessment.

Similarly, we used LMMs to test the effect of axial winds (tailwinds and 
headwinds) on forward advancement14,41 (Supplementary Tables 2 and 5).  
In this analysis, the regression slope indicates the advancement rate for a given 
level of axial wind support and the intercept indicates the advancement  
achieved under windless conditions. Again, we fitted all the covariates above  
to test whether advancement also responded to geographic zone, past performance 
and broader environmental conditions. For both models on drift and advancement, 
the results were the same whether fitting the identity of an individual, the  
identity of a track (a migration journey, for example, the pre-breeding migration  
of an individual in 2012) or the year as random terms, individually or in 
combination. Therefore, for simplicity, we show the models with only track 
identity as a random term. To take into account temporal auto-correlation, we 
incorporated an autoregressive correlation structure into the models by fitting 
various R correlation functions (for example, ‘corAR1’, ‘corSpher’, ‘corLin’, ‘corRatio’, 
‘corGaus’, ‘corExp’) to the maximal model and retaining the one with the lowest 
AICc, following ref. 57.

To investigate whether wind selectivity during departure contributed to the 
overall strategy of wind negotiation, we used a generalized mixed linear model 
(logistic GLMM with binomial errors and a logit link function57) to compare the 
conditions of the first travelling day of migration with the conditions of a day 
randomly chosen among the eight days preceding departure (Supplementary 
Tables 1 and 6). The eight-day cut point was chosen because this was the average 
difference in departure date between a year and the next within the same 
individual. Thus, we hypothesized that each individual could select favourable 
conditions for departure within an approximate eight-day time window. To 
examine the decision rules for interrupting the journey for a stopover stage and 
re-taking it afterwards, we used a logistic GLMM to compare the conditions of 
the day in which a kite started a stopover (or re-departed for migration from 
a stopover) with the conditions of the previous two days defined as control—
travelling days (or control—stopover days).

To test whether wind-negotiation strategies changed with age through 
individual improvements or selective mortality, we: (1) calculated the slope of 
crosswind on drift or of axial wind on advancement for every migration episode 
of an individual, as an estimate of its negotiation response to the wind flow 
encountered en route (for example, its compensatory capability under different 
cross flow conditions); (2) computed the percentage change in slope between one 
year and the next for that individual, calculated as: (Xt+1 − Xt)/Xt, where X is the 
slope and t the year; (3) tested whether such changes in slope varied with age by 
means of a LMM (consistent with within individual improvements) with individual 

identity as a random term; and (4) examined whether the slope of a migration 
episode affected the survival of an individual over the following six months (that 
is, before the next migration episode, consistent with mortality selection) by 
means of a logistic GLMM with random effects for individual identity and age 
class (Supplementary Table 3). The period of six months was chosen in order to 
incorporate mortality imparted during migration itself or by potential carryover 
effects, while excluding the following migration episode. Mortality events versus 
continued survival were assessed by GPS data and ring readings, demonstrating 
a moving-alive individual, and by detecting deaths and differentiating them 
from tag failure through a method of inspection of tag diagnostic data allowing 
100% correction in death identification21,65. In step 1 of the procedure above, we 
discarded slopes calculated on excessively low sample sizes (<7 travelling days) or 
based on excessively favourable, non-challenging winds throughout the journey 
(that is, always <5 m s−1) because these could generate flat slope artefacts.

To examine whether the lateral displacements accumulated in the 
post-breeding migration could carry over to shape the longitude of a migrant’s 
wintering area, we built two LMMs (with individual identity as a random effect) 
that tested: (1) whether the drift accumulated en route and age affected the 
longitude of arrival and (2) whether such longitude of arrival and age affected the 
mean longitude of the wintering distribution of an individual (mean longitude 
of all GPS fixes) (Supplementary Table 3). Because in this population some 
individuals operate a second migration further southeast about two months after 
arrival, we calculated the mean wintering longitude over the initial two months 
after arrival. The effect of arrival longitude on wintering longitude remained 
significant also when using the whole wintering period, but the signal was 
predictably weaker (Results).

