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SUMMARY

The speed of birds in flapping flight is a behavioural attribute that, when interpreted in the light of
optimization theory, may provide important implications about the limitations in time, energy and safety
that affect birds in different situations. This study is an evaluation and review of optimal flight speeds of
birds, based on foraging, migration and flight mechanical theory. Flight in different ecological contexts
is considered, such as foraging flight, food transportation flight, migration flight and aerial display flight.
Relevant optimization criteria and immediate currencies are identified for these flight situations,
permitting the derivation of optimal flight speeds.

Foraging birds are expected to maximize foraging gain ratio (the ratio of gross energy intake rate to
the cost of foraging in excess of the resting metabolism) when energy minimization is of imminent
importance or when they are constrained by a metabolic ceiling. In other circumstances they are expected
to maximize the net energy intake rate. Generally, optimal flight speeds are faster in the latter than in
the former case. Thus when the foraging gain ratio is maximized the optimal flight speed between foraging
patches is ¥, (speed of minimum energy cost per unit of distance flown), whereas it is faster than this,
to a variable degree depending on the quality of and distance between patches, when net energy intake
rate is maximized.

Birds should adapt their flight speed differently when transporting food or migrating as compared with
flying in pure foraging situations. Cost of transport (energy/distance) or resulting speed of transport or
of migration (distance/time) are the immediate currencies relevant for predicting optimal flight speeds
depending on whether birds in food transportation flights are metabolically constrained or not and
whether migrating birds are energy- or time-selected. Optimal flight speeds for maximizing the resulting
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speed of transport or of migration exceed V]

to an increasing degree with an increasing rate of

food /energy gain. Still other optimization criteria apply to further flight situations that are reviewed, and,
in addition, flight speed is expected to vary with wind, load, altitude, climb rate and flock size.

Optimal flight speed theory provides a possibility to use flight speed measurements of birds in widely
different situations for obtaining insights about crucial time and energy limitations.

1. INTRODUCTION

Birds fly in a multitude of different situations, searching
for food, travelling between food patches, transporting
food to their young and mates or to caches, migrating,
displaying, etc. There exists a well developed theory of
bird flight making it possible to calculate, e.g., the
expected relation between flight power and velocity for
a bird of given mass and dimensions in flapping flight
(Pennycuick 1969, 1975, 1989; Tucker 1973; Rayner
1979, 1986; Spedding 1992). From this fundamental
power function, significant flight velocities associated
with minimum power (V) or with the maximum
range that can be flown on a given amount of energy
(Vps which is the speed of minimum transport costs,
1.e. energy costs per unit of distance flown) can be
derived. It has become increasingly clear that,
although these speeds sometimes represent the best
choices for the birds, there also exist many cases where
ncither of these two significant flight speeds is likely to
be optimal.

The optimal flight speed depends on which general
criteria the birds are expected to optimize and which
constraints are affecting them in different situations. In
addition, the flight speed is expected to vary with a
host of factors, like wind, load, height, climb rate and
flock size. In fact, the question of optimal flight speed
has turned out to be highly multifaceted.

In this paper we shall try to evaluate and review the
most important criteria, constraints and other factors
determining the optimal flight speeds of birds (see, for
example: Ware 1975; Kacelnik 1984; Pyke 1984;
Blake 1985; Schmid-Hempel et al. 1985; Stephens &
Krebs 1986). To focus on such a narrow problem as
bird flight speed may seem rather futile, not least in
view of the complexity of the matter. However, this
complexity also brings fascinating possibilities.
Detailed measurements of birds’ flight speeds are
feasible by the use of optical instruments, radar and
radio telemetry. If it emerges that birds really show a
high degree of flexibility and adapt their flight speed to
different situations, the flight speed may turn out to be
a bchavioural attribute with the richest ecological
implications. It may constitute quite an extraordinary
key variable, revealing a great deal about underlying
selection pressures and constraints concerning the
birds’ fundamental energy and time economy.

We distinguish a number of flight situations, which
are treated in sections 2-5. For each such situation we
start by identifying different optimization criteria and
immediate currencies that are relevant under different
conditions of energy and time constraints (table 2). We
then proceed by investigating the implications for the
optimal flight speed of birds under these conditions. In
section 6 we briefly review how the flight speed is
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predicted to vary with additional factors, like wind,
load and height. Finally, we discuss studies and
measurements of flight speeds in relation to the overall
multiplex theory of optimal flight speed of birds.

2. FORAGING FLIGHT

A number of symbols are needed for the analyses
developed in the following text. These are listed in
table 1. Please note that to simplify equations, we have
not introduced the energy assimilation efficiency i.e.
the fraction of consumed food which is eventually
turned into useful energy. In most cases our gross
energy intake rate £ must be multiplied by an
appropriate assimilation efficiency. In some cases we
treat energy collection rate and energy intake rate as
interchangeable quantities further, unless otherwise
stated, we assume that the bird maintains a balanced

energy budget.

(a) Optimization criteria

Flight is an integral part of the foraging behaviour of
many birds, which fly while searching for food and fly
between food patches. To evaluate the optimal flight
speeds associated with foraging, we must first consider
which criteria arc most likely to be optimized by
foraging birds maximizing their fitness under different
conditions. As seen from table 2, there are two
immediate currencies of main importance in foraging.
The birds are expected to behave so as to maximize
either the net energy intake rate (which is the difference
between gross energy gain from the food and the
energy expenditure during foraging) or the foraging
gain ratio (which is the quotient of gross energy gain and
the energetic cost of foraging). The latter currency has
usually been termed foraging efficiency, but we have
refrained from using this wording to avoid confusion
with the definition of foraging efficiency as the pro-
portion of useful energy output from a given input.
Which of these currencies applies depends on the
interests and constraints affecting the foraging bird,
and we distinguish six situations that are likely to
be valid quite often (table 2). Ydenberg et al. (1994)
cvaluated the effects of limitations in time and
assimilation capacity for the currencies of foraging
animals. Such limitations are taken into account in the
different foraging situations distinguished below.

(I) It may be most beneficial for a bird to minimize
the necessary foraging time, because of risks associated
with foraging, or because of the extra time that
becomes available for alternative non-foraging be-
haviour. Consider a bird alternating between foraging
during a fraction ¢ of the time and using the remaining
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Table 1. List of symbols

a angle between track and heading

A rate of non-foraging energy
consumption; resting metabolism

rate of foraging energy
consumption; inter-patch
travelling cost; flight cost

lift coeflicient

distance between foraging patches;
migration distance

gross energy intake rate

rate of net energy gain

load factor

metabolic ceiling

body mass

power

power available

power at minimum power speed

first derivative of the power
equation with respect to airspeed

generally used for currencies

relative turning radius

resulting speed of transport;
wing area

time interval spent foraging to
accumulate food or fuel

time fraction

patch residence time

travel time

airspeed

relative velocity

ground speed

first derivative of ground speed
with respect to airspeed

maximum airspeed

maximum sustainable airspeed

maximum sprint airspeed

resulting speed of migration

minimum power speed

maximum range speed

flight speed for minimum migration
time

maximum vertical climb rate

optimal airspeed
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time for an alternative behaviour (e.g. resting) with a
rate of energy consumption equal to 4. Energy balance
will hold if

(E—C)t=A(1—1), (1)

where E is the rate of gross energy intake from foraging
and C is the rate of energy consumption during
foraging. Both E and C are functions of the flight
velocity in foraging, which we shall consider more
closely when specifying conditions for the optimal
flight speed in sections 2(4) and 2(¢) below. From
rearranging equation (1)

= A(E—C+4)7, 2)

which shows that ¢ becomes minimal when net energy
intake rate (E-C) is maximized. This applies when
foraging time is minimized in favour of the time for any
alternative non-foraging behaviour, as long as the
birds is not constrained by a metabolic ceiling (cf. case
3 below).
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(2) Minimization of the total energy consumption
may be important under conditions of food scarcity.
The total amount of energy consumed, R, is given by

R =Et (3)

Provided that energy intake and expenditure are in
balance according to equation (1) and (2), it follows
that

R=A[1—(C—A)E"], (4)

where 4 now corresponds to the resting metabolism
(A < C). This shows that R becomes minimal when
the foraging gain ratio, i.e. E(C—A)™, is maximized. It
should be noticed that it is the foraging costs in excess
of the resting metabolism (i.e. C—4) that should be
used in this currency. Only if 4 <€ C will the foraging
gain ratio calculated on the basis of the total foraging
costs as ££/C serve as a useful approximation.

