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Summary

Infrared thermography was used to measure heat
transfer by radiation and the surface temperature of
starlings (Sturnus vulgaris) (N=4) flying in a wind tunnel
at 6-14ms! and at 15-25°C. Heat transfer by forced
convection was calculated from bird surface temperature
and biophysical modelling of convective heat transfer
coefficients. The legs, head and ventral brachial areas
(under thewings) werethe hottest parts of the bird (mean
values 6.8, 6.0 and 5.3°C, respectively, above air
temperature). Thermal gradients between the bird
surface and the air decreased at higher air temperatures
or during slow flight. The legs were trailed in the air
stream during slow flight and when air temperature was
high; this could increase heat transfer from the legs from
1to 12% of heat transfer by convection, radiation and

evaporation (overall heat loss). Overall heat loss at a flight
speed of 10.2ms™ averaged 11.3W, of which radiation
accounted for 8% and convection for 81%. Convection
from the ventral brachial areas was the most important
route of heat transfer (19% of overall heat loss). Of the
overall heat loss, 55% occurred by convection and
radiation from the wings, although the primaries and
secondaries wer e the coolest parts of the bird (2.2-2.5°C
above air temperature). Calculated heat transfer from
flying starlings was most sensitive to accurate
measurement of air temperature and convective heat
transfer coefficients.

Key words: flight, thermoregulation, infrared thermography, bird,
starling, Surnus vulgaris.

Introduction

Most surfaces of birds are covered by feathers. These provide
high levels of insulation in cold conditions, but the insulation
could potentially lead to overheating during flight when
metabolism rate typically rises to between 10 and 23 times the
basa metabolic rate (Masman and Klassen, 1987; Rayner,
1990; Ward et al., 1998; Winter and von Helversen, 1998). The
mechanical power for forward flapping flight is equivalent to
only 10-20% of metabolic power (Masman and Klassen, 1987;
Biewener et al., 1992; Norberg et a., 1993; Chai and Dudley,
1995; Rayner, 1995; Did et a., 1997). The remaining 80-90%
is converted to heat, largely as a by-product of the
transformation of chemical to kinetic energy in the flight
muscles (Hill, 1938). Increased heat production during flight
must be offset by an increase in heat loss, particularly during
prolonged flights when heat storage accounts for less than 1%
of the heat produced (Craig and Larochelle, 1991). Heat
generated during flight could present a particular problem at
high air temperature (Ta) in combination with heat gained from
solar radiation (Bryant, 1983; Speakman et al., 1994).

The aerodynamic requirementsfor flight prevent some of the
mechanisms that stationary birds can use to regulate heat loss
such as raising or lowering the feathers or tucking the head
under the wing. Flying birds can increase the surface area for

heat dissipation by trailing the legs in the air stream
(Baudinette et al., 1976; Torre-Bueno, 1976; Bryant, 1983;
Biesel and Nachtigall, 1987) or can increase evaporative heat
[0ss (Gevap) by Opening the bill (Torre-Bueno, 1978; St-Laurent
and Larochelle, 1994). Both these strategies have
disadvantages since trailing the legs will increase drag, and
hence the cost of flight, and high levels of gevsp could cause
dehydration during long flights (Carmi et al., 1992; Klassen,
1995). Neither leg-trailing nor bill-opening is routinely used
by passerine birds during flight at moderate Ta in the wild, so
the capacity to dissipate heat from the rest of the body
presumably increases by at least 10-fold between rest and
flight. Part of the increase in heat transfer during flight will be
accounted for by the greater surface area when the wings are
opened, but the increase in surface area alone is not great
enough to account for the change in heat loss.

Three sections of the body of a flying bird have been
suggested to be particularly important for heat dissipation
during flight: underneath the wings (Tucker, 1968; Baudinette
et d., 1976; Biesdl and Nachtigall, 1987; Craig and Larochelle,
1991), the legs (Steen and Steen, 1965; Martineau and
Larochelle, 1988) and the head (St-Laurent and Larochelle,
1994). One might anticipate that the underside of the wings, and
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especialy the ventral brachia areas (see Fig. 1), would be most
important because they have a large surface area, few feathers
and could contribute to the difference in heat loss between
perching and flying birds since they are not exposed when a
bird is perching. Experiments in which pigeons (Columba livia)
were submitted to heat stress demonstrated that the wings, legs
and head can dissipate respectively 11 %, 5065 % and 30-50%
of a heat load equivalent to that generated during flight
(Martineau and Larochelle, 1988; Craig and Larochelle, 1991,
St-Laurent and Larochelle, 1994). These experiments suggested
that the wings were much less important for heat loss than was
thought previously (Tucker, 1968), since 3—-6 times more heat
was lost through the legs and head.

Heat transfer theory predictsthat therate of heat lossby forced
convection (geonv) Will be much greater than that by radiation
(orad) @t the speeds, bird surface temperatures (Ts) and Ta
normally experienced by flying birds (Holman, 1986; Walsberg,
1988; Incroperaand DeWitt, 1996). Cal cul ation of qeonv requires
knowledge of Ts and the convective hest transfer coefficient (h).
The value of h can be predicted for simple geometric forms but
must be determined experimentally to provide an accurate value
for complex shapes such as animals (Gates, 1980; Holman,
1986; Incropera and DeWitt, 1996). The value of h has been
measured from the cooling rate of gold-plated copper models of
cylinders, arcs and cones that approximate the shapes of animal
ears (Wathen et al., 1974). Heat transfer from these model
appendages was close to that predicted for cylinders in cross
flow at air speeds of 0.4-3.1ms™, s0 qeony for at least some
animals can be approximated at dow wind speeds using values
of h derived from simple shapes.

Calculation of geonv and qrad requires detailed knowledge of
Ts. This information can be obtained from thermocouples
attached to the surface of an animal. For example, 600
thermocouples were used to characterise the Ts of the tail of
the coypu (Myocastor coypus) (Krattenmacher and Riibsamen,
1987). A different approach is required to measure Ts during
flight, as large numbers of thermocouples would prevent an
anima from flying. Infrared thermography alows detailed
non-invasive measurement of Ts from the intensity of infrared
radiation emitted by the anima (Speskman et a., 1997).
Details of the physical principles that underlie thermography
and a summary of its biological applications are given by
Speakman and Ward (1998). This technique has been used
previously to measure Ts of several birds and mammals at rest
(Williams, 1990; Klir and Heath, 1992; Phillips and Sanborn
1994) and during flight (Lancaster et al., 1997).

We used infrared images of starlings flying in awind tunnel
to measure grad and to calculate Ts. Birds were flown in awind
tunnel to facilitate positioning the bird in the field of view of
the thermal imager. Convective heat transfer was calculated
from Tsand h. Thevalue of hfor aflying starling was predicted
from those applicable to flat plates or cylinders, and was
measured using a heated model bird. Air temperature and flight
speed were varied to examine their effects on the ability of
starlings to dissipate heat during flight since changes in air
speed and temperature theoretically alter geonv and grad as well

as atering aerodynamic force production and therefore,
presumably, internal heat generation.

