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Abstract

The 13C labelled bicarbonate technique was used to measure the energy cost of short
flights in starlings Sturnus vulgaris. The technique was validated in 5 individuals at tem-
peratures ranging from 1 to 30°C. The 13C isotope elimination rate (kc), after injection
with NaH13CO3, was multiplied by the bicarbonate pool size (Nc) and the product,
kcNc, was compared to the metabolic rate (O2 consumption and CO2 production)
measured simultaneously by respirometry. The closest relationship between kcNc and
both VO2 and VCO2 (ml/min) occurred between 15 and 30 minutes after injection (r2

= 0.84 and 0.85 for VO2 and VCO2 respectively). The relationships between kcNc and
both VO2 and VCO2 were used to predict energy expenditure during flight for birds
injected with 13C labelled bicarbonate flying between perches 5.0 m apart. Flight costs
averaged 20.5 ± 0.9 W from a total of 27 flying sessions across 9 individuals. Wing
beat frequency and flight speeds were measured in each flying session. Wing beat fre-
quency averaged 10.8 ± 0.2 Hz and was negatively related to the flight cost, however,
there was no significant relationship between flight cost and flight speed which avera-
ged 3.9 ± 0.1 m/s. Birds were housed in 5.4 m long flight cages for 4 days and had to
fly between perches located at either end to obtain food rewards. Average daily energy
expenditure (DEE) was 152.1 ± 8.6 kJ/d which was calculated by combining the
diurnal metabolism at rest measured using indirect calorimetry, BMR, combined with
the flight cost estimated here. The average daily metabolisable energy intake from food
was 166.1 ± 9.4 kJ/d, which in all cases exceeded the daily energy output.
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Introduction

During foraging, the flights of birds are typically short and throughout the foraging
period there will be many take-offs and landings. The energetic cost of this type of
flight tends to be higher than travelling flights (Nudds & Bryant 2000). The flight cost
measured in zebra finches Taeniopygia guttata flying over short distances, below the
speed for minimum power requirements, and including many take-offs and landings,
was over 3 times the values predicted using aerodynamic models (Nudds & Bryant
2000) such as those formulated by Pennycuick (1975), Berger & Hart (1974) or
Masman & Klaassen (1987).

Power curves are one of the main sources of information for estimating the energy
cost of short flights. There are 2 types of power curve: mechanical and metabolic. The
mechanical power curve (Pennycuick 1968; Pennycuick 1969) shows a U-shaped pat-
tern with a single flight speed, that provides the lowest flight cost. Above and below
this flight speed the power requirement for flight is elevated. Direct metabolic meas-
urements of flight costs however tend towards a J-shaped curve and there is little chan-
ge in energy expenditure between hovering flight where the bird is stationary and
intermediate flight speeds (Rayner 1990; Ellington 1991). Starlings, however, had no
significant change in flight cost during long flight periods with speeds between 6 and
18 m/s (Torre-Bueno & Larochelle 1978), which is contradictory to both curves al-
though more recently wind tunnel studies of flight costs in starlings do match the pre-
dictions more closely (Ward et al. 2001). These contrasting results, in addition to the
fact that the cost of short flights are expected to exceed those of prolonged flights,
necessitate measurement of the cost of short flights using experimental techniques,
rather than relying on the predictions from power curves.

There are both direct and indirect methods for measuring the energetic cost of
flight. One direct method involves measuring heat dissipated from the body surface
using thermographic images (Ward et al. 1999). There are also indirect methods inclu-
ding mask respirometry (Tucker 1968; Tucker 1969; Klaassen et al. 2000), body mass
loss (Hussell 1969), or stable isotope techniques such as doubly labelled water (DLW)
(Speakman 1997; Kvist et al. 2001) or a relatively new approach, the 13C-labelled bicar-
bonate technique which has only recently been applied to flight (Hambly et al. 2002).