(3) A bird may divide its time between foraging
(during fraction ¢, of time), performing a coveted but
costly non-foraging activity (e.g. display; during
fraction ¢, of time, with rate of energy consumption
4,), and resting (with resting metabolism A4). Resting
is necessary, if the other activities are costly enough for
the bird to be constrained by a metabolic ceiling, K,
corresponding to a maximum rate of metabolizable
energy intake (Drent & Daan 1980; Kirkwood 1983;
Peterson et al. 1990; Weiner 1992). In this situation the
overall rate of energy intake will accord with the level
of the metabolic ceiling,

K = Et,. (5)

Assumption of an energy budget in balance gives the
following equality between input and expenditure,

(E=C)ty = Ay ty +A(1 —t,—t,). (6)

Insertion of t; from equation (5) into this equation and
rearrangement gives

ty=[K—A—K(C—A) E™] (4,— A)™". (7)

The fraction of time ¢, that can be devoted to the
fitness-promoting activity will thus be maximal when
the foraging gain ratio, i.e. E(C—A)™!, is maximized
for a bird constrained by a metabolic ceiling. However,
without this constraint the appropriate immediate
currency will be the net energy intake rate (cf. case 1
above).

(4) In many situations it is of prime importance for
a bird to accumulate surplus energy at the maximum
possible rate. The energy surplus may be used either
externally, like food delivered to young or hoarded for
future use, or internally as reserves of, e.g., fat. The

resulting accumulation rate of such surplus energy, R,
will be

R=(E—C)t—A(1—1), (8)

when fraction ¢ of the time is used for foraging (with £
the gross energy intake rate and C the rate of energy
consumption) and the remaining time for resting (with
A4 the resting metabolic rate). If the bird operates
below its metabolic ceiling there are no further
conditions and equation (8) shows that R becomes
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Table 2. Summary of flight situations and the associated relevant immediate optimization currencies

net energy

flight situation intake rate

foraging
gain
ratio

resulting
speed of
transport/
migration

energy cost of flight

transport power  other

(a) foraging (foraging within/between
food patches
(1) minim. of foraging time X
(2) minim. of total energy
consumption
(3) maxim. of time for
non-foraging activity
(metabolic ceiling)
(4) maxim. of internal/external X
energy accumulation rate
(5) maxim. of internal/external
energy accumulation rate
(metabolic ceiling)
(6) maxim. of stopover gain
ratio on migration

(b) food/energy transportation
(1) maxim. of energy transport
rate
(2) maxim. of energy transport
rate (metabolic ceiling)
(¢) migration
(1) minim. of total migration
time
(2) minim. of energy cost
(d) other
(1) aerial display
(2) staying airborne
(3) escaping predators
(4) attacking prey

maximal if all useful foraging time is exploited (¢,,;)
and if, during that time, the net energy intake rate (E—C)
is maximized.

(5) The condition imposed by a metabolic ceiling
on a bird accumulating excess energy will be different
depending on whether the energy represents a surplus
above the ceiling (external energy surplus) or is
contained within the ceiling energy budget (internal
energy deposition). In both cases the bird is obliged to
rest during part of the time because of the metabolic
constraints. In the former case the maximum rate of
metabolizable energy intake, K, will be equivalent to

K= Ct+A(1—1), 9)

and in the latter case the condition given in equation
(5), i.e. K = Et, will hold. Insertion of ¢ from these two
relations into equation (8) gives the following two
expressions, respectively:

R=(K—A)E(C—A4)"—K, (10)
R=K[l—(C—A)E"]—A4. (11)

These equations show that both the resulting external
and internal energy accumulation rates become maxi-
mal when the foraging gain ratio, E(C—A)", is
maximized.

(6) The overall optimization criteria for birds trans-
porting energy and for migrating birds (cf. sections 3
and 4 below), impose conditions not only for the actual

Phil. Trans. R. Soc. Lond. B (1995)

transport and migration flights but also for the
associated foraging interludes. In most cases the latter
conditions will be directly related to the foraging
situations discussed above. However, for a bird
minimizing the total energy costs during its migratory
journey, it emerges (cf. section 4a below) that
maximization of overall stopover gain ratio (the
quotient of the resulting stopover rate of gross energy
intake, E;, to the resulting stopover energy con-
sumption rate, C) constitutes the relevant criterion for
stopover foraging.

During stopover a migrating bird typically divides
its time between foraging during fraction ¢ of the time
(with rates of energy gain £ and costs C as defined in
earlier cases) and resting during the remaining time
(with resting metabolic rate 4). Hence, the resulting
stopover rates of energy intake and consumption
become

E,=Et, (12)
Co=Ct+A(1—1). (13)
If the bird is not metabolically constrained the stopover
gain ratio will be

E,Cy' = Ef[(C—A)t+A]7". (14)
It is probably a common situation that the bird is

restricted to foraging during approximately half of the
stopover time (considering e.g. a daytime forager
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which is obliged to rest during the night). With ¢ = 0.5
the stopover efficiency will be maximal when foraging
gain ratio, here defined as E(C+A)™, is maximized.
This divergent definition of foraging gain ratio prob-
ably represents the most useful approximation of
immediate currency in this case. However, notice that
this definition of foraging gain ratio is local to this case
only, i.e. when maximizing the stopover efficiency
when unrestricted by a metabolic ceiling. With ¢
approaching unity or zero (extreme situations which
are unlikely to hold in many cases), the corresponding
immediate currencies will be the foraging gain ratio
defined as EC™* and the gross energy intake rate (E),
respectively.

For a bird that during stopover operates at its
metabolic ceiling (Lindstrom 1991), the overall
stopover energy intake rate will be equal to this
maximum limit of resulting metabolizable energy
intake rate (E, = K = Et; cf. equation (5)). On the
basis of this relation and equation (13), the stopover
efficiency can be expressed as

E,C3' = K[K(C—A) E™'+ 4] L. (15)

In this case the stopover efficiency will be maximal
when the foraging gain ratio, ie. E(C—A)™, is
maximized.

As a generalization, we conclude that foraging gain
ratio is the immediate currency that foraging birds are
expected to maximize when energy minimization is of
imminent importance or when they are constrained by
their metabolic ceiling. In other cases, foraging birds
are expected to maximize the net energy intake rate
(table 2). These two currencies (and others as well)
have been considered and also compared in evaluations
of bird flight associated with foraging or food trans-
portation (see, for example: Blake 1985; Houston
1987; Welham & Ydenberg 1988; McLaughlin &
Montgomerie 1990; Welham & Ydenberg 1993). We
shall now turn to the prediction of optimal flight speeds
of a foraging bird maximizing either of these two
currencies of key importance.

