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Summary

Hummingbirds ar e specialized nectarivoresthat feed on
dilute solutions of sugar swith trace amountsof amino acids
and electrolytes. Their diets contain excess water that, if
absorbed, must be eliminated. It has been hypothesized
that in hummingbirds only a small fraction of this dietary
water may be absorbed in theintestine. Here, wereport the
results of experimentsdesigned to examinetherelationship
between nectar intake and water turnover in
hummingbirds. Our results also allow the estimation of
water absorption acrosstheintestine and thereforetest the
hypothesis that ingested water in hummingbirds passes
largely unabsorbed through the gastrointestinal tract. We
found that fractional and total water turnover increased
linearly with water ingestion. At low sucrose
concentrations, food intake rates between four and five
timesbody mass per 12h werenot unusual. A simple mass-

balance model suggested that 78% of ingested water was
absorbed in the gastrointestinal tract and hence must be
processed by the kidneys. However, fractional water
absorption was variable and did not appear to be
correlated with food or water intake parameters. Our
results do not lend support to the hypothesis that the bulk
of dietary water passes through the intestine unabsor bed.
Although hummingbird kidneys appear well suited to
excrete large volumes of dilute urine, rates of energy
assimilation in hummingbirds may be constrained by
excess water elimination when these birds are feeding on
nectars with a low sugar concentration.

Key words: hummingbird, Selasphorus platycercus, food ingestion,
water turnover, diet, osmoregulation, nectar.

Introduction

A perpetual challenge facing terrestrial animals is the
maintenance of fluid and electrolyte balance under the
desiccating conditions that characterize their environments.
Osmoregulatory research over the last four decades has largely
focused on the physiological challengesto water balance faced
by animalsliving under conditions of limited water availability
(Schmidt-Nielsen, 1964). This emphasis on desert animals may
have led to an unbalanced view of the water relationships of
terrestrial animalsin general. Nectar-eating animals exemplify
the other end of the osmoregulatory spectrum. Floral nectars
are dilute aqueous sol utions of sugars containing trace amounts
of amino acids and electrolytes (Baker, 1975, 1977; Baker and
Baker, 1983). Because they contain large amounts of water,
little protein and have relatively high osmotic concentrations,
nectar diets can pose specia osmoregulatory challenges for
animals (Beuchat et al., 1990; Nicholson, 1998).

These challenges may be especially acute for small nectar-
eating birds such as hummingbirds, which are perhaps the most
specialized nectar-eating birds and are among the most
specialized nectarivorous vertebrates (Grant and Grant, 1968).
They have exceptionally high mass-specific metabolic

demands and exhibit the highest water flux rates measured in
endothermic vertebrates (Weathers and Stiles, 1989). Previous
research on hummingbirds has emphasized the physiological
and ecological problems of alife with high energetic demands
(Calder, 1975, 1994; Hainsworth, 1978, 1981; Hainsworth and
Wolf, 1983) and, to alesser extent, their ability to maintain the
high levels of sugar digestion needed to meet those demands
(Karasov et al., 1986; Martinez del Rio, 1990). Here, we focus
on the maintenance of water and ion homeostasis and on the
potential problems associated with simultaneous regulation of
energy intake and osmoregulation.

Beuchat et al. (1990) estimate that, to satisfy daily energy
reguirements, Anna s hummingbirds (Calypte anna) routinely
consume an amount of nectar equal to approximately 1.6 times
their body mass, a value five times higher than that expected
for a bird of their size. When energetic demands are greater
(e.g. increased thermoregulatory demands because of low
ambient temperatures), these birds can consume a volume of
nectar equal to approximately three times their body mass per
day (Beuchat et al., 1990, and references therein). If this
ingested water is completely absorbed, the proportionate water
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flux experienced by hummingbirds would exceed even that of
freshwater amphibians (Beuchat et a., 1990). Indeed,
extremely high water flux rates have frequently been measured
in other nectarivorous and frugivorous birds (Rooke et al.,
1983; Powers and Nagy, 1988; Weathers and Stiles, 1989;
Williams, 1993; Powers and Conley 1994; Goldstein and
Bradshaw, 1998; Nicholson, 1998).

