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SUGAR PREFERENCES IN HUMMINGBIRDS: 
THE INFLUENCE OF SUBTLE CHEMICAL 

DIFFERENCES ON FOOD CHOICE’ 
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Abstract. The nectar secreted by hummingbird-pollinated flowers is rich in sucrose, 
whereas nectar secreted by passerine-pollinated plants contains a mixture of glucose and 
fructose. To test the hypothesis that sugar preferences and nectar composition are correlated, 
I examined the sugar preferences of three species of Mexican hummingbirds (Amazilia rutila, 
Cynanthus latirostris, and Chlorostilbon canivetiz]. As predicted, the three species preferred 
sucrose over glucose, fructose, and a mixture of glucose and fructose (hexose mixture) in 
paired preference tests. Preferences for simple sugars were ranked as: sucrose > hexose 
mixture > glucose > fructose. The preference of hummingbirds for sucrose was not reversed 
by feeding hummingbirds a hexose mixture as a sole diet for 20 days. 

The preferences of hummingbirds for different sugars are puzzling because sucrose, glucose, 
and fructose have approximately the same energetic content. I hypothesized that sugar 
preferences were correlated with differences in the efficiency with which hummingbirds 
assimilated different sugars and/or in the time they required to process these sugars in the 
digestive system. Sucrose, glucose, and fructose, however, were assimilated by hummingbirds 
with equally high efficiency (> 97%). Glucose solutions were processed by hummingbirds at 
a slower rate than hexose mixtures and sucrose solutions, and hence, were less profitable. 
Sucrose and hexose mixtures were processed at the same rate and therefore had the same 
profitability. Therefore, the preference of hummingbirds for sucrose over hexose mixtures 
cannot be explained by differences in assimilation efficiency or digestive handling time. 

Sucrose must be hydrolyzed into its monosaccharide components, glucose and fructose, 
before it can be absorbed in the intestine and used as an energy source. Relative to other 
birds, hummingbirds exhibit highly specialized digestive traits, such as very high rates of 
intestinal sucrose hydrolysis and glucose transport, which allow them to use sucrose as 
efficiently as mixtures of glucose and fructose. Many passerine species, in contrast, use the 
more easily absorbed monosaccharides, glucose and fructose, more efficiently than sucrose. 
The distribution of nectar sugars among bird-pollinated plants seems to be the result of the 
evolutionary response of plants to two sets of pollinators with different degrees of digestive 
specialization. 
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INTRODUCTION 

In the process of feeding on nectar, humming- 
birds transfer pollen from one flower to another 
(Trelease 188 1). Hummingbird preferences for 
plants producing different types of nectar can 
result in changes in the frequency of preferred 
nectar in plant populations (Baker and Hurd 
1968). Ecologists have generally assumed that 
the diversity of rewards that plants offer is a re- 
flection of pollinator choice (Baker and Hurd 
1968, Howell 1974), but there are few data dem- 
onstrating such preferences (see Hainsworth and 
Wolf 1976 and Stiles 1976 for hummingbirds, 
and Waller 1972 for bees). 

Nectar is a dilute solution of different sugars 

I Received 12 March 1990. Final acceptance 28 June 
1990. 

containing small amounts of amino acids and 
electrolytes (Pyke and Waser 198 1, Baker and 
Baker 1982, Hiebert and Calder 1983). The sug- 
ars most commonly encountered in nectar are 
sucrose, fructose, and glucose in varying pro- 
portions (Percival 196 1). These sugars have ap- 
proximately the same energetic content per unit 
gram (16.48 x 1 O3 J/g, CRC Handbook of Chem- 
istry and Physics 1979), but vary in their chem- 
ical structure. They differentially stimulate taste 
receptors (Pfaffmann 1975), and are digested, ab- 
sorbed, and metabolized along different path- 
ways by vertebrates (Alpers 1987). The distri- 
bution of these sugars in the nectars of plants 
pollinated by different groups of animals is a 
good example of the diversity of rewards usually 
assumed to be molded by the preferences of pol- 
linators. 
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Baker and Baker (1983) have shown that plants 
pollinated by hummingbirds produce sucrose- 
dominant (sucrose/[glucose + fructose] > 0.99) 
or sucrose-rich (0.5 < sucrose/[glucose + fruc- 
tose] < 0.99) nectars. Plants pollinated by perch- 
ing birds (a broad category including passerines 
of many Old and New World families, Stiles 
198 l), in contrast, secrete hexose-dominant nec- 
tars almost exclusively (sucrose&lucose + fiuc- 
tose] < 0.1). This pattern has not received an 
adequate evolutionary explanation. Here I ex- 
amine the sugar preferences of hummingbirds to 
determine if these preferences can indeed explain 
the differences in sugar constituents among these 
two groups of plants. 

The effects of variation in energetic content on 
food preferences have been explored in detail by 
many studies (see Stephens and Krebs 1986 and 
references therein). Effects of the chemical nature 
of different energy sources on feeding preferences 
have received considerably less attention, how- 
ever (Speakman 1987, Martinez de1 Rio et al. 
1988). Nectar-feeding birds and the sugars they 
feed on are one of the simplest natural systems 
available to explore the effects of the chemical 
structure of food on feeding choices. Here I ex- 
plore the effects of the subtle chemical differences 
among foods of equal energetic content (sucrose, 
glucose, and fructose) on the preferences of hum- 
mingbirds, the most specialized group of nectar- 
feeding birds (Stiles 198 1). 