Materials and methods
Wind tunnel

Starlings (Sturnus vulgaris) were flown in a closed-section
variable-speed Gottingen-type wind tunnel at the University of
Saarland, Saarbriicken, Germany (Biesel et al., 1985;
Nachtigall, 1997). Birds were prevented from leaving the
Imx1mx1m flight chamber upwind by wire mesh (25mm
hexagonal, 1 mm diameter) and downwind by vertical plastic
chords (1mm diameter, 1cm apart). The top of the flight
chamber was made of glass. The floor and walls of the chamber
and the tunnel sections immediately up- and downwind of the
flight section were constructed from wood. Thermal images
were obtained through a hole (0.2mx0.15m) in one side wall
of the flight chamber. The lens of the thermal imager was
surrounded by transparent acetate film which blocked the rest
of the hole to minimise disturbance of theair flow in the tunnel.
The same side wall of the tunnel was replaced with a sheet of
glass to allow lateral cine filming. Air speed was monitored
downwind of the flight chamber with a pitot-static tube
connected to a manometer. Air speed could be controlled to
within £0.2ms™1 and was measured to +0.1 ms™1. Tunnel wall
temperature (Twall) was measured on the side wall opposite the
thermal imager within the field of view of the thermal imager.

Birds and training

Starlings (seven hand-reared and eight wild-caught adult birds
captured under licence from Scottish Natural Heritage in
Aberdeenshire, UK) were housed in groups of 3-4 birds in
approximately 2mx2mx2m indoor cages and fed ad libitumon
amixture of moistened puppy pellets (Eukanuba), poultry pellets
and cage bird egg food supplemented with mealworms and cage
bird vitamin and minera supplement. Birds were accustomed to
the wind tunnel by placing them individually in the flight
chamber, where they preferred to stand on a perch rather than
the smooth floor of the chamber. Birds flew spontaneously when
the perch was retracted into the floor of the chamber. The perch
was returned after progressively longer periods of flight until the
birds that had been trained successfully (N=4 wild-caught birds)
would fly continuously for up to 1h twice daily.

Bird surface area

Images of the surface of flying starlings were divided into
14 sections to allow assessment of regional Ts distribution and
heat transfer (Fig. 1). The surface area of each section was
calculated from dorsal and lateral cine film images of starlings
in wind-tunnel flight taken simultaneously from near-
perpendicular viewing angles (Photo-Sonics Series 2000,
16mm 1Pl cameras, 255framess™; 16mm Agfa XTR
250/XTS 400 colour negative film) (Mdller, 1998). The
surface areas of theflat projections of each section on the body
were measured from three lateral cine film images. Dorsal and
ventral brachial and maximum primary and secondary section
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Fig. 1. The 14 sections of the surface of aflying starling.

areas were measured from three dorsal cine film images taken
during flight at 10ms™ in which the wings were fully
outstretched. Variation in the dimensions of the dorsal and
ventral primary and secondary sections during the wingbeat
cycle was quantified at each of 50 steps during five complete
wing beats. The degree to which the wings were perpendicular
to the dorsal camera at each of the steps was taken into
account, since calculations were performed using the x, y and
z coordinates of five points on the wing surface calculated
from the simultaneous lateral and dorsal cine film images.
These points were the tip of the secondary closest to the body
(A), the tip of the secondary furthest from the body (B), the
hand joint (C), thearm joint (D) and the wingtip (E). Variation
in the surface area of the secondaries was calculated from the
change in surface area of the rectangle ABCD. The area
between these points was determined at each of the 50 steps
during the wingbeat cycle from the scalar product of the
absolute value of the diagonals AC and BD (SACBD), the
ratio of the absolute values of the diagonals (absACBD)
and the angle (@) between the diagonals,
where absACBD=V(AC)4V(BD)2, sACBD=ACxBD and
@=cos (sACBD/absACBD). The areaof the rectangle ACBD
(Aacp) was calculated from: Aapcp=(absACBD/2)sing.
Fluctuations in the area of the primaries were calculated from
changes in the area of the triangle BCE(Agce). The absolute
lengths of the sides of the triangle were calculated as:
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a=V(BC)?, b=V(BE)?, c=V(CE)2. Half of the sum of the sides
Swas calculated from: S=(a+b+c)/2, and the area Asce was
calculated from: Agce=V[S*x(S-a)x(S-b)x(S-c)].

All surface areas were scaled to life size using the ratio of
bird length (tip of bill to end of tail) in theimage to actua bird
length. Mean dimensions were used to calculate the surface
areas of each section assuming that the head was a cone (with
no base) and that the tail and ventral and dorsal primary,
secondary and brachial sections wereflat plates. The curvature
of the head, neck, pectoral, perineum, flanks and back was
taken into account when calculating the surface area of these
sections from their flat projections. The mean surface area of
the flank and the three sections under the wing was reduced by
1% to take into account time spent with the wings folded
against the body during bounds in flight at 100ms™ (Tobalske,
1995). The surface area of the legs was calculated assuming
that they were a series of cylinders when the legs and feet were
trailed in the air stream and that half the surface was exposed
when the legs were tucked up against the body.

Bird surface temperature

The mean surface temperature (Ts) of each section of the
body was calculated from (rad in the 6-12um waveband
(Speakman and Ward, 1998). Infrared radiation was detected
by an Agema Infrared Systems Thermovision 880 system with
a 20° lens linked to a dedicated thermal-imaging computer
(TIC-8000) running CATS E 1.00 software. Bird surface
temperature (x0.1°C) was calculated by the software using
Twall measured to +0.3 °C with a Digitron thermistor, assuming
the emissivity of the bird to be 0.95 (Cossins and Bowler,
1987). Radiation was assumed to be exchanged only between
the surface of the bird and the walls of the flight chamber, not
between different parts of the bird' s surface. Effects of viewing
angle on grad Were not included since only small parts of the
edges of the images were viewed at angles of less than 10°
(Sparrow and Cess, 1966; Clark, 1976).

Images of starlings were captured manually during flights
when the bird flew in the field of view of the thermal imager;
those in which the bird's wings were at maximum up- or
downstroke were saved for analysis (N=2—4 per 30min flight).
The thermal imager was placed 0.6-0.7 m from the flying bird
so that a complete image of the bird filled almost the whole
field of view (Fig. 2). Each pixd in the image represented
1-3mmZ on the bird. The images analysed were obtained after
2-25min of flight.

Variation in bird surface temperature with air temperature
and wind speed

The mean Ts of each section of the body was measured by
thermography during four flights by each bird at
10.2+0.3ms™! at air temperatures (Ts) between 15 and 25°C
to examine the effects of Ta upon Ts. Thermal images from
eight flights by each bird at flight speeds between 6 and
14ms1 were collected to examine effects of flight speed on
Ts. Since Ta in the tunnel could not be controlled, these data
were examined in a multiple regression model that included
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Fig. 2. Thermal image of aflying starling with
the wing a (A) maximum upstroke (air
temperature Ts=25.1°C) and (B) maximum
downstroke (Ta=20.5°C). Colour levels
represent temperature (°C) on afour-bit linear
scale; the thermal-imaging system records
temperature to eight-bit accuracy.

