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Wind and ocean currents may potentially have important effects on travelling animals, as an animal which
does not respond to lateral flow will be drifted from its intended direction of movement. By analysing daily
movements of migrating ospreys Pandion haliaetus and marsh harriers Circus aeruginosus, as recorded by sat-
ellite telemetry, in relation to global wind data, we showed that these raptors allow on average 47 per cent
drift. Furthermore, our analyses revealed significant geographical and temporal variation in the response to
crosswinds. During some parts of the migration, the birds drifted and in other parts they compensated or
even overcompensated. In some regions, the response of marsh harriers depended on the wind direction.
They drifted when the wind came from one side and (over)compensated when the wind came from the
opposite side, and this flexible response was different in different geographical regions. These results suggest
that migrating raptors modulate their response to crosswinds at different places and times during their tra-
vels and show that individual birds use a much more varied repertoire of behavioural responses to wind than
hitherto assumed. Our results may also explain why contrasting and variable results have been obtained in
previous studies of the effect of wind on bird migration.
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1. INTRODUCTION
Animals often move through or on a medium that is in
motion itself. Examples include turtles and fishes swim-
ming in water [1], birds and insects flying in air [2,3]
and polar bears walking on drifting ice [4]. The resulting
movement of an animal (the track vector) is the sum of
the animal vector (heading and speed of the animal)
and the flow vector (direction and strength of the flow;
[5]). An animal that does not account for lateral flow
will be drifted from the intended direction of movement.
However, by changing the heading, it is possible to com-
pensate for the flow as long as the speed of locomotion is
equal to or larger than the speed of the flow [6] and pro-
vided that the animal can estimate the extent and
direction of the flow or its own displacement. Relatively
fast moving animals can thus decide whether they want
to drift, partially drift, compensate (i.e. maintain the
intended direction), or overcompensate (figure 1a). Rela-
tively weak fliers, showing flight speeds generally much
lower than wind speeds, such as insects, only have a
small to moderate possibility to influence their direction
of movement while aloft [3,7], apart from selecting
circumstances when and where winds are profitable [8].
For birds, geographical wind patterns have a most
important effect on the evolution of migration routes
[9—-12]. However, little is known about how individual
birds respond to lateral wind drift during migration
(reviews in [2,5,13]). Thorup et al. [13] demonstrated
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that the effect of wind on migrating raptors was age-
dependent, with adults showing partial drift and juveniles
almost full drift. Juveniles, who do not migrate towards a
specific goal but rather in a certain endogenous direction
[14], should invest all their own movement speed in the
intended direction, which implies full drift. For experi-
enced adults, who navigate to specific goal areas, partial
drift is thought to be an adaptive strategy as this mini-
mizes the duration of the travel [15]. Moreover, for
adults, almost full drift is expected far away from the des-
tination, but as they approach their destination, they
should gradually compensate more and more. In order
to reach a specific goal, they might even have to overcom-
pensate in the end [15]. During barrier crossings, birds
should make every effort to move in the intended direc-
tion in order to minimize crossing duration, and thus
full drift is expected. Finally, (land)birds are expected to
compensate and overcompensate near coasts, if they
face the risk of being drifted offshore [15].

A general problem in the study of drift is the difficulty
of interpreting whether a certain movement of an animal
is drift, compensation or overcompensation without
knowledge about the intended direction of the animal.
A correlation between crosswind and track directions is
not per se proof for (partial) wind drift, as such cor-
relations may also arise if populations with different
intended track directions selectively travel on days with
tailwinds [16,17]. In this paper, we avoid the compli-
cations of pseudodrift by analysing daily movements of
adult ospreys Pandion haliaerus and marsh harriers
Circus aeruginosus tracked by satellite telemetry [18—20].
As these diurnal, long-distance migrants are faithful to
breeding and wintering sites, we know the intended
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mailto:raymond.klaassen@zooekol.lu.se
http://dx.doi.org/10.1098/rspb.2010.2106
http://dx.doi.org/10.1098/rspb.2010.2106
http://dx.doi.org/10.1098/rspb.2010.2106
http://rspb.royalsocietypublishing.org
http://rspb.royalsocietypublishing.org

1340 R. H. G. Klaassen et al.

How raptors deal with lateral wind drift

(@)

drift compensation

( 400

S
~

300

200 1

100

-100

-200

perpendicular movement rate (kmd-')

