glass rod and incubated in a stirred solution containing radio-labelled solutes (Karasov & Diamond
1983b), they measured D-glucose uptake and apparent
passive permeability to L-glucose, a stereoisomer of
glucose that is not metabolized or transported by
mediated pathways in birds (Chang et al. 2004).
Their findings led them to conclude that the hummingbird intestine is adapted to a high-sugar diet in
two ways: (i) low passive permeability to prevent
harmful diarrhoea caused by concentrated sugar
solutions passing through the gut and (ii) maximum
density of glucose active transport sites (e.g. the
sodium–glucose cotransporter SGLT1; Hediger 1994).
A mismatch between the maximal mediated glucose uptake capacity extrapolated from in vitro
measurements and the metabolic demands of hummingbirds in the field (Powers & Nagy 1988) and the
finding of significant passive non-mediated absorption
of water-soluble nutrients in avian species with
diverse diets and taxonomic affiliations, including
frugivores and nectarivores (McWhorter 2005), led
us to reexamine passive non-mediated glucose uptake
in hummingbirds. Glucose uptake rates in Anna’s
hummingbirds measured in vitro were approximately
fourfold lower than glucose absorption rates observed
in vivo. Consider the following argument. (i) Assuming that absorption occurs at the saturating rate along
the entire length of the intestine, the maximal rate of
active glucose absorption by the small intestine was
estimated as 1.46 mmoles min K1 (Karasov et al.
1986). (ii) This results in a glucose energy assimilation rate of ca 4.33 J minK1. Hummingbird diets are
generally sucrose-rich (Pyke & Waser 1981) and sugar
assimilation efficiencies are high (R95%; McWhorter
& Martı́nez del Rio 2000; Schondube & Martı́nez del
Rio 2003). Assuming that an equal concentration of
fructose is assimilated with equal efficiency
(McWhorter & Martı́nez del Rio 2000), this results in
a maximal energy assimilation rate of ca 8.66 J minK1,
or 8.3 kJ dayK1, assuming that 16 h of foraging time are
available to the bird. (iii) The field metabolic rate of
the Anna’s hummingbird is ca 32 kJ dayK1 measured
using doubly labelled water (Powers & Nagy 1988).
Therefore, the levels of active transport reported by
Karasov, Diamond and colleagues (Diamond et al.
1986; Karasov et al. 1986) could not have accounted
for all glucose uptake.
We conducted two experiments on broad-tailed
hummingbirds (Selasphorus platycercus). The first
experiment measured the fractional absorption or
bioavailability of L-glucose (an in vivo test of passive
non-mediated glucose absorption) in hummingbirds
feeding on a sucrose solution close to the median
concentration found in the wild (approximately 20%
by mass; Pyke & Waser 1981). The second experiment
probed the effect of food energy density (and thus,
indirectly, digesta retention time; López-Calleja et al.
1997) on passive non-mediated glucose absorption.
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Twenty years ago, the highest active glucose
transport rate and lowest passive glucose permeability in vertebrates were reported in Rufous
and Anna’s hummingbirds (Selasphorus rufus,
Calypte anna). These first measurements of
intestinal nutrient absorption in nectarivores
provided an unprecedented physiological foundation for understanding their foraging ecology.
They showed that physiological processes are
determinants of feeding behaviour. The conclusion that active, mediated transport accounts
for essentially all glucose absorption in hummingbirds influenced two decades of subsequent
research on the digestive physiology and nutritional ecology of nectarivores. Here, we report
new findings demonstrating that the passive
permeability of hummingbird intestines to glucose is much higher than previously reported,
suggesting that not all sugar uptake is mediated.
Even while possessing the highest active glucose
transport rates measured in vertebrates, hummingbirds must rely partially on passive nonmediated intestinal nutrient absorption to meet
their high mass-specific metabolic demands.
Keywords: hummingbird; digestion;
glucose absorption; paracellular intestinal
permeability

1. INTRODUCTION
Karasov, Diamond and colleagues (Diamond et al.
1986; Karasov et al. 1986) noted that hummingbird
diets contain sugar at concentrations far above blood
levels. They raised the question of whether sugar
absorption could occur without any energy expenditure (by passive, non-mediated paracellular movement down a concentration gradient from intestinal
lumen to blood) in hummingbirds, contrary to the
contemporary prevailing view that absorption of
water-soluble nutrients in vertebrates must occur by
active, mediated transport, the rate of which saturates
at low substrate concentrations (Karasov & Diamond
1983a, 1988). Using an in vitro technique where a
sleeve of intestinal tissue is everted, mounted on a

