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Abstract. In Costa Rica’s humid, Caribbean lowlands, we used the doubly-labeled water 
(DLW) technique to measure field metabolic rate (FMR) and water influx of free-living 
Crowned Woodnymphs (Thalurania colombica) (mean mass = 4.90 g) and Bronze-tailed 
Plumeleteers (Chalybura urochrysia) (mean mass = 7.23 g). FMR averaged 37.9 kJ/day in 
woodnymphs (n = 9) and was 57.9 Id/day in a single plumeleteer. The former value is 26% 
higher than expected from the birds’ mass, based on other DLW studies. Water influx 
averaged 2,392 ml/(kg.day) in woodnymphs (n = 12) and 2,001 ml/(kg’day) in plumeleteers 
(n = 2). These are the highest water flux rates measured for any bird and are equivalent to 
turning over, respectively, 366% and 304% of the birds’ total body water content each day. 
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INTRODUCTION 

Over the past decade, more than a score of stud- 
ies have used the doubly-labeled water (DLW) 
technique to quantify the field metabolic rate 
(FMR) and water flux rate of free-living birds 
(see Nagy 1987). Although these studies reveal 
that the FMR of desert birds is lower than that 
of nondesert birds, and that seabirds differ from 
nonseabirds (Nagy 1987) more data are needed 
to fully appreciate how environmental and life 
history traits influence the water and energy bud- 
gets of wild birds. Studies of tropical landbirds 
seem especially desirable both because the trop- 
ics are being rapidly modified by human activ- 
ities and because the majority of bird species 
reside in the tropics. 

Laboratory studies have revealed that some 
lowland tropical landbirds have comparatively 
low basal metabolic rates (BMR) (Weathers 1977, 
1979, 1986). The following considerations sug- 
gest that they may also have low FMR. Lowland 
tropical birds tend to be less active than tem- 
perate species, and their activity is restricted to 
about a 12-hr day. In contrast, temperate and 
arctic birds experience 15-24 hr of daylight dur- 
ing the breeding season. Consequently, during 
the summer, lowland tropical birds should spend 
a greater proportion of the 24-hr day resting than 

I Received 1 July 1988. Final acceptance 7 Decem- 
ber 1988. 

would birds that reside at high latitudes. Fur- 
thermore, the warm temperatures typical of the 
lowland tropics might reduce thermoregulatory 
requirements. Because basal plus thermoregu- 
latory costs are thought to account for 40-80% 
of a bird’s total energy costs (Walsberg 1983) 
lowland tropical species might require substan- 
tially less energy than temperate or arctic species. 

Despite the above considerations, no studies 
have directly determined the FMR of tropical 
landbirds. Thus, to increase our understanding 
of tropical bird energetics, while simultaneously 
expanding our knowledge of the world’s smallest 
birds, we used the DLW technique to measure 
the water and energy relations of two lowland, 
tropical hummingbird species. 

MATERIALS AND METHODS 

STUDY AREA AND SPECIES 

Our study was conducted during 2-4 July 1985 
at Finca La Selva, a biological station operated 
by the Organization for Tropical Studies, which 
is situated at an elevation of about 75 m in the 
Atlantic lowlands of NE Costa Rica about 2.5 
km SW of the town of Puerto Viejo de Sarapiqui 
(10”26’N, 84”l’W). The mean daily air temper- 
ature at La Selva averages 24”C, with little sea- 
sonal variation; mean annual rainfall is about 4 
m, with the wettest months being July and De- 
cember (cf. Stiles 1975). 