Because we expected kites to respond in an age-structured way to the whole 
atmosphere in an integrated manner rather than to a single factor at a time, 
we fitted to the wind-negotiation models: (1) the two-way interactions among 
crosswind or axial winds and the other explanatory variables; (2) the two-way 
interactions between age and each of the other explanatory variables and (3) the 
three-way interactions between age, crosswind (or axial wind) and each of the 
other explanatory variables. Black kites pass through sequential life stages based 
on the attainment of breeding status and the start of senescence, corresponding 
to variations in breeding performance and survival17,21,22,37. For this reason, we 
fitted age both as a continuous variable and a factorial variable with the following 
levels: (a) age 1–2 years (youngest individuals: they almost never breed and mostly 
remain in Africa during the breeding months); (b) age 3–6 years (young adults 
attempting to establish a territory or during their initial, usually unsuccessful 
breeding attempts); (c) age 7–11 years (prime age of maximum breeding and 
survival rates); and (d) age 12–27 years (senescent stage with lower breeding and 
survival rates). Note that the composition of the youngest class was modified 
between seasons to separate first-time migrants from the rest and maintain 
coherence; in the post-breeding migration, this class included only fledglings in 
their first southward journey. However, because approximately two thirds of the 
individuals delayed their first return to Europe beyond their first year of age, for 
the northern spring we pooled ages 1–2 years, as they both included individuals 
on their first return migration. When testing age effects, we were interested to 
see whether age was best modelled as a linear predictor, as a quadratic effect or as 
a factor. To determine which form of the variable gave the best fit, we: (1) fitted 
each of the three alternatives to the maximal model and used the one which gave 
the best AICc-value and (2) once a final model was reached, compared again the 
AICc of the final model built with the alternative forms of the age effect. When 
multiple forms were equally plausible, we retained age as a linear predictor to 
simplify model outputs, given the large number of interactions in the models. For 
visual clarity, in the graphs, we depict age variation by dividing it into sequential, 
categorical life stages, but we pooled the prime and senescent stage because these 
were always extremely similar and caused unnecessary visual clogging of some 
already complex figures.

All continuous variables were standardized before being fitted to mixed 
models. However, descriptive estimates of drift and advancement slopes and 
intercepts given in the text were calculated with unstandardized values to 
conform with previous studies14,41. Mixed models were built through a backward 
stepwise procedure following ref. 57: all explanatory variables were fitted to a 
maximal model, extracted one at a time, and the associated change in model 
deviance was assessed by a likelihood ratio test; at each step, we also calculated the 
AICc of each model and considered as the final competitive model the one with 
the lowest AICc containing only significant terms. Variables with 0.05 < P < 0.1 in 
the likelihood ratio test were considered as marginally significant. Throughout, 
we assessed collinearity through variance inflation factor (VIF) values, which 
were always <1.5 (ref. 57). Model assumptions were checked by looking at QQ 
(quantile-quantile) plots, histograms of residuals and plots of standardized and 
normalized residuals against fitted values and against explanatory variables  
or by incorporating variance structures VarIdent or VarFixed57,66. All R2 values  
were calculated according to ref. 67. All models were implemented in R.3.6.2  
(ref. 47), all tests were two-tailed, statistical significance was set at α < 0.05 and all 
means are given ±1 s.e.m. All figures display raw aggregated data. The study was 
conducted in accordance with the national and European laws concerning the use 
of animals for scientific purposes (protocols EBD-11/09 and EBD-11/25 approved 
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by the Animal Care and Bio-Ethics Sub-Committee of the Consejo Superior de 
Investigaciones Científicas - CSIC).

Reporting summary. Further information on research design is available in the 
Nature Research Reporting Summary linked to this article.

Data availability
Data are available from DIGITAL.CSIC at https://doi.org/10.20350/
digitalCSIC/14652.
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