2. MATERIAL AND METHODS
Male broad-tailed hummingbirds (body massZ3.69G0.19 g,
NZ17) were captured in Albany County, Wyoming, USA. Routine
animal husbandry and experimental housing, diets and sample
collection were as previously published (Hartman Bakken et al.
2004). All animal experiments adhered to appropriate institutional
regulations. In experiment 1, we measured the fractional absorption
of 14C radio-labelled L-glucose (NZ8) following Karasov & Cork
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(1994). Tests with 14C labelled L-glucose find that it is absorbed by
non-mediated pathways, not catabolized, excreted quantitatively,
and nearly all (O90%) label remains on the mother compound
(Chang et al. 2004). Fractional absorption (F ) was calculated as
;

3. RESULTS
(a) Experiment 1
Hummingbirds ingesting the radio-labelled sugar
solution reached steady state by 60 min. At this time
there was a relatively high level of labelled L-glucose in
their blood (372G16 dpm mlK1), indicating absorption. Taking into consideration their label ingestion
rates (12 697G687 dpm minK1) and measured values
for distribution space (747G64 ml plasma or 24.5G
1.7% of body mass) and elimination rate constant
(0.027G0.002 minK1), their calculated L-glucose fractional absorption was 0.59G0.05. Fractional absorption was significantly correlated with the ratio of
blood plasma label concentration (P ) to label ingestion
rate (I ) (F1,6Z17.81, pZ0.006, yZ17.48xC0.044,
r2Z0.75; figure 1), an observation expected from the
pharmacokinetic model we used and one we put to use
in experiment 2 to infer the effect of diet treatment on
L-glucose fractional absorption.
Biol. Lett. (2006)
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where S is the probe distribution space (ml plasma), P is the steadystate feeding concentration of 14C L-glucose in plasma (radioactive
disintegrations per minute (dpm) mlK1), kel is the elimination rate
constant for L-glucose (per unit time), and I is the label intake rate
(dpm per unit time). This indirect method, adapted from pharmacokinetic models of absorption, was used because L-glucose is
excreted unaltered in urine, which is mixed with faeces in birds.
Thus, traditional balance methods for measuring assimilation
cannot be employed. For details of how we measured experimental
parameters, see electronic supplementary material A.
To vary food intake rate in experiment 2, we fed birds 292 mM
(NZ5) and 876 mM (NZ4) sucrose solutions and measured P and
I as in experiment 1. Because this experiment simply tested for a
diet treatment effect, we assumed that S and kel did not change
with treatment. This was confirmed by finding that L-glucose
distribution pool size and kel under the same treatments obtained
in previous separate experiments (Hartman Bakken et al. 2004) did
not differ significantly between diet treatments (F1,7Z1.16, pZ0.32
and F1,7Z1.99, pZ0.2, respectively).

400
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F Z ðSPkel ÞI
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Figure 1. Fractional absorption, or bioavailability, of radiolabelled L-glucose in hummingbirds was significantly correlated with the ratio of the blood plasma label concentration
(P ) to label ingestion rate (I ), an observation expected from
pharmacokinetic models of absorption that allows one to
infer the effect of diet treatment on L-glucose fractional
absorption. Absorption of this non-transported glucose
stereoisomer is an indicator of the passive (non-mediated)
permeability of the gut to glucose.
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Figure 2. (a) Radio-labelled L-glucose ingestion rate was
significantly greater when broad-tailed hummingbirds were
feeding on the more energy-dilute 292 mM sucrose diet.
This is expected, because food intake rate is inversely
correlated with energy density in many vertebrates. (b)
There was a relatively high concentration of radio-labelled
L-glucose in the blood plasma of hummingbirds feeding at
steady state, indicating absorption. Plasma label concentration did not differ significantly between birds feeding on
the 292 and 876 mM sucrose diets. (c) The ratio of blood
plasma label concentration (P ) to label ingestion rate (I ),
and hence L-glucose fractional absorption, increased in
stepwise fashion with diet sucrose concentration when data
from both experiments were combined. This suggests that
fractional absorption of L-glucose is correlated with the
retention time of digesta in the gut. Error bars indicate G1
s.e.m. Letters above error bars indicate statistically significant differences.

