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Abstract. We calculated the energy budget of nestling Yellow-eyed Juncos (Junco phaeo-
notus) from measurements of their growth, field metabolic rate (FMR), and resting metabolic
rate (RMR). We used the doubly labeled water technique to measure the FMR of 69 nestlings
that ranged in mass from 4.1 to 15.3 g. We calculated RMR of fed nestlings during the day
and fasted nestlings at night from measurements of their O, consumption. Nestling FMR
(kJ/hr) increased linearly with mass (m, grams) according to the relation: FMR = —0.44 +
0.14m. RMR (kJ/hr) = —0.11 + 0.08m for fed nestlings during the day, and RMR = —0.10
+ 0.06m for fasted nestlings at night. The growth of 75 nestling juncos was best described
by the logistic equation m = 18.53/(1 + (6.5e-947'?)); where ¢ is age in days and m is mass
in grams, The growth constant (k = 0.471) is not significantly different from that predicted
allometrically for an altricial species with an asymptotic mass of 18.5 g.

Total metabolized energy of nestlings averaged 322 to 483 kJ/bird over the 9 to 12 day
nestling period (depending on age at fledging). Of the total energy metabolized, RMR com-
prised 46-48%, whereas activity and thermoregulation combined accounted for 30-33%.
The energy accumulated in tissue was estimated to be 84-95 kJ, or 20-26% of the total

metabolized energy.
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INTRODUCTION

Clutch size evolution in birds continues to fas-
cinate evolutionary biologists and to stimulate
vigorous debate (see Murray 1985, Murphy and
Haukioja 1986). Although the roots of the debate
go back as far as 1923 (Murray 1985), Lack (1947)
is generally credited with proposing one of the
two main theories; namely, that clutch size in
altricial birds is determined by the parents’ ca-
pacity to feed their young and that brood size
and growth rate are adjusted accordingly. Eval-
uating Lack’s hypothesis requires knowledge of
the energy requirements of growing nestlings and
their parents. Unfortunately, direct measure-
ments of nestling energetics are so scarce that
investigators of this topic have been forced to
rely upon indirect methods and/or speculative
reasoning. The two principal indirect methods
for estimating nestling energy requirements are:
1) extrapolating laboratory measurements of
nestling O, consumption to the field, and 2) es-
timating food consumption and feces production
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of nestlings. Both methods have inherent limi-
tations. The former typically ignores the energy
costs of activity and thermoregulation (but see
Westerterp 1973, Dunn 1980) and hence under-
estimates actual nestling energy requirements
(Gettinger et al. 1985). The magnitude of the
underestimation involved in this method un-
doubtedly varies with the species: in Savannah
Sparrows (Passerculus sandwichensis) it was 25%
(Williams and Prints 1986). The second method
is unreliable because neither the quantity of food
delivered nor the amount of feces produced can
be accurately ascertained (Hubbard 1978, Bryant
and Hails 1983). The doubly labeled water (DLW)
method, in contrast, provides a direct measure
of nestling CO, production and hence energy ex-
penditure. Despite its advantage over the indi-
rect methods, DLW has been used to determine
nestling energetics in only a few species (Gettin-
geretal. 1985, Williams and Prints 1986, Klaas-
sen et al. 1989, Weathers and Sullivan 1989,
Weathers et al. 1990). Additional studies of nest-
ling energetics based on the DLW method are
needed before general patterns will become ap-
parent. Accordingly, in this study we used DLW
to evaluate the energetics of nestling Yellow-eyed
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Juncos (Junco phaeonotus) throughout the nest-
ling stage.

METHODS

We conducted this study on a population of
marked Yellow-eyed Juncos that were nesting at
an elevation of 2,560 m in the Chiricahua Moun-
tains, Cochise County, Arizona (31°55'N,
109°17'W). The study site consists of coniferous
forest with little understory, short-grass mead-
ows, and areas of bracken fern (Pteridium sp.).
The predominant tree species are Pinus ponder-
osa, Pinus strobiformis, and Pseudotsuga men-
ziesii (see Balda 1967 for detailed site descrip-
tion). At this site, Yellow-eyed Juncos breed from
late April through late August, and typically pro-
duce broods of 3—4 young with up to 3 broods/
season. Incubation lasts 13 days, nestlings spend
9-12 days in the nest, and both parents feed the
young. For details concerning the species’ natural
history, population biology, and energetics see:
Moore (1972), Sullivan (1988, 1989), and
Weathers and Sullivan (1989).

