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Abstract

Flocks of birds perform some aerial phenomena, which have amazed many of its viewers.
This thesis is a literature review, which concerns the three major questions of ‘When’, ‘How’
and ‘Why’ birds fly in flocks. Flying flocks are roughly dividable in two types: ball shaped
clusters and line formations.

Whereas cluster flying is commonly used throughout the year by groups of birds, for example
while transiting between their roosting and their foraging sites, formation flight is almost
specifically used for migration. The departure time of migration is a critical moment in the
annual cycle of the bird. The exact moment of departure is an optimization of several
external and internal factors, including migrating distance, energy reserves and weather
conditions.

Clusters have a three-dimensional structure and tend to be rather disorganized. When a
predator is nearby, clusters often start to perform rapid manoeuvres. Previously believed to
be coordinated by telepathy or electromagnetic communication, due to high-speed filming
scientists have determined that these manoeuvres are initiated by one individual bird and
followed by the rest of the flock. The individual fulfilling the role of initiator changes from
moment to moment. The most likely explanation for movement in a cluster is a self-
organization mechanism where each bird applies a few behavioural rules in response to local
information from neighbouring birds.

There are different kinds of formations, ranging from an acute V-formation to a U-shaped
bow. Although the total energy saving is the same for different formations, it differs for
individual birds in the group. In an acute formation, the leader gains little or no energy
savings, while in a U-formation the energy savings are more egalitarian. A reason for
obtaining a specific formation may be related to kin-selection or reciprocity, although no
empirical evidence for this hypothesis has been found yet.

Several specific reasons have been put forward for birds to fly in clusters, mainly regarding
predation prevention. These advantages include increased predator detection, a dilution
effect, physical protection of neighbours and a confusion effect. Two hypotheses exist for a
structured formation, like the well known V-shape. One is the aerodynamic advantage
hypothesis, in which birds conserve energy by taking advantage of the upwash vortices
created by the wings of the birds in front. The other is the communication and orientation
hypothesis, in which birds make use of their position for their combined orientation
experience and visual communication. These explanations are not mutually exclusive, and
various studies have given support to both of them. However, no conclusive evidence has
been found for any of the both hypotheses. There is still a debate going on between
supporters and criticasters of both hypotheses which remains unsolved upon till now.

A review of the literature concerning the subject of flock flying shows that the use (the
‘When’) and the organization (the ‘How’) of flock flying have been thoroughly researched,
which has led to a consistent view on these subjects. However, thorough research on the
main reasons for flock flying (the ‘Why’) has not given a clear view yet. Also behavioural
aspects of the organization and departure are still shrouded. These subjects still raise
enough questions to provide research options for years to come.
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Introduction

Birds are everywhere around us. Sometimes they fly alone, but often they are encountered in
a group of hundreds or even thousands of birds. So there probably is an advantage to living
in a group. Groups of birds display some awe inspiring phenomena. Who has not wondered
why birds in a flock do not collide while making their manoeuvres of wheeling and turning?
Or even how the birds decide to make a manoeuvre in the first place and in which direction?
In other occasions we see birds in almost perfect V-shapes flying over high in the air. The
apparent chaos has been replaced by a structured formation. This V-shape can not be a
coincidence as it is also applied when military aircrafts fly together. So what are the
advantages for the birds?

The subject of this thesis is the phenomenon of birds flying in groups. A group of birds is
called a flock. Flocks are roughly dividable in two types: Clusters and Formations. Clusters
are three-dimensional, tend to be rather disorganized with frequent break offs and shifts of
positions (Heppner 1974). These flocks have dark cloudlike shapes. Formations are more
two-dimensional, have fixed positions and structures like a line or row (Heppner 1974). The
V-formation is the most studied example.

The thesis will address the three major questions of ‘When’, ‘How’ and ‘Why’ birds fly in
flocks. As there is a great difference between clusters and formations concerning these
questions, both types will be dealt with separately.

The goal of this thesis is to provide a clear overview of the all the literature concerning these
questions. As there is a broad range of literature available, this thesis may serve as a
welcome summary. It also aims to clarify and summarize which aspects are still subject to
discussion. It will be shown that some of these discussions have preoccupied scientists for
almost a century and still are debated.



Chapter 1: When do birds fly in a flock?

As mentioned in the introduction, birds flying in groups can adopt clusters or formations. It
should be noted that a certain group of birds does not have a fixed form. The same group of
birds can fly in cluster at one time and fly in formation at another time. When a group of birds
adopts cluster and when it adopts formation will be discussed in this chapter. A closer look
will be taken to the departure of both clusters and formations.

§1.1 When do birds fly in either cluster or formation?

Generally, outside the breeding season, birds living in groups use cluster flight when they fly
between their feeding site and roosting site. Formation flight is a form which is generally only
used during migration between their wintering grounds and their breeding grounds. Migration
flight also starts in a cluster, but while gaining height the flock will gradually move into a
formation to ready themselves for the long journey.

§1.2 The departure of flocks flying in cluster

While living together in a flock, birds sometimes
collectively burst into the air without an apparent cause
(figure 1). Before elaborating on the reasons for cluster
flight, first the departure of the flock will be addressed.
Sirot (2006) constructed a model to determine general
rules governing flock departures. The model makes three
assumptions. First, it assumes individuals rely on others
for predator detection (Lima 1995a,b, Lima and Zollner
1996, Hilton et al 1999). Second, the model assumes
that the feeling of danger increases as more birds take  Figure 1: A cluster of thousands of
flight (Lima 1995b, Roberts 1996, Cresswell et al. 2000).  Starlings

The third assumption is that the perception of predation

risk is influenced by the level of vigilance of its flock mates, although evidence for this is
mixed (Caraco et al. 1980, Caraco and Bayham 1982, Lima 1995a). Birds are less vigilance
while foraging (Lima 1995a). When they forage, birds benefit from the vigilance of the whole
group. As more birds become satisfied, the vigilance of the group increases. Birds will adopt
alert postures without necessarily perceiving danger (Gill et al. 1996, Riddington et al. 1996).
Based on assumption three, these alert postures will increase the vigilance of nearby flock
mates, increasing the vigilance of the group as a whole even more. Sirot (2006) suggests
that this increase in vigilance may lead to a reaction on other reasons than predation risks,
like unusual noises and strange objects. When they depart, the rest of the flock will stop
feeding and take flight based on assumption two. Although this behaviour is not optimal
because it sometimes leads to premature departure, it is evolutionary stable because an
individual bird ignoring the signals would also be the last one to depart when a real attack
occurs. It is better to depart unnecessarily sometimes which means energy costs, than to
depart to late once which means a bird becomes a victim. Thus, a group of birds generally
departs collectively and may do so very often even though there is no predation risk.

§1.3 The departure of flocks flying in formation

Several species of birds migrate long distances every year between their southern wintering
grounds and their northern breeding grounds. The timing of departure for the journey of
several thousands kilometres is very important. The actual departure is quite a happening,
but also during migration birds face multiple challenges. Therefore in this paragraph not only
the departure will be described, but also some of the challenges during migration.



§1.3.1 The timing of departure

Migration is a fithess maximizing strategy in seasonal environments (Alerstam 1990). In the
northern breeding grounds birds can profit from long summer days and high abundant food
supply to maximize reproductive output (Piersma et al. 2005). During northern winter they
migrate to their southern wintering grounds to take advantage of the favourable climates to
maximize their own survival (Piersma et al. 1994).

To be on time at their breeding grounds in summer, birds start their migration in spring
(Piersma et al. 1990a; McNamara et al. 1998). To be back in time at their wintering grounds,
they leave their breeding grounds in autumn.

There are multiple factors that influence the exact date of departure to the breeding or
wintering grounds. First of all, distance is a factor (Piersma et al. 1990a). Because birds
migrate as fast as possible, the actual flying time of the migration distance consists of several
days. A longer distance takes longer to fly so the greater the distance the birds have to
travel, the earlier they have to depart. However, this difference is only a matter of days. A
factor which has more impact on the departure time is the amount of energy that is needed
for the journey (Piersma 1987). Migrating birds mostly visit stop over sites on their way from
the wintering to the breeding ground and vice versa, because they cannot make the journey
without replenishing energy reserves (Piersma 1987, Corven 1998). Birds who have to
migrate longer distances have to stopover more often and/or stay at a stop over site longer to
be able to refuel enough to finish their migration. Because fuelling up takes several weeks,
this factor has a great influence on the departure time (Piersma 1987). Another factor which
has influence on the departure time is the settling time on both the stopover sites as the final
destination. Each time the birds arrive at a new site they have to invest time and energy into
finding food and safe places (Alerstam and Lindstrdm 1990, Gudmundsson et al. 1991, van
der Kam et al. 2004). This means that birds that have to fly greater distance and therefore
have to stopover more often, also have to depart earlier to compensate for this settling time.
Piersma et al. (1990a) investigated the relation between departure time and distance to the
breeding site. They found a migratory departure delay of approx. 2 days per ° breeding
latitude.

These factors discussed above determine the departure for migration to a certain time of the
year, this is referred to by Piersma et al. (1990b) as the correct seasonal timing. A bird has to
make sure that it has enough energy reserves to be able to start the journey. The fuel of the
birds is reserved in body fat (Rayner 2001). A bird has to have enough body fat at the correct
seasonal timing.

