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ABSTRACT.--I used doubly labeled water to study the field metabolic rate (FMR) of Tree 
Swallows (Tachycineta bicolor) on Kent Island, New Brunswick, Canada, during the breeding 
season. I tested the hypothesis that aerially foraging species have higher energy requirements 
than other species. 

For incubating female swallows, carbon dioxide production averaged 201.4 + 15.8 ml CO2/ 
h. While feeding 5 young, male and female swallows expired CO2 at a rate of 211.6 + 23.3 
and 231.0 + 26.4 ml CO2/h, respectively. During this period males worked at similar levels 
to females, but the power consumption of females that fed young was significantly higher 
than incubating females. For both parents together, the mean number of visits to the nest/h 
was correlated with CO2 production: ml CO2/h = 201.6 + 2.49 (visits/h). 

On Kent Island, Tree Swallows had a higher FMR than Savannah Sparrows (Passerculus 
sandwichensis), suggesting that aerial-foraging birds have a higher FMR than ground-foraging 
species. For 7 species of hirundines, energy expenditure was associated positively with body 
mass; log(kJ/d) = 1.34 + 0.53 log(body mass, g). This relationship differed from one for 
species which use alternative foraging modes (ground foraging and flycatching, n = 11), 
log(kJ/d) = 0.89 + 0.75 log(body mass, g). Aerial foragers expend from 16-38% more energy/ 
day than do other birds of similar size that spend less time flying. Received I September 1987, 
accepted 8 June 1988. 

ENERGY requirements during flight are rela- 
tively high (Berger and Hart 1974, Pennycuick 
1975), and aerial feeding presumably requires 
more energy than other foraging modes. As a 
consequence, birds that forage in flight, such as 
swallows, may exhibit relatively high rates of 
daily energy expenditure (DEE; Mugaas and 
King 1981, Kavanau 1987). This hypothesis gains 
indirect support from time-energy budget (TEB) 
studies where subtle differences in flight time 
result in substantial variation in estimates of 

energy expenditure (Utter and Le Febvre 1973, 
Bryant and Westerterp 1983). 

However, aerial insectivores have wing 
shapes which may decrease the cost of flight 
(Hails 1979). An alternative hypothesis is that 
aerially foraging species expend less energy 
during flight than other species, and as a con- 
sequence, the overall field metabolic rate (FMR) 
may be equivalent to similar-sized birds which 
use alternative foraging modes. 

I used the doubly labeled water (DLW) meth- 
od to estimate the FMR of Tree Swallows (Tachy- 
cineta bicolor) during the breeding seasons of 
1981 and 1982. I compared their FMR with pub- 
lished values for Savannah Sparrows (Passer- 
culus sandwichensis; Williams 1987) to test the 
hypothesis that aerial-foraging species have 
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higher energy requirements than ground-for- 
aging species. By an allometric analysis, I tested 
the idea that, in general, hirundines have a 
higher FMR than other birds that use alterna- 
tive foraging modes which require less time in 
flight. 

METHODS 

Study area and species.--This study was conducted 
at the Bowdoin Scientific Research Station on Kent 

Island, New Brunswick, Canada (66ø46'W, 44ø35'N), 
during the summers of 1981 and 1982. The island 
contains 2 grassy fields (10.7 and 4.0 ha) in which 
about 100 Tree Swallow nest boxes have been erected. 

The boxes were painted white with the entrance fac- 
ing north, away from prevailing winds. The fields, 
dominated by Agrostis stolonifera and Festuca rubra, 
provided nesting habitat for about 100 pairs of Sa- 
vannah Sparrows (Williams 1987). 

The breeding biology of Tree Swallows on Kent 
Island has been described by Paynter (1954) and that 
of Savannah Sparrows, by Dixon (1978). Both species 
are migratory; both lay eggs in early June. Swallows 
nest in boxes; sparrows construct well-hidden open- 
cup nests, usually on the ground. The females of both 
species incubate unassisted by the male. Although 
male swallows may bring food to their incubating 
mates (Kuerzi 1941), I did not observe this behavior. 
Modal clutch size for swallows varied from 5-6 eggs 
depending on the year (Winn 1949, Paynter 1954); 
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TABLE 1. CO2 production, energy use, and water flux rates for incubating female Tree Swallows on Kent 
Island, New Brunswick, Canada. 

