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ABSTRACT.—Accurate measurements of food con-
sumption by young birds are of great value in a va-
riety of ecological studies, but traditional measure-
ment methods are problematic and prone to high
error. In animals that obtain their water primarily
through food, it is possible to estimate food con-
sumption from measurements of water influx rate,
using radioactively labeled water (3H2O), and diet
water content. We evaluated that method by com-
paring actual food consumption with simultaneous
estimates of food consumption based on the labeled-
water method in captive-reared nestling Tricolored
Herons (Egretta tricolor). There was good agreement.
The average error in the isotope method was 22%
(SD 5 8%), and that difference was not statistically
significant. An errors analysis indicated that the ac-
curacy of this method is sensitive to determinations
of dietary water content and animal body water con-
tent, and to estimates of rates of metabolic water pro-
duction and unidirectional water vapor input.

RESUMEN.—Mediciones precisas del consumo de
alimento en aves jóvenes presentan un gran valor
para una serie de estudios ecológicos, pero los mé-
todos tradicionales de medición son problemáticos y
altamente propensos a errores. En animales que ob-
tienen el agua principalmente a través del alimento,
es posible estimar el consumo de alimento mediante
mediciones del flujo de agua, utilzando agua mar-
cada radiactivamente (3H2O) y el contenido de agua
en la dieta. Evaluamos este método mediante la com-
paración del consumo real con estimaciones simul-
táneas del consumo de alimento basadas en el mé-
todo de agua marcada en polluelos de Egretta tricolor
criados en cautiverio. Hubo una buena concordancia.
El error promedio mediante el método de isótopos
fue del 22% (DE 5 8%), una diferencia que no fue
estadı́sticamente significativa. Un análisis de errores
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indicó que este método es sensible a la determina-
ción del contenido de agua en la dieta y en el cuerpo,
y a la estimación de las tasas de producción meta-
bólica de agua y de entrada unidireccional de vapor
de agua.

Accurate measurements of food consumption by
nestling birds are of potential use for answering a
range of ecological questions, including parent–off-
spring conflict (Mock and Parker 1997), assessment
of toxicant accumulation in wild populations of birds
(Pulliam 1994, Brewer and Hummell 1994), and de-
velopment of energetically based simulation models
for testing hypotheses related to ecosystem function
and dynamics (Wolff 1994). In animals that do not
drink and obtain water essentially only through food
consumption, use of isotopically labeled water to
measure total water influx—and so to estimate food
consumption—has provided a tool for quantifying
food consumption in many wild animals without se-
verely impairing their normal activities (Nagy 1989a,
Gauthier and Thomas 1990). Although the labeled-
water method has been used on adult animals in a
variety of situations (Nagy 1989b, Nagy and Obst
1992), rapidly growing juveniles have not been stud-
ied. Total water influx in birds, as measured by iso-
topically labeled water, consists of water consumed
as food and drink, water produced internally via en-
ergy metabolism, and input of ambient water vapor
and its mixing with body water in lungs and through
skin (Lifson and McClintock 1966, Nagy and Costa
1980). In birds that do not drink for periods of time,
or if drinking can be measured separately and ac-
counted for, total water influx is due primarily to wa-
ter taken in as part of the food, and that forms the
basis of estimating the feeding rate from the water
influx rate. The metabolic water component of total
influx is usually small (,15%) and can be deter-
mined from measurements (preferably, such as via
doubly labeled water; Nagy 1989a) or from estimates
(using predictive equations; Nagy et al. 1999) of met-
abolic rate, or from the metabolizable energy com-
ponent of the diet (Shoemaker et al. 1976). Similarly,
the vapor input is also usually small (,10%), and the
lung component can be estimated from metabolic
rate and associated breathing rate. Birds and mam-
mals have skin that is relatively impermeable to wa-
ter, and many live in relatively dry circumstances
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(Nagy and Costa 1980), so the cutaneous input of wa-
ter vapor is generally negligible in endotherms.
Thus, total water influx, corrected for drinking (if
any), and for metabolic water production and vapor
input, represents water intake due to dietary water
(succulence of food). That rate, in units of milliliters
of water consumed per day, can be divided by the
water content of the diet, in units of milliliters of wa-
ter per gram of food, to calculate feeding rate, in
units of grams of food consumed per day.

