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Summary

Energy expenditure during flight in animals can best be understood and quantified when
both theoretical and empirical approaches are used concurrently. This paper examines one
of four methods that we have used to estimate the cost of flight in a neotropical nectar-
feeding bat Glossophaga soricina (Phyllostomidae), namely the use of kinematic and
morphological data and aerodynamic theory to estimate the mechanical power
requirements (power output) for hovering and horizontal forward flight. A hot-wire
anemometer was used to measure induced velocity (the velocity of air accelerated by the
wings) during hovering in order to estimate induced power. Our estimate of aerodynamic
power (the sum of induced, profile and parasite powers) required for a 0.0105kg
G. soricinato hover is 0.15W and our estimate of the inertial power (the power required to
oscillate the wings) is 0.19W. Thus, the total mechanical power for hovering is 0.34W or
32.4Wkg~1. The mechanical power required for horizontal forward flight, near the
minimum power flight speed (4.2ms~1) for a0.0117kg bat is 0.14W (12.3W kg~1), of
which 0.10W is aerodynamic power and 0.042W isinertial power. Comparison with our
results on metabolic power requirements estimated from nectar intake gives a mechanical
efficiency of 0.15 for hovering flight and of 0.11 for forward flight near the minimum
power speed.

Introduction
It has long been of interest to estimate how much power is needed to keep an animal
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power.
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flying, from both theoretical and empirical points of view (reviewed by Norberg, 1990).
Flying animals have evolved a variety of flight strategies, each requiring different wing
designs and energy expenditures. Some species fly continuously during foraging, others
perch between foraging bouts and a few hover while foraging. Gliding flight, which
requires minimal energy expenditure, isonly rarely used by bats. Indeed, nectar-feeding
bats frequently hover while foraging, which is one of the most energy-demanding forms
of locomotion. Aerial-feeding insectivorous bats perform complex manoeuvres to catch
insects and expend considerable energy in doing so.

Aerodynamic theory provides estimates of the mechanical power required to fly (power
output) (e.g. Weis-Fogh, 1972, 1973; Pennycuick, 1975, 1989; Norberg, 1976b,c, 1990;
Rayner 1979a,b,c; Ellington, 1984c), whereas empirical studies provide estimates of the
metabolic energy needed for flight (power input). The metabolic cost of flight dependson
the mechanical power requirements and the mechanical efficiency of flight muscles in
converting metabolic energy into mechanical work (see, for example, Norberg, 1990,
chapter 3). Metabolic power can be estimated directly from wind-tunnel studies (Tucker,
1968, 1972; Thomas, 1975; Carpenter, 1975, 1985, 1986), from field studies using doubly
labelled water or from balance methods using estimates of metabolic energy consumed
(von Helversen and Reyer, 1984; Masman and Klaassen, 1987; Kunz and Nagy, 1988;
Nagy, 1989; Winter et al. 1993).

One approach towards understanding animal flight is to apply theories derived from
studies of aircraft wings and propellers. However, aerodynamic theory contains
approximations, simplifications and empirical coefficients, and the situation is especialy
complicated for a flapping wing, in which angles, velocities and shape change
continuously. To derive estimates of power input of flying animals from aerodynamic
theory requires assumptions about themechanical efficiency of muscle in converting fuel
to mechanical work. Mechanical efficiency depends on the size of the animal (Heglund
et al. 1982) and on flight speed (cf. data on swimming speedsin fish in Webb, 1971) and
is rather laborious to estimate. Only a few physiologists (Tucker, 1968, 1972; Thomas,
1975; Bernstein et al. 1973; Hudson and Bernstein, 1983) have estimated the mechanical
efficiency of flying animals (two bat and four bird species) at different speeds by
measuring Vo, in slightly tilted wind tunnels. No realistic regression equation of
mechanical efficiency versus body mass (or speed) is available for bats and, therefore,
results from aerodynamic theory cannot reliably be used to estimate the metabolic power
input during flight. Neverthel ess, aerodynamic theory is an invaluable tool for devel oping
our understanding of the connection between flight morphology, flight mode and flight
behaviour, including any modelling of how flight costs vary with changes in the
morphology of the animal.

Power input to flying animals can be measured using various empirical methods but,
like theoretical approaches, each method has its advantages and disadvantages. The most
direct way to estimate flight costsis to measure oxygen consumption and then to convert
the amount of oxygen consumed into estimates of energy expenditure. To do this, one
must make assumptions regarding the amount of energy released when afood substrateis
oxidized. Most empirical estimates of flight metabolism refer to measurements of the
total amount of energy consumed while the animal performs short flights at various
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speeds, including occasional manoeuvres. The calculation of power output from such
results involves several assumptions even under the most favourable circumstances, and
this approach cannot be used for comparison with predictions from mechanical theory
(Pennycuick, 1989).

Field data on time budgets and estimates of metabolism derived from doubly labelled
water (DLW) studies provide estimates of power ouput. These methods also include
errors, and one should expect both intraspecific and interspecific variation in flight costs.
Flight in free-ranging animals is seldom straight and horizontal. Turns and manoeuvres
are characteristic of many aerial-feeding insectivorous bats (Norberg, 1976a; Rayner and
Aldridge, 1985) and others that fly in cluttered environments (Norberg and Rayner,
1987). In addition, wing loading (body weight/wing area) may vary between individuas;
in pregnant female bats it can increase by as much as 50% compared with non-pregnant
bats (when foetus and food load are considered) (Kunz, 1974; Anthony and Kunz, 1977).
Hughes and Rayner (1991) artificially increased wing loading in the long-eared bat
(Plecotus auritus) and found that flight speed fell and wingbeat frequency increased with
total mass and wing loading, and they calculated that a 50% increase in wing loading
increased power requirements by about 140%.