I will describe a series of experiments con- 
ducted to measure the preferences of three spe- 
cies of Mexican hummingbirds (Amazilia rutila, 
Cynanthus latirostris, and Chlorostilbon canive- 
tii) for sucrose, glucose, fructose, and a 1: 1 mix- 
ture of glucose and fructose; I will also explore 
whether these preferences can be altered by a 
change in the birds’ diets. I will then suggest a 
set of hypothetical proximal physiological mech- 
anisms to explain the preferences found, and de- 
scribe experiments conducted to examine them. 
Because the hypotheses examined in the second 
section depend on the results of the first, I present 
the methods and results of the two sections sep- 
arately. 

BIRD CARE AND HOUSING 

period (except during excretion measurements, 
see below) in a room illuminated with external 
light and two fluorescent lamps. Between exper- 
imental periods, birds were fed a 17.1% sucrose 
solution made with commercial table sugar and 
tap water. A vitamin supplement was added to 
the sucrose solution twice a week. Birds were 
provided with free-flying fruit flies at all times. 
The first week after capture most birds gained 
weight, to subsequently lose it to maintain body 
masses within 5% of those at capture. Mean body 
mass f SD (n) for C. canivetii, C. latirostris, and 
A. rutila were: 2.2 f 0.2 (lo), 2.8 f 0.2 (lo), 
and 4.5 + 1.0 (8), respectively. 

SUGAR PREFERENCES 

EXPERIMENTAL RATIONALE 
AND METHODS 

With few exceptions, hummingbirds feed pre- 
dominantly on nectars dominated by sucrose 
(Stiles 1976, Baker and Baker 1983). Remarka- 
bly few plants produce nectars containing glucose 
or fructose alone (Baker and Baker 1983). Thus, 
I predicted that the preferences of hummingbirds 
for equicaloric solutions would be ranked in the 
following order: sucrose > glucose + fructose > 
single hexoses (glucose or fructose). To test this 
hypothesis I presented hummingbirds with all 
possible pairwise combinations of sucrose, a 1: 1 
mixture of glucose and fructose (henceforth called 
hexose mixture), glucose, and fructose. 

Two sugar solutions ( 17.1%, weight/total vol- 
ume) were presented simultaneously in glass 
tubes. The tubes (i.d. = 7.6 mm) had a 42-cm 
vertical section and a lower 7-cm section that 
was bent upward at a 45” angle; the tip of the 
lower section was tapered into a hole (i.d. = 2.5 
mm) from which the birds drank. Both tubes 
were at the same distance (ca. 30 cm) from a 
single perch and 5 cm apart. The solutions were 
prepared with distilled water and reagent grade 
sugars. Trials lasted 4 hr and were conducted 
from 08:OO to 12:00 and from 14:00 to 18:O0. 
At the beginning of each trial the position of the 
tubes was randomized. At the end of each trial, 
consumption of solutions was measured to the 
nearest millimeter and then converted to volume 
units. Preference for suaar A over sugar B was 

I captured eight to 10 birds of each species with calculated as the ratio of the consumption of sug- 
mist nets in the vicinity of the Estacion de Biol- ar A divided by total consumption (A + B). 
ogla Chamela UNAM, Jalisco, Mexico. Birds For each species and each pairwise comparison 
were housed individually (50 x 50 x 50 cm of sugars, I obtained an estimate of mean pref- 
cages) under ambient temperature and photo- erence using six birds and six replicated trials per 
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FIGURE 1. Effect of diet on sucrose preferences. Six 
birds of three species (Cynanthus latirostris, Amazilia 
rutila, and Chlorostilbon canivetii) were fed a sucrose 
maintenance diet for 20 days and then offered a choice 
between sucrose and glucose + fructose solutions (four 
4-hr replicates per bird). Birds were then changed to a 
glucose + fructose maintenance diet for 20 days and 
after this period, offered a choice between sucrose and 
glucose + fructose solutions (four 4-hr replicates per 
bird). The mean preference of four replicates per bird 
was used as an estimate of sucrose preference, and the 
change in mean preference was tested using one-tailed 
paired t-tests. Closed bars are grand mean preferences 
for the sucrose diet, and open bars are grand mean 
preferences for the glucose + fructose diet. Error bars 
are interindividual standard deviations. Note that the 
trend in C. latirostris is in the opposite direction from 
that expected. 

bird. The interindividual variance in preference 
(i.e., the variance among the six individual means) 
was used to construct a confidence interval for 
the mean preference of each species. I used this 
confidence interval to test the null hypothesis 
that preference was not significantly different from 
0.5 (the indifference point where consumption 
of both sugars tested is equal) using one sample 

t-tests on arcsing transformed preference val- 
ues. 

Many hummingbirds feed on hexose-domi- 
nant nectars if these are available (Stiles 1976, 
Baker and Baker 1983, Gryj et al. 1990). Thus, 
the sugar composition of the current diet may 
influence the preferences of hummingbirds in the 
field. To examine whether shifting diets changed 
the preferences of hummingbirds, I fed six birds 
of each species a sucrose diet for 20 days and 
obtained an estimate of their preference for su- 
crose over a hexose mixture (four trials per bird). 
The same birds were then fed a hexose mixture 
for 20 days and retested (four trials per bird). I 
used one-tailed paired t-tests to detect increases 
in the preference for the hexose mixture. 