Flight cost measurements are an important component of the time budget estima-
tes of avian daily energy expenditure (DEE) because flight is the most energetically
expensive daily activity (Bryant 1997). DEE estimates using time-energy budgets
(TEB) may be considerably improved with more accurate flight cost predictions becau-
se DEE is predicted by multiplying the energetic cost for each activity measured in the
laboratory, by the time spent each day conducting that activity (Kendeigh et al. 1977).
The accuracy of this technique can be assessed by simultaneously measuring the DEE
using methods such as measuring the daily energy intake from food consumption
(Kunz 1974; Collins 1983) or expenditure using doubly labelled water (Utter &
Lefebvre 1973; Tatner & Bryant 1986; Speakman 1997). Errors when constructing
time and energy budgets can be as large as 20% when using food intake (Koplin et al.
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1980), or DLW (Weathers & Nagy 1980; Weathers et al. 1984) as there are many fac-
tors that can affect the energy expenditure for a particular activity e.g. seasonal chang-
es in temperature and wind speed (Buttemer et al. 1986). Moreover, if a bird is only
conducting short flights, which may have a higher cost than predicted using power cur-
ves, the DEE will be underestimated.

In this study, flight costs were measured for starlings conducting short flights
(using the 13C labelled bicarbonate technique). Contrary to the DLW technique, label-
led bicarbonate enables measurements of energy expenditure over very short time fra-
mes. Previous measurements on starlings that had to fly between perches 7.0 m apart
estimated that the cost of these short flights was between 45.5 and 52.3 W (Bautista et
al. 1998) which is high compared to sustained flight in a wind tunnel (19.4 W, Ward et
al. 2001). This flight cost was measured indirectly using DLW and time budgeting
techniques, and the resulting estimate was between 2.6 and 5.2 times the predicted
flight costs using aerodynamic theory (at 45 to 92 times BMR).

The aim of this study was to validate the 13C labelled bicarbonate technique in star-
lings by comparing the isotope elimination rate of 13C in breath with O2 consumption
and CO2 production measured by indirect calorimetry. We then aimed to measure the
cost of short flights in this species, and compare these measurements to other flight
energy measurements in starlings.

Methods

The 13C labelled bicarbonate technique was used to measure energy expenditure in
starlings. In this technique the isotope is injected intraperitoneally as 13C labelled
NaHCO3, and the 13C mixes in the bicarbonate pool and is expired in CO2. The rate of
isotope elimination depends on the metabolic rate, however the size of the bicarbonate
pool is small, and therefore the isotope elimination rate is rapid, allowing energy
expenditure to be measured over short periods.

To obtain a standard dilution curve, a fixed volume of 0.2 ml of 0.29 M NaH13CO2

solution was injected, along with varying volumes (between 5.0 and 0.5 ml) of CO2

gas, into 10 ml vacutainers (Becton Dickinson, Vacutainer Systems Europe). Three
replicates were made for each volume of CO2. The vacutainers were placed in an oven
at 60°C for 4 days to equilibrate, after which 0.5 ml of the resulting gas was extracted
and injected into new vacutainers. This 0.5 ml of resulting gas was admitted to an iso-
tope ratio mass spectrometer (Micromass ISOCHROM mG), which uses a gas chroma-
tograph column to separate nitrogen and CO2 in a stream of helium gas, before analy-
sis by isotope ratio mass spectrometry. The enrichment (delta) of 13C:12C was meas-
ured as the ratio of the minor to major beam currents of the samples, compared with a
reference gas of known enrichment (after Lajtha & Michener 1994) which had pre-
viously been characterised relative to the IAEA international standards 309 a and b.
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Validation