In this study, we tested the accuracy of the labeled-
water method by comparing estimates of food con-
sumption derived from the labeled-water method
with actual food consumption measured in captive-
raised nestling Tricolored Herons (Egretta tricolor).
We evaluated assumptions and associated errors in
the labeled-water method in an effort to make that
method more accurate. We hope this report may
stimulate implementation of the labeled-water tech-
nique in a variety of field situations with other
species.

Assumptions in using the labeled-water method.—Our
goal was to develop this method to aid studies of
wild nestling wading birds in the Everglades. The
use of the labeled-water method in the field or in the
laboratory relies on several assumptions, some of
which can be justified, and others that needed testing
specifically for our study of nestling Tricolored Her-
ons. First, the labeled-water method allows accurate
estimation of food consumption in the field only if
water consumed is derived almost entirely from the
foods eaten. Because wading birds are confined to
the nest during the nestling period, they have no ac-
cess to standing water at ground level. In addition,
the wading-bird breeding season in south Florida co-
incides with the dry season. Finally, we observed
nestlings during occasional rainstorms, and they did
not attempt to drink rainwater.

Second, the water content of the food items eaten
by the organism must be well known. The water con-
tent of a variety of fish species from our study site in
the Everglades has been measured (Kushlan et al.
1986). In the case of Everglades Tricolored Herons,
collections of regurgitant samples confirmed that the
diet consists of .95% fish (Frederick 1997). Although
similar arguments and information may be applica-
ble to a variety of animals with strict diets (particu-
larly herbivores and carnivores), we emphasize that
this assumption may not be applicable to a large
number of omnivores.

Methods. Three broods of Tricolored Heron nest-
lings (seven nestlings total, ranging in age from 8 to
14 days) were collected on 27 May 1998 from a heron
breeding colony located on Lake Griffin, near Fruit-
land Park, Florida. The birds were individually color
banded and transported the same day to a laboratory
at the University of Florida. Sibling nestlings were
housed indoors in brood-specific cages for the 21
days of the study. Initially, siblings were placed to-
gether in 65 3 40 cm plastic boxes containing nest

structures made of chicken wire and lined heavily
with sticks collected from the field. The nest struc-
tures were frozen for 24 h prior to contact with the
birds, to kill any ectoparasites that may have been
present. It was necessary to wire all sticks firmly to
the nest structure to give the nestlings the support
needed for normal bone growth. After one week, the
nestlings became very mobile, and the plastic boxes
were placed in cages (141 3 70 3 43 cm) constructed
of plastic sheeting, PVC pipes, and flexible window
screening, and equipped with a sturdy perching
structure made of PVC pipe and wooden dowels.
Room temperature was kept between 24 and 328C,
and humidity was maintained at ;85% with two
humidifiers.

All birds were fed thawed fish (Atlantic silver-
sides; Menidia menidia), augmented with a vitamin
supplement (Vianatet). Each fish was first weighed
(to 60.01 g) with an electronic balance and then
hand-fed to the individually color-tagged birds. All
birds were fed until satiated (begging ceased), three
times daily. To determine the average water content
of the food, 30 frozen silversides were weighed in-
dividually (to 60.01 g), wrapped loosely in alumi-
num foil, and dried to constant weight in an oven
at 608C (about 7 days). Fractional water content of
a subsample of silversides was calculated as ([fresh
mass 2 dry mass]/fresh mass). The dietary free wa-
ter consumed by nestling herons was computed by
multiplying the mass of fresh fish eaten by the frac-
tional water content.

After allowing nestlings to acclimate to captivity
for 5 days, they were weighed (61 g), injected intra-
muscularly (thigh) with 1.0 mCi of tritiated water
per kilogram body mass (Williams 1997) in the
morning, held for 1 h without food or water, and a
blood sample (0.2 mL) was taken from a jugular vein.
On the morning of the 5th day after that, each bird
was weighed and a blood sample was taken to end
the first measurement interval. Immediately there-
after, a second dose of tritiated water was injected as
above, and after 1 h, another blood sample was taken
to begin the second 5-day measurement interval. A
third 5-day measurement interval was completed be-
fore ending the experiment.