-300

—400

20 15 -10 -5

0 5 10 15 20

perpendicular wind component (ms™')

Figure 1. (a) Triangles of velocities illustrating the speed and direction of the animal (animal heading), speed and direction of
wind (wind vector) and speed and direction of the resulting movement (track) in relation to the direction to the goal (intended
direction). An animal which does not account for wind will experience lateral drift. By changing the heading in relation to the
direction of the wind the animal can maintain the intended direction (compensation), or even overcompensate. (b) Relationship
between perpendicular movement rate and perpendicular wind component (in relation to the general preferred direction) for
ospreys (grey dots) and marsh harriers (open dots). Coloured frames indicate segments classified as drift (green panels), com-
pensation (blue panels) and overcompensation (orange panels). Data for regions and seasons were combined (see table 1 for

further details).

direction of migration for each individual. As a conse-
quence, we are able to quantify, on a daily basis, how
much the birds deviate from this direction and how this
correlates to perpendicular wind components. This
allows us to evaluate how much, where, and when the
birds drift and (over)compensate along their migratory
routes, in relation to barriers such as seas, oceans, moun-
tain ranges and deserts, and also to the distance to the
destination. Thus, we have the opportunity to investigate
whether birds are flexible in their response to crosswinds,
adjusting to local circumstances. More specifically we test
the predictions that: (i) Birds drift extensively at the onset
of migration (far away from the goal) and (over)compen-
sate during the final approach to the destination, (ii) birds
drift fully during barrier crossings, and (iii) birds compen-
sate or overcompensate when they face the risk of being
drifted into hazardous habitats.

2. MATERIAL AND METHODS

(a) Tracking studies

Between 1996 and 2008 16 adult ospreys and 11 adult marsh
harriers were tracked by satellite telemetry between their
breeding grounds in Sweden and wintering grounds in
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(west) Africa. Some of these birds were followed during sev-
eral years, and thus the entire dataset includes 33 autumn
and 12 spring journeys for the ospreys and 24 autumn and
13 spring journeys for the marsh harriers. Different types
of satellite transmitters, with different transmission sche-
dules, were used in different years and for different species.
The first transmitter models provided locations every third
day, whereas later models provided locations almost daily
(see [18,20] for details). Transmitters were tracked by the
ARGOS system (CLS, Toulouse, France). Validated
locations are divided into different classes (A, B and 0-3),
corresponding to different location accuracies (see Www.
argos-system.org/manual). High quality locations (1-3)
were always included, low quality locations (0, A, B) only if
not obviously off-track (implying unrealistic travel speeds).
Tracks were divided into segments spanning one to several
days by selecting the location with the highest accuracy for
every night (i.e. between the hours of 18.00 and 06.00,
when these diurnal migrants are stationary [21,22]). When
several locations of the same accuracy were available, the
location closest to midnight was selected. Nocturnal
migration is very rare in the species studied (less than 1%
of all segments [21]), and too few cases of nocturnal
migration were recorded to warrant a separate analysis.
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In order to avoid possible effects of stopover behaviour, we
excluded segments shorter than 50 kmd™'. Furthermore,
we excluded segments longer than 4 days, as wind strength
and direction is likely to change during such long time
intervals.

(b) Wind data

Wind data were obtained from the NCEP/NCAR Reanalysis
project, as provided by the NOAA/OAR/ESRL PSD,
Boulder, CO, USA (http:/www.cdc.noaa.gov). These data
consist of west—east (u-winds) and south—north (v-winds)
wind components, which were combined into single wind
vectors (i.e. direction and strength of the wind). Wind data
were extracted for a pressure level of 925 hPa, which cor-
responds to an altitude of about 750 m a.s.l. This altitude
was chosen as 95 per cent of the movements of ospreys and
marsh harriers occur at altitudes between 0 and 1500 m
(average altitude is 670 m a.s.l. for 3006 GPS registrations
of migrating ospreys and marsh harriers; R.H.G. Klaassen
2007-2009, unpublished data). Wind data were interpolated
from the grid data for the midpoint of the segments, at the
hours of 06.00, 12.00 and 18.00. Data were averaged in
which noon values were given twice as much weight as the
morning and afternoon values. In this way, we tried to
mimic, in a simplified manner, the wind conditions the
birds experienced during the day, given that these birds
travel between the hours of 06.00 and 18.00 [21,22].