A validation study was conducted on 5 starlings to examine the relationship between
the log converted 13C isotope elimination rate in breath and both O2 consumption and
CO2 production measured using indirect calorimetry. The birds were placed in a respi-
rometry chamber in an indirect calorimetry set-up at a flow rate of 100 l/h regulated
using a Mass Flow Controller (5850S, Brooks). Background 13C enrichment was meas-
ured by collecting gas samples from the out flow of the chamber through a 19 gauge
needle directly into 10-ml vacutainers. The birds were then removed from the chamber
and injected intraperitoneally with a weighed volume (to the nearest 0.0001 g) of
approximately 0.6 ml of 0.29 M sodium bicarbonate (NaH13CO3) and placed immedia-
tely back into the chamber. Over the following 60 minutes, oxygen consumption was
measured with an oxygen gas analyser (Servomex Xentra 4110) and CO2 production
was measured using a CO2 gas analyser (Servomex 1440). Air was dried throughout
the system using columns of micro sieve (3Å, Merck), and gas samples were collected
from the outflow of the chamber into vacutainers each minute as previously described.
The birds underwent this procedure on 3 separate occasions with the chamber incuba-
ted initially between 1 and 5°C and subsequently at 15 and 30°C to increase the range
of metabolic rates observed. Gas samples were shipped immediately to Aberdeen
University where they were analysed using isotope ratio mass spectrometry within 5
days of collection. For each measurement we determined the isotope elimination rate
(kc), which was the gradient of the log converted isotope enrichment with time.
Metabolic rate and kc were calculated initially for all the data after the isotope had
become equilibrated within the bicarbonate pool. There was no significant relationship
between isotope elimination rate and metabolism over the whole time period and there-
fore both kc and metabolic rate were recalculated over sequential 15-minute intervals
to locate the closest relationship between them, and thus indicating the optimal time
interval for flight measurements.

Flight Costs

Flight cost was measured in 9 individuals. For each flight experiment the birds were
brought in from their holding pen and placed individually in one of 8 flight cages
(5.4x0.7x0.8 m, lxbxh). Water was available ad libitum. The birds had previously been
trained to fly between two perches at either end of the cage a pre-determined number
of times to obtain one food pellet (Europa Eel, Trouw). Each perch had microswitches
to register whether the bird had landed on it, and the delivery of the food was control-
led by a PLC (programmable logic controller), which was linked to automatic food dis-
pensers (Model 442 893, Campden Instruments Ltd, Sileby, Leics, UK). A PC was used
to record the number of flights and food rewards obtained by the birds each day. To
obtain the food pellet the bird had to hop onto a third perch which was attached to a
balance (Model P-1040, Tedea Huntleigh, UK), through which body mass data was
automatically recorded. In addition to counting the number of pellets rewarded to each
bird, the mass of food consumed each day accounting for spillage, was also measured
on a 2-figure balance.
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After 4 days, the birds had become accustomed to the feeding regime (on average 1
pellet every 2.6 return flight) at which point we measured their flight cost using the
labelled bicarbonate technique (Hambly et al. 2002). This experimental set-up required
a portable system for collecting breath samples under similar conditions as used in the
validation in close vicinity of the flight cages. The same chamber was used and air was
pumped through using a Charles Austin pump at the same rate of airflow (100 l/h).
Air was dried using micro sieve and air samples were collected from the outflow each
minute into 10-ml vacutainers. Prior to injection, background samples from the out-
flow of the chamber were collected and then the bird was injected intraperitoneally
with the same volume (0.6 ml) of labelled sodium bicarbonate solution. The bird was
immediately placed back in the chamber and breath samples were collected each minu-
te until 14 minutes after injection (the predetermined optimal time from the valida-
tion). The bird was then removed and placed in the flight cage where it was gently
encouraged to fly for approximately 2 minutes (total flight time ignoring the short
periods between landing and take-off). The flight time was carefully recorded to the
nearest second. If the bird did not achieve 2 minutes of flight within the time designa-
ted by the validation experiment of 15 minutes then the bird was recaptured and the
final flight time achieved was used.

After flight the bird was quickly recaptured and returned to the measurement
chamber where air samples were collected for a further 10 minutes. Following the
final sample collection the bird was placed back into its own flight cage where it re-
sumed the feeding regime. Each flight was video recorded using a high-8 video camera
for analysis of wing beat frequencies and flight speeds. Each bird underwent 2 or 3
separate flight measurements and in addition a control experiment was carried out on
each individual. During this control experiment the protocol previously described was
followed, but instead of the birds flying over the designated time period, they were
placed in a darkened box for 15 minutes and then returned directly to the measure-
ment chamber for the final collection of outflow air samples. This enabled us to exam-
ine whether handling stress has an affect on the flight cost estimates.