To prevent contamination and dilution of the
blood samples by ambient water vapor, they were
transferred immediately from the syringes into 3 mL
heparinized evacuated glass tubes. Within 2 h of col-
lection, each blood sample was transferred to capil-
lary tubes, which were then flame-sealed (Nagy
1983).

We distilled water from the blood samples using a
vacuum line. Each capillary tube was placed in a
ball-and-socket joint attached to a Y-shaped tube us-
ing CajonTM joints, and the entire apparatus was at-
tached to a closed-system vacuum manifold with
pressure drawn down to 2.5 3 1022 torr. Then, stop-
cocks were closed to seal each blood sample under
vacuum. Capillary tubes were broken open by turn-
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ing the ball-and-socket joints. A gas torch was used
to heat the cracked capillary tubes, causing the water
in each blood sample to vaporize. The water vapor
migrated into ampules attached to the other side of
the Y-tube, which were immersed in cold traps of liq-
uid nitrogen. The ampules containing the distilled
water were then flame-sealed while under vacuum
and removed from the vacuum line. If the vacuum
line leaked during the distillation process, causing
ambient water to visibly condense in an ampule, the
sample was discarded.

After the ampules cooled, they were cracked open,
and 10 mL of water were pipetted into 7 mL borosil-
icate glass scintillation vials. Depending on the
amount of sample available, 3 to 7 vials per sample
were prepared. Five milliliters of Scintiverset bio-
degradeable scintillation cocktail was added to each
vial. Vials were sealed and agitated for 30 s with a
Vortex-Geniet to thoroughly mix the water and scin-
tillation cocktail. Above-background specific activity
was then counted using a Beckmant LSC6500 scin-
tillation counter.

Feeding rates were calculated from isotope data in
three steps: calculation of total water loss and gain,
correction for metabolic and vapor water gain, and
then conversion of dietary water intake to food in-
take. In the following equations, ‘‘initial’’ (i) and ‘‘fi-
nal’’ (f) are used to indicate measurements taken at
the beginning and end of the 5 day sampling inter-
vals, respectively. To calculate the daily rate of total
water loss (mL H2O efflux per animal per day), we
used a simplified version of equation 4 of Nagy and
Costa (1980) for situations where body water volume
changes linearly through time:

water efflux

(BWf 2 BWi) · ln[(Hi · BWi)/(H f · BWf )]
5

ln(BWf /BWi) · t

where

BWi 5 initial body water volume of the
nestling (g)

BWf 5 final body water volume of nestling (g)
Hi 5 initial background-corrected activity of

tritium in 10 mL of water from a
nestling (counts per minute, or CPM)

H f 5 final CPM of tritium in nestling
t 5 length of interval (55 days)

ln 5 natural log

In tritiated water studies, water influx is calculated
as the rate of water efflux plus the rate of body water
change (Nagy and Costa 1980):

(BWf 2 BWi)
body water change 5

t

water influx 5 water efflux

1 body water change

Nestling body water contents were not measured

by the isotope dilution method (Nagy and Costa
1980) in this study. Instead, we used data from the
more accurate method of oven-drying to constant
mass for nestlings of a closely related species, the
Eastern Great White Egret (Ardea alba modesta; Min et
al. 1984). Body water in the Tricolored Herons was
calculated from their body mass by multiplying by
the age-specific percentage body water that Min et
al. (1984) determined for Eastern Great White Egrets
of the same age.

Because metabolic water (and CO2) are end prod-
ucts of energy metabolism, we used predicted met-
abolic rates to estimate rates of metabolic water for-
mation. Field metabolic rates (FMR) of adult birds
can be predicted from body mass using the equa-
tion kJ day21 5 10.9 (g)0.64, where g is body mass in
grams (Nagy 1987). However, nestlings are less ac-
tive than adults (especially captive nestlings), and
although they have basal metabolic rates (BMRs)
that are typical for their body mass (Ellis 1980), they
probably have relatively lower FMRs than expected.
We assumed that the FMRs of nestlings averaged
2.5 3 BMR (vs. the 3 3 BMR expected for adults),
and adjusted the FMR predicted from the above
equation by multiplying it by 0.83 (52.5/3.0). The
result, in units of kilojoules per day, was then con-
verted to units of equivalent metabolic water pro-
duction using the factors 25.8 kJ L21 CO2 and 0.617
mL metabolic H2O formed per liter of CO2 for a fish
diet (Nagy 1983). That value was then subtracted
from the total water influx rate to correct for water
produced through metabolism.