Mean Water flux (ml/d) 
Date mass (g) ml CO2/h kJ/d In Out Ta a FMR/BMR 

1981 

17-18 June 25.3 193.3 114.1 14.0 14.3 11.8 3.4 
17-18 June 22.5 191.7 113.2 18.8 18.4 11.8 3.8 
7-8 June 22.2 181.6 107.2 17.5 18.3 11.0 3.6 

15-16 June 21.8 202.1 119.3 16.4 17.2 9.0 4.1 
12-13 June 23.1 201.9 119.2 19.4 19.5 I 1.0 3.9 
19-20 June 24.5 230.1 135.9 13.6 13.9 10.5 4.2 

1982 

8-9 June 19.9 206.2 121.7 16.4 15.9 13.5 4.6 
7-8 June 20.6 185.4 109.5 13.7 13.8 10.3 4.0 
3-4 June 23.2 219.9 129.8 14.7 15.2 9.0 4.2 

Mean 22.6 201.4 118.9 16.1 16.3 10.9 4.0 

(SD) (+-1.7) (_+15.8) (+-9.3) (+-2.2) (+2.1) (-+1.4) (+-0.4) 

Mean air temperature for experimental period. 

Savannah Sparrows usually lay 4 eggs. In both species, 
females brood the young until they are about 5 days 
old, and in both species males and females jointly 
provide food for the young (Quinney 1986, Williams 
1987). Nestling swallows fledge fully feathered and 
are able to fly after 19-20 days in the nest, whereas 
sparrows leave the nest in 8-9 days and acquire the 
ability to fly 7-10 days later. 

First-year female swallows, distinguishable from 
older females by plumage coloration (Winn 1949), 
may produce smaller clutches (De Steven 1978) and 
were excluded from this study. 

Laboratory metabolism.--Oxygen consumption (•o2) 
of adult Tree Swallows was measured by means of a 
closed-circuit manometric system (Williams and Prints 
1986). In brief, 4 stainless steel chambers (2,000 ml) 
were wrapped with • inch copper tubing through 
which a mixture of water and methanol was circulated 

with a refrigerated bath. Temperature, as measured 
by a 38-gauge thermocouple and a Bailey Thermom- 
eter (Model 12), could be controlled to within -+ 0.1øC. 
During each trial, expired CO2 and H20 vapor were 
removed using Ascarite and Drierite, thus a decrease 
in pressure within the chamber was a result of O2 
uptake. As birds consumed 02, I restored the pressure 
in the chamber by infusion of O2 with a calibrated 
glass syringe. The walls of each chamber were coated 
with flat black paint to minimize reflected thermal 
radiation. Birds were equilibrated 1-2 h before ex- 
perimentation. Experiments were performed during 
daylight hours (1000-1800) and each trial lasted 60 
min. I corrected all Vo2 values to STPD. Williams and 
Prints (1986) and Obst et al. (1987) have shown close 
agreement (5-8% difference) between measurements 
of •o• as given by this method and •'o• as determined 
with an open-flow system. 

Field metabolism.--The field protocol for using DLW 

on Tree Swallows followed Williams (1987). Birds were 
captured late in the afternoon at nest boxes and in- 
jected in the pectoral muscle with 0.10 ml tritiated 
water (1 # Ci/g body mass) mixed with 97 atom % 
oxygen-18. After an hour equilibration period (Wil- 
liams and Nagy 1984), injected individuals were 
marked with white paint on the tip of the tail, banded 
with a numbered aluminum band, and released. Lab- 

oratory procedures for the distillation of water from 
blood samples and for the assay of tritium followed 
Williams (1987). Water samples were analyzed for 280 
content by Dr. Ken Nagy at the University of Cali- 
fornia, Los Angeles. Water influx and effiux were cal- 
culated using equations 6 and 5, respectively, of Nagy 
(1975), and rates of CO2 production using equation 8. 
Background levels of isotopes obtained from unin- 
jected conspecifics were subtracted from all values 
prior to calculations. Validation studies have shown 
reasonable agreement (-+10%) between gravimetric 
measurement of CO2 production and CO2 production 
as estimated by DLW (Williams and Nagy 1984, Wil- 
liams 1985). 

The factor of 24.6 J/ml CO2 was used to convert 
metabolic rates from units of CO2 to units of energy 
(Williams and Nagy 1985). To convert O2 consump- 
tion to heat production, I used 20.08 J/ml O2 (Schmidt- 
Nielsen 1979). 