Daily Energy Expenditure Calculations

The number of flights conducted each day was averaged over a four-day period for each
of the 9 individuals. The average number and rate of food rewards was also calculated
for this period to enable calculations of the energy intake for each individual. The birds
were travelling between 5.4 and 19.8 km per day in the flight cages and the daily meta-
bolisable energy intake (MEI) in kJ/d was calculated using earlier measurement of the
water content of the pellets (9%), energy content of the pellets (24.492 kJ/g dry mass)
and the assimilation quotient (0.83).

This daily metabolisable energy intake was compared to predictions of daily energy
expenditure generated from adding the daily flight cost for each bird to the combina-
tion of the day-time and night-time resting energy expenditure. Resting energy expen-
diture for the period of daylight was estimated from equations generated during the
validation. To formulate these equations, metabolism was regressed against the cham-
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ber temperature at the time of measurement. During the day the average temperature
was 21°C (Figure 3.3). Average night-time metabolic rate for starlings was measured
in a different experiment, using the same respirometer as described in the validation
(Wiersma et al. 2003a: Chapter 4).

Data Analysis

Means are shown ± the standard error. In the analysis linear regressions, generalised
linear models (GLM) and paired t-tests were applied using Minitab 11 software.

Results

Validation

Isotope enrichment increased rapidly until it reached a plateau at an average of 9
minutes after injection (Figure 3.1). The enrichment of the isotope then declined over
the next 50 minutes until it approached the pre-measured background enrichment.
Isotope elimination rate (kc) was the gradient of the log converted isotope enrichment
with time, and it was calculated over sequential 15 minute time intervals after injec-
tion. The isotope elimination rate was then multiplied by the body bicarbonate pool
size (Nc). Nc was calculated using the standard dilution curve, which was generated by
injecting a fixed volume of the labelled sodium bicarbonate solution into vacutainers
with varying volumes of CO2 gas. The estimate for Nc was achieved by substituting the
enrichment at the plateau of each isotope elimination curve from the validation into
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Figure 3.1 Isotope enrichment in exhaled air against time since injection. The 13C isotope mixed
with the bicarbonate pool until an equilibrium was reached between the isotope incorporation to the
pool and isotope elimination from the pool with CO2 in breath. At equilibrium a plateau was obser-
ved, which in this example, occurred at 10 minutes after injection. The isotope was then gradually
eliminated over the following 50 minutes until it approached the pre-measured back-ground level of
13C.

PW diss  29-10-2003  09:07  Pagina 39



the least squares fit linear regression equation generated from plotting the log conver-
ted volume of CO2 gas injected against the resulting log-converted isotope enrichment
of the gas (Figure 3.2).

Metabolic rate decreased linearly with increasing temperature (Figure 3.3). O2 con-
sumption (VO2) ranged from 3.5 to 6.4 ml/min while CO2 production (VCO2) ranged
from 2.4 to 4.7 ml/min. The relationship with temperature was significant for both
VO2 and VCO2 (regression: VO2 F1,13 = 22.7, P < 0.001, VCO2 F1,13 = 19.9, P =
0.001; Figure 3.3). The average respiratory quotient at thermoneutral in these 5 indivi-
duals was 0.7 ± 0.003. The metabolic rate was compared to the simultaneous isotope
elimination rate, multiplied by body bicarbonate pool size after conversion from moles
to ml using the gas constant. This relationship was first estimated for the data collec-
ted between 15 and 60 minutes after injection to include the period after the plateau
had been reached until the isotope had been eliminated, which gave a poor relation-
ship between metabolism and kcNc. The comparison was then repeated for sequential
15-minute time intervals after injection. kcNc increased linearly with increased metabo-
lism and the interval between 15-30 minutes provided the closest relationship for both
O2 consumption and CO2 production (Figure 3.4). Both of these relationships were
highly significant (regression: VO2 F1,13 = 62.7, P < 0.001, VCO2 F1,13 = 67.1, P <
0.001) and could then be used to predict VO2 and VCO2 during flight given a known
kcNc. The significance of the relationship was not enhanced due to the repeated mea-
surements in different individuals (one-way ANOVA: VCO2 F4,13 = 1.92, P = 0.19,
VCO2 F4,13 = 2.75, P = 0.10).
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Figure 3.2 Relationship between the equilibrium enrichment of 0.2 ml of 0.29 M labelled bicarbona-
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enrichment in each bird.
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Flight Cost