RESULTS 

All three species exhibited the following ranking 
in their preferences: sucrose > hexose mixture 
> solutions of single hexoses (Table 1). This 
ranking is the one predicted. In addition, all sig- 
nificantly preferred glucose to fructose solutions 
(Table 1). The preference for the hexose mixture 
did not increase significantly when the mainte- 
nance diet was changed from sucrose to a hexose 
mixture (Fig. 1). In fact, the preference of C. 
latirostris for the hexose mixture appeared to de- 
crease after the diet change (Fig. 1). 

DIGESTION OF SUGARS 

EXPERIMENTAL RATIONALE 
AND METHODS 

Items of identical caloric content but different 
chemical composition can have different profit- 
abilities if they are assimilated in the digestive 
system with differing efficiencies and/or if they 

TABLE 1. Preferences for sugars in three species of hummingbirds. Sugars were presented in solution (17.1% 
weight/volume) in paired drinking tubes (4-hr trials). Preference values for each combination of sugars are grand 
means (six individuals and six trials per individual) k interindividual standard deviations. S = sucrose, G = 
glucose, F = fructose and G + F = 1:l glucose + fructose mixture. 

Comparison 

Species S vs. G + F S vs. G S vs. F G + F vs. G G + F vs. F G vs. F 

Chlorostilbon 0.69 k 0.05 0.88 f 0.06 0.86 f 0.05 0.72 + 0.20 0.84 k 0.10 0.89 k 0.06 
canivetii t = 9.2 t = 14.2 t = 15.2 t = 2.7 t = 7.6 t = 15.26 

Cynanthus 0.79 + 0.12 0.93 + 0.06 0.88 + 0.07 0.91 + 0.06 0.79 + 0.12 0.88 + 0.05 
latirostris t = 4.4 t = 17.1 t = 13.3 t = 16.5 t = 6.12 t = 17.5 

Amazilia rutila 0.63 + 0.07 0.86 -t 0.09 0.83 f 0.13 0.93 + 0.06 0.78 + 0.10 0.74 + 0.22 
t = 4.5 t = 9.7 t = 6.7 t = 17.0 t = 7.2 t = 2.7 

= toor. = 2.6. 
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are digested at different rates and hence vary in 
the digestive “handling time” required for assim- 
ilation (Speakman 1987, Martinez de1 Rio and 
Karasov 1990). To determine if sugar prefer- 
ences in hummingbirds were correlated with dif- 
ferences in digestive processing, I measured the 
efficiency with which hummingbirds assimilated 
sucrose, glucose, and fructose, and compared the 
time required to process solutions of sucrose, 
glucose, and hexose mixtures in the digestive sys- 
tem. 

ASSIMILATION EFFICIENCIES 

I obtained estimates of digestive efficiencies for 
sucrose, glucose, and fructose by measuring ap- 
parent assimilated mass coefficients (AMC*, 
Karasov 1990) in 24-hr trials AMC* was cal- 
culated as: 

AMC* = (dry matter intake 
- dry matter excreted) 

+(dry matter intake) 

Because endogenous metabolic wastes are mixed 
with feces in the cloaca of birds, AMC* under- 
estimates true assimilated mass coefficients 
(Robbins 1983). AMC*, however, permits a 
comparison of assimilation efficiency among dif- 
ferent sugars. 

Birds were fed ad libitum with sugar solutions 
(17.1%) and kept in cages with plastic sheets lin- 
ing the bottom. Each cage had a single small 
perch (10 cm in length). Plastic sheets were re- 
moved and excreta was collected at hourly in- 
tervals. Most of the excreta produced fell directly 
under the perch and was readily collected with 
microcapillary tubes. Losses due to excreta ad- 
hering to the plastic sheets were minimized by 
frequent collection (1 hr). Birds were deprived 
of fruit flies 48 hr before each experiment, and 
to avoid contamination from the previous day’s 
diet, birds were fasted overnight and for an hour 
after sunrise. Test solutions were offered 1 hr 
after sunrise, and excreta was collected at 1-hr 
intervals until sunset. Excreta produced during 
the night was collected the following morning. 
Birds were not fed for an additional hour the 
next day and all excreta produced in this interval 
was collected. Consumption of sugar solutions 
was measured at 1 -hr intervals. Excreta was dried 
to constant weight at 60°C. 

PROCESSING TIME 

Digestive efficiencies are not sufficient to predict 
the rate of energy intake from digestion; the time 

required to process the energy obtained is also 
needed (Martinez de1 Rio and Karasov 1990). 
Because I found no differences in AMC* (see 
Results), I hypothesized that differences in pro- 
cessing rates could account for the preferences 
found. I predicted that the ranking in the time 
used to process sugar solutions in the gut would 
be the following: pure hexoses > hexose mixtures 
> sucrose. Chemical differences among sugars 
and their possible physiological consequences 
provide the mechanisms that can account for this 
ranking. 

The hexoses, glucose and fructose, are trans- 
ported across the intestinal membrane by inde- 
pendent carrier systems (Sigrist-Nelson and 
Hopper 1974). Consequently, solutions of these 
single monosaccharides that are absorbed by a 
single system working by itself should be ab- 
sorbed at a slower rate than equicaloric solutions 
of mixtures that are absorbed by two indepen- 
dent carrier systems. It is assumed that most of 
the intestinal transport of monosaccharides in 
the hummingbird intestine is carrier mediated 
(Karasov et al. 1986, Martinez de1 Rio and Kara- 
sov 1990). 