Nine birds that were feeding nestlings eluded re- 
capture after 24 h and were not re-bled until the 
following morning. For these individuals, I subtract- 
ed CO2 production during the second night period 
from their total CO2 production (see Williams 1987). 
I assumed an R.Q. of 0.75 and that mean ambient air 
temperature at night was a reasonable estimate of the 
thermal environment (Mugaas and King 1981). 

All females that were injected while incubating had 
laid 5 or 6 eggs. To determine when injected females 
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resumed incubation, I placed a thermocouple in the 
nest and continuously monitored nest temperature 
with a Linear strip-chart recorder. Only I female (12- 
13 June 1981; Table I) failed to return to the box by 
nightfall (2-3 h after injection). She resumed incu- 
bation at daybreak the next morning. All females were 
recaptured at night in their nest boxes approximately 
24-30 h after injection. 

For adults tending young, I injected one animal of 
a pair during the late afternoon.The following day, 
the visits of both parents were recorded for 6 l-h 
periods spaced throughout the day. All birds included 
in this analysis fed chicks, although the variability in 
visitation frequency was high. Broods of 3 and 7 were 
constructed by adding or subtracting equal aged young 
to broods of 5 or 6. During both years, periods of 
inclement weather at times impeded swallows from 
feeding young, and some nestlings died. Thus, sam- 
ple sizes for brood manipulation experiments are low. 

I measured air temperature (Ta) and relative humid- 
ity (RH) continuously with a Weathermeasure hy- 
grothermograph placed in a standard weather instru- 
ment shelter (Stevenson screen). Each instrument was 
calibrated daily with a Bailey thermometer and a sling 
psychrometer, respectively. Twice each day, at 0700 
h and 1900 h, I recorded fog conditions and precip- 
itation (mm H20). Fog was scored as present or absent 
at each of the observation times. Precipitation was 
measured with a standard rain gauge and recorded 
daily. During experimental periods, at 2 h intervals, 
I measured irradiance (W/m 2) with a LiCor 185A pyra- 
riometer calibrated against an Eppley pyranometer. 
Wind speed was measured I m above the ground with 
a hand-held anemometer (Dwyer Model No. 460) 
which was previously calibrated against a pitot tube 
in the laboratory. 

Data were analyzed by means of a SPSS/PC statis- 
tical package (Norusis 1984). Means are presented + 1 
SD unless otherwise indicated. 

RESULTS 

During June and July, the weather on Kent 
Island is cool and moist, with frequent fog 
(Cunningham 1942, McCain 1975). Fog covered 
the island at 1 of the 2 observation periods on 
13 and 14 days in June and July of 1981, re- 
spectively. Similar values for 1982 were 8 and 
12 days. Rain fell on 30 days in 1981 and on 21 
days in 1982. Temperatures averaged about 1 IøC 
in June and 13øC in July for both years. 

Laboratory metabolism.--The resting metabolic 
rate (RMR) of post-absorptive Tree Swallows 
during the day averaged 79.3 + 12.6 ml O2/h 
(Fig. 1; n = 12; mean mass = 21.6 _+ 1.9 g). 
Reducing RMR by 25% (Aschoff and Pohl 1970, 
Calder and King 1974) yields an estimate for 
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Fig. I. Laboratory metabolism of Tree Swallows 
on Kent Island, NewBrunswick. 

the nighttime basal metabolism (BMR) of 59.5 
ml O2/h, or 1.19 kJ/h. 

Below 30øC, •o2 increased as Ta declined: ml 
O2/h = 195.5 - 3.77 (Ta, øC) (n = 40, r 2 = 0.93, 
P < 0.0001). At a metabolic rate of zero, this 
equation extrapolates to 53.5øC suggesting that 
heat transfer from swallows in metabolism 
chambers is not constant below their lower crit- 

ical temperature (Ttc). The heat transfer coeffi- 
cient, calculated as the slope of the regression 
line for metabolism below the T•c, was 3.5 J/g. 

Field metabolism.--For incubating females, CO2 
production averaged 201.4 _+ 15.8 ml CO2/h or 
118.9 kJ/d (Table 1). Carbon dioxide production 
was unrelated to Ta, wind, or solar irradiance. 
The ratio of FMR to BMR averaged 4.0. 