As in a previous study (Hambly et al. 2002) a linear regression provided the best fit
between the log converted isotope enrichment and time before flight, while a second
order polynomial regression provided the best fit after flight (Figure 3.5). This was not
true for the control experiments where a linear regression provided the best fit after
the rest period, and the isotope enrichment values were much higher than the mea-
surements made after the birds had conducted a flight. The small difference between
the isotope elimination before and after the rest period in control birds indicates that
flight costs were not greatly elevated due to handling stress. To account for the time
spent resting during the flight period, we calculated the total duration of rest and flight
activity. To simplify analysis, we then treated the data as if all flight activity had taken
place in the middle of the flight phase and was preceded and succeeded by resting
periods of equal duration (Hambly et al. 2002). The regression equations in the flights
experiments were forward and back extrapolated to the time when the flight started
and ended, thus accounting for the time spent on the perches.

The gradient between these two extrapolated points, predicted for the beginning
and end of flight, was the isotope elimination rate during the flight period (Table 3.1).
Nc was calculated for each flight using the enrichment at the plateau and interpolating
it onto the regression equation in Figure 3.2. VO2 and VCO2 were calculated for the
flight period by interpolating kcNc onto the validation equations, and these values were
converted to energy expenditure in Watts using the RQ calculated for each flight. The
average O2 consumption during flight was 61.3 ± 2.8 ml/min and CO2 production was
47.3 ± 2.2 ml/min. These values were 16.4 and 18.1 times the resting VO2 and VCO2

respectively, measured at thermoneutral (30°C) during the validation experiment.
Flight cost in this sample of birds was 20.5 ± 0.9 W, and the average RQ from the pre-
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diction was 0.77 (Table 3.1). Flight cost was averaged over the 3 flights in each indivi-
dual. There was no significant difference in flight cost between the individuals (one-
way ANOVA F6,20 = 0.6, P = 0.8). Flight cost was also not significantly related to
body mass over this range (64.6 - 76.5 g; regression F1,24 = 0.18 P = 0.68; Figure 3.6).

The videotapes were used to examine the relationship between flight cost and wing
beat frequency and flight speed. The film was slowed to show individual frames which
were recorded at 25 frames per second and the number of wing beats and the time
taken to fly between perches was measured. The average speeds and wing beat fre-
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= 0.84, and  VCO2, y = 0.27x + 0.54, r2 = 0.85).
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quencies (WBF) were calculated for a minimum of 10 flights between individual perch-
es for each bird (Figure 3.7, Table 3.2). WBF averaged 10.8 ± 0.2 Hz and was signifi-
cantly negatively related to the average flight cost (regression F1,20 = 12.09, P < 0.01)
but there was no significant relationship with flight speed which averaged 3.89 ± 0.08
m/s (regression F1,20 = 1.57, P = 0.23). Flight speed was not significantly related to
WBF (regression F1,20 = 1.71, P = 0.2).
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Table 3.1 Raw data of the isotope elimination rates during the flights and the corrections for body
bicarbonate pool size. Also included, are the results when kcNc was interpolated onto the 2 validation
equations, and the resulting VO2 and VCO2 predictions. The respiratory quotient (RQ), measured
during flight using these predictions, was used to convert the metabolism to energy expenditure (W)
during flight.