We monitored the mass of 75 nestlings from
hatching until fledging or disappearance. Nest-
lings were weighed daily to the nearest 0.05 g, at
approximately the same time of day, with a
K-Tron model DS-10 electronic balance that was
calibrated using a standard mass. Most nestlings
(85%) were weighed between 08:30 and 12:00,
but some were weighed as early as 06:15 or as
late as 15:46 (Table 1). Prior to banding at 4-6
days of age, nestlings were identified using unique
combinations of non-toxic paint applied to their
toes.

OXYGEN CONSUMPTION

We measured the oxygen consumption (VO,) of
nestlings with a closed-circuit respiratory system
both during the day (13:00-17:00) and at night
(20:00-01:00). For these measurements, nest-
lings were collected in the field, transported in
an insulated carrying case (held at about 35°C)
to the laboratory (located at the Southwestern
Research Station about 18 km away), and placed
in an incubator maintained at 36-37°C. After
about 30 min in the incubator, nestlings were
weighed, fed a semi-liquid diet by syringe until
their esophagus was bulging (Gerber’s baby food;
62.5% protein, 34.4% fat, 3.1% carbohydrate),
and then immediately placed in individual dark-
ened, 400-ml metabolism chambers that were
submerged in a water bath maintained at 36-
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TABLE 1. Time of day that nestlings were weighed.
Time interval No. nestlings weighed
06:00-07:59 25
08:00-09:59 262
10:00-11:59 207
12:00-13:59 20
14:00-15:59 26

37°C. This temperature was chosen to prevent
hypothermia in small chicks, but still provide a
thermally neutral environment for larger chicks.
Although the thermoneutral zone (TNZ) of chicks
is unknown, the upper critical temperature of
most adult birds is 38—40°C (Weathers 1981).
Since larger chicks exhibited none of the signs of
heat stress (e.g., panting, drooping wings) when
removed from the metabolism chamber, they
were undoubtedly within their TNZ. Although
we can not rule out the possibility that chicks
engaged in spontaneous physical activity while
in the metabolism chambers, such activity seems
highly unlikely. Warm, fed chicks maintained in
the dark tend to be quiescent (daytime measure-
ments), while fasted chicks under simulated
nighttime conditions probably slept. The cham-
ber contained an artificial, cotton-lined nest-cup
suspended above a 10% KOH solution. The
chamber was attached to a fluid-filled glass ma-
nometer. During a 30-min equilibration period,
the metabolism chamber was open to the at-
mosphere. It was then flushed with O,, closed,
and the time required to consume 2-5 ml of O,
was determined. The process was repeated 3-5
times and the average time calculated. An iden-
tical chamber, adjusted for the volume occupied
by the nestling, was used as a thermobarometer
to correct for changes in atmospheric pressure or
chamber temperature. We monitored the tem-
perature within the chamber with a 36-gauge
thermocouple that was suspended about 3 cm
above the nestling and connected to a Bailey/
Sensortek model Bat-12 thermocouple ther-
mometer. The Bailey Bat was calibrated against
a mercury thermometer traceable to the National
Bureau of Standards. Atmospheric pressure was
measured with a precision aneroid barometer
(Tayama & Co., Ltd.). We corrected all V'O, val-
ues to STPD. Measurements of nighttime V'O,
followed a similar protocol, except that nestlings
were fasted for 3 hr before the measurements
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began. The same individuals were measured at
night and during the day.

FIELD METABOLIC RATE

Between June 2 and July 14, we determined the
field metabolic rate (FMR) of 69 nestlings using
either the single-sample (n = 26) or the double-
sample (n = 43) doubly-labeled water (DLW)
method (Webster and Weathers 1989). The sin-
gle-sample method was used with all of the very
small individuals (<6 g). Nestlings were weighed
to the nearest 0.05 g (K-Tron model DS-10 bal-
ance), given an intramuscular injection of water
(2.5 ul/g body mass) containing 97 atoms-per-
cent '*O and 12 kBq *H/ul, and returned to their
nest. After allowing 1 hr for the labeled water to
reach equilibrium with body water, we obtained
a blood sample from a brachial vein (double-
sample method). Approximately 24 hr later, in-
jected nestlings were reweighed and final blood
samples were obtained. The elapsed time be-
tween initial and final blood samples averaged
24.01 = 0.13 hr. Blood samples were stored at
4°C in flame-sealed glass microhematocrit tubes
for later analysis.