Body mass of females declined from the in- 
cubation period (mean mass = 22.6 _+ 1.7, n = 
9) to the nestling period (mean mass = 19.3 + 
1.4, n = 18; t = 5.23, P < 0.01). While feeding 
5 young, male and female swallows expired CO2 
at an average rate of 211.6 and 231.0 ml CO2/ 
h, respectively (Table 2). Expired CO2 translated 
into 124.9 kJ/d for males and 136.4 kJ/d for 
females. During this period, males worked at 
similar levels to females (t = 1.4, P = 0.18), but 
power consumption of females feeding young 
was significantly higher than that of incubating 
females (t = 3.0, P < 0.01). 

Combining all data, males expired CO2 at a 
rate of 213.6 + 22.1 ml CO2/h (n = 7) and fe- 
males at a rate of 229.7 + 28.9 ml CO2/h (n = 
18), values which are statistically indistinguish- 
able (t = 1.33, P > 0.10). 

For males and females together, the mean 
number of visits/hour correlated with CO2 pro- 
duction (Fig. 2): ml CO•/h = 201.6 + 2.49 (visit/ 
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TABLE 2. Rates of CO2 production, energy use, and water flux for Tree Swallows feeding young on Kent 
Island, New Brunswick (1981 and 1982). 

Mean Water flux (ml/d) 
body mass Nestling FMR/ 

Date (g) age (d) ml CO2/h kJa/d Influx Effiux BMR 

Brood size = 3 

Males 

7-8 July 1982 21.2 4 200.0 118.1 20.3 20.8 4.2 
Females 

3-4 July 1982 16.6 14 195.9 115.7 22.3 21.7 5.2 
26-27 July 1982 21.5 14 286.0 168.9 26.5 26.4 5.9 
1-3 July 1982 19.7 15 202.4 119.5 15.3 16.2 4.6 

19-21 July 1982 17.1 15 190.9 112.7 14.1 14.5 5.0 
25-26 July 1982 19.0 15 228.0 134.6 20.0 20.0 5.3 

Mean 18.8 12.8 217.2 128.3 19.8 19.9 5.0 

(SD) (+2.0) (+36.1) (_+21.3) (+4.6) (+4.2) (+0.6) 

Brood size = 5 

Males 

24-26 June 1981 20.3 2 209.7 123.8 10.6 11.2 4.6 
23-24 June 1981 20.2 3 216.9 128.1 20.8 20.9 4.8 
25-26 June 1982 22.5 6 230.4 136.0 19.5 19.6 4.5 
29 June to 

1 July 1981 18.9 13 172.7 102.0 15.1 15.3 4.1 
1-3 July 1982 18.1 14 228.3 134.8 20.8 20.9 5.6 
Mean 20.0 7.6 211.6 124.9 17.4 17.6 4.7 

(SD) (+1.7) (+5.6) (+23.3) (+13.8) (_+4.4) (+4.2) (+0.6) 
Females 

3-4 July 1981 20.0 2 195.8 115.6 12.4 13.1 4.3 
24-26 June 1981 20.3 3 214.9 126.9 13.6 14.1 4.7 
25-26 June 1981 19.2 4 258.8 152.8 21.1 21.3 6.0 
18-19 June 1981 22.3 5 217.2 128.2 24.9 24.9 4.3 
23-24 June 1981 19.5 5 260.9 154.0 27.0 26.6 5.9 
10-12 July 1981 18.4 7 236.5 139.6 16.3 16.4 5.7 
24-25 June 1981 19.6 11 220.1 129.9 18.6 18.7 5.0 
24-25 June 1981 17.7 12 275.2 162.5 17.1 16.8 6.9 
5-7 July 1982 19.0 15 198.0 116.9 18.2 18.2 4.6 

30 June to 
1 July 1982 18.7 15 217.7 128.5 20.4 20.5 5.2 

30 June to 
1 July 1982 19.0 15 246.2 145.4 20.8 20.9 5.6 
Mean 19.4 8.5 231.0 136.4 19.1 19.2 5.3 

(SD) (+1.2) (+5.1) (+26.4) (+15.6) (+4.4) (_+4.2) (_+0.8) 

Brood size = 7 

Males 

3-5 July 1982 18.1 14 236.9 139.9 16.4 16.5 5.8 
Females 

23-24 June 1982 20.1 4 253.9 149.9 30.7 30.3 5.6 
21-22 June 1982 20.4 7 235.8 139.2 21.0 21.5 5.1 