The osmotic pressure exerted in the intestinal 
lumen by a 1:l mixture of glucose and fructose 
is twice as high as that of an equicaloric solution 
of sucrose. If the rate of delivery of food from 
the crop and stomach to the intestine is mediated 
by the osmotic pressure in the intestinal lumen 
(Gibson et al. 1968, McHugh et al. 1982), then 
sucrose may be processed at a faster rate than an 
equicaloric mixture of hexoses. 

I compared processing times for sucrose, hex- 
ose-mixture, and glucose solutions at two con- 
centrations (17.1% and 34.2%). As a processing 
time index (PTI) I used the reciprocal of the rate 
ofexcretion, because the time required to process 
one intestinal volume equals the ratio of intes- 
tinal volume/flow rate (Penry and Jumars 1987). 
If intestinal volume remains constant, the recip- 
rocal of excretion rate (an index of intestinal flow 
rate) measures the time required to process each 
volume unit of digesta. The rationale and short- 
comings of using PTI are discussed by Owen 
(1972, 1975) and Sibly (1981). 

To obtain excretion rates, test solutions were 
presented at dawn to hummingbirds. After 2-3 
hr of feeding, excreta was collected and measured 
in microcapillary tubes at S-min intervals during 
2 hr. Excreta was collected by removing the plas- 
tic sheets lining the bottom of the cages. Each 
5-min interval measurement was used as a rep- 
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FIGURE 2. Processing times (PTI) for different sug- 
ars at two different concentrations: 17.1% (a) and 34.2% 
(b). A randomized-block design with 24 replicates per 
bird (five Cynanthus latirostris and four Chlorostilbon 
canivetiz’) was used to examine differences among sug- 
ars. Bars are means and error bars are 95% confidence 
intervals. The lines above the bars join means that are 
not significantly different at the 0.05 level (a priori 
t-contrasts). S = sucrose, G + F = 1:l glucose + fruc- 
tose mixture, G = glucose. 

licate. To examine differences among the mean 
PTIs of different sugars, I used a randomized 
block design with 24 replicates per bird (five C. 
latirostris individuals and four C. canivetii in- 
dividuals). Because I measured excretion rates 

0.0 
17.1% 34.2% 

(2) 

-T 

17.1%. 34.2% 

Concentration (wtholume) 

FIGURE 3. Processing times for different sugars in 
Amazilia rutila. Only two individuals were tested and 
were analyzed separately. Bars are means (n = 24) and 
error bars are 95% confidence intervals. The lines above 
the bars join means that are not significantly different 
at the 0.05 level (a priori t-contrasts). Sucrose = open 
bars, glucose + fructose = stippled bars, and glucose 
= solid bars. 

in only two A. rutila individuals, I analyzed each 
individual separately using one-way analysis of 
variance (24 replicates per sugar solution). In all 
excretion rate experiments, birds were housed at 
21°C (&2”C) and under a 12L:12D light cycle. 

RESULTS 

Digestive efficiencies. Hummingbirds digested all 
sugars with extremely high and very similar ef- 
ficiencies. AMC* for all sugars was ~97% in all 
cases (Table 2) and not significantly different 
among sugars (paired t-tests, P > 0.1). Daily 
consumption of sugar solutions did not vary sig- 
nificantly among sugars (Table 2). 

Processing times. In C. latirostris and C. can- 
ivetii, processing time indices were significantly 
different among sugars at both concentrations 
(17.1% and 34.2%, Figs. 2a and 2b). The two A. 
rutila individuals tested also exhibited significant 
differences in processing time indices among sug- 

TABLE 2. Apparent assimilated mass coefficients (AMC*) and daily consumption of sugars in three species 
of hummingbirds (in parentheses). Sugar solutions had identical concentration (17.2%). Values are means + SE. 

Species SUCIOSe 

AMC* k SE([mlconsumed/l2hr] t SE) 

GIUCOX Fructose n 

Amazilia rutila 0.97 * 0.01 0.99 + 0.01 0.97 k 0.02 4 
(6.6 k 0.4) (5.1 + 0.5) (6.2 ? 0.3) 

Cynanthus latirostris 0.99 IL 0.01 0.97 t 0.02 0.98 t- 0.01 6 
(3.9 k 0.5) (4.0 + 0.4) (3.9 ? 0.2) 

Chlorostilbon canivetii 0.98 -c 0.02 0.99 + 0.01 0.97 -t 0.03 5 
(4.2 t 0.1) (4.4 + 0.2) (3.8 f 0.2) 
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ars (Fig. 3). Contrary to my prediction, a priori 
t-contrasts (Kirk 1982) indicated no significant 
differences among mean processing time indices 
of sucrose and the hexose mixture. Significant 
differences between glucose and both sucrose and 
the hexose mixture were found in all but one 
experiment (Fig. 2b). As predicted, humming- 
birds take longer to process glucose solutions than 
either hexose-mixture and sucrose solutions. 