Blood samples were micro-distilled (Wood et
al. 1975) to obtain pure water, which was assayed
for tritium activity (Searle model Mark III liquid
scintillation counter, toulene-Triton X100-PPO
scintillation cocktail) and for oxygen-18 content
by cyclotron-generated proton activation of 'O
to fluorine-18 with subsequent counting of the
positron-emitting '8F in a Packard Gamma-Ro-
tomatic counting system (Wood et al. 1975). Us-
ing the equations of Lifson and McClintock (1966)
as modified by Nagy (1975), we calculated rates
of water flux and CO, production from the iso-
tope measurements. In a recent validation of our
single-sample DLW method (Webster and
Weathers 1989), errors in measured rates of CO,
production averaged <0.5% (range —-8.3 to
11.2%, n = 9). Errors are slightly smaller than
this with the double-sample technique (Buttemer
et al. 1986). For discussions of the accuracy and
assumptions involved in our DLW technique,
see Weathers and Sullivan (1989), Webster and
Weathers (1989), Weathers et al. (1990).

Errors may attend DLW measurements of rap-
idly growing animals owing to irreversible and
disproportional incorporation of isotopes into
body tissue (Nagy 1980, Williams and Nagy
1985). Although the extent of the error remains
uncertain for junco nestlings, Klaassen et al.
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(1989) validated the use of DLW for rapidly
growing Arctic Tern nestlings (Sterna paradi-
saea). They found that DLW underestimated CO,
production of three chicks (as estimated from O,
consumption) by 2—4% during a first 24 hr mea-
surement period. The underestimation increased
to 8-16% during a second 24 hr period. Because
all of our DLW measurements of junco nestlings
were based on one-day samples, the error attrib-
utable to incorporation of isotopes into tissue is
probably small (i.e., <7%).

METEOROLOGY

Concurrent with the DLW measurements, we
monitored the bird’s thermal environment with
a meteorological station placed centrally at the
study site. The meteorological parameters mea-
sured at 0.1 m above ground level were air tem-
perature (T,) (shaded 36-gauge Cu-Cn thermo-
couples) and wind speed (1.27 cm dia. hot-ball
anemometers; Roer and Kjolsvik 1973, Butte-
mer 1981). The output of the sensors was mea-
sured at 10-sec intervals and averaged every 15
min. The meteorological data were recorded with
a Campbell Scientific 21X microdata logger. The
hot-ball anemometers were calibrated in a lam-
inar flow wind tunnel against a Pitot tube and a
calibrated Campbell model CA-27 sonic ane-
mometer. Thermocouples were calibrated against
a National Bureau of Standards certified mercury
thermometer.

RESULTS
WEATHER

The weather was mild and rainless during the
period that we determined nestling FMR (2 June
to 14 July 1988). Figure 1 depicts T, and wind
speed (both measured 0.1 m above ground) at
the study site for the 4-day period 2—-6 June 1988.
During this period, the FMR of 20 of the 68
nestlings (29%) was determined. During the en-
tire study, nighttime low T,’s ranged from 9.7
to 15.5°C, while daytime high T,’s reached 18.1
to 28.5°C. Mean daily T, ranged from 13.3 to
19.7°C and the grand mean T, was 16.3°C. Max-
imum wind speed 0.1 m above ground ranged
from 0.52 to 1.30 m/sec. Average daily wind
speed ranged from 0.26 to 0.85 m/sec. Because
junco nests are often located within dense veg-
etation or under logs, nestlings probably expe-
rienced lower wind speeds than those which we
measured in the open.
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FIGURE 1. Relation of wind speed and air temper-

ature measured 0.1 m above ground to time of day for
the period 2-6 June 1988.

GROWTH RATE

A total of 596 measurements of body mass was
obtained on 75 nestlings of known age. These
data (Fig. 2) were fit by both Gompertz and lo-
gistic equations (SAS). The logistic equation pro-
vided a better fit as judged by its lower residual
mean square. The relation between nestling mass
(m, g) and age (¢, days), as described by the lo-
gistic equation, is;

18.53
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FIGURE 3. Field metabolic rate (unshaded circles)

and resting metabolic rate (triangles = rest phase, fast-
ed; shaded circles = active phase, fed) of nestlings in
relation to mass. Lines are least-squares regressions
described, respectively, by Eqgs. 7, 3, and 2.

where e is the base of natural logarithms. Hatch-
ing day nestlings weighed an average of 2.42 =+
0.43 g (range, 1.53-3.45 g), and brood size ranged
from 1-5 (mean = 3.96).