(c) Analyses

We calculated the overall direction of migration, i.e. the
direction between breeding and wintering sites, for each indi-
vidual bird. Ospreys often have intermediate goals, such as
stopover sites in Europe [19]. Thus, for the ospreys, we cal-
culated the overall directions between the breeding and
stopover sites and between the stopover and wintering sites
separately. We then calculated the forward and perpendicular
component of the movement (in kmd™!) in relation to the
overall intended direction [13]. Similarly, forward and per-
pendicular components were calculated for the wind vector.
To confirm that the birds were affected by wind, we cor-
related forward rate of movement with the forward wind
component (tailwind). Lateral drift was quantified by cor-
relating perpendicular rate of movement with the
perpendicular wind component (crosswind).

Based on the relationship between crosswind and perpen-
dicular movement, we distinguished between the following
behaviours (also defined in figure 1): (i) drift, i.e. perpen-
dicular movement more than 50kmd~! or less than
—50kmd™! (i.e. more negative than —50kmd ') with
similar signs for perpendicular movement and perpendicular
wind, (ii) compensation or small influence of crosswinds,
i.e. perpendicular movement less than 50 kmd ™! and more
than —50 km d ™!, and (iii) overcompensation, i.e. perpen-
dicular movement more than 50kmd~! or less than
—50kmd ™! with opposite signs for perpendicular move-
ment and perpendicular wind. We consider a perpendicular
movement of 50 kmd ™! to be a substantial deviation from
the intended direction of movement for migrating ospreys
and marsh harriers, which, cover about
200-250 kmd ! [20,21].

In order to investigate the influence of geographical pat-
terns on the response to crosswinds, we calculated the
frequency of drift, compensation and overcompensation
within 10° latitudinal bands along the migration routes of

on average,
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the two species. Chi-square tests were then performed to
check whether the frequencies of the different behaviours dif-
fered between these latitudinal bands. In case the sample size
for a certain band was too small, we only distinguished two
categories: Europe (latitude north of 36°N) and Africa
(latitude south of 36° N).

3. RESULTS

Daily movements of both ospreys and marsh harriers were
strongly affected by wind. For every ms ™' of tailwind, the
forward rate of movement increased by, on average, 15.3
and 13.8 km d ™! for ospreys and marsh harriers, respect-
ively. The slope of the relationship between perpendicular
movement and crosswinds was less steep; for every ms ™!
of crosswind, the rate of perpendicular movement
increased by, on average, only 6.7 and 6.5kmd ! for
ospreys and marsh harriers, respectively (table 1).
Slopes and intercepts for forward and perpendicular
regressions did not differ between weak winds (winds
less than 3.5ms !, equal to the 33rd percentile) and
strong winds (winds more than 6.1 ms™ !, equal to the
66th percentile; data not shown). Ospreys and marsh har-
riers thus drifted partially with crosswinds, allowing about
44 and 47 per cent drift, respectively (autumn and spring
migration combined). The overall figure for the two
species was 47 per cent (table 1).

During migration, the birds sometimes drifted,
sometimes compensated, and sometimes overcompensated
(figure 2). The frequency distribution of drift, compensation
and overcompensation differed significantly between latitudi-
nal intervals in autumn (osprey: X % =23.1, p=0.003,
marsh harrier: X3 =45.7, p=2.7 x 1077) as well as in
spring (osprey: X3 =8.7, p=0.013, marsh harrier:
X%2=16.1, p=3.1x107%). As sample sizes were too
small for intervals in spring, we only defined two classes in
the statistical tests (Europe and Africa; figure 2). At the
onset of migration, i.e. far away from the goal, the birds
often drifted, particularly in spring, and only rarely overcom-
pensated (both in spring and autumn; figure 2). In contrast,
at the end of migration, i.e. close to the goal, the birds rarely
drifted (in spring and autumn), whereas overcompensation
was frequently observed (only in autumn, especially in
marsh harriers; figure 2). Moreover, during crossings of bar-
riers, such as the Alps, the Mediterranean Sea and the Sahara
Desert, the birds often overcompensated, and there was no
clear dominance of drift in these regions (figure 2). Due to
drift at the onset of migration, many marsh harriers came
close to the coast of Morocco in spring where they strongly
overcompensated.