DISCUSSION 

SUGAR PREFERENCES 

The sugar preferences of hummingbirds have 

found no strong preferences, and argued that in 

been examined in two previous studies (Hains- 

hummingbirds sugar composition has little effect 

worth and Wolf 1976, Stiles 1976). These studies 
reported conflicting results: Stiles (1976) exam- 
ined sugar preferences in four species (Calypte 

on food choice. 

anna, Selasphorus rufw, Archilocus alexandri, 
and Thalurania furcata) and found that all of 

Differences in test choice protocols can explain 

them significantly preferred sucrose over equi- 
caloric solutions of single monosaccharides. 

the discrepancy between these studies. Stiles 

When sucrose was paired with a mixture of glu- 

(1986) and I exposed birds to test solutions in 

cose and fructose, sucrose was significantly pre- 
ferred by two species (C. anna and S. rufus) but 

the same position for relatively long periods (12 

one species (A. alexandri) was indifferent. Thus, 
Stiles’ results indicate strong preferences that 

and 4 hr, respectively), whereas Hainsworth and 

agree with those presented in this study (Stiles 
1976). In contrast, Hainsworth and Wolf (1976) 

Wolf (1976) alternated the position of the feeders 

no preference for sucrose over mixtures of glu- 
cose and fructose. 

The preferences that hummingbirds show for 
different sugars contrast with those exhibited by 
Cedar Waxwings (Bombycilla cedrorum) and Eu- 
ropean Starlings (Sturnus vulgaris). These two 
passetines strongly prefer mixtures of glucose and 
fructose over sucrose (Martinez de1 Rio and Ste- 
vens 1989, Martinez de1 Rio et al. 1989). The 
variation in sugar preferences among bird species 
indicates that the sugars, sucrose, glucose, and 
fructose, are not equivalent for different species 
of birds even though they are quite similar chem- 
ically. 

PRE- AND POSTINGESTIONAL 
CORRELATES OF SUGAR 
PREFERENCES 

I hypothesized that postingestional variation 

The preingestion handling time of sugar solu- 

in the digestion and absorption of different sugars 

tions depends on nectar viscosity and surface 
tension (Pyke and Waser 198 1, Kingsolver and 

by hummingbirds could explain their prefer- 

Daniel 1983). In the range of concentrations used 
in these preference tests, the differences among 

ences. I was unable, however, to find differences 

sucrose, glucose, and fructose solutions in vis- 
cosity and surface tension are extremely small 

in the efficiency with which hummingbirds as- 

and have little effect on the rate of intake (Heyne- 
man 1983). Hence, preingestion handling times 

similated different sugars. Hummingbirds assim- 

are unlikely to generate differences in profitabil- 

ilated sucrose, glucose, and fructose with the same 

ities that can account for the sugar preferences 
exhibited by hummingbirds. 

and extremely high efficiency (see also Hains- 
worth 1974). I was also unable to find differences 

every 0.5 hr. Because hummingbirds take a rel- 
atively small number of meals in 0.5 hr (2.4 to 
4.5, table VI in Wolf and Ha&worth 1977), this 
interval may be too short for sampling of both 
feeders and for the establishment of clear pref- 
erences. 

Combining results from this study and that of 
Stiles, hummingbirds appear to show weak pref- 
erences among sugars in brief exposure tests, but 
strong preferences in long exposure tests. In long 

between the rate at which hummingbirds proc- 
essed sucrose and 1: 1 mixtures of glucose and 
fructose solutions in the digestive system. Ap- 
parently the preference of hummingbirds for su- 
crose over a mixture of hexoses cannot be ex- 
plained by differences in processing rate in the 
digestive system. 

Hummingbirds processed glucose solutions at 
significantly slower rates than solutions of su- 
crose and 1: 1 mixtures of glucose and fructose. 

exposure tests the preference ranking of sugars This result is consistent with the existence of two 
in five species of hummingbirds is: sucrose > independent transport systems for glucose and 
mixture of hexoses > glucose > fructose (Stiles fructose in the small intestine (Sigrist-Nelson and 
1976, this study). One species (A. alexandri) de- Hopper 1974). Solutions of single monosaccha- 
viates from this ranking in that it appears to show rides (glucose or fructose) that are absorbed by 
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a single system working by itself, should be ab- 
sorbed at a slower rate than equicaloric solutions 
of 1:l mixtures that are absorbed by two inde- 
pendent carrier systems working simultaneously. 
Sucrose and hexose-mixture solutions probably 
have higher profitabilities for hummingbirds than 
solutions of single hexoses. 

Hummingbirds showed a very strong prefer- 
ence for glucose over fructose (see also Stiles 
1976). Cedar Waxwings also prefer glucose over 
fructose, suggesting that this preference may be 
widespread among birds (Martinez de1 Rio et al. 
1989). The metabolic responses of animals to 
glucose and fructose meals are very different and 
may explain the preference of birds for glucose 
over fructose. Fructose meals can be followed by 
hypoglycemia (Roudybush 1970, Shafir 1985) 
and fructose does not cross the blood-brain bar- 
rier and therefore cannot be oxidized by the brain 
(Oldendorf 1971). Glucose meals, in contrast, 
cause postprandial hyperglycemia (Hazelwood 
1986) and glucose freely crosses the blood-brain 
barrier (Oldendorf 197 1). Consequently, glucose 
may be more efficient than fructose at stimulat- 
ing the cerebral chemoreceptors responsible for 
suppressing hunger (Stricker et al. 1977, Stricker 
and Rowland 1978). Thus, the preferences of 
birds for simple sugars may be influenced by 
physiological events that occur after sugars are 
tasted, ingested, and absorbed in the digestive 
system. 