Although the correct seasonal timing is internally controlled, the specific day to depart within
the correct period of time may be determined by external causes. Piersma et al. (1990b)
indicate several of these external causes, like the possibility for a last-minute top-up, the
favourability of winds and other weather conditions and the availability of flock mates. These
causes are not confirmed by all studies, for example Piersma et al. (1990a) showed little
evidence for adjustments in response to wind conditions. However, Akesson and
Hedenstrém (2000) confirm the theory that wind conditions do not influence the seasonal
timing of departure, but do influence the day of departure. They stated that there is a final
day when birds will depart regardless of wind conditions, but there was a significant
correlation with favourable wind conditions and departure days.

When the day for migration departure is optimal, birds have to choose a departure time.
Research has shown that the most optimal moment is just before sundown (Henshaw 1910,
Drost 1931, Dick et al. 1987, Meltofte 1988, Lank 1989, Alerstam et al. 1990, Akesson and
Hedenstrdm 2000). There are several reasons for this. One reason is that day and night
provide different orientational cues (Emlen 1975). During the day, the sun is the orientation
point and in the night the stars. Just before sundown, birds can use both the sun as well as
the stars for orientation. A research by Piersma et al. (1990b) analysed 277 departures and
in spite of a 60% average cloud cover, the sun was always visible at the departures.



Sandberg and Gudmundsson (1996) found that on heavy clouded evenings birds did not
show migration behaviour. Also wind currents play a role because at night the atmosphere is
calmer and more predictable (Kerlinger and Moore 1989). Another reason could be a
possible breakfast at the destination. Because it is easier and safer for birds to feed during
the day, it seems better to fly at night (Zwarts et al 1990). Prevention of heat stress could
also be a reason, because the lower temperature at night decreases the risk of overheating
and loosing moisture (Kerlinger and Moore 1989, Klaassen 1996).

Most flocks depart at moving tides (Lank 1989, Piersma et al. 1990b). It is suggested that
when birds move because of the water level change, this may serve as the actual trigger for
departure (Piersma et al. 1990b).

The exact moment of departure probably is an optimization of all these reasons. All the
factors can be summarized in a checklist for a migration bird as shown in figure 2 (Piersma et
al. 1990b). When all conditions are met, a bird is ready to leave.

| THIS WEEK? ] TODAY? | | TONIGHT? |

V/COARECT SEASONAL TIMING
O FLUEL TAMK AULL . OHLAST MIMUTE TOPLE
OwmDCONDTIONS CHWIND CONDITIONS: OB coNDmIoNS
' 0 FLOCK-MATES AVAILABLE O FLOCK-MATES AVAILABLE
O.CL OUD CONDETIONS CIVISIBILITY OF[SETTING] SUN - -
CIOVERALL VISBILITY {0UST, Fogy | | DLVISIBILTY OF §TaRS. 1
0 SKYLIGHT POLARIZATION
: O HEAT STRESS DURING FLIGHT
CIBREAKFAST AT DESTINATION. |

MIGRANT BIRD'S CHECKLIST

Figure 2: Checklist for a migrant bird, before departing on a long distance flight.
Points indicated with an open circle refer to energetic considerations, those with
squares to orientational considerations. A correct seasonal timing of departures
(triangle) is a prerequisite for a successful migration to the area of reproduction.
When all conditions are met, a bird is ready to leave (Piersma et al. 1990b).

§1.3.2 Behavioural aspects of the departure

The actual departure is quite a happening to experience. Hours before the actual departure,
the birds are already nervous and start flying around. When departing, small groups of birds
tumble through the air noisily before joining together in a large group. First they are still flying
in a cluster, like they also do outside the migrating periods, but quickly the cluster changes in
a formation like a V-formation or an echelon. Sometimes the formation disintegrates again
and the birds go to the mudflats. For them time is not ready yet. But if the formation remains
intact, the noise declines and a fixed direction is chosen. They gain height quickly and fly out
of sight to their destinations far away.

Departure starts in small noisy flocks (Piersma et al. 1990b, Barter and Tonkinson 1997).
Although there is little research on descriptive studies of the vocalisations, it has become
clear that it consists of repeated series of call notes (Cramp and Simmons 1983, Dierschke



1989). These calls may help recruiting for the departure and also sharing knowledge about
departure direction. It is also possible that these vocalizations may be used to decide which
bird will lead the formation (Piersma et al. 1990b).
Mixed flocks of different species are quite rare (Venema 1989, Piersma et al. 1990b, Barter
and Tonkinson 1997). This may be because flock mates have to match in size, flight speed
and flight type to benefit from group synergy (Lissaman and Schollenberger 1970, Hummel
1973).
Not every time a flock rises up, they actually depart. Sometimes they go down again on the
mudflats. It has been suggested that these non- departlng flocks have a recruiting purpose.
This suggestion is backed up by the fact that these non-
e ™™ | departing flocks mostly contain fewer birds than the flocks
' __,.w"“‘“" that do depart (Piersma et al. 1990D).
e The migrating birds seem to depart at various directions,

Echelan

s where all directions are possible (Piersma et al. 1990b,

T Akesson and Hedenstrdm 2000). Flocks mostly do not

o adjust their departing direction for wind drifts, only when

Lt romatone there are tail winds. If the birds adjust their direction during

migration for wind drifts remains a fundamental question in
T research (Green and Alerstam 2002). It should also be noted

“ “ that the departing direction has no correlation with the
) eventual migrating direction.

LR After departing, the birds rapidly gain height to travel their

%. journey a few kilometres high. At this height migrating birds

can gain energy savings by using wind currents (Bloch and
Bruderer 1982), which might be even necessary in allowing
birds to reach their destination. (Piersma and Jukema 1990).
Setting course to their destination, the birds adopt either an
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Figure 3: Schematic view of the
flock types during their departure
for migration. Flocks start as a
cluster and gradually form a V-
formation or echelon (Piersma et
al. 1990b).

echelon or a V-formation shape (figure 3) (Piersma et al.
1990b, Barter and Tonkinson 1997). Without mental maps,
preferred flight directions and adequate orientational cues,
flocks would never be able to navigate to this destination as
well as they do.

§1.3.3 Orientation cues during migration

One of the greatest challenges migrating birds face is taking the correct course between their
wintering grounds and their breeding grounds. The orientation of migrating birds is based on
landmarks (Adler 1970), celestial cues, like the sun (Moore 1987), skylight polarization
patterns (Able 1982, Moore and Philips 1988, Helbig 1991), the stars (Sauer 1957, Emlen
1975) and geomagnetic cues (Berthold 1991, Wiltschko and Wiltschko 1995).

Landmarks are specific recognition points of important sites (Terril 1990). The sun compass
is the knowledge about how the path of the sun relates to compass directions (Terril 1990).
At noon the sun is exactly at the south. Because birds have an internal clock (Gwinner 1996,
Binkley 1997), they can pinpoint the south using the orbit of the sun. Skylight polarization
patterns are used by birds to determine the position of the sun by using the e-vector as an
axis of orientation when the sun is not directly visible (Terril 1990). These patterns are the
most visible at sunrise and sunset (Moore 1987). The star compass is the knowledge about
how the axis of the stars relate to polar directions (Terril 1990). In the northern hemisphere
the Polar star is exactly at the north and in the southern hemisphere the Southern Cross is
exactly at the south. Geomagnetic cues originate from the magnetic field of the earth. In
contrast to the other orientation cues, the geomagnetic compass is passed on genetically
(Terril 1990).



It is difficult to find out about these orientation processes by simple field observations
(Piersma et al. 1990b). After three decades of intensive research, the different reference
systems and how they are integrated and calibrated against each other is still a matter of
wide speculation and discussion.

Moore and Phillips (1988) and Helbig (1990) found evidence for the importance of skylight
polarization patterns. Moore and Phillips show clearly that birds orient on the skylight
polarization patterns rather than sun or magnetic compasses. Able (1989) is sceptical about
their conclusions and states that the skylight polarization patterns are not evidently the most
important. Munro and Wiltschko (1995) specifically put the skylight polarization patterns
below the information of geomagnetic compass. A study by Wiltschko and Wiltschko (1995)
focused on magnetic cues and they assume the sun compass to be of secondary
importance. In contrast to Wiltschko and Wiltschko, a study by Alerstam and Gudmundsson
(1999) indicated the sun compass as most likely orientation cue. Thus, despite a lot of
research on the subject, the relative importance of the various cues remains poorly
understood.

In some literature a distinction has been made between the relative importance of pre-
migratory cues and the relative importance of cues during migration. Wiltschko et al (1997,
1998), Wiltschko and Wiltschko (1999) and Muheim et al. (2006) state that birds in a pre-
migratory phase use celestial cues to calibrate their geomagnetic compass. During
migrations the geomagnetic cues become the most important compass and are used to
calibrate celestial cues. There is still more research being done to the exact calibration of
compasses when encountering cue-conflicts.

§1.3.4 Wind drift during migration

As mentioned earlier, another subject of discussion is the question if migrating birds
compensate for wind drift. This question has been addressed in many studies (see reviews
by Alerstam 1976, Richardson 1991). Birds in migratory flight can compensate for wind drift
and remain on their migratory direction or can adjust their direction to the pattern of the wind
(Green et al. 2004). Reasons to adapt to the wind currents can be time and energy savings
(Alerstam 1979a,b). This is called adaptive drift. Difficulties of research on this subject are
the existence of non-adaptive drift and pseudo-drift (Green et al. 2004). Non-adaptive drift is
the case when constraints prohibit the bird to compensate and it involuntary becomes subject
to drift (Alerstam and Pettersson 1976, Green 2001). Another problem occurs when within a
studied sample departure and destination areas differ between populations. Difference in
direction is then a result of these different areas and not the result of the wind currents
(Evans 1966, Nisbet and Drury 1967). This is called pseudo-drift. Because every study has
to ascertain if their results are subject to non-adaptive drift or pseudo-drift, it becomes harder
to obtain clear answers.