(b) Flight speed while searching for food
(1) Currency : net energy intake rate

General criteria for travel speed while foraging were
given by Pyke (1981), who found that when net energy
intake rate is maximized the optimal speed V'* should
be greater than V,, in most cases. If the goal for a
foraging bird is to maximize the rate of net energy gain
while foraging within a food patch, then the optimal
flight speed is found when R=E(V)—P(V) is at a
maximum. Here E(V) represents the energy intake
rate which is a function of flight speed V (Alerstam
etal. 1993). P(V) is the power expenditure during flight
which is also a function of flight speed. In flapping
flight P(V) is given by the well known flight power
curve (see, for example, Pennycuick 1989). In the
general case foraging success increases initially as flight
speed increases but then decelerates (Charnov 1976;
Kacelnik & Houston 1984 ; Alerstam et al. 1993). At
increasing flight speeds the gain function may even
decline owing to e.g. increasing difficulties to perceive
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Figure 1. Optimal flight speed while searching for food when
maximizing currencies (a) net energy intake rate and (b)
foraging gain ratio. E is rate of energy gain and P is cost of
foraging (flight). The gain function is of the form E(V) =
aV—bV?+¢ (where a, b and ¢ are constants), which gives the
general humped gain function in relation to flight speed.
Flight power P(V) refers to an ideal passerine bird sensu
Pennycuick (1975). Notice that the solution for optimal flight
speed in case (b) is analogous to that in case (a¢) when taking
the logarithms of E(V) and P(V) of case (a), since
log E(V)—log P(V) = log R, where R = EP™! (see paragraph
26 (i1)). Optimal flight speed is faster in (a) than in (b).

cryptic prey items above a certain speed. In the general
case the optimal flight speed, V'*, is found when (see
figure 1)

dE/dV = dP/dV. (16)

The gain curve may also take the shape of a number of
special cases (Alerstam et al. 1993). In ‘fly and wait’
foragers the energy gain is supposedly independent of
flight speed (E(V) constant). Ecological situations
where this may apply are wind-hovering birds (e.g.
kestrel Falco tinnunculus and osprey Pandion haliaetus) or
frigate birds Fregata spp. loafing at a sea-bird colony
waiting for incoming birds to kleptoparasitize. These
birds maximize their net energy gain by flying at I
(Videler et al. 1983; Alerstam et al. 1993). A conse-
quence of this is that wind-hovering foragers should
seek an altitude where the wind speed is V},,, hence
where they can fly at the lowest possible cost with no
net movement over ground.
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Figure 2. Graphical solution of optimal flight speed between foraging patches when maximizing net energy intake
rate. The right side of the figure illustrates an arbitrary energy gain function while feeding in the patch (energy gain
in relation to time in the patch) and the left side illustrates the transport cost between patches (energy cost in relation
to transport flight time between patches; equation (17)). The transport time (¢,) increases from the origin towards
the left, and the cost curve shows a minimum when flight speed is V. The net energy intake corresponds to the slope
of a line between points on the gain and cost curves, respectively. This is maximized for the combined tangent of the
gain and cost curves as illustrated. The illustrated example is calculated for an ideal passerine bird (see figure 1).

(i1) Currency: foraging gain ratio

In most cases when foraging gain ratio is the relevant
immediate currency it is E(C—A)™" that is to be
maximized, where 4 is the resting metabolic rate (cf.
above). For a bird the rate of energy cost of flying is
the sum of the aerodynamic power components and
metabolic power. Hence, since power consumption
during flight includes the basal metabolic rate (BMR)
and if 4 is a low multiple of BMR the currency will be
approximately R = E(V)/P(V), where E(V) is the
energy gain function and P(V) is the aerodynamic
power expenditure. The optimal flight speed for
maximizing foraging gain ratio is compared in figure 1
with the situation of maximal net energy intake rate.
The optimal solution of foraging gain ratio becomes
analogous to the case of net energy intake rate if we
use the logarithms of E(V) and P(V), because
log E(V)—log P(V) =logR. For an identical power
curve and gain function we see that maximization of
foraging gain ratio yields a lower optimal flight velocity
compared with when net energy intake rate is
maximized (figure 1).

(¢) Flight speed between food patches

Food in nature often has an aggregated distribution
(MacArthur & Pianka 1966), which imposes the need
to travel between patches of abundant food. Most
previous work is concerned with optimal rules about
when to leave a foraging patch (Charnov 1976; Pyke
et al. 1977; Pyke 1984).

(i) Currency : net energy intake rate

Houston (1986, 1992) formulated a criterion for
optimal inter-patch flight speed under the maximiz-
ation of the net energy intake rate criterion. He found

Phil. Trans. R. Soc. Lond. B (1995)

that the optimal velocity should decrease with distance
between patches and increase with increasing patch
quality. We have extended Houston’s (1986) solution
to the general graphical representation in figure 2. The
gain function is a decelerating function of patch
residence time. Travel time between patches varies in
relation to flight speed, with the shortest time obtained
at V... The associated energy cost varies from
relatively high cost at V,,, declining to a minimum at
V,.r and then increasing again at still slower flight
speeds. Travelling energy cost between patches can be
written as

C=PVD, (17)

where V is flight speed, P is the associated power (a
function of V) and D is distance between patches. The
cost is a U-shaped function drawn in relation to travel
time (t, = DV ') on the extended abscissa in figure 2.
Finding the flight speed that maximizes the overall net
energy gain is equivalent to seeking the maximum of

R=(E,~C) (ty+1)™ (18)

where E_ is the net energy gain function while foraging
in the patch, C'is the transport cost between patches, £,
is patch residence time and ¢, is travel time. It should
be noticed that both C and ¢, are functions of flight
speed and inter-patch distance. Graphically the op-
timal solution is given by drawing the combined
tangent of the cost and gain functions (figure 2). From
this solution we see that the optimal flight speed should
decrease with increasing distance between the patches
(figure 34) and increase with increasing patch quality
(figure 34). Analytically the optimal solution is given
when

dE,  dC_E,~C

dz, d,  t, 4+t

(19)
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Figure 3. (a) Effect on inter-patch distance (and therefore travel time) on optimal flight speed between food patches.

The optimal flight speed decreases, approaching ¥,

mr>

with increasing distance between patches. (4) Effect of patch

quality on optimal flight speed between food patches, which increases with increasing patch quality (measured as rate
of energy gain). Both situations refer to maximization of net energy intake rate.

If we assume a fixed net energy intake rate and a
fixed patch residence time when foraging in a patch,
we obtain the particular solution for the optimal flight
speed V* between patches as

1[E —C
Vé=_|"» ~
P’[tp+tt +P]’ (20)

where P’ is the derivative of the power equation with
respect to airspeed. It should be noticed that this
solution contains the currency R and the optimal flight
speed may be written as

V* = (R+P)/P. @21)

Assuming that the bird forages just to maintain itself at
an energy budget without any energy accumulation,
i.e. R =0, we get the optimal flight speed condition as
dP/dV = PV~'. This gives the flight speed with
minimum cost of transport, i.e. V.. The optimal flight
speed will be faster than ¥V, if R >0, and it will
increase with an increasing excess in the overall energy

budget (defined in equation (18)).