WHY DO HUMMINGBIRDS 
PREFER SUCROSE? 

A digestive mechanism seems an unlikely expla- 
nation for the preference of hummingbirds for 
sucrose over mixtures of glucose and fructose. 
Sucrose and 1: 1 hexose-mixture solutions appear 
to be equally profitable and to cause similar post- 
prandial physiological effects in hummingbirds. 
Then why do hummingbirds prefer sucrose? 
Studies on the feeding preferences of a variety of 
vertebrates and invertebrates have indicated that 
foods experienced early in life are preferred over 
those experienced later (Hess 1964, Dethier and 
Goldrich 197 1, Bronstein et al. 1975). Hess (1964) 
has called this phenomenon “food imprinting.” 
Maybe nestling hummingbirds become “im- 
printed” to the sucrose-rich nectars regurgitated 
by their mothers (Dickey 19 15, Bent 1964, Car- 
penter and Castronova 1980). I hypothesize that 
the preference of hummingbirds for sucrose is 
acquired at an early age, and that the preference 
of hummingbirds for sucrose over equicaloric 

hexose mixtures is mediated by flavor (preinges- 
tional sensory perception) rather than by differ- 
ences in postingestional digestion handling. 

I attempted unsuccessfully to reverse the pref- 
erences of hummingbirds for sucrose by exposing 
them to the nonpreferred diet, a hexose mixture. 
My results attest more to the strength of the pref- 
erences of hummingbirds than to their lability 
(see Fig. 1 and Stiles 1976). Although food im- 
printing appears not to be as irreversible as filial 
imprinting can be (Jacobs et al. 1978), the pref- 
erences acquired in early life can strongly influ- 
ence later decisions (Burghardt and Hess 1966, 
Rabinowitch 1969). 

SUGAR PREFERENCES IN HUMMINGBIRDS 
AND THE SUGAR CONSTITUENTS OF 
NECTAR 

Hummingbird-pollinated plants produce nectars 
with a high proportion of sucrose, whereas pas- 
serine-pollinated plants secrete nectars with a 
balanced mixture of glucose and fructose, and 
extremely low amounts of sucrose (Baker and 
Baker 1982,1983). Martinez de1 Rio and Stevens 
(1989) hypothesized that the preferences of birds 
are the selective pressure responsible for main- 
taining the sugar composition in the rewards that 
plants offer. I have argued, however, that sucrose 
and hexose-mixture solutions appear to be equal- 
ly profitable for hummingbirds. I have also hy- 
pothesized that the preference of hummingbirds 
for sucrose is a result of food imprinting with 
sucrose-dominated nectars- that sucrose pref- 
erence in hummingbirds is the consequence rath- 
er than the cause of the chemical composition of 
nectar. 

Sucrose is the major form in which energy is 
translocated in most plant species (Hawker 1985), 
and it is probably cheaper for plants to secrete 
sucrose directly from the phloem than to hydro- 
lyze it in the nectaries into glucose and fructose 
(Frey-Wyssling 1955). It is likely that in the ab- 
sence of pollinator selection against sucrose, su- 
crose producing phenotypes are advantageous. 
Hummingbirds are perhaps the most specialized 
nectar-feeding birds (Stiles 198 l), and their 
digestive systems are extremely well suited to 
digest and absorb a sucrose diet efficiently. Hum- 
mingbirds have the highest rates of carrier-me- 
diated intestinal glucose transport reported among 
vertebrates (Karasov et al. 1986) and their rates 
of intestinal hydrolysis of sucrose are extremely 
high (Martinez de1 Rio 1990). These digestive 
traits allow them to use sucrose as efficiently as 
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hexose mixtures. The digestive adaptations of 
hummingbirds allow hummingbird-pollinated 
plants to secrete sucrose-dominated nectar. Pas- 
serine-pollinated plants, in contrast, are visited 
and pollinated by a diverse group of relatively 
unspecialized species (Oatley and Skead 1972, 
Stiles 198 1, Gryj et al. 1990) some of which 
cannot use sucrose as efficiently as the readily 
assimilable monosaccharides, glucose and fiuc- 
tose (Martinez de1 Rio 1990). In these plants the 
presence of sucrose in nectar can act as a floral 
filter that excludes valuable potential pollinators. 
The distribution of floral nectar sugar constitu- 
ents in bird-pollinated plants appears to be the 
result of the evolutionary response of plants to 
two sets of pollinators with contrasting degrees 
of digestive specialization. 

ACKNOWLEDGMENTS 

The staff of The Estaci6n de Biologia Chamela pro- 
vided help and good company. E. Gryj took care of 
birds during my frequent absences and J. Soberon gen- 
erously lent me the little blue VW without which my 
research would have been more difficult and much less 
pleasurable. The Centro de Ecoloaia. UNAM nrovided - , 
invaluable logistical assistance. The manuscript ben- 
efitted from the editorial and critical comments of H. 
J. Brockmann, D. J. Levey, R. Edwards, and two re- 
viewers. This work was funded by NSF (BSR-870 1048) 
and an assistantship from the Department of Zoology, 
University of Florida. 

LITERATURE CITED 

ALPERS, D. H. 1987. Digestion and absorption of 
carbohydrates and proteins, p. 1469-1486. In L. 
R. Johnson [ed.], Physiology ofthegastrointestinal 
tract. Vol. 2. Raven Press. New York. 