To explain the ability of hummingbirdsto process such large
volumes of water rapidly, Beuchat et al. (1990) hypothesized
that perhaps only a small fraction of the ingested water is
absorbed from the small intestine, leaving the rest to pass
quickly through the intestinal tract to the cloaca. This scenario
requires the rapid absorption of sugars and electrolytes across
theintestine and regulation of the transepithelial water flux that
would inevitably accompany the absorption of osmotically
active substances (Skadhauge, 1981; Beuchat et al., 1990). If
the ingested water is largely absorbed across the intestine, as
it appears to be in most vertebrates (Powell, 1987),
hummingbirds would be faced with significant challenges to
renal function when feeding on energy-dilute nectars (Beuchat
et al., 1990). Here, we report the results of experiments
designed to examine the rel ationship between nectar intake and
water turnover in hummingbirds. Our results also alow the
estimation of water absorption across the intestine of
hummingbirds and therefore provide atest of the hypothesis of
Beuchat et al. (1990).

Researchers have traditionally assumed that water turnover
in nectarivorous animals can be used to approximate nectar
intake, given that ingested water comes only from food (von
Helversen and Reyer, 1984; Kunz and Nagy, 1988; Powers and
Nagy, 1988; Wesathers and Stiles 1989; Tiebout and Nagy,
1991). This hypothesis is based on the assumption that 100 %
of ingested water is absorbed in the intestine. Thus, in
evaluating the hypothesis of Beuchat et a. (1990), we aso
tested the validity of the main assumption of a significant body
of work on the field energetics of nectar-feeding birds.

Materials and methods
Bird capture and maintenance

Broad-tailed hummingbirds [Selasphorus platycercus
(Swainson), body mass 3.34+0.08g, mean = S.E.M.] were
captured with mist nets in Albany County, Wyoming, USA
(41°20'N, 106°15'W), and housed individuadly in wire
mesh cages (0.75mx0.75mx0.75m). Birds were captured
approximately 2 months before the project began and
maintained or increased their body mass while in captivity.
During experiments, birds were housed individually in opaque
Plexiglas cages (0.5mx0.5mx0.5m) with individual light
sources. The front of these cages was a one-way mirror that
permitted observation of birds in a darkened room with
minimal disturbance. Birds were alowed to acclimate to the
cages for 2-3 days before the experiments began. The study
was conducted at room temperature (22+2°C) using a natural
photoperiod from the time of bird capture (16 h:8h light:dark).
Birds were fed Roudybush Nectar 3 for adult hummingbirds

between experiments (Roudybush, Templeton, CA, USA).
During experiments, birds were fed synthetic diets modified
from Brice and Grau (1989). They were fed the experimental
diet for aminimum of 24 h before trials began.