(i1) Currency : foraging gain ratio

In most cases when foraging gain ratio is the relevant
optimization currency R = E, C ™' can be taken as an
approximate currency (see section 24ii above). How-
ever, when calculating the optimal inter-patch flight
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speed we can consider £, as independent of this speed.
Therefore, if R is to be maximized the transport cost
must be at a minimum and, hence, the optimal flight
speed between patches is V.

3. FOOD/ENERGY TRANSPORT FLIGHT
(a) Optimization criteria

Birds transport energy when, e.g. flying back and
forth between their nests and suitable feeding places,
delivering and fetching food to their young, or flying
to and from caches where food is hoarded. The birds’
primary interest in these situations presumably is to
attain the maximum possible energy delivery rate. We
shall consider two main cases, when (1) the bird is free
from metabolic constraints and (2) it is working at its
metabolic ceiling, giving different immediate curren-
cies for the transport flight behaviour (table 2). The
former case was dealt with in the pioneering study by
Norberg (1981).

(1) An important factor for evaluating transport
economy is the resulting speed of transport, taking into
account not only the actual flying time but also the
foraging time necessary to cover the energy costs for the
transport flight. For a bird flying a transport distance
D with velocity V, the flying time will of course be
DV'. With a rate of energy consumption during flight
P (P is a function of V according to the power curve
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power expenditure

flight speed

rate of energy gain

Figure 4. Graphical illustration of optimal flight speeds when
maximizing the resulting speed of transport, §, or the
resulting speed of migration, V... Flight power expenditure
is related to fligh speed according to the power curve for bird
flight. The optimal flight speed is solved by drawing a
tangent from the relevant rate of energy gain (on the
extended ordinate, increasing downwards) to the power
curve. The speed at which this tangent intercepts the abscissa
shows the maximum speed of transport, , or the maximum
overall speed of migration, V.. The optimal flight speed
will be faster than V.

for flapping flight) and a rate of net energy gain £, ,,
when the bird is foraging to cover its transport
costs, the transport-related foraging time becomes
PD(VE,,)™.

The rate of net energy gain is of course the difference
between the gross energy intake rate and the rate of
energy consumption during foraging, ie. E ;=
E,—C,. We have used a subscript 1 to keep in mind
that these rates refer to the situation when the bird is
foraging for itself, to cover its flight costs. The
corresponding rates are not necessarily the same when
the bird forages to accumulate food for its young or for
caches (for these rates we shall use a subscript 2),
although it seems likely that in general these two sets of
rates are very similar (cf. Houston 1986, 1992).

Division of the transport distance D by the total time
(for flight as well as transport-related foraging) gives
the resulting speed of transport
S=VE,(P+E,)" (22)
For a bird that forages for its young during a typical
time interval 7" and makes a transport flight over a
total distance (return journey) D before resuming
foraging for its young, the resulting energy delivery
rate to the young, R, is the accumulated energy surplus
divided by the total time

R=E,T(T+DS™MH, (23)
where E, is the net energy accumulation rate when
the bird is foraging for its young (E,, = E,—C,) as
explained above. This relation shows that R becomes
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maximal when the resulting speed of transport as defined
in equation (22) is maximized. (As regards the foraging
behaviour, R will be maximal when the net energy
intake rate is maximized, both when the bird is
foraging for its young and for itself).

(2) Let us consider a bird operating at its maximum
metabolic level, providing food for its young. It uses
fraction ¢, of the time for foraging (both for its young
and for itself, and we assume for simplicity that the
same gross energy intake rate, F, and rate of energy
consumption, C, apply in both situations) and ¢, for
transport flights (with flight speed 7 and power P).
Because of the constrained energy budget the bird is
obliged to rest during the remaining time, consuming
energy at its resting metabolic rate 4. If the typical
transport intensity is such that the bird covers a
cumulated transport distance D during a total time
interval 7, it follows that

t, =DV 1T (24)

The maximum rate of metabolizable energy intake, K,
will be

K= Ct;+Pty+A(1 —t,—t,), (25)
and the resulting energy delivery rate to the young is
R=Et—K. (26)
By combining equations (24)—(26) the resulting de-
livery rate may be expressed as

r=_L [K—A—D(P_A)]—K. (27)

-4 TV
This shows that R becomes maximal when the cost of
Jlight transport, defined as (P— A) V™!, is minimized. (As
regards the foraging behaviour, R will be maximal
when foraging gain ratio, ie. E(C—A)7', is
maximized.)

We conclude that birds should adapt their flight
speed differently when transporting food as compared
with when flying in pure foraging situations (e.g. flight
between successive food patches). Energy cost of
transport (energy/distance) or resulting speed of
transport (distance/time) emerge as the immediate
currencies relevant for predicting optimal transport
flight speeds (cf. below) depending on whether the
birds are metabolically constrained or not (table 2). As
to the immediate currencies relevant for the associated
foraging situations, foraging gain ratio and net energy
intake rate are to be maximized in cases with and
without metabolic constraints, respectively. This is in
agreement with the generalizations about currencies
related to foraging behaviour in section 2.

(b) Transport flight speed

We now turn to the optimal flight speed of flights
involving transportation of energy. For a general
account on central place foraging see Orians & Pearson
(1979).

(i) Currency : resulting speed of transport

For a bird transporting food or energy it was found
above that, when operating without a metabolic
ceiling, the food delivery rate is maximized when the
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resulting speed of transport, S (equation (22)), is
maximized. The associated optimal transport flight
speed, V'*, is obtained from the condition

dP _P+E,
v v*

(28)

where E ; represents the rate of net energy gain when
the bird forages to cover its transport costs. This
solution was first derived by Norberg (1981). Graphi-
cally, the optimal flight speed can be solved by
drawing the tangent to the power curve from a point
on the extended ordinate, representing the rate of net
energy gain while foraging (figure 4). Notice that the
resulting speed of transport, §, is found where this
tangent intersects with the abscissa (figure 4). With a
positive net energy gain, the optimal flight speed will
be faster than V., and the bird should increase its
flight speed as long as the concomitant flight cost
increment is more than offset by the saved travel time
in terms of additional foraging time. The higher the
foraging intake rate (i.e. patch quality) the higher will
the optimal transportation flight speed be.

If the bird forages on its wings when in the foraging
patch, the foraging flight speed should be adjusted as to
maximize the net energy intake rate (figure 1a).

(ii) Currency: energy cost of transport

If the bird is operating at its metabolic ceiling, the
resulting energy delivery rate is maximized when the
cost of transport flight is minimized. Hence, the
associated optimal transport flight speed is found from
the condition

dP P-4
AR (29)
If 4 is close to BMR the optimal flight speed is V,,, as
calculated from the aerodynamic power components.

During the actual foraging the flight speed should
be adjusted so as to maximize the foraging gain ratio
(figure 15).

4. MIGRATION FLIGHT
(a) Optimization criteria

Following Alerstam & Lindstrém (1990) we dis-
tinguish two main optimization criteria for a migrating
bird, namely, (1) minimization of the total duration of
the migratory journey and (2) minimization of the
total energy costs. The former criterion is expected to
be relevant when it is of prime importance that the
migrant arrives early at its destination, before its
competitors, while energy saving is to be expected
when food resources are scarce or there are risks (e.g.
predation) associated with the energy intake. These
two main criteria imply different immediate currencies
to be considered when predicting optimal migratory
flight speeds (table 2).

Before the initial migration flight and during
stopover periods between successive migration flights,
the bird deposits energy reserves to be used as flight
fuel. Let E, be the overall stopover energy intake rate
and C, the overall stopover rate of energy consumption
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during these fuel deposition periods. During the actual
migration flights the bird will fly at speed ¥ and power
P according to the power curve for flapping flight.