In the present study, we used independent methods for estimating the energy costs of
hovering and horizontal forward flight of a neotropical nectar-feeding bat Glossophaga
soricina (Glossophaginae, Phyllostomidae), tested in the laboratory. These estimates
were based on (1) kinematic and morphological data and aerodynamic theory, (2) energy
intake of nectar, (3) Oz consumption from respiration measurements (hovering costs
only), and (4) COz production estimated with the doubly labelled water technique, where
methods 2 and 4 were each combined with time budgets. We used these approaches to
compare the different methods for estimating flight costsin aflying vertebrate. This paper
estimates the mechanical power (power output) requirements for hovering and horizontal
forward flight based on aerodynamic theory. Results from method 2 appear in Winter
et al. (1993) and results from methods 3 and 4 are in preparation.

Materials and methods

This study was conducted at the Department of Zoology in Erlangen, Germany. Our
study was based on G. soricina antillarum(Rehn) collected in Jamaicaand maintained in
captivity. Individual bats were trained to fly in flight cages and to hover in front of a
feeder while feeding on nectar. Two individuals were used for the aerodynamic analyses
of hovering and one individua for forward flight. The body mass varied among the
individuals and during the day. The masses used (see Table 1) are mean values for the
bats used in the hovering and forward flight studies. They were derived from computer-
stored data from the periods during which the flight kinematic data were collected. The
wing spans were the samein al threeindividuals. The wing area was estimated in one of
the bats and assumed to be the same in the others.

The flight chamber used for the hovering and respiration experiments was constructed
as a wooden frame with solid pressed-wood ends (4m long, 1m high and 1.26m wide).
Thetop and sides were covered with polyethylene plastic foil and the bottom with plastic-
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coated wire netting; the distance from the bottom of the cage to the solid floor was 1m.
Theflight tunnel used for horizontal flight studies was U-shaped (total length 14m, height
2m and width 1m) and was covered with plastic film. A cork suspended from a
microbalance provided the only roosting place between flightsin the two cages.

Wingbeat kinematics (wingbeat frequency and amplitude, inclination of the body and
stroke plane, and the wing positions during the wingbeat) of the bats were recorded by a
Photosonics high-speed film camera (200framess—1) with an Angenieux zoom lens
12-120mm, f2.0, and a Sony Handycam High 8 video, and still photographs were taken
with a Leicaflex SL equipped with a Sumicron 50mm, 2.0 lens. The hovering sequences
were recorded about 0.3-0.4m from one end wall, where the feeder was mounted. The
distances to the other walls, the ceiling and the net bottom of the chamber were about
0.5m, and the distance to the solid floor was about 1.5m. Flight speeds were obtained from
the slow-motion films by estimating the number of body lengths travelled per seconds. A
string grid, forming 2cmXx 2cm squares, was used as a background scale, corrected for the
distance between the grid and the bat. Sl units are used throughout this study.

Aerodynamic theory

Animal wings act as aerofoils and a flying animal must generate a momentum flow to
maintain lift. For bats and birds, this momentum of the air is only transported as a vortex.
The wings generate weight support and thrust owing to the presence of this shed vortex
across the wing. The essence of hovering flight is the production of avertical force which
must balance the animal’s weight (Mg=mass times acceleration of gravity, measured in
N). Hovering flapping flight is more expensive than forward flight because it involves no
forward speed component. This means that the surface area through which air is
accelerated during a unit of time is much smaller than that for forward flight. Hence, less
air must be accelerated to a higher velocity and, since power equalsthe air masstimesthe
sguare of the downward induced vel ocity, this requires more power.

Hummingbirds and several species of insects use normal hovering, which is defined by
Weis-Fogh (1972, 1973) as active flight on the spot with the wings moving through a
large angle in an approximately horizontal plane in a figure-of-eight motion with
symmetrical half-strokes. In hovering bats and other hovering birds, the stroke planeis
usually more tilted, and the wings are flexed during the upstroke to avoid large drag
forces and negative (downwardly directed) lift forces. In this asymmetrical hovering the
upstroke isarecovery stroke, giving zero or slight negative lift, so that all useful lift must
be produced during the downstroke. In both normal and asymmetrical hovering, the wing
strokes produce periodic pressure pulses, one for each wing stroke in asymmetrical
hovering and two for each wing stroke in normal hovering, so the wake consists of achain
of vortex rings.

Theflight muscles of aflying animal do mechanical work when the point of application
of aforce is moved. The work is the distance moved times the force component in the
direction of motion, and the rate at which this work is done is the mechanical power.
Because drag is caused by several factors, the aerodynamic power includesthree different
components. induced power (Ping), the rate of working required to generate avortex wake
whose reaction generates lift and thrust, profile power (Ppro), the work needed to
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counteract form and friction drag of the wings, and parasite power (Ppar), the work
needed to counteract form and friction drag of the body. Inertial power (Piner), the work
needed to accel erate the wings at each stroke, must also be considered.

The mechanical power required to fly is the sum of these four components, and the
corresponding metabolic power for flight is the mechanical power divided by the
mechanical efficiency (n) plus the basal metabolic rate (BMR). Furthermore, Tucker
(1973) estimated that the extra amounts of mechanical power required during flight to
circulate the blood and to ventilate the lungs were each about 5% of the total power
required for other purposes. Therefore, the metabolic power for flight should be
multiplied by acirculation and ventilation factor of 1.1 (10% addition). The power input
then becomes:

Pma = 11{ [(Pind + Ppro + Ppar + Pinef)/'T]] + BM R} s (1)

expressed in watts (W) (Pennycuick, 1975, see also Norberg, 1990). In hovering flight,
parasite power is taken to be zero, since there is no forward speed component and the
effect of theinduced velocity isnegligible.