RESTING METABOLIC RATE (RMR)

The metabolic rate of nestling juncos resting in
darkened metabolism chambers at 36~37°C was
calculated from oxygen consumption based on
an energy equivalency of 20.1 kJ/1 O, for fasted
nestlings and 19.8 kJ/1 0, for fed nestlings (based
on diet composition). RMR increased linearly
with body mass (Fig. 3), and was higher for fed
nestlings measured during the day than for fasted
nestlings measured at night. Daytime RMR (kJ/
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Nestling mass in relation to age. Solid line is the logistic fit described by Eq. 1.
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FIGURE 4. Total water efflux of nestlings in relation
to mass. Line is least-squares regression described by
Eq. 6.
hr) is described by:

RMR,,, = —0.105 + 0.076m 2

(r2 = 0.949, s, = 0.059,
s, = 0.005, n=14)

where m = mass in grams. Nighttime fasted RMR
is:

RMR,,, = —0.095 + 0.063m  (3)
(= 0.925, s, = 0.070,
s, = 0.006, n=10).

Daytime RMR predicted from the above equa-
tion is, on average, 23% greater than nighttime
RMR.

DOUBLY LABELED WATER —WATER
CONTENT AND FLUX

The total body water content of nestlings (TBW,
ml), as determined by oxygen-18 dilution, in-
creased with mass (m, grams) according to:

TBW = 0.700 + 0.75m ()]
(=097, s, =0.386,
s, = 0.019, n = 40).

The fraction of nestling mass consisting of water
(W) decreased with increasing mass (7, grams)
from 0.91 in 2.5-g hatchlings to 0.78 in 16-g
fledglings, and can be described by the relation:

W,=0.936 — 0.01m &)
(=045, s, = 0.037,
s, = 0.002, n = 40).

Total water efflux (TWE, ml/d) of nestlings mea-
sured in the field increased exponentially with
mass (m, grams) (Fig. 4). Following logarithmic
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transformation, the relation between water efflux
and mass can be described as:

log TWE = —0.590 + 1.181log m  (6)

(r2 = 0.769, log s,, = 0.122,
Y
s, = 0.079, n=69).

FIELD METABOLIC RATE (FMR)

Nestling FMR was calculated from CO, produc-
tion measured by doubly labeled water assuming
26.2 kJ/1CO, (Weathers and Sullivan 1989). The
FMR (kJ/hr) of 69 nestling juncos (Fig. 3) in-
creased linearly with mass according to the re-
lation:

FMR = —0.443 + 0.142m 0]
(= 0.804, s, =0.279,
s, = 0.0006, 7= 69).
DISCUSSION

GROWTH RATE

Yellow-eyed Juncos nest on the ground and ex-
perience relatively high rates of nest predation
(Sullivan 1989). Accordingly, one might expect
selection to have favored rapid growth and that
this would be reflected in the growth rate con-
stant. However, the growth rate constant of junco
nestlings (k = 0.471; 95% C.I. = 0.451-0.492)
is not significantly different from the value pre-
dicted (k = 0.493) for an altricial species of its
size (Ricklefs 1968). Although hole-nesting al-
tricial species grow slowly (Ricklefs 1968), cup-
nesting species seem to grow as rapidly as pos-
sible, regardless of nest site—ground vs. tree. It
may be that ground-nesting species compensate
for higher predation rates by fledging at an earlier
age than do species that nest in trees (Harrison
1978).

Plotting nestling mass versus age (Fig. 2) re-
veals substantial variation in the mass of same-
age nestlings throughout the nestling period, with
the largest nestlings weighing 2-3 times as much
as the smallest (different broods). The coefficient
of variation for mass averaged 12.6% throughout
the nestling period and ranged from about 17%
between age 0—4 days to 8% by 10-days age.

NESTLING ENERGETICS—FIELD

METABOLIC RATE

Four independent estimates of nestling passerine
FMR, as determined by the DLW method, are
available (Table 2). Selecting data from these
studies for near-fledgling sized nestlings and ad-
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TABLE 2. Field metabolic rate of nestling passerines determined by doubly labeled water.
Mass Field metabolic rate
Species g kJ/d kJ go7s 4! Source
Carpodacus mexicanus 15.0 39.0 5.12 Gettinger et al. 1985
Passerculus sandwichensis 12.8 27.8 4.11 Williams and Prints 1986
Junco phaeonotus 14.8 36.3 4.81 Weathers and Sullivan 1989
Junco phaeonotus 15.0 39.8 5.22 Present study
justing for differences in mass (by expressing FMR  metabolized energy (TME):
3 .

on a mass to the ¥ power basis) reveals general TME=RMR + TR + A + TE  (11)

agreement between the species. This is perhaps
to be expected, since the species are rather sim-
ilar. Additional studies of dissimilar species are
needed if adaptive patterns are to be identified.