Experimental design

The experiment consisted of aseries of trialsin which each
bird was randomly assigned to one of four dietary energy
densities (292, 584, 876 or 1168 mmol I-1 sucrose). Werelied
on the behavioral response of hummingbirds to varying food
energy density (Lopez-Calleja et al., 1997). Typicaly,
nectar-feeding birds show a steep negative relationship
between total volumetric food intake and sugar
concentration. Manipulation of sugar concentration therefore
leads to a wide range of variation in food intake by
hummingbirds. Food intake rate (ul h™1) was recorded over
the course of each experimental trial by measuring the
change in food level to the nearest 0.5mm in a tube of
constant internal diameter, correcting for evaporation and
food spillage. Water turnover rates were estimated by
injecting approximately 1.85x10*Bq of 3H20 in 15ul of
distilled water into the pectoralis muscle of each bird
approximately 1.5h after the lights had been turned on.
Injection volumes were verified gravimetrically by weighing
syringes (25 pl; Hamilton Company, Reno, NV, USA) to the
nearest 0.0001g before and after injection. Plastic-coated
paper was drawn through slots in the bottom of the cages to
facilitate collection of excreta while minimizing disturbance.
Microcapillary tubes (50 pl) were used to collect excreta and
quantify volume. Fresh excreta samples were collected at
irregular intervals for approximately 30 h, excluding the dark
portion of the photoperiod during which hummingbirds do
not defecate. Samples were not collected until approximately
40 min after injection, allowing sufficient time for complete
3H equilibration with body water (equilibration time
estimates vary from 15 to 30min in small birds; Williams
and Nagy, 1984; Speakman, 1997). Excreta were
immediately placed in separate scintillation vials to prevent
evaporation. Liquid scintillation cocktail (Ecolume, ICN
Research Products, Costa Mesa, CA, USA) was added to all
excreta and injection samples, which were counted,
correcting for quench and lumex (model LS 6000IC liquid
scintillation counter, Beckman Instruments, Fullerton, CA,
USA). Fractional water turnover rate (Ksy) was estimated by
fitting negative exponential functions to the relationship
between 3H specific activity in excreta and time. In most
cases, 3H specific activity was high enough on the second day
to estimate water turnover and absorption. Because birds
were not injected on the second day, these measurements
provided a test for the effects of handling and injection on
water turnover and absorption during thefirst day. Birdswere
killed by Halothane (Halocarbon Laboratories, Augusta, SC,
USA) inhalation overdose after the final experimental run
and dried to constant mass at 80 °C to measure total body
water (TBW). Dehydration was used to measure TBW
because isotope dilution methods proved technically difficult



because of the sensitivity of hummingbirds to repeated blood
sampling.

Estimating water absorption in hummingbirds

We used a simple mass-balance approach to estimate the
fraction of ingested water that was absorbed by hummingbirds.
The method was inspired by the model developed by Karasov
and Cork (1994) to determine the contribution of a passive
pathway to total glucose absorption in birds. This approach
used the data on water intake rate (Vi in ulh™1), total body
water (TBW in pl), fractional water turnover rate (Ksy in h™1)
and rates of sugar catabolism (Ms in mgh-1) derived from the
experiments described in the previous section. Assuming
steady state (i.e. that the birds are in neutral water balance), the
input rate (R) of water into the total body water is equal to
total water turnover:

R = Ksn x TBW. 1)

The rate of input of water (ul h™1) into TBW is equal to the
sum of the fraction of ingested water that is absorbed and the
rate of metabolic water production:

R =fw x V| + Vu X Ms, )

where fw is the fraction of ingested water that is absorbed and
Vm is the amount of metabolic water resulting from the
catabolism of carbohydrates (0.56ul mg=1). In subsequent
calculations, we assume that Ms is equa to the rate of sugar
assimilation. Thus:

Ksy x TBW = fw x V| + 0.56Ms. 3
We estimated fw for each bird/tria as:
fw = (Ksn x TBW — 0.56Mg)/V . 4

Sugar assimilation efficiency was estimated as the fraction of
ingested sugar that was assimilated in an independent set
of experiments (0.95+0.02, mean + s.b., N=12). Sugar
assimilation  efficiency was independent of sugar
concentration. We calculated the rate of sugar assimilation as
the product of sugar intake rate and sugar assimilation
efficiency. Because TBW was measured by dehydration, we
made the additional assumption that TBW did not change
significantly between experimental trials and when it was
measured. Our model will provide overestimates of fractional
water absorption if birds were dehydrated during experimental
trials relative to when TBW was measured.

Results

Volumetric food intake declined with sugar concentration
(Fig. 1B). The relationship between food intake and sugar
concentration was well described by a power function with an
exponent that was significantly less than 1 (0.80+0.08,
exponent + s.EM., t=—2.55, P<0.02). Food intake varied
approximately fivefold between the lowest and the highest
sugar concentration. Sugar intake increased significantly with
sugar concentration (rs=0.5, P<0.02, N=23) (Fig. 1A).

Water turnover and absorption in hummingbirds 2853

T 300

o

£ y=162.50x022

2 200 .