Unsteady mechanisms may be utilized to generate the requisite forces for weight
support. The aerodynamic theory employed here is quasi-steady. If unsteady effects are
involved, a quasi-steady approach may underestimate the induced power, but the other
power components are not affected. Rayner (1979c¢) and Ellington (1984c) applied vortex
theory to the calculation of induced power and provided correction coefficients for
estimates based on quasi-steady analyses. We have derived this coefficient by using
empirical measurements of the induced vel ocity (see below).

Hovering flight

Induced power. The induced power is the principal power component in hovering and
slow flight. A hovering animal beating its wings horizontally in symmetrical hovering
flight can be compared to a helicopter whose rotors drive the air downwards through the
disk formed by the sweeping rotor blades. The airflow through the disk is due entirely to
the induced velocity w (Fig. 1), which isassumed to be uniform over the whole disk area.
According to the Rankine—Froude axial momentum-jet theory, the air accelerates to the
velocity 2w far below the animal (approximately one wing span) and the induced power is
the product of the weight of the animal (mass times acceleration g of gravity, Mg) (here
equivalent to the induced drag) and the induced velocity w:

Pind,rr = Mgw = (Mg)3/%/(2p )2, @

where p is air density and Sy=mb%4 and is the disk area (the area of a circle with wing
span b as diameter; Fig. 1). This gives a minimum value of the induced power. For
hovering animals, the wake consists of periodic pulses and the actua induced power
therefore includes the dimensionlessinduced factor k, and is expressed as:

Pind = kMgw. 3

The value of k has been assumed by Pennycuick (1975, 1989) to be 1.2 for animal wings,
and it has been estimated using the vortex theory by Rayner (1979c, equation 13) and
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Fig. 1. (A) Modéel of a continuous momentum jet past a hovering animal. Air is sucked down
from rest far above the animal, passes through the wing disk at the induced velocity w and
reaches twice that velocity farther down in the most contracted zone, according to the
momentum-jet theory. In animals, however, the wake is periodic because the wings do not act
as propellers. (B) Areas used by different authors to estimate induced velocity from the
momentum theory. & isthe disk area, which isthe area of acircle with wing span as diameter,
and Sy proj isthe projection of the disk areaon the horizontal plane. &' isthe area swept by the
wings and &’ prqj iS its projection.

Ellington (1984b, equation 48; 1984c, equation 3). In Rayner’s and Ellington’ s theories,
the wake is modelled by a chain of co-axial, small-cored, circular vortex rings stacked
one upon another, each member being generated by a single wing stroke. Ellington
(1984c) estimated the values of k for hovering insects with a horizontal stroke planeto be
1.11-1.21 and for insects with an inclined stroke plane to be 1.57-1.65.

The velocity of the airstream (induced vel ocity) accelerated downwards by the wings
below the bat during hovering can also be measured empirically. We used a hot-wire
anemometer (developed at the Max-Planck Institute, Seewiesen) to determine the
downward velocity at different locations below the bat (Fig. 2). The anemometer measured
total air velocity and gave measurements in voltage. It was calibrated to corresponding air
velocity at the Ingtitut fir Stromungsmechanik, University of Erlangen (Professor F. Durst).
The theoretically estimated velocity, based on a constant jet stream, was compared with the
empirically measured value to derive the corresponding induced factor k. It isimportant also
to test whether the entire disk area S should be used in equation 2. Should the area of the
projection of this disk, of the swept sectors or of the projection of the swept sectors be used
instead (cf. Ellington 1984b,c; Fig. 1)?If one of the smaller areasis used, the corresponding
k value will be lower than when the whole disk is used.

Profile power. The profile power increases with wing area (wing length and width) and
with increasing speed. Rayner (1979b,c) calculated this power component for
asymmetrical hovering by amethod derived from Weis-Fogh (1972), as.

Ppro = 0.0166Mpb3$D,pr09/T2T3, (4)



Cost of flight in a nectar-feeding bat 213

T~ Nectar feeder

278 (N=2)

D
130 c3e31Z @202
fo122 (Ni:S candgn | =9
= (N=7)
(=9 G1gs | | 3068
(N=3) | (N=9)

e b

Fig. 2. Positions of the hot-wire anemometer located below the hovering bat (filled circles;
A-D) and the average downward air velocities (in ms—1) measured at these sites. Outside and
below these positions, the air was either turbulent or calm. The most stable conditions
occurred in the core of the airflow at positions C1-C5, which are outlined with dashed lines. N
gives the number of hovering bouts, each of which contained 9-30 wing strokes. The sides of
the squaresin the grid behind the bat are 10cm long, which corresponds to 5.5cm in the plane
of the bat.

where p is the muscle ratio, Sis wing area, Cp pro is profile drag coefficient, 6 iswing-
stroke amplitude and 7 is the downstroke ratio (the time the downstroke takes in
proportion to the time T for the entire wing stroke). The muscle ratio . is defined as
(ms+mp)/mp, where msis the mass of the muscles powering the upstroke and m, the mass
of those powering the downstroke. In Plecotus auritus which, like G. soricina, also
sometimes hovers, the muscle ratio is 1.2 (U. M. Norberg, unpublished results). This
value was adopted in the present study. The drag coefficient Cp pro depends on the shape
and smoothness of the wing surface, the boundary layer condition and the Reynolds
number (see Norberg, 1990) and is taken to be constant for the wings and equal to 0.02
(Rayner, 1979b; Pennycuick et al. 1992).