Increasing the discussion about wind drift in migrating birds, Green and Alerstam (2002)
concluded that several of the research methods used in studies on this subject do not
produce robust and reliable results in all situations. They suggest a re-evaluation of these
studies.



Chapter 2: How do birds fly in a flock?

Now that it is clear when birds fly in clusters and formations, the subject of how these two
types of flight are organized will be discussed. Although this subject is heavily studied, it will
become clear that some aspects are still not fully understood.

§2.1 How do birds fly in a cluster?

One of nature’s most inspiring phenomena is the sight of hundreds or thousands of birds
moving together in a cluster as a coordinated unit. Noisy flocks burst into flight and
manoeuvre gracefully through the air. To describe how birds fly in a cluster, first of all visual
aspects of cluster manoeuvres will be mentioned. The coordination of these manoeuvres is
discussed next. Finally flying in a cluster will be approached through a self-organized
mechanism.

§2.1.1 Flying in a cluster
Clusters have a three-dimensional structure. Clusters tend to be rather disorganized with
frequent break offs and shifts of positions (Heppner 1974). Birds are positioned in a diamond
shape (Wiens 1973). There are no birds directly to either sides
* and there are also no birds directly above or below each other
* * (Breder 1976). The horizontal positioning of a cluster is shown in
’\ figure 4 and their vertical positioning in figure 5. For each bird its
"A ,-.A * nearest neighbour is most likely behind and below it (Major and

4 Dl 1978).

**& When birds are transiting -
between feeding or roosting <~
Figure 4: A flock of birds  sites, clusters are relatively -4
flying in a cluster (Heppner ;
1972) widespread and  loosely -

organized. Clusters are not
flying at maximal speet_j and are gengrally_ flying parallel Figure 5: Vertical spacings in clusters.
to the ground or water in a constant direction (Major and  for each bird its nearest neighbour is
Dill 1978). When clusters are attacked, the birds appear  most likely behind and below it (birds
to increase their speed and perform rapid movements in  from Heppner 1974)
a more compact group. They turn and swirl, ascending and descending in the air (Major and
Dill 1978, Pomeroy and Heppner 1992). The reason why a cluster becomes more compact
when a predator approaches may be because each member tries to obtain a central position
in the cluster to make use of the physical screen (Hamilton 1971, Pulliam 1973).
Sometimes clusters of birds may start out with
unpredictable manoeuvres as a whole and then
break up into smaller flocks that may cross over
each other, recombine, and further separate
(Camazine et al. 2003). This breaking up and
recombining may further confuse a predator.
More about the reasons for flying in a cluster will
be discussed in chapter 3.1.1.
During a turn, birds constantly reposition
themselves. The empty spaces between birds
make it possible to transit through the cluster
Time 1 Time 5 structure to change their position. Pomeroy and
. e oo oo Heppner (1992) supply a simple model of
dLing a turn, While tarning, all mndividuals follow  tUNing in a cluster of birds. The birds start to
arcs of similar radius at equal speed. Relative turn at approximately the same time and each
positions within the flock rotate counter-clockwise. bird describes an arc of similar radius (figure 6).

Note that flight paths cross (Pomeroy and Heppner . . - .
1992) Flight paths of different birds cross during a turn.




Birds can adjust their flight paths when almost colliding with a neighbour, but will always
follow the course of the group. As shown in the figure, relative positions of birds rotate
counter-clockwise. Birds at the outside of the cluster end their turn at the inside. This model
shows the turn in a two-dimensional way. In three dimension reality, the turning is even more
complicated.

§2.1.2 Coordination of manoeuvres

A flock of birds manoeuvres gracefully, with all its members moving in the same direction.
When the flock suddenly changes direction, all its members rapidly respond, moving
cohesively, almost in unison, as flawlessly as if they were parts of a single organism. Many
people have wondered how the birds coordinate their abrupt synchronized wheels and turns
in such a great speed, without colliding with each other.

Many theories have been put forward. All theories propose that there are one or more
initiators starting with the turn, although different means are suggested about how this
information is transferred as rapidly through the flock that it enables the entire group to
execute these swift manoeuvres. Selous (1931) speculated that telepathy could be involved.
Another suggestion was the use of signals for manoeuvres (e.g. Farrar 1950, Buck and Buck
1976). Heppner and Haffner (1974) mention electromagnetic communication as a form of
coordination. With the use of high speed filming a more thorough analysis of the dynamics of
cluster flying could be performed. A study by Davis (1980) confirmed the possibility of one or
more initiators directing the cluster. Due to the reaction time of birds, which is much smaller
than the reaction time of humans, other birds in the cluster can adjust their direction very fast
to that of the initiating bird based on visual information. Davis suggests that only when a
certain number of birds make the same decision to adjust to the initiating bird, the whole
cluster will turn. He calls this minimum number of birds the ‘critical mass’.

Potts (1984) introduced the ‘chorus-line’ hypothesis. This theory is also based on high speed
filming and showed that a single bird may initiate a manoeuvre which spreads through a flock
in a wave. Just like Davis, he predicted that the adjustment of neighbours to the manoeuvre
of the initiator is determined by their reaction time. However, further away in the cluster,
response time should decrease as these birds have already seen the manoeuvre of birds
ahead. Therefore they can react faster than the birds nearby the initiator, because they
already know a manoeuvre is coming. Potts compared this to a human chorus-line where
individuals observe the approaching manoeuvre wave and time their own execution to
coincide with its arrival. Additionally Potts discerned that only manoeuvres banking towards
the cluster were followed. When birds turn away from the cluster this does not lead to a turn.

§2.1.3 Self-organization in clusters

Findings of studies like Davis (1980) and Potts (1984) assume that the movement of birds
flying in cluster is the result of interaction between the behaviours of individual birds. As birds
continually change positions and initiators often fall back and trade places with flock mates
behind them, there appears to be no leader (Partridge 1982). The most likely explanation for
this behaviour is a self-organization mechanism where each bird applies a few behavioural
rules in response to local information from neighbouring birds. Individual birds use relatively
simple behavioural rules to generate structures and patterns at the collective level that are
relatively more complex than the components at processes from which they emerge
(Camazine et al. 2003). Using this approach several scientists have developed mathematical
models describing the movement of bird clusters. For example, Reynolds (1987) formulated
three behavioural rules:

1. Flock Centering: attempt to stay close to nearby flock mates

2. Velocity Matching: attempt to match velocity with nearby flock mates

3. Collision Avoidance: avoid collisions with nearby flock mates
Flock Centering means that an individual bird must move closer to its neighbours in order to
remain part of the flock. Collision Avoidance makes sure that the bird steers away in case of
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an imminent collision. Velocity Matching serves to maintain the resulting distance between
neighbouring birds ensuring a balance in attraction and repulsion. Each individual bases its
behaviour on the perception of its nearest neighbours and not the knowledge of the
behaviour of the whole cluster. Following these rules, birds avoid approaching each other
closer than a certain minimum distance and also have a preferred distance, elevation and
bearing relative to their nearest neighbour.

These three rules also show the basic components of self-organization systems: positive and
negative feedback. Positive feedback brings the individual birds together as a group (“/ go
where you go’) and negative feedback triggers repulsion when one bird comes to close to
another bird (“but do not come too near to me’) (Camazine et al. 2003).

The studies mentioned above have a limitation because the number of individuals was small.
Due to an improvement of computer techniques throughout the years more recent studies
are able to process empirical data on large flocks flying in clusters. Ballerini et al (2009)
performed such a study on flocks up to 2700 birds. The study gives several new insights in
the structure of clusters. It also confirmed the turning mechanism described by Pomeroy and
Heppner (1992) as mentioned earlier (figure 6). And although it subscribes adjustment
through visual information, it does not fully support simulation models like Reynolds (1987).
Their work shows that individual birds do not use metric distances but topological distances
(i.e. whether they are first, second, third etc neighbours) (Ballerini et al. 2008). Clearly, new
techniques will deliver new results, which can be used to test current models and theories.

§2.2 How do birds fly in formation?

There are different variants of formations. An interesting question is when a certain variation
is used by birds. It will become clear that the difference in formations and therefore the
choice between variants is closely related to aerodynamic aspects. That is why first the
aerodynamic principles will be addressed.

It should be noted that not all birds can use formation flight for aerodynamics. As
aerodynamics is also important for these birds, they adopt different flight patterns. These will
also be briefly discussed.

§2.2.1 Aerodynamic aspects of formations
The aerodynamics of a bird in flight concern the forces lift and drag, which are influenced by
the angle of the wings of the bird. When the wing is positioned in an angle to the air current,
air flows faster over the upper surface than it does over the lower
surface. This creates a difference in pressure above the wing and
below it. Because the air pressure above the wing is less, this
creates a lift. The same angle also causes drag, due to the
resistance of the wing to the moving air. This pushes the wing

_ o backwards (Thien et al. 2007, Linton 2007).

g;gn‘g;te :tra;ihneg v(‘;"r't’;?(f"gz The difference in pressure also causes a vortex around the
the air spills around the  Wingtips of the bird (figure 7). There is a flow of air from the lower
wingtip due to the difference  gyrface of the wing towards the tips, around the tips and inward

i bove the wi . ° .
and below It (Andersson and towards the centre of the wing. Because the bird is moving, the

Wallander 2004). flow produces a vortex stream behind the bird’s wing. The vortex
from the left wingtip has a clockwise direction, and
the vortex from the right wingtip has a counter » -—-??f.?;-——~ i
clockwise direction (figure 8) (Thien et al. 2007, N F R 0N,
Linton 2007). et Y Y o, voen
These vortices create an area of downwash that | & "7 oowwesn 17 3t

increases the drag on a bird’s wing and are e ) | A
therefore undesirable. However, these vortices also

create a tr_a”ing area Of. Upwash- This UpV\_’aSh Can  Figure 8: Regions of upwash and downwash
benefit a bird flying behind the first by getting extra  create by trailing vortices (Thien et al. 2007).
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lift when it puts its wingtip in the area of upwash
(Lissaman and Schollenberger 1970, Higdon and
Corrsin 1978, Badgerow and Hainsworth 1981,
Hummel 1983). This area of upwash is located at
the outboard of the wing (figure 8). Therefore the
Figure 9: A trailing bird can gain energetic  best position for the trailing bird is to be in a
advantage of uplift by flying at a suitable lateral g )jtaple |ateral position relative to the bird ahead
position relative to the bird ahead in such a way . . . . .
that there is a wingtip overlap (modified from in such a way ’Fhat thlere IS an OV?rlap n ngtlps
Andersson and Wallander 2004). between the birds (figure 9) (Seiler et al. 20083,
Thien et al. 2007, Linton 2007).