(1) By analogy with the derivation of the resulting
speed of transport (cf. section 34) we can define an
overall speed of migration, V.., where both the time
for the actual migration flights and the time required
for energy deposition are taken into account (Alerstam
& Lindstrom 1990; Alerstam 1991):

Viige = V(Ey— o) (P+Ey—Cy) ™, (30)

where (E,—C,) is the resulting net energy accumu-
lation rate at the fuel deposition stations along the
migration route. Because the total time for the
migratory journey is inversely proportional to the
resulting speed of migration, V., this will serve as the
proper immediate currency to be maximized in time-
selected migration.

As regards the stopover foraging behaviour, V.,
will increase with an increasing net energy accumu-
lation rate (E,—C,) and the latter will be maximal
when the bird maximizes its net rate of energy intake
if operating below its metabolic ceiling, or maximizes
its foraging gain ratio if metabolically constrained (cf.
cases 4 and 5 in section 2a).

(2) Turning now to the case of energy-selected
migration, we note that, for a bird migrating a total
distance D, the associated time 7; devoted to fuel
deposition will be

T, = DPV Y(E,—Cy) ™, (31)
and the additional time spent in migratory flights will
of course be DV 1. The total energy expenditure R for

the entire migratory journey, incorporating both flight
and fuel deposition periods, is

R=T,E, (32)

Insertion of 7; from the earlier equation gives the
relation
R=DPV'(1—-CyEMN™". (33)
This shows that the total energy expenditure for
migration becomes minimal when the cost of flight
transport, defined as PV ', is minimized. As regards the
stopover foraging behaviour, energy-selected migration
will promote maximization of the overall stopover gain
ratio, £, Cy*, and the relevant immediate currencies in
this situation are evaluated in section 2a (case 6).
We conclude that birds should adapt their migratory
flight speed to maximize the resulting speed of
migration or to minimize the cost of flight transport,
depending on whether migration is time- or energy-
selected (table 2). These currencies are analogous to
those valid for energy/food transport flights, and it is to
be expected that birds under certain conditions fly at

similar speeds on migration and during transport
flights.

(b) Migration flight speed

Optimal flight speed during migration has long since
been identified with maximum range speed TV,
(Pennycuick 1969). Recently, Alerstam & Lindstrém
(1990) drew attention to the alternative currency of
minimizing the time of migration.
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(i) Currency : resulting speed of migration

The optimal flight speed between successive stopover
localities for a bird whose objective is to minimize the
time of migration, or equivalently maximize the
resulting overall speed of migration, is found by
differentiating equation (30) with respect to flight
speed V. This optimal flight speed is found from the
condition

dP P+E,—C,
v x> (34)
where E,—C, is the net energy accumulation rate in
the stopover habitat (Alerstam & Lindstrom 1990).
Graphically the optimal flight velocity is found by
constructing a tangent from a point on the extended
ordinate, representing the net fuel accumulation rate
(E,—C,), to the power curve (figure 4). The resulting
overall migration speed, V.. (equation (30)), is found
where this tangent intersects with the abscissa
(Alerstam 1991). Notice the analogy with the case of
optimal flight speed for energy transportation flight.

If the bird is operating below its metabolic ceiling
the optimal foraging flight speed at stopovers should be
adjusted so as to maximize the net energy intake rate
(figure 1a), while a bird operating at its metabolic
ceiling should choose a flight speed that maximizes its
foraging gain ratio (figure 15).

(i1) Currency : energy cost of transport

If the cost of transport, i.e. the energy cost per unit
distance, is being minimized the optimal flight speed is
the maximum range speed V. (Pennycuick 1969,
1975, 1978). This speed is immediately obtained from
the flight power equation by the condition dP/dV =
PV~1. The value of ¥, should be chosen when energy
rather than time constrains the migration. For instance,
to successfully cross vast ecological barriers the most
efficient use of the fuel load may be of crucial
importance; hence V. is the optimal flight speed.
Summing up the total energy expenditure during
migration, including flight costs as well as existence
costs at stop-over sites, it emerges that this is at a
minimum at flight speed equal to V.

At stopovers the immediate currency to be
maximized is the foraging gain ratio; hence the flight
speed while foraging should be adjusted accordingly
(figure 1b).

5. OTHER SITUATIONS OF NON-FORAGING
FLIGHT
(a) Flight speed in aerial display

Flight displays or song flight serve the function of
attracting a mate and are probably used as a guide for
the choosing sex to select the best possible mate. In
species having song flight there are morphological
adaptations improving the performance of the display
(Hedenstrom & Meller 1992). Since flight is involved
in the display as a part of the signal we also expect to
find behavioural adjustments that improve the per-
formance. In some species, e.g. the skylark Alauda
arvensis, it seems that the length and rates of song flights
arc maximized (Meller 1991). This could reflect the
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general quality of the male or it could mirror the
quality of his territory. In this case the flight speed
should be V,, i.e. minimizing the energy expenditure
per unit of time. Since territories are small and the
birds do not need to cover any distance, it follows that
the bird will seek the altitude where the wind speed
equals V. Aerial displays in many waders are
acrobatic and manoeuvrability may be an important
component of the performance (Jehl & Murray 1986;
Jonsson 1987; Jonsson & Alerstam 1990). In these
cases the optimal flight speed depends on which
element of the manoeuvrability is to be maximized. If
climb rate is important, it will be maximal (cf. equation
(35)) when the horizontal airspeed is equal to V.

(b) Flight speed when staying airborne

In some situations the goal is to stay on the wings for
as long time as possible or to the minimum energy cost.
One such case is birds staying aloft during the night
when foraging is not possible, e.g. swifts Apus apus
(Bruderer & Weitnauer 1972). This situation may be
regarded as flight between temporally separated
foraging patches. A patch becomes depleted at dusk,
when the bird has to fly to the next patch, at which it
arrives at dawn the next day. There is no net distance
that has to be covered. The flight cost is C = P(V) ¢,
where ¢ is travel time. Maximization of both the net
energy intake rate and the foraging gain ratio yields
V.p as the optimal flight speed.

If birds on migration become disoriented when
flying and there is no possibility of landing, e.g. if mist
or a magnetic anomaly is encountered (Larkin &
Sutherland 1977; Alerstam 19874, 1990), the goal
should be to stay airborne for as long time as possible
or until enough orientation cues become available to
allow continued migration. Also in this case ¥, is the
optimal flight speed while disoriented.

(¢) Flight speed when escaping predator and
attacking prey

When a bird has been discovered by a predator and
an attack has been initiated, it is of little significance
whether the escape flight speed is chosen with respect
to energy considerations or not. Primarily, the optimal
flight speed is associated with the highest probability of
surviving the attack. If there is a linear horizontal
chase it should be best to accelerate as fast as possible
to the maximum speed, V. ..., Which is constrained
by the ability of the flight muscles to deliver power
anaerobically. However, if the sustained maximum
speed, ¥V .x aers 18 greater than that of the predator, it
could be best to fly at this speed until the predator gives
up the chase because of fatigue.

If chased by a larger avian predator in the open air,
the hunted bird may take advantage of its wider power
margin (cf.: Pennycuick 1978; Andersson & Norberg
1981; Hedenstrom & Alerstam 1992) and outclimb the
predator (Cade 1960). Hence, the maximum vertical
climb rate is achieved at a horizontal flight speed of
V..p» according to the relation

V,

2z, max

—1,-1

=<Pmax"-Pmp>m g5 <35>
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where P

max

is the available power from the flight
muscles, B, is the power at V. m is body mass and g
is acceleration due to gravity.