Inertial power. Theinertial power is considered to be low during fast forward flight,
since wing inertia can be converted into useful aerodynamic work at the bottom of the
downstroke (Pennycuick, 1968; Norberg, 1976b), but it is higher during hovering and
slow flight. The significance of inertial power has been intensively investigated by Weis-
Fogh (1972, 1973). In medium and fast forward flight, work must be done to accelerate
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the wings at the beginning of the downstroke, but at the end of the downstroke they can
be decelerated and reversed by aerodynamic forces, the inertial forces thus being
converted into useful aerodynamic forces. One uncertainty is the extent to which inertial
power isin fact converted in this way into useful aerodynamic power. In slow and
hovering flight, this transfer of energy is not as easily achieved because the relative
airspeed at the turning pointsis very low as aresult of the small or absent forward speed
component. The loss of inertial power would therefore be important, unless kinetic
energy can be removed and restored by some other means. The primary feathersin birds
and the elastic and flexible bat wing might increase the efficiency of transfer of the
wing'’s kinetic energy to the air towards the end of the downstroke (Pennycuick and
Lock, 1976; Norberg, 1990). At the end of the upstroke, the downstroke muscles must
brake the movement and absorb the excess kinetic energy of the wings. The angular
momentum of the wings thus causes a stretching of the downstroke muscles, which they
actively resist. Work done during stretching a muscle is termed negative work. Negative
work costs only about 20% (in metabolic energy) of the same amount of positive work
(at least in human locomotion; Margaria, 1968). Following Weis-Fogh (1972, p. 91), the
negative work is disregarded here so as not to exaggerate the estimate of inertial work
and power.

If | isthe moment of inertia of the wings' masses about the fulcra (shoulder joints), the
acceleration of the wings giverise to an inertial bending moment Q, which equals| times
the angular acceleration of the wings. Assuming that the wings oscillate in simple
harmonic motion (which is the case in Plecotus auritus, Norberg 1976b,c), the bending
moment is:

Q(t) = —2Im2fw20sin(2mfwt) (5)

(Weis-Fogh, 1972, 1973), where t istime. Q varies linearly with the positional angle -y
of the long axis of the wing in the stroke plane; it is maximal at the extreme wing
positions and zero at the middle of the stroke. To calculate the inertial work, we must
integrate Q over a complete wing stroke (see Weis-Fogh, 1972, for procedure). The
total inertial work during one wing stroke is the sum of the work done during the
upstroke and during the downstroke, and the inertial power is this work times the wing-
stroke freguency:

Piner = fw|;[5a(;’y +J(g(nj'y} . (6)

Ymin max

To estimate the moment of inertia, |, we used the multiple regression derived by
Thollesson and Norberg (1991) for bats and two wings:

| = 8.98% 10~3M 0532155065, ©)

Kinetic energy isto some extent also being converted into useful aerodynamic work in
hovering and slow flight, so that the true expense becomes somewhat reduced (Weis-
Fogh, 1972). In the hummingbird Amazlia fimbriata (mass 0.005kg, fw 35s71), the
estimated reduction of total mechanical power (the sum of the aerodynamic and the
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inertial power) during hovering flight was about 18% (Weis-Fogh, 1972) and in the long-
eared bat Plecotus auritus (mass 0.009kg, fy 11.9s71) in slow forward flight the
reduction was about 14% (Norberg, 1976b). To determine how much of the total
mechanical work iswasted, i.e. how much of theinertial work isnot converted into useful
aerodynamic work, we used Weis-Fogh's (1972) aerodynamic model, in addition to the
one given above. Weis-Fogh made quantitative estimates of force, work and power with
the blade-element theory, using a compound drag coefficient to lump together the
aerodynamic power components. We calculated the aerodynamic and inertial torques for
three different wing segments and for 14 different wing positions. The torque which the
wing-stroke muscles have to produce is then obtained by adding the aerodynamic torque
and the inertia torque for every wing position separately. Since inertial torque changes
sign during the wing stroke, this sum becomes less than when adding the total
aerodynamic torque and the total inertia torque. The difference is due to the amount of
inertial work that is converted into useful aerodynamic work. This difference was then
subtracted from the inertial power obtained from equation 6 to estimate the true costs due
towing inertia.

For small flying animals (insects), the viscous forces are large and the inertia of the
wings will be increased by the mass of air attaching to them and that is accelerated along
with them (wing virtual mass), leading to an apparent increase in wing mass (Ellington,
1984a,c). The virtual mass of the wing pair was taken by Ellington (1984,a,c) to be
proportional to the mass of air in a cylinder of length equal to the wing span and with a
diameter equal to the mean wing chord. We consider wing virtual mass to be unimportant
for animalsthe size of bats and birds, since viscous forces at the high Reynolds number in
guestion are very small, and it is disregarded here. The possible effect of it is, however,
discussed. The Reynolds (Re) number istheratio of inertial forceto frictional forceandis
expressed as length of the body times speed divided by the kinematic viscosity of the
fluid.

Horizontal forward flight

Induced power. The induced power during forward flight equals Mgw, as in hovering
flight, but the induced velocity is smaller. In forward horizontal flight it can be expressed
as.

Pind = Mgw = k(Mg)%/2pSsV, (8)

where V is forward flight speed (e.g. Pennycuick, 1968, 1975; Norberg, 1990). We used
the value of k obtained from our measurements with the hot-wire anemometer of the
induced velocity in hovering flight, although the bats in the horizontal flight study were
somewhat heavier (0.0117kg) than those used in the anemometer experiments
(0.0105kg). This may be a reasonable approximation, since the coefficient k should
increase with increased weight of the animal and with decreased flapping frequency and
stroke amplitude, but should be lower in forward flight than in hovering owing to smaller
variationsin theinduced velacity during the wing stroke.