This geographical and temporal variation in the
response to crosswinds is also apparent from the
regression analyses (table 1). As the regression slope
between perpendicular wind and perpendicular move-
ment summarizes the overall pattern, a strong element
of drift will result in a steeper slope (e.g. ospreys in
Africa during spring), whereas a strong element of
(over)compensation will result in a more gentle slope
(e.g. marsh harriers in Europe during spring). Indeed,
there were differences in the slopes for the perpendicular
regressions between regions, indicating that the balance
between drift and compensation changed throughout
the migrations. For three out of four comparisons
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Figure 2. Behaviour in relation to crosswinds along the migratory route for two species of raptors. Every segment represents a
migratory journey of 1-4 days. The colours of the segments indicate whether it was an occasion of drift (green), compensation
(blue), or overcompensation (orange). For classification criteria, see figure 1 and main text. (@) Ospreys in autumn, (b) ospreys
in spring, (¢) marsh harriers in autumn and (d) marsh harriers in spring. The corresponding bars indicate the frequency
distribution of different responses to crosswind for different latitudinal bands (°N, y-axis). Numbers to the right of the

bars indicate sample sizes.

between regions, the extent of drift was significantly larger
in Africa than in Europe (table 1).

In an additional analysis, we investigated the response
in behaviour of the raptors to crosswinds coming from
different directions, i.e. westerly and easterly winds
(figure 3). This analysis revealed that marsh harriers
responded differently depending on the wind direction.
In northern Europe in autumn, at the onset of migration,
the harriers drifted with easterly winds and compensated

Proc. R. Soc. B (2011)

for westerly winds (latitudinal band 50-60°; frequency
distribution of drift, compensation and overcompensation
differed between easterly and westerly winds,
X% =6.0, p=0.05, n=58). In (southern) Spain, the
harriers showed the opposite behaviour, drifting with wes-
terly winds and (over)compensating for easterly winds
(latitudinal band 30-40°; the frequency distribution dif-
fered between easterly and  westerly winds,
Xﬁ = 6.5, p=0.04, n =54). No significant differences
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Figure 3. Response to crosswinds along the migratory route of marsh harriers, facing negative and positive perpendicular winds
(winds from the east and west, respectively). (a) Easterly winds in autumn, (b) westerly winds in autumn, (¢) easterly winds in
spring and (d) westerly winds in spring. Squares highlight the two areas where the response to crosswinds was dependent on

wind direction.

were found for other latitudinal bands in autumn,
whereas no analyses could be done for the southernmost
section (10—20°) and for spring owing to small sample
sizes. For ospreys we could not detect any differences in
the response to westerly and easterly winds for any
region or season (see the electronic supplementary
material, figure S1).

4. DISCUSSION

(a) Response to crosswind

Although Trowbridge published his seminal paper on
wind drift in migrating raptors as long ago as in 1902
[23], it was a common belief until the 1960s that
migrating birds fly along the shortest possible route
between breeding and wintering areas, compensating for
drift and thus minimizing the need for complex naviga-
tional abilities [5]. However, as evidence for lateral drift
accumulated, this viewpoint was revised. Instead, it was
believed that nocturnal migrants generally cannot esti-
mate the speed and direction of wind while aloft,
resulting in full drift [2]. Diurnal migrants were also
expected to drift, though only partially, as this seems to
be the optimal strategy in an environment with changing
wind conditions [15]. We here open a new chapter to this
field of research, showing that individual birds may
modulate their response to crosswinds in different areas
and at different times during migration.

By correlating perpendicular wind components with
perpendicular movement rates, we estimate that adult
ospreys and marsh harriers generally allowed about
47 per cent drift. In other words, these raptors generally
allow some effect of crosswind (partial drift). The novelty
of our study is that the migrating raptors were not static in
their response to wind, but changed between different
behaviours during different legs of their journeys, includ-
ing full drift, compensation and overcompensation.
In agreement with our first prediction, the tendency to
drift was most pronounced at the onset of migration,
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furthest away from the goal, whereas the birds (over)com-
pensated to a higher degree when approaching their
destination. Drift at the onset of migration was stronger
in spring than in autumn, which may be explained by
the fact that the birds were already relatively close to inter-
mediate goals when they set off in autumn (intermediate
goal areas are found in Europe). Contrary to our second
prediction, the raptors (over)compensated during barrier
crossings. Apparently it is more important for raptors to
minimize crossing distance than crossing time. Finally,
consistent with our third prediction, the birds strongly
compensated near coasts when they faced the risk of
being drifted out over the ocean (marsh harriers in
spring). Thus, although the raptors did not always
respond to crosswinds in the way we had anticipated,
their behaviour was remarkably flexible.