Bird/run kc kcNc Metabolism Metabolism RQ Flight cost (W)
(ml O2/min) (ml CO2/min)

a1 1.1 170.6 60.5 46.6 0.771 20.24

a2 0.9 137.2 48.9 37.6 0.769 16.32

a3 0.9 150.5 53.5 41.2 0.770 17.88

b1 0.6 123.9 44.3 34.0 0.769 14.76

b2 1.2 250.4 88.3 68.2 0.772 29.59

b3 1.1 195.9 69.4 53.5 0.771 23.20

c1 0.7 160.9 57.2 44.0 0.770 19.10

c2 1.2 158.6 56.4 43.4 0.770 18.83

c3 1.5 238.6 84.2 65.0 0.772 28.21

d1 1.7 237.1 83.7 64.6 0.772 28.03

d2 1.1 152.7 54.3 41.8 0.770 18.14

g1 0.7 141.4 50.4 38.8 0.769 16.81

g2 1.2 182.9 64.8 50.0 0.771 21.68

h1 1.5 218.2 77.1 59.5 0.772 25.81

h2 1.4 186.1 65.9 50.8 0.771 22.05

h3 1.0 165.3 58.7 45.2 0.770 19.61

i1 1.2 230.6 81.4 62.8 0.772 27.26

i2 0.7 202.6 71.7 55.3 0.771 23.98

i3 0.6 119.5 42.7 32.8 0.768 14.24

j1 1.1 147.4 52.4 40.4 0.770 17.51

j2 0.9 120.2 43.0 33.0 0.768 14.33

j3 1.1 149.7 53.3 41.0 0.770 17.79

k1 0.9 182.6 64.7 49.9 0.771 21.65

k2 0.8 114.6 41.0 31.2 0.768 13.68

k3 0.8 184.8 65.5 50.5 0.771 21.90

61.3 ± 2.8 47.3 ± 2.2 0.77 ± 0.0003 20.50 ± 0.93

PW diss  29-10-2003  09:07  Pagina 43



Chapter 344

15

0

20

30

5

25

10fli
gh

t c
os

t (
W

)

4.63.42.6 4.23.0

flight speed (m/s)
3.8 13108 129

wing beat frequency (beats /s)
11

A B

Figure 3.7 (a, b). Flight cost in starlings was significantly related to the average wing beat frequency
measured over the flight (regression, y = 50.12 - 2.73x, F1,20 = 12.09, P < 0.01), however there was
no significant relationship with flight speed (regression, y = 28.63 - 2.05x, F1,20 = 1.57, P = 0.23).

15

0

20

30

5

25

10fli
gh

t c
os

t (
W

)

74 766864 7266

body mass (g)
70 78

Figure 3.6 Flight cost was not significantly related to body mass over this range (regression, y =
28.77 + 0.12x, F1,24 = 0.18, P = 0.68).

Table 3.2 Average wing beat frequencies (Hz), flight speeds (m/s) and flight costs for each individu-
al.

Bird ID WBF (Hz) (±SE) Speed (m/s) (±SE) Flight Cost (W) (±SE)

a 10.8 (0.4) 4.3 (0.1) 18.2 (1.1)

b 11.2 (0.5) 4.3 (0.2) 22.5 (4.3)

c 10.5 (0.9) 3.6 (0.4) 22.1 (3.1)

d 10.9 (0.3) 3.8 (0.04) 23.1 (4.9)

g 10.1 (0.3) 3.7 (0.3) 19.3 (2.4)

h 10.4 (0.5) 3.9 (0.2) 22.5 (1.8)

i 10.9 (0.8) 3.8 (0.03) 21.8 (3.9)

j 10.9 (1.0) 4.2 (0.02) 16.5 (1.1)

k 11.3 (0.1) 3.3 (0.1) 19.1 (2.7)
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Daily Energy Expenditure Calculations

Birds were conducting on average 2182 ± 296 flights per day and were therefore trav-
elling an average of 10.9 ± 1.5 km each day. The rate that birds received rewards aver-
aged 5.2 ± 0.4 flights per pellet. With each pellet weighing 0.02 g and the energy con-
tent of the food being 24.5 kJ/g (dry mass), the net energy intake was calculated to be
166.1 ± 9.4 kJ/d assuming there was no spillage.