£ o | 3

5

= 1004 $ H

5

e

¢ Od

2000- 72

a a

z e

= 15004 © 54 ~

= —

S o  Y=456.93x080 o

& =3

- (o) I

£ 1000d o 36 2

o [

8 >

= 8 4

S 5004 8 L18 £

w ° 3

(hd o
[a1]

04 )
0.25 05 0.75 1 1.25

Sucrose concentration of diet (mol 1-1)

Fig. 1. Behavioral responses of hummingbirds to varying sugar
concentration in their food. (A) The rate of sugar intake increased
significantly with sugar concentration (rs=0.5, N=23, P<0.02). The
relationship was adequately described by a power function
(y=162.50x022, r2=0.25). (B) Volumetric food intake rate declined
with sugar concentration. The relationship was well described by a
power function (y=456.93x70€0, r2=0.82) with an exponent that was
significantly less than 1 (t=-2.55, P<0.02). Changes in food energy
density from 292 to 1168 mmol I=1 sucrose led to an approximately
fivefold behavioral variation in nectar (and thus water) intake. The
right-hand y-axis shows food intake in multiples of body mass (M)
(3.34+0.08g, mean * sEmM., N=4) per 12h. At low sucrose
concentrations, food intake rates between four and five times body
mass per 12 h were not unusual .

The relationships between 3H specific activity in excreta
(disintsmin~2pl=1) and time were well described by
exponential functions (r2 ranged from 0.56 to 0.98, N=23,
Fig. 2). Thus, the declinein 3H specific activity in excretawith
time seemed to follow one-compartment, first-order kinetics
(Fig. 2). Fractional water turnover rate ranged from 0.12 to
0.61h™1 and was tightly and linearly correlated with water
intake (Ksp=4.14x107x+0.02, F121=303.32, P=0.0001).
When birds were feeding on the most dilute nectar
(292 mmol 11 sucrose), approximately half of their TBW was
turning over each hour. Average TBW measured by
dehydration was 2.07+£0.03ml (mean £ s.e.M., N=4).

Fractional water absorption (fw) ranged from 0.58 to 1.05
(0.78+0.03, mean *+ s.e.M., N=23) and was not significantly
correlated with sugar concentration in food (F320=0.43,
P>0.5). Although the mgjority of ingested water appeared



2854 T.J. MCWHORTER AND C. MARTINEZ DEL RIO

7.5 4

log, (3H specific activity in excreta)

o -
[N
N
w
N
(6)]
(o)}

Time since injection (h)

Fig. 2. Kinetics of 3H excretion. The relationships between 3H
activity in excreta (disintsmin~1p=1) and time were well described
by exponential functions (r2 ranged from 0.56 to 0.98, N=23). The
fractional water turnover rate (Ksy) was estimated as the exponent of
the exponential relationship between 3H activity in the excreta and
time since injection. Fractional water turnover appeared to follow
one-compartment, first-order kinetics. Data for two birds are
represented here and were loge-transformed for clarity. Analysis was
performed on non-transformed data (see Motulsky and Ransnas,
1987).

to be absorbed across the intestine of broad-tailed
hummingbirds, absorption was variable and was not
correlated with food and water ingestion rates. Water flux
estimated from fractional water turnover rate (Ksq) and total
body water (TBW) measurements ranged from 250.82 to
1311.93ulh™! and increased linearly with water intake
(F1,21=300.52, P=0.0001, Fig.3). The dope of this
relationship was significantly less than 1 (0.88+0.05, slope +
S.E.M., t=—2.5, P<0.05). At low sucrose concentrations, food
intake rates between four and five times body mass per 12h
were not unusual (Fig. 1).

Discussion

Hummingbirds vary their food intake rate in response to
sugar concentration (Fig. 1). This behavioral response allows
the exploration of their physiological responses to an ingested
water load that can be made to vary severalfold. Our results
indicate that both fractional water turnover rate and water flux
increased linearly with water ingestion in hummingbirds. A
simple mass-balance model suggested that the majority of
ingested water is absorbed in the gastrointestinal tract and
hence must be processed by the kidneys. However, water
absorption was variable and did not appear to be correlated
with food or water intake. Our results do not lend support to
the hypothesis of Beuchat et al. (1990) that the bulk of dietary
water passes through the intestine quickly and that relatively
little is absorbed.