Vapor input rate was also estimated from FMR,
by assuming that vapor input across the skin
(which is relatively impermeable in endotherms)
was negligible, and that vapor input via the lungs
could be estimated from ambient humidity data
and rates of air movement during breathing. We as-
sumed that mixed, exhaled air contained 2.9% CO2

(derived from data in Dejours 1975), and calculated
from this that the birds must inhale 34.53 as much
air (inverse of 0.029) as they produce CO2. At the
ambient conditions during our experiments, air
contained an average of 0.0176 g of H2O vapor per
liter of air. All of the inhaled vapor probably con-
denses into and mixes with body water (Pinson and
Langham 1957). Thus, we estimated vapor influx as
0.83 3 predicted FMR in kilojoules per day divided
by 25.8 kJ L21 CO2 3 34.5 L air L21 CO2 3 0.0176 mL
H2O L21 air. That value was also subtracted from the
total water influx rate to correct for vapor input.

After correcting for metabolic water production
and water vapor input, food consumption could be
estimated. Nestling diet consisted of 74% water (SD
5 61%, n 5 30). Thus,

food intake rate (grams wet-weight per day)

5 whole-animal influx corrected for

metabolic water production and

water vapor/0.74.
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FIG. 1. Estimated and actual rates of food consumption by nestling Tricolored Herons. Values for each
bird are shown for each of the three sampling intervals.

The accuracy of the labeled-water method was
measured for each nestling and for each sampling in-
terval, allowing us to conduct a repeated-measures
statistical analysis. We were interested in determin-
ing whether differences in accuracy were due to ei-
ther sampling interval or to differences in individual
nestling attributes (age, sex, or other individual at-
tributes). We first tested the null hypotheses of no ef-
fect of sampling interval on accuracy, and no effect
of individual chick attributes on accuracy. The re-
peated-measures analysis was the ideal test for those
two hypotheses, because three measurements of ac-
curacy were obtained for each of seven experimental
subjects (Zar 1996). A paired, two-tailed t-test was
also conducted to determine if the error was signif-
icantly different from zero error (Zar 1996).

Results. Overall, the labeled-water method esti-
mated food consumption with an average error of
22.1% for all birds and ages (SD 6 8%). That differ-
ence is not significantly different from zero error (P
5 0.38 via a paired, two-tailed t-test). Average errors
for the three 5-day intervals ranged from a signifi-
cant underestimate of 29.4% (Interval I; P 5 0.0003)
to a nonsignificant 12.7% (Interval III, P 5 0.47). Er-
rors for individual measurements (n 5 21) ranged
from 221.7% to 111.6% (Fig. 1).

There were no significant differences in accuracy
due to individual chick effects (repeated measures
ANOVA, P 5 0.25). However, significant differences
in accuracy did exist due to sampling intervals (re-
peated measures ANOVA, P 5 0.0055). Error differed
between sampling intervals in the following manner:

Interval I (29.4%), Interval II (10.3%), Interval III
(12.7%).

Discussion. Overall, our error in using the la-
beled-water method to estimate food consumption
was low and statistically insignificant. However, we
did find a significant underestimate of feeding rate
during the first measurement period, and the indi-
vidual variation in accuracy (222 to 112%) was sub-
stantial. We suspect that some portion of those errors
was due to our use of estimated, rather than mea-
sured, body-water volumes. Estimates based on av-
erage water contents do not account for probable
variation between individuals, and that may intro-
duce errors of around 4–5%. Also, even though we
used age-specific water content data from a conspe-
cific heron, the pattern of change in body-water per-
centage with age may have differed in the two spe-
cies, yielding the consistent error that we found in
the first five-day period. Even though tritium dilu-
tion spaces typically overestimate body-water vol-
umes by about 3–4% (Nagy and Costa 1980, Speak-
man 1997), and thereby probably introduce error
into water flux calculations, that can be accounted for
by doing additional measurements (drying carcass-
es), if possible with the species being studied, to
quantify the error and correct for it. That would
probably improve accuracy.