We measured FMR and water flux rate of free- 
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living male Crowned Woodnymphs (Thalurania 
colombica) and Bronze-tailed Plumeleteers 
(Chalybura urochrysia). Both species breed at La 
Selva, but in early July the breeding season had 
just ended and most of the birds were undergoing 
their annual molt (Stiles 1980). Most ofthe males 
we studied held feeding territories at clumps of 
Heliconia imbricata (Musaceae), a large, cloning, 
perennial herb with nectar-rich flowers (Stiles 
1975). The Heliconia clumps were adjacent to 
an abandoned cacao plantation located on a re- 
cent alluvial terrace of the Rio Puerto Viejo. We 
captured birds between 08:OO and 12:00 with 
mist nets set near the Heliconia clumps, and 
identified individuals with color-coded acetate 
leg tags (Stiles and Wolf 1973) that weighed less 
than 0.1 g, or no more than 1% of the bird’s 
weight. 

DOUBLY-LABELED WATER 

Doubly-labeled water measurements are difficult 
to make on hummingbirds because their wings 
and legs do not provide prominent veins from 
which blood samples can be easily obtained. Toe 
clipping only occasionally produces sufficient 
amounts of blood and attempts to obtain blood 
from the single, large, prominent, jugular vein 
usually result in excessive hemorrhaging. To 
minimize trauma and disturbance to the bird, 
we therefore employed the single-sample DLW 
technique (Nagy et al. 1984; Ricklefs and Wil- 
liams 1984; Obst et al. 1987; Webster and 
Weathers 1989). 

We injected and released 43 birds into the field 
(nine Chalybura, mean mass = 7.23 f 0.50 g 
and 34 Thalurania, mean mass = 4.90 ? 0.25 
g). We recaptured two Chalybura and 14 Tha- 
lurania: 11 of these within approximately 1 day 
and five within approximately 2 days of their 
release. One of the 1 -day recapture samples was 
lost in processing and none of the 2-day birds 
contained sufficient IsO to permit calculation of 
CO, production. For one of the 1 -day birds, 180, 
was too low (within 0.0012 atom % of back- 
ground) to provide reliable estimates of CO, pro- 
duction (see Reliability of Data, below). ‘H levels 
of all but two of the recaptures were sufficient to 
permit calculation of water flux rates. 

Within 5 min of initial capture, hummingbirds 
were weighed to the nearest 0.05 g with a 10-g 
Pesola spring balance, given an intramuscular 
(pectoralis) injection of 15-25 ~1 of water (con- 
taining 95+ atom percent I80 and ca. 0.6 MBq 

3H) with a Hamilton 50-~1 syringe, and released. 
One or 2 days later they were recaptured and 
reweighed, and a 70- to 1 OO-~1 blood sample was 
obtained by puncturing the jugular vein and fill- 
ing one or two heparinized hematocrit tubes. The 
tubes were sealed with Critocaps in the field and 
taken to the laboratory at La Selva, where they 
were flame-sealed and stored at 4°C. They were 
later transported under refrigeration to the Uni- 
versity of California, Davis, for processing. Blood 
samples were microdistilled under vacuum to 
obtain pure water, which was assayed for tritium 
activity (Searle model Mark III liquid scintilla- 
tion counter, toluene-Triton X 1 00-PPO scintil- 
lation cocktail) and for oxygen- 18 content by cy- 
clotron-generated proton activation of I80 to 
fluorine- 18 with subsequent counting of the pos- 
itron-emitting 18F in a Packard Gamma-Roto- 
matic counting system (Wood et al. 1975). 

MEASUREMENT OF TBW 

Determinations of isotope levels in an initial 
(postequilibrium) blood sample are typically used 
in DLW studies to calculate the initial total body 
water volume (TBW,) and the initial, back- 
ground-corrected, isotope ratio (In 0*,/H*) re- 
quired in the CO, production calculations. In this 
study, initial postequilibrium isotope levels were 
estimated from a separate control group of eight 
hummingbirds: three Chalybura and five Tha- 
lurania (for rationale, see Nagy et al. 1984). These 
birds were captured and injected with DLW as 
described above, held for 1 hr in the field, 
weighed, and a blood sample obtained as above. 
They were then sacrificed, taken to the labora- 
tory, reweighed, and dried to constant mass (de- 
termined to the nearest 0.1 mg with a Mettler 
H30 balance) at 70°C (see Crumb et al. 1985). 
From the isotope levels in the control blood sam- 
ples, we calculated the predicted initial isotope 
ratio (background-corrected) for experimental 
birds (In 180,/3H, = -10.3527 2 0.0224). We 
used this ratio in our FMR calculations. We re- 
gressed the initial tritium activity of the controls 
against ~1 DLW injected/g body mass to obtain 
the following equation, from which we estimated 
the initial 3H level for field birds: 