Ta, flight speed, individual bird and interactions between these
variables. Regression models were repeated excluding the
least important interaction or factor until all terms made a
significant contribution (P<0.05) to variation in Ts. Cloacal
temperature was measured 1-2min before and after flight
(Digitron thermistor, £0.3°C).

Heat transfer by radiation
The relationship:

Qrad= 0 X A X g X &w(Ts 4 — Twar?), (1)

was used to calculate hest transfer by radiation (Qrad, W) from
each section of the body from mean surface temperature (Ts, K)



and surface area (A, m?) of the section, where o is the
Stefan-Boltzmann constant  (5x108Wm=2K™4), ¢, is hird
emissivity (assumed to be 0.95), ew is wall emissivity (assumed
to be 1.0) and Twai is chamber wall temperature (K) opposite
where the bird flew measured using athermistor (Holman, 1986).

Heat transfer by convection
The relationship:

Oeonv=hx A(Ts— Ta), )

was used to cal cul ate heat transfer by convection (Qconv, W) from
each section of the body, where h isthe convective heat transfer
coefficient (Wm==2°C1) (Holman, 1986). Ta (°C) in the centre
of the flight section was measured using a thermistor before and
after each flight. Any change in Ta was assumed to be linear
during flights. Ts (°C) was cdculated from equation 1.

Values of h for rough, moving surfaces such as birds are
unknown, so these were estimated as described in methods 1-3
below and were measured for a heated model bird (method 4)
to examine the sensitivity of calculated Qconv t0 assumptions
used in estimating h. The derivations of the equations used are
explained by Holman (1986) and Incroperaand DeWitt (1996).

Calculation of the heat transfer coefficient: method 1

The value of the heat transfer coefficient (h) was calculated
for each section of the body assuming that conditions for
convective heat transfer were the same as for laminar air flow
over isolated flat plates of the same dimensions as the
appropriate section of the body. For each section, the Reynolds
number (Re) was determined from:

Re = Ufree X X/V, ©)

where usree is the air velocity (ms™1) measured in the tunndl, x is
the length (m) of the section of the body in the direction of air
flow and v is the kinematic viscosity of air (15.69x105m2s at
300K). Air speed over the sections of the body of the bird was
assumed to be the same as Usree; the effects of the shape of the
body and of air movements induced by the flapping wings were
not included. Changes due to flapping were taken into account in
the calculation of uree past the wings. Wingbeat frequency,
amplitude, upstroke ratio, upstroke sweep and stroke plane angle
(Bilo, 1971; Tobaskeand Dial, 1996) were determined from cine
film images taken simultaneoudy from near-perpendicular
viewing anglesduring flights at approximately 1 ms-1increments
in speed between 6 and 14ms1 (Moller, 1998). Wingbesat
kinematics were used to calculate air speed past the wings by
dividing the wing into 10 segments of equal width along the
length of the wing and splitting the wingbeat cycle into 50 steps
of equa duration. The value of Re was caculated for each
segment during each time interval.

The mean Nusselt number (Nu) for each section was
determined from:

Nu = 0.664 x ReP-5 x Pr0-333 4

where Pr is the dimensionless Prandtl number (0.708 for air at
300K; Holman, 1986). The value of Nu was cal culated for each
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of the 10 segments of the wing during each of the 50 stepsin
the wingbeat cycle. The mean value of h for each section of
the surface of the bird was calculated from:

h = Nu x kix, (5)

where k is the thermal conductivity of air (0.02624W m-1K1
at 300K; Holman, 1986). A mean value for h during the
wingbesat cycle was calculated for each section on the wings.

Calculation of the heat transfer coefficient: method 2

Mean values of h are lower from long than from short plates
because air flowing across plates has the greatest cooling effect
near the leading edge and progressively less effect as it moves
downwind owing to the build-up of the therma boundary layer
(Gates, 1980). Rather than treating each section of the surface of
adarling as an isolated flat plate, asin method 1, values of h for
the neck, legs, flanks, perineum, back, tail and dorsal and ventral
secondary sections were modified to take into account the length
of each section of the body upwind (Fig. 1). Values of geonv from
these sections were therefore lower when calculated using
method 2 than using method 1. The approach described in
method 1 was followed except that x was the combined length of
the section in question (section 2) and the adjoining section
upwind (section 1) in equations 3 and 5 when the mean values
of Nuand h of sections 1 and 2 (hy+2) were cal culated. Convective
heat 10ss from section 2 (Qeonv,2) Was calculated from:

Qeonv,2 = [(h1+2 X 1142) = (h1 X 11)] A2 (Ts = Ta), (6)

where hy is the convective heat transfer coefficient for section
1 calculated using method 1, A is the area of section 2, 1142 is
adimensionless constant equal in value to the combined length
of sections 1 and 2, and |1 is adimensionless constant equal in
value to the length of section 1. Both sections were assumed
to be at the mean temperature of section 2. The heat transfer
coefficient for section 2 (h2) was calculated by rearranging
equation 2 to allow comparison between values of h for each
section calculated using methods 1 and 2.

Calculation of the heat transfer coefficient: method 3

Calculation of h followed method 2 for all sections of the
body except the legs. The value of h for the fully extended legs
was estimated from the relationship applicable to cross flow
over isolated cylinders. Tarsus and toe dimensions were
measured from four starlings (tarsus length 2.5cm, diameter
0.4cm; toe length 1.2cm, diameter 0.15¢cm; s.0.<0.01cm for
all measurements). Computation of h for extended legs
followed method 1, except that x is cylinder diameter in
equations 3 and 5, and Nu was calculated from:

Nu = 0.683 x Re0466 x Pr0.333, @)

The value of h used to calculate gconv from the legs depended
upon how far the legs were extended in each image. Laminar
flow with a therma boundary layer (method 1) would be
appropriate when the air flow acrossthe tarsi was predominantly
parallel to their long axis when the legs were held against the
body. Cross flow (egquation 7) would predominate when the legs
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were fully extended. The extent to which the legs were exposed
to the air stream during flight was measured in arbitrary units
from theratio of leg length (normal to the longitudinal body axis)
to the width of the body to take into account differencesin scale
in thermal images taken when birds were different distances
from the thermal imager. The value of h for the legs was
assumed to vary linearly with the extent of leg exposure from
the value calculated using method 1 when the legs were held
againgt the body to that calculated using method 3 for fully
extended legs. Variation in h with the extent of leg exposure
reflected the change from laminar to cross flow over the legs as
their exposure to the air stream was increased.