The conclusion that the majority of water ingested by
hummingbirds is absorbed in the gastrointestinal tract depends
on the use of a simple mass-balance model. Because our main
conclusion relies on this model, the first section of this
discussion examines the validity of its assumptions. The
conclusion that there is almost compl ete absorption of ingested
water in hummingbirds leads to intriguing consequences. We
examine these in subseguent sections of this discussion.
Specifically, we discuss the consequences of our conclusion for
field doubly labeled water studies, rena function and rates of
energy acquisition of nectar-feeding animals.

Assumptions of the water mass-balance model

Our mass-balance model relies on several assumptions.
First, the model assumes that the total body water of
hummingbirds behaves as a single, well-mixed compartment
that exhibits simple first-order kinetics. This assumption
appears to be satisfied (Fig. 2). The decline in 3H activity
after injection was well described by negative exponential
functions and did not exhibit the multi-phasic decrease
patterns that characterize systems with poor mixing and/or
with more than one compartment (Speakman, 1997). Second,
the model assumes steady-state water balance in which water
inputs equal water losses. Collins (1981) demonstrated that
overnight water losses in nectarivorous Australian
honeyeaters were completely recovered within the first hour
of foraging. Thus, for the time scale over which our
experiments were conducted, it is likely that hummingbirds
were in neutral water balance. It is important to point out,
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Fig. 3. Relationship between water flux and water intake. Water flux
was estimated as the product of fractional water turnover rate (Ksn)
and total body water (TBW) and increased linearly with water intake
(F1,21=300.52, P=0.0001). The dope of this relationship was
significantly less than 1 (0.88+0.05, slope + s.E.M., t=—2.5, P<0.05).
Water flux ranged from 250.82 to 1311.93ul h™1. When birds were
feeding on the most dilute nectar (292mmoll~1 sucrose),
approximately half of their TBW was turning over each hour.



however, that if the assumption of neutral water balance is
not met, our model will over- or underestimate fractional
water absorption, depending on the hydration status of the
animal. A 5% error in TBW will lead to an error of
approximately 6% in our estimate of fractional water
absorption. In two cases, birds bled severely and went into
shock upon injection of marker. In addition to the potential
for perturbations of normal physiological processes, the
assumption of neutral water balance was probably not
satisfied because of body fluid loss. Indeed, the model
provided estimates of fractional water absorption that were
considerably greater than 1 in these cases. These values were
not included in our analyses. Third, the model assumes that
metabolic water is produced solely as a product of sugar
metabolism and that it is possible to approximate the rate of
sugar metabolism by the rate at which sugar is assimilated.
Suarez et al. (1990) and Powers (1991) have demonstrated
that actively feeding hummingbirds catabolize primarily
carbohydrates. Because birds were in mass balance during the
experiments, it is likely that only a small fraction of the total
sugar assimilated was used to synthesize lipid. In summary,
the assumptions of our model are either satisfied by the
conditions of our experiments or the deviations from these
assumptions are relatively minor.