Correcting for water-vapor input and metabolic
water production were important in reducing overall
error. If not accounted for, those two potential sourc-
es of error would cause an overestimate in food con-
sumption by an average of 32%: 17% error if water
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vapor input were not accounted for, and 15% error
due to metabolic water input. Additional error could
result from metabolic water input if FMR of the nes-
tlings was different from the 2.5 3 BMR, as we as-
sumed. For example, if FMR was only 1.7 3 BMR,
food consumption would have been overestimated
by 6%. Clearly, the assumptions made in estimations
of metabolic and vapor water input can have a sub-
stantial effect on the accuracy of this method. We rec-
ommend that these issues be evaluated carefully in
future labeled-water studies.

The estimates of food consumption are also
strongly influenced by the value used for water con-
tent of the food. Increasing or decreasing the water
content of the food by 10% resulted in errors of the
same magnitude. Therefore, it is imperative that the
diet composition of study animals be assessed thor-
oughly to determine what the diet is, and if it is con-
sistent in the field, because variability in the water
content of food can substantially influence the ac-
curacy of estimates.

We have demonstrated that isotopically labeled
water turnover can yield accurate estimates of food
consumption in nestling Tricolored Herons. If the as-
sumptions and conditions in this study apply to oth-
er animals, this method may work well on a variety
of organisms studied in the field. It is important that
the animals do not drink water, but rather derive
nearly all of their water from food. The study organ-
isms should also be sedentary or easily recaptured.
Particularly in humid environments, it is important
to account accurately for the water vapor input from
ambient air.

The labeled-water method has many advantages
over other methods for estimating food consump-
tion. Collaring has been used in some cases to esti-
mate food intake, but this method restricts the chick
from actually swallowing and digesting food and
should probably not be used for more than one or
two feeding intervals. That method could also influ-
ence mass measurements. In contrast, the labeled-
water technique allows collection of information for
nestling birds over periods of several days, with re-
searcher disturbance limited to ,10 min for each
bird. The nestlings need only to be weighed, injected
with a small amount of tritiated water, blood sam-
pled 1 h later, and then visited again several days lat-
er to obtain a final blood sample. In addition, the
nestling could be reinjected at that time and the pro-
cess repeated for another sampling interval, if so de-
sired. The method has already been used to success-
fully determine amount of food consumed by wild,
free-ranging Great Egret (Ardea alba; Williams 1997),
Snowy Egret (Egretta thula), Little Blue Heron (E. cae-
rula), and Tricolored Heron nestlings in the Ever-
glades (Salatas 2000).

Acknowledgments. This work was supported by a
grant from the U.S. Army Corps of Engineers. We are
grateful to Sara Townsend for her help with the cage
construction, Alison May for volunteering in the lab,

Dr. John Davis for allowing us to use the scintillation
counter, and two anonymous reviewers for their
helpful comments.

LITERATURE CITED

BREWER, L. W., AND R. A. HUMMELL. 1994. What is
measurable in wildlife toxicology: Field assess-
ment. Pages 69–78 in Wildlife Toxicology and
Population Modeling: Integrated Studies of
Agroecosystems (R. J. Kendall and T. E. Lacher,
Eds.). Lewis Publishers, Boca Raton, Florida.

DEJOURS, P. 1975. Principles of Comparative Respi-
ratory Physiology. North-Holland Publishing
Company, Amsterdam.

ELLIS, H. I. 1980. Metabolism and solar radiation in
dark and white herons in hot climates. Physio-
logical Zoology 53:358–372.

FREDERICK, P. C. 1997. Tricolored Heron (Egretta tri-
color). In The Birds of North America, no. 306 (A.
Poole and F. Gill, Eds.). Academy of Natural Sci-
ences, Philadelphia, and American Ornitholo-
gists’ Union, Washington, D.C.