Another escape strategy is to let the predator
approach and then make a tight turn at an optimal
moment before the predator reaches the prey
(Howland 1974). For a successful escape the prey must
consider the optimal time of initiation of its turn and
the minimum closure distance of the predator. For the
prey to escape from the predator in the turning gambit,
Howland (1974) showed that the velocity of the prey
relative to the predator, », must be related to the
relative turning radius of the prey to the predator, r, by
the inequality

V> (36)

If we use the aerodynamic expression for the minimum
turning radius of birds (see, for example, Pennycuick
1975) and assume that the predator and prey species
are isometrically scaled, the condition for successful
escape can be written as

My ; Sy Cm>é
>(—=) |=—=], 37
(m1> (Sz Cra 37)

where m is body mass (subscripts: 1, prey; 2, predator),
S is wing area and Cj, is lift coefficient.

From an attacking predator’s point of view the roles
are now reversed and what matters is the regions of no
escape. Hence, a bird of prey should try to keep its prey
below and attack from above, thereby not letting the
prey taking advantage of a higher capacity of climb
rate. In the turning gambit, a successful outcome from
the predator’s horizon is given by changing ‘greater
than’ to ‘less than’ in equation (37).

6. ADDITIONAL FACTORS AFFECTING
FLIGHT SPEED
(a) Wind

Pennycuick (1978) showed by a graphical argument
that to maximize the distance covered over ground,
birds should adjust V. so as to increase airspeed into
headwinds and reduce it with tailwind, respectively.
Also the optimal flight speed associated with
maximizing the overall migration speed, V,, is affected
by winds in a similar way (Alerstam 1985). Flight
speed for minimum power expenditure, I, is not
affected by wind speed. For birds encountering lateral
winds the graphical argument by Pennycuick (1978) is
not complete. Recently, Liechti (1992) and Liechti
et al. (1994) showed that the optimal flight speed for
minimizing the cost of transport of birds flying with
sidewinds can be found from the condition

dP/dV = PV,'V,, (38)

where V, is the ground speed vector and Vj is its
derivative with respect to airspeed (¥, V; and P are all
functions of V). It appears that V, = (cosa)™', where
is the angle between track and heading. Hence, since
V, > 1 for lateral winds the optimal airspeed will be
higher than with due head- or tailwind.

For foraging flight the optimal flight speed is affected
in qualitatively the same way. Thus, when searching
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for food birds should speed up into headwinds and slow
down with tailwinds as compared with the zero wind
situation (Alerstam ef al. 1993). For flight between food
patches (cf. section 2¢ and equation (21)) when the net
energy intake rate is maximized the optimal flight
speed can be found from

dP/dV = (R+P)V;'V, (39)
g g

where R is the net energy intake rate and I is the
ground speed. In sidewinds ¥}, > 1, which implies that
the birds should speed up compared with the situations
with due head- or tailwind (cf.: Liechti 1992; Liechti

et al. 1994).

(b) Load

Birds carry loads in different situations. Before long
migratory flights they have to accumulate fuel, mainly
as fat, to be used as energy while flying. When feeding
dependent young the parent birds have to transport
food back to the nest. How does the extra load affect
the optimal flight speeds derived above? First, we
observe that extra load implies increased power to fly.
Induced power increases owing to the weight per se and
the extra volume of the load raises the parasite power.
If the load is accumulated within the body, the body
frontal area will increase in direct proportion to the
load if we assume that the body length is unaffected by
fat deposition (Pennycuick 1975; Hedenstrom 1992). If
the bird carries a food item in its beak or in its talons,
the effects on parasite power are difficult to estimate
because the flow around the body may break up in a
non-trivial way. Therefore, we analyse the effects of
increased load for an ideal bird (sensu Pennycuick
1975) when parasite drag increases in direct proportion
to the load.

Both V¥, and ¥, increase as hi, where k is the load
factor (m = hm,, where m is the total body mass and m,
is the lean body mass). Notice that flight speed will
scale with /2 if only induced (and not parasite) power
is affected by the load, and the scaling will be more
complicated if we also take into account the profile
power. In time-minimization migration and energy
transport flight the predicted optimal flight speeds,
which are faster than V. (cf. figure 4), also increase
when flying with added load. The effect of load on
flight speed when searching for food is that optimal
flight speeds increase with increasing load. This is valid
for both of the currencies net energy intake rate and
foraging gain ratio. However, the former currency
yields a minute increase in optimal flight speed. When
flying between foraging patches, the optimal flight
speed when maximizing foraging gain ratio is ¥, (see
section 2¢), which increases with added load. In
contrast to all other cases, the effect of load on optimal
flight speed when maximizing net energy intake rate
may be a decrease of flight speed with increasing load
in small and medium sized birds up to the size of about
0.2 kg. However, this applies with the theoretical
reservation that at very heavy loads, beyond the
maximum load capacity of birds (Hedenstrom &
Alerstam 1992), the optimum speed will increase with
a further increase of load. Above the size of 0.2 kg the
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optimum flight speed increases immediately with an
increase of load. Hence, a decrease of the optimal flight
speed between foraging patches is not a general result,
but it may arise depending on the size of the bird and
the nature of the gain function.

During the course of long distance migratory flights
fuel is consumed with a concomitant decline of the
body mass. Consequently, the optimal flight speed
should decrease as body mass becomes reduced
(Pennycuick 1978).

Various aspects of flight performance, e.g. roll
acceleration, minimum turning radius, acceleration,
maximum speed and rate of climb, become reduced by
increased load (Hedenstrom 1992). Hence, the per-
formance of attacked prey as well as attacking
predators is best with as little extra load as possible.

In central place foraging birds are flying unloaded
on the outward journey but carry a load on the inward
journey. Hence, the optimal flight speed will be
somewhat higher on the inward than on the outward
flight.

(c) Altitude

There are two aspects of altitude that potentially
might influence the flight speed of birds. First, flight
speed is inversely related to the square root of air
density, which in turn decreases with increasing
altitude. Hence, characteristic flight speeds (e.g. V,,,,
V.. and V) should increase with increasing altitude.
The same result holds under the maximization of net
energy intake rate and foraging gain ratio currencies of
optimal flight speed both when searching for food and
when flying between foraging patches. Second, when
birds fly very low over a surface such as water, there
will be an interference phenomenon with the surface
resulting in a reduction of the induced power (Withers
& Timko 1977; Blake 1983 ; Hainsworth 1988 ; Rayner
1991). It follows that the optimal characteristic speeds
should be lower when flying with ground effect than
when flying out of it (cf. flock formation flight below).
A detailed theoretical analysis of the ground effect
revealed that by reducing the speed by a factor of 0.95
a bird can obtain a reduction in cost of transport of
about 109, (Rayner 1991). However, at speeds below
V..p the power increases sharply and soon even exceeds
the power for flight out of ground effect (Rayner 1991).

(d) Vertical flight speed

Pennycuick (1975, 1978) proposed that during long
distance migration flight one should expect a behaviour
that he termed ‘cruise climb’. This effect is due to an
increase of the resulting lift/drag ratio with decreasing
air density (increasing altitude), hence making it
favourable from a range maximization point of view to
fly as high as possible. Physiologically the partial
pressure of oxygen limits the rate at which oxygen can
be absorbed by the lungs and the power available.
Thus, the optimal cruising altitude becomes the highest
one where the bird can maintain its characteristic
flight speed, e.g. V. and V. During a long flight the
optimal cruising altitude will become progressively

Phil. Trans. R. Soc. Lond. B (1995)

higher as body mass declines when fuel is used up;
hence a bird should climb at a slow rate during the
course of the flight.