3H activity (cpm) = 4,630X - 470 

(r2 = 0.952, sy_ = 338.8, s, = 424.2), 

where Xis the ~1 of DLW injected per gram body 
mass. For the control birds, the mean algebraic 
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TABLE 1. Water and energy relations of free-living tropical hummingbirds. 

Water 

Body mass Energy Influx Meta- 
bolic I~AUX- Input from: 

Bird Mean, Time, ml CO,/ ml/ water metabolic Diet Drinking ~___ 
no. g % change/day days g.hr k.I/day kg.day ml/day ml/day ml/day ml/day ml/day 

Thalurania colombica 

13 5.13 -0.97 1.102 14.09 37.29 2,663 13.66 1.15 12.51 8.36 4.15 
17 4.98 1.01 1.006 12.46 32.00 2,724 13.57 0.99 12.58 7.17 5.41 
24 4.58 1.10 0.949 18.25 43.12 2,963 13.57 1.33 12.24 9.66 2.58 
26 4.70 -2.11 0.949 15.03 36.43 2,03 1 9.55 1.12 8.43 8.16 0.27 
33 4.73 3.23 1.036 14.21 34.66 2,169 10.26 1.07 9.19 7.71 1.42 
34 5.10 1.98 0.915 10.44 27.41 2,664 13.59 0.85 12.74 6.16 6.58 
40 5.18 -0.96 0.930 18.63 49.71 2,155 11.16 1.53 9.63 11.16 -1.53 
41 4.98 1.01 0.971 15.12 40.38 2,222 11.01 1.24 9.83 9.05 0.78 
48 4.83 -3.06 0.848 16.09 40.08 1,684 8.13 1.23 6.90 8.99 -2.09 

x 4.91 0.14 0.974 14.99 37.91 2,364 11.62 1.17 10.45 8.50 1.95 
SD 0.20 1.92 0.067 2.45 6.11 386 1.96 0.20 2.14 1.45 2.99 

Chalybura urochrysia 
22 1.20 -2.74 1.955 2,028 14.60 - - - - 
32 1.18 2.11 0.996 15<4 57.92 1,973 14.17 1.78 12.39 12.99 -0.60 

error for 3Hi predicted by this equation was 1.77 
* 0.75%. 

For a constant injection volume, the relation 
between 3Hi specific activity (cpm) and milli- 
liters of dilution volume (which is a function of 
body mass) is a curve, described by the equation 
C = XY, where Y = cpm, X = ml TBW, and 
C is a constant (see Nagy 1980). Previous ap- 
plications of the single sample DLW method (see 
Webster and Weathers 1989) have used the 
3H- activity and TBW, of controls to calculate a 
coAstant, CH, from the equation C, = 3H, x 
(TBW, [ml]). This constant and an estimate of 
TBWi is used to calculate the initial 3H, of ex- 
perimental animals. Theoretically this approach 
should give more accurate estimates of 3Hi than 
the linear approximation which we used above. 
However, for our control birds, in which differ- 
ent injection volumes were used for the two 
species, the linear approximation yielded mar- 
ginally better results. Mean C, values calculated 
as above for our control birds were 44,368 cpm. 
ml for Thalurania (n = 5) and 70,915 cpm.ml 
for Chalyburu (n = 3). Coefficients of variation 
for C, were 1.3 1% and 4.53%, respectively. For 
our control birds, the mean algebraic error of 
predicted 3H, (compared to the measured H,) cal- 
culated by dividing C, by TBWi was 1.85 2 
1.74%. The corresponding error for linear ap- 
proximation was slightly smaller and signifi- 
cantly less variable (1.77 -t 0.75%: F = 5.4, P 
< 0.05). The linear approximation provided a 
somewhat better estimate for our control birds 