§2.2.2 Different kinds of formations

Formation flight is characterized by a group of birds flying in a line or row (Heppner 1974).

There are different kinds of formations. The most studied is the V-formation, which has two

types: obtuse V-formation, in which the formation angle a>90° and acute V-formation, in

which the formation angle a<90°, (figure 10). The angle is determined by the lateral and

longitudinal distances between birds (Andersson and Wallander 2004).

Lateral distances between the wingtips have a strong

influence on the energy savings of the group. (Lissaman o

and Schollenberger 1970, Hummel 1983). Theory

suggests that there is an optimal lateral distance for birds

in a formation (Badgerow and Hainsworth 1981).

Longitudinal distances between the birds do not influence

the energy savings of the whole group greatly (Lissaman o

and Schollenberger 1970, Hummel 1983). However,

longitudinal distances influence the energy savings of

individual birds within the formation. The main difference

between the two types of V-formations is the longitudinal

distances between the trailing birds. In an acute V- _ _

formation the longitudinal distances are greater than in an  {otmrtion: the usper one is o obtuse

obtuse V-formation. Although the energy savings of both  formation (a>90°) and the lower one is

types are the same for the group, for individual birds the  an acute formation (a<90%). The angle
. . is determined by the lateral and

energy savings vary strongly. Although one might expect |ongitudinal distances between birds

that the leading bird in an acute formation does not gain  (Andersson and Wallander 2004).

energy savings (Lissaman and Schollenberger 1970,

Hummel 1995, Weimerskirch et al. 2001), a study of Sugimoto (2003) indicates that even a

leading bird suffers less drag than flying alone. However, the birds following the leader gain

by far the most of the energy savings. In an obtuse formation, the leader will benefit more

from lift generated by the trailing birds, because they are closer to the leading bird than in a

V-formation. The disadvantage of leading is reduced in obtuse formations. However, now

these trailing birds gain less energy savings. Thus, although the total energy saving is the

same for both types, it differs for individual birds in the group (Andersson and Wallander

2004).

Birds are also frequently seen in formations like J or echelon (figure 11). These are variants
of the V formation. In a J-formation the sizes of the legs are different and in an echelon one
leg is missing entirely (Heppner 1974, Seiler et al. 2003).

R g Although J-formations and echelons are more often
- -~ observed than true V-formations (Gould and Heppner
g 1974, Williams et al. 1976, Heppner et al. 1985), the V-
'* formation is the most studied. This is because the

4 —pa symmetry attracts notion (Heppner et al. 1985). A J-

formation or echelon also may give more evenly spread
. . . energy savings between the birds (Lissaman and
F 11: A) Jf B) Echel , .
(;.ge:fnenw)‘;)_ ormation B) Echelon Schollenberger 1970). This could mean that the leading
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bird may not need birds on either side of it for favourable upwash conditions (Gould and
Heppner 1974).

Another kind of formation is the U-formation, also known as the bow-formation. In this
formation the birds do not fly in a straight line, but in a bow where the leading bird is only a
little ahead of its nearest neighbours and the longitudinal distance between neighbours
increases along the arms of the formation (figure 12). Just like an obtuse V-formation
spreads the energy savings more than in an acute V-formation, the energy savings in a U-
formation are even more egalitarian spread. Flying within the U-formation, every bird has the
same amount of drag reduction (Lissaman and Schollenberger 1970, Filippone 1996,
Sugimoto 2003).

§2.2.3 Kinship and reciprocity

If there are different formations, one might ask when a

certain variant is used by birds. Andersson and Wallander .
(2004) suggest that the variation is related to flock kinship -
structure and to reciprocity that depends on group size. -
They predict that small groups which include relatives will -
often use acute V-formation. Although being the leader -
confers a disadvantage because it is energetically more
expensive than trailing positions, the leading bird gains
inclusive fitness if the followers are relatives like offspring
or siblings. These acute formations are seen in small flocks
of geese, swans, cranes and other large birds that migrate
in family flocks of parents and young (Prevett and ‘pﬁ-‘*"""'d— -
Maclnness, 1980, Scott 1980, Alonso and Alonso 1993, ,5,‘{" >
Ely 1993, Speakman and Banks 1998). The behaviour of '5'_.5_
the leading bird may then be a form of aerial parental care

(Andersson and Wallander 2004). The advantage for the v =

young is large, because they are smaller and lighter than
their adults. Therefore their energy saving will be
particularly high (Hummel 1995). Kin selection may also
occur in flocks of multiple families migrating together
(Andersson and Wallander 2004), where related females
breed near each other and mothers, daughters and sisters
can recognize each other as adults (Andersson and
Ahlund, 2000; van der Jeugd et al. 2002). Migrating flocks
of swans or geese may consist of several related females

Figure 12: Energy savings in an acute
V-formation are unequally distributed
as the leader expends more energy
than the others (top). Energy savings
in an obtuse U-formation is more
egalitarian as frontal birds gain uplift
from their neighbours (bottom). The
average energy gain is similar for both
formations, because the number of
birds and the distance between
wingtips are similar (Andersson and
Wallander 2004).

and their mates, plus offspring from several years (Warren

et al. 1993).

Reciprocity can also be the reason for acute V-formations. Individuals take turns as leader.
When the leading bird is getting tired, it retreats into the formation and another bird flies to
the leading position. In this way they share the energetic costs of this unprofitable position
(Andersson and Wallander 2004). Reciprocity is mainly expected in small stable flocks in
which individuals recognize each other, because they have interacted repeatedly over long
time (Trivers 1971, Axelrod and Hamilton 1981, Boyd and Richerson 1988, Dugatkin 1997).
In a large group birds may try to avoid the costly behaviour of flying at the leading position.
Recognition, which is easier in a small group, facilitates punishment of a cheater, for
example by mobbing it in the air or, perhaps more likely, at a stopover site (Andersson and
Wallander 2004).

Obtuse V-formations or U-formations are predicted in large groups with unrelated individuals
that are not able to recognize each other, because these formations are energetically more
egalitarian. Andersson and Wallander (2004) predict that acute formations will not be stable
in large flocks. When a leading bird is saving less energy than the others it can easily reduce
flight speed so far below the optimum that its trailing neighbour will close on him resulting in
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a more obtuse formation. Large groups may also contain related of familiar individuals. Kin
selection and reciprocity within these smaller subgroups may add to the dynamic nature of
the formation of large groups. In this case a formation could have several leading positions,
as seen in flocks of Branta geese (Andersson and Wallander 2004).

Although the concepts of kin selection and reciprocity offer an explanation for the occurrence
of different kinds of formations, this theory of Andersson and Wallander (2004) has not been
tested yet.

§2.2.4 Migration without formation flight

Not all flock migrants fly in formations. Sparrows, warblers, blackbirds or other small birds
that travel in large groups do not fly in V’s or echelons (Heppner 1974). Small birds will
probably save relatively less energy in formation than large birds do, in which flight
formations are more common (Alerstam 1990, Cuts and Speakman 1994). In general large
birds have large wing spans and low wing beat frequencies, which enables them to get the
aerodynamic advantage. Small birds have short relative wing length, and their rapid, large
amplitude wing strokes create complex wake patterns that may prevent energy saving by
formation flight (Hummel 1995). These small birds however have a different way to gain
energy savings which is known as intermittent flight.

In intermittent flight birds do not flap their wings continuously (Tobalske and Dial). They
alternate phases of flapping with
phases of wing motionlessness.
There are two styles of intermittent ™ >
flight: flap-gliding (also known as b SER BRI g
undulating) and  flap-bounding

(Rayner 1977, 1985, Tobalske and B Fiap-gliding
Dial 1994). In flap-gliding flapping Ve
phases are alternated with glide ~
phases where the bird has extended St
its wings. In flap-bounding birds M
alternates flapping phases with -
phases where the bird has folded its

o D050, Both M ey S Eemn . P P
are illustrated in figure 13. Although

flapping generally is associated with ascending and non-flapping with descending in height,
this may not always synchronize (Rayner et al. 2001).

Birds tend to flap-glide at lower speeds and flap-bound at higher speeds (Rayner 2001). Also
as body size increases the usage of flap-bounding decreases and birds above a certain
weight do not use flap-bounding at all (Tobalske 2001). Larger birds tend to use flap-gliding.
Small birds with rounded, low aspect ratio wings tend to use flap-bounding, while birds with
pointed high aspect ratio wings use both flap-gliding and flap-bounding (Tobalske 2001). A
bird’s body and tail also have a small effect, but insufficient to influence the usage of flap-
bounding (Rayner et al 2001).