An additional factor determining the cruising alti-
tude, probably of greater importance than the effect
due to air density, is where the bird finds the most
favourable wind stratum. By flying with tailwind
significant energy and time savings can be made. By
minimizing the overall energy costs of a migratory
flight, including the energy cost of climbing and the
cost for horizontal flight, Hedenstrom & Alerstam
(1994) derived a prediction of optimal rate of climb up
to the cruising altitude.

(e) Flying in flock formation

By flying in a flock formation the induced drag
becomes reduced and each bird experiences a reduction
of the total power used to fly (Lissaman &
Shollenberger 1970; Badgerow & Hainsworth 1981;
Hummel 1983). Flight in less organized flocks may also
give a reduction in flight power, although to a lesser
extent than in formations (Higdon & Corrsin 1978).
Hummel (1983) showed that the optimum speed for a
flight formation is smaller than that of a bird flying
singly. This result holds for optimum flight speed when
cost of transport as well as overall time of migration is
minimized. The overall migration speed V. will
increase for birds migrating in flock formations as
compared with solo flight migration.

Kshatriya & Blake (1992) derived an approximative
formula for the reduction of induced power in
formation flight, which is simply induced power for
single flight divided by number of birds in the flock. By
using their formula for power reduction in flock
formations it is possible to calculate the effect on
optimal flight speed in foraging flight for the different
currencies. Generally, the optimal flock formation
flight speed is lower than the corresponding single bird
flight speed. This result holds for flight while searching
for food, for flight between food patches and for central
place foraging. Kshatriya & Blake (1992) calculated
an optimal flock size during migration flights by using
an efficiency currency, i.e. the ratio of net energy gain
at stopover to energy expenditure while flying. How-
ever, such a currency is not relevant for migrating
birds, which are expected to minimize either time or
energy associated with migration (cf. section 4). If we
use the formula for flight power reduction in formation
flight according to Kshatriya & Blake (1992) and
minimize the cost of transport or the overall time of
migration, we find that there is no optimal flock size.
Instead, the best flock size is the largest size possible.

7. DISCUSSION

Our study shows that there are many optimal flight
speeds besides V, and V,,, depending on which
currency the birds are expected to optimize in different
ecological situations. This means that field measure-
ments of flight speeds do not allow any immediate

critical tests of aerodynamic theory (as developed


http://rstb.royalsocietypublishing.org/

THE ROYAL
SOCIETY

PHILOSOPHICAL
TRANSACTIONS
OF

THE ROYAL
SOCIETY

PHILOSOPHICAL
TRANSACTIONS
OF

Downloaded from rstb.royalsocietypublishing.org

Optimal flight speed of birds

by: Pennycuick 1969, 1975, 1989; Tucker 1973;
Greenewalt 1975; Rayner 1979, 1986; Spedding 1992),
unless the optimization criteria for the observed flying
birds are known. Consequently, discrepancies between
Ve predictions from different aerodynamic equations
and observed airspeeds of free-flying birds, as found by
e.g. Schnell & Hellack (1979) and Welham (1994),
may be due to inadequate knowledge of valid
optimization criteria rather than shortcomings in the
aerodynamic theory.

However, this also means that uncertainties con-
cerning the aerodynamic theory will propagate to
affect the absolute quantitative predictions about flight
speeds in various situations as evaluated in this paper.
When analysing predicted and observed absolute flight
speeds of birds, it will in many cases not be possible at
our present state of knowledge to distinguish critically
between the effects of birds adapting their speed
according to different optimization criteria and the
effects of uncertainties in the aerodynamic theory.

We think that there are at least two promising
approaches to disentangle this problem. One such
possibility, circumventing some of the complications
arising from uncertainties in the aerodynamic theory,
is to compare flight speeds of the same species (or
ideally the same individuals) when flying in different
ecological situations. Observed differences in flight
speeds (rather than absolute speed levels) can be
evaluated in a qualitative or semiquantitative way in
the light of the theory in this paper. Such comparisons
will also give important basic information about the
degree of flexibility in the birds’ regulation of their
flight speed. An example of such a study concerns the
speed of skylarks during song flight versus migratory
flight (A. Hedenstrom & T. Alerstam, in prepar-
ation). The same approach could be adopted for many
other situations.

Of course, uncertainties in the aerodynamic theory
could also be solved if accurate information could be
obtained on the power curve, or other performance
data, of the species concerned (see, for example, Rothe
et al. 1987; but also see Ellington 1991). We are
presently planning experiments in a new advanced
wind tunnel to investigate critical assumptions behind
the theoretical power curve. More empirical data
about the basic aerodynamics of bird flight will make
it increasingly feasible to work out predictions about
absolute speeds applicable for testing in the field, in the
different situations considered in this paper.

The abovementioned complications serve to stress
the necessity to take fully into account, not only
the aerodynamic aspects, but also the ecological
optimization situation, for an evaluation of the flight of
free-living birds. It is of imminent importance in any
study of flight speed that both bird and wind speeds are
measured in a highly precise way (radar and other
instruments admit such highly accurate measurements)
in well controlled and defined situations, to reduce the
errors inherent in the field data and to allow ex-
ploration of the rich ecological implications in the
field of optimal flight speed theory.

With the present study we have aimed at developing
a comprehensive new theory and overview of which
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optimization criteria and currencies might be ap-
propriate in various ecological situations and their
consequences for flight speed of birds. Generally, when
foraging without any metabolic constraints birds
should seek the policy that maximizes the net energy
intake rate (see, for example: Pyke 1981; Houston
1986, 1992). However, when constrained by a meta-
bolic ceiling (Drent & Daan 1980; Kirkwood 1983;
Peterson et al. 1990; Weiner 1992) it emerges that
maximization of the ratio of net energy gain to the
energy costs in excess of resting energy expenditure,
which we call the foraging gain ratio, gives the optimal
policy. This result has been independently derived by
Ydenberg et al. (1994). Apart from purely foraging
situations there are a number of alternative currencies
likely to be optimized depending on the ecological
context, like energy transport, migration and other
situations of non-foraging flight.

What is the empirical evidence supporting the
assumption that birds really adjust flight speed as
expected from the theoretical predictions outlined in
this paper?

(a) Foraging flight

Optimal flight speed while searching for food is
likely to be intermediate between V¥, and V.
(Alerstam et al. 1993). In fact, this has often been
observed in many species that are apparently looking
out for food (see, for example: Schnell & Hellack 1979;
Blake et al. 1990; Pennycuick & De Santo 1990;
Alerstam et al. 1993). Schnell & Hellack (1979)
suggested that resulting speeds observed in gulls, terns
and skimmers loafing around a seabird colony could be
a compromise between ¥, and V,, but if the birds
were looking out for food we conclude that they
probably selected flight speed so as to maximize
foraging in terms of either of the currencies net energy
intake rate or foraging gain ratio (cf. figure 1).
Studying flight speed of foraging black skimmers
Rynchops nigra, Blake (1985) compared observed speeds
with predictions based on assumptions of (1)
maximization of the foraging gain ratio and (2)
maximization of a currency termed daily energy budget,
defined as energy intake when foraging divided by the
sum of flight costs when foraging and metabolic costs
during non-foraging time. The latter currency gave
predicted flight speeds in best agreement with
observations. However, if the birds were accumulating
energy for breeding, as Blake (1985) implies, we should
expect the immediate currency to be either the net
energy intake rate or the foraging gain ratio, depending
on whether the birds were operating below or close to
a metabolic ceiling. We do not see any logical
justification for the currency termed daily energy
budget by Blake (1985). The skimmers may have
adapted their flight speed to maximize net energy
intake rate, a currency not considered by Blake, and
which gives higher optimal speeds compared to
maximum foraging gain ratio. Kestrals use wind-
hovering when looking out for food, a ‘fly and wait’
method where transport over ground presumably has
little importance compared with actual search time.
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In agreement with this kestrels showed the highest
persistence of wind-hovering at wind speeds near
their predicted ¥, (Videler ef al. 1983; Masman &
Klaassen 1987), when they could fly at minimum cost.