Calculation of heat transfer coefficient: method 4

We determined h empirically using a balsawood model of a
flying starling that was heated on the surface of the wood using
electricity running through high-resistance wire. The wood and
wire were covered with leather to disperse the heat from the
heating elements and to provide a surface of uniform
emissivity that was similar to that of feathers. The wing of the
model starling could be adjusted to maximum up- or
downstroke. Thermal images of the heated model held in the
wind tunnel at awind speed of 10m s were used to adjust the
distribution of the heating elements and the electrical power
supplied so that the Ts of the model was similar to that of a
real bird. The value of h for the model was calculated from
equation 2 using model surface area and mean Ts, assuming
that 80% of the electrical power supplied was lost by
convection from the surface facing the thermal imager. It was
assumed that 10% was lost by radiation and 10% by
conduction to the interior of the model.

Satistical analyses

Vaues are presented as means + s.D. Statistics were
performed using Minitab (Ryan et al., 1985). The Bonferroni
correction was used to adjust the 95% confidence limit to
P=0.0036 (0.05/14) for tests that were repeated for each of the
14 sections of the surface of starlings.

Results
Bird surface area

The mean surface area of aflying starling was 493+77 cm?,
to which the wings contributed 329+77cm? (67 %) and the
body and tail 164+5cm? (Table 1). The surface area of aflying
starling was 2.5 times greater than that predicted by the Meeh
formula (for a0.09 kg animal, A=10xMp?3=201 cm?, where My,
is body mass and A is the predicted surface area; Schmidt-
Nielsen, 1984) since this formula does not include the area of
the open wings. The Meeh formula is a good predictor of
starling surface area when the wings are folded (Drent and
Stonehouse, 1971).

Convective heat transfer coefficient
The values of h of each section of the body at aflight speed
of 10.2+0.3ms™! calculated using methods 1 and 2 are shown
in Table 1. Thermal boundary layer thickness increases with

Table 1. Surface area, the heat transfer coefficient h and the
difference between surface temperature (Ts) and air
temperature (Ta) for the 14 sections of the surface of four
starlings flying at 10.2+0.3ms™ and 22.8+0.1°C

Heat transfer coefficient, h

(Wm2°C-1)

Surface area TsTa
x103(m?)  Method1l Method 2 (°C)

Legs 4.2+0.5 78 22 6.8+1.3

Ventral 48.1+2.0 78 78 6.0+0.7
brachials

Head 14.7+0.2 65 65 5.3+0.6

Dorsal 32.7+3.9 91 91 4.7+0.4
brachials

Pectoral 37.8t4.2 47 47 4.4+0.4

Flanks 33.0+4.4 53 25 3.8+0.4

Perineum 8.0+0.7 85 22 3.4+0.4

Neck 6.6+0.8 134 31 2.9+0.3

Back 38.7+2.4 45 24 2.8+0.8

Dorsal 57.4+18.6 50 29 2.5+0.4
secondaries

Tail 17.5+1.8 52 21 2.5+0.9

Ventral 53.6+17.4 52 28 2.4+04
secondaries

Dorsal 71.3+24.7 54 51 2.2+0.5
primaries

Ventral 65.7+22.8 56 52 2.2+0.4
primaries

Values are means + s.0., N=4.

Surface areas for the primary and secondary sections refer to mean
area during the wingbeat cycle. The surface area of the fully
extended legs was 8.5x10~3m2. Heat transfer coefficients calculated
by method 3 for the fully extended legs were 180W m=2°C-1 for the
tarsus and 261 W m~2°C-1 for the toes.

The value of h for an entire starling at 10ms was 63Wm=—=2°C1
when determined using method 4.

distance along a surface from which heat istransferred, so long
thin sections, such as the flanks and back, had lower values of
h than sections such as those on the wings which were shorter
in the direction of air flow. The value of h was greater for the
wingsthan for the body because of the additional air speed past
the wings caused by flapping. Method 2 predicted much lower
values of h than method 1 for short sections such as the neck
and perineum, which were downwind of other sections of the
body. Vaues of h predicted by methods 1-3 varied with the
square root of flight speed (equations 3-5). A mean value of h
of 63+31W m=2°C-1 (N=6) was predicted for an entire starling
by method 4.

Air speed past the wings

Mean air speed across the wings was greater than that past
the head because of the vertical and horizontal movements of
the flapping wings that were additional to the flight speed. Air
speed across the wings fluctuated during the wingbest cycle
because vertical movement of the wings was fastest during the
middle of each stroke, and the wings moved backwards relative
to the body during the downstroke and forwards during the
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Fig. 3. Air speed past the wing of a
starling flying at 10ms™2. Variation
in the speed of each segment of the
wing during the wingbeat cycle
increased from the wing base
(segment 1) to the wing tip
(segment 10). The wingbeat cycle
illustrated begins with the wing at
the top of the upstroke. Kinematics
measured by Mdller (1998).

upstroke. Differences between flight speed and air speed past
the wings, and fluctuations in wing speed during the wingbeat
cycle, increased progressively towards the wing tip (Fig. 3).
The wings moved most quickly relative to the body during slow
flight. Mean air speed past the segment of the wing closest to
the body was never more than 0.01ms™ greater than the flight
speed. Fluctuations in air speed past this segment increased
from +0.07ms™ at aflight speed of 14.2ms ™ to +0.3ms™ at
aflight speed of 6.1ms™1. Mean air speed across the wing tip
segment was 2.2ms faster than flight speed at a flight speed
of 6.1ms™, declining to 0.7ms™! faster at a flight speed of
14.2ms™L. Fluctuations in air speed past the wing tip segment
alsoincreased from -0.8to +1.8ms™1 during flight at 14.2ms?
to —2.1to +7.4ms1 during flight at 6.1ms™.

Variation in bird surface temperature during flights

Both Ta and Twai increased at 0.05+0.06°Cmin~ during
flights (N=29). Ts of each of the 14 sections of the body of a
flying starling increased with Ta during three 30 min flights for
which images were obtained throughout the flight (regressions:
P<0.05, N=12-38 images per body section, Fig. 4). The
thermal gradient between T, and Ts did not change with flight
duration for any body section (regressions, P>0.2, N=12-38
images per body section). In further analyses, we have
assumed that the duration of flight did not influence Ts.
Thermal equilibrium at the body surface was reached more
quickly than in the body core, which increases in temperature
during flights of up to 60min (Torre-Bueno, 1976; Aulie,
1971; Butler et a., 1977; Hirth et a., 1987).

Variation in bird surface temperature with air temperature

The Ts of all sections of the body increased with T, during
flight at 10.2+0.2ms™ (Table 2; Fig. 5A). The difference
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between Ts and Tz of the ventral brachials (Fig. 5B) and dorsal
brachials (dorsal brachial Ts—Ta=(9.06+1.17)—(0.22+0.05)T,,
N=16, r2=41%, P<0.001, means * s.D., temperature in °C)
declined as Ta rose. The legs, ventral brachials and head were
the hottest parts of flying starlings, with mean Ts values,
respectively, 6.8, 6.0 and 5.3°C greater than that of the air
when Tz was 22.8+0.1°C (Table 1). The coolest parts of the
birds were the tail and the primary and secondary feathers,
which were 2.2-2.5°C warmer than the air.