Although at first, all birds that use intermittent flight have been categorized as either flap-
gliders or flap-bounders, more and more studies show that several species can use both
(Rayner 1985, Tobalske and Dial 1994, Tobalske 1995, 2001).

A Flap-bounding
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Chapter 3: Why do birds fly in a flock?

After discussing the organization of clusters and formations, the reasons for flying in flocks
still need to be addressed. This subject has the focus of the final chapter.

§3.1 Why do birds fly in a cluster?

Birds often form groups as a response to predation threat (Krause and Ruxton 2002). There
are more advantages to living in a flock than predation prevention, like efficient exploitation of
food (see e.g. Murton 1968, Krebs 1973, Krebs and Davies 1981). But because predation
prevention is specifically related to the manoeuvres of a cluster, also known as predation-
flight, this advantage will have the focus.

§3.1.1 Predation prevention

A flock of birds has several benefits in comparison to an individual bird when it comes to
predation. First of all, a flock consisting of multiple individuals has a greater probability of
detecting an approaching predator (Pulliam 1973, Elgar 1989), because many eyes see
more than one pair of eyes and many ears hear more than one pair of ears. This increased
vigilance also occurs even when some individual birds are less alert (Pulliam 1973, Elgar
1989). The less alert individual benefits from the vigilance of others. However, predation risk
is lower for the vigilant individual, because it can respond more efficiently than birds that get
only the indirect information (Lima 1995a,b, Lima and Zollner 1996, Hilton et al 1999).
Vigilance is most often a relevant issue when a group of birds is foraging because a bird is
less alert while foraging.

Also, the probability of an individual being the victim of a predator will decrease as flock sizes
increases. This is called the dilution effect (Hamilton 1971, Foster and Treherne 1981). Itis a
simple matter of mathematics, where the average chance of being the victim of the predator
for one specific bird decreases with every other member joining the flock.

Members of a flock may additionally gain protection from the neighbours’ bodies between
themselves and the predator. Other individuals function as a physical screen, so being in the
middle of a cluster may be safer than being at the edge (Hamilton 1971, Pulliam 1973),
because birds in the center have the maximum number of individuals between themselves
and the predator. However, for a bird it is still better to be at the edge than separate from the
cluster. If they leave the flock, they become the odd prey item, exposing themselves to
increased danger from predators (Mueller 1971).

Because it is harder for predators to deal with multiple targets, there is also a confusion
benefit for flying in a flock (Vine 1971, Packer and Abrams 1990). There is evidence that
predators suffer from confusion when attacking a group of prey (Neill and Cullen 1974). This
confusion can be illustrated by the old trick of throwing three tennis balls to somebody at the
same time. It is difficult to track one rapidly moving object when there are multiple rapidly
moving objects in the visual field. The confusion effect may explain why attacks should be
directed at the edge of a group (Krebs and Davies, 1981).

If a large group is compact and wheels and turns unexpectedly, this may prevent the
predator from attacking as it risks injury from a collision. That is why a cluster of birds makes
manoeuvres when a predator approaches (Driver and Humphries 1988).

§3.2 Why do birds fly in formations?

A group of birds flying in a formation which sometimes reflects the letter V perfectly has
always attracted attention from its viewers. But the question rises why the birds adopt this
specific formation or even why the birds do not fly solitary. There are two major supported
hypotheses that may explain formations: the aerodynamic advantage hypothesis and the
orientation communication hypothesis.
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§3.2.1 Aerodynamic advantage hypothesis

The aerodynamics principles of birds flying in formation have already been discussed
(chapter 2.2.1). When flying in the upwash of preceding birds, followers gain aerodynamic
advantages which lead to energy savings. The amount of energy savings for a trailing bird
depend on certain variables, like for example bird size and lateral and longitudinal distances
between the wingtips of the birds (Lissaman and Schollenberger 1970, Hummel 1983,
Speakman and Banks 1998, Chicka et al. 1999, Andersson and Wallander 2004).

Analysis has shown that the amount of energy savings can be very high. Schollenberger and
Lissaman (1970) showed that a bird in formation could reach a 45% drag reduction
compared with flying solo. Weimerskirch et al. (2001) measured a maximum of a 45%
reduction in wing beat when using well-trained Great white pelicans (Pelecanus onocrotalus)
and also the heart rate was 11.4%-14.5% lower than birds flying alone. Additionally, the
pelicans beat their wings less frequently and glide longer periods of time, saving 1.7%-3.4%
energy. Their results provide empirical evidence that compared with solo flight, formation
flight leads to a significant aerodynamic advantage which allows birds reduce their energy
expenditure. Reducing energy expenditure is a relevant advantage, because the energy
reserves of birds are finite, and energy can at times be critical to reproduction or survival
(Higdon and Corrsin 1978, Badgerow 1988).

§3.2.2 Orientation and communication hypothesis

Flight formation may also lead to better communication and orientation. The advantage of a
group for better communication and orientation has already been determined for other animal
species, like fiddler crabs, Uca spp. (Herrnkind 1972), schooling fish (Pitcher et al. 1982),
thick-billed Murre, Uria lomvia (Gaston 1987) and also already in bird flocks on the ground
(Krebs et al. 1972).

A skewed position relative to the bird in front of it enhances the orientation of a trailing bird.
Vision might be essential in coordinated, close-order movements (Potts 1984). To be able to
adjust their direction and velocity to the other birds in the group, they have to be in visual
range (Gould and Heppner 1974, Heppner 1974, Heppner et al. 1985, Badgerow 1988). First
of all, unhindered visual communication and orientation helps avoid collisions (Gould and
Heppner 1974, Williams et al. 1976). But optimal visual orientation also leads to the most
direct migratory route, which saves time and energy for the group (Badgerow 1988).

A B The visual angle of a bird is
determined by its retinal features and
the location of the eye on the head
(Gould and Heppner 1974, Heppner
1974, Heppner et al. 1985, Badgerow
1988). Research has shown that the
optimal angle is somewhere in front
and to the right/left of the bird
[ (Hamilton 1967). This could mean

Lateral —3 that the V-formation is a result of
distance birds trying to maintain an optimal
resolution visual image of its adjacent

Figure 14: To maintain a fixed angle, when a bird increases its ~ N€ighbours  (Heppner 1974). To

lateral distance, it also has to increase its longitudinal distance. ~ maintain the optimal visual angle a

Cvnaglillaen(:jelzsr tzra%:fmem figure A and B (birds from Andersson and fixed cor(ela’gion bgtween the lateral

and longitudinal distances between
the birds should be maintained (Badgerow 1988). Thus, when a bird increases its
longitudinal distance to the bird in front of it, to maintain the optimal angle the bird should
increase its lateral distance also, as shown in figure 14.
Another advantage in formation flight is to enable younger birds in the flock to learn migration
paths and traditional feeding sites (Speakman and Banks 1998). In this way, less
experienced birds benefit from the experience of older birds.

[}

et

Longitudinal

distance o
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§3.2.3 Aerodynamics versus Orientation and Communication

So, in the literature, two explanations have been postulated for why birds fly in formation.
One is the aerodynamic advantage hypothesis, the other is the communication and
orientation hypothesis. These explanations are not mutually exclusive, and various studies
have given support to both of them. As early as 1912, Forbush suggested that birds may
gain an energetic advantage by flying in formation. This hypothesis was supported by
Weiselsberger in 1914 and after that by many more scientists. Forbush (1912) also put
forward the communication and orientation hypothesis. This hypothesis has also been the
focus of studies by many other scientists. It has been a topic for studies for almost a century
and even after all this time no clear answer has been given yet as no conclusive evidence for
either hypothesis has been found.

An example of the debate that has been going on through the years can be illustrated by the
paper by Gould and Heppner (1974) about energy savings. They collected data of bird
formations and analysed them. They concluded that the energetic advantage was trivial. In
1981, Badgerow and Hainsworth re-analysed the data of Gould and Heppner (1974) and
concluded that the energy savings of flying in formation were up to 51% over solo flight.
Concerning the debate on the communication and orientation hypothesis, Cutts and
Speakman analysed the data of Pink-footed geese formations in 1994 and found support for
this hypothesis. However, in 1998, a similar research by Speakman and Banks contradicted
the support for the communication and orientation hypothesis. In the same paper it became
clear that even a mistranslation of articles written in German had led to misunderstandings
about the exact optimal wingtip distance by Hummel (1973). At first Speakman and Banks
believed Hummel had calculated a different optimal distance of wingtips than they did. But
later they discovered that this was not the case and that both researches had calculated the
same optimal wingtip distance, increasing their confidence in the aerodynamic advantage
hypothesis.