Optimum flight speeds between food patches should
be faster than ¥, if net energy intake rate is maximized
and equal to V,, when the foraging gain ratio is
maximized. In the latter case the bird is expected to be
operating at its metabolic ceiling. Compared with this
flight speed when foraging on aerial insects, swallows
Hirundo rustica speed up well above predicted V. in
what probably are transport flights between food
patches (Blake et al. 1990). Trapline foraging in
hummingbirds can be regarded as transport flight
between discrete food patches. Gill (1985) measured
such inter-patch flight speeds in the long-tailed hermit
Phaethornis superciliosus of 1.6 time the expected V..
Ring-billed gulls Larus delawarensis foraging in the wake
of tractors pulling cultivating devices showed flight
speeds in agreement with the net energy intake rate
currency, while observed patch residence times were
rather in line with predictions from the foraging gain
currency (Welham & Ydenberg 1988). In neither of
these studies was the energetic scope for the birds
measured and the observations should be regarded as
suggestive of which currency the birds might be
optimizing. The flight speed of pipistrelle bats
Pipistrellus pipistrellus when commuting between their
roost and feeding patch was significantly higher than
the predicted maximum range speed (Jones & Rayner
1989), which suggests the bats were maximizing their
net energy intake rate.

(b) Food|energy transport flight

When energy is transported, e.g. as food to nestlings
or to a cache, birds should fly faster than V, if
unrestricted by a metabolic ceiling in order to
maximize the resulting speed of transport (Norberg
1981 ; Houston 1986). Otherwise they should minimize
the cost of transport by flying at V.. McLaughlin &
Montgomerie (1985, 1990) measured flight speeds of
lapland longspurs Calcarius lapponicus feeding their
young in a nest and found speeds in close agreement
with V,,. Measured flight speeds in black terns
Chlidonias nigra when flying between the nest and
foraging patches were best explained by the foraging
gain ratio currency (Welham & Ydenberg 1993),
although the calculated daily energy expenditure was
only about 60-709%, of the Kirkwood ceiling of
maximum sustainable daily energy expenditure
(Kirkwood 1983; Peterson et al. 1990; Weiner 1992).
Hence, we should have expected them to fly at speeds
maximizing the resulting speed of transport and why
they seemed not to do that is unclear. For reliable
estimates of daily energy expenditure one should
ideally measure energy expenditure directly on the
study birds. As an explanation Welham & Ydenberg
(1993) suggest a number of constraints that could
make parent birds inclined to work below the
Kirkwood ceiling, such as reduced feather wear or
requirements of a safety margin to protect against
energy shortfall.

Phil. Trans. R. Soc. Lond. B (1995)

(¢) Migration

For migration flights there are basically two alterna-
tive characteristic flight speeds, depending on whether
overall migration speed is to be maximized (V) or
total energy expenditure for the migratory flights is to
be minimized (V). Observed flight speeds of mi-
grating birds are often close to predicted V,,, (Alerstam
1981; Wege & Raveling 1984; Rayner 1985). Gen-
erally, the difference between V,, and V,, is quite small
(Hedenstrém 1993), but rather observations indicate
that some passerines tend to fly faster than their
predicted V. during migration (Alerstam 1981;
Hedenstrom & Alerstam 1992), and arctic terns
Sterna paradisaea also showed flight speeds above their
predicted ¥, during spring migration (Gudmundsson
et al. 1992). The model of time minimization migration
also generates a set of predictions concerning fuel
deposition rules at stopovers (Alerstam & Lindstrom
1990), and field experiments in a few species have
given data in support of the time minimization
hypothesis (Lindstrom & Alerstam 1992).

(d) Other flight situations

Swifts roost on the wing during the night and flight
speed is then adjusted close to V,, while swifts on
migration fly much faster around their predicted V,
(Bruderer & Weitnauer 1972). Emlen & Demong
(1978) experimentally released white-throated spar-
rows Zonotrichia albicollis in the air and used radar to
track them when flying off. Under clear skies they flew
off in a seasonally appropriate direction at an airspeed
very close to their expected V,, but when released
under overcast skies, with presumed orientation
difficulties, they showed no consistent direction and
travelled slowly at airspeeds close to the expected V.

Observations of flight speeds when escaping a
predator or attacking a prey are meagre. Before
stooping a peregrine Falco peregrinus was observed to
accelerate by flapping flight to a speed well above the
characteristic V. (Alerstam 1987 5; but see Pennycuick
et al. 1994).

Responses to tail- and headwinds are generally in
agreement with predictions, i.e. that birds speed up
into headwinds and slow down with tailwind (Tucker
& Schmidt-Koenig 1971; Bloch & Bruderer 1982;
Gudmundsson et al. 1992; Wakeling & Hodgson 1992).
However, the complications of sidewinds as pointed
out by Liechti (1992) and Liechti et al. (1994) have not
been critically tested.

Videler et al. (1988) trained kestrels to fly in a
corridor with and without extra load. Unloaded flight
speeds were close to predicted V,,, while extra mass
had a decreasing effect on flight speed which ap-
proached ¥V, with an extra mass of 61 g (409, of
unloaded body mass). This is contrary to expectations
for optimal characteristic speeds. However, since the
birds were given a food ration at the ends of the
corridor they could actually be regarded as flying
between food patches. For maximization of the net
energy intake rate the predicted optimal flight speed
between food patches may be a decrease with increased
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load in the studied range of loads (cf. section 64). In a
study of brown-long-eared bats Plecotus auritus provided
with extra loads, a decline of the flight speed in relation
to load was also observed (Hughes & Rayner 1991).

That birds increase flight speed in relation to
increasing altitude during migration, supposedly in
relation to air density, has been indicated by some
radar studies (Bergman & Donner 1964; Bruderer
1971).

Observations of birds during climbing flight on
migration indicate that they expend their maximum
power available and climb rate is reduced by heavy
fuel loads (Hedenstrom & Alerstam 1992). Departing
shorebirds studied on northwest Iceland indicated that
the rate of climb was adjusted so as to minimize the
energy cost for the migratory flight (Hedenstréom &
Alerstam 1994).

As can be concluded from the various sources of
measurements of flight speeds as summarized above,
we find good evidence that birds actually adapt and
optimize flight speed in different situations. A problem
with many studies is that it is often unclear in which
ecological context the birds were observed flying. An
exception is the study of nest-feeding black terns by
Welham & Ydenberg (1993), where the food abun-
dance in the foraging patch was experimentally
manipulated. To distinguish efficiently between
different currencies and analyse the effects on flight
speed selection we should like to forward a plea for
comparative studies, preferably of the same species or
individuals flying in different situations. Exploration of
bird flight speeds seems to be a powerful tool for
discriminating between different currencies and
optimization rules, and it is a very promising field of
future research.
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