Mean 20.3 5.5 244.9 144.6 25.9 25.9 5.4 

(SD) (+0.2) (_+2.1) (+12.8) (+7.6) (+6.9) (+6.2) (+0.4) 

24.6 J of heat/ml CO2 (Williams and Nagy 1985). 
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Field metabolismas a function of the av- 

erage visits/h of Tree Swallows on Kent Island, New 
Brunswick. Squares represent birds feeding 3 nest- 
lings; circles, birds feeding 5 nestlings; triangles, birds 
feeding 7 nestlings. 

h) (n = 25, r • = 0.21, P < 0.02). Nest visitation 
was unrelated to nestling age for either sex 
(males r • = 0.04, P > 0.5, females r 2 = 0.02, P > 
0.6). Males averaged 7.4 visits/h (SD = 5.0, n = 
7), and females, 9.1 visits/h (SD = 5.6, n = 18). 

Water influx and effiux.--In general, water in- 
flux equaled effiux indicating that birds bal- 
anced water intake against water losses (Tables 
1 and 2). For incubating females, water influx 
averaged 16.1 +_ 2.2 ml H20/d (Table 1), and 
increased to 20.1 _+ 5.0 ml H20/d during the 
chick rearing period (Table 2). Water influx cor- 
related with CO2 production for birds with nest- 
lings (Fig. 3). Water influx (ml/d) = -1.71 + 
0.09 (ml CO2/h) (n = 25, r • = 0.30, P < 0.001). 
Solar irradiance positively influenced water in- 
flux, ml H20/d = 14.3 + 0.02 (W/m 2) (Fig. 4; n 
= 25, r 2 = 0.29, P < 0.001). 
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Water influx as a function of CO2 produc- 
tion for Tree Swallows with nestlings on Kent Island, 
New Brunswick. 

_+ 1.7 ml O•/(massø-67.h); sparrows = 12.1 +_ 1.3 
ml O2/(massø-67-h); t = 3.3, P < 0.01), but below 
the TNZ, they consumed O2 at a higher rate 
than sparrows (ANCOVA, ts•ope, = 5.3, P < 0.01). 
For swallows, ml O2/(mass0.•7.h) = 25.9 - 0.51 
(Ta, øC) (n = 40, r 2 = 0.91, P < 0.001); for spar- 
rows, ml O•/(massø.•7.h) = 19.6 - 0.26 (Ta, øC) 
(n = 25, r 2 = 0.64, P < 0.001). At an air tem- 
perature of 11.5øC, the mean air temperature 
during DLW measurements, mass independent 
laboratory metabolism for swallows was 20.1 ml 
O•/(massø'•?.h) and for sparrows was 16.7 ml 
O•/(massø.e•.h), a 16.9% difference. The plum- 
age thickness of swallows may be less than that 
of sparrows, which results in greater heat loss. 

During incubation, female Tree Swallows ex- 
pend less energy than when they feed young. 
Common House-Martins (Delichon urbica), Bank 
Swallows (Riparia riparia), and European Star- 
lings (Sturnus vulgaris) show the same diminu- 
tion in FMR during incubation, and also nest 
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Aschoff and Pohl (1970) predicted a BMR of •0 
1.24 kJ/h for a 21.6 g passefine in its night •, 
phase. This is within 4% of the value that I have • 25 
estimated for Tree Swallows. Savannah Spar- g 20 
rows on Kent Island had a resting metabolic =• 

rate of 86.0 + 8.8 ml Odh or 1.73 kJ/h (Williams • •5 
unpubl.; n = 13, mean mass = 18.9 + 1.3). Be- • 
cause Tree Swallows were slightly heavier than • 0 
Savannah Sparrows (t = 5.5, P < 0.001), I cal- 
culated mass independent measurements of 
metabolism by dividing •o• by mass ø.• (Heus- Fig. 4. 
ner 1985). In the TNZ, swallows had a lower 
metabolic rate than sparrows (swallows = 10.1 

Tree Swallow 0 

o 
o o 

1 O0 200 300 400 500 600 

Irradiance (W/m 2) 
Water influx as a function of irradiance for 

Tree Swallows with nestlings on Kent Island, New 
Brunswick. 
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Fig. 5. Mass independent field metabolism for Tree 
Swallows and Savannah Sparrows while feeding 
youngß The open bar represents male swallows, bar 
with diagonal lines represents female swallows, bar 
with cross-hatching represents male sparrows, and 
bar with vertical lines represents female sparrowsß 
Lines above bars indicate 95% confidence intervals; 

numbers above bars, sample sizeß 

in cavities or boxes (Westerterp and Bryant 1984); 
Ricklefs and Williams 1984). Savannah Spar- 
rows on Kent Island build an open-cup nest and 
only the female incubates. The FMR of sparrow 
females was equivalent during the incubation 
and early nestling periods (Williams 1987). 