Although the field metabolic rate of nestling
juncos is a linear function of body mass (Fig. 3),
considerable variation is apparent in the data.
Among the factors that might contribute to this
variation are brood size and air temperature (T,).
We examined the contribution of both factors
using stepwise multiple regression analysis with
FMR as the dependent variable and with body
mass, T,, and brood size as independent vari-
ables. Colinearity between the independent vari-
ables was insignificant, hence the stepwise model
is an appropriate one. Two of the variables, body
size and T,, contributed significantly to the over-
all relation (t = 16.517 and —2.891, respec-
tively). Brood size was very nearly significant (¢
= —1.995, P = 0.0503) and we have retained it
in the regression equation. FMR varied directly
with nestling mass and inversely with both 7,
and brood size according to:

FMR (kJ/day) = 30.0 + 3.43m
~ 2.16T, — 1.07B (10)

where m is nestling mass (g), T, is the mean air
temperature (°C) measured 0.1 m above ground,
and B is brood size. The coefficient of multiple
determination (r? adj. = 0.825) is slightly higher
than the r> for mass alone (Eq. 7, above) and
indicates that 83% of the variation in nestling
FMR is accounted for by mass, T,, and brood
size. Body mass is by far the most important
determinant of nestling FMR, however, as the
partial correlation coefficients for mass, T,, and
brood size are, respectively 0.897, 0.327, and
0.184.

NESTLING ENERGY BUDGET

In its simplest form, a nestling’s energy budget
consists of the following components of its total

where RMR is the resting metabolic rate of nest-
lings at nonstimulatory temperatures, TR is the
cost of thermoregulation, A is cost of physical
activity, and TE is energy accumulated in tissue
(growth). RMR, which includes the cost of bio-
synthesis and the heat increment of feeding (HI),
varies according to phase of the circadian cycle.

We used our metabolism and growth data to
calculate the mean nestling energy budget (see
Appendix). The increase in TME with age was
sigmoidal (Fig. 5), with TME reaching 96% of
its maximum value (ca. 54 kJ/day) by 7-days age
(Table 3).

Total metabolized energy per nestling depends
upon fledging age. For nestlings that fledge in 12
days, it is 483 kJ (Table 3). Of the total, RMR
comprises about 47.9%, whereas activity and
thermoregulation combined account for about
33.5% (calculated as FMR — RMR). The pro-
portion of TME attributable to thermoregulation
and activity increases throughout the nestling pe-
riod. This is apparent from the divergence with
age of the lines for RMR and FMR in Figure 5.

Although twelve previous studies have de-
rived nestling energy budgets (see Wijnandts
1984, Klaassen et al. 1989), comparing them with
our data is somewhat problematic owing to dif-
ferences in methodology. Three of the 12 studies
measured nestling FMR using the doubly labeled
water (DLW) method and are thus directly com-
parable with the present study. The other seven
studies estimated nestling FMR and TME in-
directly, using methods involving numerous as-
sumptions, some of which are rather tenuous.
Williams and Prints’ (1989) study is the only one
that estimates nestling energy budgets by both
direct (i.e., based on DLW) and indirect methods
involving extrapolation of laboratory measure-
ments of VO, to the field. In their study, the
indirect method underestimated FMR as mea-
sured by DLW by 36%: TME measured with
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FIGURE 5.

Energy expenditure of nestling Yellow-eyed Juncos as a function of age. TE = energy accumulated

in new tissue (i.e., growth), RMR = resting metabolic rate, FMR = field metabolic rate (measured with doubly

labeled water), and TME = total metabolized energy (i.e.,

field metabolic rate + growth). Shaded area represents

the energy cost of thermoregulation plus physical activity. See Appendix for calculation methods.

DLW was about 25% higher than the indirect
estimates. They attributed the higher values as
measured by DLW to the energy cost of ther-
moregulation and activity during the later stages
of the nestling period. A similar pattern of in-
creasing amounts of energy being devoted to TR
and A in older nestlings is evident in the Yellow-
eyed Junco (Fig. 5), Arctic Tern (Sterna paradi-
saea) (Klaassen et al. 1989), and Acorn Wood-
pecker (Melanerpes formicivorus) (Weathers et

al. 1990). TR and A combined account for 25%
of TME in Savannah Sparrow nestlings, 34% in
the Yellow-eyed Junco, and 27% in the Arctic
Tern. For Acorn Woodpecker nestlings, TR, A,
and the heat increment of feeding combined rep-
resent 40% of TME. Thus in nestlings of four
bird species that differ widely in growth rate, nest
site, and body size, activity and theromoregu-
lation combined comprise about 25-35% of TME.