All birds maintained or increased their body mass during the study period. The
estimated DEE, as estimated from time-energy budgets and the flight cost estimate,
was 152.9 ± 8.6 kJ/d which is 2.32 times BMR (i.e. 0.763 W from Bautista et al. 1998).
In all but one individual, the daily energy intake was significantly higher than the daily
energy output as estimated from the TEB and the estimated flight cost (Table 3.3; paired
t-test t = 2.9, P = 0.02). As most components for the time energy budget are assumed
to be accurate, such as the resting energy expenditure and night-time energy expendi-
ture measured using respirometry, then the unknown factor is flight cost. As the DEE
prediction is close to the MEI estimate, which is also assumed to be accurate as all
components are measured individually, then there is confidence in the use of labelled
bicarbonate for measuring flight cost in this species.
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Table 3.3 Estimates of daily energy intake compared to daily energy expenditure. DEE was calcula-
ted from a combination of the flight cost, metabolism at rest at 21°C, (calculated from Figure 3.2),
and the average metabolism measured during the night in starlings.

Bird

a 2402.0 12.0 0.9 9.5 175.2 56.2 95.1 151.4 23.8

b 1077.5 5.4 0.4 7.9 146.9 31.3 94.8 126.1 20.8

c 3955.3 19.8 1.4 12.1 224.1 112.5 95.5 208.0 16.2

d 2508.5 12.5 0.9 9.3 172.0 74.7 95.2 169.9 2.1

g 2864.5 14.3 1.0 9.1 168.3 71.1 95.2 166.4 1.9

h 1743.0 8.7 0.6 8.1 150.9 50.6 95.0 145.6 5.4

i 1669.3 8.3 0.6 8.0 148.8 47.0 95.0 142.0 6.8

j 2165.0 10.8 0.8 9.9 182.9 46.2 95.1 141.3 41.6

k 1246.0 6.2 0.5 6.8 125.3 30.7 94.9 125.5 -0.2
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Discussion

The energy costs of short flights in the starlings in this study were high compared to
other estimates of flight costs in this species. For example Ward et al. (1999) estima-
ted flight costs in starlings to be between 7.8 and 9.6 W for a bird flying at 22.8°C and
10.2 m/s using thermal imaging techniques and between 10.4 and 14.9 W using mask
respirometry in the same bird (Ward et al. 2001). Torre-Bueno & La Rochelle (1978)
measured the flight cost of starlings to be 8.9 W using wind tunnel respirometry. The
birds in our study however were flying at much lower speeds (average 3.9 m/s) due to
the restrictions of the size of the flight cage, and their flight cost (average 20.5 W) was
over double these previous values.

Flight cost of starlings had been measured previously using a very similar flight
cage but of slightly shorter distance (Bautista et al. 1998). Bautista et al. (1998) exam-
ined how starlings coped with changes of food availability. There were 2 treatments,
one of which gave food rewards after fewer flights between perches than the other.
Doubly labelled water and night time BMR measurements were used to measure daily
energy expenditure, which in turn was used to calculate the flight costs. The cost of
flight was estimated to be 52.3 and 45.5 W in the easy and hard treatments respective-
ly. These values are over double the values measured in our study. An additional study
by Westerterp & Drent (1985) also measured energy expenditure in starlings conduc-
ting short flights using DLW from which they predicted a flight cost of approximately
34 W. The reason for these overestimations using DLW is due to the extent of extra-
polation. The birds were only flying for up to 4% of the total measurement period
which therefore requires a great deal of extrapolation to predict flight cost for 100% of
the period. Using labelled bicarbonate may eliminate the extrapolation errors.

Using Pennycuick's mechanical power curve (1968; 1969; 1989), the optimal flight
speed was predicted to be 6.5 m/s. The starlings in this study were flying at flight
speeds considerably lower than this value and were therefore predicted to have a high-
er mechanical flight cost. Many studies have been conducted on birds and bats flying in
wind tunnels to produce metabolic power curves and test the aerodynamic theory
(Torre-Bueno & Larochelle 1978; Masman & Klaassen 1987; Rayner 1990; Ward et al.
2001). Torre-Bueno & LaRochelle (1978) and Ward et al. (2001) both constructed
metabolic power curves for starlings, however, they only measured flight costs at
speeds higher than 6.3 m/s.