Variation in bird surface temperature with flight speed
Multiple regression models were used to examine the effects

30 Ts

O 20l

)

g 15t

o

E 1o

ol 0 Ts Ty
5'%5:'@5;[‘ 00 e o Bhe
0 1 1 1 1 1 1

0 5 10 15 20 25 30

Flight duration (min)

Fig. 4. Head surface temperature (Ts) (H) and the difference between
head Ts and air temperature (Ta) ((J) during a 30min flight at
123msl. The solid line shows the regression: Ts
=(23.7068+0.1729)t+(0.15169+0.0112), where t is time and
regression variables are given as means + s.b., r2=84%, P<0.001,
N=36. The difference between head Ts and Ta did not vary with flight
duration (P=0.3).
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Fig. 5. (A) Surface temperature (Ts) of the ventral brachials (A) and ventral primaries (@) of starlings flying at 10.2+0.2ms™ at arange of air
temperature (Ta). The solid line shows Ts=Ta. Regression equations for the relationships between Ts and Ta are presented in Table 2. (B)
Difference between Ts and Ta for the ventral brachials (A) and ventral primaries (@) of starlings flying at 10.2+0.2ms™1 at arange of Ta The
solid line shows the regression for the ventral brachials: Ts—Ta=(10.08+1.12)—(0.21+0.05) T,, where the regression variables are given as means
+ s.D., N=16, r2=50%, P<0.001. Ventral primary temperature did not vary with T, (P=0.1).

of Ta wind speed, individua bird and interactions between
these factors upon Ts of each section (Table 3). The Ts of all
sections increased with flight speed and Ta. The interaction
between flight speed and Ta meant that the Ts of the legs,
ventral brachials, head, pectoral, flanks, perineum, neck, back,
tail and ventral secondaries declined as flight speed increased
when T, was greater than 21-23°C. Inter-individual variation
was not significant for any section. The T within the wind

Table 2. Regression equations describing relationships
between the surface temperature (Ts) (°C) of each section of
the surface of a starling and air temperature (Ta) (°C) at
flight speed 10.2+0.2ms™

Intercept (°C) Gradient 12 (%)
Legs 9.15+2.14 0.86+0.10 83
Ventral brachials 10.00+1.12 0.80+0.05 94
Head 8.83+1.40 0.81+0.06 91
Dorsal brachials 9.18+1.18 0.77+0.06 93
Pectoral 7.82+1.17 0.83+0.06 94
Flanks 6.66+1.04 0.85+0.05 95
Perineum 4.12+1.20 0.94+0.06 95
Neck 5.04+0.88 0.88+0.04 97
Back 4.75+1.08 0.90+0.05 95
Dorsal secondaries 3.42+0.94 0.92+0.04 97
Tail 3.42+1.15 0.94+0.06 95
Ventral secondaries 3.10+0.80 0.94+0.03 98
Dorsal primaries 3.42+0.94 0.92+0.04 97
Ventral primaries 3.69+0.67 0.92+0.03 98

N=16, P<0.001 for all regressions.
Vauesare means + s.n., N=4.

tunnel could not be controlled, so flights at different speeds
were also performed at different Ta. When the effect of Ta upon
Ts was removed by calculating the residuals from a regression
of Tsagainst T, residual Tsincreased with flight speed for the
ventral brachias (Fig. 6), tail, primaries and secondaries.

Cloacal temperature
Cloacal temperature did not differ before and after flight
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Fig. 6. Residual variation in ventral brachial surface temperature (Ts,
°C) of starlings flying at a range of speeds (ms™) after the effects of
air temperature (Tg) upon Ts had been taken into account. The solid
line shows the regression: Tsr=(—1.97+0.607)+(0.196+0.059)V,
where V is speed and Tsy is residual brachia surface temperature,
r2=27%, P=0.002, N=32. Regression variables are given as means *
S.D.
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Table 3. Regression equations describing the dependence of surface temperature (Ts) of each section of the surface of a starling
upon air temperature (Ta), wind speed and the interaction between temperature and speed

Air temperature Speed Air r2

Intercept (°C) (ms™) temperature x speed (%)

Legs -36.1+14.3 3.03£0.71 4.23+1.43 -0.204+0.069 79
Ventra brachials -7.246.7 1.52+0.33 1.65+0.67 -0.070+0.032 93
Head -14.7£7.6 1.86+0.37 2.28+0.75 —0.102+0.037 91
Dorsal brachias 7.1+1.0 0.80+0.05 0.13+0.06 91
Pectoral -9.2+6.4 1.61+0.31 1.64+0.63 —0.076x0.030 93
Flanks -12.0£5.9 1.71+0.29 1.83+0.59 —0.084+0.029 94
Perineum -11.2+7.2 1.68+0.35) 1.53+0.72 -0.074+0.35 93
Neck -5.5+4.7 1.33+0.23 1.00+£0.44 —0.042+0.023 97
Back -8.8+5.9 1.52+0.29 1.28+0.59 -0.059+0.029 95
Dorsal secondaries 1.7+0.8 0.93£0.04 0.15+0.04 96
Tall -11.1+59 1.54+0.29 1.42+0.59 —0.060+0.029 96
Ventral secondaries -15.3+7.1 1.75+0.35 1.96+0.71 —0.086x0.034 93
Dorsal primaries 1.1+0.8 0.95+0.04 0.16+0.05 96
Ventral primaries 1.0+0.8 0.95+0.04 0.17+0.04 97

Missing values indicate that factors did not contribute significantly to regression models and regression equations quoted exclude those

factors.
N=32, P<0.001 for all regressions.
Values are means + S.D.

(mean value before flight 42.4+0.7 °C, after flight 42.2+0.8°C;
paired t-test: t=1.15 P=0.26, N=22 flights). Cloacal
temperature after flight did not vary with flight speed or Ta
(analysis of covariance, ANCOVA, P>0.4).

Behaviour during flight

The starlings were reluctant to fly in the wind tunnel for
more than a few minutes when T, was above 25°C. Birds
sometimes flew with their bills dightly open when Ta was less
than 20°C. Above this temperature, the bill was opened
progressively wider as Ta increased. Both flight speed and Ta
influenced the extent to which starlings exposed their legs to
the air stream (Table 4). Thelegsweretrailed in the air stream
to a greater extent during slower flight and at higher Ta.
Individual bird and interactions between bird, speed and Ta did
not contribute significantly to regression models of the length
of legs exposed to the air stream.