for two reasons. First, because different injection 
volumes of DLW were used for the two species, 
the sample size from which C, was calculated 
was small for both species. Sample size was ef- 
fectively increased by using a linear approxi- 
mation which regresses 3H, against ~1 DLW in- 
jected/g body mass. Second, although the relation 
between 3H, activity (cpm) and milliliters of di- 
lution volume is a curve, the arc of the curve is 
so shallow that over a fairly broad range of TBW 
a straight line adequately describes the data. For 
Thalurania, mean water influx calculated using 
C, to estimate 3H, was 2,367 * 413 ml kg-l. 
day-‘. Mean water influx based on the linear ap- 
proximation was 0.13% lower, 2,364 + 386 ml 
kg-’ .daym’ (Table 1). 

We determined the final total body water con- 
tent (TBWJ of experimental birds by killing them 
in the field immediately after obtaining the single 
blood sample and drying them to constant mass 
at 70°C. The experimental bird’s TBW, was cal- 
culated from the bird’s initial body mass (M,) 
and TBW, assuming a constant water propor- 
tion. It seemed possible that the bird’s plumage 
might absorb significant amounts of water from 
the moist tropical air. If so, drying would over- 
estimate TBW. To check this, we carefully 
plucked a 4.55-g male Thalurania, exposed the 
plucked feathers to the moist ambient air for 
several hours, weighed them to the nearest 0.1 
mg, and then dried them to constant weight at 
70°C. The water absorbed by the plumage equaled 
0.387% of the bird’s fresh body weight. TBW, of 
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control birds determined by drying (corrected for 
plumage water content) averaged 0.676 M, +- 
0.020, and was 102.4 If 5.5% of the value cal- 
culated from IsO dilution. The TBW of experi- 
mental birds was likewise corrected for plumage 
water content. 

We calculated CO, production, ml/(g.hr), from 
the 3H and I*0 levels (corrected for background 
concentrations) by the following equation: 

5 1.86(TBW, - TBW;) 
(M, 1 + M,) ln(TBWr/TBW,) t 

.[lnz - lnz] 

where TBW is total body water, M is body mass, 
and t is the interval in days between 1 hr after 
isotope injection and the time that the single 
blood sample was taken. 

ENERGY EQUIVALENT OF 
CO, PRODUCTION 

Converting field metabolic rates from CO, pro- 
duction to units of energy requires knowledge of 
the bird’s diet. Although our hummingbirds fed 
mostly on Heliconia imbricata nectar, they also 
caught insects sporadically throughout the day. 
Flycatching attempts occurred more during warm, 
sunny periods than during cool, shady ones be- 
cause small insects were more active then. Hum- 
mingbirds often spent the first l-2 hr of the day 
in the forest canopy catching insects and the first 
birds captured during the day typically had in- 
sects in their crops. The total time spent insect 
catching averages about 15-25% of that spent 
foraging for nectar (Stiles, unpubl. data). The 
amount of energy obtained from insects is prob- 
ably lower than that predicted from the propor- 
tion of time spent insect catching, however, as 
some insects undoubtedly elude the fly-catching 
attempts. Therefore, we assumed that the hum- 
mingbirds’ diet consisted of 90% nectar and 10% 
insects. Heliconia imbricata nectar consists vir- 
tually entirely of sugar and water and thus has a 
heat equivalent for CO, production of 21.1 
kJ/l CO, (Carpenter 1948). The heat equivalent 
of insects was assumed to be 24.6 kJ/l CO, (Wil- 
liams and Nagy 1985). From these values we 
estimate that 2 1.5 kJ of heat were produced per 
liter CO, produced. 