Profile power. The profile power can be found by integration over the whole wings
during a complete wing stroke. The wing was divided into three strips, and the velocities
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and forces were estimated at the middle of these strips (at r=0.16l, 0.49l\ and 0.82l\
from the wing base). The profile power isthen:

t=7 =3
Ppro = (:UZ)pCD,proJ ZQF)VR(I’ ;t)3dt. (9)
t=0 (=1

The flapping velocity fluctuations were estimated by assuming harmonic oscillation
(Weis-Fogh, 1972, 1973; Norberg, 1976b). The procedures used for calculating resultant
air velocities (VR at each strip and wing position are given in Norberg (1976b). A value
of 0.02 was used for Cp pro.

Parasite power. Parasite power varies with forward flight speed V as:

Ppar = (1/2)pVPS,Co par , (10

where & is the frontal projected area of the body and Cp par is the coefficient of parasite
drag. To estimate the body frontal area S, we used the regression of Pennycuick et al.
(1988), $=(8.13x10~3)M?3, based on frozen birds in wind tunnel measurements, and
we used a value of Cp par Of 0.40, suggested by the authors for bird bodies at Reynolds
number below 50000.

Inertial power. Theinertial power was estimated as for hovering flight.

Results

Morphological measurements and flight data for hovering and forward flight are
given in Table 1. It was difficult to obtain exact data on wingbeat amplitudes and
stroke-plane angles but small deviations in these angles do not have any large effect on
the calculations; these angles were measured from a few representative flights and wing

Table 1. Morphological data and flight variables of Glossophaga soricinaused in
calculations in the text

Hovering Forward flight
Body mass, M 0.0105kg 0.0117kg
Body weight, Mg 0.103N 0.115N
Wing length, lw 0.117m 0.117m
Wing span, b 0.258m 0.258m
Wing area, S 0.0107m? 0.0107 m?
Wing-disk area, S 0.0523m? 0.0523 m?
Forward speed, V Oms 1 42ms?
Induced velocity, w 1.43ms’1 -
Wing-stroke amplitude, 6 120° (2.09rad) 88° (1.54rad)
Stroke-plane angle, o 30° 54°
Wingbeat frequency, fw 15.20s'! 11.76s1
Wingbeat duration, T=f,, 1 0.0658 0.0850
Downstroke ratio, T 0.48 0.50
Air density, p 1.177kgm3 1.177kgm 3
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strokes from the high-speed films, which were taken from the side and from below the
flying bat. In hovering flight, wingbeat frequency was 15.2 strokess=1 (mean of 23
hovering bouts including 286 wing strokes, s.0.=0.346strokess™1), wing-stroke
amplitude was about 120° and stroke-plane angle (the inclination of the stroke plane
to the horizontal plane) about 30°. von Helversen (1986) measured wingbeat frequency
in ahovering G. soricina (body mass 0.0101kg) to be 16Hz and wingbeat amplitude
to be 120°, asin our experiment. In the present study, the measured downstroke ratio
in hovering flight was 0.48 (N=51), but we used 0.5 to simplify the calculation for
inertial power. In forward flight, wing-stroke amplitude was about 88°, stroke-plane
angle about 54° and wingbeat frequency 11.8strokess™1 (measured from one
representative wing stroke). Downstroke ratio in forward flight was difficult to obtain
from the films but was close to, and taken to be, 0.5. The forward flight speed was
42ms™ L1

Induced velocity

The positions of the hot-wire anemometer during hovering and the corresponding
velocities of the airstream caused by the beating wings during hovering are shown in
Fig. 2. We measured the velocity at a large number of positions both outside and below
these positions to determine the spatial variation. The air just outside positions B and D
was somewhat unstable and the air velocity gradually decreased to zero farther out. The
velocities at C2-C5 (Fig. 2) are assumed to be twice the velocity at thewing disk (that is,
twice the induced velocity) in accordance with the momentum theory. However, the
velocity oscillates with the wingbeat during a hovering bout (Fig. 3). The value of 2w
(2.85ms~1) used in our study represents the mean of 22 hovering bouts from one bat
(C3-C5) and four from another (C2), with each sample based on 9-30 wingbeats.
2.85ms~1isthe grand mean value of the mean of 466 maximum values (representing the
velocity of the airstream produced by downstrokes, mean 3.39ms~1, s.0. 0.249ms—1)
and the mean of 446minimum values (representing the vel ocity of the airstream produced
by upstrokes, mean 2.31ms~1, s.0. 0.263ms~1).

Power required for hovering

The estimated power components for hovering flight in G. soricina (body mass
0.0105kg) are givenin Table 2.

Induced power

Theoretically, the Rankine—Froude (momentum-jet) value of the minimum induced
power for G. soricina is Pindg,rr=0.094W (right-hand part of eguation 2). Using our
empirically derived average value of the induced velocity instead of the theoretically
estimated velocity, the power becomes Ping=Mgw=0.147W. This corresponds to k=1.56
in equation 3, when the entire disk area, &, isused. Thisvalue lies close to that obtained
using Ellington’s (1984b,c) theoretical model (k=1.53) for G. soricina, and it is 10%
higher than that predicted from Rayner’s (1979¢c) model (k=1.42). The corresponding k
values when using the projected area of the wing disk (Syproj=Sicos30°, Fig. 1), the area
of the sectors swept by the wings [ S1'=(2/3)Sy] or the projection of thisarea (S’ proj) are
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Fig. 3. Downward air velocity plotted against time during hovering in Glossophaga soricina
at the positions (A) A1, (B) D1and (C,D) C2 shownin Fig. 2. A and B each show one selected
hovering bout. C shows several hovering bouts and D shows an expansion of one selected
bout. The velocity oscillates over the wing stroke, with one peak per stroke; maximum values
are produced by downstrokes and minimum values by upstrokes, and the wingbeat frequency
can thus be estimated from the number of pesks.