Heat transfer

The hottest parts of flying starlings had the greatest area-
specific grad Since the intensity of radiation emitted varies with

Table 4. Multiple regression describing the effects of flight
speed (ms™) and T4 (°C) on the length of legs exposed to the

air stream
Coefficient S.D. t-ratio P
Intercept 0.639 0.300 2.13 0.041
Temperature 0.032 0.014 2.24 0.033
Speed -0.0838 0.016 -5.10 <0.001
N=32, P<0.001.

the difference between Ts and Twal (equation 1) (Tables 1, 5).
The value of area-specific geonv Was determined by h as well
as by the difference between Ts and Ta (equation 2). The value
of h varied with the square root of flight speed (equations 3-5)
and with location on the bird and differed amongst calculation
methods 1-3 (Table 1). When h was calculated using method
2, Qeonv Was lower than when h was calculated using method

Table 5. Values of the area-specific rate of heat loss by
radiation (grad) and convection (geonv) for each section of the
surface of starlings during flight at 10.2+0.3ms™ and
22.8+0.1°C (N=4 birds)

Area specific geonv

Area specific Wm2)
Qrad

(Wm3) Method 1 Method 2
Legs 38.4+7.6 523.5+99.4 145.6+27.6
Ventral brachials 32.4+4.2 440.7+55.0 440.7+£55.0
Head 29.0+3.4 335.6+37.7 335.6+37.7
Dorsa brachials 25.8+2.5 411.8+38.9 411.8+38.9
Pectoral 24.2+2.4 201.8+19.3 201.8+19.3
Flanks 21.0+2.4 197.9+21.7 92.8+10.2
Perineum 18.7+2.4 262.7+3.0 67.5+0.8
Neck 15.8+1.8 398.6+67.4 91.6+15.5
Back 15.4+4.7 125.5+37.9 65.5+19.8
Dorsal secondaries 13.7+2.1 121.2+18.8 76.8+11.4
Tail 13.6+4.9 125.9+43.6 50.2+17.4
Ventral secondaries  12.5+2.2 115.7420.1 66.4+11.1
Dorsal primaries 11.6+2.7 110.7+25.9 104.6+24.5
Ventral primaries 11.3+2.1 112.0+20.9 104.0+19.5

Methods 1 and 2 refer to the methods by which the heat transfer
coefficient h was calculated.
Values are means + s.p.
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Table 6. Absolute values of the rate of heat loss by radiation (grad) and convection (geonv) for each section of starlings during
flight at 10.2+0.3ms™ and 22.8+0.1°C (N=4 birds) and percentage contributions to dry and overall heat loss

Cconv
COrad Method 1 Method 2 Method 3
(W) (%) (W) (%) (W) (%) (W) (%)2

Legs 0.02+0.01 0.2 0.22+0.04 2 0.06+0.01 1 1.40£0.27 14
0.1 2 1 12

Ventral brachials 0.16+0.02 1.6 2.10+0.26 20 2.12+0.26 25 2.12+0.26 21
14 18 21 19

Head 0.04+0.01 04 0.49+0.06 5 0.49+0.06 6 0.49+0.06 5
04 4 5 4

Dorsal brachials 0.08+0.01 0.8 1.35+0.13 13 1.35+0.13 16 1.35+0.13 13
0.7 11 14 12

Pectoral 0.09+0.01 0.9 0.76x0.07 7 0.76x0.07 9 0.76x0.07 8
0.8 6 8 7

Flanks 0.07+£0.01 0.7 0.65+0.07 6 0.31+0.03 4 0.31+0.03 3
0.6 6 3 3

Perineum 0.01+0.01 0.1 0.21+0.01 2 0.05+0.01 1 0.05+0.01 1
0.1 2 1 <1

Neck 0.01+0.01 0.1 0.26+0.04 3 0.06+0.01 1 0.06+0.01 1
0.1 2 1 1

Back 0.06+0.01 0.6 0.49+0.15 5 0.25+0.08 3 0.25+0.08 3
0.5 4 3 2

Dorsa secondaries 0.08+0.01 0.8 0.70+0.11 7 0.44+0.07 5 0.44+0.07 4
0.7 6 6 4

Tail 0.02+0.01 0.2 0.22+0.08 2 0.09+0.03 1 0.09+0.03 1
0.2 2 1 1

Ventral secondaries 0.07+0.01 0.7 0.63+0.11 6 0.36+0.06 4 0.36+0.06 4
0.6 5 4 3

Dorsal primaries 0.08+0.02 0.8 0.80+0.19 8 0.75+0.17 9 0.75+0.17 7
0.7 7 7 7

Ventral primaries 0.07+0.01 0.7 0.73+0.14 7 0.68+0.13 8 0.68+0.13 7
0.7 6 7 6

Total 0.9 9 9.6 92 7.8 90 9.1 91
8 82 79 81

1Calculated from grad/(Crad + Cconv), Where geony Was calculated using method 3.
2Calculated from geonv/(Crad + Qconv), Where geonv Was calculated using the method at the head of the column.
Methods 1 to 4 refer to the methods by which the heat transfer coefficient h was cal cul ated.

Values are means + S.D.

Percentages in italics show contribution to overall heat 10SS (Qconv+ Grad + Geonv) Where evaporative heat 10SS Qevap=1.3W (calculated from

Torre-Bueno, 1978).
Predicted geonv Was 10.5W when h was cal culated using method 4.

1 for al sections that were downwind of other parts of the
body, since calculation using method 2 reduced the value of h
for these sections (Table 5). Calculation of h using method 3
increased area-specific geonv from the legs to 14814281 W m—2
(compared with 146-524 W m~2 when h was calculated using
methods 1 and 2; Table 5).

Absolute grad and geonv from each section of the bird depended
upon the surface area of the section aswell the area-specific heat
transfer rate. When h was cal culated using methods 1 or 2, Qconv
was 2-25 times greater than Qrd (Table 6). When h was
calculated using method 3, geonv Was 4-16 times greater than

Orad for al sections other than the legs. For the fully extended
legs, geonv Was 87 times greater than grad. Overall, orad accounted
for 9% of dry heat 10SS (QconvtQrad) When geonv Was calculated
using method 3. Sections that had high rates of geonv per unit
area or large surface areas were the most important routes of
convective heat loss. Convection from the ventral brachials was
the most important route of heat transfer from flying starlings.
The ventral brachials accounted for 21 % of dry heat loss when
Qeonv Was cal culated using method 3 because of the large surface
area (Table 1) and high area-specific geonv (Table5) of this
section. The dorsal brachials (13% of dry heat loss when geonv



was calculated using method 3) were aso important for
convective hesat loss. Convective heat loss from the legs could
be varied from 0.06 W (1% of dry hest loss, method 2) when
they were folded against the body to 1.4W (14% of dry heat
loss, method 3) when the legs were trailed in the air stream.
Evaporative heat 10Ss (Gevap) Was not measured during the current
study. This was calculated from bird mass and the relationship
between evaporative water 10ss and Ta determined for starlings
by Torre-Bueno (1978) (a third-order polynomia increase
from 0.8W at 15°C to 1.6W at 25°C). Overall heat transfer
during flight at 10.2ms™1 and 22.8°C was 11.3W (9.1W Qeonv
calculated by method 3+0.9W Qrag+1.3W Qevap, Table 6).