WEATHER 

Half of our labeled birds (nos. 10-30) were free- 
living during a rainy period (2-3 July), with rain 

between 10:30-l 1:30 and 13:30-16:30, andwith 
periods of heavy rain overnight. Air temperature 
during this period ranged from 23.5 to 26°C. The 
other half (nos. 31-52) were released during a 
dry period (3-4 July) of generally sunny, clear 
skies and temperatures between 23.0 and 26°C. 

RELIABILITY OF DATA 

We can gauge the accuracy of our analytical tech- 
nique from standards and from the coefficients 
of variation (CV) for triplicate I80 samples. For 
the 3H analysis, the mean algebraic error of stan- 
dards was 0.42%, and the absolute maximum 
error in any one measurement was 1.11% (n = 
22). The mean CV for triplicate I80 samples ana- 
lyzed with the cyclotron was 0.48%, and the mean 
algebraic error in six recent analyses of I80 stan- 
dards was 0.0005 atom % (max. error = 0.0012 
atom %). 

Because isotopes in our hummingbirds turned 
over rapidly, 180,values were fairly close to back- 
ground (0.0033 to 0.0224 atom % above back- 
ground). Ricklefs et al. (1986) found that cal- 
culated CO, production increased as l*O, 
approached background and adjusted their CO, 
calculations using a lower hypothetical back- 
ground. The CO, production of our humming- 
birds showed no tendency to increase as r80f ap- 
proached background, however, obviating the 
need to adjust our values. Even though our ‘*O, 
values are low, we believe the estimates of CO, 
production derived from them to be reliable. 

Although we did not validate the single-sam- 
ple DLW method specifically for hummingbirds, 
in a subsequent validation of our technique using 
6-g Verdins (Auriparus flaviceps) (Webster and 
Weathers 1989), CO, production of individu- 
als measured by DLW differed by less than 11% 
from values determined simultaneously by the 
Haldane method (mean difference, 0.5%). No di- 
rect validation of single-sample DLW method 
for measuring water flux is available, but the 
single-sample method provides values that are 
equivalent to those of the double sample method 
(Webster and Weathers 1989), for which max- 
imum errors are about 15% (Nagy and Costa 
1980). Numerical results are presented as mean 
f one standard deviation. 

RESULTS AND DISCUSSION 

FIELD METABOLIC RATE 

Field metabolic rate (CO, production) was 15.64 
ml CO,/(g hr) for the one recaptured Chalybura 
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TABLE 2. Rest phase basal metabolic rate (BMR) and field metabolic rate (FMR) of very small birds. 

FMR 
Mass, BMR kJ/ kJ/ FMRi 

g n Id/day day es4. day BMR Source 

Nectarivores 
Calypte anna 
Thalurania colombica 
Chalybura urochrysia 
Acanthorhynchus 

tenuirostris 

Frugivore 
Zosterops lateraliF 

Insectivores 
Auriparus flaviceps 
Malurus cyaneus 

Granivore 
Estrilda troglodytesd 

4.5 8 9.2a 32 12.2 3.5 Powers and Nagy 1988 
4.9 9 6.2b 38 13.7 6.2 This study 
7.2 1 8.3b 58 16.4 7.0 This study 

9.7 6 21.5 53 12.4 2.5 Weathers and Paton, unpubl. data 

9.5 9 16.3b 43 10.3 2.7 Rooke et al., unpubl. data 

6.6 11 13.4 30 9.0 2.2 Webster and Weathers, unpubl. data 
8.2 2 14.7b 34 8.8 2.3 Weathers and Paton, unpubl. data 

6.7 9 11.4 57 16.9 5.0 Weathers and Nagy 1984 

= Calculated by reducmg active phase value (12.4 Id/day: Powers, unpubl. data) by 25%. 
b Predicted value (Axhoff and Pobl 19701. 
( Feeding in grape’vineyard at time of St&y. 
d Captive birds in large flight awary. 

and averaged 14.99 ml CO,/(g.hr) for the nine 
Thaluruniu (Table 1). From these values, we es- 
timate that daily energy expenditure was 57.9 
W/day for the one Chalybura and averaged 37.9 
Id/day for Thalurania. 