BAKER, H. G., AND I. BAKER. ’ 1982. Chemical con- 
stituents of nectar in relation to pollination mech- 
anisms and phylogeny, p. 13 l-l 7 1. In M. H. Ni- 
tecki [ed.], Biochemical aspects of evolutionary 
biology. University of Chicago Press, Chicago. _ 

BAKER, H. G., AND I. BAKER. 1983. Floral nectar 
sugar constituents in relation to pollinator type, p. 
117-141. In C. E. Jones and R. J. Little [eds.], 
Handbook of pollination biology. Scientific and 
Academic Editions, New York. 

BAKER, H. G., AND P. H. HURD. 1968. Intrafloral 
ecology. Ann. Rev. Entomol. 13:385-114. 

BENT, A. c. 1964. Life histories of North American 
cuckoos, goatsuckers, hummingbirds and their al- 
lies. Part 2. Dover, New York. 

BRONSTEIN, P. M., M. J. LEVINE, AND M. hlARcus. 
1975. A rat’s first bite: the non-genetic cross-gen- 
erational transfer of information. J. Comp. Phy- 
siol. Psychol. 891295-298. 

BURGHARDT, G. M., AND E. H. HESS. 1966. Food 
imprinting in the snapping turtle, Chelydru ser- 
pentina. Science 15 1:108-109. 

CARPENTER, F. L., AND J. L. CASTRONOVA. 1980. Ma- 

ternal diet selectivity in Culypte anna. Am. Midl. 
Nat. 103:175-179. 

CRC HANDBOOK OF CHEMISTRY AND PHYSICS. 1979. 
CRC Press, West Palm Beach. 

DETHIER, V. G., AND N. GOLDRICH. 197 1. Blowflies: 
alteration of adult taste responses by chemicals 
present during development. Science 173:242-244. 

DICKEY, D. R. 19 15. The hummers in a foothill val- 
ley. Country Life in America 28:35-39. 

FREY-WYSSLING, A. 1955. The phloem supply to the 
nectaries. Acta Bot. Neerl. 4:358-369. 

GIBSON, E., L. F. GREENWOOD, J. N. HUNT, AND J. H. 
THRIPP. 1968. The slowing of gastric emntvina 
by monosaccharides and disaccharides m *test 
meals. J. Physiol. 194:317-326. 

GRYJ, E., C. MARTINEZ DEL RIO, AND I. BAKER. 1990. 
Avian pollination and nectar use in Combretum 
fmticosum (Loefl.). Biotropica. 

HAINSWORTH, F. R. 1974. Food quality and feeding 
efficiency: the efficiency of sugar assimilation by 
hummingbirds. J. Comp. Physiol. 88:425-43 1. _ 

HAINSWORTH. F. R.. AND L. L. WOLF. 1976. Nectar 
characteristics and food selection by humming- 
birds. Oecologia 25:101-l 13. 

HAWKER, J. S. 1985. Sucrose, p. 1-51. In P. M. Dey 
and R. A. Dixon [eds.], Biochemistry of storage 
carbohydrates in green plants. Academic Press, 
London. 

HAZELWOOD, R. L. 1986. Carbohydrate metabolism, 
p. 303-325. In P. D. Sturkie [ed.], Avian physi- 
ology. Sprinter-Verlaa, New York. 

HESS, E-H. -196% Imp&ting in birds. Science 146: 
1128-1139. 

HEYNEMAN, A. J. 1983. Optimal sugar concentration 
of floral nectars-dependence on sugar intake ef- 
ficiency and foragingcosts. Oecologia60: 198-2 13. 

HIEBERT. S. M.. AND W. A. CALDER. III. 1983. So- 
dium, potassium, and chloride in floral nectars: 
energy-free contributions to refractive index and 
salt balance. Ecoloav 64:399-402. 

HOWELL, D. J. 1974. Bats and pollen: physiological 
aspects of the syndrome ofchiropterophily. Comp. 
Biochem. Physiol. A. Comp. Physiol. 48:263-276. 

JACOBS, W. W., G. K. BEAUCHAMP, AND M. R. KARE. 
1978. Progress in animal flavor research, p. l- 
19. In R. w. Bullard [ed.], Flavor chemistry of 
animal foods. ACS svmnosium series. ACS. New 
York. 

_ _ , , 

KARQXOV, W. H. 1990. Digestion in birds: chemical 
and physiological determinants and physiological 
implications. Stud. Avian Biol. 13:39 14 16. 

KARAsov, W. H., D. PHAN, J. M. DL~MOND, AND F. L. 
CARPENTER. 1986. Food passage and intestinal 
nutrient absorption in hummingbirds. Auk 103: 
453-464. 

KINGSOLVER, J. G., AND T. L. DANIEL. 1983. Me- 
chanical determinants of nectar feeding strategy in 
hummingbirds: energetics, tongue mo~hology;and 
licking behavior. Oecoloaia 60:214-226. 

Ktax, R. E. 1982. Experimental design: procedures 
for the behavioral sciences. Brooks/Cole, Mon- 
terey, CA. 

MART~NNEZ DEL Rto, C. 1990. Dietary and phyloge- 
netic correlates of intestinal sucrase and maltase 
in birds. Physiol. Zool. 