A sensitivity analysis showed that the overall heat transfer
rate predicted for a flying starling changed by less than 0.1W
(1%) if flight speed was atered by 0.2ms™1. We did not take
into account variationsin local air speed past some parts of the
body due to the effect of the flapping wings, but these would
also have a small effect on overall heat transfer unless large
areas of the bird experienced local air speeds which differed
greatly from those we used since h varies with the square root
of air speed. Overall heat transfer changed by less than 0.1W
(1%) if any of the variablesthat described wingbeat kinematics
was changed by 10%. The same error occurred if the surface
area of any of the sections of the bird was atered by 1cm?2 or
if Twall was atered by 0.3°C. An ateration of 0.3°C in dorsal
or ventral brachial, primary or secondary Tsled to a changein
heat loss of 0.1-0.2W. Flight speed, wingbeat kinematics, Ts
and surface areas were measured to a greater accuracy than the
changes simulated in the sensitivity analysis. Calculated heat
transfer was more sensitive to measurement error in Ta. A
0.3°Cchangein Taled toa0.69 W (6 %) changein overall heat
transfer from a flying starling, of which 0.67W was due to
changes in geonv and 0.02W to alteration in Qevap predicted
from Torre-Bueno (1978). The thermistor used to measure Ta
and Twall Was accurate to within 0.3°C. The assumptions used
to calculate the value of h had the greatest influence on overall
heat loss since 81 % of overall heat loss occurred by convection
and qeonv depended upon h.

The value of h measured using method 4 for the heated
mode!l bird at a wind speed of 10ms™ was 63Wm==2°C-1,
Together with the mean Ts of starlings flying at that speed
(2.8°C), this predicted a gconv 0f 10.5W (equation 2). Closest
agreement with gconv calculated using method 4 was obtained
when h was calculated using method 1 (Qeconv=9.6 W; Table 6),
but this was due to two simplifying assumptions that led to
cancelling errors when geonv Was calculated using method 1
rather than because method 1 was the best way in which to
calculate qeonv. The vaue of h from sections of the body that
were downwind of other sections was overestimated when
Oconv Was calculated using method 1 since these sections were
treated as isolated plates, which have greater values of h than
parts of continuous surfaces. Calculation of h using method 2
removed this error, reducing Qeonv to 7.8W (Table 6).
Overestimation of qeonv from the body was balanced by
underestimation of heat transfer from the legs using method 1,
since the legs were treated as flat plates held against the body.
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Convective heat transfer from the legs was underestimated by
method 2 for the same reason. Method 3 used the morerealistic
analogy to cylinders in cross flow to calculate h for the legs
when they weretrailed intheair stream. A convective heat loss
was 9.1W when calculated using method 3. This differed by
1.4W (13%) from the value determined using method 4.

Discussion

The head and legs were the most important sections of the
body for the regulation of heat transfer from flying starlings
since bill-opening (and hence Qevap) and the amount of leg
exposed to the air (and therefore geony) can be varied. Trailing
the legs in the air stream would appear to be aerodynamically
disadvantageous, since they would increase drag. However,
since starlings fly a 10-12ms™ in the wild (S. Ward,
unpublished data), they may need to increase drag using the
legs as well as change their wingbeat kinematics to achieve
stable flight at speeds as low as 6ms™1 (Tobalske, 1995;
Tobalske and Dial, 1996; Mdller et a., 1997). The tail can be
used to increase drag during slow and hovering flight (Thomas,
19963a,b), although the tail can usually provide lift whereas the
legs provide only drag. Trailing the legs in the air stream by
starlings and other passerines could therefore serve dua
thermoregulatory and aerodynamic functions in slow flight,
whilst in fast flight this would be beneficial only for
thermoregulation. Birds such as waders, herons and storks that
obligatorily trail their legsin the air stream behind their bodies
when in flight regulate heat transfer from the legs using a rete
system (Kahl, 1963) or by altering the flow of blood to the legs.

Starlings responded to increased Ta by progressively
opening their bill during flight; thisincreases gevap (St-Laurent
and Larochelle, 1994). Starlings in the present study were
reluctant to perform prolonged flights at Ta above 25°C. This
response to high Ta was similar to that reported in other studies
of bird flight in wind tunnels. Starlings (Torre-Bueno, 1976),
pigeons (Biesel and Nachtigall, 1987) and budgerigars
(Mélopsittacus undulatus) (Tucker, 1968; Byman et al., 1985)
sometimes began to open their bills during wind-tunnel flight
a Ta as low as 10°C. In these studies, gape size gradually
increased with Ta, until the bill was fully open at Ta between
28 and 30°C. Starlings, pigeons and budgerigars trailed their
entire legs in the air stream during flight at Ta between 27 and
36°C and were reluctant to fly when T, was above 28-37°C
(the present study; Torre-Bueno, 1976; Tucker, 1968; Byman
et a., 1985; Biesdl and Nachtigall, 1987). Leg-trailing during
flight at high Ta has also been observed in 17 passerine and
non-passerine species in the wild (Bryant, 1983). Overheating
during flight a high Ta might potentially present a problem
which could restrict the geographical range of well-insulated
species. Starlings, however, are abundant in regions such asthe
southern United States (Price et a., 1995) in which Tais often
greater than the 25°C at which they were reluctant to perform
prolonged flight in our wind tunnel. Starlings are possibly more
prone to heat stress during wind-tunnel flight than they are in
the wild. This could be because wind tunnel-flight is more
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thermally stressful, although a mechanism for thisis unknown,
or because flights by free-living starlings in hot climates are
shorter than those required in wind tunnels. Most flights made
by free-living adult starlings lasted less than 20s during the
nestling rearing period in Aberdeenshire (57°N, Ta=12.5
during observations; s.0.=3.0, N=26 birds; S. Ward, personal
observation). Therefore, although starlings do apparently make
longer flights to reach communal roosts, flight duration can be
surprisingly short during a‘demanding’, period such asrearing
nestlings, when nests are built close to suitable foraging sites.

Most of the mechanical work during flight occurs in the
pectoral muscles (Biewener et al., 1992; Dial et d., 1997). The
low conversion efficiency between chemical and mechanical
work by muscle (Hill, 1938) means that substantial amounts of
heat must also be produced in the pectoral muscles. This heat
could potentially be dissipated directly from the breast; however,
our thermal images showed that this was not the case (Fig. 2;
Table 1). Starling skin temperature on the breast was within a
few degrees of body core temperature (Torre-Bueno, 1976), so
the insulation provided by the feathers immediately superficial
to the pectoral section probably prevented the heat generated by
the muscles from reaching the surface. Instead, heat was
apparently transported to sections with few or no insulating
feathers such as the legs, ventra brachials and head. These
sections could be regarded as ‘therma windows analogous to
the ears of jackrabbits (Lepus californicus) (Hill and Veghte,
1976), elephants (Elaphus maximus and Loxodonta africana)
(Williams, 1990) and foxes (Vulpes sp.) (Klir and Heath, 1992)
or the tail of coypu (Myocastor coypus) (Krattenmacher and
Ribsamen, 1987). The beak, legs and neck of ostrich (Struthio
camelus). emu (Dromaius novaehollandiae) and double-wattled
cassowary (Casuarius casuarius) (Phillips and Sanborn, 1994),
the legs of storks (Mycteria americana) (Kahl, 1963) and the
heads of chickadees (Parus atricapillus) (Hill et a., 1980),
turkeys (Meleagris gallopavo) (Buchholz, 1996) and owls (Tyto
alba) (McCafferty et d., 1998) have also been identified as
important sites for heat loss in resting birds.