Comparing our tropical hummingbirds’ FMR 
with that of other very small birds is complicated 
due to interspecific differences in body size and 
diet as well as differences in daylength and weath- 
er conditions between the various studies. Table 
2, which summarizes the available FMR data for 
nonbreeding birds weighing less than 10 g, groups 
species by diet and removes the effects of body 
size (Kleiber 1947) by dividing FMR by body 
mass raised to the 0.64 power (the exponent re- 
lating avian FMR to mass, Nagy 1987). These 
data hint that diet and/or foraging mode may 
affect FMR. The mass independent FMR of the 
four nectarivores averages 13.7 kJ/(g” 64. day), and 
is about 50% higher than that of the two insec- 
tivorous species. Three of the nectarivores are 
hummingbirds, which hover while feeding, 
whereas one, the Eastern Spinebill (Acantho- 
rhynchus tenuirostris), is an Australian honey- 
eater that feeds while perched. Eastern Spinebills 
spend about 2% of the day in flight (Paton, un- 
publ. data) vs. about 5% for Crowned Wood- 
nymphs (Stiles, unpubl. data) and 20% for An- 
na’s Hummingbirds, Calypte anna (Stiles 197 1). 
The lack of an obvious correlation between time 
spent in flight and FMR emphasizes the impor- 
tance of energy-requiring processes other than 
flight as determinants of FMR. 

Although the granivore has the highest mass- 
independent FMR, it was studied in captivity 
during cool, windy weather-conditions which 
increase metabolic rate. Clearly, more data are 
required to confirm the hypothesized link be- 
tween diet and FMR. Should such a relation be 
substantiated, allometric relations used to pre- 
dict FMR from body size could be modified to 
take diet into account, thereby improving their 
utility. 

A wide choice of allometric equations is avail- 
able with which we can compare our humming- 
birds’ FMR. Walsberg (1983) derived an equa- 
tion relating FMR to body size for birds that 
forage in flight. The single Chalybura’s FMR is 
24% higher than predicted by this equation, 
whereas that of the nine Thalurania averages 
only 2% higher than predicted. Nagy (1987) rean- 
alyzed the scaling of avian FMR restricting his 
analysis to determinations of FMR made with 
the DLW technique. The FMR of Thalurania is 
26% greater than predicted by Nagy’s equation 
for all birds and 140% greater than predicted by 
his nonpasserine equation. Nagy’s nonpasserine 
equation is strongly biased in favor of large birds 
and does not seem to apply to hummingbirds. 
For example, it predicts a FMR for C. anna that 
is only 46% of the observed value (Powers, pers. 
comm.). Furthermore, Nagy’s equations are de- 
rived mainly from data for birds during the 
breeding season when FMR is thought to be high- 
est, whereas all of the hummingbirds studied thus 
far were nonbreeding. Thus, the FMR of tropical 
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hummingbirds seems representative of species 
which forage in flight, but much higher than pre- 
dicted for nonpasserines that do not forage in 
flight. These data do not support the notion that 
tropical birds necessarily have low FMR. 

The relative power requirement of different 
species can be compared by calculating the ratio 
of FMR to rest phase BMR (Ring 1974) with 
large ratios indicating “hard working” species. 
Data for our hummingbirds’ BMR are unavail- 
able, but using BMR values predicted from mass, 
we calculate FMR/BMR ratios of 6.1 and 7.0 
(Table 2). These values, which would be the high- 
est reported for any bird, suggest that hum- 
mingbirds are the hardest working of all the 
birds-a view consistent with their small size and 
intense activity. These ratios seem unrealistically 
high, however, as theoretical considerations and 
empirical measurements indicate that the max- 
imum FMR/BMR ratio is about 5.7 (for review, 
see Weathers and Sullivan, in press). This sug- 
gests that our hummingbirds’ actual BMR may 
be higher than predicted. 