Focus points in all studies is the angle of the formation in which the birds fly. This angle is
determined by the lateral and longitudinal distances between wingtips. With the use of
aerodynamic theory an optimal wingtip distance can be determined. This spacing has been
calculated to be negative (Badgerow 1988, Speakman and Banks 1998), meaning that there
is an overlap between wingtips. In aerodynamic theory the longitudinal distance is of less
importance (Hummel 1995, Speakman and Banks 1998, Chichka et al. 1999). So, energy
saving can be obtained at multiple angles. Communication and orientation hypothesis
focuses on the angle between birds when the bird ahead is seen at its highest resolution
image (Badgerow 1988). To maintain this angle, there has to be a correlation between the
lateral and the longitudinal distance of wingtips between birds. If a bird increases its lateral
distance, it also has to increase its longitudinal distance to retain its high resolution image
(see chapter 3.2.2). So, communication and orientation must be obtained at a fixed angle.
This fixed angle is different for every bird specie. Although both hypotheses are not mutually
exclusive, they are mutually restrictive in their demands on positioning (Badgerow 1988). The
optimal angle for energy saving is not the same as the optimal angle for communication.
Through the years, many scientists have performed many studies in which formations of
certain species were photographed to determine the angle of the formation. Notable is that
often within one study examples of both optimal angles of flight were found. Statistical
calculations were then used to support or reject a hypothesis. Wiliams et al. (1976)
performed research on Canada Geese and their data led them to the conclusion that V-
formation flight was probably not the result of energy saving. They suggested that it might
have a social behavioural component as well. O’'Malley and Evans (1982) analyzed formation
flight functions in American White Pelicans, and found support for both hypotheses. Heppner
et al. (1985) concluded that V-formation in Canada Geese flight seems so rare and variable
that it probably does not have any functional advantage of significance. The formations they
examined never flew in any of the two optimal angles. Cutts and Speakman (1994) observed
Pink-footed Geese, a smaller bird relatively, and found a significant correlation between
distances of wingtips and depth which indicates support for the communication and
orientation hypothesis. They did not find support for the aerodynamic advantage hypothesis.
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Speakman and Banks (1998) as mentioned before did not find this significant correlation
when examining Greyleg Geese. They then stated that both hypotheses could be correct but
appropriate for different sized species. They suggested that communication and orientation is
more important to relatively smaller birds, while energy saving is more important to larger
birds. Larger birds have a higher energy demand to make their flights, so saving energy is of
more importance. Also Weimerskirch et al. (2001) found in their study of the Great white
pelican that aerodynamics and social benefits can coevolve.

In 2003, Seiler et al introduced control theory in the debate. Control theory had already
shown that small disturbances in a chain of vehicle were amplified throughout the chain in
such a way that the rear vehicles could not track the preceding vehicle. They showed that
this is also the case in formation flying birds. When the leading bird adjusts its direction or
velocity, the trailing birds make the same adjustments enlarged. They suggest that birds do
not fly in any of the two optimal angles, because it is difficult for the birds to fly in formation.
This difficulty of flying in formation is supported by other research. Theoretically the benefits
of travelling in a group increase with group size, so a maximally large group is expected. The
size of departing groups of birds varies between 1 and 400 birds (Piersma et al. 1990b),
although hundreds or thousands of birds are present at departure sites (Piersma 1982,
Rappoldt et al. 1985). Also researches indicate that birds arrive at stopover sites in smaller
groups than they departed (Dick et al. 1987, Blomert et al. 1990). These two outcomes could
mean that it is difficult to maintain formation during long flights.

Andersson and Wallander (2004) acknowledged that V-formation is more common in large
birds. They also imply that this is because large birds have a greater need for energy saving.
As small birds gain little or no energy savings, they rarely use formation flight even though
they could gain a communication and orientation benefit. Andersson and Wallander therefore
suggest that the importance of communication and orientation is less than the importance of
energy saving.

Thus, although the research of the past few decades has given rise to a number of
interesting explanations for the reasons to fly in formation and has tried to give insight to why
different species use different angles of formation, no conclusive evidence has been found
for any of the two hypotheses. The debate remains unsolved. Both the ‘aerodynamic’ and the
‘behavioural’ camps have strong support and strong criticism. A major reason for this is that
the advantages of both hypotheses have never been fully quantified (Rayner 2001). Even the
results of most recent studies have still to be verified and further research is necessary.
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Summary

This thesis entailed a literature review on the subject of bird flight in groups. It discussed the
major questions of ‘When’, ‘How’ and ‘Why’ birds fly in flocks.

Flying flocks are roughly dividable in two types: clusters and formations. Research has given
a clear view of the use (‘the When’) of both clusters and formations. Cluster flight is generally
used by birds that live in groups as a default. Formation flight is generally used for migration
during migrating season. However, in migration flight there is still much unclear about the
behaviour of the birds.

Research has also given a clear view of the organization (the ‘How’) of both clusters and
formations. Although clusters seem disorganized, movement is directed by various initiators
whose manoeuvre is followed by the rest of the cluster by visual perception. In formations
birds organize themselves in fixed positions with a certain longitudinal distance and wingtip
spacing. However, the behavioural rules behind the self-organization in clusters are not yet
fully understood. Also, the behavioural choices for acute or a more obtuse formation are yet
to be determined.

While research has given a clear view of the reasons (the ‘Why’) for cluster flight, the
reasons for formation flight are still highly discussed. Cluster flight grants several benefits in
predation prevention, like increased predator detection, a dilution effect, physical protection
of neighbours and a confusion effect, in addition to the other benefits of living in a group.
Formation flight theoretically has aerodynamic advantages and orientation and
communication advantages, although results of research concerning these advantages vary.

This thesis has shown that despite a good understanding of the basics of flock flying, there is
still much discussion about the more complex behavioural aspects.

19



References

Able K.P. 1982. Skylight polarization patterns at dusk influence migratory orientation in birds.
Nature 299:550-551.

Able K.P. 1989. Skylight polarization patterns and the orientation of migratory birds. J exp
Biol 141:241-256.

Adler H.E. 1970. Ontology and phylogeny of orientation. In: Development and Evolution of
Behaviour, Essays in Memory of T.C. Schneirla, 303-336. Eds L.R. Aroson et al. Freeman,
San Fransisco.

Akesson S. and Hedenstrom A. 2000. Wind selectivity of migratory flight departures in
birds. Behav Ecol Sociobiol 47:140-144.

Alerstam T. 1976. Bird migration in relation to wind and topography. Ph.D Thesis, Lund
University, Sweden.

Alerstam T. and Pettersson S.G. 1976. Do birds use waves for orientation when migrating
across the sea? Nature 259:205-207.

Alerstam T. 1979a. Wind as a selective agent in bird migration. Ornis Scand 10:76-93.
Alerstam T. 1979b. Optimal use of wind by migrating birds: combined drift and over-
compensation. J Theor Biol 79:341-353.

Alerstam T. 1990. Bird migration. Cambridge: Cambridge University Press.

Alerstam T. and Lindstrém A. 1990. Optimal bird migration: The relative importance of
time, energy and safety. In: Gwinner E (ed.) Bird migration: Physiology and ecophysiology.
Springer-Verlag 331-351.

Alerstam T. Gudmundsson G.A., Jonsson P.E., Karlsson J. and Lindstrom A. 1990.
Orientation, migration routes and flight behaviour of Knots, Turnstones and Brent Geese
departing from Iceland in spring. Arctic 43:201-214.

Alerstam T. and Gudmundsson G.A. 1999. Bird orientation at high latitudes: flight routes
between Siberia and North America across the Arctic Ocean. Proceedings Biological
Sciences 226:2499-2505.

Alonso J.A. and Alonso J.C. 1993. Age-related differences in time budgets and parental
care in wintering common cranes. Auk 110:78-88.

Andersson M. and Ahlund M. 2000. Host-parasite relatedness shown by protein
fingerprinting in a brood parasitic bird. Proc Nat Acad Sci USA 97:13188-13193.

Andersson M. and Wallander J. 2004. Kin selection and reciprocity in flight formation?
Bahavioral Ecology 15:158-162.

Axelrod R. and Hamilton W.D. 1981. The evolution of cooperation. Science 211:1390-1396.
Badgerow J. and Hainsworth F. 1981. Energy savings through formation flight? A re-
examination of the Vee formation. J theor Biol 105:749-755.

Badgerow J. 1988. An analysis of function in the formation flight of Canada geese. Auk
93:41-52.

Ballerini M., Cabibbo N., Candelier R., Cavagna A., Cisbani E., Giardina I., Lecomte V.,
Orlandi A., Parisi G., Procaccina A., Viale M., and Zdravkovic V. 2008. Interaction ruling
animal collective behaviour depends on topological rather that metric distance: Evidence
from a field study. Proceedings of the National Academy of Sciences USA 105:1232-1237.
Ballerini M., Cabibbo N., Candelier R., Cavagna A., Cisbani E., Giardina I., A., Parisi G.,
Procaccina A., Viale M., and Zdravkovic V. 2009. An empirical study of large, naturally
occurring starling focks: a benchmark in collective animal behaviour. To be published in
Animal Behaviour.

Barter M. and Tonkinson D. 1997. Wader departures from Chongming Dao (near
Shanghai, China) during March/April 1996. The Stilt 31:12-17.

Battley P.F. 1997. The northward migration of arctic waders in New Zealand: departure
behaviour, timing and possible migration routes of Red Knots and Bar-tailed Godwits from
Farewell Spit, north-west Nelson. Emu 97:108-120.

Bent A.C. 1925. Life histories of North American wild fowl, part 2. U.S. Natl Bull 130
Berthold P. 1991. Orientation in birds. Basel, Switserland: Birkh&user

20



Binkley S. 1997. Biological clocks. Your owner’s manual. Harwood Academic Publishing,
Amsterdam.

Bloch R. and Bruderer B. 1982. The airspeed of migrating birds and its relationship to the
wind. Behav ecol sociobiol 11:19-24.

Blomert A-M., Engelmoer M. and Ntiamoa-Baidu Y. 1990. The Banc d’Arguin, Mauritania,
as a meeting point for Avocets during spring migration. Ardea 78:185-192.

Boyd R. and Richardson P.J. 1988. The evolution of reciprocity in sizable groups. J Their
Biol 132:337-356.

Breder C.M. 1976. Fish schools as operational structures. Fish Bull 74:471-502.

Buck J. and Buck E. 1976. Synchronous fireflies. Scient Am 234:74-85.