The ventral brachias were the most important sites of heat
loss from flying starlings. Although this section represented
only 10% of the surface area of a flying starling, it accounted
for 21% of dry hesat 10ss (19 % of overall heat loss). Convective
heat loss from the ventral brachials was high because of their
high Ts and h. Heat transfer from the six wing sections made
up 62 % of dry heat loss and 55 % of overall heat loss. Thelarge
surface area of the primary and secondary feathers and their
relatively high air speed meant that these sections dissipated
23% of overall heat loss despite being among the coolest parts
of the bird. Lancaster et a. (1997) found that, although the
wings of Egyptian fruit bats (Rousettus aegyptiacus) were
substantialy cooler than the body, their large surface area
meant that the wings accounted for 60% of qeonv during flight.

Starling wings appeared to be much more important for heat
transfer than the wings of pigeons since pigeon wings lost the
equivalent of only 11% of the heat generated during flight
(Craig and Larochelle, 1991). Heat loss from pigeon wings
may be lower than from the wings of starling because of the

denser feathersunder thewing (Aulie, 1971). Three differences
in experimental procedure may also contribute to the difference
between species. Contact with the air was not possible from
the most proximal part of pigeon wings (equivalent to
approximately 17% of the ventra brachial section of
starlings), and the increase in qeonv due to flapping the wings
was not included since the pigeon wings were held static. Both
these factors would tend to reduce the heat transfer capacity of
pigeon wings. In addition, the source of the heat was from heat
pads placed against the surface of the pigeons but mainly from
the pectoral muscles of the starlings, potentially changing the
relative importance of different parts of the body for heat loss.

We made three assumptions in measuring grad and Ts that
potentialy limited the accuracy of our measurements of heat
transfer. First, we assumed that bird emissivity was 0.95.
Starling emissivity has been measured as 0.85 (Porter and
Gates, 1969) but, since emissivity changes with wavelength
(Gubareff et a., 1960; Holman, 1986), we did not use this
value because this was the average emissivity across an
unknown waveband. Chickadee feather emissivity in the
waveband in which we measured infrared radiation (6—12 um)
averaged 0.95, athough it declined to 0.86-0.88 in the
1.9-58um waveband (Hill et a., 1980). The infrared
emissivity of human skin is approximately 0.98 (Steketee,
1973), and Cossins and Bowler (1987) give valuesin the range
0.95-0.97 for biological materials. If the assumed emissivity
of 0.95 differed by 0.05 from the true value, grad Would change
by 5%, which would make atrivial contribution (lessthan 1 %)
to overal heat transfer (Table6). A change of 0.05 in
emissivity would also alter Ts by 0.03°C, leading to a change
of 0.07W in Qeonv, Which is less than 1% of overall heat
transfer. Deviation of actual emissivity from our assumption
therefore led to minor changesin calculated heat transfer rates.

Our second assumption was that grag Was not affected by
viewing angle. Viewing angle was unlikely to affect grag across
a wide range of angles since rough surfaces such as feathers
produce diffuse radiation (Holman, 1986). However Qrad
declines as surfaces are viewed at increasingly acute angles,
particularly at angles less than 10° (Clark, 1976; Gubareff et
al., 1960). The very edges of the head, pectoral, back and tail
sections of starlings were viewed at such angles. Viewing
angle also changes the surface area that is represented by each
pixel on athermal image: parts that are viewed at acute angles
contribute fewer pixels to the image than parts that face
directly towards the thermal imager. The magnitude of the
effect of viewing angle upon grad Was assessed for the pectoral
section, assuming that it was a rectangle three times aslong as
it was wide, and that the surface equivalent to one pixel aong
one edge of theimage was viewed at an angle of lessthan 10°.
The line of pixels along this edge would represent 9% of the
surface area of the pectoral section when starlings flew
0.6-0.7 m from the thermal imager. These pixels would appear
to emit 50% of the radiation that would have been detected if
the thermal imager had viewed them normal to the surface if
they were viewed at 5-10° (Clark, 1976). A reduction of 50%
in the grad Of 9% of the pectoral section would lead to a4.5%



underestimate in pectoral grad. A reduction of 4.5% inradiation
from each of the head, pectoral, back and tail sections would
be equivalent to a total reduction in grag of 1.3% (0.01W),
which was a0.1% change in overall heat transfer. Apparent Ts
would change by less than 0.03°C for these sections, changing
Jeconv from these sections by 1% and overall geonv by 0.1%.
The effects of viewing angle at the edges of the images
therefore had trivia effects upon calculated heat transfer.

The third assumption in the calculation of grag Was that the
sections exchanged radiation only with the walls of the flight
chamber and not with each other. Convex sections of the bird
would only exchange radiation with the chamber walls, but the
dorsal and ventral surfaces of the wings would ‘see’ each other
when the wings were raised or lowered, and the ventra brachials
would ‘see’ the flanks during the downstroke. Radiative
exchanges with the rest of the bird rather than the chamber walls
may reduce Qrad from the wings by 8% (0.04 W) if ¢rad isreduced
by 50% from 30% of the wing surface for 50% of the wingbest.
Thethermal images that were analysed were taken when sections
of the body faced towards the thermal imager rather than towards
each other. Since geonv Was much greater than grad, any transient
hesting of the bird surface dueto exchange of radiation with other
parts of the body was assumed to have been dissipated by
convection before the thermal image was taken. The thermal
images showed the Ts that applied for 92% of the time, so that
any changes in geonv due to transient changesin Ts would lead to
negligible changes in overall heat transfer.

Infrared thermography allows non-invasive characterisation
of the Ts and qrad Of active animals. These are measurements
that would not be possible using methods that require physical
contact. Calculations of heat transfer based on these data were
not sensitive to current levels of accuracy of the thermal-
imaging equipment or to the assumptions used to calculate Ts
or Qrad Of a three-dimensional, moving surface from a two-
dimensional thermal image. Correct quantification of geonv Was
important for accurate prediction of overall heat loss during
flight, since 81% of overall heat transfer occurred by forced
convection. Infrared thermography provided measurements of
Ts, but this was only one of the measurements needed to
caculate Qeonv. Accurate measurement of T, and h and
estimates of local airflow patterns based on detaled
measurements of wingbeat kinematics were also necessary.
Our estimates of geonv Were most sensitive to potential errors
in determination of h although, encouragingly, values of h
extrapolated from flat plates and cylinders gave results that
were close to empirical determinations using a heated model.
Future work to improve the accuracy of this approach should
concentrate on accurate measurement of Ta and more refined
determination of h for complex flapping shapes, including
more detailed empirical modelling of heat transfer from the
legs. Questionsthat might be addressed by using thermography
include how birds vary Ts to conserve heat in cold conditions
and how heat is dissipated in circumstances in which
overheating isapotential problem. Heat transfer analysis might
also be used as an dternative method by which to calculate
energy expenditure during flight.
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