1.44, 1.28 and 1.18, respectively. The use of any of these areas in equation 2 would thus
prabably underestimate the induced power in hovering flight in bats.

Profile power

Profile power is estimated to be Ppro=0.0058W.

Inertial power

The moment of inertia during the downstroke for both wings is 1=2.28x10~6kgm?.
During the upstroke, the wings of G. soricina are flexed by approximately 30%, thereby
reducing the moment of inertia by 50% (to 1.14x10-6kgm?). Fig. 4 shows the inertial
torgue (bending moment) as afunction of the positional angley of the wings. Theinertial
torque changes sign at the middle of the stroke and, since the oscillation is assumed to be
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Table 2. Estimated values of the mechanical power required for hovering and horizontal
flight (at 4.2ms1) of the nectar-feeding bat Glossophaga soricinaof body mass
0.0105kg and 0.0117kg, respectively

Power Hovering Forward flight
Induced power, Ping 0.15W 0.040W
Profile power, Ppro 0.0058W 0.055W
Parasite power, Ppar ow 0.0068W
Inertial power, Piner 0.26 W 0.069W
Trueinertial power, Piner true 0.19W 0.042W
Summed mechanical power, Phoy Or Phor 0.34W 0.14W

The tOtal meChanlcal pOWer iS Phov (Or Phor)zpind+Ppro+Ppa‘+Pi ner,true-
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Fig. 4. Thevariation of theinertial torque (Q;) during a complete wing stroke of Glossophaga
soricina during hovering flight when the wingbeat frequency, fw, is 15.2s1. The work done
during the first half of the downstroke is represented by the shaded area to the right, and the
work done during thefirst half of the upstrokeisrepresented by the shaded areato the left. The
inertial power is this work times the flapping frequency. Since the flapping velocity of the
wings is not zero at the turning points, the transition between the downstroke and upstroke
curves should be rounded (asindicated by the dashed lines). This does not have any significant
effect on the calculations, since the additional work during the upstroke and the saved work
during the downstroke almost cancel each other out.

harmonic, it varies linearly with the positional angle. A positive sign indicates that the
forceisdirected in the morphologically dorsal direction, and anegative sign that the force
is directed in the morphologically ventral direction. The inertial torque integrated over a
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quarter of awing stroke isthe work donein accelerating the wing pair up to its maximum
angular velocity during the first half of each half-stroke. It is 0.0115J during the
downstroke and 0.0057J during the upstroke. The total inertial power is fw times this
work and isPiner=15.2(0.0115+0.0057)=0.261W.

The total aerodynamic and inertial power required for G. soricina to hover is
Phov=Pind+Ppro+Piner=0.414W. To determine how much of the kinetic energy is
converted into useful aerodynamic work, we followed the procedure of Weis-Fogh
(1972). The total torque and work which the muscles have to produce is found by
adding the aerodynamic and inertial torque components for every wing position
separately; see Weis-Fogh (1972, p. 90 ff.) and Fig. 6 for the procedure for estimating
inertial power for G. soricina in horizontal forward flight. The true expense then
becomes Phov=0.340W, which is areduction of about 18%, or 0.074W, of the total
mechanical power. About 28% (0.074W) of the inertial work and power is thus
converted into useful aerodynamic work and power, whereas 0.187W (72%; the true
inertial power, Piner true) iswasted.

Resting and basal metabolic rate

Winter et al. (1993) estimated the resting metabolic rate (RMR) of G. soricina to be
0.132W for a 0.0109kg bat. This resting rate, combining the alert resting rate between
bouts of flight during the night (with the bat in the absorptive condition) and the daytime
resting rate (in the post-absorptive condition), should be somewhat higher than BMR.
McNab's (1988) overal regression equation for basal metabolic rate for bats,
recaculated in Sl units as BMR=2.63M%72 (in watts) (U. M. Norberg and T. H. Kunz,
unpublished results), gives a BMR of 0.099W for a bat with a body mass of 0.0105kg
and aBMR of 0.102W for a bat with abody mass of 0.0109kg. McNab’s empirical value
for a 0.0096kg G. soricinais 0.121W, which is higher than the value predicted from his
regression for al bats (0.093W). Using the slope of this regression, but with the y-
intercept adjusted for G. soricina, the BMR would become 0.129W for a 0.0105kg bat
and 0.132W for a 0.0109kg bat, the latter being the same as the estimate of RMR for a
0.0109kg bat obtained by Winter et al. (1993). Using the regression through McNab's
empirical value yields a BMR of 0.129W for our 0.0105kg hovering bat. Thus, the total
metabolic power (power input; equation 1) for our hovering bat (mass 0.0105kg)
becomes:

Pmet,hov = 1.10[(0.340/m)+0.129] W. (12)

Power required for horizontal flight

The estimated power components for horizontal forward flight in G. soricina with a
body mass of 0.0117kg are givenin Table 2.

Induced power

We used equation 8 to estimate induced power in the bat flying at 4.2 ms~1, and k was
set to 1.56, as obtained from the experiments with the hot-wire anemometer in which we
measured induced velocity in hovering flight. This gives Ping=0.040W.
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Fig. 5. Thevariation of profile torque (profile drag X moment arm) of onewing in acomplete
wing stroke of Glossophaga soricina during horizontal flight at 4.2ms~1. The forces and
velocities were calculated at radii (moment arms) 0.16ly,, 0.49ly, and 0.82ly, of strips|1, Il and
I11, respectively, of the wing (right-hand top figure), where Iy iswing length. The area below
the summed curves in the downstroke (left-hand figure) and upstroke (right-hand bottom
figure) make up the profile work of one wing, and the profile power for two wingsistwicethis
amount times the wingbesat frequency.