Female Tree Swallows weigh less during the 
nestling period than during the incubation pe- 
riod (see also Westerterp and Bryant 1984, Rick- 
lefs and Williams 1984, Williams 1987). Mass 
loss may reflect physiological stress from in- 
creased activity while adults feed their young 
(Hussell 1972). However, knowledge of the time 
when weight declines is critical in interpreting 
this pattern (Freed 1981). Female swallows lose 
mass during the incubation period (Williams 
unpubl.). Changes in body mass during incu- 
bation in hirundines mostly reflect changes in 
lipid reserves (Jones 1987) and suggest that the 
incubation period may be energetically stress- 
ful for female Tree Swallows on Kent Island. 

Female sparrows (18.3 g) weigh slightly less 
than male (20.0 g) or female (19.4 g) swallows 
during the nestling period (ANCOVA, F = 5.2, 
P < 0.005). While provisioning 5 young, mass 
independent values of field metabolism 
(MIFMR) (Heusner 1985) for Tree Swallows ex- 
ceeded values for Savannah Sparrows that tend- 
ed 4 young (Fig. 5; ANCOVA, F = 31.1, P < 
0.001). The MIFMR of male swallows was higher 
than in male sparrows by 25.6%, and the MIFMR 
of female swallows was higher than female 
sparrows by 38.8%. I attribute a portion of these 
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Fig. 6. Mass independent field metabolism as a 
function of nest visitation rate for Tree Swallows and 

Savannah Sparrows. Elevations but not slopes are sta- 
tistically different. For swallows, ml CO2 mass ø'67 x h 
= 27.7 + 0.34 (visits/h) (t a = 0.26, P = 0.003); for 
sparrows, ml CO2 mass ø-67 x h = 16.4 + 0.52 (visits/ 
h) (r • = 0.24, P < 0.001). 

differences to the increased thermoregulatory 
costs of swallows. However, swallows spend a 
substantial proportion of their day flying, and 
heat produced as a by-product of this activity 
may substitute for the heat required for ther- 
tooregulation (Tucker 1968, Palandino and King 
1984). Consequently the difference in thermo- 
regulatory costs between swallows and spar- 
rows is reduced. Thus, the increased flight time 
of swallows is, to a large extent, responsible for 
their higher FMR. 

The difference in FMR between sparrows and 
swallows is not directly attributable to the fact 
that swallows fed an additional nestling. MIFMR 
was higher for swallows than for sparrows per 
nest visit (Fig. 6; ANCOVA, ts•ope = 1.82, NS, 
t,•w•o• = 325.3, P < 0.001). Moreover, when 
sparrows fed 6 nestlings, their FMR was lower 
than for swallows that fed 5 (Williams 1987). 

Hirundines may, in general, have a higher 
FMR than other birds. I have plotted FMR (kJ/ 
d) as a function of body mass for 7 species of 
aerially foraging birds during the nestling pe- 
riod (Fig. 7). With the exception of Cliff Swal- 
lows (Withers 1977), all the data refer to DLW 
measurements of FMR. Log(kJ/d) = 1.34 + 0.53 
log(body mass, g) describes the relationship (r • 
= 0.78, P < 0.01). For comparison, I plotted the 
FMR of 11 species of birds that are either ground- 
foraging insectivores, flycatchers, or picivores 
also during the nestling period (Fig. 7). Six of 
these studies used the DLW method. I combined 

flycatchers and ground foragers because the for- 
aging routine of flycatchers often entails no more 
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Fig. 7. Field metabolism as a function of body 
mass for hirundines (open circles) and other birds of 
similar size (closed triangles). Lines are statistically 
different. (See Appendix for species and sources.) 