(b) Experiment 2
Label ingestion rate was significantly greater when
birds were feeding on the more dilute diet (11 290G
670 dpm minK1 versus 7490G1472 dpm minK1 for
292 mM and 876 mM sucrose solutions, respectively;
F1,5Z9.47, pZ0.028, figure 2a). There was no effect
of body mass on marker ingestion rate; however,
there was a significant interaction between diet treatment and body mass (F1,5Z0.7, pZ0.442 and F1,5Z
8.67, pZ0.032, respectively). Steady-state plasma
L-glucose concentration did not differ significantly
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between diet treatments (281G23 and 284G
50 dpm mlK1, F1,7Z0.004, pZ0.95, figure 2b). The
ratio of P to I was significantly greater in hummingbirds ingesting 876 mM sucrose compared with
292 mM sucrose (0.039G0.003 versus 0.025G0.002,
respectively, F 1,7Z13.75, pZ0.008, figure 2c),
indicating that fractional absorption, which is
directly proportional to this ratio (see figure 1), was
increased on the higher sugar diet. When P/I ratio
data from both experiments were combined there
was also a significant treatment effect (F2,15Z5.5,
pZ0.016); the 292 and 876 mM sucrose diet
treatments were significantly different from each other
but neither was significantly different from the
584 mM sucrose diet treatment (Tukey/Kramer
HSD; figure 2c).

4. DISCUSSION
Why should L-glucose fractional absorption increase
on the higher sugar diet? The simplest explanation is
that as diet energy density increases, so does digesta
retention time in hummingbirds (López-Calleja et al.
1997) and thus the ‘contact time window’ for
L-glucose to be absorbed increases. This suggests that
L-glucose fractional absorption varies continuously
with food intake rate, which is inversely related to
digesta retention time. The passive permeability of
the hummingbird intestine probably does not change
with digesta transit or retention time, but rather the
absolute amount absorbed via non-mediated pathways depends on contact time with absorptive surfaces (McWhorter & Martı́nez del Rio 2000). Sugar
assimilation efficiencies measured in hummingbirds
using traditional balance methods are high (R95%)
and independent of diet energy density (McWhorter
& Martı́nez del Rio 2000; Schondube & Martı́nez del
Rio 2003) and are thus independent of digesta
retention time. This suggests that the relative contribution of non-mediated to total glucose uptake in
hummingbirds may increase with diet energy density.
The proportional contribution of non-mediated to
total glucose uptake, impossible to estimate in hummingbirds in vivo because of their small size, is at
least 50% of total glucose uptake in other species of
birds with significant intestinal passive glucose permeability (Chang & Karasov 2004; McWhorter et al.
2005).
Starck et al. (2000) recently reported that the
everted sleeve method may cause serious damage to
intestinal tissues and lead to underestimates of in vivo
uptake rates, which may partly account for the
discrepancy between in vitro glucose uptake estimates
and in vivo metabolic demands. However, the present
study provides robust evidence for significant passive
non-mediated absorption of water-soluble nutrients
by hummingbirds and is similar to findings in other
birds of less than 1 kg in body mass (McWhorter
2005). The everted sleeve method does not incorporate processes that can influence passive uptake, such
as solvent drag across the paracellular junction
between enterocytes (Pappenheimer 1993), which
helps explain the immeasurably low passive glucose
permeability previously reported (Diamond et al.
Biol. Lett. (2006)
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1986; Karasov et al. 1986). McWhorter & Martı́nez
del Rio (1999) found that hummingbirds essentially
completely absorb their exceptional preformed water
loads in their intestines and dispose of excess water
with their kidneys and via evaporative loss. This
finding makes the intestinal osmotic diarrhoea scenario proposed by Diamond, Karasov and colleagues
(Diamond et al. 1986; Karasov et al. 1986) unlikely
because there would not be large volumes of fluid
passing through the lower intestine.
Hummingbirds’ mediated glucose absorption
capacity is undoubtedly enormous, perhaps even
higher than measured (Starck et al. 2000). Reliance
on passive, non-mediated absorption provides the
birds with an additional, non-saturating, energyefficient absorptive capacity that is automatically
matched to nutrient load (Karasov & Cork 1994).
Mediated absorption may be important for setting up
conditions for extensive passive absorption by paracellular diffusion and solvent drag (Pappenheimer
1993), and active transport becomes especially
important for achieving quantitative extraction at
lower substrate concentrations near the end of
absorption for a meal (Chang et al. 2004). Nonetheless, the finding of significant non-mediated
absorption of glucose in avian species with diverse
diets and taxonomic affiliations suggests that nutritionally significant non-mediated absorption of watersoluble nutrients may be a general pattern in small
birds.
How does the finding of significant nonmediated glucose uptake in hummingbirds influence our perspective on their digestive physiology
and ecology and that of vertebrates in general?
The conclusion reached by Diamond, Karasov and
colleagues (Diamond et al. 1986; Karasov et al.
1986) that digestive processing time, rather than
food collection, limits energy assimilation by hummingbirds is robust independently of the mechanism of nutrient uptake. This study and other
recent research underscore how digestive physiology is an important determinant of feeding
behaviour (e.g. nutrient absorption rate may limit
energy assimilation and feeding rates in nectarivorous birds; Martı́nez del Rio et al. 2001; Fleming
et al. 2004; Schondube & Martı́nez del Rio 2004),
and are providing more correct mechanistic explanations of digestion in these exceptional animals.
Hummingbirds exhibit the highest capacity for
active, mediated glucose uptake among vertebrates, yet they still must rely partially on nonmediated passive uptake to meet their metabolic
demands.
We thank Ella Tsahar for assistance with experiments. This
work was supported by NSF grants IBN-0216709 to
W.H.K., and IBN-0110416 to C.M.R.
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ELECTRONIC SUPPLEMENTARY MATERIAL
MATERIAL AND METHODS AND STATISTICAL DETAILS
In experiment 1, we measured the fractional absorption of 14C radiolabeled L-glucose (N=8)
following Karasov and Cork (1994). Tests with 14C labeled L-glucose find that it is absorbed by
non-mediated pathways, not catabolized, excreted quantitatively, and nearly all (>90%) label
remains on the mother compound (Chang et al. 2004). Fractional absorption (F) was calculated
as:
F = (S • P • kel) • I-1