Profile power

Fig. 5 shows the profile torque for the three wing strips and the summed curves for the
downstroke and upstroke for one wing as functions of the positional angley of the wings.
During the upstroke the wings are flexed, but mostly at the wing base, while the hand
wing iskept almost straight. The area of the outer strip (no. 111) isthus the same during the
upstroke as during the downstroke, whereas the area of the middle strip (no. I1) decreases
by approximately 10% and that of the proximal strip (no. I) by approximately 50%. The
area below the summed curves for the downstroke and upstroke is the profile work
(0.0023J, of which 0.0018J is due to the downstroke and 0.00059J to the upstroke). The
summed profile power, Ppro, is twice this work (for two wings) times the wingbeat
freguency, fw, and is 0.055W.

Parasite power

In horizontal flight, the body was untilted, so the body frontal area, &, becomes
0.00039 m?. At aforward speed of 4.2ms ™1 the parasite power, Ppar, is 0.0068W.

Inertial power

Fig. 6 shows the wings inertia torque (bending moment) as a function of the
positional angle,y, of the wings. Theinertial work is0.00389J during the downstroke and
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Fig. 6. Work diagram of Glossophaga soricina during horizontal forward flight at 4.2ms—1,
(A) The variation of the aerodynamic torque (Qa) and inertial torque (Qj) during a complete
wing stroke (both wings) when the wingbeat frequency is 11.76 s~1. (B) The summed torque
(Qa+Qi), where area EAB is the positive muscular work during an upstroke and area DFC is
that of a downstroke, which together make up the true expense. Of this, area EAD represents
the inertial work that is wasted, whereas area DBC isthe inertial power that is converted into
useful aerodynamic work. Seetext and legend to Fig. 4 for further explanation.

0.00194J during the upstroke. The total inertial power, Piner, then is fy times this work,
and is 0.0686W. Using the procedure in Weis-Fogh (1972) for hovering flight, 61% of
theinertial power was estimated to be converted into useful aerodynamic power. Thetrue
inertial power then becomes Piner true=0.042W.

The sum of the aerodynamic and inertial power required for forward horizontal flight at
4.2ms™1 is Phor=Pind*+Ppro*+PpartPiner true=0.144W. Using McNab's (1988) regression
for bats, with the y-intercept adjusted to his empirical value for G. soricina (see above),
BMR is 0.139W for a 0.0117kg bat. The total metabolic power for horizontal forward
flight then becomes:

Pmet,hor = 110[(0144/T])+ 0139] W. (12)

Discussion
Rayner and Thomas (1991) have shown that solid walls can have asignificant effect on
the flow around an animal flying in a confined space, which will result in areduction in
the induced downwash and thus in the induced power and induced power factor. The
greatest effect is that of a solid ground plane (ground effect), which would cause a
recirculation of the downwardly induced flow within the cage. Rayner and Thomas
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showed that, in a cubic confined volume with solid walls with sides of about the length of
four wing spans, the induced power would be reduced by about 10% compared with
hovering in the field (free space). In our investigation, however, the bottom of the
chamber was made of netting that let air through, and the solid ground floor was
approximately six wing spans (1.5m) from the hovering bat. Any distortion of the
momentum jet below the bat may, therefore, have been much less than in the example
above (10%). Still, the ceiling and walls may have had some influence on the downward
flow, resulting in some savings of the induced power. Rayner and Thomas (1991) further
showed that the reduction is relatively modest in fast forward flight. This minor
discrepancy in the calculation of induced power from the condition in the field is not
important for this investigation, since we are comparing different methods of estimating
flight costs, under uniform conditions. It is, however, important to note that hovering in
free space may cost slightly more than our estimated cost.

The speed observed during horizontal flight in G. soricina (4.2ms~1) lies close to the
minimum power speed (Vmp) according to the theoretical models (based on aerodynamic
power only) of Rayner (1990; see also Norberg and Rayner, 1987) and Pennycuick
(1989). According to Rayner’s model, Vimp in a bat the size of G. soricina (body mass
0.0117kg) would be 3.9ms~1 and the maximum range speed (Vimr) would be 5.0 ms—1;
according to Pennycuick’s model (Program 1A), Vimp is4.7ms~1 and Vi is7.5ms™1.
BMR is not included in these calculations. The inclusion of BMR causes an increase in
Vi (to 8.3ms~1 with Pennycuick’s model), but no change in Vimp. By including inertial
power in their models, Vmp would also become somewhat higher, and the range between
Vmp and Vi would become smaller, since the inertial power decreases with increasing
speed. The flight speed recorded for G. soricinain the flight cage may therefore be rather
close to the bat's Vimp. A flight speed of about 7ms~1 has been recorded in G. soricina
flying ina33m long flight tunnel (Y. Winter, in preparation).

According to aerodynamic theory (equations 6-10) the mechanical power required for
horizontal forward flight at 4.2ms~1 for the 0.0105kg bat should be approximately 10 %
lower (about 0.130W) than for the 0.0117kg bat (0.144W). The power required for
hovering for a 0.0105kg bat (0.340W) would thus become approximately 2.6 times as
large as the power required for forward flight at 4.2ms—1 for the same bat. This
difference is approximately 40-50% and 15-25% larger than those obtained with
Pennycuick’s (1975, 1989) and Rayner’'s (1979a,b,c) theoretical models, respectively.
However, the inertial power is not included in their models, which means that they
assumed perfect elastic storage of inertial work. In our experiments, the aerodynamic
power required for hovering is about 1.5 times the aerodynamic power required for
horizontal flight close to the minimum power speed, whereas the true inertial power
required for hovering is 4.5 times that required for horizontal flight. Inertial power forms
alarger proportion of thetotal power for hovering than for forward flight in our study and
therefore makes up this larger difference (2.6-fold) in total power between hovering and
forward flight.