Camazine S., Deneubourg J-L., Franks N.R., Sneyd J., Theraulaz G. And Bonabeau E.
2003. Self-Organization in Biological Systems. Princeton: Princeton University Press.
Caraco T. and Bayham M.C. 1982. Some geometric aspects of house sparrow flocks.
Animal Behaviour 30:990-996.

Caraco T., Martindale S. and Pulliam H.R. 1980. Avian flocking in the presence of a
predator. Nature 285:400-401.

Chichka D.F., Speyer J.L. and Park C.G. 1999. Peek-seeking control with application to
formation flight. Arizona 2463-2470.

Corven J. 1998. Shorebird odysseys. Natural history 107: 44.

Cramp S and Simmons K.E.L. 1983. The birds of the western Palearctic, Vol Ill. Oxford
University Press, Oxford.

Cresswell W., Hilton G.M. and Ruxton G.D. 2000. Evidence for a rule governing the
avoidance of superfluous escape flights. Proceedings of the Royal Society of London
267:733-737.

Cutts C.J. and Speakman. 1994. Energy savings in formation flight of pink-footed geese. J
Exp Biol 189:251-261.

Davis J.M. 1980. The coordinated aerobatics of Dunlin flocks. Animal Behaviour 28:668-673.
Dick W.J.A., Piersma T. and Prokosch P. 1987. Spring migration of the Siberian Knots
Calidris canutus canutus: results of a co-operative Wader Study Group project. Ornis Scand
18:5-16.

Dierschke V. 1989. Automatisch-akustische Erfassung des nachtlichen Vogelzuges bei
Helgoland im Sommer 1987. Vogelwarte 35:115-131.

Dorst J. 1956. La Migration des oiseaux. Petite Bibliothéque Payot, Paris.

Driver M.P. and Humphries D.A. 1988. Protean behaviour: The biology of unpredictability.
Oxford: Oxford University Press.

Drost R. 1931. Uber den Einfluss des Lichtes auf den Vogelzug, insbesondere auf die
Tagesaufbruchszeit. Proc VII Int Ornithol Congr (Amsterdam): 340-356.

Dugatkin L.A. 1997. Cooperation among animals: an evolutionary perspective. New York:
Oxford University Press.

Elgar M.A. 1989. Predator vigilance and group size in mammals and birds: a critical review
of the evidence. Biol Rev 64:13-33.

Ely C.R. 1993. Family stability in greater white-fronted geese. Auk 110:425-435.

Emlen S.T. 1975. Migration: orientation and navigation. In: D.S. Farner & J.R.

Evans P.R. 1966. Migration and orientation of passerine night migrants in northeast England
and southern Scotland. J Zool Lond 150:319-369.

Farrar G.B. 1950. Song of the north. Field 196:179-180.

Filippone A. 1996. Heuristic optimization applied to an intrinsically difficult problem: birds
formation flight. AIAA Paper 96-0515:1-12.

Forebush E.H. 1912. A history of game birds, wild-fowl shore birds of Massachusetts and
adjacent states. Massachusetts State board of agriculture. Boston: Wright and Porter.

Foster W.A. and Treherne J.E. 1981. Evidence for the dilution effect in the selfish herd from
fist predation on a marine insect. Nature 293:466-467.

Gill J.A., Sutherland W.J. and Watkinson A.R. 1996. A method to quantify the effects of
human disturbance on animal populations. J Applied Ecology 33:786-792.

Gould L.L. and Heppner F. 1974. The vee formation of Canada geese. Auk 91:494-506.

21



Green M. 2001. Is wind drift in migrating barnacle and brent geese Branta leucopsis and
Branta bernicla, adaptive or non-adaptive? Behav Ecol Sociobiol 50:45-54.

Green M. and Alerstam T. 2002. The problem of estimationg wind drift in migrating birds. J
Theor Biol 218:485-496.

Green M., Alerstam T., Gudmundsson G.A., Hedenstrom A. and Piersma T. 2004. Do
Arctic waders use adaptive wind drift? J Avian Biol 35:305-315.

Griffin D.R. 1974. Bird migration. Revised ed. Dover, New York

Gudmundsson G.A., Lindstrom A. and Alerstam T. 1991. Optimal fat loads and long-
distance flights by migrating Knots Calidris canutus, Sanderlings Calidris alba and
Turnstones Arenaria interpres. Ibis 133:140-152.

Gwinner E. 1996. Circadian and circannual programmes in avian migration. J exp Biol 199:
39-48.

Hamilton W.J. 1967. Social aspects of bird orientation mechanisms. Animal Orientation and
Navigation 57-71

Hamilton W.D. 1971. Geometry for the selfish herd. J Theor Biol 31:295-311.

Hainsworth F.R. 1987. Precision and dynamics of positioning by Canada geese flying in
formation. J Exp Biol 128:445-462.

Helbig A.J. 1990. Depolarization of natural skylight disrupts orientation of an avian nocturnal
migrant. Experientia 46:755-758.

Helbig A.J. 1991. Dusk orientation of migratory European robins, Erithacus rubecula: the
role of sun-related directional information. Animal Behaviour 41:313-322.

Henshaw H.W. 1910. Migration of the Pacific Golden Plover to and from the Hawaiian
Islands. Auk 27:245-262.

Heppner F. 1974. Avian flight formation. Bird Banding 45:160-169.

Heppner F. and Haffner J. 1974. Coordination in avian flight formation: an electromagnetic
model. In: Biological and Clinical Effects of Low Frequency Magnetic and Electric Fields (Ed.
By J.G. Llaurado, A. Sauces, Jr. & J.H. Battocletti), 147-162. Springfield, Ill: Thomas.
Heppner F., Convissar J., Moonan Jr D.E. and Anderson J. 1985. Visual angle and
formation flight in Canada geese (Branta Canadensis). Auk 102:195-198.

Herrnkind W.F. 1972. Orientation in shore-living arthropods, especially the sand fiddler crab.
Behavior of marine animals 1:1-59.

Higdon J. and Corrsin S. 1978. Induced drag of a bird flock. Am Nat 112:727-744.

Hilton G.M., Cresswell W. and Ruxton G.D. 1999. Intra-flock variation in the speed of
response on an attack by an avian predator. Behavioral Ecology 10:391-395.

Hummel D. 1973. Die Leistungsersparnis beim Verbandsflug. J Orn 114:259-282.

Hummel D. 1983. Aerodynamic aspects of formation flight in birds. J theor Biol 104:321-347.
Hummel D. 1995. Formation flight as an energy-saving mechanism. Israel J Zool, 41:261-
278.

Kenward R.E. 1978. Hawks and doves: Factors affecting success and selection in Goshawk
attacks on Wood-Pingeons. J Anim Ecol 47:449-460.

Kerlinger P. and Moore F.R. 1989. Atmospheric structure and avian migration. Curr Ornithol
6:109-142.

Klaassen M. 1996. Metabolic constraints on long-distance migration in birds. J exp Biol
199:57-64.

Krause J. and Ryxton G.D. 2002. Living in groups. Oxford: Oxford University Press.

Krebs J.R., MacRoberts H.M. and Cullen J.M. 1972. Flocking and feeding in the Great Tit,
Parus major. an experimental study. Ibis 114:507-530.

Krebs J.R. 1973. Social learning and the significance of mixed-species flocks of chickadees
(Parus spp). Can J Zool 51:1257-1288.

Krebs J.R. and Davies N.B. 1981. Living in a group. In: An Introduction to Behavioural
Ecology. 120-146. Malden: Blackwell Publishing.

Lank D.B. 1989. Why fly by night? Inferences from tidally-induced migratory departures of
sandpipers. J Field Ornithol 60:154-161.

Lima S.L. 1995a. Back to the basics of anti-predatory vigilance: the group size effect. Animal
Behaviour 49:11-20.

22



Lima S.L. 1995b. Collective detection of predatory attacks by social foragers: fraught with
ambiguity? Animal Behaviour 50:1097-1108.

Lima S.L. and Zollner P.A. 1996. Anti-predatory vigilance and the limits to collective
detection: visual and spatial separation between foragers. Behav Ecol Sociobiol 38:355-363.
Linton J.0. 2007. The physics of flight: Il. Flapping wings. Physics Education 42:358-364.
Lissaman P.B.S and Schollenberger C.A. 1970. Formation flight of birds. Science
168:1003-1005.

Major P. and Dill L. 1978. The three-dimensional structure of airborne bird flocks. Bahav
Ecol Sociobiol 4:111-122.

McNamara J.M., Welham R.K. and Houston A.l. 1998. The timing of migration with the
context of an annual routine. J Avian Biol 29:416-423.

Meltofte H. 1988. Dagnrytmen af vadefugletraekket ved Blavandshuk i Vestjylland og
Revtangen i Sydvestnorge. Dans Orn Foren Tidsskr 82:13-18.

Moore F.R. 1987. Sunset and the orientation behaviour of migrating birds. Biol Rev 62:65-
86.

Moore F.R. and Phillips J.B. 1988. Sunset, skylight polarization and the migratory
orientation of yellow-rumpled warblers, Dendroica coronata. Animal behav 36:1770-1778.
Mueller H.C. 1971. Oddity and specific search image more important than conspicuousness
in prey selection. Nature 233:345-346.

Muheim R., Moore F.R. and Phillips J.B. 2006. Calibration of magnetic and celestial
compass in migratory birds — a review of cue-conflict experiments. J Exp Biol 209:2-17.
Munro U. and Wiltschko R. 1995. The role of skylight polarization in the orientation of a
day-migrating bird species. J Comp Physiol 177:357-362.