Gross growth efficiency for the entire nestling

TABLE 3. Parameters of the nestling Yellow-eyed Junco’s energy budget.

Age, days Mass,* g EC,°kJ FMR < ki/d RMR¢ kJ/d TE kJ/d TME,f kJ/d

0 2.47 4.7 1.8 1.8 0.00 1.8

1 3.66 7.9 3.8 3.8 3.18 7.0

2 5.24 13.0 7.2 6.5 5.15 12.4

3 7.18 20.8 13.8 9.8 7.75 21.6

4 9.32 31.2 21.1 13.5 10.46 31.6

5 11.46 43.6 28.4 17.1 12.39 40.8

6 13.38 56.4 35.0 20.4 12.76 47.7

7 14.94 67.9 40.3 23.1 11.54 51.8

8 16.11 77.3 44.3 25.1 9.36 53.6

9 16.94 84.2 47.1 26.5 6.98 54.1
10 17.51 89.1 49.0 27.5 4.90 53.9
11 17.88 92.4 50.3 28.1 3.30 53.6
12 18.12 94.6 51.1 28.5 2.17 533
Sum 3933 231.6 89.9 483.2

* Calculated as: grams = 18.53/(1 + 6.5¢-947'), where ¢ = days age.

® Nestling energy content (EC) calculated as: kJ = (1 — (0.936 — 0 01-m))-21.3- m, where m = mass in grams.

< Field metabolic rate calculated as: kJ/d = —0.443 + 0.142m, except for days 0 and 1, for which FMR was assumed to equal RMR.
¢ Resting metabolic rate (RMR) of nestling calculated as: kJ/d = 24-(0.375-(=0.095 + 0. 063m)) + (0.625-(—0.105 + 0.076m)).

¢ Daily increment in tissue energy (TE) calculated by subtracting the previous day’s EC from the current day’s EC.

" Total metabolized energy calculated as the sum of FMR and TE.



period (expressed as TE/TME) averages 0.24
(range: 0.17-0.29) in 13 altricial species (data
summarized by Wijnandts 1984, Klaassen et al.
1989), but is only 13% in the Acorn Woodpecker
(Weathers et al. 1990). Growth efficiencies should
be compared with caution, however, because
many species continue to grow after they fledge
(Williams and Nagy 1985). Furthermore in those
species that exhibit a range of fledging ages, ap-
parent growth efficiency will differ for early ver-
sus late fledging nestlings. For example, Yellow-
eyed Juncos that fledge at nine days of age would
have a growth efficiency of 0.26, whereas growth
efficiency of those that fledge at 12 days is only
0.20 (calculated from data in Table 3).
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APPENDIX

We based our nestling energy budget calculations (Fig.
5; Table 3) on nestling mass predicted by the logistic
equation (Eq. 1). Total metabolized energy (TME) was
calculated as the sum of the field metabolic rate (FMR),
as measured with doubly labeled water, and the energy
accumulated as new tissue (TE). We estimated resting
metabolic rate (RMR, kJ/day) as the weighted average
of Egs. 2 and 3, based on a 15:9 L:D photoperiod for

WESLEY W. WEATHERS ano KIMBERLY A. SULLIVAN

nestlings in the field. As such, RMR includes the heat
increment of feeding during the active phase of the
daily cycle and the energy cost of biosynthesis. FMR
was estimated from Eq. 7 and the mean nestling mass
predicted for each day. For nestlings O to 1-day old,
FMR was assumed to equal RMR, since Eq. 7 predicts
FMR < RMR for these ages. The energy content of
nestlings (EC; kJ) was calculated by multiplying the dry
mass calculated from Eq. 5 for each age by the assumed
energy density of nestling tissue (21.3 kJ/g dry mass;
mean value calculated from data of Williams and Prints
1986). The daily increment in TE (kJ/day) was ob-
tained by subtracting the previous day’s EC (kJ) from
the current day’s value. Because TE is a small fraction
of TME, errors in our estimate of the energy density
of dry nestling tissue will have relatively little effect on
the nestling’s overall energy budget.