Surprisingly few reliable data on hummingbird 
BMR are available. Those that do exist indicate 
that at least some hummingbirds have higher 
BMR than predicted by the equations of Aschoff 
and Pohl (1970). The BMR of Oreotrochilus es- 
tella is 81% higher (Carpenter 1976) and that of 
Anna’s Hummingbird is 67% higher (Powers, 
unpubl. data), than predicted. The FMR/BMR 
ratio of the temperate Anna’s Hummingbird, 3.5 
(Table 2) is similar to that ofother nonpasserines 
(Weathers and Sullivan, in press). A similar 3.5 
ratio for Thalurania would require a BMR 167% 
higher than predicted from the Aschoff and Pohl 
equation. Clearly, BMR measurements of trop- 
ical hummingbirds are needed to resolve this is- 
sue. 

WATER INFLUX 

Water influx equals water efflux provided body 
mass and water content do not change during the 
measurement interval, as was essentially true for 
our hummingbirds (Table 1). Water influx av- 
eraged 2,001 ml/(kg.day) (n = 2) for Chalybura 
and 2,392 ml/(kg.day) (n = 12) for Thalurania. 
These values, respectively 267% and 286% of 
what would be predicted from the birds’ mass 
(Nagy and Peterson 1988) are the highest rela- 
tive water influx rates reported for any bird species 
(for review, see Nagy and Peterson 1988). In- 
deed, Thalurania males turn over an equivalent 
of 366% of their total body water content each 

day, a rate exceeding that of some amphibians 
(Nagy and Peterson 1988). 

High water flux rates in our tropical hum- 
mingbirds probably result from three factors: a 
mesic environment, their high FMR, and a liquid 
diet. Although the relative importance of these 
three factors is difficult to discern, data for tem- 
perate nectarivores suggest a substantial envi- 
ronmental contribution. Daily water influx of 
Anna’s Hummingbird (1,640 ml/kg ‘day) and the 
Eastern Spinebill (905 ml/kg.day) is consider- 
ably lower than that of the tropical humming- 
birds, whereas their field metabolic rates are fair- 
ly similar (Table 2). 

Comparable water flux data for other very small 
birds suggest that diet may surpass body size as 
a determinant of flux rate (Table 3). Nagy and 
Peterson (1988) proposed using the ratio of daily 
water flux rate (ml/day) to daily field metabolic 
rate @J/day) - the so-called “water economy in- 
dex”-to compare directly water use of different 
species independent of body size or taxa effects. 
For very small birds, the water economy index 
seems to reflect the water content of the diet, 
being highest in nectarivores, intermediate in in- 
sectivores, and lowest in the granivore. However, 
no such correlation is apparent for vertebrates 
in general (Nagy and Peterson 1988) suggesting 
that differences across taxonomic groups may 
obscure such patterns. 

For Thalurania males recaptured within 1 day 
of release, we can partition water influx into that 
due to metabolic water formation, diet, and 
drinking plus vapor input. Metabolic water in- 
put, calculated assuming 0.662 ~1 of water were 
formed for each milliliter of CO, produced 
(Schmidt-Nielsen 1964; for a diet of 10% insects 
and 90% nectar), averaged 1.17 ml/day, or 10% 
of the total input (Table 1). Dietary water input 
was calculated from the birds’ FMR assuming 
that the birds obtained 4.46 kJ of energy for each 
milliliter of dietary water ingested. This value 
was estimated as follows: the average sugar con- 
centration ofH. imbricata nectar is 0.65 M (Stiles 
1975) which is equivalent to 3.76 kJ/ml of nec- 
tar. Each milliliter of nectar contains 0.886 ml 
of water, which gives an effective energy value 
of4.14 kJ/mlofwaterobtainedfromnectar(3.76 
kJ/ml nectar divided by 0.886 ml water/ml nec- 
tar). Assuming that the insects which our hum- 
mingbirds ate were 67% water and had a metabo- 
lizable energy content of 4.94 k.l/g wet weight 
(Ricklefs 1974) the birds would obtain 7.37 k.I/ 
ml water from insects. Assuming a diet of 90% 
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TABLE 3. Water influx of very small birds. 