Murton R.K. 1968. Some predator-prey relationships in bird damage and population control.
In: The problems of birds as pests (R.K. Murton and E.N. Wright, eds.). 157-180. Academic
Press, New York.

Nathan A. and Barbosa V.C. 2008. V-like formations in flocks of artificial birds. Atrtificial life
14:179-189.

Neill S.R. and Cullen J.M. 1974. Experiments on whether schooling by their prey affects the
hunting behaviour of cephalods and fish predators. J Zool Lond 172:549-569.

Nisbet I.C.T. and Drury W. 1967. Orientation of spring migrants studied by radar. Bird-
Banding 38:173-186.

O’Malley J.B.E. and Evans R.M. 1982. Structure and behaviour of white pelican formation
flocks. Can J Zool 60:1388-1396.

Packer C. and Abrams P. 1990. Should co-operative groups be more vigilant than selfish
groups. J Theor Biol 142:341-347.

Partrigde B.L. 1982. The structure and function of fish schools. Scientific American 246:114-
123.

Pennycuick C.J. 1989. Bird flight performance. Oxford University Press.

Perrins C.M. 1970. The timing of birds’ breeding seasons. Ibis 112:242-255.

Piersma T. 1982. Numbers of waders at high tide. In: W. Altenburg, M. Engelmoer, R. Mes &
T. Piersma (eds.) Wintering waders on the Banc d’Arguin, Mauritania:67-90. Stichting Veth
tot steun aan Waddenonderzoek, Leiden.

Piersma T. 1987. Hink, stap of sprong? Reisbeperkingen van arctische steltlopers door
voedselzoeken, vetopbouw en vliegsnelheid. Limosa 60:185-194.

Piersma T. and Jukema J. 1990. Budgeting the flight of a long-distance migrant: changes in
nutrient reserve levels of Bar-tailed Godwits at successive spring staging sites. Ardea
78:315-338.

Piersma T., Klaassen M., Bruggemann J.H. Blomert A-M., Gueye A., Ntiamoa-Baidu
Y.A.A. and van Brederode N.E. 1990. Seasonal timing of the spring departure of waders
from the Banc d’Arguin, Mauritania. Ardea 78:123-134.

Piersma T. and Gill R.E. 1998. Guts don’t fly: small digestive organs in obese bar-tailed
godwits. Auk 115:196-2083.

23



Piersma T. Zwarts L. and Bruggemann J.H. 1990. Behavioural aspects of the departure of
waders before long-distance flights: flocking, vocalizations, flight paths and diurnal timing.
Ardea 78:157-184.

Piersma T., Verkuil Y. and Tulp L. 1994. Resources for long-distance migration of Knots
Calidris canutus islandica and C. c. canutus: how broad is the temporal exploitation window
of benthic prey in the western and eastern Wadden Sea? Oikos 71: 393-407.

Piersma T., Rogers D.l., Conzalzes P.M., Zwars L., Niles L.J., de Lime I. Donascimento
S., 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: Birds of two worlds: the ecology and evolution of migration. (ed. R. Greenberg and P.P.
Marra), Johns Hopkins University Press, Baltimore 226-273.

Pitcher T.J., Magurran A.E. and Winfield I.J. 1982. Fish in larger shoals find food faster.
Behav Ecol Sociobiol 10:149-151.

Pomeroy H. and Heppner F. 1992. Structure of turning in airborne rock dove (Columba
livia) flocks. Auk 109:256-267.

Potts W.K. 1984. The chorus-line hypothesis of manoeuvre coordination in avian flocks.
Nature 309:344-345.

Powell G.V.N. 1974. Experimental analysis of the social value of flocking by Starlings
(Sturnus vulgaris) in relation to predation and foraging. Anim Behav 22:501-505.

Prevett J.P. and Maclnness C.D. 1980. Family and other social groups in Snow geese. Widl
Monogr 71:1-46.

Pulliam H.R. 1973. On aventages of flocking. J Theor Biol 38:419-422.

Rappoldt C., Kersten M. and Smit C. 1985. Errors in large scale shorebird counts. Ardea
73:13-24.

Rayner J.M.V. 1977. The intermittent flight of birds. In: Scale effects in animal locomotion.
New York: Academic Press.

Rayner J.M.V. 1985. Bounding and undulating flight in birds. J theor Biol 117:47-77.

Rayner J.M.V. 2001. Fat and formation in flight. Nature 413:685-686.

Rayner J.M.V., Viscardi P.W., Ward S. and Speakman J.R. 2001. Aerodynamics and
energetics of intermittent flight in birds. Amer Zool 41:188-204.

Richardson W.J. 1991. Wind and orientation of migrating birds: a review. Experienta
46:416-425.

Riddington R., Hassall M., Lane S.J., Turner P.A. and Walters R. 1996. The impact of
disturbance on the behaviour and energy budgets of brent Geese Branta b bernicla. Bird
Study 43:269-279.

Roberts G. 1996. Why individual vigilance declines as group size increases. Animal
Behaviour 51:1077-1086.

Sandberg R. and Gudmundsson G.A. 1996. Orientation cage experiments with Dunlins
during autumn migration in Iceland. J Avian Biol 27:183-188.

Sauer E.G.F. 1957. Die Sterrenorientierung néachtlich ziehender Grasmicken, Sylvia
atricapilla, borin and curruca. Z Tierpsychol 14:20-70.

Scott. D.J. 1980. Functional aspects of prolonged parental care in Betwick’s swan. Animal
Behaviour 28:938-952.

Seiler P., Pant A. and Hedrick J.K. 2003. A systems interpretation for observations of bird
V-formations. J theor Biol 221:279-287.

Selous E. 1931. Thought-Transference (or What?) in Birds. London: Constable.

Siegfried W.R. and Underhill L.G. 1975. Flocking as an anti-predator strategy in doves.
Anim Behav 23:504-508.

Sirot E. 2006. Social information, antipredatory vigilance and flight in bird flocks. Animal
Behaviour 72:373-382.

Speakman J.R. and Banks D. 1998. The function of flight formation in Greylag geese Anser
anser. energy saving or orientation? Ibis 140:280-287.

Sugimoto T. 2003. A theoretical analysis of formation flight as a nonlinear self-organizing
phenomenon. IMA Journal of Applied Mathematics 68:441-470.

24



Terril S.B. 1990. Evolutionary aspects of orientation and migration in birds. Experientia
46:395-404.

Thien H.P., Moelyadi M.A. and Muhammad H. 2007. Effects of leader’s position and shape
on aerodynamic performances of V flight formation. Icius 43-49.

Tobalske B.W. and Dial K.P. 1994. Neuromuscular control and kinematics of intermittent
flight in Budgerigars (Melopsittacus undulates). J exp Biol 187:1-18.

Tobalske B.W. 1995. Neuromuscular control control and kinematics of intermittent flight in
the European starling (Sturnus vulgaris). J exp Biol 198:1259-1273.

Tobalske B.W. 2001. Morphology, velocity, and intermittent flight in birds. Amer Zool 41:177-
187.

Treisman M. 1975. Predation and the evolution of gregariousness. |: Models for
concealment and evasion. Anim Behav 23:779-800.

Trivers R.L. 1971. The evolution of reciprocal altruism. Q Rev Biol 46:35-57.

Tulp 1., McChesney S. and de Goeij P. 1994. Migratory departures of waders from north-
western Australia: behaviour, timing and possible migration routes. Ardea 82:201-221.

van der Jeugd H.P., van der Veen L.T. and Larsson K. 2002. Kin clustering in barnacle
geese: familiarity or phenotype matching? Bahavioral ecology 13:786-790.

van de Kam J., Ens B.J., Piersma T., and Zwarts L. 2004. Shorebirds — An illustrated
behavioural ecology. KNNV Publishers.

Venema P. 1989. Gezamelijke trek van ganzen met andere watervogels. Limosa 62:92.

Vine I. 1971. Risk of visual detection and pursuit by a predator and the selective advantage
of flocking behaviour. J Theor Biol 30:405-422.

Warren S.M. Fox A.D. and O’Sullivan P. 1993. Extended parent-offspring relationships in
Greenland white-fronted feese (Anser albifrons flavirostris). Auk 110:145-148.

Weimerskirch H., Martin J., Clerquin Y. Alexandre P. and Jiraskova S. 2001. Energy
saving in flight formation. Nature 413:697-698.

Weiselberger C. 1914. Z. flugteeh motor luftschiff. 5:225 (edited in Hummel 1983)

Wiens D. 1973. Hydromechanics of fish schooling. Nature 241:290-291.

Williams T., Klonowski T. and Berkeley P. 1976. Angle of Canada goose V flight formation
measured by radar. Auk 93:554-559.

Wiltschko R. and Wiltschko W. 1995. Magnetic orientation in animals. Berlin: Springer.
Wiltschko R., Wiltschko W. and Munro U. 1997. Migratory orientation in birds: the effects
and after-effects of exposure to conflicting celestial and magnetic cues. Orientation and
Navigation — Birds, Humans and other Animals. 6.1-6.14. Oxford: Royal Institute of
Navigation.

Wiltschko W., Weindler P and Wiltschko R. 1998. Interaction of magnetic and celestial
cues in the migratory orientation of passerines. J Avian Biol 29:606-617.

Wiltschko R. and Wiltschko W. 1999. Celestial and magnetic cues in experimental conflict.
Proceedings of the 22" International Ornithology Congress. 988-1004. Johannesburg:
BirdLife South Africa.

Zwarts L. Blomert A.M. and Hupkes R. 1990. Increase of feeding time in waders preparing
spring migration from the Banc d’Arguin, Mauritania. Ardea 78:237-256.

25