An additional explanation for the great flexibility in the
response to wind is that travelling animals can deal with
lateral drift in very different ways. Firstly, they may com-
pensate instantaneously, by changing their own heading
into the wind until the resulting track aligns with the
intended direction of movement. Secondly, they may
overcompensate after a preceding instance of drift, i.e.
overcompensation can also be regarded as a delayed reac-
tion to drift. This is analogous to the idea that birds
(partially) drift by strong winds at high altitude during
the first part of the day, and correct for the displacement
by overcompensating at low altitude, where winds are
weaker, during the second part of the day [24]. Finally,
birds can also start by overcompensating, anticipating
drift during a later migratory leg. Such a strategy requires
that wind conditions are known and predictable to the
birds. It seems probable that this is the case for the
adult, experienced birds which were tracked in this study.

A more detailed analysis revealed the intriguing result
that, in certain geographical regions, marsh harriers
responded differently to winds coming from different
directions. In some regions, the harriers allowed drift if
the wind came from one side, but maintained their
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intended directions when the wind came from the oppo-
site direction. It seems probable that, in these regions,
the harriers navigated to some intermediate goal area or
tried to circumvent a barrier (for example some water
body or a mountain range). It also suggests that the har-
riers made distinct decisions about whether to drift,
compensate or overcompensate. Geographical wind pat-
terns are nevertheless believed to play an important role
in shaping migratory routes as they determine the most
energy efficient trajectories [11,12]. It is not clear why
ospreys did not respond in a similar way to winds
coming from different directions. A possible explanation
is that the ospreys tracked in this study travelled in a
much wider migration corridor than the marsh harriers,
making it more difficult to detect such patterns.

(b) Navigation and orientation

The fact that the raptors generally were subjected to wind
drift implies that they do not travel between breeding and
wintering sites along exactly the same routes. Thus, the
birds seem to have good navigational skills, as they
manage to return to very specific locations (breeding
site, stopover sites, wintering site; [19]). The result that
the behaviour of marsh harriers depended on wind direc-
tion indicates that the birds tracked were experienced and
had good knowledge about their current location and
where they wanted to go. This supports the idea that
these birds travel by map-based navigation [25].

At some occasions, the raptors maintained their
intended direction, i.e. they compensated completely for
lateral drift. This implies that the birds were able to esti-
mate drift, most probably by visual cues. Nocturnal
migrants cannot use visual cues, particularly during over-
cast conditions, and are therefore expected to be drifted
to a larger extent by crosswinds [2,5]. Nocturnal migrants
are thus expected to be more limited in their response
to crosswinds, facing a higher risk of being drifted off-
course. In strong contrast to insects [26], birds are
generally not believed to be capable of estimating the
wind direction, for example via turbulence cues.
However, the swift Apus apus is a noteworthy exception
as swifts seem able to compensate for wind drift during
high altitude nocturnal migration [27].

5. CONCLUSIONS

On first thought, flow might seem to be a nuisance for a
travelling animal, as it may complicate the task to navigate
towards a specific location (i.e. wintering or breeding
sites). After all, an animal which ignores drift will end
up at a place where it did not intend to go. However,
flow also provides an opportunity to shorten the duration
of a travel, i.e. an animal can actually benefit from it
[15,28], and some great migratory journeys would be
impossible to make without the assistance of flow
[7,29,30]. Our results show that migrating raptors, in
general, drift partially by wind. Unexpectedly, the
responses of these diurnal migrants were, however, by
no means static. Rather, they showed great flexibility in
their behaviour. Apart from partial drift, we also regularly
observed cases of full drift, compensation and overcom-
pensation. The raptors also seemed to adapt their
behaviour to local circumstances; drifting when favour-
able and compensating or overcompensating when
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approaching a goal or facing the risk of being blown
into hazardous habitats. The flexibility in the response
of the birds suggests that migrating raptors have excellent
navigational skills and are able to estimate drift while
aloft. Finally, flexibility in the behaviour of birds along
their migratory routes might also explain why previous
studies on how wind affects bird migration have reported
contrasting results for different localities and at different
times of the year [2,5,31]. Our results thus may help to
unite a field of research that has been characterized by
much conflicting evidence [32].
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