Two additional lines of evidence provide further support
for the idea that hummingbirds absorb most of the water that
they ingest: (1) glucose absorption is probably accompanied
by a large flux of water uptake, and (2) the intestinal and
renal morphology of hummingbirds is consistent with
significant water absorption and water processing. The
mechanisms of intestinal water absorption in the intestines
of hummingbirds are unknown but are probably facilitated
by intestinal sugar uptake. Active sugar uptake in the
intestine can facilitate water absorption by two mechanisms.
First, active glucose uptake increases the rate of Na*
transport across the brush border, and the Na*/K* pump
subsequently ejects this Na' across the basolateral
membrane into the blood. This increase in the rate of salt
absorption leads to water absorption (Wright et al., 1994).
Second, Loo et al. (1996) demonstrated that the translocation
of each glucose molecule by the intestinal Na‘/glucose
cotransporter into enterocytes is coupled with the transport
of 260 water molecules (approximately 4.81 of water per
mole of glucose). A broad-tailed hummingbird drinking a
584mmol 71 sucrose solution assimilates on average
5.0x1073+1.4x10-3mol (mean * s.0., N=12) of glucosein 16
h. The uptake of this quantity of glucose in the small
intestine could be responsible for the transport of 24.2 ml of
water. This amount exceeds the water content in the food by
alarge margin. Indeed, the amount of water that potentially
accompanies glucose as it is absorbed in the intestine can
account for the complete absorption of water in the food over
the entire range of concentrations at which we have tested
hummingbirds (292-1168mmol "1 glucose; see also
O'Rourke et a., 1995, for similar observations in rat
intestine). Hummingbirds exhibit the highest rate of carrier-

Water turnover and absorption in hummingbirds 2855

mediated glucose uptake measured in a vertebrate (Karasov
et a., 1986). These high rates may be responsible for the
high intestinal ‘assimilation’ of water apparently exhibited
by hummingbirds.

Hummingbird gastrointestinal and renal morphology also
support the conclusion that dietary water is largely absorbed.
In S platycercus, the diameter of the intestinal lumen
decreases dramatically from 1.59 mm at the pyloric—duodenal
junction to 0.64 mm at the distal ileum (T. J. McWhorter and
C. Martinez del Rio, unpublished data). This decrease
suggests that digesta volume must decrease distally. Near-
complete intestinal water absorption requires hummingbirds
to have the capacity to produce copious amounts of dilute
urine while feeding, but to avoid losing water and electrolytes
while fasting. The kidneys of the three hummingbird species
that have been examined appear to be composed largely of
unlooped, reptilian-type nephrons and may lack medullary
cones (Beuchat et al., 1990; Johnson and Mugaas, 1970). The
paucity of long-looped nephrons in their kidneys indicates
that they probably have little ability to raise urine osmotic
concentrations above those of plasma (Beuchat et al., 1990).
Calder and Hiebert (1983) found that the mean osmolalities
of cloacal fluid samples obtained from seven hummingbird
species in the field were all less than 100 mosmol kg1 H20,
irrespective of whether the birds inhabited cool montane or
arid desert habitats. These values are only one-third of those
for typical avian plasma and are comparable with values for
the urine of freshwater amphibians and fishes (Calder and
Hiebert, 1983). Hummingbird kidneys appear to be well
designed for the excretion of extraordinary quantities of
dilute urine, suggesting their potential for processing large
amounts of ingested water.

Consequences for doubly labeled water studies

Many researchers have hypothesized that water turnover in
birds can be used to approximate water intake, given that
metabolic water production is taken into account. This
assumption has been extended to permit estimation of food
intake in nectar-feeding animals by adding the supplementary
supposition that ingested water comes only from nectar (von
Helversen and Reyer, 1984; Kunz and Nagy, 1988; Powers and
Nagy, 1988; Weathers and Stiles, 1989; Tiebout and Nagy,
1991). These hypotheses assume that 100 % of ingested water
is absorbed in the intestine. Although the tight relationship
between fractional water turnover rate (Ksn) and water intake
indicates that these parameters are indeed closely linked
(Fig. 3), we must add the caveat that, if our observation of
variable water absorption proves to be a genera pattern in
nectarivorous animals, these studies may underestimate nectar
intake.

Consequences for renal function

Even when feeding on relatively concentrated nectars
(=1200mmol I sucrose), water intake from food exceeds
hummingbird needs unless ambient temperatures are high
(>26°C; Cadder, 1979). Thus, our results support the
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hypothesis that, under most circumstances, hummingbirds are
diuretic (Calder and Hiebert, 1983). Because the study of renal
processes in birds has emphasized dehydration over diuresis,
our current understanding of the role of the avian kidney in
water conservation is more highly developed than our
understanding of itsrolein water disposal (Braun, 1993). Thus,
our discussion of the effects of high water loads on
hummingbird renal function is, of necessity, speculative.