Birds, that have to manoeuvre below the minimum power speed, will have an in-
creased flight cost (Tatner & Bryant 1986). In a study by Nudds & Bryant (2000),
zebra finches flew between perches 5.46 m apart and their flight cost was measured
using DLW and a time budgeting technique. They found that the flight costs measured
was over 3 times greater than the predictions from aerodynamic models (Berger &
Hart 1974; Pennycuick 1975; Masman & Klaassen 1987). We measured flight costs of
2.7 greater than predicted using Pennycuick’s (1989) model for the range of speeds
observed, using an efficiency of 0.23 for mechanical flight. Nudds & Bryant (2000)
used data from different species of birds which had been measured during short
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flights, to generate an allometric equation to predict the cost of short flights from body
mass. Using this equation the present starlings, which had an average body mass of
71.1 g, had a predicted average short flight cost of 24.8 ± 0.22 W which was slightly
but significantly higher than the average flight cost we measured. (paired t-test t =
4.40, P < 0.001). This indicated that although the energetic cost of flight seems high
related to sustained flight in wind tunnels (Torre-Bueno & Larochelle 1978; Ward et al.
1999) these values are not unreasonable compared to other species flying over short
distances at low speeds.

Flight cost was not significantly related to body mass, however the range in indivi-
dual body mass was small in comparison to seasonal variation. This was also the case
in a study on zebra finches using this technique (Hambly et al. 2002). Kvist et al.
(2001) recently showed that the flight cost in red knots Calidris canutus with increased
loads, was substantially less than aerodynamic predictions. The range in body mass
would therefore have to be large before you would expect to observe a significantly ele-
vated flight cost.

In this study, flight speed was not significantly related to WBF over this small range
of speeds (2.8 to 4.6 m/s). An increase in WBF with flight speed has only been only
observed over a larger range. Tobalske (1995) reported WBF increased from 13.3 to
16.2 Hz when flight speeds increased from 8 to 18 m/s. Extrapolating Tobalske’s
(1995) results to the flight speed of our starlings predicted WBF to be 10.7 Hz, which
corresponds to the value of 10.8 Hz measured in this study at 3.9 m/s. In starlings,
(Tobalske 1995) and black-billed magpies Pica pica (Tobalske & Dial 1996), the amount
of time that the birds spent in energy saving glides or bounds during flight, significantly
decreased at lower speeds. The birds in the present study conducted no obvious energy
saving methods during their flights because of the short distance travelled and this may
also have contributed to the high flight cost.

In all but one individual, the daily energy intake was significantly higher than the
daily energy output. But minor deviations from the estimated resting metabolism
during the day and the night, can explain the discrepancies Also some of the birds
increased their body mass during the study and therefore the excess energy that some
individuals took in was likely to become fat stores. Bautista et al. (1998) found that
starlings spent 144 kJ/d on the ‘easy’ treatment and 107 kJ/d on the ‘hard’ one using
the doubly labelled water technique combined with night-time BMR measurements.
DLW has been found to be accurate for measuring energy expenditure in starlings and
only underestimated CO2 production by an average of 7.4% compared to gravimetric
and energy balance methods in this species (Williams 1985). Our birds were under-
going a similar feeding rate as the ‘easy’ treatment and the average daily energy expen-
diture calculated using a time budgeting technique with known resting energy expen-
diture and flight energy expenditure of 20.5 W was very similar at 152.9 ± 8.56 kJ/d.
As the DLW technique has been measured to be accurate in starlings, it gives confi-
dence in the predicted values for flight cost measured in this paper.
The present study had two purposes. First to assess the use of the 13C labelled bicar-
bonate technique to measure short-term energy expenditure in starlings and second to
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measure flight costs over short distances in this species. It was successful in that in the
validation there was a close relationship between metabolism measured by indirect
calorimetry and the isotope elimination rate. There was also correspondence between
the measurements for flight cost and daily energy expenditure with other studies on
starlings.
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