flight time than the routine of ground-foraging 
species (Ettinger and King 1980). The line which 
describes these data, log(kJ/d) = 0.89 + 0.75 
log(body mass, g) (r • = 0.87, P < 0.001), lies 
below the line for aerial foragers (ANCOVA, 
t•op• = 1.1, NS, t•,•vatio, = 9.9, P < 0.001). Thus, 
aerial foragers expend from 16 to 38% more en- 
ergy than similar-sized species that employ al- 
ternative foraging modes. Walsberg (1983) found 
a statistically insignificant (10%) difference be- 
tween the DEE of aerial foragers (humming- 
birds and swallows) and that of other birds. 
Powers and Nagy (unpubl.) found a FMR of 32 
kJ/d for Anna's Hummingbirds (Calypte anna), 
a value intermediate between predictions of the 
2 equations. These birds were not feeding young. 
When Tree Swallows fed their chicks more fre- 

quently, their CO2 production increased. Swal- 
lows often spend more time flying when insects 
are abundant (Bryant and Westerterp 1983). 
Feeding frequency also was related positively 
to FMR in Common House-Martins (Bryant and 
Westerterp 1983) and Savannah Sparrows (Wil- 
lianas 1987). The number of visits each parent 
Tree Swallow made to the nest was unrelated 

to nestling age (see also Lombardo 1987). 
Drent and Daan (1980) speculated that an en- 

ergetic plateau exists approximately equal to 4.0 
times BMR for optimal reproductive perfor- 
mance. Above this level, birds accrue serious 

physiological consequences. When raising 
young, Savannah Sparrows and other small pas- 
serines work at levels near 3.0 times BMR (Wil- 
liams 1987). In contrast, FMR/BMR ratios for 
Tree Swallows during the nestling period ex- 
ceeded the hypothetical limit, apparently with- 
out immediate adverse consequences. These ra- 

tios are among the highest thus far reported, 
which may indicate that Kent Island is ener- 
getically stressful for swallows. It would be in- 
teresting to know if the survival rate of Tree 
Swallows on Kent Island was lower than for 

swallows from other populations. 
The influence of weather on the FMR of birds 

varies. Favorable weather conditions, such as 

warm, calm days, were associated with higher 
levels of energy expenditure in Common House- 
Martins (Bryant and Westerterp 1983). Fair 
weather also was correlated positively with a 
larger number of flying insects. Thus, house- 
martins spent more time foraging. However, 
foul weather such as strong winds caused a sig- 
nificant increase in the FMR of Black-legged 
Kittiwakes (Rissa tridactyla; Gabrielsen et al. 
1987). For Tree Swallows, I found no relation- 
ship between FMR and weather. Water influx 
was positively related with irradiance, which 
suggests that the foraging success of swallows 
was higher on clear days, when insects were 
presumably more abundant. 
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APPENDIX. Species and sources for aerial and other 
foragers (see Fig. 7). 

For hirundines (open circles), species and sources 
are: Sand Martin (Riparia riparia), 12.9 g, Westerterp 
and Bryant 1984; Pacific Swallow (Hirundo tahitica), 
13.9 g, Bryant et al. 1984; House Martin, 18.1 g, Hails 
and Bryant 1979; European Swallow (Hirundi rustica), 
19.1 g, Westerterp and Bryant 1984; Tree Swallow, 
19.7 g, this study; Cliff Swallow (Petrochelidon pyr- 
rhonota), 24.6 g, Withers 1977; Purple Martin, 49.0 g, 
Utter and Le Febvre 1983. 

For other birds (closed triangles), species and sources 
are: Willow Flycatcher (Epidonax traillii), 12.6 g, Ettin- 
ger and King 1980; Savannah Sparrow, 17.0 g, Wil- 
liams and Nagy 1985; Savannah Sparrow, 19.3 g, Wil- 
liams 1987; Yellow-eyed Junco (Junco phaeonotus), 19.5 
g, Wes Weathers, pers. com.; Phainopepla (Phainopepla 
nitens), 24.0 g, Walsberg 1978; Western Bluebird (Sialia 
mexicanius), 27.5 g, P. J. Mock, pers. com.; White- 
crowned Sparrow (Zonotrichia leucophrys), 28.7 g, Hub- 
bard 1978; Blue-throated Bee Eater (Merops viridis), 
33.9 g, Bryant et al. 1984; Mockingbird (Mimus poly- 
glottos), 46.7 g, Utter 1971; Starling, 75.5 g, Ricklefs 
and Williams 1985; Pied Kingfisher (Ceryle rudis), 76.0 
g, Reyer and Westerterp 1985. 