Itis believed that glomerular filtration rates (GFR) are more
variable and more responsive to water status in birds than in
mammals (Williams et a., 1991; Dantzler, 1992). However,
the form of the relationship between water load and GFR has
not been described for birds. We hypothesize that GFR is high
and well-regulated in hummingbirds. To our knowledge, the
magnitude of GFR has not been quantified in hummingbirds.
An alometric regression derived from several bird species can
be used to provide an educated guess for the GFR of a 3.3g
broad-tailed hummingbird (Calder and Braun, 1983). This
value (1.8mlh™1) is higher by approximately 50% than the
average water intake of a broad-tailed hummingbird fed on a
292 mmol 171 sucrose solution (1.2+0.1ml h™1, mean + s.EMm.,
N=4). In the field, however, hummingbirds can encounter and
feed on nectars with sugar concentrations as low as 6.7%
sucrose equivalents (196 mmol 171) (Gryj et al., 1990). At this
sugar concentration, the predicted volumetric intake of water
(L7mlh™L, from Fig. 1) closely approaches the estimated
GFR.

Consequences for rates of energy intake

Water ingestion and its subsequent absorption in the
intestine have the potential consequences of constraining the
energy intake of an animal and exceeding the limits of itsrenal
function. Fig. 1 illustrates the general observation that nectar-
eating birds modulate volumetric food consumption in
response to food energy density (see also Downs, 1997; L épez-
Callgaet a., 1997). The higher ingestion rates that accompany
low sugar concentrations in food compensate for potential
losses in energy intake resulting from the lower quality of the
food. However, for some species, this compensation is only
partial: birds feeding on food with a low sugar concentration,
especially under energetically demanding conditions, can show
a decreased energy intake and decreases in body mass (Levey
and Martinez del Rio, 1999). We speculate that the ability of
hummingbirds to feed on nectar with a low sucrose
concentration is limited by the ability of these birds to dispose
of absorbed water.

Although it appears that hummingbirds can ingest
prodigious amounts of water with impunity, this ability does
not appear to be the norm among terrestrial vertebrates. In
humans, rats, domestic pigeons and gray parrots, over-
ingestion of water is accompanied by ‘water intoxication’
(Lumeji and Westerhof, 1988; Gebel et al., 1989; Gevaert et
al., 1991; De Ledn et a., 1994). Water over-ingestion leads to
negative effects because it can be accompanied by plasma
dilution, hyponatremia (low plasma Na* level) and rupture of
erythrocytes resulting from osmotic swelling (Faenestil, 1977).

Water intoxication is often the result when excessive water
intake and absorption overwhelm  hedlthy, intact
osmoregulatory processes (Gebel et al., 1989). How do
hummingbirds cope with what can be best characterized as
natural, voluntary polydipsia? On the basis of our experiments,
hummingbirds do not restrict water absorption across the
intestine as hypothesized by Beuchat et a. (1990). Thus,
hummingbird kidneys must be especially well suited to dispose
of the large volume of water absorbed by their gastrointestinal
tract. Digestive and renal function appear to be inextricably
linked in hummingbirds.

Energy acquisition and water availability and use are closely
interrelated in birds (Ricklefs, 1996). Ecological physiologists
have emphasized low water availability as a constraint on
energy use, on microhabitat selection and on activity patterns
(Goldstein and Nagy, 1985; Ricklefs et al., 1986; Kam et d.,
1987; Wolf and Walsherg, 1996; Wolf et a., 1996). Our
research emphasizes a novel aspect of the water/energy
interaction: water overabundance in food. We speculate that
the rate at which hummingbird kidneys can process water may
impose limits to energy intake. Although hummingbird
kidneys appear well suited to excrete large volumes of dilute
urine (Calder and Hiebert, 1983; Beuchat et al., 1990), rates of
energy assimilation in humminghbirds may be constrained by
excess water elimination when these birds are feeding on
nectars with a low sugar concentration.
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