1030 CARLOS MARTmEZ DEL RIO 

tim DU RIO, C., AND W. H. KARASov. 1990. 
Digestive strategies in nectar- and fruit-eating birds. 
Am. Nat. 

mr&nz DEL RIO, c., W. H. KARAXX’, AND D. J. 
LEVEY. 1989. Physiological basis and ecological 
consequences of sugar preferences in Cedar Wax- 
wings. Auk 106:64-7 1. 

hhwhaz DEL RIO, C., AND B. R. STEVENS. 1989. 
Physiological constraints on feeding behavior: in- 
testinal membrane disaccharidases of the Starling. 
Science 243~794-796. 

h'fARTfNEZDEL~o,c., B.R. STEVENS, D.E.DANEKE, 
AND P. T. ANDREADIS. 1988. Physiological cor- 
relates of preference and aversion for sugars in 
three species of birds. Physiol. Zool. 6 1:222-229. 

MCHUGH, P. R., T. H. MORAN, AND J. B. WIRlX. 
1982. Postpyloric regulation of gastric emptying 
in rhesus monkeys. Am. J. Physiol. 243:R408- 
415. 

OATLEY, T. B., AND D. M. SKEAD. 1972. Nectar feed- 
ing by South African birds. Lammergeyer 15:65- 
74. 

OLDENDORF, W. H. 197 1. Brain uptake of radiola- 
beled amino acids, amines and hexoses after ar- 
terial injection. Am. J. Physiol. 221:1629-1639. 

OWEN, M. 1972. Some factors affecting food intake 
and selection in white-fronted geese. J. Anim. Ecol. 
41:79-92. 

OWEN, M. 1975. An assessment of fecal analysis tech- 
nique in waterfowl feeding studies. J. Wildl. Man- 
age. 39~27 l-279. 

PENRY, D. L., AND P. A. Jw. 1987. Modeling 
animal guts as chemical reactors. Am. Nat. 129: 
69-96. 

PERCIVAL, M. S. 1961. Types of nectar in angio- 
sperms. New Phytol. 60:235-28 1. 

PFAFFMANN, C. 1975. Phylogenetic origins of sweet 
sensitivity, p. 3-10. In D. A. Denton and J. P. 
Coghlan [eds.], Olfaction and taste. V. Academic 
Press, New York. 

PYKE, G., AND N. M. WASER. 1981. The production 
of dilute nectars by hummingbird and honeyeater 
flowers. Biotropica 13:260-270. 

RABINOWITCH, B. 1969. The role of experience in the 
development and retention of seed preference in 
zebra gnches. Behaviour 33~222-236. 

ROBBINS, C. T. 1983. Wildlife feeding and nutrition. 
Academic Press, New York. 

Rou~vaus~, T. E. 1970. Fructose utilization in Co- 
turnix coturnix japonica (Japanese Quail). 
M.S.thesis, Univ. California, Davis. 

SIBLY, R. M. 1981. Strategies of digestion and defe- 
cation, p. 109-139. In C. R. Townsend and R. N. 
Hughes [eds.], Physiological ecology: an evolu- 
tionary approach to resource use. Blackwell, Lon- 
don. 

SIGRIST-NELSON, K., AND U. HOPPER. 1974. A dis- 
tinct D-fructose transport system in isolated brush 
border membrane. B&hem. Biophys. Acta 367: 
247-254. 

SHAFIR, E. 1985. Effect of sucrose and fructose on 
carbohydrate and lipid metabolism and the re- 
sulting consequences, p. 95-140. In R. Beitner [ed.], 
Regulation of carbohydrate metabolism. CRC 
Press, Boca Raton, Florida. 

SP~AKMAN, J. R. 1987. Apparent absorption efficien- 
cies for redshank (Tringa totanur L.) and oyster- 
catchers (Haematopus ostralegus L.) implications 
for the predictions of optimal foraging models. 
Am. Nat. 130:677-69 1. 

STEPHENS, D. W., AND J. R. Kanas. 1986. Foraging 
theory. Princeton Univ. Press, Princeton. 

STILES, F. G. 1976. Taste preferences, color prefer- 
ences and flower choice in hummingbirds. Condor 
78:10-26. 

STILES, F. G. 1981. Geographical aspects of bird- 
flower coevolution, with particular reference to 
Central America. Ann. MO. Bot. Gard. 68:323- 
351. 

STRICKER, E. M., AND N. ROWLAND. 1978. Hepatic 
versus cerebral origin of stimulus for feeding in- 
duced by 2-deoxy-D-glucose in rats. J. Comp. 
Physiol. Psychol. 92: 126-132. 

STRICKER, E. M., N. ROWLAND, C. F. SALLER, AND M. 
FRIEDMAN. 1977. Homeostasis during hypogly- 
cemia: central control of adrenal secretion and pe- 
ripheral control of feeding. Science 196:79-S 1. 

TRELEASE, W. 188 1. The fertilization of Salvia &en- 
dens by birds. Am. Nat. 15:265-269. 

WALL.I?R, G. D. 1972. Evaluating responses of hon- 
eybees to sugar solutions using an artificial-flower 
feeder. Ann. Ent. Sot. Am. 65:857-862. 

WOLF. L. L.. AND F. R. HAINSWORTH. 1977. Tem- 
poral patterning of feeding by hummingbirds. 
Anim. Behav. 25~976-989. 