(eq. 1)

where S is the probe distribution space (µl plasma), P is the steady-state feeding concentration of
14

C L-glucose in plasma (dpm µl-1), kel is the elimination rate constant for L-glucose (time-1), and

I is the label intake rate (dpm time-1). To obtain these parameters, we conducted two trials. In
the first, we determined kel and S by injecting birds in the pectoralis muscle with 9.25 x 104·Bq
of [1-14C]-L-glucose (Moravek Biochemicals, Brea, CA, USA) dissolved in 10-15·µl of
deionized water. We determined kel as the exponent of exponential decay functions fitted to the
relationship between the concentration of label in excreta and time (Hall et al. 1977; Karasov &
Cork 1994) assuming that the label disappearance rate from plasma is matched by its rate of
appearance in excreta (Hartman Bakken et al. 2004). Probe distribution space was determined in
five birds by taking a single blood sample (~10·µl) by clipping a toenail 2-3 h post-injection, and
using the kel values obtained from excreta to calculate the theoretical time-zero plasma label
concentration (Ai(0), dpm µl-1). In the second trial, birds were fed a 584 mM sucrose solution
containing approximately 1.83 x 104 Bq ml-1 of [1-14C]-L-glucose to determine P and I. Birds
were allowed to feed for 2-3 h before a single blood sample was taken. Steady state feeding was
verified by measuring food intake rate and label concentration in excreta for several hours after
labeled food was presented.
Hummingbirds increase their food intake when the sugar concentration of their food
decreases (Martínez del Rio et al. 2001). To vary food intake rate in experiment 2, we fed birds
292 (N=5) and 876 mM (N=4) sucrose solutions containing approximately 1.35 x 104 and 2.37 x
104 Bq ml-1 of [1-14C]-L-glucose, respectively, and measured P and I as described for experiment
1. Because this experiment simply tested for a diet treatment effect, we assumed that S and kel
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did not change with treatment. This was confirmed by finding that L-glucose distribution pool
size and kel for the same individual birds under the same treatments (Ta = 24±1 °C, 292 and 876
mM sucrose diets) obtained in previous separate experiments (Hartman Bakken et al. 2004) did
not differ significantly between diet treatments (F1,7 = 1.16, p = 0.32 and F1,7 = 1.99, p = 0.2,
respectively). Because the birds gained considerable body mass and significantly increased their
body fat stores during the six months between the measurements done by Hartman Bakken et al.
(2004) and those reported in the present study, we could not use these values to calculate Lglucose fractional absorption in experiment 2 directly.
Analysis of variance (ANOVA) or covariance (ANCOVA) were used to test for treatment
and body size effects in experiment 2. Proportional data were arcsin(sqrt) transformed before
analysis (Sokal & Rohlf 1995). In all other cases, we used linear models on non-transformed
data to assess significance. Values are reported as mean ± 1 s.e.m.
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