In hovering flight, the true inertial power (Pinertrue) in G. soricina congtitutes 55% of
the total power, and it is 22% higher than the aerodynamic power (Ping+Ppro). In medium
speed and fast flightsthe true inertial power islower; at 4.2ms~1 it makes up 29% of the
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total power and it is 59% lower than the aerodynamic power (Pind+Ppro+Ppar). Weis-
Fogh (1972) estimated the overall mechanical power output in a hovering hummingbird
(A. fimbriata, 0.005kg) to be 0.230W, of which 43% (0.098W) was due to wing inertia
(true inertial power), which is 12% less than our result for G. soricina.

The power output for horizontal flight of a0.0117kg G. soricinawould be 0.083W for
minimum power flight and 0.104W for maximum range flight according to Pennycuick’s
model (1989), which includes an induced factor of k=1.2. According to Rayner's
regression (Norberg and Rayner, 1987; Rayner, 1990), it would be Pmnp=0.065W and
Pmr=0.078W. Inserting our empirically determined value k=1.56 in Pennycuick’s model
would increase Vimp to 5.0ms~1 and Vi to 8.0ms—1, and the power outputs would
become Pmp=0.101W and Pm=0.126W. All these values should be compared with the
estimated aerodynamic power in G. soricina (Pind+PprotPpar) Of 0.102W, which is
approximately the same as the corrected Py value (0.101W) obtained with Pennycuick’s
model, which did not includeinertial power.

We obtained the metabolic cost of horizontal flight in G. soricina by estimating the
energy content of the nectar intake, giving Pmethor=1.63W (Winter et al. 1993) for a
0.0117kg bat, which is about 12XBMR. The average flight speed for this bat was
3.1ms~1, which islower than the speed used by the bat for which the power output was
estimated and is probably aso lower than the minimum power speed. Insertion of
Pmet hor=1.63W into equation 12 gives amechanical efficiency, m, of 0.11. Compensating
for the difference in flight speeds at which the metabolic and mechanical costs were
estimated, the mechanical efficiency would become dlightly larger and the multiple of
BMR dlightly smaller, because the metabolic cost would be larger for a bat flying at
3.1ms~1(if thisisless than Vimp) than for oneflying at 4.2ms—1 (if thisis close to Vinp).
However, if the two speeds lie equidistant from Vimp, they are comparable as regards the
flight cost.

We also derived a value of approximately 2.92W for a 0.0117kg G. soricina for the
metabolic power required for hovering flight from the nectar intake experiments (Winter
et al. 1993). However, more data are needed before we can rely on this value. This
estimate of hovering cost is about 1.8 times the metabolic power (1.63W; Winter et al.
1993) required for horizontal flight at 3.1 ms~1 (which is below Vmp). Theoretically, the
metabolic power required for hovering flight for a 0.0105g bat would be about 8% lower
than that for a 0.0117kg bat, and thus would be about 2.68W. Insertion of
Pmet,hov=2.68W into equation 11 gives a mechanica efficiency of =0.15, and the
metabolic power required to hover would be about 21X BMR.

Mechanical efficiency has been measured in only two bat species in horizontal flight
and was found to range from 0.12 to 0.14 in Phyllostomus hastatus (M 0.093kg) and from
0.22 t0 0.31 for Pteropus alecto (M 0.81kg) (Thomas, 1975). There is reason to believe
that ) decreases with decreasing body mass in bats, as has been found for locomotion in
other mammals (Heglund et al. 1982). Comparison between empirical estimates of
metabolic power required for flight in bats, according to the regression equation in U. M.
Norberg and T. H. Kunz (unpublished results), and theoretical estimates of mechanical
power, according to Rayner’s (1990) and Pennycuick’s (1989) models, suggests that the
mechanical efficiency should be about 0.05-0.08 for a 0.0117kg bat flying at minimum
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Table 3. Estimated values of the mechanical power (P) required for hovering and
horizontal flight (at 4.2ms-1) and the corresponding mechanical efficiencies (n) of the
nectar-feeding bat Glossophaga soricina of body mass 0.0105kg and 0.0117kg,
respectively, based on different assumptions (see text for explanation)

Hovering Forward flight
Assumption P M P M
Perfect elastic storage 0.15W 0.006 0.10W 0.08
Zero elastic storage 0.34W 0.15 0.14W 011
Zero elastic storage with 0.43W 0.19 0.18W 0.13

wing virtual mass included

power speed. This should be compared with 0.076 obtained for G. soricina, if we assume
perfect elastic storage (Table 3).

Table 3 shows the estimated minimum and maximum values of the mechanical power
required to hover and fly horizontally at 4.2ms~1in G. soricina. If weignorewing inertia
as a cost (assuming perfect elastic storage), the mechanical power required to hover
would become Phoy=0.15W and thatto fly horizontally would become 0.10W, which can
be regarded as minimum values. Assuming zero elastic storage, the flight costs become
Phov=0.34W and Pror=0.14W, which are discussed above as the most reasonable values.
If viscous forces areimportant when the wings accel erate, the inertia of the wings may be
increased by the mass of air moving aong them. Wing virtual masswould add about 47 %
to the wing mass, with the same proportional increasein inertial power. Theflight powers
would then become Phov=0.43W and Pnor=0.18W, which can be regarded as maximum
values. If we compare these values with our values for the metabolic power, the
corresponding ranges for the mechanical efficiency would become ©=0.066-0.19 for
hovering flight and n=0.076-0.13 for horizontal forward flight (Table 3).
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