Mass, Water influx economy 
index, 

g n ml/day % Pred’ ml/kT source 

Nectarivores 
Calypte anna 
Thalurania colombica 
Chalybura urochrysia 
Acanthorhynchus 

tenuirostris 

Frugivore 
Zosterops lateralis 

Insectivores 
Auriparus jlaviceps 
Malurus cyaneus 

Granivore 
Estrilda troglodytes 

4.5 8 7.38 190 0.23 
4.9 12 11.81 286 0.31 
7.2 2 14.38 261 0.24 

9.1 6 8.78 132 0.17 

9.5 9 10.78 164 0.25 Rooke et al., unpubl. data 

6.6 11 3.13 62 0.10 Webster and Weathers, unpubl. data 
8.2 2 5.36 91 0.16 Weathers and Paton, unpubl. data 

6.7 9 1.49 46 0.03 Weathers and Naev 1984 

Powers and Nagy 1988 
This study 
This study 

Weathers and Paton, unpubl. data 

a Predicted from mass by equations of Nagy and Peterson (1988) for birds in the field or in captivity, as appropriate 

nectar and 10% insects, the hummingbirds would 
obtain 4.46 kJ/ml dietary water ([0.9 x 4.141 + 
[O. 1 x 7.371). Dividing FMR by this factor gives 
an average dietary water input of 8.5 ml/day, or 
73% of the total water input (Table 1). 

Subtracting metabolic water and dietary water 
input from total water influx gives the water in- 
put due to drinking and/or vapor input across 
respiratory surfaces. Our calculations suggest that 
7’halurunia males gained an average of 1.95 ml 
ofwater per day (17% of the total input) via these 
pathways (Table 1). This value seems unreason- 
ably high, however, and lower values would re- 
sult from changing the assumptions upon which 
it is based. For example, if our hummingbirds 
gained all of their energy from nectar (i.e., they 
did not eat insects), the input due to “drinking” 
would be only 0.22 ml/day. Drinking would also 
be less if the floral nectar were more dilute than 
0.65 M. However, it is unlikely that rain diluted 
the floral nectar, thereby increasing the dietary 
water input, since nectar of H. imbricata is well 
protected in a deep nectar chamber. Moreover, 
data on nectar concentration on rainy vs. sunny 
days indicate no differences (Stiles, unpubl. data). 

Because of their liquid diet and humid envi- 
ronment, our hummingbirds probably did not 
drink much water. However, we have observed 
these birds drinking from dripping foliage oc- 
casionally after rains or early in the morning. 
Also, the birds bathe in wet moss on branches 
or leaves. Following such bathing or after periods 
of heavy rain, they usually preen vigorously and 

preening as a percentage of time spent perching 
is higher on rainy than on sunny days (25% vs. 
7%; Stiles, unpubl. data). Ingestion of water in- 
cidental to preening wet plumage is suggested by 
the data for birds no. 13, 17, 24, and 26 which 
experienced heavy rain during several hours of 
their measurement interval (no rain fell during 
the time the other individuals were being mea- 
sured). The average water input due to drinking 
and/or vapor for these four individuals is higher 
than that of the other birds (3.1 ml/day vs. 1 .O 
ml/day; Table l), although the difference is not 
statistically significant (Mann-Whitney U-test). 
Interestingly, the mean rate of CO, production 
was identical during rainy and dry measurement 
periods, suggesting that these tropical birds may 
not incur additional energy costs during periods 
of rain. Presumably any increment in thermo- 
regulatory costs during rainy periods (e.g., Lus- 
tick and Adams 1977) was offset by a reduction 
in activity. Aggressive behavior, insect catching, 
and miscellaneous flying are reduced in light rain 
and virtually eliminated in heavy rain, although 
at least territorial males continue to feed in all 
but the heaviest downpours (Stiles, pers. ob- 
serv.). 
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