GAUTHIER, M., AND D. W. THOMAS. 1990. Evaluation
of the accuracy of 22Na and tritiated water for the
estimation of food consumption and fat reserves
in passerine birds. Canadian Journal of Zoology
68:1590–1594.

KUSHLAN, J. A., S. A. VOORHEES, W. G. LOFTUS, AND

P. C. FROHRING. 1986. Length, mass, and calorific
relationships of Everglades animals. Florida Sci-
entist 49:65–79.

LIFSON, N., AND R. MCCLINTOCK. 1966. Theory of use
of the turnover rates of body water for measur-
ing energy and material balance. Journal of The-
oretical Biology 12:46–74.

MIN, B. Y., K. HONDA, S. SHIRAISHI, AND R. TATSU-
KAWA. 1984. Biometry of growth and food habits
of young of the Great White Egret, Egretta alba
modesta, in Korea. Journal of the Faculty of Ag-
riculture of Kyushu University 29:23–33.

MOCK, D. W., AND G. A. PARKER. 1997. The Evolution
of Sibling Rivalry. Oxford University Press,
Oxford.

NAGY, K. A. 1983. The Doubly Labeled Water
(3HH18O) Method: A Guide to its Use. Publica-
tion no. 12–1417, University of California, Los
Angeles.

NAGY, K. A. 1987. Field metabolic rate and food re-
quirement scaling in mammals and birds. Eco-
logical Monographs 57:111–128.

NAGY, K. A. 1989a. Doubly labeled water studies of
vertebrate physiological ecology. Pages 270–287
in Stable Isotopes in Ecological Research (P. W.
Rundel, J. R. Ehleringer, and K. A. Nagy, Eds.).
Springer-Verlag, New York.

NAGY, K. A. 1989b. Field bioenergetics: Accuracy of
models and methods. Physiological Zoology 62:
237–252.



556 [Auk, Vol. 119Notes

NAGY, K. A., AND D. P. COSTA. 1980. Water flux in
animals: Analysis of potential errors in the tri-
tiated water method. American Journal of Phys-
iology 238:R454–R465.

NAGY, K. A., I. A. GIRARD, AND T. K. BROWN. 1999.
Energetics of free-ranging mammals, reptiles,
and birds. Annual Review of Nutrition 19:247–
277.

NAGY, K. A., AND B. S. OBST. 1992. Food and energy
requirements of Adelie Penguins (Pygoscelis ade-
liae) on the Antarctic peninsula. Physiological
Zoology 65:1271–1284.

PINSON, E. A., AND W. H. LANGHAM. 1957. Physiol-
ogy and toxicology of tritium in man. Journal of
Applied Physiology 10:108–126.

PULLIAM, H. R. 1994. Incorporating concepts from
population and behavioral ecology into models
of exposure to toxins and risk assessment. Pages
13–26 in Wildlife Toxicology and Population
Modeling: Integrated Studies of Agroecosys-
tems (R. J. Kendall and T. E. Lacher, Eds.). Lewis
Publishers, Boca Raton, Florida.

SALATAS, J. H. 2000. The relationship between food
consumption, growth and survival in nestling
herons. M.S. thesis, University of Florida,
Gainesville.

SHOEMAKER, V. H., K. A. NAGY, AND W. R. COSTA.
1976. Energy utilization and temperature regu-
lation by jackrabbits (Lepus californicus) in the
Mojave Desert. Physiological Zoology 49:364–
375.

SPEAKMAN, J. R. 1997. Doubly Labeled Water: Theory
and Practice. Chapman and Hall, London.

WILLIAMS, G. E. 1997. The effects of methylmercury
on the growth and food consumption of Great
Egret nestlings in the central Everglades. M.S.
thesis, University of Florida, Gainesville.

WOLFF, W. F. 1994. An individual-oriented model of
a wading bird nesting colony. Ecological Mod-
elling 72:75–114.

ZAR, J. H. 1996. Biostatistical Analysis, 3rd ed. Pren-
tice Hall Inc., Upper Saddle River, New Jersey.

Received 4 September 2001, accepted 7 December 2001.
Associate Editor: C. Blem




